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Human T-cell leukemia virus type 1 (HTLV-1) has two late
domain (LD) motifs, PPPY and PTAP, which are important for
viral budding. Mutations in the PPPY motif are more deleteri-
ous for viral release than changes in the PTAP motif. Several
reports have shown that the interaction of PPPY with the WW
domains of a Nedd4 (neuronal precursor cell-expressed devel-
opmentally down-regulated-4) family ubiquitin ligase (UL) is a
critical event in virus release. We tested nine members of the
Nedd4 family ULs and found that ITCH is the main contributor
to HTLV-1 budding. ITCH overexpression strongly inhibited
release and infectivity of wild-type (wt) HTLV-1, but rescued the
release of infectious virions with certain mutations in the PPPY
motif. Electron microscopy showed either fewer or misshapen
virus particles when wt HTLV-1 was produced in the presence of
overexpressed ITCH, whereas mutants with changes in the
PPPY motif yielded normal looking particles at wt level. The
other ULs had significantly weaker or no effects on HTLV-1
release and infectivity except for SMURF-1, which caused
enhanced release of wt and all PPPY™ mutant particles. These
particles were poorly infectious and showed abnormal morphol-
ogy by electron microscopy. Budding and infectivity defects due
to overexpression of ITCH and SMURF-1 were correlated with
higher than normal ubiquitination of Gag. Only silencing of
ITCH, but not of WWP1, WWP2, and Nedd4, resulted in a
reduction of HTLV-1 budding from 293T cells. The binding effi-
ciencies between the HTLV-1 LD and WW domains of different
ULs as measured by mammalian two-hybrid interaction did not
correlate with the strength of their effect on HTLV-1 budding.

Retroviruses, like several other enveloped viruses, use the
host multivesicular body (MVB)® machinery to bud from
infected cells (recently reviewed in Refs. 1-6). The MVB com-
plex consists of a network of class E vacuolar protein sorting
proteins, which form four distinct heteromeric endosomal
sorting complexes required for transport known as ESCRT-0,
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-1, -11, and -1II (7, 8); these four complexes are required for the
formation and release of the vesicles of the MVB. Their major
function in the cell is to transport cargo proteins, such as acti-
vated cell surface receptors, from the early endosomal mem-
brane to be released into the lysosome in small vesicles for deg-
radation (9). The proteins are targeted to the endosomal
degradation pathway by modification with mono- to tetraubiq-
uitin chains.

Retroviruses use this pathway as it allows for the formation of
plasma membrane vesicles with the right topology, i.e. budding
away from the cytoplasm. They recruit components of the MVB
pathway through highly conserved motifs in the Gag polypro-
tein. These motifs have been called late domain (LD) motifs
because they control retroviral budding, a late step in the viral
life cycle (10, 11). Three motifs have been identified in different
retroviruses; they are PPXY, PT/SAP, and YPXL/LXXLF. The
PTAP motif recruits ESCRT-I by interacting with Tsgl01
(tumor susceptibility gene 101) (12—14), whereas YPXL/LXXLF
binds AIP/Alix, which interacts with ESCRT-II (15, 16). The
PPXY motif has been shown to interact with the WW domains
of the Nedd4 (neuronal precursor cell-expressed developmen-
tally down-regulated-4) family ubiquitin ligases (UL) (17-21).
Nedd4 family ULs have three functional domains, an N-termi-
nal C2 domain for membrane binding, WW domains for pro-
tein/protein interaction targeting mainly proline-rich
sequences, and C-terminal HECT (homologous to the E6-AP
carboxyl terminus) domains containing the active site. There
are nine Nedd4 family ULs in humans (Nedd4, Nedd4L, NEDL1
(BUL1), NEDL2 (BUL2), WWP1, WWP2, ITCH, SMURE-1,
and SMUREF-2) (22-24). Nedd4 family ULs add monoubiquitin
to cargo protein to flag it for recognition by ESCRT-0 (24), the
first complex in the MVB pathway, and they also ubiquitinate
components of ESCRT-I and ESCRT-II to stabilize their inter-
actions (25-27). In addition, Nedd4 family ULs participate in
other cellular pathways through the addition of mono-, oligo-,
and polyubiquitin chains to target proteins (28). It is clear that
all retroviruses, including those with a PPXY motif as their pri-
mary LD, use the ESCRT-III/vacuolar protein sorting 4 com-
plex for the final fission step as dominant-negative mutants of
vacuolar protein sorting 4 potently inhibit virus release (29—
31). However, it is not known how the initial interaction of the
PPXY motif with a UL and this last step are integrated and
which other MVB components are involved.

Most retroviruses have more than one LD, for instance,
HIV-1 has a PTAP and a LXXLF motif located in p6, the C-ter-
minal peptide of Gag. Mutations in PTAP cause a more pro-
nounced decrease in HIV-1 release. However, overexpression
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of AIP, which interacts with the LYXLF motif in cooperation
with Nedd4-1, can rescue the budding of a PTAP-deficient
HIV-1 mutant (16, 32, 33). In addition, HIV-1 Gag is able to
recruit Nedd4 ULs in various other ways involving sequences
outside of p6 (32, 34, 35). These findings indicate that HIV has
several ways to recruit the ESCRT system to ensure its release,
albeit at different efficiencies.

HTLV-1 has both a PPPY and a PTAP motif located at the
C-terminal end of the matrix (MA) region in Gag. We and sev-
eral other groups have shown that the PPPY motif is dominant;
mutations in this motif cause loss of budding that cannot be
rescued by the PTAP motif (36—40). Several other viruses,
including Mason-Pfizer monkey virus (17, 41), murine leuke-
mia virus (MLV) (42, 43), rhabdovirus (21), and Ebola virus (20,
29) have both PPXY and PT/SAP motifs and, for most of these
viruses, the PPPY motif is also more important for efficient
budding. PPPY-deficient mutants of these viruses show the
typical late domain mutant phenotype with immature parti-
cles tethered to the cell or to each other by thin stalks of
membrane. In contrast, the phenotype of HTLV-1 PPPY ™
mutants is significantly different: almost no particles are
formed and Gag protein accumulates under the plasma
membrane of the infected cell showing only minor contrac-
tion (37-40). Several ULs have been reported to be involved
in the budding process (36 -39). HTLV-1 Gag is mono- and
diubiquitinated on Lys-74, and HTLV-1 K74R mutants
release 5-fold fewer particles than wild-type (44). Although
this reduction shows that ubiquitination at Lys-74 is impor-
tant for efficient budding, it also indicates that it is not as
essential as the interaction with the UL per se.

Martin-Serrano et al. (42) tested the nine Nedd4 family ULs
and showed that WWP1 is the most efficient in promoting
release of wt and mutant MLV. Budding was dependent on
WWP1 even when the PPPY motif was in a somewhat different
context than is normal for MLV-Gag. Furthermore, the WW
domains of WWP1 had the highest binding efficiency, as mea-
sured in a yeast two-hybrid assay, for a number of viral PPPY
motifs. Although both WWP1 and Nedd4 have been shown to
interact with the PPPY motif of HTLV-1 (36 -38), there has
been no systematic comparative analysis to quantitate the
effects of the nine Nedd4 ULs.

We wanted to know whether one of the nine ULs is more
important for HTLV-1 budding to facilitate the identification
of proteins that act further downstream from it. In this study we
compared the nine members of the Nedd4 family in their ability
to affect the release of wild-type and LD mutant HTLV-1. We
found that overexpression of ITCH and SMURF-1 reduced the
release of wt HTLV-1, whereas the other family members had
only marginal effects. ITCH was also the only UL that was able
to rescue the infectivity of PPPY mutant virus, although
SMURE-1 was able to rescue budding. However, the SMURE-
1-rescued mutant particles were deformed and non-infectious.
Cell lines in which ITCH expression was silenced showed a
budding defect; silencing of the other Nedd4 ULs had no effect.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, Virus Preparation, and Infection—
HEK293T (293T) cells were cultured in Dulbecco’s modified
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Eagle’s medium supplemented with 10% fetal calf serum, peni-
cillin, and streptomycin. Transfections were done essentially as
previously described (38). 5 X 10°293T cells in 10-cm dishes or
3 X 10° cells/well in 12-well plates were transfected with a total
of 50r0.2 ug of viral reporter plasmids, respectively, at a ratio of
1 packaging to 1.5 reporter to 0.1 envelope plasmid plus varied
amounts of expression plasmids for FLAG-tagged ubiquitin
ligase and/or empty vector DNA. FuGENE-6 (Roche Applied
Science) was used at a ratio of 2.5 ul of reagent to 1 ug of DNA
as the transfection reagent.

Plasmids—The HTLV-1 packaging plasmid pCMVHT-
1MAenv expresses all of the HTLV-1 gene products except Env
and is identical to pCMVHT-1Aenv (45), except that it carries
the pol gene of the HTVL-1 virus isolated from MT?2 cells (46).
The plasmid pCMV-VSV-G has been described (47) and the
pCRUS5inGlucB construct is detailed under “Results.” Late
domain mutants PPPG and AAAP affecting the PPPY and
PTAP motifs, respectively, were described previously (38).
Mutations APPY, PAPY, PPPD, and PPPF were generated by
overlapping PCR and transferred into the appropriate expres-
sion plasmids on restriction fragments, which were sequenced
in their entirety. Plasmid DNAs were isolated using Qiagen
(Hilden, Germany) columns and protocols. All Nedd4 family
UL expressing plasmids were gifts from Dr. Wes Sundquist
(University of Utah) (34).

HTLV-1 Infectivity Assay—293T cells were transfected with
four plasmids; a FLAG-tagged Nedd4 family UL expressing
plasmid, transfer vector pCRU5inGluc, packaging plasmid
pCMVHT-1MAenv, and pCMV-VSV-G. The infectivity of
virus-like particles was assessed 48 — 60 h post-transfection by
measuring the luciferase activity in the supernatant using the
Gaussia luciferase reagent from Targeting Systems (EI Cajon,
CA). The transfer vector encodes luciferase, which can be
assayed in the supernatant as a measure of the amount of infec-
tious virus produced in the experiment. Infectivity was
expressed relative to the infectivity measured in the absence of
exogenous Nedd4 UL expression, which was set at 100%.

Immunoblot Analysis—293T cells were seeded into 12-well
plates and transfected the following day using the FUuGENE 6
transfection reagent according to the manufacturer’s protocols.
For immunoblots the cell supernatants containing virus-like
particles (VLP) were collected 48— 60 h after transfection, fil-
tered through 0.45-um pore filters (Millipore, Bedford, MA),
and pelleted for 2 h at 22,000 X g in a microcentrifuge at 4 °C.
Cells were washed with phosphate-buffered saline (PBS) and
lysed at RT in radioimmunoprecipitation assay buffer (RIPA)
(100 mMm NaCl, 10 mm Tris, pH 7.4, 0.1% SDS, 0.5% sodium
deoxycholate, 1% Triton X-100) with protease inhibitor mix-
ture (Sigma) for 15 min and then kept on ice. Cell lysates were
cleared at 20,000 X g for 15 min. Denaturing protein gel elec-
trophoresis was carried out on 4 to 12% BisTris Bio-Rad gels in
MOPS buffer according to the manufacturer’s directions (Bio-
Rad). The proteins in the gels were transferred to Immobilon P
membranes (Millipore, Bedford, MA) and blocked with 3%
dried milk in Tris-buffered saline. Blots were probed in the
same solution containing one of the following antibodies: anti-
HTLV-1 MA (p19) mouse monoclonal antibody (Zeptometrix,
Buffalo, NY), affinity-purified rabbit anti-HTLV-1 MA peptide
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(SRPAPPPPSSPTHDPPDSDP) antisera, mouse anti-FLAG
antibody (Sigma), rabbit anti-ITCH antibody (Sigma), or
mouse anti-ubiquitin antibody (Santa Cruz Biotechnologies,
Inc.). Washing and exposure to the appropriate horseradish
peroxidase-linked secondary antibody (Cell Signaling) were
done in Tris-buffered saline with 0.05% Tween. Blots were
developed with Supersignal Dura or Femto reagent (Thermo-
Scientific) and visualized on an Alphalnnotech Imager.

Ubiquitination Assay—For detection of ubiquitinated Gag
proteins, 293T cells were transiently co-transfected with plas-
mid encoding 3 tandem copies of HA-tagged ubiquitin.* Ubiq-
uitinated proteins were detected with anti-HA antibodies
(Covance, Princeton, NJ).

Transmission Electron Microscopy (TEM)—Detailed proce-
dures for standard thin-section TEM were previously described
(38), with the following modifications. 293T cells were trans-
fected with pCMVHT-1MAenv and the indicated UL expres-
sion plasmids in 10-cm dishes. Supernatants were harvested
48 h after transfection, filtered, and the VLP were pelleted
through a 20% glycerol in PBS cushion for 1.5 h at 150,000 X g.
The pellets were fixed in 2% glutaraldehyde in cacodylate buffer
(0.1 M, pH 7.4) overnight at 4 °C followed by 1% osmium fixa-
tion for 1 h at room temperature. VLP pellets were dehydrated
in graded ethanol (e.g. 35, 50, 70, 95, and 100%) and propylene
oxide (100%). Pellets were infiltrated overnight in a 1:1 mixture
of propylene oxide and epoxy resin, embedded in pure resin,
and cured at 55 °C for 48 h. The cured block was thin sectioned,
mounted on naked 200-mesh copper grids, and stained with
uranyl acetate and lead citrate. Images were obtained with an
electron microscope equipped with a digital camera system.

Generation of Stable Nedd4 Family ULs Knockdown Cell
Lines—To generate stable 293T cell clones with silenced Nedd4
family ULs we used pGIPZ lentiviral shARNAmir vectors from
Open Biosystems using the protocols provided by the manufac-
turer. We generated stable lines and optimal knockdown was
achieved for WWP1 with constructs V2LHS 5907 and V2L-
HS_13521, for Nedd4 with V2LHS_72553 and V2LHS_72555,
for Nedd4L with V2LHS 80459 and V2LHS_80461, and for
ITCH with V2LHS_202105 and V2LHS_202846. The efficiency
of silencing of Nedd4 family ULs was determined by measuring
the expression of these ULs by using qualitative RT-PCR and
immunoblot analysis.

Mammalian Two-hybrid Assay—The pM and pVP16 mam-
malian two-hybrid vectors from the Matchmaker™ system
(Clontech) were used to generate fusion protein constructs for
use in two-hybrid assays. As reporter we used the plasmid
pGL5-Luc, which expresses the firefly luciferase gene under the
control of five copies of Gal4d consensus binding sites. The
nucleotide sequences encoding each of the WW domains from
Nedd4, WWP1, ITCH, and SMURE-1 were amplified by PCR
using the following primers: ITCH, 5'-CGGGATCCGCCCT-
GTAACTCAAGCTCCCTTG and 5'-CTTCTGCAGGGCTA-
TCTGAGGTCCATTGTC; SMURF1; 5'-GCGGATCCGCCA-
GACGCCCCAGAACGACCAC and 5'-CTGCAGTGTGGT-
GTAACCTTGGGTCTGTAAACTG; Nedd4; 5'-GCGGATC-

4 G. Heidecker, unpublished data.
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CATTTGCAGCAACAACAAGAACC, and 5'-CGATGCAT-
GGCACTGCTGGTCCAGTTATTGC. The fragments were
cloned into pCR2.1-TOPO-TA (Invitrogen), sequenced, and
transferred into the activation domain-expressing plasmid
pVP16. The proline-rich domain of SMAD (amino acid
residues 133 to 266) was amplified on pOTB-SMAD (OpenBio-
systems clone ID 4109682) with oligos 5'-GAGTAGAATTCC-
CTGTACTTCCTCCTGTG and 5'-CACCAGTGTTTTGGA-
TCCTCATAAGCAAC and cloned into pVP16. The plasmid
encoding the DNA binding partner (pM) expressed amino
acids 2 to 153 of HTLV-1 Gag containing wt or mutant late
domains. Inserts were generated by PCR using primers contain-
ing appropriate restriction sites. Transfections for mammalian
Matchmaker experiments were done in duplicate in 24-well
plates seeded with 293T cells. Luciferase assays were performed
by using a kit (Promega, Madison, WTI) according to the manu-
facturer’s protocol.

RESULTS

Overexpression of Wild-type ITCH and SMURF-1 Inhibits
HTLV-1 Infectivity—As a first approach to determine which of
the different ULs interacts with HTLV-1 Gag, we analyzed the
consequences of overexpressing each of the wt ULs on HTLV-1
budding and infectivity. We used a new variant of the recently
described HTLV-1 transfer vector depicted in Fig. 1 (48) to
measure the infectivity. Both the old and new vectors are based
on the principle of the replication-dependent reporter vectors
developed for measuring retrotransposition of endogenous ret-
roviruses and long interspersed element (LINE)-1 (49 -51). The
new vector, pCRU5-inGluc3, expresses the Gaussia luciferase
(Gluc), which is secreted into the supernatant of the culture,
instead of the cytoplasmic firefly luciferase. The Gluc transcrip-
tion unit is inserted in antisense orientation relative to tran-
scription of the viral genomic RNA and is interrupted by the
second intron of the rabbit 3-globin gene. The intron is placed
in sense orientation relative to the viral RNA, but in antisense
orientation relative to the Gluc cassette. Thus, no functional
luciferase is expressed in the producer cells, but only in the
target cell after a retroviral life cycle has been completed. This
allows for the measurement of luciferase activity as an indicator
of viral infectivity directly in a small aliquot of the supernatant
of the transfected culture. The remainder of the supernatant
and cells can be used for further analyses.

HEK293T cells were cotransfected with pCRU5inGlucp3,
packaging vector pCMVHT-1MAenv, pCMV-VSV-G, and
0.25, 0.5, and 1 ug of plasmid encoding FLAG-tagged Nedd4
family UL proteins (pCI-FlagUL). The experiment showed that
overexpression of most of the ULs had little effect on the infec-
tivity (2-fold or less for the highest amount of the expression
construct). The exceptions were ITCH and SMURF-1; overex-
pression of these ULs reduced the infectivity 2-fold, when the
lowest amount of UL expression construct was added and
20-fold for the highest (Fig. 24). All of the ULs were expressed
at comparable levels except for SMURE-1, which was consis-
tently expressed at lower levels (Fig. 2B). Near identical results
were obtained in single cycle infection experiments when we
used a conventional reporter construct (45) containing an un-
interrupted luciferase gene in the forward orientation. In this
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FIGURE 1. Replication-dependent HTLV-1 reporter vector. Schematic showing the replication-dependent HTLV-1 reporter vector pCRU5InGlucf3, which
contains an intron-interrupted Gluc expression cassette transcribed in opposite orientation relative to the retroviral genomic RNA. The splice donor and
acceptor signals in Gluc are in sense orientation in the retroviral transcript. Thus transcription, splicing, reverse transcription, and integration are required to

generate an uninterrupted Gluc gene.

case we transfected 293T cells and used the supernatants to
infect HeLa cells (data not shown).

We repeated the infection experiment with an expanded
range of concentrations for ITCH and SMUREF-1 expression
constructs (Fig. 2C) and again observed concentration-depen-
dent inhibition. Immunoblot analysis using anti-MA antibody
showed that the amount of VLPs released into the supernatant
decreased concomitantly with the reduction of infectivity in the
presence of increasing amounts of ITCH, whereas the concen-
tration of p55 Gag in cell extracts increased (Fig. 2D) indicating
that the block was in virus release rather than in Gag synthesis.
Surprisingly, the same quantity of VLPs was released from cul-
tures expressing no or increasing amounts of SMURE-1 (Fig.
2D) despite the considerable reduction in infectivity (Fig. 2C).
Again, SMURF-1 was expressed less efficiently than ITCH.
Attempts at increasing the level of SMURE-1 expression were
not successful as higher amounts of transfected plasmid even-
tually caused cytotoxicity (not observed under the experimen-
tal conditions shown here).

We used TEM to analyze the morphology of VLP pelleted
from supernatants of cultures co-transfected with pCMVHT-
1MAenv with and without the different ULs. The micrographs
showed that similar numbers of normal particles were present
in all samples except those obtained from cultures overexpress-
ing ITCH or SMUREF-1. Fig. 2E, upper right panel, shows the
particles produced in the presence of Nedd4 as an example. In
contrast, very few particles could be identified in the samples
obtained from ITCH overexpressing cells (Fig. 2E, lower left
panel) and the particles produced by SMURF-1 overexpressing
cells were aberrant in size and morphology (Fig. 2E, lower right
panel).

ITCH Overexpression Rescues the Budding and Infectivity
Defects of Some PPPY Mutants—Previous reports demon-
strated that in several instances ULs were not only able to influ-
ence the release of wt virus but also to rescue the release of some
LD mutant viruses (32-34). To test the ability of the ULs to
promote release of HTLV-1 with mutations in the PPPY motif,
we generated four mutants in the pPCMVHT-1MAenv packag-
ing construct replacing the PPPY motif with APPY, PAPY,
PPPF, or PPPD (Fig. 3A). The infectivity of the first three
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mutants was severely reduced to about 1% of wt, whereas the
PPPD mutant did not generate any infectious particles when
co-transfected with reporter and VSV-G envelope plasmids;
the PPPD mutant behaved in all other respects like the previ-
ously described PPPG mutant (38). When 0.5 ug of UL encod-
ing plasmid was added to the transfection mixtures, ITCH
caused a significant rescue of the APPY and PPPF mutants with
infectivity approaching wt levels, whereas the infectivity of
PAPY and PPPD mutants was 12 and 1.5% of wt, respectively.
SMURE-1 was able to reconstitute about 5— 8% of wt infectivity
to all the PPPY mutants. Nedd4 restored some infectivity to all
of the mutants except PPPD, whereas WWP1 and WWP2 were
able to rescue the infective of the APPY construct to some
extent (15% of wt).

VLP release in the cultures was analyzed with anti-MA anti-
bodies using immunoblots of pelleted supernatants and cell
lysates (Fig. 3, B-D). Although relative budding seemed to be
more enhanced than infectivity, overall in most cases, the
amount of particles in the supernatant correlated with infectiv-
ity. The exceptions were the SMUREF-1 samples; here the pel-
leted supernatants for all mutants contained as much MA as
supernatants harvested from cultures expressing wt pPCMVHT -
1MAenv without additional UL expression plasmids. As seen
before, the level of SMURF-1 expression in all cases was rela-
tively low, whereas those of the other ULs were similar to each
other. In summary, HTLV-1 mutants APPY and PPPF can be
completely rescued by overexpression of ITCH, whereas high-
level overexpression of Nedd4, WWP1, and WWP2 resulted in
an intermediate level of release of the APPY mutant but had a
marginal effect for the PPPF mutant. All of the mutants bud at
wt levels in the presence of SMUREF-1, but the maximal infec-
tivity was only 8% of wt.

ITCH and SMURF-1 Interact Differently with HILV-1 Gag—
The previous experiments suggested that the effect of overex-
pressing the ULs on HTLV-1 release depends on the affinity of the
UL for Gag, and that ITCH had the largest effect both in its ability
to inhibit wt budding and to rescue the budding of LD-mutant
HTLV-1.In contrast, SMURF-1 was able to promote high levels of
budding of the LD-mutant VLPs, but was much less potent in
terms of rescuing infectivity. To ensure that these differences were
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FIGURE 2. Overexpression of ITCH and SMURF-1 reduces the infectivity and release of HTLV-1 wt. A, relative infectivity of HTLV-1 VLPs in the presence of
different ULs. 3 X 10° 293T cells were transfected with 0.2 g of pPCMVHT-1MAenv, 0.3 ug of pCRU5inGlucB, and 0.03 g of pCMV-VSV-G and three different
concentrations (0.25, 0.5, and 1 ug) of plasmids encoding FLAG-tagged Nedd4 family ULs. The infectivity of the VLPs was determined by measuring the Gluc
activity in the supernatant 48 h after transfection. The infectivity of HTLV-1 wt VLPs without exogenous UL was set as 100%. The data represent the mean = S.D.
of three independent experiments. B, representative anti-FLAG immunoblot of cell extracts used in the experiment in A showing the expression levels of the
different ULs. C, the infectivity of wt HTLV-1 is reduced in the presence of increasing amounts of ITCH and SMURF-1. 293T cells were transfected with the
retroviral vectors constructs as in A and 0, 0.1, 0.25, 0.05, 1, or 2 ug of pCI-FLAG ITCH or pCI-FLAG SMURF-1. The infectivity of the VLPs was determined by
measuring Gluc activity in the supernatants 48 h after transfection. The data represent the mean = S.D. of three independent experiments. D, the overexpres-
sion of ITCH, but not SMURF-1, inhibits release of HTLV-1 wt. Immunoblot analysis of pelleted virus particle and cell lysates of transfected cultures generated
in D using the indicated antibodies. £, ITCH and SMURF-1 impact the quantity and quality of HTLV-1 wt virus particles. Representative TEM images of HTLV-1 wt
VLP pellets produced in by co-transfection of 5 X 10° 293T cells with 5 ug of pPCMVHT-1MAenv and 10 pg of pCI-FLAG-Nedd4, -ITCH, or -SMURF-1. Arrows

indicate particles with HTLV-1 wt morphology.

not the consequence of different expression levels, we compared
the infectivity and release of HTLV-1 APPY VLPs in the presence
of increasing amounts of SMUREF-1 and ITCH using 0.25, 0.5, 1,
and 2 pug of UL expression plasmid. The infectivity of the VLPs in
the presence of ITCH in this series of experiments increased in
parallel with the amount of the ITCH expression plasmid added to
the transfection, reaching 100% of wt HTLV-1 at 2 ug (Fig. 44).
Low levels of SMURF-1 overexpression caused a slight increase in
infectivity reaching about 8% at 0.5 ug of pCI-FlagSMURE-1
added, but higher levels led to a decrease in infectivity. VLP release
was determined by immunoblot analysis and showed that budding
of HTLV-1 APPY increased proportional to the amount of ITCH
present and reached levels comparable with HTLV-1 wt (Fig. 4B).
SMURE-1 was even more effective at rescuing HTLV-1 APPY
budding. The amount of HTLV-1 APPY particles released from
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cells transfected with 0.5 ug of SMURF-1 expression plasmid was
similar to the amount of wt HTLV-1 released from control cells
(Fig. 4B).

TEM analysis showed that the morphology of the VLPs in the
virus pellets from cultures transfected with the pPCMVHT-1Aenv
APPY and 1 pg of pCI-FLAG-ITCH was indistinguishable from
those obtained with pCMVHT-1Aenv alone in terms of quantity
and quality of particles (Fig. 4C). In contrast, only few particles
with normal morphology were found in samples of HTLV-1 APPY
produced in the presence of SMUREF-1. As expected pPCMVHT-
1Aenv APPY alone produced almost no VLPs.

Silencing of ITCH Reduces HTLV-1 Particle Release from
293T—The results from the overexpression experiments indi-
cated that ITCH had the most pronounced effects on HTLV-1
budding, but that Nedd4, Nedd4L, WWP1, and WWP2 could
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FIGURE 3. Overexpression of Nedd4 family ULs rescues the infectivity of HTLV-1 late domain mutants. A, the relative infectivity of HTLV-1 APPY, PAPY,
PPPF, and PPPD mutant in 293T cells in the presence of different Nedd4-like ULs. 0.2 ng of pCMVHT-1MAenv carrying the indicated mutations, 0.3 ug of
pCRU5iInGlucB, and 0.03 pg of pCMV-VSV-G and 0.5 ug of the indicated pCl-Flag-UL construct were transfected into 293T cells. Gluc was measured in the
supernatant 60 h after transfection. The data represent the mean =+ S.D. of three independent experiments. B-D, ITCH and SMURF-1 rescue virus release most
efficiently. Immunoblots of cell and pelleted VLP lysates of HTLV-1-APPY, -PAPY, and -PPPF constructs, respectively, co-transfected in 293T cells with FLAG-
tagged Nedd4 family ULs as described above. Viral proteins and ULs were detected using the indicated antibodies. MA, monoclonal antibody.

also affect HTLV-1 release. However, because the endogenous
expression levels for the various ULs differ based on qualitative
RT-PCR (data not shown) and the levels of the overexpressed
ULs were not identical, it is difficult to compare the relative
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effects. We reasoned that if a specific UL was more important
for the release of HTLV-1, silencing it should have a more pro-
nounced effect. However, if their function in HTLV-1 release
were redundant, the other ULs would compensate for the
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FIGURE 4. Increasing concentrations of ITCH, but not of SMURF-1, rescue
the infectivity of HTLV-1 APPY. A, transfections and determination of infec-
tivity were carried out as described in the legend to Fig. 2 using the indicated
amounts of pCl-Flag-ITCH or pCl-Flag-SMURF-1. The infectivity of HTLV-1 wt
was set to 100%. The results are the average of at least three experiments and
the S.D. are shown. B, overexpression of ITCH and SMURF-1 rescues the
release of HTLV-1 APPY.Immunoblots of cell and VLP lysates from the above
transfection were analyzed with the indicated antibodies. C, ITCH overexpres-
sion rescues both the release and morphology of the APPY virions, but
SMURF-1 overexpression does not. Representative TEM images of HTLV-1 wt
VLP pellets produced by transfection of 5 X 10° 293T cells with 5 ug of the
indicated HTLV-1 construct and 10 ug of pCl-Flag-ITCH, pCl-Flag-SMURF-1, or
empty vector.

silencing of any one UL. Based on their activity in the previous
experiments, we concentrated on Nedd4, WWP1, WWP2, and
ITCH.

We used lentiviral vectors expressing shRNAs to infect
HEK293T cells and generated stable lines, in which Nedd4,
WWP1, WWP2 (data not shown), and ITCH (Fig. 5A4) were
specifically down-regulated at least 80% based on mRNA (data
not shown) and protein levels. Virus release and single cycle
infectivity were only reduced in cells, in which ITCH expression
was knocked down. Fig. 5B shows that 293T/ITCHshRNA cell
lines only released 20% of infectious virus compared with
293T derived lines expressing shRNAs for Nedd4, WWP1,
WWP2, or control shRNAs. This result was confirmed in
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assays that measured VLP release by immunoblot. Again we
saw that VLP release was reduced to about 20% of that seen
in control cells or cells expressing shRNAs silencing other
Nedd4 family ULs.

The effect was even more pronounced when we used pCM-
VHT-1AenvK74R in the experiments. We have previously
shown that Lys-74 is the major substrate for ubiquitination in
HTLV-1 Gag (44). The K74R mutation does not impact bud-
ding as severely as a mutation in the PPPY motif, but causes a
4 -5-fold drop in virus release and infectivity and renders the
virus hypersensitive to dominant-negative forms of Nedd4
family ULs. In ITCH-silenced cells, infectivity of the K74R
mutant was reduced to less than 1% of the infectivity seen with
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FIGURE 6. The role of ubiquitin ligase activity in HTLV-1 release. 3 X 10° 293T cells were transfected with 0.2 ug of pCMVHT-1MAenv, 0.3 ug of
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VLP was assessed by measuring Gluc activity in the supernatant 48 h after transfection. The infectivity of HTLV-1 wt VLPs was set as 100%. Cell and pelleted VLP
lysates were analyzed by immunoblot (/B) with the indicated antibodies. A, AHECT versions of WWP1 and ITCH inhibit HTLV-1 release and infectivity, whereas
SMURF-1AHECT does not. B, enzymatically inactive ITCH-C830S does not inhibit HTLV-1 release or infectivity. MA, monoclonal antibody.

the same construct in control cells or in cells with silenced
expression of the other ULs in the assay (Fig. 5D). This was
reflected in the immunoblot analysis, which showed a more
pronounced decrease in the release of K74R-Gag from cells
silenced for ITCH than from control cells or cells in which
the expression of the other ULs was silenced (Fig. 5C). These
results indicate that the other ULs cannot compensate for
the missing ITCH, even though some of them are expressed
more highly in 293T cells. The expression pattern of the ULs
in 293T cells was similar to those of CD4+ PBLs, Jurkat cells,
and chronically HTLV-1-infected cell line MS9 (data not
shown).

The Role of ITCH and SMURF-1 Ubiquitin Ligase Activity in
Budding—W'e have previously shown that overexpression of
WWP1 with the C890S mutation in the active center of the
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HECT domain only had a minimal inhibitory effect on release
and infectivity of HTLV-1 (44), whereas a WWP1 mutant with
a deletion of the HECT domain had a dominant-negative phe-
notype. We compared the effect of overexpressing
WWPIAHECT, ITCH-AHECT, and SMURF-1AHECT (Fig.
6A). To our surprise, ITCHAHECT was less inhibitory than
WWPIAHECT suggesting that the affinity between the Gag
and WWPIAHECT is higher than between Gag and
ITCHAHECT. SMURF-1AHECT was expressed at similar lev-
elsas ITCHAHECT and WWP1AHECT, but had little effect on
budding and infectivity of wt HTLV-1 resulting in a 2-fold
reduction of infectivity at the highest input level. This suggests
that the endogenous SMUREF-1 is not important for HTLV-1
budding and that SMURE-1 does not directly compete for the
same binding sites that the other ULs occupy.
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We next generated a mutation (C830S) in the active center of
ITCH to address the question whether the ubiquitin ligase
activity was needed for the negative impact of overexpression of
ITCH on HTLV-1 wt budding. The C830S mutant was
expressed at levels comparable with wt ITCH, but did not result
in loss of infectivity or budding of wt HTLV-1 (Fig. 6B) at levels
where both wt ITCH and ITCHAHECT reduced infectivity by
at least 20-fold. Interestingly, expression of relatively low levels
of either the ITCH-C830S or ITCHAHECT enhanced infectiv-
ity (Fig. 6, A and B). It was surprising that the C830S mutant did
not have a dominant-negative effect similar to the AHECT con-
struct. However, disruption of the active center was evident,
when we observed no rescue of HTLV-1-APPY with ITCH-
C830S (data not shown) by indicating that the ubiquitin ligase
activity is necessary for this I'TCH function.

The Major Ubiquitination Site Lys-74 Is Needed for Full
Activity—Several recent reports have suggested that the addi-
tion of ubiquitin to the Gag polyprotein creates a site that aids
in the recruitment of the ESCRT machinery, indicating that the
ubiquitin adduct functions as an alternate LD (52, 53). We
tested whether overexpression of ULs could rescue the K74R
defect or whether budding was further compromised. We
found that, as with wt HTLV-1, ITCH and SMUREF-1 negatively
affected infectivity of K74R virus, whereas overexpression of
the other ULs had little effect; ITCH reduced both release and
infectivity, whereas SMURF-1 only impacted infectivity (data
not shown). The K74R-APPY double mutant has a severe bud-
ding defect and, like HTLV-1 APPY, it was only marginally
rescued by overexpression of most ULs. The exceptions were
ITCH and SMUREF-1, which could reconstitute some budding
(Fig. 7A) and infectivity (Fig. 7B); however, the highest level that
was achieved by ITCH overexpression was comparable with the
budding of the K74R single mutant indicating that Lys-74 is
necessary for efficient release. SMUREF-1 overexpression
resulted in complete rescue of budding (Fig. 7A), but the parti-
cles had only about 5% of the infectivity of wt particles without
exogenous UL expression (Fig. 7B). The highest level of infec-
tivity (5%) was obtained at intermediate levels of SMUREF-1
expression and particles were even less infectious when more
SMURE-1 was present in the cells.

Interaction of Wt and Mutant LD with WW Domains of Dif-
ferent ULs by Mammalian Two-hybrid Assay—To understand
the basis of the differences in the ability of the various ULs to
affect HTLV-1 release, we used the mammalian two-hybrid sys-
tem to measure the binding affinity between the WW domain
regions of Nedd4, WWP1, ITCH, and SMURE-1, and the wt,
APPY-, PAPY-, PPPF- and PPPD-mutant LD motifs. The WW
domains were cloned into pVP16 and expressed as chimeras
with the activation domain of herpesvirus VP16 (AD-WW).
Residues 4 —153 of the wt or APPY-, PAPY-, PPPF-, and PPPD-
mutant Gags were fused to the DNA-binding domain of yeast
Gal4-transcriptional activator (DB-MA) encoded by plasmid
pM. Interaction of the two chimeric proteins results in tran-
scription of the luciferase gene under control of five copies of
the Gal4 binding site. Values were corrected for the differences
in the expression levels of the various WW constructs (Fig. 8C),
which were quantified by image analysis. Co-expression of the
Nedd4-AD-WW and wt DB-MA showed the highest level of
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FIGURE 7. Effects of ITCH and SMURF-1 on the infectivity and release of
HTLV-1 APPY/K74R. 3 X 10° 293T cells were transfected 0.2 ug of pCMVHT-
1-MAenv-APPY or APPY/K74R, 0.3 ug of pCRU5inGlucp, 0.03 ug of pCMV-
VSV-G and the amounts of plasmids encoding FLAG-tagged-ITCH or
-SMURF-1 constructs indicated in the infectivity plot in B. Representative
results from one of three experiments are shown. A, overexpression of ITCH
and SMURF-1 rescues the release of HTLV-1 APPY/K74R. Immunoblots of cell
and pelleted VLP lysates were reacted with the indicated antisera. B, Lys-74 is
necessary for complete rescue of HTLV-1. The infectivity of VLPs was deter-
mined by measuring Gluc activity in the supernatant 48 h after transfection.
Theinfectivity of HTLV-1 APPY achieved in a co-transfection with 1 ug of ITCH
was set as 100%. MA, monoclonal antibody.

luciferase activity, 43-fold (Fig. 8A4). Co-expression of the
WWP1-or ITCH-WW-AD with wt MA-DB resulted in 25-fold
activation of luciferase.

The DB-MA chimeras with mutations in the PPPY motif
were significantly less able to recruit any of the WW domains
resulting in 3—8-fold activation. However, the level of activa-
tion was dependent on the WW domain and not on the muta-
tion in Gag. The AD-WWP1-WW/mutant DB-MA interac-
tions always were the weakest, resulting in 3-fold activation,
whereas other combinations caused activation levels between
5- and 8-fold. Even the PPPD DB-MA construct showed this
level of activation, despite the fact that the PPPD mutant did
not show any infectivity or enhancement of release in the pres-
ence of any of the overexpressed ULs except SMURF-1. We
could not detect any interaction between the SMURF-1 WW
domain and any of the LD motifs by mammalian two-hybrid
analysis. To show that the AD-SMUREF-1 WW construct was
expressed in a functional form, we assayed its ability to induce
luciferase expression, when the proline-rich domain containing
a PPXY motif of SMAD-1 was used in the DB construct (54, 55).
With this partner, the SMURF-1 WW domain caused 48-fold
activation of luciferase expression. This result suggests that dif-
ferent domains in SMURE-1 and/or Gag are involved in the
interaction or that an intermediary protein, which is not acces-
sible in the context of the mammalian two-hybrid assay, links
the two proteins. To test the first possibility we repeated the
assay using chimeras with full-length Gag or SMURE-1, but
these constructs were not functional in the assay. In summary,
the differences in the affinities between the WW domains of the
various ULs and the PPPY region of HTLV-1 Gag, as measured
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FIGURE 8. Interaction of HTLV-1 wt and late domain mutants with WW
domains of Nedd4, WWP1, ITCH, and SMURF-1. A, pM-p19 wt and the
related late domain mutant plasmids express the Gal4 DNA-binding domain
fused to residues 5-154 of Gag. The pVP16-WW plasmids express fusions
between the WW domains of the indicated UL and the VP16 activation
domain. The reporter plasmid pGL5-Luc expresses the luciferase gene under
control of five copies of the Gal4 consensus binding site. Average of three
experiments with standard deviations is shown. Activation is expressed as the
fold-induction over that seen with the pM-p19 and the parental pVP16 plas-
mid, values were corrected for the expression level of the WW chimeras as
determined by image analysis as shown in C. B, VP16-SMURF-1WW can bind
Gal4DB-SMAD1PR. The SMAD PR region encodes residues 133-266, which
have previously been shown to interact with the WW domain of SMURF-1.
C, anti-VP16 immunoblot showing expression of the VP16-WW domains of
the indicated ULs.

in the mammalian two-hybrid assay, do not correlate with the
different biological effects of the individual ULs on virus
release, suggesting that additional factors are involved.

The Role of Gag-Ubiquitination in Virus Release—The role of
Gag ubiquitination in retroviral budding is being debated. Free
ubiquitin has been reported to be present in the particles of all
retroviral species and there is evidence in most viruses that a
fraction of the Gag precursors is monoubiquitinated (44,
56 —58). The fact that a mutant primate foamy virus Gag with-
out any lysines can still bud with wt efficiency (52) suggests that
ubiquitination is not essential for virus release. However, other
studies found that removing all of the lysines in the HIV Gag
caused significant budding defects (59). Furthermore, work by
Joshi et al. (53) showed that an equine infectious anemia virus
Gag-ubiquitin chimera could bud in the absence of any other
LD; however, the resulting particles were deformed. Similar
results for primate foamy virus ubiquitin chimeras were
recently reported by Zhadina and Bieniasz (60). These findings
indicate that the ubiquitin modification of Gag may be another
level of redundancy in addition to the two or three LDs already
present in most retroviral Gags to recruit components of the
ESCRT machinery in different cell types and under different
growth conditions.

Next we asked whether the main role of the UL binding to the
PPPY motif is to ubiquitinate Gag and/or to recruit other
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ESCRT components. We compared the ubiquitination patterns
of wtand LD-mutant MA and Gag from VLPs produced in cells
overexpressing different ULs. Normally, wt HTLV-1 Gag is
mono- and diubquitinated almost exclusively on Lys-74, as
there is no mono- or diubiquitinated Gag proteins in viral par-
ticles of the K74R mutant (44) (shown here in Fig. 9C). We
expressed pCMVHT-1MAenv in the presence of HA-tagged
ubiquitin and ULs, and analyzed the MA modifications in the
VLPs by anti-HA immunoblot. As can be seen in Fig. 9C, in wt
particles the major bands represent the mono- and diubiquiti-
nated forms of MA. In cells that overexpressed Nedd4, the
overall ubiquitination of MA increased slightly, however, bud-
ding efficiency was not affected (Fig. 9C) and the level of infec-
tivity is similar to wt (Fig. 9D). High levels of ITCH caused a
reduction in the release and infectivity of VLPs (Fig. 9, C and D)
and the amount of ubiquitin modification was higher than in
the control (Fig. 94). In addition, a band migrating at about 25
kDa just below the MA-Ubi band was visible in the anti-HA
blot. Overexpression of SMURF-1 did not affect the release of
VLP (Fig. 9C), but severely compromised the infectivity of the
particles (Fig. 9D). It was also associated with an increase in
overall ubiquitination and the appearance of the 25-kDa band
(Fig. 9A). The same analyses were performed for the APPY and
K74R HTLV-1 mutants. Very few VLPs were formed by the
APPY construct alone and no ubiquitinated protein was
detected on the immunoblot (Fig. 9, A and C). As before, APPY-
VLPs released in the presence of overexpressed ITCH were
infectious and their ubiquitination pattern was similar to that of
wt VLP alone. In contrast, overexpression of Nedd4 caused
higher levels of polyubiquitination and less monoubiquitina-
tion and did result in particle release. SMUREF-1 overexpres-
sion, which permitted Gag budding, resulted in high levels of
ubiquitination in the particles and led to the appearance of a
prominent band at 25 kDa. As before, very little infectivity was
associated with the released particles. As expected, immuno-
blots of K74R mutant VLP alone showed no ubiquitinated
bands (Fig. 9A). In the presence of all three ULs ubiquitinated
proteins can be seen in blots suggesting that polyubiquitination
can occur at alternative sites. Again the presence of the 25-kDa
band was visible in all of the VLPs produced in the presence of
the overexpressed ULs.

To prove that the bands that were seen in the immunoblots
were MA and/or full-length Gag conjugated to ubiquitin, we
isolated VLPs from the supernatants of cultures transfected
with viral expression constructs, plasmids encoding ubiquiti-
nated HA, and different ULSs or the empty vectors. The proteins
in the VLP pellets were denatured and reduced in a small vol-
ume of 2% SDS, 0.5 M DTT, diluted, and precipitated with anti-
MA. After fractionation by PAGE, anti-HA blots revealed
that the high molecular bands correspond to polyubiquiti-
nated forms of MA and Gag; most of the bands in the immu-
noprecipitates corresponded to bands seen in direct immu-
noblots (Fig. 9B). As expected, the 25-kDa band was not
precipitated. The size of this protein is consistent with a
ubiquitinated form of NC and we tried to identify it using
rabbit anti-NC antibodies. However, the results were incon-
clusive (data not shown).
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FIGURE 9. ITCH-mediated ubiquitination of VLPs of wt HTLV-1, HTLV-1-K74R, and HTLV-1-APPY. 3 X 10° 293T cells were co-transfected with 0.2 ug of
pCMVHT-1MAenv, 0.3 ug of pCRU5INGlucf, 0.03 g of pCMV-VSV-G, 0.5 g of pCl-Flag-Nedd4, -ITCH, or -SMURF-1 or pCI-FLAG (empty vector control) and 0.5
g of pPCMV-3xHA-UDbi. Pelleted VLP lysates were analyzed by immunoblots with anti-HA (A) or anti-MA (C) antibodies. B, viral pellets were lysed in the presence
of 2% SDS and 0.1 m DTT, diluted with PBS, and precipitated with anti-MA antibodies. The pellets were analyzed by anti-HA immunoblot. D, the infectivity of
VLPs from the transfections was determined as described in the legend to Fig. 1. The infectivity of HTLV-1 wt was set as 100%. The results shown are

representative of three experiments. MA, monoclonal antibody.

These findings suggest that monoubiquitination of Gag,
converted in viral particles to monoubiquitinated MA, is
associated with efficient budding of infectious virions. In
contrast, polyubiquitinated forms of Gag or the ubiquiti-
nated moiety migrating at about 25 kDa are associated with
problems in particle assembly and with VLP that have
reduced infectivity.

DISCUSSION

It has been well established over the past 10 years that the
budding of all retroviruses depends on the MVB machinery.
The entry points into, and the progression through, the path-
way for viruses that have PTAP and YPXL late motifs are well
understood and described in several recent reviews (5, 6, 61).
The connection between the PPPY LD and the ESCRT com-
plexes is less clear, except for the fact that the PPPY motifs in
different viruses interact with WW domains of Nedd4 family
ubiquitin ligases. Several ULs have been shown to function in
release of different viruses; however, only one systematic com-
parison study has been done and identified WWP1 as most
active, when the PPPY motifs plus immediate flanking regions
of different origins were tested on the MLV Gag backbone (42).
The goal of this project was to determine whether WWP1 or a
different Nedd4 family ubiquitin ligase is the primary enzyme
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interacting with the PPPY late domain motifin HTLV-1 Gag to
promote viral morphogenesis and release, or whether all or sev-
eral of them could function interchangeably. We analyzed the
effects of overexpression and silencing of individual ULs on the
release of HTLV-1 with wt and mutant LD motifs. Overall,
ITCH showed the highest activity in affecting HTLV-1 budding
in all assays, whereas most of the other ULs had either no effect
(BUL1, BUL2, and SMURF-2) or significantly less effect
(Nedd4, Nedd4L, WWP1, and WWP2). SMURF-1 impacted
HTLV-1 in a different manner than the other ULs (see below).
Most indicative of the importance of ITCH for HTLV-1 bud-
ding was the finding that the knockdown of ITCH expression
significantly reduced HTLV-1 release, whereas silencing of
other Nedd4 family ULs had no consequences. This result dem-
onstrates that ITCH activity could not be replaced by other
ULs, although some of them are expressed at higher levels in
293T cells than ITCH.

ITCH also was best able to reconstitute budding of viruses
with mutations in PPPY, although not all mutants could regain
function. HTLV-1 constructs, in which the PPPY motif had
been replaced with APPY or PPPF, produced wt levels of infec-
tious particles in the presence of overexpressed ITCH. In con-
trast, other mutants with different substitutions in the PPPY
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motif were rescued less efficiently (e.g. PAPY) or not at all (e.g.
PPPD and PPPQ). These results agree well with data presented by
Martin-Serrano et al. (42) and it seems likely that the higher
amount of ITCH was able to compensate for the lower affinity of
the APPY and PPPF mutant for the WW domain(s), resulting in
sufficient recruitment of the UL; this was also apparent in the
reconstitution of Gag ubiquitination to wt levels resulting in nor-
mal patterns of mono- and diubiquitination. In contrast, substitu-
tion of the aromatic residue in the late domain seemed to abolish
all interaction with ITCH. Taken together these data suggest that
the ITCH/HTLV-1 Gag interaction via the WW-PPPY (or similar)
interface is necessary and cannot be replaced through alternative
binding sites. This indicates that ITCH functions differently in
HTLV-1 and MLV release. A study by Jadwin et al. (62) showed
that ITCH could rescue a MLV mutant with a PPPY to AAAY
replacement by binding outside of the L. domain.

When wt Gag was produced in the presence of ITCH, already
relatively modest overexpression inhibited virus release and
infectivity. The effects were dependent on the enzymatic activ-
ity of ITCH and correlated with increased ubiquitination of
Gag, especially apparent in higher di- and polyubiquitination.
Interestingly, budding of Gag with a mutation in the ubiquiti-
nation target site (K74R) was not rescued but further inhibited
by ITCH overexpression. The ubiquitination patterns of wt and
K74R Gag were similar, except that the band corresponding to
monoubiquitinated MA was lacking in the K74R sample, sug-
gesting that the additional ubiquitinations were inhibitory
rather than enhancing to virus release. One interpretation of
these results is that the main purpose of the recruitment of
ITCH is the ubiquitination of Gag on Lys-74. However, the fact
that the enzymatically inactive ITCH-C830S did not act as a
dominant-negative mutant, but rather enhanced infectivity of
wt HTLV-1, suggests that the ubiquitination itself is not neces-
sary and that Lys-74 is more important as a binding site than as
a substrate site. This result is surprising, especially in light of
several recent papers suggesting that a ubiquitin moiety on Gag
could act as an additional LD (34, 53, 60, 63). However, several
lines of evidence support our statement that ubiquitination is not
necessary for budding: 1) we had observed a similar effect before
with WWPIAHECT and WWP1-C890S, where only the HECT
deleted mutant acted as a dominant-negative mutant for HTLV-1
release (44); 2) Martin-Serrano et al. (42) showed that the active
site mutant was 50-fold less inhibitory for MLV release than the
HECT deletion construct; 3) Weiss et al. (63) showed that recruit-
ment of the HECT domain to the site of particle assembly was
more important for HIVAPTAP release than ubiquitination itself;
4) we did not observe rescue of HTLV-1 APPY budding when
ITCH C830S was overexpressed proving that the construct was
defective in ubiquitin ligase activity.

Conversely, whereas the ubiquitin ligase activity of the
HECT domain may not be essential, the presence of the HECT
domain is necessary, as the AHECT versions of ITCH and
WWP1 had strong dominant-negative effects. The finding that
the AHECT version of WWP1 was more inhibitory than
ITCHAHECT suggests that the specificity of ITCH for HTLV-1
is mainly dependent on the ITCH HECT domain and, at least in
part, on the interaction between the ITCH-HECT and the
Lys-74 region in HTLV-1 Gag. This may explain why K74R
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mutants are more highly sensitive to the dominant-negative
effect of AHECT mutants. If the K74R mutant cannot bind the
HECT domain, binding to the endogenous I'TCH is dependent
only on the PPPY/WW-domain interaction. As the endoge-
nous ITCH would also only have one contact site, it could be
more efficiently competed by the overexpressed AHECT pro-
tein. Similarly, the depletion of ITCH in the knockdown cell
lines would have a stronger effect on the K74R mutant than on
wt Gag due to the loss of the cooperative binding between the
partners. Likewise, the interaction between the Gag-APPY pro-
tein and ITCH-C830S would be weakened in both binding sites
preventing rescue even with overexpressed ITCH-C830S.

The consequences of SMURF-1 overexpression on the pro-
duction of VLPs encoded by wt and LD-mutant HTLV-1 fur-
ther lend support to this argument. The quantity of wt VLP
budding was not significantly affected, but the particles were
abnormal in shape and non-infectious concomitantly with
abnormal and high level ubiquitination of Gag. Several lines of
evidence point to the conclusion that the SMURF-1/Gag inter-
action is basically different from that between ITCH and Gag.
1) We did not observe binding between the SMURF-1 WW
domains and HTLV-1 MA in the mammalian two-hybrid sys-
tem. 2) The SMURF-1AHECT construct did not act as a dom-
inant-negative mutant also suggesting that SMURF-1 binding
sites are different from those of the other ULs. 3) SMURF-1 was
efficient in rescuing budding of all LD mutants, but particles
were misshapen and had low infectivity. The ubiquitination
patterns in the presence of SMUREF-1 always showed a high
degree of polyubiquitination suggesting that the aberrant ubiq-
uitin adducts are able to recruit the ESCRT components neces-
sary for vesicle release, but interfere with correct virus morpho-
genesis. Reports by several groups have previously shown that
Nedd4, Nedd4L, and ITCH interact with the Gags of different
viruses outside the immediate LD regions and rescue budding
and even some infectivity in the absence of any of the canonical
viral LD or UL WW domains (17, 32, 34, 52, 63, 64). The effect
of SMURE-1 on budding of HTLV-1 with PPPY defects is com-
parable with the effect of ubiquitin appended to Gag in the form
of a Gag-ubiquitin chimera. As ubiquitin is used as a tag by
components in the ESCRT pathway to recognize each other,
one would expect that the added ubiquitin can recruit ESCRT
components resulting in the assembly of budding complexes.
Although most of the resulting particles are misshapen, a few
will be infectious. If the level of ubiquitination is too high bud-
ding becomes too disregulated to allow for the formation of any
infectious particles.

In summary, our data demonstrate that ITCH is the UL most
responsible for HTLV-1 particle formation. Surprisingly, the ubig-
uitin ligase activity is not necessary for this function, suggesting
that ITCH may serve as an assembly platform for the recruitment
of ESCRT components necessary for particle formation. We are
currently further defining which domains in ITCH are involved, to
allow us to identify the interacting partners.
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