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The cellular ESCRT pathway functions in membrane remodeling events that accompany endosomal protein
sorting, cytokinesis, and enveloped RNA virus budding. In the last case, short sequence motifs (termed late
domains) within human immunodeficiency virus type 1 (HIV-1) p6*2 bind and recruit two ESCRT pathway
proteins, TSG101 and ALIX, to facilitate virus budding. We now report that overexpression of the HECT
ubiquitin E3 ligase, NEDD4L/NEDD4-2, stimulated the release of HIV-1 constructs that lacked TSG101- and
ALIX-binding late domains, increasing infectious titers >20-fold. Furthermore, depletion of endogenous
NEDDA4L inhibited the release of these crippled viruses and led to cytokinesis defects. Stimulation of virus
budding was dependent upon the ubiquitin ligase activity of NEDD4L and required only the minimal HIV-1
Gag assembly regions, demonstrating that Gag has ubiquitin-dependent, cis-acting late domain activities
located outside of the p6 region. NEDD4L stimulation also required TSG101 and resulted in ubiquitylation of
several ESCRT-I subunits, including TSG101. Finally, we found that TSG101/ESCRT-I was required for
efficient release of Mason-Pfizer monkey virus, which buds primarily by using a PPXY late domain to recruit
NEDD4-like proteins. These observations suggest that NEDD4L and possibly other NEDD4-like proteins can

ubiquitylate and activate ESCRT-I to function in virus budding.

The structural proteins of many enveloped RNA viruses,
including human immunodeficiency virus type 1 (HIV-1) Gag,
contain short cis-acting sequence motifs, termed “late do-
mains,” that recruit host factors to facilitate virus budding (5,
29, 35, 59). To date, three well-characterized late-domain se-
quences and their cellular binding partners have been de-
scribed: PT(S)AP late domains bind TSG101 (6, 12, 31, 57),
YPXL late domains bind ALIX/AIP1 (51) (as well as the AP-2
adaptor complex [2]), and PPXY late domains bind various
members of the large family of mammalian NEDD4 ubiquitin
E3 ligases (hereafter called NEDD4-like proteins; reviewed in
references 22, 29, and 46). Each of the late domain binding
partners can be linked to the cellular ESCRT (endosomal
sorting complex required for transport) pathway, indicating
that this pathway functions in virus release.

Within the cell, the ESCRT pathway also plays important
roles in helping to sort membrane proteins into vesicles that
bud into late endosomes/multivesicular bodies (MVB) (21, 38,
61). These vesicles carry membrane proteins from the limiting
endosomal membrane into the endosomal lumen, where their
contents can ultimately be degraded when MVBs fuse with
lysosomes. The ESCRT pathway can also be recruited to func-
tion in the abscission stage of cytokinesis (1), a process in
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which the thin membranous midbody that connects two divid-
ing cells is severed to complete the process of cell division. In
addition to their shared dependence on the ESCRT pathway,
the processes of MVB vesicle formation, abscission, and virus
budding are similar in that the membrane fission events re-
quired for vesicle/cell/virus release must be catalyzed from the
cytoplasmic face of the bud neck. Thus, these membrane re-
modeling events share important mechanistic requirements
that may be provided by the ESCRT machinery.

In both humans and yeast, most ESCRT pathway proteins
function as subunits of one of four different multiprotein com-
plexes, termed ESCRT-0, -1, -II, and -III. In humans, TSG101
functions as the unique central subunit of the heterotetrameric
ESCRT-I complex. The N-terminal UEV domain of TSG101
binds directly to viral PTAP late domains (40), and this inter-
action thereby recruits ESCRT-I to function in virus release.
Similarly, ALIX, though not a constitutive member of any
ESCRT complex, binds directly to viral YPXL late domains
(51, 64) and thereby links viral proteins to the CHMP4 subset
of cellular ESCRT-III proteins (10, 55). Thus, PTAP and
YPXL late domains connect directly to known ESCRT com-
plexes.

Connections between PPXY viral late domains and the
ESCRT pathway are less firmly established, although several
lines of evidence link NEDD4-like proteins to the ESCRT
pathway, including the following. (i) The sole NEDD4-like
protein in yeast, RspSp, is required for ESCRT pathway func-
tion (25) and is responsible for ubiquitylation, internalization,
and vacuolar degradation of various membrane proteins, in-
cluding the a-factor receptor Ste2p, the amino acid permease
Gaplp, and the uracil permease Furdp (8, 11, 19, 48). (ii)
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Mammalian membrane proteins can also be bound, ubiquity-
lated, and targeted for lysosomal degradation by NEDD4-like
proteins. For example, the mammalian NEDD4 and NEDD4L
E3 ligases bind directly to PPXY sequences on the epithelial
Na™ channel, ubiquitylate the protein, and thereby direct its
lysosomal degradation (4, 17, 49). (iii) Several human NEDD4-
like proteins colocalize together with other ESCRT pathway
components at endosomal compartments, and this colocaliza-
tion requires their C-terminal catalytic E3 HECT (homologous
to E6-associated protein C-ferminus) domains, indicating that
there must be physical interaction(s) between this domain and
another ESCRT pathway factor(s) (30). These interactions
have not yet been characterized, however, and PPXY viral late
domains therefore cannot yet be tied directly to the ESCRT
pathway. Furthermore, these analyses are complicated by the
complexity (and possible redundancy) of the mammalian
NEDDA4-like proteins and also by uncertainties that surround
the role(s) and target(s) of their ubiquitin E3 ligase activities.

Many enveloped RNA viruses contain multiple copies of
different late domains (5, 29, 35, 59). For example, the Gag
protein of the murine leukemia virus contains binding sites for
TSG101, ALIX, and NEDD4-like E3 ubiquitin ligases, all of
which can stimulate virus budding, albeit to different extents
(45). Similarly, the HIV-1 Gag p6 region contains functional
binding sites for both TSG101 and ALIX. Although the dif-
ferent late domains typically differ in functional importance,
their retention and conservation implies that even “auxiliary”
late domains must provide viruses with an evolutionary advan-
tage. In principle, such advantages could include synergistic
interactions between the different late-domain binding part-
ners and/or the capacity to replicate in multiple cell types that
express different levels of late-domain partners. It is therefore
of interest to screen for additional viral late-domain activities,
even in viruses, such as HIV-1, where a dominant late domain
(PTAP) has already been identified.

A number of lines of evidence indicate that efficient virus
budding through the PPXY and PTAP (but not YPXL) late
domains is also dependent upon ubiquitin transfer (15, 36, 37,
42, 44, 47, 50, 52; for reviews, see references 58 and 29). For
PPXY late domains, this dependence can apparently be ex-
plained, at least in part, by the ubiquitin E3 ligase activity of
their NEDD4-like binding partners (30, 56). In contrast, it is
not clear why viruses like HIV-1 that bud primarily through
PTAP/ESCRT-I interactions also require ubiquitin transfer.
We therefore sought to identify and characterize ubiquitin E3
ligases that can function in HIV-1 budding, with the long-term
goal of understanding the ubiquitin dependence of HIV-1 re-
lease.

MATERIALS AND METHODS

Cell cultures. 293T and HeLa cells were maintained in Dulbecco’s modified
Eagle medium supplemented with 10% fetal calf serum.

Expression constructs for HIV-1 and NEDD4-like proteins. NEDD4-like pro-
teins were expressed from pClneo vectors (Promega) as N-terminally FLAG-
tagged proteins, and these constructs are summarized in Table S1 in the supple-
mental material. The parental HIV-1y 4.3 R9 proviral vector and HIV-1,prap
and HIV-1,ppap/ayp derivatives have been described (10). HIV-1 Gag expres-
sion plasmids used for virus-like particle (VLP) production used the
pcDNA3.1.myc.His.B(—) backbone (see Table S1 in the supplemental material).
Briefly, HIV-1y1xp, Gagaprap and Gaga,e were made by amplifying/mutating
the appropriate coding sequences from the codon-optimized HIV-1 Gag expres-
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sion construct pGag-GFP (20) (obtained as a generous gift from Marilyn Resh,
Sloan-Kettering) and subcloned into the EcoRI and BamHI sites of the
pcDNA3.1.myc.His.B(—) vector (Invitrogen). Constructs were confirmed by
DNA sequencing. Constructs expressing HIV-1xg, Gag with the CREB leucine
zipper in place of NC were obtained by PCR amplification of the CREB leucine
zipper coding sequence from HIVgptWTZIP (65) (obtained as a generous gift
from Eric Barklis, Oregon Health Sciences Center) and subcloning back into
pcDNA.Gag. The resulting junction sequence (between HIV-1 Gag and the
CREB leucine zipper) is GCT ACC ATA ATG GCT CGA GAG TGT CGT
(HIV-1 sequences are in plain font, the leucine zipper sequences are in italics,
and an Xhol site is in bold). The construct for minimal HIV-1yx5, Gaga_zip
expressed a fusion protein composed of the N-terminal 7 amino acids of MA,
Gag residues 278 to 377, and the CREB leucine zipper. Full cloning details are
available upon request. A vector expressing a mutant MVB12B protein with a
172PPQY,sAAAA mutation was created using the megaprimer method, using
the parental MVB12B expression vector as a template (33).

Assays for virion release and infectivity. To assay the effects of different
NEDD4-like E3 ligases on virion release and infectivity, ~8 X 10° 293T cells/well
(6-well plates) were cotransfected with 1 pg of HIV-1 or Gag expression plas-
mids and 0.5 to 4 pg of each NEDD4-like E3 ligase expression plasmid using
Lipofectamine 2000 (Invitrogen). To equalize protein expression levels, the ex-
periment shown in Fig. 1B used 4 pg ATP4 and AIP5 expression vectors and 2 ug
of all other NEDD4-like expression vectors. Virions were harvested 24 h (HIV-
1aprap and Gagyprap) Or 48 h (other Gag constructs) posttransfection, centri-
fuged through a 20% sucrose cushion, and analyzed by Western blotting using a
polyclonal rabbit anti-CA antibody (1:15,000). Note that 3X more sample was
loaded for the Gag,.,p construct (see Fig. 5D), because anti-CA antibodies
detected this sample less efficiently. Band intensities were quantified using an
Odyssey scanner (Li-Cor Biosciences).

NEDDA4L depletion. Twenty-one-nucleotide RNA duplexes with symmetric
2-nucleotide 3’ (2'-deoxy)T overhangs corresponding to NEDDA4Ly,; coding
nucleotides 1888 to 2006 (GAGUCCUAUCGGAGAAUUA) were synthesized
and annealed. Fifty nanomolar small interfering RNA (siRNA) was transfected
twice into 293T or HeLa cells (24-h intervals) using Lipofectamine 2000. For the
experiments shown in Fig. 4, 1 pg of the proviral HIV-1,pr4p €xpression plasmid
was cotransfected with the second siRNA sample and virus was harvested 24 h
later. NEDDAL levels were analyzed by Western blotting using affinity-purified
rabbit anti-NEDDA4L antibody raised by Covance Inc. against a pure recombi-
nant polypeptide corresponding to NEDDA4L ., residues 227 to 409 (UT517;
1:500 dilution). The major endogenous NEDD4L isoform shown in Western
blots (see Fig. 4 and 7B; molecular mass = ~125 kDa) was larger than the
NEDDA4Ly, 1 isoform (molecular mass = 112 kDa). Several smaller endogenous
NEDDA4L isoforms/degradation products were also observed and were depleted
as efficiently as the largest NEDDA4L isoform (see Fig. S1 in the supplemental
material). HIV-1,ppsp release and titers were assayed as described above.

TSG101 depletion and reconstitution. Methods for depleting endogenous
TSG101 and reexpressing an siRNA-resistant TSG101 construct (termed
TSG101*) were described previously (12). Where noted, 1 pug of the HIV-1,ppap
expression vector and 1 ug of expression vectors for ALIX (10) or 0.5 pg
NEDDA4L, -, were cotransfected with the second anti-TSG101 siRNA. Virus was
harvested 24 h after the second siRNA transfection.

ESCRT-I ubiquitylation assays. For the experiments shown in Fig. 7A and C,
293T cells (6 X 10° cells/55-cm? dish, 50 to 70% confluent) were cotransfected
with 2.5 pg (each) of ESCRT-I expression plasmids for TSG101, VPS28,
VPS37B, and MVBI12A/B (33) and hemagglutinin (HA)-tagged ubiquitin (a
generous gift from Heinrich Gottlinger, University of Massachusetts Medical
Center) using polyethylenimine (25,000 kDa; Polysciences, Warrington, PA) as
described previously (9). Briefly, 45 pl polyethylenimine (1 mg/ml in water) was
added to plasmid DNA (in 1 ml Opti-MEM (Invitrogen)), incubated at room
temperature for 10 min, and added dropwise onto the culture. The medium was
changed 12 h posttransfection, and cells were harvested 48 h posttransfection by
incubation in 300 I lysis buffer (1% Nonidet P-40, 100 mM NacCl, 0.05% sodium
dodecyl sulfate, 0.5% sodium deoxycholate in phosphate-buffered saline [PBS])
supplemented with proteinase inhibitor cocktail (1:100 dilution; Sigma) and 20
mM N-ethylmaleimide. Lysates were clarified by centrifugation (18,000 X g, 10
min, 4°C) and incubated with Strep-Tactin Sepharose (40 wl slurry; IBA GmbH,
Gottingen, Germany) (2 h, 4°C). The matrix was washed five times in lysis buffer
and eluted using 40 pl 2X sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis loading buffer. ESCRT-I complexes were analyzed by Western blotting
with rabbit polyclonal anti-FLAG (Sigma, 1:3,000), mouse monoclonal anti-HA
(Covance, 1:500), or mouse monoclonal anti-Myc (Covance, 1:3,000) antibody.
In addition to the data shown in Fig. 7, Western blots were also performed in
which the anti-HA antibodies (detecting ubiquitin) were mixed with anti-Myc
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FIG. 1. NEDDA4L overexpression stimulates HIV-1,prap release
and infectious titers. (A) Phylogenetic tree of nine different NEDD4-
like E3 ubiquitin ligases showing the four different subclasses and their
members. NCBI accession numbers for the different proteins used in
the alignment are given at right (in parentheses). (B) Levels of HIV-
1 prap release and titers upon coexpression with an empty expression
vector (—; lanes 1) or with vectors expressing FLAG-tagged ALIX
(lanes 2) or FLAG-tagged NEDD-like E3 ubiquitin ligases (lanes 3 to
11). Western blots show virion-associated levels of CAS*¢ and MAS?¢
proteins released into the supernatant (panel 1), cellular Gag protein
levels (panel 2, anti-CA and -MA), and levels of exogenous, overex-
pressed ALIX or NEDD4-like E3 protein (panel 3, anti-FLAG). Viral
titers (panel 4) were measured in single-cycle MAGIC assays (n = 3 =
standard deviation). Note that cellular levels of CA9* and MAY2
were similar in all cases (panel 2) and that the expression levels of
exogenous ALIX and NEDD4-like proteins (panel 3) were also similar
in all cases except that of WWP1 (lanes 7, low expression levels) and
NEDLI1 and -2 (lanes 10 and 11, evidence of protein degradation).

J. VIROL.

and/or anti-FLAG antibodies (detecting ESCRT-I subunits) in order to confirm
that ubiquitin signals comigrated with the assigned protein band (not shown).

Assays for M-PMYV release. Proviral expression constructs for Mason-Pfizer
monkey virus (M-PMV) expressing wild-type Gag (p(MPMV,,,) or Gag proteins
with mutations in the PPXY (pMPMV zpppy) or PSAP (pMPMV \pgap) late
domain or both (pMPMV spppy,apsap) have been described (14). To assay the
effects of TSG101 depletion on M-PMV VLP release, TSG101-specific or control
siRNAs were transfected twice into 293T cells (50 nM siRNA, six-well plate) at
24-h intervals using Lipofectamine 2000 (12). The second (co)transfection in-
cluded 1 pg of M-PMV proviral plasmid, and M-PMV virions were harvested
48 h later by centrifugation through a 20% sucrose cushion. Particle production
was analyzed by Western blotting using anti-M-PMV mouse monoclonal anti-
body 10.10 (15 wg/ml), which binds the p12 domain of M-PMV Gag (43) (ob-
tained as a generous gift from Eric Hunter, Emory University).

Immunofluorescence imaging. HelLa cells transfected with 50 nM siRNA
against NEDDA4L or 10 nM siRNA against TSG101 (12) were fixed 24 h post-
transfection with 3% paraformaldehyde in PBS. Confocal immunofluorescence
images were acquired using the Fluoview software program on a FV300 IX81
Olympus microscope. Images are single confocal slices. Microtubules and nuclei
were stained using anti-a-tubulin (red, 1:1,000; Sigma) and Sytox green, respec-
tively (34).

FACS analyses of cellular DNA levels. HeLa cells transfected with 50 nM
siRNA against NEDDA4L were collected 24 h posttransfection and resuspended
in propidium iodide (PT) solution (50 wg of PI per ml PBS, 0.1% Triton X-100,
0.25 mg RNase/ml, 30 min, 4°C). PI-positive cells were counted with a FACScan
(BD Bioscience) fluorescence-activated cell sorter (FACS), and peak volumes
associated with each DNA content were analyzed using CellQuest software (34).

RESULTS

NEDDA4L overexpression rescues HIV-1,p,p release. The
high efficiency of virus release from 293T cells via the p6°2&
PTAP late domain makes it difficult to use wild-type HIV-1 to
analyze alternative virus release mechanisms. In contrast,
HIV-1 constructs that lack PTAP late domains are released
much less efficiently and therefore serve as sensitive reporter
systems for detecting trans-acting cellular factors that stimulate
virus budding. This approach was recently used to show that
ALIX strongly stimulates the release of infectious HIV-1,prap
from 293T cells (10, 55), and we have applied the same ap-
proach to test whether any of the different human NEDD4
family ubiquitin E3 ligases can stimulate HIV-1 release.

As shown in Fig. 1A, four subfamilies comprising a total of
nine different human NEDDA4-like ubiquitin E3 ligases were
identified using NCBI BLAST searches for homologs of hu-
man NEDD4 (and see reference 22). Expression plasmids for
N-terminally FLAG-tagged versions of the nine E3 ligases
were cotransfected into 293T cells together with a proviral
HIV-1 construct that lacked the p6“*¢ PTAP motif (HIV-
1aprap) and analyzed for the ability to stimulate virus release
and infectivity (Fig. 1B, lanes 3 to 11). For controls, the HIV-
1aprap construct was also cotransfected with an empty expres-
sion vector (lanes 1, negative control) and with a FLAG-ALIX
expression construct (lanes 2, positive control). As shown in
panel 3, FLAG-tagged proteins that corresponded to full-
length versions of all nine E3 ligases were detected in Western
blots. Note, however, that WWP1 was expressed at low levels
(lanes 7), and the two largest E3 ligases, NEDL1 and NEDL2,
exhibited significant degradation (lanes 10 and 11).

The effects of overexpressing the different NEDD4-like pro-
teins on HIV-1,p1ap particle release and infectious titers were
analyzed using Western blotting and single-cycle infectivity
assays. As expected, ALIX overexpression stimulated HIV-
1aprap release very substantially, increasing both particle re-
lease (panel 1, compare lanes 1 and 2) and viral titers by
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27-fold (lower graph), to a level that was ~20% of that for
wild-type HIV-1 (not shown). Importantly, overexpression of
NEDDA4L (also known as NEDD4-2) also substantially in-
creased both HIV-1,p14p release (compare lanes 1 and 4) and
infectivity (17-fold in this experiment and 15- to 40-fold in
multiple repetitions). Importantly, NEDD4L overexpression
did not alter cellular Gag protein levels, indicating that the
titer increases were not simply due to elevated Gag expression
(panel 2; also data not shown). We therefore conclude that
increasing cellular NEDDA4L levels can partially overcome the
budding defects of an HIV-1 construct that lacks a PTAP late
domain.

While no other NEDDA4-like protein increased HIV-1,prap
release and titers as dramatically as NEDD4L, the negative
results for WWP1, NEDL1, and NEDL2 must be viewed with
caution owing to expression problems. Indeed, despite sub-
stantial protein degradation, NEDL2 overexpression increased
HIV-1,prap titers significantly (sevenfold in this experiment
and five- to sevenfold in other repetitions), indicating that this
E3 ligase could also stimulate virus release, albeit to a lesser
extent than NEDDA4L. Several other NEDD4-like proteins also
increased HIV-1,p14p release and titers slightly, but in all
cases the titers were within threefold of the levels for the
negative control. To control for possible inhibitory effects at
high protein overexpression levels (see below), this experiment
was also performed using fourfold-lesser quantities of each
NEDD#4-like expression plasmid. Once again, NEDD4L and
NEDL2 were the best of the NEDD4-like proteins in stimu-
lating HIV-1,prap release (not shown). Thus, NEDD4L (and
to a lesser extent NEDL2) can potently rescue the release of an
HIV-1 construct that cannot bind TSG101/ESCRT-I.

Activities of different NEDD4L variants. A number of dif-
ferent NEDDA4L isoforms are produced via alternate transcrip-
tional start sites and alternative splicing, and these isoforms
can differentially regulate epithelial Na™ channel activity (3, 7,
23). We therefore tested the activities of the four representa-
tive, naturally occurring NEDD4L isoforms summarized in
Fig. 2A (3, 17, 28, 53). As shown in Fig. 2B, all four NEDD4L
isoforms strongly stimulated HIV-1,p1Ap release and infectiv-
ity (26- to 36-fold; lanes 5 to 8). ALIX overexpression again
stimulated HIV-1,p14p release and infectivity (25-fold; posi-
tive control, lanes 2), whereas control NEDD4,,, and
NEDD4,, constructs stimulated release and infectious titers
only modestly (~4-fold; lanes 2 and 3). These observations
indicate that neither the C2 domain, the PSAP motif, nor the
second WW domain is absolutely required for NEDDA4L stim-
ulation of HIV-1,pp4p release.

One notable difference between the different NEDD4L iso-
forms was that the NEDD4L, -, isoform uniquely reduced the
accumulation of cell-associated Gag processing intermediates
(Fig. 2B; also data not shown). This effect can be seen by
comparing the high steady-state levels of the CA-SP19?¢ in-
termediate that accumulated for budding-defective HIV-
1aprap constructs under most conditions (Fig. 2B, second
panel, lanes 1 to 7) to the reduced level of this intermediate
observed upon overexpression of NEDD4L,, (lane 8). De-
fects in processing at the CA-SP1 junction typically accompany
defects or delays in HIV-1 budding (13), and we therefore infer
that the NEDDA4L,, -, isoform is particularly effective at rescu-

NEDDA4L STIMULATES HIV BUDDING 4887

ing release of HIV-1,pr.p. Hence, the naturally occurring
NEDDA4L, -, isoform was used in all subsequent experiments.

Optimizing NEDD4L stimulation of HIV-1,,..p release.
NEDDA4L,, was titrated to identify protein levels that opti-
mally rescued HIV-1,p14p release and titers. As shown in Fig.
3, viral titers initially increased with increasing levels of exog-
enous NEDDA4L,, (compare lanes 1 to 5), with maximal
increases in virus release and titer (25-fold) observed upon
transfection of 0.5 g of the NEDD4L, -, expression construct
(lanes 5). This NEDDA4L, -, level also maximally reduced ac-
cumulation of the CA-SP1 processing intermediate. Higher
NEDDA4L -, levels actually increased CA-SP1 accumulation
and decreased virus release and infectivity (lanes 6 to 8), indi-
cating that NEDDA4L can dominantly inhibit virus release when
highly overexpressed. A NEDDA4L,, expression plasmid con-
centration of 0.5 g was therefore used in all subsequent ex-
periments.

NEDDA4L -, catalytic activity is required to stimulate HIV-
1.prap release. Ubiquitin ligase enzymatic activities are typi-
cally required for NEDD4-like protein functions (8, 16, 18, 25,
30), including murine leukemia virus release through interac-
tions between the PPXY late domains and the WWP1/WWP2/
ITCH subset of NEDD4-like proteins (30). We therefore
tested the function of an enzymatically inactive NEDDA4L protein
that had a mutation in the active-site cysteine (Cys942Ala). As
shown in Fig. 3, the mutant NEDDA4L ¢, o424 protein failed to
increase HIV-1,pr4p release or infectious titers at any of the
three different protein expression levels tested (lanes 9 to 11),
implying that NEDD4L enzymatic activity is required to stim-
ulate virus release.

Endogenous NEDDA4L also stimulates HIV-1,p,14p release.
While the experiments described above demonstrated that
high levels of exogenous NEDDA4L proteins can stimulate
HIV-1,prap release, it was also important to test whether
endogenous NEDD4L was functionally required for virus re-
lease. The effect of depleting endogenous NEDD4L on the
release of both wild-type and APTAP HIV-1 constructs was
therefore tested (Fig. 4). The siRNA used in these studies
targeted a conserved sequence present in all known NEDD4L
isoforms and reduced endogenous NEDDA4L protein levels
more than 10-fold (panel 3, compare lanes 1 and 3 to 2 and 4).
As shown in panels 1 and 4, NEDD4L depletion did not sig-
nificantly reduce the release of wild-type HIV-1 (compare
lanes 1 and 2) but did substantially reduce HIV-1,ppsp T€-
lease, resulting in a further 14-fold decrease in the residual
titer of this crippled virus (compare lanes 3 and 4 and expan-
sions). Thus, although HIV-1,p14p is released poorly from
293T cells, the release that does occur is strongly dependent
upon the presence of endogenous NEDD4L.

NEDDA4L stimulation does not require the ALIX binding
site on p6S%, A series of experiments were performed to test
the viral requirements for NEDD4L-stimulated release. The
first set of experiments showed that the other well-character-
ized late domain of HIV-1, the ALIX-binding YPXL site, was
not required for NEDDA4L activity, because NEDD4L, -, stim-
ulated release of HIV-1,prap constructs to nearly the same
extent whether or not the ALIX binding site was present (Fig.
5A, compare lanes 3 and 6). Control experiments behaved as
expected in that ALIX overexpression rescued release and
infectivity of the HIV-1,p14p construct (compare lanes 1 and
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FIG. 2. Overexpression of four different NEDDA4L isoforms rescues HIV-1,ppap release and titer. (A) Four representative, naturally occurring
NEDDAL isoforms, with abbreviations and domain structures. Note that the wild type (NEDD4Ly,) was used in the experiments shown in Fig.
1. (B) Levels of HIV-1,ppap release and infectivity upon coexpression with an empty expression vector (—; lanes 1), with a vector expressing
FLAG-tagged ALIX (lanes 2), with wild-type or NEDD4, -, expression constructs (specificity controls; lanes 3 and 4), or with vectors expressing
the different NEDDA4L isoforms (lanes 5 to 8). The four panels here are analogous to those in Fig. 1B. Note that cellular CAS*¢ and MAS?¢ levels
are similar in all cases but that accumulation of the CA-SP1-processing intermediate, which is characteristic of delayed virus budding, is

dramatically reduced upon NEDDA4L, -, overexpression (panel 2, lane 8).

2) but did not rescue the HIV-1,prsp/ayp COnstruct (compare
lanes 2 and 5). Hence, NEDDA4L stimulation does not require
ALIX binding to its p6“*¢ late domain.

Gag,,g 377 is sufficient for NEDD4L-dependent release of
HIV-1,pypap- In principle, NEDD4L could act through any
viral protein to stimulate HIV-1,prp release. We therefore
tested whether NEDD4L,, overexpression stimulated re-
lease of VLPs formed by HIV-1 Gag,prap in the absence of
any other viral proteins. As shown in Fig. 5B, NEDDA4L,,
overexpression strongly stimulated Gag,prap VLP release (40-
fold in this experiment), implying that Gag is the target of

NEDDA4L (either directly or indirectly) and that no other viral
proteins are required for NEDDA4L stimulation.

Truncated and chimeric Gag constructs were used to map
the minimal region of Gag required for NEDDA4L stimulation
(Fig. 5C). As shown in Fig. SD, NEDDA4L, -, overexpression
stimulated VLP production by a Gag construct that lacked the
entire p6 region (Gag,,e; compare lanes 1 and 2), indicating
that neither of the known HIV-1 late domains nor their flank-
ing sequences were required for NEDDA4L stimulation. To test
for the involvement of NC®*¢, we took advantage of the pre-
vious observation that NCY*¢/RNA “tethering” interactions
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FIG. 3. Optimized expression and requirement for NEDDA4L -,
catalytic activity in the stimulation of HIV-1,pr4p release and titer.
Levels of HIV-1,prp release and infectivity upon cotransfection of 1
pg of HIV-1,prap proviral expression plasmid with an empty expres-
sion vector (—; lanes 1), or with 0.05, 0.1, 0.3, 0.5, 1, 2, or 4 pg of the
NEDDA4L -, expression vector (lanes 2 to 8, respectively), or with 0.1,
0.5, or 2 ng of an expression vector for the catalytically inactive
NEDDA4L ) cosna protein (lanes 9 to 11, respectively). Note that
optimal HIV-1,prAp release and titer were obtained when 0.5 pg of
the NEDDA4L, ¢, vector was used (lanes 5) and that NEDD4L ¢ cosoa
overexpression did not stimulate HIV-1,pp4p release or titer at any
dose (lanes 9 to 11).

essential for virion assembly can be functionally replaced by a
heterologous leucine zipper dimerization sequence from the
human CREB protein (27, 65). NEDDA4L,, overexpression
also stimulated the release of a chimeric Gag construct (Gag-
~p) that lacked the SP2 and p6 regions and had the CREB
leucine zipper in place of the NC region (compare lanes 3 and
4). Thus, the NC region, which also contains an ALIX binding
site (39), is dispensable for NEDD4L stimulation. Finally, Got-
tlinger and colleagues have shown that particle assembly can
be mediated by a minimal Gag construct (Gag,_,p) that con-
tains only an N-terminal membrane binding/myristoylation sig-
nal, the C-terminal domain of the CA domain (including the
major homology region), and the SP1 spacer (Gag residues 278
to 377) fused to a leucine zipper. NEDDA4L, ~, overexpression
also stimulated the release of this minimal assembly construct,
and we therefore conclude that the element(s) that determine
NEDDA4L responsiveness are located within the minimal as-
sembly region(s) of the HIV-1 Gag protein.

TSG101 is required for NEDD4L-dependent HIV-1,p14p
release. In principle, NEDDA4L could act upstream, down-
stream, or independently of the TSG101/ESCRT-I complex. In
the former case, NEDD4L stimulation of HIV-1,p4p release
should require TSG101, whereas in the latter two cases, it
should not. As shown in Fig. 6, siRNA depletion of TSG101
blocked NEDD4L stimulation of HIV-1,pr.p release.
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FIG. 4. Requirement for endogenous NEDD4L in HIV-1 re-
lease. Expression vectors for wild-type (WT) HIV-1 (lanes 1 and 2)
or HIV-1,ppap (APTAP) (lanes 3 and 4) were cotransfected with an
irrelevant control siRNA (lanes 1 and 3) or with an siRNA targeting
endogenous NEDD4L (lanes 2 and 4, respectively). Levels of the
endogenous NEDDA4L protein were analyzed by Western blotting
(panel 3; anti-NEDD4L). HIV-1 release, cellular Gag protein lev-
els, and viral titers were analyzed as described in the legend to Fig.
1 (n = 3 = standard deviation). Quantitative analyses revealed than
>90% of the endogenous NEDDA4L was depleted by the siRNA
treatment. Note that smaller NEDD4L isoforms/degradation were
also comparably reduced by siRNA treatment (compare lanes 2 and
4 to lanes 1 and 3 in panel 3; also see Fig. S1 in the supplemental
material). Note also that siRNA depletion of endogenous NEDD4L
reduced HIV-1,p4p release and infectivity 14-fold (compare lanes 4
to lanes 3). Expansions show enhanced exposure of the Western blot
(upper panel) and a vertical expansion of the infectivity data from
lanes 3 and 4.

TSG101 was efficiently depleted using siRNA (panel 1, com-
pare lanes 4 to 6 to lanes 1 to 3), and the absence of TSG101
potently inhibited NEDDA4L,,-mediated release of HIV-
1aprap (compare lanes 3 and 6). Importantly, reexpression of
an exogenous SiRNA-resistant form of TSG101 (termed
TSG101-FLAG*) fully restored the ability of NEDDA4L -, to
stimulate HIV-1,prap release (compare lanes 9 to lanes 6 and
3), demonstrating that the siRNA effects observed in lane 6
were specifically due to TSG101 depletion and not off-target
effects. Unlike results with NEDDA4L,,, the stimulation of
HIV-1,prap release observed upon ALIX overexpression was
largely independent of TSG101 (compare lanes 2 to lanes 8, 12,
and 15), and ALIX overexpression therefore served as a con-
trol case in which virus release did not require TSG101/
ESCRT-I. These experiments indicate that NEDDA4L acts up-
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FIG. 5. Gag,s 37, is sufficient for NEDD4L-dependent HIV-1,ppap release. (A) The ALIX binding site in p6© is not required for
NEDDA4L-dependent HIV-1,pr4p release. Lanes 1 to 3 show levels of HIV-1,pr4p release and titers upon cotransfection with an empty expression
vector (—) or with an expression vector for ALIX or NEDDA4L, . Lanes 4 to 6 show levels of HIV-1,pr4p/ayp release and titers upon coexpression
with an empty expression vector (—) or with an expression vector for ALIX or NEDD4L,,. Note that the Gag protein expressed by the
HIV-1,prap/ayp proviral construct cannot bind ALIX (10) and that NEDD4L -, overexpression stimulated HIV-1,pr5p/ayp release and infectivity
whereas ALIX overexpression did not (compare lanes 6 to lanes 4 and 5). (B) NEDDA4L, -, overexpression stimulates release of VLPs formed by
the HIV-1 Gag,prap protein alone. Western blotting analyses show an expression vector for HIV-1yx, Gag (Gagaprap) cotransfected with an
empty expression vector (lane 1) or with the NEDDA4L -, expression vector. Panel 1 shows VLP-associated Gag protein release (anti-CA), panel
2 shows cellular Gag protein levels (anti-CA), and panel 3 shows levels of exogenously expressed NEDDA4L,, (anti-FLAG). Note that
NEDDA4L -, overexpression also stimulates Gagyprap VLP release (compare lane 2 to 1 in panel 1). (C) Schematic illustration of the Gag
constructs used to define the minimal NEDD4L-responsive region. Gag,prap has a ;LIRL,, mutation in place of the ,PTAP,, late domain of
p69°8. Gag,,, lacks the entire p6 region. Gag,,p lacks the SP2 and p6 regions and has the CREB leucine zipper in place of the NC region. Gag, p
contains only an N-terminal membrane binding/myristoylation signal, the C-terminal domain of the CA domain (including the major homology
region), and the SP1 spacer (Gag residues 278 to 377) fused to the CREB leucine zipper. (D) Gag,5 3,7 is sufficient for NEDD4L-dependent VLP
release. The indicated Gag expression constructs were cotransfected either with an empty expression vector (—) (lanes 1, 3, and 5) or with the
NEDDA4L -, expression vector (lanes 2, 4, and 6). VLP production, cellular Gag protein levels, and exogenous NEDDA4L -, levels were analyzed
as described above for part B. Note that NEDDA4L, -, overexpression increased the levels of VLP production for all three Gag constructs (compare
lanes 1 and 2, 3 and 4, and 5 and 6).
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FIG. 6. TSG101 requirements for NEDD4L-dependent HIV-
1aprap release: HIV-1,ppap release and titers upon cotransfection
with an empty expression vector (—) (lanes 1, 4, 7, 10, and 13) or with
vectors expressing ALIX (lanes 2, 5, 8, 11, and 14) or NEDD4L, ¢,
(lanes 3, 6, 9, 12, and 15). Analogous experiments were performed in
the presence of endogenous TSG101 (control siRNA; lanes 1 to 3) or
in the absence of endogenous TSG101 (siRNA depletion; lanes 4 to
15). Cells used for the experiments in lanes 7 to 15 also expressed
exogenous, siRNA-resistant TSG101 (TSG101*), corresponding to the
wild-type protein (lanes 7 to 9), a TSG101 protein that cannot bind
ubiquitin (ND45,46AA; lanes 10 to 12), or a TSG101 mutant that
cannot bind PTAP motifs (M95A; lanes 13 to 15). Note that TSG101
depletion inhibits NEDD4L-dependent HIV-1,py,p release and re-
duces titers (compare lanes 3 and 6) but does not inhibit ALIX-
dependent HIV-1,ppap release (compare lanes 2 and 5). Note also
that TSG101 mutants that lack ubiquitin or PTAP binding activities
can support NEDD4L-dependent HIV-1,p4p release nearly as well as
wild-type TSG101 (compare lanes 12 and 15 to lanes 9). TSG101
depletion and rescue were analyzed by Western blotting (panel 1,
anti-TSG101). HIV-1,pap release, cellular Gag protein levels, exog-
enous ALIX and NEDD4L,, expression levels, and infectious titers
were analyzed as described in the legend to Fig. 1.

stream of (or together with) TSG101 in promoting HIV-
1Aprap release.

Conceivably, NEDDA4L might function by transferring ubig-
uitin to a target protein, such as HIV-1 Gag, which could then
be recognized by the ubiquitin binding activity of the TSG101
UEV domain. This was not the case, however, because a mu-
tant TSG101 protein (TSG101*\p4s.46a4) that lacked the abil-
ity to bind ubiquitin (41, 54) still supported NEDD4L-medi-
ated HIV-1,prap release nearly as well as the wild-type
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protein (compare lanes 12 to lanes 9). Similarly, a mutant
TSG101 protein (TSG101*,,95,) that lacked the ability to bind
PTAP sequences (40, 41) also supported NEDD4L-mediated
release (compare lanes 15 to lanes 9). Thus, although TSG101
is required for NEDD4L-mediated HIV-1,prAp release, the
ubiquitin and PTAP binding activities of the TSG101 UEV
domain are not.

NEDDA4L induces ESCRT-I ubiquitylation. We next tested
whether NEDDA4L, ., overexpression altered ESCRT-I ubiq-
uitylation. Human ESCRT-I is a family of related complexes,
each of which contains a TSG101 subunit, a VPS28 subunit,
one of two MVB12 subunits (A and B), and one of four VPS37
subunits (A to D) (33). As shown in Fig. 7A, HA-tagged ubiqg-
uitin was overexpressed with ESCRT-I complexes that con-
tained either MVBI12A (lanes 1 and 3) or MVB12B subunits
(lanes 2 and 4). The overexpressed ESCRT-I complexes were
then affinity purified (panel 2) and tested for ubiquitin modi-
fications by immunoblotting against HA-Ub (panel 3). In both
cases, basal ESCRT-I ubiquitylation was detected even in the
absence of NEDDA4L overexpression, with MVB12B/ESCRT-I
showing higher levels of modification (compare lanes 1 and 2).
Although we have not identified all of the ESCRT-I-associated
proteins that are ubiquitylated, the banding patterns indicate
that both MVB12B and TSG101 are ubiquitylated (panel 4;
also data not shown).

Importantly, NEDD4L,, overexpression dramatically in-
creased ubiquitylation of MVB12B/ESCRT-I (Fig. 7A. com-
pare lanes 2 and 4) and also increased MVB12A/ESCRT-I
ubiquitylation (compares lanes 1 and 3). Conversely, siRNA
depletion of NEDDA4L reduced basal levels of MVBI12B/
ESCRT-I ubiquitylation to nearly undetectable levels (Fig. 7B,
panel 3, compare lanes 2 and 3). Hence, endogenous NEDD4L
proteins are responsible for ubiquitylation of the MVB12B/
ESCRT-I complex, and higher levels of NEDDA4L increase
ESCRT-I ubiquitylation.

The simplest explanation for our data is that NEDD4L pro-
teins are recruited through direct interactions with the
MVBI12B/ESCRT-I complex. NEDD4-like proteins are com-
monly recruited through interactions between their WW do-
mains and PPXY-like binding sites on their substrates (22, 24,
49). MVBI12B has a single PPQY sequence motif (residues 172
to 175), and we tested the effect of mutating this sequence on
ubiquitylation of the MVB12B/ESCRT-I complex. As shown in
Fig. 7C, the mutant MVBI12B protein was expressed well and
formed stable complexes with the other ESCRT-I subunits,
and the mutation reduced but did not eliminate MVBI12B/
ESCRT-I ubiquitylation, both when NEDDA4L-,, was overex-
pressed (compare lanes 3 and 4) and when only endogenous
NEDDA4L was present (compare lanes 1 and 2). Thus, the
MVBI12B PPQY sequence increases ubiquitylation of the
MVBI12B/ESCRT-I complex but cannot be the only element
responsible for NEDDA4L recruitment.

TSG101 is also required for M-MPV Gag release. The data
described above are consistent with a model in which
NEDDA4L acts upstream to recruit, ubiquitylate, and/or other-
wise activate ESCRT-I. These observations suggested the pos-
sibility that other retroviruses, like M-PMV, that use PPXY
late domains to recruit NEDD4-like proteins might also act
through ESCRT-I. M-PMV Gag contains both PPXY and
PSAP late domains, but the PPXY late domain appears dom-
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FIG. 7. NEDDA4L stimulation of ESCRT-I ubiquitylation. (A) NEDDA4L ., overexpression stimulates ubiquitylation of ESCRT-I complexes
that contain MVB12B subunits. HA-tagged ubiquitin (HA-Ub) was co-overexpressed together with ESCRT-I complexes containing MVB12A
(lanes 1 and 3) or MVBI12B (lanes 2 and 4) subunits with empty vector controls (lanes 1 and 2) or with NEDD4L,, (lanes 3 and 4). Panel 1 shows
a Western blot of the input extract, and panels 2 to 4 show Western blots of ESCRT-I complexes that were purified by incubating with Strep-Tactin
Sepharose (which bound the OSF-TSG101 subunit). Panel 2 shows the four purified ESCRT-I subunits, with anti-FLAG («a-FLAG; detecting
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FIG. 8. Endogenous TSG101 is required for efficient release of
M-PMV. (A) The PPPY late domain is essential for M-PMV release
from 293T cells. pM-PMVwt, pMPMV pppy, PMPMV psap, and
PMPMV ppxyapsap (lanes 1 to 4, respectively) were expressed, and
Western blots measured levels of M-PMV Gag/p12 (upper panel)
and virion-associated M-PMV Gag/p12 (lower panel). (B) TSG101
depletion strongly inhibits release of wild-type M-PMV from 293T
cells. Control siRNA (—; lane 1) or TSG101 siRNA (lane 2) were
cotransfected with wild-type M-PMV proviral expression vectors.
Western blots measured levels of cellular TSG101 (upper panel), cel-
lular M-PMV Gag/p12 (middle panel), and virion-associated M-PMV
Gag/p12 (lower panel).

inant in most contexts (14, 62). This is illustrated in Fig. 8A,
where mutation of the PPPY late domain inhibited Gag pro-
cessing and diminished virion release from 293T cells (com-
pare lanes 1 to lanes 2 and 4) whereas the effects of mutating
the PSAP late domain were much less severe (compare lanes 1
and 3). In contrast, M-PMV release was almost entirely
blocked when TSG101 was depleted from the producer cells
(Fig. 8B, compare lanes 1 and 2). Thus, although the PPXY
motif is the dominant late domain, TSG101/ESCRT-I is still
required for release of M-PMV from 293T cells.

NEDDA4L is required for efficient HeLa cell cytokinesis.
TSG101/ESCRT-I is recruited to the HeLa cell midbody,
where it also functions in the final abscission step of cytokinesis
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(1). We therefore tested whether NEDDA4L, like TSG101/
ESCRT-I, was also required for cytokinesis. As reported pre-
viously, siRNA depletion of TSG101 induced accumulation of
multinuclear cells, as assayed both by direct counting of
multinuclear cells (Fig. 9A, middle panel; 9.3% multinuclear
cells) and by FACS analyses that measured the ratios of cells
with 2N versus 4N DNA contents (Fig. 9B, middle panel,
12.8% of cells with 4N DNA content) (1, 34). Hence, as ex-
pected, TSG101 depletion increased the fraction of multinu-
clear cells compared to an irrelevant siRNA control in both the
direct counting assay (2.5%) and the FACS assay (4.2%).
siRNA depletion of NEDDA4L proteins from HeLa cells simi-
larly induced accumulation of multinuclear cells in both assays
(right panels; 10.7% in the direct counting assay and 16.6% in
the FACS assay) and also led to an increase in the number of
cells with visible midbodies (Fig. 9A). Thus, NEDDA4L deple-
tion induces at least as strong a cytokinesis defect as does
TSG101 depletion.

DISCUSSION

Viral requirements for NEDD4L stimulation. Our data, to-
gether with those in the accompanying article by Gottlinger
and colleagues (55a), demonstrate that the NEDD4-like ubig-
uitin HECT E3 ligase, NEDDA4L, can stimulate the release and
infectivity of HIV-1 viruses that lack the PTAP and YPXL late
domains. This is the first indication that NEDD4-like proteins
can also function in the release of enveloped RNA viruses like
HIV-1 that lack PPXY late domains. Mapping studies and
deletion analyses revealed that NEDD4L exerts its effects
through the viral Gag protein but that most Gag regions are
dispensable, including the globular domain of MA, the CA
N-terminal domain, NC, SP2, and p6. Thus, the minimal re-
gions of Gag required for NEDDA4L stimulation match the
minimal regions required for particle assembly. This implies
that the CA.pp-SP19%8 region must contain cis-acting late-
domain activities that can support efficient virion budding,
provided cellular NEDDA4L levels are sufficiently high. We do
not yet understand how NEDDA4L activity is physically con-
nected to the HIV-1 Gag assembly region, however, since we
were unable to demonstrate a stable interaction between
HIV-1 Gag and NEDDA4L. We did observe that overexpression
of the catalytically active NEDDA4L,, protein resulted in a

OSF-TSG101) and anti-Myc (a-Myc; detecting other ESCRT-I subunits); panel 3 shows ubiquitylated proteins that copurified with the ESCRT-I
complex (a-HA [anti-HA]). Panel 4 shows an overexpressed blot probed for OSF-TSG101 (anti-FLAG). Note that NEDD4L,, overexpression
dramatically increased ubiquitylation levels of ESCRT-I complexes that contained MVB12B subunits (compare lanes 2 and 4, lower two panels)
but not of ESCRT-I complexes that contained MVB12A subunits (lanes 1 and 3). Note also that that the ESCRT-I complexes containing MVB12B
had higher basal ubiquitylation levels than ESCRT-I complexes that contained MVB12A (compare lanes 1 and 2) and that ubiquitin modifications
could be detected on TSG101 (panel 4, compare lanes 3 and 4) and on MVB12B (not shown). (B) Depletion of endogenous NEDDA4L reduces
the basal levels of MVB12B/ESCRT-I ubiquitylation. HA-tagged ubiquitin was cotransfected with empty control vectors (lanes 1) or with
expression vectors for the four subunits of ESCRT-I (OSF-TSG101, Myc-MVBI12B, and Myc-VPS37B; lanes 2 and 3). 293T cells used in the
experiments shown in lanes 1 and 2 were expressing wild-type levels of endogenous NEDDA4L, whereas the 293T cells used in the experiment shown
in lanes 3 were depleted of NEDDA4L by siRNA treatment. Panels 1 to 3 correspond to the analogous three panels in part A, except that an
anti-NEDDA4L antibody was used to detect endogenous NEDDA4L in panel 1. Note that NEDDA4L depletion decreased MVB12B/ESCRT-I
ubiquitylation to nearly undetectable levels (compare lane 2 to lane 3 in panel 3). (C) The MVBI12B PPQY motif is required for efficient
NEDDA4L-dependent ESCRT-I ubiquitylation. This experiment is analogous to the experiments shown in part A for the MVB12B/ESCRT-I
complexes except that the ESCRT-I complexes expressed in lanes 2 and 4 contained MVB12B proteins with ,,,PPQY,,s-to-;,,AAAA s mutations
(MVBI12B,ppoy). Note that NEDDA4L-dependent ESCRT-I ubiquitylation was decreased by the MVB12B,ppoy mutation (compare lanes 3 and
4) and basal ESCRT-I ubiquitylation levels were also decreased by the MVB12B mutation (compare lanes 1 and 2).
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FIG. 9. NEDDA4L is required for efficient HeLa cell cytokinesis. (A) Immunofluorescent images of HeLa cells treated with a control siRNA
(left, negative control) or with siRNAs targeting TSG101 (middle, positive control) or NEDDA4L (right). Microtubules (red; anti-a-tubulin) and
nuclei (Sytox green) were stained for reference. White arrowheads highlight multinuclear cells, and yellow arrowheads indicate cells with visible
midbodies. Mono- and multinucleated cells were quantified by microscopic counting, and the percentages of multinuclear cells are reported below
each panel. (B) FACS analyses of the DNA content of cells treated with a control siRNA (left; negative control) or with siRNAs targeting TSG101
(middle; positive control) or NEDDA4L (right). Peaks corresponding to 2N and 4N DNA contents are labeled, and the integrated peak volumes

are provided.

substantial enhancement in the overall levels of ubiquitylated
proteins, including Gag, in purified VLPs (data not shown; also
see the accompanying paper by Gottlinger and colleagues
[55a]). This observation raises the possibility that NEDD4L
may exert its effects by binding and ubiquitylating Gag. How-
ever, we also observed that NEDDA4L, ., overexpression sub-
stantially increased overall protein ubiquitylation levels in cell
lysates, and therefore, we cannot be certain that increases in
virion-associated Gag ubiquitylation levels seen upon
NEDDA4L overexpression do not simply mirror global increases
in cellular protein ubiquitylation levels.

NEDDA4L requirements. NEDD4L was significantly more
active than other human NEDDA4-like proteins in stimulating
HIV-1,prap release, and this effect was specific, because an-
other subfamily member, NEDD4, was far less active despite
sharing 63% amino acid identity. Cells express a number of
different NEDDA4L isoforms (3, 7, 23), and all four of the
NEDDA4L isoforms that we tested stimulated HIV-1,ppap Te-
lease. Thus, stimulation did not require the C2, PSAP, or
WW?2 elements, each of which was missing in a subset of the
different NEDDA4L isoforms. The dispensability of the PSAP
motif is somewhat surprising, since this element is a consensus
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binding site for the TSG101 UEV domain, and we speculate
that although this element is not absolutely required, it is likely
to bind TSG101 in some contexts.

The activity of the NEDD4L,, construct indicates that
regions outside the C2 core must dictate substrate selection, as
has been seen for other NEDD4-like proteins (30, 46). Indeed,
the C2 domain actually appeared to inhibit NEDD4L-stimu-
lated HIV-1,prap release slightly, since the NEDDA4L, -, iso-
form uniquely rescued the Gag processing defect that typically
accompanies viral budding defects (13). The C2 domain of a
related NEDD4-like protein, SMURF2, was recently shown to
bind and autoinhibit the catalytic activity of its HECT domain
(60), and it is reasonable to expect that the C2 domain of
NEDDA4L inhibits virus release in a similar fashion.

Most importantly, the stimulation of HIV-1,prap release
required the ubiquitin E3 ligase enzymatic activity, implying
that NEDDA4L functions in virus release by transferring ubiq-
uitin onto target protein(s). Thus, NEDD4L can provide a
connection between HIV-1 budding and ubiquitin. We note,
however, that NEDD4L alone cannot fully explain why effi-
cient release of wild-type HIV-1 requires ubiquitin transfer,
because NEDDA4L depletion did not significantly inhibit the
release of the wild-type virus (Fig. 4). Nevertheless, depletion
of endogenous NEDD4L did substantially inhibit the already
low release of the crippled HIV-1,p4p virus, implying that
endogenous NEDDA4L plays a significant role in HIV-1 release
when TSG101 recruitment is compromised.

NEDDA4L acts through ESCRT-I. siRNA depletion of
TSG101 blocked the ability of NEDDA4L, -, to stimulate HIV-
1 prap release, demonstrating that NEDD4L must exert its
effects upstream of (or in concert with) TSG101/ESCRT-1.
NEDDA4L and ALIX differ in this respect, since ALIX strongly
stimulated HIV-1,p4p release whether or not TSG101 was
present. Although the role of TSG101/ESCRT-I in NEDD4L
stimulation remains to be characterized fully, the PTAP and
ubiquitin binding activities of the TSG101 UEV domain are
not required. These observations argue against the otherwise
attractive possibility that NEDD4L proteins might simulta-
neously bind TSG101 (e.g., through TSG101 UEV-PSAP in-
teractions) and ubiquitylate Gag, thereby creating a mecha-
nism for recruiting TSG101/ESCRT-I to sites of virus budding
(e.g., through TSG101 UEV-Ub interactions). We have also
found that TSG101/ESCRT-I complexes that lack ubiquitin
binding activity can support the budding of wild-type HIV-1
(not shown). Hence, there is currently no evidence that ubig-
uitin binding by TSG101/ESCRT-I is functionally important
for the release of HIV-1 via either TSG101/ESCRT-I or
NEDDA4L.

NEDDA4L interactions with ESCRT-1. Our studies raise the
question of how NEDDA4L interacts with TSG101/ESCRT-1.
The best evidence for such an interaction comes from the
studies of Medina et al., who showed that Rous sarcoma virus
release can be mediated by an interaction between a PPXY
sequence in Rous sarcoma virus Gag and the chicken NEDD4-
like protein, LDI-1 (/ate domain interacting protein 1) (32).
Importantly, they also showed that human TSG101 could im-
munoprecipitate HA-tagged LDI-1, providing a physical link
between TSG101 and a NEDDA4-like protein. Although those
authors emphasized the similarity between chicken LDI-1 and
human NEDD4 (64% identity), LDI-1 is actually a much bet-
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ter match with human NEDDA4L (93% identity). Thus, their
experiments indicate that under some conditions, NEDD4L
proteins can physically associate with TSG101/ESCRT-I (ei-
ther directly or indirectly). Unfortunately, we have been un-
able to detect reproducible interactions between human
TSG101/ESCRT-I and human NEDDA4L, either in coprecipi-
tation experiments or in biochemical experiments with pure
recombinant complexes (not shown). We were also unable to
observe colocalization of ESCRT-I with either endogenous or
exogenous NEDDA4L in the midbody during cytokinesis (not
shown). Hence, we cannot confirm that human NEDD4L and
ESCRT-I can form stable complexes, either in vitro or in vivo.

Nevertheless, our experiments support the idea that
NEDD4L and TSG101/ESCRT-I can interact, at least tran-
siently, because we find that NEDD4L overexpression in-
creases ubiquitylation of ESCRT-I subunits, including TSG101
and MVBI2B, and that depletion of endogenous NEDD4L
reduces their ubiquitylation (Fig. 7). Although we cannot rule
out the possibility of indirect interactions, NEDD4L-induced
ubiquitylation is greater for ESCRT-I complexes that contain
MVBI12B subunits, and mutation of a potential NEDD4L WW
domain docking site within MVB12 reduced (but did not elim-
inate) ESCRT-I ubiquitylation. Multiple ESCRT-I isoforms
with different subunit compositions form stable complexes in
cells (33), and this is the first example of an isoform-specific
phenotype, raising the possibility that different effectors like
NEDDA4L may exert differential effects through specific subsets
of ESCRT-I complexes.

Ubiquitylation may activate ESCRT-I. NEDD4L overex-
pression results in ubiquitylation of TSG101/ESCRT-I, sug-
gesting that ubiquitylation may activate ESCRT-I to function
in HIV-1 release. Similarly, depletion of endogenous NEDD4L
reduced the efficiency of HeLa cell cytokinesis, indicating that
TSG101 and NEDD4L may also work together in this cellular
process. Furthermore, another ubiquitin E3 ligase, Maho-
gunin, was recently shown to bind TSG101 and catalyze its
monoubiquitylation in vitro and in vivo (26). In this case, mono-
ubiquitylation of TSG101 appeared to enhance ESCRT activ-
ity, as reflected in the requirement for Mahogunin activity in
the lysosomal degradation of the epidermal growth factor re-
ceptor. Thus, there are growing indications that ubiquitylation
can positively regulate TSG101/ESCRT-I. Interestingly, recent
studies indicate that retroviral release through PTAP late do-
mains can require ubiquitylation of a cellular factor(s) (63),
and our experiments suggest that TSG101/ESCRT-I may be
one such factor.

Role for TSG101/ESCRT-I in release of PPXY-containing
viruses. The roles of PPXY late domains in virus budding are
not yet fully understood and appear to be quite complicated,
possibly because different PPXY late domains can utilize dis-
tinct or redundant NEDD4-like binding partners. There are,
however, several indications that PPXY motifs and their
NEDDA4-like binding partners can act in concert with TSG101/
ESCRT-I to facilitate virus release. For example, the Marburg,
lymphocytic choriomeningitis, and lassa fever viruses use
PPXY late domains, yet are still dependent upon TSG101
(37a, 54a). We found that this can also be true for retroviruses,
since TSG101 depletion strongly inhibited M-PMV release,
even though M-PMYV relies more heavily on its PPXY motif
than on its PSAP motif (Fig. 8). Thus, these all appear to be
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cases in which NEDD4-like proteins bind PPXY late domains
and then function via ESCRT-I, perhaps in analogy to the
NEDDA4L-stimulated release of HIV-1,p14p described here.

Summary and implications. In summary, we find that
NEDD4L exhibits a remarkable ability to stimulate HIV-
1,prap release and infectivity and that the NEDDA4L ubiquitin
E3 ligase activity can link the assembling virion, either directly
or indirectly, to ESCRT-I. We speculate that NEDD4L may
also function in the release of wild-type HIV-1 in contexts
where the virus cannot recruit TSG101 as efficiently as it does
in 293T cells. Thus, in cell types where Gag or TSG101/
ESCRT-I levels are lower (or where NEDDA4L levels are
higher), NEDD4L may cooperate with other late domain bind-
ing proteins to enhance the efficiency of virus release. Indeed,
we envision the possibility that ESCRT-I and NEDDA4L (and
possibly even ALIX) can contact Gag and one another at
multiple sites to form fully functional HIV-1 budding com-
plexes that optimize the efficiency of virus release.
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