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Abstract

Retroviral Gag polyprotein precursors are both necessary and sufficient for the assembly and release
of virus-like particles (VLPs) from infected cells. It is well established that small Gag-encoded motifs,
known as late domains, promote particle release by interacting with components of the cellular
endosomal sorting and ubiquitination machinery. The Gag proteins of a number of different
retroviruses are ubiquitinated; however, the role of Gag ubiquitination in particle egress remains
undefined. In this study, we investigated this question by using a panel of equine infectious anemia
virus (EIAV) Gag derivatives bearing the wild-type EIAV late domain, heterologous retroviral late
domains or no late domain. Ubiquitin was fused in cis to the C-termini of these Gag polyproteins,
and the effects on VLP budding were measured. Remarkably, fusion of ubiquitin to EIAV Gag
lacking a late domain (EIAV/AYPDL-UDb) largely rescued VLP release. We also determined the
effects of ubiquitin fusion on the sensitivity of particle release to budding inhibitors and to depletion
of key endosomal sorting factors. Ubiquitin fusion rendered EIAV/AYPDL-Ub sensitive to depletion
of cellular endosomal sorting factors Tsg101 and Alix and to overexpression of dominant-negative
fragments of Tsg101 and Alix. These findings demonstrate that ubiquitin can functionally
compensate for the absence of a retroviral late domain and provide insights into the host-cell
machinery engaged by ubiquitin during particle egress.
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The essential and common retroviral component that drives particle assembly and release is
the Gag precursor polyprotein. Within Gag lie short recognition motifs, known as late domains,
that promote particle budding and release by interacting directly with endosomal sorting
complexes required for transport (ESCRT) machinery and associated factors. Three distinct
retroviral late domain sequences have been characterized thus far (1-3). The Pro-Thr/Ser-Ala-
Pro (PT/SAP)-type late domain, found in the p6 region of HIV-1 Gag, interacts with the N-
terminal ubiquitin E2 variant (UEV) domain of the ESCRT-I component Tsg101. Pro-Pro-Pro-
Tyr (PPPY) motifs, which serve dominant functions in the release of a number of retroviruses,
bind WW domains present in the Nedd4 family of E3 ubiquitin ligases. Finally, Tyr-Pro-Xn-
Leu (YPXnL) motifs (where Xn represents 1-3 variable amino acids), found in the HIV-1 p6
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and the p9 domain of equine infectious anemia virus (EIAV) Gag, bind the ESCRT-associated
protein ALG2-interacting protein X (Alix or AIP1) (4-6).

Sorting of cargo proteins into the ESCRT pathway often requires the modification of the cargo
proteins with ubiquitin. Posttranslational modification of proteins by attachment of a single
ubiquitin frequently serves as a signal for protein internalization and endosomal sorting,
whereas modification by attachment of multiple ubiquitin moieties typically targets proteins
for proteasomal degradation. The recognition of monoubiquitin by the endosomal sorting
machinery involves an interaction between ubiquitin-binding motifs, found in a wide variety
of protein sorting factors, and a hydrophobic patch of residues in ubiquitin (7).

Although it is clear that ubiquitination plays an important role in the delivery of cargo proteins
into multivesicular bodies (MVBs), the function of Gag ubiquitination in retroviral egress
remains ill defined (2,6,8). Several lines of evidence support a role for Gag ubiquitination in
retrovirus release: (i) high levels of free ubiquitin can be found in retroviral particles (9,10);
(i) retroviral Gag proteins are ubiquitinated (11-13), and the presence of different late domains
can alter the levels of Gag ubiquitination (14,15); (iii) depletion of cellular pools of free
ubiquitin by treatment with proteasome inhibitors impairs retrovirus release (16-18); (iv)
PPPY-type late domains interact with Nedd4 family ubiquitin ligases (19); (v) overexpression
of ubiquitin variants containing mutations in residues that regulate ubiquitin interactions
inhibits HIV-1 release (15) and (vi) mutation of multiple lysine residues in HIV-1 and Rous
sarcoma virus (RSV) Gag inhibits virus budding (20,21). Other observations suggest that Gag
ubiquitination is not required for particle egress: (i) mutation or deletion of ubiquitin acceptor
Lys residues in HIV-1 p6 (9,22,23) or in murine leukemia virus (MLV) Gag (9) does not
significantly inhibit virus budding and (ii) non-ubiquitinated Gag mutants of primate foamy
viruses are released efficiently relative to their ubiquitinated counterparts (24). Derivatives of
these non-ubiquitinated mutants bearing a PPPY late domain retain a requirement for ubiquitin
ligase expression (24), and a non-ubiquitinated mutant of HTLV-1 remains ubiquitin ligase
dependent (25), suggesting that Gag ubiquitination is not sufficient to explain the stimulation
of virus release mediated by the interaction between the PPPY late domain and the Nedd4
family ubiquitin ligases.

To clarify the role of Gag ubiquitination in retrovirus budding and release, we fused ubiquitin
in cis to the C-termini of a panel of EIAV Gag mutants that differ only in the nature of their
late domain (26,27). The strategy of ubiquitin fusion has been widely used to evaluate the role
of ubiquitination in the trafficking and function of a variety of cellular proteins (28-33).
Analysis of the ubiquitin-fused EIAV Gag chimeras indicated that ubiquitin fusion largely
rescued the budding defect imposed by deletion of the YPX,L late domain. Ubiquitin fusion
also sensitized late-domain-defective EIAV release to specific inhibitors of the endosomal
sorting pathway, indicating that ubiquitin attached to Gag can serve as a signal for recognition
by ESCRT machinery.

Fusion of ubiquitin to the C-terminus of EIAV Gag lacking alate domain rescues virus release

To investigate the role of Gag ubiquitination in retroviral particle assembly and release, we

made use of a series of constructs that express EIAV Gag either lacking a late domain (EIAV/
AYPDL) or containing one of the three recognized retroviral late domains: YPDL (EIAV/WT),
PTAP (EIAV/PTAP) or PPPY (EIAV/PPPY) (Figure 1) (26,27). We generated derivatives of
these constructs in which the ubiquitin-coding region was fused in-frame to the C-terminus of
Gag and measured the effect of ubiquitin fusion on virus-like particle (VLP) production. As

reported previously (27), EIAV/WT, EIAV/PPPY and EIAV/PTAP show similar VLP release
efficiencies, whereas EIAV/AYPDL exhibits a major (~10-fold) defect in particle production
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(Figure 2). Interestingly, fusion of ubiquitin to the C-terminus of EIAV Gag lacking a late
domain (EIAV/AYPDL-UD) led to rescue of VLP release to 60-70% of the levels measured
for wild-type (WT) EIAV Gag. Fusion of ubiquitin to the C-terminus of WT EIAV Gag
consistently led to a 30-50% reduction in the efficiency of particle production. We also
analyzed EIAV/PPPY-Ub and EIAV/PTAP-Ub and found that fusion of ubiquitin had no effect
on their release (Figure 2). These data demonstrate that ubiquitin fusion is able to rescue the
defect imposed by late domain deletion in the context of EIAV Gag.

To determine the concentration of ubiquitinated Gag required to rescue the release of a late-
domain-deficient Gag, cells were cotransfected with a constant amount of EIAV/AYPDL
plasmid along with increasing amounts of EIAV/AYPDL-Ub DNA. We observed that
coexpression of EIAV/AYPDL-Ub enhanced the release of EIAV/AYPDL Gag, with rescue
being most effective at an approximately 1:1 DNA ratio (Figure 3).

Ubiquitin rescue is conferred by enhanced VLP release

Several explanations could account for the apparent rescue of EIAV/AYPDL particle
production by ubiquitin fusion. It is possible that ubiquitin fusion alters recognition of cell-
associated Gag by anti-EIAV antiserum. We were able to exclude this possibility by using a
previously described assay (34) based on comparing levels of Gag detection by
immunoprecipitation before and after sample denaturation (data not shown). We also observed
that ubiquitin fusion did not affect levels of EIAV/AYPDL Gag bound to membrane (Figure
S1) nor did it discernibly alter Gag localization (Figure S2).

To determine whether ubiquitin fusion stimulates VLP budding and release, electron
microscopy (EM) analysis was performed. As shown in Figure 4, a characteristic defective
late-domain phenotype was evident in cells expressing EIAV/AYPDL Gag, with a large
number of virions tethered to the plasma membrane. In contrast, this pinching-off defect was
not observed in cells expressing EIAV/AYPDL-Ub Gag (Figure 4). Although ubiquitin fusion
to EIAV/AYPDL Gag is able to stimulate particle budding, we note that the VLPs produced
by ubiquitin-fused Gags were larger in size than the unfused Gag VLPs and displayed what
appeared to be some discontinuities in the Gag shell. Together, these findings indicate that
fusion of ubiquitin to a late domain-deficient EIAV Gag rescues VLP release.

Rescue of release by ubiquitin fusion requires an intact ubiquitin sorting motif

The data presented above suggest that rescue of VLP release by fusion of ubiquitin to EIAV/
AYPDL Gag could occur through the recruitment of host factors containing ubiquitin-
interacting motifs to the site of assembly. Mutation of residues in ubiquitin that are critical for
binding to ubiquitin-interacting motifs should thus abrogate the rescue. To test this model, we
mutated residues Leu-8 and Ile-44 in the fused ubiquitin moiety to Ala. These amino acids
form part of a surface-exposed hydrophobic patch that acts as a docking platform for cellular
sorting factors containing ubiquitin-binding motifs (32). We observed that introduction of these
mutations into the ubiquitin moiety in EIAV/AYPDL-Ub Gag abolished rescue mediated by
ubiquitin fusion (Figure 5). These data demonstrate that an intact hydrophobic surface patch
in ubiquitin is required for the ubiquitin-mediated rescue of EIAV/AYPDL release. The
approximately twofold reduction in particle release imposed by fusion of ubiquitin to EIAV/
WT Gag is eliminated by the L8A/I44A ubiquitin mutations (Figure 5), suggesting that in the
context of the YPDL late domain, recognition of the fused ubiquitin by host protein ubiquitin-
binding domains is modestly inhibitory to particle production.
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Ubiquitin fusion selectively alters sensitivity to Tsgl01l-based budding inhibitors and
proteasome inhibitors

To explore further the role of ubiquitin in retrovirus release, we examined the ability of several
previously reported Tsg101-based virus budding inhibitors to disrupt the release of VLPs
produced by the ubiquitin-fused Gags. These inhibitors include TSG-5’, an N-terminal Tsg101
fragment that inhibits release by binding to the PTAP motif (27,35-37); TSG-3', a C-terminal
Tsgl101 fragment that blocks the release of PTAP- and PPPY-containing Gag but not YPDL-
containing Gag and induces the formation of aggresome-like structures that sequester ubiquitin
and ubiquitinated cargo (27,36,38); and full-length Tsg101 (TSG-F), whose overexpression
disrupts retrovirus budding by inducing the formation of aberrant, swollen endosomes (27,
36). Consistent with our previous report (27), WT EIAV release was insensitive to inhibition
by TSG-F, TSG-5' or TSG-3’, whereas EIAV/PTAP release was disrupted by all three of these
inhibitors (Figure 6). EIAV/PPPY release was unaffected by TSG-5', modestly reduced by
TSG-F and strongly inhibited by TSG-3' (Figure 6), again consistent with our previous report
(27). Ubiquitin fusion had no significant effect on inhibition by TSG-F or TSG-5' in the context
of either WT EIAV or EIAV/PTAP but significantly reduced the sensitivity of EIAV/PPPY to
TSG-3'. In contrast, fusion of ubiquitin to WT or EIAV/AYPDL Gag rendered them sensitive
to inhibition by TSG-3'. Release of all Gag VLPs was potently inhibited by dominant-negative
Vpsd (Vps4EQ) (Figure 6), which globally disrupts the cellular class E Vps machinery (39).

We also examined the sensitivity of ubiquitin-fused Gags to proteasome inhibitors. We and
others previously reported that WT EIAV release is insensitive to proteasome inhibitors (13,
27,40); in contrast, we observed that release of EIAV/PPPY and EIAV/PTAP VLPs is
significantly disrupted by these compounds (27). To evaluate the effect of ubiquitin fusion on
sensitivity to proteasome inhibitors, we measured the release efficiency of unfused and
ubiquitin-fused Gag VLPs in the presence or absence of MG-132 (Figure 6). Consistent with
our published results (27), MG-132 did not inhibit the release of EIAV/WT but significantly
reduced particle production for EIAV/PTAP and EIAV/PPPY. Fusion of ubiquitin to WT
EIAV Gag had no effect on MG-132 sensitivity, whereas ubiquitin fusion to EIAV/PPPY and
EIAV/PTAP resulted in a loss of sensitivity to the proteasome inhibitor. Interestingly, MG-132
treatment led to a significant reduction in the release of EIAV/AYPDL-Ub (Figure 6). These
data demonstrate that in the context of PPPY - or PTAP-mediated virus release, ubiquitin fusion
confers insensitivity to MG-132, whereas in the absence of a functional late domain ubiquitin
fusion sensitizes VLP release to proteasome inhibition.

Overexpression of the Alix V domain potently inhibits release of EIAV/AYPDL-Ub VLPs

We previously reported that overexpression of the Gagbinding region from Alix, the so-called
‘V’ domain (Figure 7A), potently inhibits the release of HIV-1 and EIAV (41,42). Inhibition
by Alix V domain overexpression requires a direct binding between the late domain sequence
in Gag (YPXpL) and the VV domain as the inhibition can be blocked by mutations in either p6
[L41A or L41R (42)] or the V domain itself [F676D (41)] that prevent Gag-Alix binding. To
further define the host-cell machinery with which ubiquitin-fused Gags interact, we examined
the sensitivity of the EIAV Gag constructs to inhibition by Alix VV domain overexpression. In
agreement with previous reports (42,43), we observed that the Alix V domain potently (by
~10-fold) inhibits release of WT EIAV; this inhibition is maintained for the EIAV/WT-Ub
Gag (Figure 7B). EIAV/AYPDL release was unaffected by Alix V domain overexpression
(Figure 7B and Figure 8A), consistent with its lack of a YPX,,L motif. EIAV/PTAP and EIAV/
PPPY, in either ubiquitin-fused or unfused forms, were also not significantly inhibited by V-
domain overexpression (Figure 7B). Surprisingly, however, release of EIAV/AYPDL-Ub
VLPs was strongly blocked by the VV domain, despite the absence of an YPX,L late domain in
this Gag (Figure 7B and Figure 8A). EM analysis demonstrated that Alix VV domain
overexpression induced the accumulation of EIAV/AYPDL-Ub VLPs at the plasma membrane
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(data not shown). These findings indicate that fusion of ubiquitin to an EIAV Gag lacking a
late domain renders EIAV release sensitive to inhibition mediated by the Alix V domain.

Alix residue F676 plays a critical role in binding to YPX,,L matifs in HIV-1 and EIAV Gag
(41,44,45). To characterize the ability of the Alix V domain to inhibit the release of EIAV/
AYPDL-Ub, we compared the effect of WT and F676D V-domain expression on the release
of WT and AYPDL-UDb particles (Figure 8B). As anticipated, the release of WT EIAV was
severely compromised by expression of the Alix V domain, and this inhibition was abolished
by the F676D mutation. Interestingly, release of EIAV/AYPDL-Ub VLPs was comparably
inhibited by both WT and F676D versions of the Alix V domain (Figure 8B). These data
indicate that the Alix V domain inhibits the release of WT and EIAV/AYPDL-Ub VLPs by
distinct mechanisms.

Inhibition of VLP release by Tsg101 and Alix depletion

We next determined the effect of Tsg101 and Alix depletion on the release of the EIAV Gag
series. As anticipated, release of WT EIAV Gag was inhibited by Alix depletion but was
unaffected by Tsg101 small interfering RNA (siRNA) (Figure S3); EIAV/PTAP was, as
expected, disrupted by Tsg101 depletion (data not shown). Release of EIAV/PPPY was
significantly inhibited by both Alix and Tsg101 depletion (Figure S3). This latter result is
consistent with the observation that the release of some viruses that rely predominantly on a
PPxY motif (e.g. Mason-Pfizer monkey virus and Marburg virus) is inhibited by Tsg101
depletion (46,47). Consistent with its lack of a functional late domain, EIAV/AYPDL release
was unaffected by depletion of either Tsg101 or Alix. Interestingly, release of EIAV/AYPDL-
Ub was significantly reduced by siRNAs specific for either Tsg101 or Alix (Figure 8C). Release
of EIAV/AYPDL-UbL8A/I44A VLPs was also inhibited by Tsg101 and Alix depletion (data
not shown). These results demonstrate that depletion of Tsg101 or Alix reverses the ability of
ubiquitin fusion to rescue the release of a late domain-defective EIAV Gag mutant.

To define further the role of Tsg101 in ubiquitin-mediated enhancement of VVLP release, sSiRNA
depletion and Tsg101 add-back experiments were conducted either with WT Tsg101 or with
a Tsg101 mutant defective in ubiquitin binding (46,48). As shown in Figure 8D, expression of
siRNA-resistant Tsg101 rescued the defect in EIAV/AYPDL-Ub VLP release induced by
Tsg101 depletion. In contrast, expression of a Tsg101 mutant (ND45, 46AA) defective in
ubiquitin binding was unable to confer rescue (Figure 8D). These findings further support a
role for Tsg101 in enhancement of EIAV/AYPDL-Ub VLP release, presumably through
binding of Tsg101 to ubiquitin.

The Alix V domain specifically binds to ubiquitin-agarose

The observations presented above raised the possibility that the Alix V domain was capable
of making non-YPXnL interactions with EIAV/AYPDL-Ub Gag, perhaps involving the fused
ubiquitin. This hypothesis was tested by precipitating transfected cell lysates with ubiquitin-
agarose beads. As demonstrated in Figure 9A, the Alix V domain, as well as full-length Alix,
was efficiently precipitated by ubiquitin-agarose but not protein A-agarose beads. As
specificity controls, we also tested the ability of ubiquitin-agarose to precipitate TSG-F or
Tsg101 mutants containing substitutions (N45A and F88A) reported to reduce the interaction
between the Tsg101 UEV domain and ubiquitin (49). We readily detected binding between
TSG-F and ubiquitin-agarose but not protein A-agarose beads (Figure 9A). As expected (49),
this binding was reduced but not eliminated by the N45A and F88A Tsg101 mutations (Figure
9A). These data suggest that the Alix V domain is capable of interacting with ubiquitin, either
directly or through a cellular bridging protein. To determine whether binding of Alix VV domain
to ubiquitin required the surface-exposed hydrophobic residues (L8, 144) of ubiquitin, we
performed coimmunoprecipitation analyses with Alix and EIAV/AYPDL-Ub Gag with L8A
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and 144A ubiquitin mutations. As indicated in Figure 9B, both the full-length Alix and the Alix
V domain efficiently bound to EIAV/AYPDL-Ub Gag. This binding was blocked by the L8A/
144A ubiquitin mutations. As expected for the controls, Alix binding was seen for WT Gag
but not for AYPDL Gag. These data demonstrate a role for the ubiquitin interaction motif in
the binding between the EIAV/AYPDL-Ub Gag and the Alix V domain.

Discussion

In this study, we examined the effect of Gag-ubiquitin fusion in the context of all three
recognized retroviral late domains in an otherwise isogenic EIAV Gag background. We
observed that fusion of ubiquitin to EIAV/AYPDL Gag rescues VLP release. Mechanistic
studies suggested that the rescue of release occurred through recruitment of proteins bearing
ubiquitin-binding motifs to the site of budding. Ubiquitin fusion also altered the sensitivity of
individual Gag constructs to inhibitors of endosomal sorting and virus release. Our data
demonstrate that in the presence of a functional late domain, fusion of ubiquitin does not
significantly stimulate particle production, but in the absence of a late domain, ubiquitin fusion
markedly enhances VLP release.

Studies by Patnaik et al. (16) demonstrated that fusion of ubiquitin to the C-terminus of RSV
Gag overcame the inhibition mediated by proteasome inhibitors but did not rescue the release
of a late domain-defective RSV mutant. In contrast, we observed that in the context of EIAV
Gag, the late domain defect could be largely reversed by ubiquitin fusion. We further observed
that ubiquitin fusion to EIAV/PPPY and EIAV/PTAP Gag conferred resistance to proteasome
inhibition; however, in the absence of a late domain, ubiquitin fusion sensitized virus release
to disruption of proteasome activity. The observation that release of EIAV/AYPDL-Ub VLPs
is sensitive to the proteasome inhibitor MG-132 is consistent with the hypothesis that these
compounds act at least in part by disrupting host-cell machinery involved in particle release
rather than by preventing Gag ubiquitination. The findings that EIAV/AYPDL-UDb release is
sensitive to depletion of Alix and Tsg101, whereas release of EIAV/AYPDL is not, and that
ubiquitin fusion to EIAV/AYPDL and EIAV/PPPY promoted the incorporation of Alix into
VLPs (unpublished results) suggest that ubiquitin mediates interactions, either direct or
indirect, with host factors important for retrovirus budding. The observed sensitivity of EIAV/
AYPDL-UD release to Alix and Tsg101 disruption argues that ubiquitin fusion allows Gag to
productively enter the budding pathway upstream of these factors. This hypothesis is further
supported by the findings that inhibition of AYPDL-Ub Gag by Tsg101 depletion could be
rescued by expression of siRNA-resistant WT Tsg101 but not by a mutant Tsg101 defective
for ubiquitin binding.

When overexpressed, the Alix V domain is a potent inhibitor of HIV-1 and EIAV release
(41-43). The inhibition observed in our prior studies requires a direct interaction between Gag
and the V domain, as demonstrated by the finding that mutations in either HIV-1 p6 (42) or
Alix (41) that block the interaction abrogate VV domain-mediated disruption of particle release.
We show in this study that release of WT EIAV is potently inhibited by V-domain
overexpression, whereas EIAV/AYPDL, EIAV/PPPY and EIAV/PTAP, all of which lack a
known Alix-binding site, are not inhibited by the V domain. Surprisingly, however, we
observed that EIAV/AYPDL-Ub release is strongly inhibited by V-domain expression,
suggesting a mechanism of inhibition that does not require a direct VV-domain- YPX,L
interaction. Indeed, a mutation (F676D) in the V domain that blocks late domain binding
(41) has no effect on the ability of V-domain expression to block the release of EIAV/AYPDL-
Ub VLPs. These results indicate that ubiquitin fusion in the absence of a functional late domain
renders EIAV release sensitive to the Alix V domain by a mechanism that either does not
require V domain-Gag binding or involves a novel binding interface. The experiments
presented in Figure 9 suggest that the VV domain interacts, either directly or indirectly, with
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ubiquitin. This interaction appears to involve residues that comprise the surface-exposed
hydrophobic patch (which includes ubiquitin residue Leu-8 and lle-44) involved in ubiquitin
binding to ubiquitin-interacting motifs. Ubiquitin fusion is not sufficient to impose sensitivity
to V-domain-mediated inhibition, as neither EIAV/PPPY-Ub nor EIAV/PTAP-UD release is
disrupted by the V domain. These results again indicate that the effect of ubiquitin attachment
to Gag is determined in part by the presence or absence of a Gag-encoded late domain.

A common theme among retroviral late domains is the frequent presence of multiple late
domains within an individual Gag protein. For example, HTLV-1 and M-PMV bear both PTAP
and PPPY-type late domains (50,51), and MLV reportedly contains all three (PPPY-, PTAP-
and YPX,L-type) (52) retroviral late domains. When more than one late domain coexist, one
typically plays a dominant role in virus release. For example, HIV-1 contains a dominant
Tsg101-binding PTAP-type late domain and an auxiliary Alix-binding YPX,,L-type motif. The
role of the YPX,,L late domain in HIV-1 release is most evident when the dominant PTAP
motif has been ablated and Alix is overexpressed (44,53). By analogy, our data suggest that
ubiquitin serves a secondary late domain function that is revealed when the dominant late
domain (YPX,L, inthe case of EIAV) has been removed. The presence of multiple late domains
likely arose to allow efficient virus budding to proceed when the primary late domain is not
able to function to its full potential; for example, when its cellular binding partner is in short
supply. It was reported recently that overexpression of the Nedd4-like ubiquitin ligase Nedd4L
rescued the release of HIV-1 mutants lacking both PTAP and YPX,,L late domains (46,54).
This rescue required Nedd4L ubiquitin ligase activity and was blocked by Tsg101 depletion.
Itis conceivable that Nedd4L over-expression increases Gag ubiquitination, creating a situation
analogous to that reported in this study in which Gag ubiquitination stimulates release of late-
domain-deficient Gag in a Tsg101-dependent manner.

Retroviral late domains are able to function in trans (55), as we show in this study for fused
ubiquitin, because not every molecule of Gag in an assembled particle must engage the cellular
budding machinery. Indeed, we observe that while ubiquitin fusion is able to rescue the release
of a late domain mutant, the resulting VLPs are morphologically aberrant, presumably because
of the additional mass of ubiquitin attached to Gag. One would therefore expect that a limited
amount of Gag ubiquitination would be sufficient to exert a positive effect on VLP release and
that ubiquitin would be removed from Gag during the assembly/release process. Consistent
with these expectations, under physiological conditions, only a small subset of Gag molecules
are ubiquitinated (12) and abundant levels of free ubiquitin are detected in virus particles
(10,12). The hypothesis that ubiquitin attached to Gag is able to recruit host sorting factors to
the site of budding is supported by our observation that mutations in the hydrophobic patch of
ubiquitin (comprised in part of Leu-8 and lle-44) that interacts with ubiquitin-binding motifs
not only abrogates rescue of release but also blocks EIAV/AYPDL-Ub interaction with Alix.
This concept is also supported by our results indicating that ubiquitin fusion alters the
sensitivity of VLP release to budding inhibitors and to depletion of cellular budding machinery
(e.g. Tsg101 and Alix). Overall, our findings demonstrate that in the absence of an intact late
domain, ubiquitin attached to Gag can promote particle release. Ubiquitin likely functions in
this regard by recruiting to the site of virus assembly and release cellular factors that bear
ubiquitin-binding domains.

Materials and Methods

Cell culture, plasmids, immunoprecipitations and western blotting analysis

293T cells were maintained in DMEM supplemented with 10% FBS. Transfections were
performed in six-well dishes by using the Lipofectamine 2000 reagent (Invitrogen). Metabolic
labeling was performed 24 h posttransfection essentially as described (56). Briefly, cells were
washed once in Met/Cys™ medium and cultured for 5 h in the same medium supplemented
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with 10% FBS and 500 mCi/well [3°S]Met/Cys protein labeling mix (PerkinElmer). Virus
pellets were obtained after centrifugation of filtered culture supernatants for 45 min at 100 000
x g. Cell and virus lysates were immunoprecipitated with horse anti-EIAV serum (kindly
provided by R. Montelaro, University of Pittsburgh); immunoprecipitated complexes were
resolved by SDS-PAGE and detected by fluorography followed by phosphorimager analysis.
Vectors expressing full-length (TSGF) (36) or truncated Tsg101 (TSG-5" and TSG-3') (35,
36,57), WT or mutant Alix V domain (41,42) or a green fluorescent protein (GFP)-tagged,
catalytically inactive (adenosine triphosphatase-deficient) mutant of Vps4 (Vps4EQ) (39) have
been described elsewhere. Plasmids expressing siRNA-resistant WT Tsg101 and the Tsg101
mutant defective in ubiquitin binding were a kind gift of Dr Wesley Sundquist (University of
Utah) (46,48). Western blotting for detection of haemagglutin (HA)-tagged proteins (TSGF,
TSG-3', TSG-5" and Alix V domain) was performed using the anti-HA7 monoclonal antibody
(Sigma). GFP-tagged proteins were detected with the anti-GFP peptide antibody (Sigma).
Tsg101 was detected using the mouse monoclonal antibody C2 (Santa Cruz Biotechnologies).
For detection of the EIAV Gag polyprotein by western blot, samples were probed with the anti-
EIAV serum followed by detection using the horseradish peroxidaseconjugated anti-horse
immunoglobulin G (Sigma). Quantification of immunoblot data was performed using an
Alphalnnotech digital imager. For ubiquitin-agarose binding assays, cells were lysed 24 h
posttransfection with the M-PER mammalian protein extraction reagent (Pierce). Cell lysates
were then incubated with ubiquitin-agarose (Sigma) or protein A-agarose beads overnight at
4°C followed by three washes with Tris-buffered saline (TBS) containing 0.05% Tween-20.
Complexes were then eluted in sample buffer [125 mM Tris-HCI (pH 6.8) containing 6%
sodium dodecyl sulfate, 10% 2-mercaptoethanol and 20% glycerol] and boiled for 5 min.
Eluates were resolved by SDS-PAGE followed by anti-HA immunoblot.

Generation of EIAV Gag-ubiquitin fusions

The generation of plasmids expressing WT EIAV Gag and mutant versions lacking a late
domain (EIAV/AYPDL) or bearing heterologous late domains (EIAV/PPPY and EIAV/PTAP)
has been described previously (26,27). To make these constructs, the QNLYPDLS sequence
of EIAV Gag was changed to RPEPTAPP in EIAV/PTAP and QNLYPDLSEI was changed
to ASAPPPPYVG in EIAV/PPPY (the underlines highlight the sequences that were changed).
EIAV/AYPDL was constructed by deleting residues YPDL and replacing them with SRSA.
Vectors expressing C-terminal Gag-ubiquitin fusions were constructed as follows: a
polymerase chain reaction (PCR) product (reaction A) was generated from the EIAV Gag series
using forward primer 5'-ACA ACA AAT CTG TTG TAC AAG AG-3' and reverse primer 5'-
AAA ATC TGC ATC TCC CAC AAA CTG TCC AGG TTG-3". The forward primer bears
at its N-terminus a BsrGl site, and the reverse primer at its C-terminus bears the sequence
encoding the N-terminus of ubiquitin. Simultaneously, a PCR product (reaction B) was derived
from ubiquitin using forward primer 5'-GAC AGT TTG TGG GAG ATG CAG ATC TTC
GTG AAG-3' and reverse primer 5' CCG AGC AAG CGG CCG CCA CCT TAACCT CTG
AGA CGG AGT ACC AG-3'. The ubiquitin forward primer at its N-terminus includes
nucleotides from the C-terminus of EIAV Gag, and the reverse primer at its C-terminus contains
a Notl restriction site. The 150 bp PCR product from reaction A was mixed with the 275 bp
product from reaction B, filled in with Klenow and PCR amplified (reaction C) using primers
Gag-F and Ubiquitin-R. This PCR product bears at its N-terminus the C-terminus of the EIAV-
Gag-coding region and at its C-terminus a Notl restriction site. The EIAV Gag product was
then digested in two separate reactions with enzymes Xbal/Notl and BsrGI/Notl. The PCR
product from reaction C was digested with BsrGI/Notl. The above-digested fragments were
then ligated, transformed and sequenced.

Traffic. Author manuscript; available in PMC 2009 October 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Joshi et al. Page 9

Immunofluorescence and EM analysis

Immunofluorescence analysis was performed essentially as described (58). Briefly, cells were
seeded in chamber slides and transfected with the indicated plasmids. Twenty-four hour
posttransfection, cells were fixed with 3.7% formaldehyde in sodium phosphate buffer,
permeabilized with 0.1% Triton-X-100 in PBS and stained with EIAV anti-p26 antibody
(kindly provided by R. Montelaro, University of Pittsburgh). Cells were mounted in Aqua Poly
Mount (Polysciences, Inc) and visualized with the DeltaVision RT deconvolution microscope.
For EM analysis, transfected cells were fixed in a 2% glutaraldehyde/100 mM sodium
cacodylate solution, thin sectioned and analyzed with the transmission electron microscope.

Gag membrane binding and multimerization assays

Assays for Gag membrane binding and multimerization were conducted as described (34,59).
Briefly, transfected cells were starved for 30 min in Cys/Met- medium and then pulse-labeled
for 5 min in medium containing [3®S]Met/Cys followed by a chase of 15 min in complete,
unlabeled medium. Cells were then washed with cold PBS, scrapped using a cell lifter and
sonicated to achieve disruption. Postnuclear supernatants were placed at the bottom of 85.5%/
65%/10% (w/v) sucrose gradients and subjected to equilibrium density centrifugation.
Membrane (top) and non-membrane (bottom) fractions were isolated and lysed in 2x RIPA
buffer. Fractions were then immunoprecipitated with anti-EIAV serum with or without prior
denaturation by boiling in the presence of 2x sample buffer. Immunoprecipitated complexes
were then resolved by SDS-PAGE followed by fluorography.

Proteasome inhibitor treatment

The peptide-based proteasome inhibitor N-carbobenzoxy-.-leucyl-.-leucyl-.-leucinal (zLLL or
MG-132) (Calbiochem) was used in this study. Briefly, 24 h posttransfection, cells were treated
for 30 min either with solvent (dimethyl sulfoxide) alone or with 10 uM MG-132 in DMEM

containing 10% FBS. Thereafter, cells were treated with the same concentration of MG-132

in labeling medium for 4 h.

siRNA analysis

siRNAs against Tsg101 and Alix (AIP1), which were obtained from Qiagen as custom-
synthesized oligonucleotides, have been described previously (43,48,60). The knockdown
efficiency of the siRNAs was >80% for Tsg101 and >70% for Alix, as determined by
quantitative western blot analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic representation of EIAV Gag constructs used in this study

The EIAV Gag matrix (MA), capsid (CA), nucleocapsid (NC) and p9 domains are indicated.
The p9 region of EIAV Gag bears the YPDL late domain. EIAV Gag constructs with native
YPDL late domain (WT), no late domain (AYPDL) or heterologous (PTAP and PPPY) late
domains are depicted with or without fusion of a single ubiquitin (Ub) moiety to the Gag C-
terminus.
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Figure 2. Ubiquitin fusion to the C-terminus of EIAV Gag lacking a late domain rescues virus
particle production

293T cells were transfected with plasmids expressing the EIAV Gag proteins depicted in Figure
1 and were labeled with [3°S]Met/Cys for 5 h. Cell and VLP lysates were immunoprecipitated
with horse anti-EIAV serum followed by resolution on SDS-PAGE gels. Levels of cell- and
virion-associated Gag proteins were quantified by phosphorimager analysis. VLP release
efficiency was calculated as (VLP Gag)/[total (cell + VLP) Gag] as a percentage of EIAV/WT
release. Data represent mean + SD, n = 6.
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Figure 3. An optimal amount of EIAV/AYPDL-Ub Gag is required for efficient rescue of AYPDL-
Ub Gag

293T cells were transfected with a constant amount (0.75 pg) of plasmid expressing EIAV/
AYPDL Gag along with increasing amounts of EIAV/AYPDL-Ub expression vector. VLP
release efficiency was measured as described in Figure 2. Data represent mean £ SD, n = 3.
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Figure 4. Ubiquitin fusion to the C-terminus of EIAV Gag lacking a late domain rescues VVLP release
293T cells were transfected with the indicated EIAV Gag expression vectors and were fixed
and examined by transmission EM. Scale bar = 100 nm.
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Figure 5. An intact sorting motif is required for rescue of VLP release by ubiquitin fusion
293T cells were transfected with the indicated EIAV Gag expression vectors. VLP release
efficiency was determined as described in Figure 2. Data represent mean + SD, n = 3.
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Figure 6. Ubiquitin fusion alters the sensitivity of EIAV Gag release to VLP budding inhibitors
293T cells were cotransfected with the indicated EIAV Gag expression constructs and control
plasmid or a 1:1 DNA ratio of vectors expressing TSG-F, TSG-5', TSG-3’ or Vps4EQ. VLP
release efficiency was calculated after radiolabeling and immunoprecipitation as described in
Figure 2. For proteasome inhibitor treatment, transfected cells were pretreated for 30 min with
media containing dimethyl sulfoxide (DMSO) alone or 10 uM MG-132 in DMSO and were
metabolically labeled for 4 h in media containing or lacking MG-132. Data represent mean +
SD, n =3 (TSG-F, TSG-5', TSG-3’ and MG-132) or n = 2 (Vps4EQ).
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Figure 7. Alix VV domain overexpression inhibits release of EIAV/AYPDL-Ub

A) Structure of the Alix VV domain, with residue F676 critical for binding to Gag YPX,L motifs
in HIVV-1 p6 and EIAV p9 indicated. B) 293T cells were cotransfected with the indicated EIAV
Gag expression vectors and control vector or Alix VV domain expression vector at a 1:1 DNA
ratio. VLP release efficiency was measured as described in Figure 2. Data represent mean +
SD, n = 3. Panel A modified from Fujii et al. (4), with permission.
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Figure 8. Alix V domain overexpression or Alix and Tsg101 depletion inhibits the release of EIAV/

AYPDL-Ub

A) 293T cells were transfected with EIAV/AYPDL or AYPDL-Ub Gag expression vectors
along with control vector or vector expressing Alix V domain ata 1:1 DNA ratio. VLP release
was determined as described in Figure 2. Release efficiencies for EIAV/AYPDL and EIAV/
AYPDL-Ub in the absence of V-domain expression are each assigned a relative value of 100.
B) Alix V domain expression inhibits the release of WT and EIAV/AYPDL-Ub VLPs by
distinct mechanisms. Release of EIAV WT or AYPDL-Ub Gag was determined in the presence
of an Alix V domain mutant (F676D) defective for binding to YPX,,L motifs. C) Release of
EIAV/AYPDL-Ub VLPs is sensitive to Alix and Tsg101 depletion. 293T cells were
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cotransfected with EIAV/AYPDL or EIAV/AYPDL-Ub Gag expression vectors along with
control, Alix or Tsg101 siRNA. To allow accurate quantification of EIAV/AYPDL release,
the transfections for panels A and C were scaled up 10-fold relative to the EIAV/AYPDL-Ub
vector transfection. Data represent mean + SD, n =3 (A and C) or n = 2 (B). D) Tsg101
overexpression overcomes the inhibition of EIAV/AYPDL-UDb release mediated by Tsg101
depletion through ubiquitin binding. 293T cells were transfected with control or Tsg101 siRNA
along with empty vector, or vectors expressing siRNA-resistant Tsg101 (denoted by*), or
siRNA-resistant Tsg101 mutant defective in ubiquitin binding (ND45, 46AA). Twenty-four
hour later, cells were transfected with the respective siRNAs along with EIAV/AYPDL-Ub
DNA. Cells were labeled 24 h after the second transfection and virus release efficiency
determined as described above. Data represent mean + SD, n = 3.
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Figure 9. The Alix V domain binds ubiquitin-agarose beads

A) Cells were transfected with the indicated HA-tagged expression plasmids. Twenty-four
hour posttransfection, cell lysates were incubated with ubiquitin-agarose (Ub agarose) or
protein A-agarose (PrA agarose) beads. Eluted complexes were resolved by SDS-PAGE and
immunoblotted with anti-HA antibody. In the top ‘lysates’ panels, cell lysates were subjected
directly to SDS-PAGE and immunoblotted with anti-HA antibody. Alix-F and TSG-F denote
full-length Alix and Tsg101, respectively. Lanes C, mock-transfected controls. B) Binding of
EIAV/AYPDL-Ub Gag to Alix requires an intact sorting motif. Cells were transfected with
vectors expressing WT EIAV, EIAV/AYPDL, AYPDL-Ub or AYPDL-Ub L8A/I44A along
with Alix full length (Alix-F) or Alix V (Alix-V) domain expression vector. Cell lysates were
immunoprecipitated with anti-HA beads followed by western blot using anti-EIAV antibody
(top). Western blot of cell lysates using anti-EIAV serum (middle) or anti-HA antibody
(bottom).
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