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The late assembly (L) domain of retrovirus Gag, required in the final
steps of budding for efficient exit from the host cell, is thought to
mediate its function through interaction with unknown cellular
factors. Here, we report the identification of the Nedd4-like family
of E3 ubiquitin protein ligases as proteins that specifically interact
with the Rous sarcoma virus (RSV) L domain in vitro and in vivo. We
screened a chicken embryo cDNA expression library by using a
peptide derived from the RSV p2b sequence, isolating two unique
partial cDNA clones. Neither clone interacted with a peptide
containing mutations known to disrupt in vivo RSV L domain
function or with human immunodeficiency virus type 1 (HIV-1) and
equine infectious anemia virus (EIAV) L domain-derived peptides.
The WW domain region of one of the clones, late domain-inter-
acting protein 1 (LDI-1), but not the C2 domain, bound RSV Gag and
inhibited RSV Gag budding from human 293 cells in a dominant-
negative manner, functionally implicating LDI-1 in RSV particle
budding from cells. RSV Gag can be coimmune precipitated from
cell extracts with an antisera directed at an exogenously expressed
hemagglutinin (HA)-tagged LDI-1 or endogenous Nedd4 proteins.
These findings mechanistically link the cellular ubiquitination path-
way to retrovirus budding.

RSV u Gag u virus particle assembly

One of the least understood aspects of viral replication is the
assembly of virions and their exit from the host cell.

However, it has been demonstrated that determinants of retro-
viral assembly and budding lie solely within the Gag polyprotein
(1, 2). Mutational analyses of Gag revealed three distinct do-
mains involved in virion assembly: a membrane-binding domain
(M domain), found at the amino terminus of matrix (MA), which
contains a myristoylation signal in most retroviruses (1, 3, 4); an
internal Gag interaction domain (I domain), which maps to
nucleocapsid (NC) in RSV (5), and is involved in the aggregation
of Gag polyproteins necessary for particle formation; and a late
assembly domain (L domain), required late in the budding
process (6–10).

For Gag particle budding, a functional L domain is not
required on every Gag molecule (9); moreover, the L domain can
function at other positions in Gag, suggesting that it is a protein
interaction domain (10). The RSV Gag L domain maps specif-
ically to a proline-rich sequence of p2b, PPPPYV, located
between the MA and capsid (CA) proteins in Gag (9, 10).
Referred to as the PY motif, this sequence is found in the Gag
protein of many retroviruses, but not lentiviruses, and in nu-
merous cellular proteins. Interestingly, this motif is also found in
the structural proteins of other budding viruses, including rh-
abdoviruses (vesicular stomatitis virus) and filoviruses (Ebola
and Marburg viruses; ref. 11). For VSV, this PY motif has
recently been shown to function in the late steps of budding,
analogous to the L domain of the retroviral Gag (12). The PY

motif specifically binds to a protein-interaction domain found
mostly in signaling and regulatory proteins termed the WW
domain. It is '40 aa in length and contains 4 conserved aromatic
amino acids of which 2 are invariant tryptophan residues (13–16).

A proline-rich L domain equivalent maps to a PTAP sequence
in the N-terminal region of HIV-1 p6, a region at the C terminus
of Gag (6, 7) and a non-proline-rich equivalent maps to a YPDL
sequence (the YXXL motif) in the analogous p9 region of EIAV
Gag (8, 17). The p6 region of HIV-1 Gag was originally
suspected to be involved in virus assembly because frame-shift
mutations introduced into this region prevented the release of
tethered viral particles from cells (18). Both lentivirus L domains
are interchangeable with the RSV PY motif despite a lack of
sequence identity among the three sequences (8, 17). Puffer et al.
reported that the equine infectious anemia virus (EIAV) L
domain interacts with the AP-50 subunit of the cellular AP-2
clathrin-associated adaptor protein complex (19). This interac-
tion was specific to EIAV p9, because HIV-1 p6 and Rous
sarcoma virus (RSV) p2b late domains did not bind to this
protein.

The known properties for the three different retroviral L
domains suggest that they are protein-interaction domains, and
most likely function by binding to specific cellular proteins that
facilitate the late stages of retroviral particle release. The
differences in sequences of the three L domains suggest either of
two possibilities: (i) each L domain uses an independent budding
pathway to exit the cell; or (ii) the three L domains bind to
different components of the same budding pathway to exit the
cell. To test these hypotheses, we screened a chicken cDNA
expression library, by using a peptide derived from the RSV L
domain, for cellular factors involved in L domain function. Two
unique clones [named late domain-interacting (LDI) protein 1
and 2] encoding members of the neuronal precursor cell-
expressed developmentally down-regulated 4 (Nedd4) family of
E3 protein ubiquitin ligases were isolated. The binding between
each of these two proteins and the RSV L domain peptide in vitro
appeared to be specific because neither a mutant RSV L domain
peptide nor wild-type HIV-1 or EIAV L domain-derived pep-
tides bound either of the proteins. When cotransfected with RSV
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Gag, a fragment of LDI-1 that contains the four WW domains
inhibited Gag budding from human 293 cells in a dominant-
negative manner. These data, together with coimmune precip-
itation data, suggest that we identified a cellular factor, LDI-1,
an E3 ubiquitin protein ligase, which mediated RSV L domain
function.

Materials and Methods
Antibodies. The anti-influenza hemagglutinin (HA) epitope rab-
bit polyclonal and mouse monoclonal (HA.11) antibodies were
purchased from Covance (Richmond, VA). The anti-RSV rabbit
polyclonal antibody was a gift from John Wills, Penn State
University (9, 10). The RSV p19 mouse monoclonal antibody,
C3A, was purchased from the University of Iowa Hybridoma
Bank. Rabbit anti-rat Nedd4 polyclonal antibody was a gift from
Daniela Rotin, Hospital for Sick Children, Toronto, Canada
(20). Rabbit anti-mouse Nedd4 polyclonal antibody was a gift of
Sharad Kumar, Institute of Medical and Veterinary Science,
Adelaide, Australia (21). Preadsorbed alkaline phosphatase-
conjugated rabbit and mouse secondary antibodies were from
Santa Cruz Laboratories (Santa Cruz, CA), whereas 35S-labeled
donkey anti-rabbit and sheep anti-mouse secondary sera were
from Amersham Pharmacia.

Plasmids Constructs. Plasmid 2036, a derivative of 1920 (22) that
contains the SV40 originyearly promoter, a G418-resitance
marker, a cytomegalovirus-enhanced green fluorescent protein
(CMV-EGFP) cassette, and the Epstein–Barr virus (EBV) FR
plasmid maintenance element, was used as the backbone for the
plasmid constructions for expression in human cells. The gag
gene from the Prague C strain of RSV, bearing a protease-
inactivating mutation (D37S), was subcloned from pMyr0 (9)
into the 2036 plasmid by using KpnI and XbaI, replacing EGFP
with gag. LDI-1 and LDI-1 derivatives, within the 2036 backbone,
were N-terminally tagged with the HA epitope YPYDVPDYA.
KpnI and XbaI restriction sites were introduced by standard PCR
into all of the LDI-1 constructs at 59 and 39 ends, respectively,
and used for subcloning into plasmid 2036. For details of the
primer sequences used in the PCR of the various LDI fragments,
see Materials and Methods and figs. 6–9, which are published on
the PNAS web site, www.pnas.org. AGP5 is an SV40 large T
antigen expression vector derived from 1606 (23) that contains
a functional SV40 origin. The pRSVL (RSV-luciferase) was
previously described (22). The RSV Gag-EGFP plasmid was a
gift from John Wills, Pennsylvania State University. pcDNA3
was used as filler DNA and was from Invitrogen.

Screening a Chicken Embryo cDNA Phage Expression Library. Plaque
forming units (pfu) (1 3 106) of a chicken embryo cDNA
expression library (CLONTECH), constructed in lgt11, were
screened by using standard protocols (24). Filters were probed
with 3 mM biotinylated-peptide probe, prebound to alkaline
phosphatase-conjugated NeutrAvidin (Pierce). A standard al-
kaline phosphatase colorimetric assay was used to detect hy-
bridized probe. Lambda DNA was harvested from purified
positive plaques (24), and excised cDNA inserts subcloned into
the EcoRI site of pGEM 3zf(2) plasmid (Promega). Sequencing
was carried out by using an Applied Biosystems model 377
automated sequencer. For details of the screen, including se-
quences of the biotinylated RSV, HIV-1, and EIAV L domain
peptides used, refer to supporting information, which is pub-
lished on the the PNAS web site, www.pnas.org.

Transfection and Metabolic Labeling of Cells. All cell lines were
maintained in DMEM-high glucose media supplemented with
10% FBS, 1,000 unitsyml penicillin, and 1,000 mgyml strepto-
mycin, unless otherwise specified. DNAs were introduced into
cells by calcium phosphate transfection (24). The human 293yE

cell line used in this study is a derivative of the adenovirus
transformed human embryonic kidney cell line 293 (25) that
stably expresses the EBNA1 protein of EBV. Cells were plated
at 40% confluence 24 to 30 h before transfection. Each 10-cm
plate was transfected with 20 mg of total DNA. Unless otherwise
specified, each transfection included 5 mg of the RSV Gag
expression plasmid, 100 ng each of AGP5 and pRSVL, varying
amounts of DNA encoding the HA-tagged proteins (LDI-1,
LDI-2, LDI-1 WW domain, or LDI-1 C2 domain; 1.5–15 mg),
and pcDNA3 as filler DNA. pRSVL was included in all trans-
fections to correct for transfection efficiency by measuring
luciferase expression. Luciferase expression was assayed by using
the Luciferase Assay System kit (Promega) as per the manufac-
turer’s instructions. Cells were metabolically labeled as previ-
ously described (9, 10). For details, see supporting information.

Coimmune Precipitation of Proteins from Cells. COS-1 cells (3 3 106)
were transfected with 10 mg of RSV Gag-GFP plasmid by using
Fugene 6 transfection reagent (Roche) and harvested 48 h post
transfection. Cells were washed three times with cold PBS,
swollen in 1 ml hypotonic buffer (10 mM TriszHCl, pH 7.4y1 mM
MgCl2), and lysed with 30 strokes in a Dounce homogenizer with
a type B pestle. Cell extracts were subjected to centrifugation at
1,000 3 g for 10 min at 4°C to sediment nuclei, followed by
centrifugation at 10,000 3 g for 10 min at 4°C to pellet organelles
and cytoskeleton components. The soluble fraction obtained
(S10) was analyzed by immunoprecipitation followed by
SDSyPAGE and Western blotting (26), using antibodies de-
scribed in the text.

Results
Identification of Cellular Proteins That Interact with the RSV Gag L
Domain. A peptide comprised of 3 tandem copies of the 11-aa p2b
sequence, which contains the L domain, was used to screen a
chicken cDNA expression library. Two unique cDNA expression
clones with inserts of '1.7–1.8 Kb were identified by our
screening protocol. To determine whether binding to the RSV
L-domain probe was specific, the two cDNA expression clones
were screened by using monomeric or trimeric peptide probes in
which the PY motif was mutated by amino acid substitutions
previously shown to disrupt L domain function in vivo (10). The
encoded protein products from either clone did not bind to the
mutant RSV L domain peptides (Fig. 1). Nor did the encoded
protein products from the two clones interact with core trimeric
HIV-1 p6 or EIAV p9 L domain peptide probes (data not

Fig. 1. Chicken embryo cDNA clones express proteins that specifically inter-
act with the RSV L domain PY motif in vitro. Individual phage clones from a
chicken embryo cDNA expression library were screened for protein products
that interact with the indicated biotinylated L domain probe (as described in
Materials and Methods). Purified phage are as indicated. Positive controls
used a plasmid expressing a YAP WW-GST fusion protein. A lgt11 cDNA clone
that did not react with the RSV wild-type trimeric probe was used as a negative
control. In this figure, the RSV and RSV mutant refer to RSV trimeric wild-type
and mutant peptide probes, respectively.
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shown). These results demonstrated that the interactions ob-
served in vitro were specific for the wild-type RSV L domain
sequence and were mediated by the PY motif.

The two clones have been named LDI-1 and -2. A BLAST
analysis of nucleotide and protein sequence databases matched
both clones to several WW domain-containing proteins. The best
matches were with the Nedd4-like family of E3 ubiquitin protein
ligases. The sequences and relationship to Nedd4-like E3 pro-
teins are described in the supporting information. Both cDNAs
encoded partial E3 protein sequences lacking the C-terminal
HECT domain. On expression, both proteins crossreacted with

anti-rat Nedd4 WW2 and anti-mouse Nedd4 polyclonal antibod-
ies, confirming that they are members of this family of proteins
(data not shown).

Coimmune Precipitation of Gag and Nedd4-Related Protein(s) from
Cos-1 Cells. To determine whether Gag interacted with Nedd4-
related proteins in vivo, we attempted to coimmune precipitate
Gag and the endogenous Nedd4-related proteins from extracts
of COS-1 cells transfected with a RSV Gag-EGFP expression
plasmid. For the coimmune precipitation, we used a rabbit
anti-rat Nedd4 WW2 sera and analyzed precipitated complexes
by immunoblotting using either anti-RSV p19Gag mouse mono-
clonal antibody or anti-rat Nedd4 WW2 sera as shown in Fig. 2.
No Gag-related protein was recognized in untransfected cells
(Fig. 2 A, lane 1) whereas a protein of '110 kDa corresponding
to the RSV Gag-EGFP fusion protein was detected in the
transfected cells (lane 2). After immune precipitation with the
anti-rat Nedd4 WW2 sera, the RSV Gag-EGFP fusion protein
was detected in precipitates from transfected cells (lane 4), but
not control cells (lane 3). As a control, the membranes were
reprobed with the anti-rat Nedd4 WW2 sera. Bands of '130,
100, and 70 kDa were detected in the S10 fractions and immune
precipitated samples (Fig. 2B, lanes 1–4). The 130-kDa band was
enriched in the immune precipitated samples and exhibited the
molecular weight and immune crossreactivity of full-length
Nedd4 (21), suggesting it is a member of the Nedd4 family. We
conclude from these data that Nedd4-related protein(s) interact
with RSV Gag in COS-1 cells.

L Domain Required for Budding of RSV Gag from 293 Cells. We chose
to test the role of the LDI proteins in RSV Gag budding by using
human 293yE cells. These cells constitutively express the EBV
EBNA1 protein. We first demonstrated that budding of RSV
Gag from these cells required an L domain by transfecting them
with a Gag L domain deletion construct (Dp2b), previously
analyzed in COS-1 cells (9, 10). To do these experiments, we
placed an EBV FR maintenance element and the transcriptional
enhancer of EBV into our Gag expression plasmid. These
elements result in a high steady state level of Gag expression in
the presence of the EBNA1 protein in the 293yE cells. As shown
in Fig. 3, virus-like particles are released from the 293yE cells
into the media, similar to what was observed when RSV Gag was
transiently expressed in COS-1 cells. Because the Gag expression
plasmid used in these studies had a PR inactivating-D37S
mutation, we detected only full-length Pr76Gag and not processed

Fig. 2. Coimmune precipitation of Gag and Nedd-4 like protein from COS-1
cells. (A) Untransfected COS-1 cells (lanes 1 and 3) or cells transfected with
pCMV-RSVGag-EGFP (lanes 2 and 4) were lysed and processed to prepare S10
extracts as described in Materials and Methods. Lanes 1 and 2 represent the
input S10 extracts, whereas lanes 3 and 4 represent the S10 extracts subjected
to immune precipitation with anti-Nedd4 sera. Proteins were resolved by
SDSyPAGE and detected by Western blotting with an RSVGag-p19 monoclo-
nal antibody. (B) The immunoblot described in A was reprobed by using an
anti-Nedd WW domain antibody.

Fig. 3. The RSV L domain is required for Gag to bud from 293yE cells. Cells were transfected with a plasmid encoding wild-type or L domain-deleted (Dp2b)
Gag as described in Materials and Methods. [35S]methionine-labeled cell lysates and media were immune precipitated with an anti-RSV rabbit polyclonal
antiserum, and the proteins were fractionated by SDSyPAGE. The amount of Pr76Gag in the lysate and media fractions was determined by phosphorimage
analysis. Mock-transfected cells (lanes 1), wild-type Gag (lanes 2), and Dp2b Gag (lanes 3).
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proteins. When the RSV Gag Dp2byD37S mutant was substi-
tuted for wild-type Gag, there was a greater than 90% reduction
in Gag released into the media, confirming that the L domain is
required for efficient budding from 293yE cells (Fig. 3, lane 3).

The WW Domains of LDI-1 Act as a Dominant-Negative Inhibitor of RSV
Gag Budding from Human 293 Cells. To test whether there is a
biologically relevant interaction between the LDI-1 protein and
RSV Gag in vivo, we tested whether a high level of expression of
LDI-1 interfered with the ability of the endogenous Nedd4-
related protein(s) to participate in Gag budding. Preliminary
experiments conducted by cotransfecting varying amounts of
HA-tagged LDI-1 expression plasmid with a fixed concentration
of RSV Gag expression plasmids suggested that expression of
LDI-1 dominantly interfered with Gag budding (data not
shown). To define the region of LDI-1 responsible for this
dominant-negative inhibition of budding, we tested the HA-
tagged C2 (amino acids 1–131) and WW domains (amino acids
132–571) of LDI-1. As shown in Fig. 4A (lanes 3–7), the
cotransfection of an expression plasmid encoding the LDI-1 WW
domains inhibited RSV Gag budding to greater than 90%. In
contrast, the cotransfection of the LDI-1 C2 domain expression
plasmid (lanes 8–12) did not interfere with RSV budding. Gag
protein containing bands were quantified by phosphorimage
analysis using a Molecular Dynamics PhosphorImager, and the
level of Gag budding was represented as the ratio of Pr76Gag in
the media to the lysate (Fig. 4B). Immunoblot analysis per-
formed with a rabbit anti-HA polyclonal antiserum confirmed
expression of the HA-tagged proteins (Fig. 4C). Similar results
were obtained by using COS-1 cells transfected with the RSV-
EGFP construct, indicating that the dominant negative effect of
the LDI-1 WW domains is cell independent (data not shown). In
a control experiment, cotransfection of an expression plasmid
encoding b-galactosidase did not decrease budding of Gag from
cells (data not shown). These results suggest that the WW
domains of LDI-1 mediate the dominant-negative interference
of RSV Gag budding. Moreover, preliminary studies indicate
that the individual WW domains differ in their ability to mediate
this inhibition (data not shown), indicating that the effect is
specific.

Coimmune Precipitation of Gag and LDI-1 from Cells. To determine
whether the LDI-1 WW domains inhibited Gag budding by
competing with endogenous Nedd4-related protein(s) for bind-
ing to Gag, we attempted to coimmune precipitate the LDI-1
fragment with the four WW domains and Gag from cells. As
shown in Fig. 5A, RSV Gag-EGFP was recognized by the
anti-RSV p19Gag monoclonal antibody in the S10 fractions of
cells untransfected and transfected with LDI-1 WW domains
(lanes 1 and 2). Immune precipitation with rabbit anti-HA
polyclonal antibody coprecipitated Gag only from those extracts
expressing HA-tagged LDI-1 WW (compare lanes 3 and 4).
Reprobing these blots with a different anti-HA antibody con-
firmed the expression of the LDI-1 WW domains containing
fragment (Fig. 5B, lane 2) and its presence in the immune
precipitate (lane 4). These results suggest that the LDI-1 frag-
ment with the four WW domains inhibited RSV Gag release by
interfering with formation of functionally competent budding
complexes. We have confirmed these results by demonstrating
that RSV Gag-EGFP and Nedd4 colocalized inside cells by using
microscopy and fluorescent staining techniques (data not
shown).

Discussion
LDI-1 shares the highest protein sequence homology with
Xenopus Nedd4 (27) and the human KIAA0439 gene product

(GenBank accession number AB007899), a ubiquitin protein
ligase, with 85% and 88% sequence identity, respectively. This
sequence homology suggests that LDI-1 is most likely the
chicken homolog of these Nedd4-like proteins. Nedd4 was
originally isolated by subtraction hybridization of mouse neuro-
nal precursor cell cDNA, as a gene that showed developmentally
regulated expression in the mouse embryonic central nervous
system (28). Nedd4 is a protein of '120 kDa (29) and is found
in mammals as well as Xenopus and yeast. It is a ubiquitin protein

Fig. 4. Dominant-negative inhibitionofRSVbudding in293yEcellsby theLDI-1
WW domains. (A) Cells were transfected with the wild-type RSV Gag expression
plasmid along with increasing amounts of either an expression plasmid for the
WW domains of LDI-1 (lanes 3–7), or the LDI-1 C2 domain (lanes 8–12). Trans-
fectedcellswere labeledwith[35S]methionine,andGagwas immunoprecipitated
from cell lysates and media, separated by SDSyPAGE, and quantified by phos-
phorimage analysis. Untransfected cells (lane 1), cells transfected with wild-type
Gag (lane 2). Cells transfected with Gag and varying amounts of LDI-1 WW as
follows: 5 mg (lane 3), 7.5 mg (lane 4), 10 mg (lane 5), 12.5 mg (lane 6), and 15 mg
(lane 7). Cells transfected with Gag and varying amounts of LDI-1 C2 as follows:
5 mg (lane 8), 7.5 mg (lane 9), 10 mg (lane 10, 12.5 mg (lane 11), and 15 mg (lane 12).
(B) The effect of cotransfection of plasmids expressing the WW domains of LDI-1
(h) or LDI-1 C2 (Œ) on budding of RSV Gag in 293 cells. The data are presented as
the ratio of Pr76Gag in the mediaylysate as a function of varying concentration of
cotransfected expression plasmid. The LDI-1 WW and C2 data are derived from A.
TheextentofGagbuddingintheabsenceofcompetingcoexpressedproteinswas
set to 1.0. (C) Western blot analysis of expression of LDI-1 C2 and WW domains.
Human 293yE cells were untransfected (lane 1) or transfected with 100 ng of
AGP5 and 5 mg of LDI-1 C2 (lane 2) or LDI-1 WW (lane 3). Proteins were identified
by Western blotting with a rabbit anti-HA antibody.
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ligase composed of a putative membrane-binding C2 domain,
three or four WW domains, an E2 protein binding region, and
a C terminus ubiquitin protein ligase HECT domain (30). LDI-2
exhibited highest homology to human WWP1 (31), a ubiquitin
protein ligase, and the mouse ubiquitin protein ligase, Itch, a
gene whose knockout results in an aberrant inflammatory
response that results in the death of young pups at about 4
months postnatal (32). LDI-1 and LDI-2 share only a 17%
sequence identity. The coding regions of either chicken cDNA
clones contain 4 WW domains each; however, only LDI-1
contains a discernable C2 domain. When compared with known
E3 ubiquitin protein ligases, LDI-1 lacked the C-terminal half of
the protein, which would contain the HECT domain, indicating
that both clones were incomplete. Interestingly, a mouse ho-
molog of the human KIAA0439 protein was recently shown, like
Nedd4, to be potentially involved in the regulation of the
epithelial sodium channel, possibly in a tissue-specific andyor
signal-specific manner (33), which suggested localization at the
plasma membrane.

Because LDI-1, which appears to play a role in RSV budding
in this study, is a putative E3 ubiquitin protein ligase, ubiquiti-
nation of Gag may play a role in viral assembly andyor budding.
Ubiquitination involves covalent ligation of ubiquitin to proteins
via an isopeptide bond linking the C-terminal Gly of ubiquitin to
the «-amino group of Lys in the target protein. This process
requires the sequential action of two or more enzymes. A
ubiquitin-activating enzyme, E1, forms a high-energy thioester
bond between a catalytic site Cys and ubiquitin in an ATP-
dependent reaction. Ubiquitin is then transferred to a Lys
residue of a target protein by the action of a ubiquitin-

conjugating enzyme, E2, which in some cases works together
with a ubiquitin protein ligase, E3 (34). Recent work has
suggested that, whereas polyubiquitination marks proteins for
proteasomal degradation, monoubiquitination targets proteins
to a different pathway (35). A growing number of studies
strongly suggest a role for ubiquitination of Gag in budding (see
ref. 36 for a review). In 1990, Putterman et al. (37) reported the
packaging of ubiquitin by avian leukosis virus and suggested the
Gag polyprotein as the most likely viral protein candidate for
ubiquitination, although direct ubiquitination of Gag was not
demonstrated. More recently, Ott et al. (38) reported detecting
small amounts of monoubiquitin-conjugated Gag products in
HIV-1, SIV, and Moloney murine leukemia virus (Mo-MuLV)
particles (p6Gag for HIV and SIV, and p12Gag for Mo-MuLV), as
well as free ubiquitin in these viral particles. Strack et al. (39)
demonstrated that diverse L domain sequences (including the
RSV L domain) and particularly the L domain-like sequence
from Ebola virus, promoted the ubiquitination of HIV-1 Gag.
This study also reported that the overexpression of a human
Nedd4 or a human Nedd4 in which the HECT domain active site
Cys was mutated had no effect on retroviral budding. However,
there are multiple members of the Nedd4 protein family in cells,
and it is possible that the protein used by this group does not
normally participate in HIV-1 Gag budding.

In separate studies, Schubert et al. (40) showed that proteasome
inhibitors block HIV-1 Gag processing by the viral protease, via a
mechanism other than direct inhibition of protease catalytic func-
tion. Patnaik et al. (41) showed that proteasome inhibitors also
blocked RSV budding, resulting in the accumulation of arrays of
fused particles on the cell surface, as detected by electron micros-
copy. This effect was reversed by the overexpression of ubiquitin
and also by the fusion of ubiquitin to the C terminus of Gag.
However, there was still a requirement of a functional L domain;
ubiquitinated Gag, without an L domain, did not bud from cells
(41). These reports are consistent both with a role for ubiquitination
in budding and with our identification of a family of ubiquitinating
enzymes, the E3 ubiquitin protein ligases, as cellular factors that
interact with the RSV L domain required for budding. In a separate
study, VerPlank et al. (26) used a yeast two-hybrid screen of a B cell
library with HIV-1 Gag as bait and isolated the protein Tsg101,
which interacts with the PTAPP L domain sequence of HIV-1 p6.
The tsg101 gene was originally identified as a tumor suppressor (42).
Tsg101 belongs to a group of inactive homologs of the ubiquitin-
conjugating enzymes, E2, which may be dominant-negative regu-
lators of E2 activity in cell-cycle control (43, 25). It also interacts
with E3 ligases (44) and is involved in trafficking of plasma
membrane proteins. Thus, the finding that two unique retroviral L
domain sequences bind to proteins involved in ubiquitination
suggests that the retroviral budding mechanism probably utilizes
different components of the same cellular pathway.
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