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Abstract

RNA-enveloped viruses bud from infected cells by exploiting the multivesicular body (MVB)
pathway. In this context, ubiquitination of structural viral proteins and their direct interaction with
cellular factors involved in the MVB biogenesis through short proline rich regions, named late
domains (L-domains), are crucial mechanisms. Here we report that, in contrast with the human
immunodeficiency virus (HIV), the feline immunodeficiency virus (FIV), a non-primate lentivirus,
is strictly dependent for its budding on a “PSAP”-type L-domain, mapping in the carboxy-terminal
region of Gag, irrespective of a functional viral protease. Moreover, we provide evidence that FIV
egress is related to Gag ubiquitination, that is linked to the presence of an active L-domain.
Finally, although FIV Gag does not contain a PPxY motif, we show that the Nedd4-2s ubiquitin
ligase enhances FIV Gag ubiquitination and it is capable to rescue viral mutants lacking a
functional L-domain. In conclusion, our data bring to light peculiar aspects of FIV egress, but we
also demonstrate that a non-primate lentivirus shares with HI\V-1 a novel mechanism of
connection to the cellular budding machinery.
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Introduction

Feline immunodeficiency virus (FIV), a non primate lentivirus, causes an immunodeficiency
syndrome in domestic cats that is striking similar to AIDS in humans (Pedersen et al., 1989;
Bendinelli et al., 1995). FIV genome is simpler than that of primate lentiviruses, as the
immunodeficiency virus (HIV), being characterised by three (rev, vif, orf2) rather than six
accessory genes (Elder and Phillips, 1993; Poeschla et al., 1998). However, FIV is also

similar to HIV in many molecular and biochemical properties, thus representing an attractive

model for AIDS research (Elder et al., 1998). Indeed, FIV and its natural host, have already
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provided important insights into different aspects of lentiviral pathogenesis (Burkhard and
Dean, 2003; Power et al., 2004). In addition, FIV has been successfully employed for
studying viral resistance to chemotherapy and genetic variations that leads to drug resistance
and to host immune response evasion (Dias et al., 2006). Indeed, the use of animal model is
an essential step in the development of antiviral drugs and combination therapies. Tacking
into account that even the best animal model is not completely predictive of human
responses, studies carried on employing the FIV system could contribute information about
pharmakokinetic and pharmakodynamic of new anti-HIV drugs, and about their potential
toxicity as well as antiviral activity and could help to optimize clinical protocol. In addition,
the FIV model could provide sound conceptual grounds on which to design candidate anti-
HIV vaccines, allowing to study a virus that closely resembles HIV in its natural host
(Dunham, 2006; Uhl et al., 2008). Finally, since FIV shares with HIV-1 the ability to infect
dividing and non-dividing human cells, FIV-based vectors could be the basis for the
development of safe systems aimed to target specific cells in different organs and tissues
(Saenz and Poeschla, 2004).

In order to fully take advantage of these important potentialities and considering that our
present understanding of FIV lags behind knowledge accumulated on HIV, different aspects
of FIV biology need to be further investigated. Under this respect, due to its impact in the
development of new therapeutic and vaccination approaches, as well as in the design and
optimization of gene-transfer vectors, a deep dissection of the major structural protein of
FIV, Gag, could be extremely useful. As for all the other retroviruses, FIV Gag can
assemble and bud from cells in the absence of any other viral factors (Gottlinger, 2001). All
the conserved Gag domains, matrix, capsid and nucleocapsid, are involved in driving the
different steps of viral particle maturation and egress. Moreover, studies carried on by
mutagenesis of the carboxy-terminal region of HIV-1 Gag, p6, have led to the identification
of short proline rich motifs named late domains (L-domains), in that their functional knock
out results in viral assembly arrest at late stages (Gottlinger et al., 1991). Early reports on
HIV-1 had demonstrated that mutational inactivation of the viral protease could reverse
defects in the L-domain region, suggesting a functional linkage between p6 and the
proteolytic processing of the Gag precursor protein, during the budding of progeny virions
(Huang et al., 1995). Up to date, three different classes of L-domains have been well
characterised (PT/SAP, PPxY or YPXL), and it has been established that these motifs are not
an unique feature of retroviruses, but are present in both positive- and negative-strand RNA
enveloped-viruses (Demirov and Freed, 2004). Moreover, it has been demonstrated that L-
domains are docking sites for different cellular proteins that are essential in the biogenesis of
a cellular organelle, the multivesicular body (MVB). The MVB is involved in the
degradation of post-Golgi integral membrane proteins in all eukaryotic cell. During the
biogenesis of this organelle a process takes place that is topologically identical to the
budding of viruses away from the cytosol (Piper and Katzamann, 2007). Thus, structural
viral proteins, carrying L-domains, hijack the MVB biogenesis machinery to execute their
exit from infected cells. Interestingly, due to their nature of docking site for cellular factors,
L-domains constitute autonomous modules that are not dependent on a particular position
within Gag and that are transferable between unrelated viruses (Parent et al., 1995).
Moreover, Gag is ubiquitinated and the level of ubiquitination depends on the L-domain that
is present, suggesting a role for ubiquitin in retroviral release (Martin-Serrano et al., 2007).
While ubiquitination of PPXY containing Gag is clearly linked to the ability of such a
domain to specifically interact with ubiquitin ligases (Harty et al., 2000; Martin-Serrano et
al., 2005), HIV-1 and other lentiviruses, which do not present such an amino acid motif
within their Gag, are not expected to exploit ubiquitin ligases for their budding. However,
two recent reports have linked HIV-1 egress to Nedd4-2s, a member of the Nedd4 ubiquitin
ligase family (Chung et al., 2008; Usami et al., 2008), suggesting that either i) Gag
ubiquitination may facilitate its interaction with ubiquitin-binding proteins of the MVB
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pathway, or that ii) MVB factor ubiquitination may influence their ability to recruit Gag. In
any case, the involvement of Nedd4-2s represents a novel mechanism by which primate
lentiviruses can be connected to the cellular budding machinery (Chung et al., 2008; Usami
et al., 2008).

FIV Gag is characterised by extensive variability in the carboxy-terminal peptide (p2),
which correspond to HIV-1 p6. However, a PSAP L-domain within this region appears to be
highly conserved (Manrique et al., 2004). It has been recently reported that mutagenesis of
this motif inhibits FIV release in the context of an active viral protease (Luttge et al., 2008).
In addition, the involvement of the MVB biogenesis pathway in FIV assembly and egress
has been demonstrated (Luttge et al., 2008).

In the present study we report a further dissection of the L-domain region of FIV Gag, in
particular in the context of the lack of an active protease, pointing out some peculiar features
of FIV budding that should be taken into account when this lentivirus is employed as a
model for studying HIV-1 pathogenesis and therapy. Moreover, we demostrate that a non-
primate lentivirus respond to Nedd4-2s ubiquitin ligase, sharing with HIV-1 a novel
mechanism of connection to the MVB pathway.

Materials and Methods

Cell lines

Human (293T, ATCC® Number: CRL-11268™) and feline (CrFK, ATCC® Number:
CCL-94™) kidney cells were grown in Dulbecco's modified Eagle's medium (DMEM) with
addition of 10 % heat inactivated fetal calf serum (complete medium).

Viral constructs

pAenvl, plasmid kindly provided by Prof. Mauro Pistello (University of Pisa, Italy),
contains Gag/Pol and Rev encoding sequences of the feline immunodeficiency virus (FIV),
p34TF10 strain (NC_001482), (Pistello et al., 2007). Starting from this construct, a series of
mutant in the Gag carboxy-terminal region were generated as following. A portion of the
Gag-Pol encoding sequence, from nucleotide 1183 to nucleotide 2542, considering
nucleotide 1 the first of the Gag coding sequence, was amplified by PCR and cloned in the
pCR®2.1-Topo® plasmid (Invitrogen). Mutations of the L-domain region was performed by
employing the QuickChange® I1 Site-directed mutagenesis kit (Stratagene). The fragments
carrying the desired L-domain mutations were back-inserted into the pAenvl plasmid,
replacing the wild-type (wt) counterpart.

Mammalian expression vectors

The pBJ5-Vps4 plasmid encodes the human Vps4-A protein with a carboxy-terminal FLAG
epitope, while the pBJ5-Vps4E228Q construct encodes FLAG-tagged version of Vps4-A
characterised by the E228Q mutation. The pBJ5-HA-Ub construct expresses a
hemagglutinin (HA)-tagged version of wt ubiquitin. The pBJ5-Nedd4-2 plasmid contains the
entire coding sequence for the “ancestral” isoform 11 of Nedd4-2 with an intact N-terminal
C2 domain preceded by a FLAG tag. The pBJ5-Nedd4-2s construct contains the coding
sequence for the native Nedd4-2s (residues 122-955 of Nedd4-2 isoform II) with a N-
terminal FLAG tag, while the pBJ5-Nedd4-2s C801S construct encodes a FLAG-tagged
Nedd4-2s version characterised by the mutation of the active site cysteine (801) in the
HETC domain to serine. The empty vectors pBJ5 was employed in place of the
correspondent expression plasmids when required. All the above constructs have been
previously described (Strack et al. 2002, Strack et al. 2003, Usami et al., 2008).
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Analysis of Gag processing and virus-like particle (VLP) release

CrFK cells (1.5x 108) or 293T cells (1.5x 10%) were seeded into 25-cm? tissue culture flasks.
Twenty four h later the cells were transfected by calcium-phosphate method with either 8 ug
(CrFK cells) or 1.25 pg (293T cells) of the appropriate viral construct. In co-transfection
experiments, along with the viral construct, different mammalian expression vectors were
employed in the following amount: pBJ5-Vps4, pBJ5-Vps4E228Q, pBJ5-HA-Ub 2 ug;
pBJ5-Nedd4-2, pBJ5-Nedd4-2s, pBJ5-Nedd4-2s C801S 1 ug. In all the conditions, the total
amount of transfected DNA was brought to either 10 ug (CrFK cells) or to 3.25 ug (293T
cells) with carrier DNA (pBluescriptKS+, Stratagene). pBluescriptkKS+ was also employed,
when required, as transfection negative control. Twenty four h post-transfection, the culture
supernatants were collected and the cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer [140 mM NacCl, 8 mM Nay;HPOy,, 2 mM NaH,POy, 1 % Nonidet P-40, 0.5 %
sodium deoxycholate, 0.05 % sodium dodecyl sulfate (SDS)]. Supernatants were clarified by
low-speed centrifugation and passaged through 0.45-um-pore-size filters. Released VLPs
were spun through 20 % sucrose cushions for 2 h at 4 °C and 27,000 rpm in a Beckman
SW41 rotor. Pelleted VLPs were lysed in RIPA buffer, and viral proteins were analysed by
SDS-polyacrylamide gel electrophoresis (PAGE), followed by western blotting. Cell lysates
were subjected to the same procedure in order to examine the intracellular Gag expression
levels.

Western blotting analysis

Results

For immunoblot analysis, aliquots of lysed VLPs and of the relative cell lysates were
resolved by SDS-PAGE and electroblotted onto a Hybond-C Extra membrane (Amersham
Pharmacia). The membranes were incubated with the appropriate antibody, namely: a
monoclonal anti-FIV capsid antiserum (anti FIV-p24 Gag, Serotec) or a mouse monoclonal
anti-HA antibody (Covance), followed by a peroxidase-conjugated anti-mouse 1gG antibody
(GE Healthcare). The blots were developed with enhanced chemiluminescence reagents
(Amersham Pharmacia), as described (Strack et al., 2000).

FIV requires the PSAP motif for budding from transfected cells, independently from the
functionality of the viral protease

It has been recently reported by Luttge and coworkers that FIV release and replication
requires an intact PSAP motif, present in the carboxy-terminal region of the structural viral
Gag protein (Luttge et al., 2008). It is well known that Gag is the only viral protein required
for assembly and budding of virus-like particles (VLPs) (Gottlinger, 1991) and that, in the
case of HIV-1, a functional linkage between p6 and the proteolytic processing of the Gag
precursor protein exists during release of progeny virions (Huang et al., 1995). In particular,
in different cell types such as 293T cells and HeLa cells, HIVV-1 constructs lacking a
functional L-domain and defective in the protease were not impaired in viral release when
compared to the wild type (Huang et al., 1995; Martin Serrano et al., 2004).

In order to contribute to the characterisation of the carboxy-terminal region of FIV Gag and
to analyse the effect of Gag processing on particle release, starting from a plasmid encoding
the FIV Gag/Pol region (pAenvl, herein indicated as WT), we obtained, by site specific
mutagenesis, four different constructs, characterised by the substitution of one or both
prolines of the PSAP motif with alanines, in combination or not with the introduction of a
STOP codon in place of aminoacid 10 of the protease (Table 1). The recombinant DNAs
were transfected in CrFK cells and the released particles were purified and analysed by
western blotting. Moreover we employed 293T cells as a control, since it is known that this
cell line can be used to produce FIV particles upon transfection (Pistello et al., 2007) and
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that HIV-1 constructs lacking a functional L-domain and viral protease are fully competent
for particle release in this cellular context (Martin Serrano et al., 2004). Our data confirm
that the PSAP motif is essential for particle egress and that the substitution of both prolines
with alanines significantly inactivates the L-domain function, independently from the cell
line employed (Fig. 1a). Interestingly, in contrast with HIV-1, the mutation of the first
proline is not sufficient to impair particle release (Fig. 1a). Moreover, the PSAP inactivation
has a strong impact on virus like particles egress also in the absence of viral protease (Fig.
1b).

It has been recently shown that FIV Gag exploits the MVB biogenesis machinery to egress
from infected cells (Luttge et al., 2008). In order to support our observation that the PSAP
function is essential also in the context of unprocessed Gag, we blocked the MVB pathway
by the over-expression of a dominant negative form of the cellular AAA-ATPase Vps4
(Vps4E228Q, Strack et al., 2003). In agreement with our hypothesis, under this condition, a
significant reduction of VVLP release was observed also in the absence of viral protease (Fig.
2, lane 1-3). Thus it can be concluded that, in the case of FIV, the MVB machinery is
required for budding, regardless of viral protease.

Ebola L-domain is working also in the context of full length FIV Gag, but does not lead to a
significant enhancement in particle production

FIV has promising potentialities for the development of safe and efficient gene transfer
vectors and for the generation of VVLPs to be tested in the animal model for vaccination
purposes (Bendinelli et al., 1995). One of the limiting steps in lentiviral vector and VLP
production is the amount of viral structural proteins produced by the systems currently used
(Lesch et al., 2008). Since our data suggested that the L-domain region is crucial for FIV
Gag release, even in the absence of an active protease, we wanted to analyse whether it
could be possible to increase the amount of processed and unprocessed VLPs released in the
culture supernatants by manipulating this region. Thus, we sequentially mutagenised the
sequence spanning from aminoacid 438 to aminoacid 444 of Gag protein in the WT
background, in order to obtain constructs where the natural FIV L-domain was transformed
in the PTAPPEY motif, characteristic of the Ebola virus (WT-Eb). Indeed, in specific
context, like in HIV-1 based minimal Gag constructs engineered to contain this motif
(Strack et al., 2002), the PTAPPEY domain is particularly efficient in mediating particle
release. It has been previously reported that the substitution of the two glutamic acids in
position 444 and 445, without affecting the overlapping Pol reading frame, led to the release
of un-processed VLPs (Manrique et al., 2004). In order to obtain the PTAPPEY motif we
needed to replace E444 with a Y. Thus, we firstly investigated the impact of the single E444
to A mutation on Gag processing and VLP release (MUT1). We were able to show that
transfection of MUT1 in both 293T and CrFK cells led to the release of mature VLPs (Fig.
3, lane 2). Thus the single E444 to A mutation does not impair the ability of FIVV Gag-Pol to
produce mature viral particles. The same phenotype result was obtained when the A444 was
exchanged in Y (MUT2, Fig. 3, lane 3) and when a T was inserted in place of S439 (MUTS3,
Fig. 3, lane 4). Finally, by combining the latest two mutations a construct bearing the L-
domain characteristic Ebola virus (WT-Eb) was obtained. All the constructs are reported in
Table 2. When the amount of particles produced by MUT1, MUT2, MUT3 and WT-Eb
constructs were quantified by densitometry and normalized for the intracellular Gag content,
we did not notice a significant increase in particle production with respect to WT FIV (data
not shown). Thus, our data seem to indicate that, even though the Ebola L-domain is
working also in the context of full length FIV Gag, it does not lead to a significant
enhancement in particle production.
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The L-domain-induced bands are ubiquitin conjugates Gag forms

We have previously reported the appearance of modified Gag products in VLPs of different
retroviruses, related to the L-domain function (Strack et al., 2000). Here we observed that
higher molecular Gag bands are present also in FIV VVLPs, obtained by transfecting both
293T and CrFK cells with FIVV-Stop (Fig. 4a). These bands are particularly evident in the
case of FIV-Stop construct with the wt L-domain replaced by the one characteristic of Ebola
virus (Ebola-Stop, Fig. 4a). Since it is known that this latter L-domain leads to strong
ubiquitination, we hypothesized that these bands may be ubiquitin-conjugated Gag forms.
Thus, we co-transfected WT-Stop and Ebola-Stop plasmids along with a vector expressing
an HA-tagged version of ubiquitin. VLPs were spun down, and subjected to western blotting
analysis directed against the HA-tag. The results clearly showed that the modified forms of
Gag were indeed ubiquitin-conjugates (Fig. 4b). Moreover, the ubiquitination seemed to be
L-domain induced, since, as expected in this case, it appeared to be stronger in the context of
the Ebola-Stop Gag (Fig. 4b). In order to further support this conclusion and to analyse
whether there was a correlation between L-domain function and ubiquitination, we co-
transfected 293T cells and CrfK cells with either ASAA-Stop or WT-Stop construct, along
with the HA-ubiquitin expressing plasmid. Released VLPs were then purified and the
samples were normalized for p24 content, prior to SDS-gel analysis and western blotting.
We were able to confirm that the ubiquitin-conjugated bands were indeed L-domain-induced
and disappeared in the presence of mutations that affect L-domain functionality (Fig. 4b). In
conclusion, our data suggest a correlation between FIV Gag ubiquitination and late domain
function.

Nedd4-2s ubiquitin ligase is involved in FIV Gag egress

It is known that the PPxY motif leads to strong ubiquitination of structural viral proteins and
facilitate viral egress by recruiting a subset of ubiquitin ligases, belonging to the Nedd4
family (Martin-Serrano et al., 2005). However, it is less clear how this phenomenon can take
place in the case of Gag proteins lacking such a motif. This is particularly true for FIV Gag
which appears to be ubiquitinated. It has been recently shown that the budding of various
HIV-1 L-domain mutants is dramatically enhanced by ectopic Nedd4-2s, a native isoform
with a truncated C2 domain (Chung et al., 2008; Usami et al., 2008). In order to analyse
whether this ubiquitin ligase was involved in FIV Gag ubiquitination and budding, we over-
expressed WT-Stop with Nedd4-2s in the presence of HA-tagged ubiquitin. We were able to
show that, under these conditions, the Gag ubiquitination is enhanced (Fig. 5a). Moreover,
when we co-transfected ASAA construct along with Nedd4-2s we were able to show a
significant rescue of viral budding (Fig. 5b). Significantly, the ASAA mutant was not
rescued when a Nedd4-2s C801S, a form mutated at the level of the active site, (Usami et
al., 2008) was co-expressed (Fig. 5b), indicating that the ability of the cellular protein to
form thioester bond plays an important role in this context. Moreover, a rescue was observed
also when the full-length version of Nedd4-2 was expressed (Fig. 5b), even though to a less
extend when compared to the Nedd4-2s effect. This latter finding is in agreement with the
data reported in the case of HIV-1 and with a possible inhibitory effect of the C2 domain on
Nedd4-2 activity (Usami et al., 2008).

Discussion

Many biological and pathogenetic aspects render FIV an attractive model for AIDS research.
Indeed, FIV and is natural host, the domestic cat, have already provided important insights
into relevant aspect of HIV infection and pathogenesis (Burkhard and Dean, 2003; Power et
al., 2004). Moreover, this model has been proposed for testing new specific HIV drugs, for
the analysis of resistance mechanisms and for the design of candidate HIV vaccine. The fact
that efficacious anti-FIV therapeutic approach would be advantageous also in veterinary
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medicine, adds value to the system. Finally, the development of safe gene-transfer vectors
based on FIV is another interesting application of this non-primate lentivirus.

Despite this great potentiality, some of the experiments carried on in order to test the
efficacy of specific HIV-1 drugs and to analyse viral resistance mechanisms (North and
LaCasse, 1995), employing FIV as a model, have clearly brought to light that in many areas
our present understanding of FIV lags behind knowledge accumulated on HIV. In this
context, a further and deep dissection of FIV structural protein Gag functions could have a
significant impact on clarifying different aspects of viral pathogenesis, as well as on drug
development and vaccination strategy design.

It has been recently reported that FIV, like other enveloped viruses, exploits the
multivesicular body (MVB) biogenesis pathway for its budding (Luttge et al., 2008). In
particular, a four aminoacidic motif (PSAP), present in the carboxy-terminal region of Gag,
appears to be crucial in this context (Luttge et al., 2008). In the present work we intended to
contribute to the dissection of the carboxy-terminal region of the FIV Gag protein, in
particular focusing on its contribution to VLPs production. Thus, we obtained four different
constructs, characterised by the substitution of one or both prolines of the PSAP motif with
alanines, in combination or not with the introduction of a STOP codon in place of aminoacid
10 of the protease. Early reports on HIV-1 had demonstrated that mutational inactivation of
the viral protease could reverse defects in the L-domain region, suggesting a functional
linkage between p6 and the proteolytic processing of the Gag precursor protein during the
budding of progeny virions (Huang et al., 1995). Here we show that, in contrast with HIV-1,
a FIV Gag characterised by an inactive L-domain is impaired in the release from transfected
cells also in the absence of the viral protease. In agreement with this finding, we
demonstrate that a block of the MVB pathway strongly impairs unprocessed FIV Gag from
budding. Interestingly, our data do not rule out the functional linkage between FIV L-
domain and protease activity. Indeed, when the L-domain is inactive, in the context of an
active viral protease, we do notice the accumulation of intracellular partially processed Gag
(Fig. 1a, lane 2 “Cells” panel). In particular the MA-CA-p1-NC intermediate seems to
accumulate. It is known that in the case of HIV-1, defects in Gag processing, such as the p25
to p24 increased ratio, are typically associated with p6 mutants (Huang et al., 1995). Thus,
even though our data suggest that also in the case of FIV the inactivation of the L-domain is
linked to protease activity, we still see a strong impairment in the unprocessed Gag ability to
bud, when the L-domain is inactivated. The fact that the carboxy-terminal region of FIV
Gag does not overlap with the open reading frame of the viral protease, may contribute to
explain this difference between the two lentiviruses. Moreover, the specific properties of the
feline protease, that have been identified (Schnélzer et al., 1996; Lin et al., 2003), like, for
instance, the different order of Gag processing (Lin et al., 2006), may also contribute to this
phenomenon. It is worth to note that an other difference between HIV-1 and FIV emerged
form our study. Indeed, we demonstrate that the first proline of the PSAP motif is not
involved in the late domain function, while it appears to be essential in the case of HIV-1
(Huang et al., 1995). It is known that the PSAP finds in the cellular protein Tsg101 the
connection with the MVB pathway (Garrus et al., 2001). Moreover it has been recently
reported that knocking down Tsg101 a significant reduction in FIV budding is achieved
(Luttge et al., 2008). Since Sundquist’s group has reported that the first proline of the HIV-1
PT/SAP makes critical contacts with the UEV domain of Tsg101 (Pornillos et al., 2002) it
would be interesting to analyse whether Tsg101 is incorporated in FIV VLPs and to
determine whether the FIV ASAP mutant is still able to interact with Tsg101. Moreover, it
would also be useful to know whether Tsg101 depletion affects the release of the ASAP
mutant.
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As mentioned above, FIV may find interesting application in the development of gene-
transfer vectors. However, the production of replication-defective lentiviral vectors for a
large-scale clinical use is challenging (Lesch et al., 2008). One of the limiting steps in the
process is represented by the low vector titer obtained with the packaging system currently
adopted (Segura et al., 2007). Since our data demonstrated the impact of the L-domain
region in FIV VLP production and since it has been reported that L-domains are transferable
between unrelated viruses (Parent et al., 1995), we wanted to investigate the particle release
efficiency of a FIV Gag chimera characterised by the Ebola virus L-domain replacing the
PSAP motif (WT-Eb). Indeed, it has been shown that HIV-1 based minimal Gag constructs
that have been engineered to contain the PTAPPEY motif, which is the one characteristic of
Ebola virus, are released very efficiently from transfected cells (Strack et al., 2002). When
we quantified the amount of particles produced by the constructs containing a more or less
optimised Ebola virus L-domain (WT-Eb, MUT1, MUT2 and MUT3), we did not notice a
significant increase in particle production, with respect to FIV WT. Thus, even though Ebola
L-domain is working also in the context of full length FIV Gag, it does not lead to a
significant enhancement in particle production. However, our data do not rule out the
possibility that carefully manipulating the carboxy-terminal region of FIVV Gag the amount
of VLP released could be positively influenced. It is worth to mention that by few steps of
site specific mutagenesis it is possible to modify the sequence downstream the PSAP motif
in order to obtain a Gag construct containing the Ebola virus L-domain combined with the
YPxL domain. Thus, it could be interesting to test the impact of this combination between
different L-domains on the particle release efficiency.

An other finding of our work is that unprocessed wt FIV Gag is modified by ubiquitination.
This is again a peculiar feature of FIV Gag, when compared to HIV-1, which appears to be
much less ubiquitinated (Strack et al., 2000; Martin Serrano et al., 2004), but it is supported
by similar findings published in the case of other lentiviruses, such as SIVmac (Strack et al.,
2000). Moreover, Gag ubiquitination appears to be linked to the functionality of the L-
domain. Thus, our data suggest that, in the case of FIV Gag, ubiquitination may be directly
linked to budding. We and others have reported that a functional L-domain leads to
retroviral Gag ubiquitination and that ubiquitin residues involved in endocytosis are crucial
for budding (Strack et al., 2002; Martin-Serrano et al., 2004; Gottwein et al., 2006).
However, the role of ubiquitin in the egress of retroviruses, and in particular of lentiviruses,
is still under debate. Indeed, even though several findings argue for a functional contribution
of the ubiquitin modification to virus release, there are studies suggesting that ubiquitination
could be merely a bystander effect (Martin-Serrano, 2007). In addition, in agreement with
our present findings, the enhancement of ubiquitination, does not always correlate with an
enhancement in particle release (Strack et al., 2000; Martin Serrano, 2007). Finally, while
ubiquitination of PPxY-containing Gag is easily explained by the direct interaction of the
viral structural protein with Nedd4 family ubiquitin ligases (Harty et al., 2000, Martin-
Serrano et al., 2005), the involvement of ubiquitin in the egress of viruses lacking such a
motif is less clear. However, two recent studies (Chung et al., 2008; Usami et al., 2008) have
shown that Nedd4-2s, a member of Nedd4-ubiquitin ligases, plays a role in HIV-1 budding.
The authors’ conclusion is that Nedd4-2s, even in the absence of a functional PPXY motif,
may cooperate with the other L-domains to enhance viral budding, maybe leading to the
ubiquitination and consequent activation of MVB components or facilitating Gag interaction
with ubiquitin binding protein of the pathway. Moreover, the authors clearly demonstrated
that Nedd4-2s is the only ubiquitin ligase showing the ability to rescue L-domain deficient
HIV-1 constructs (Usami et al., 2008). In order to confirm and extend this conclusion to
non-primate lentiviruses and since our data suggested that ubiquitin could play a role in FIV
egress, we decided to analyse whether Nedd4-2s was involved in this process. We were able
to show that indeed Nedd4-2s is involved in FIV Gag ubiquitination and it is capable of
rescuing FIV Gag lacking a functional L-domain in its ability to bud from transfected cells.
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This finding is interesting because it demonstrates that lentiviruses in general respond to
Nedd4-2s in the absence of a PPxY motif, in contrast to other retroviruses, like the Mason-
Pfizer monkey virus (Usami et al., 2008).

Overall our data bring to light peculiar aspects of FIV Gag carboxy-terminal region, that
may have an impact when FIV is employed as a model for studying HIV pathogenesis and
therapy, or for biotechnological applications of this lentivirus. On the other hand, we extend
the recent observation that ubiquitin ligases may cooperate with other late domains to
enhance the efficiency of viral release to a non-primate lentivirus, demonstrating that this
novel mechanism of connection to the cellular budding machinery is shared between
different members of this viral family.
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Fig. 1.

PSAP motif is essential for FIV particle egress, independently from an active viral protease.
293T (left panel) or CrFK (right panel) cells were transfected with different plasmids
encoding FIVV-Gag/Pol either wt (a) or characterised by a STOP codon in the Pol reading
frame (b) and carrying the wt PSAP motif or a mutated L-domain, as indicated. Twenty-four
h later, cell lysates (Cells) and virus like particles (VLPs) were analysed by western blotting;
C-: transfection negative control. The bold arrows point to a partially processed form of

Gag, most likely the MA-CA-p1-NC precursor.
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Fig. 2.

MVB functionality is essential for FIV budding from transfected cells, also in the absence of
a viral protease. The MVB biogenesis was blocked by over-expressing a dominant negative
form of the AAA-ATPase Vps4 (VpsdE228Q). The cells were co-transfected either with
WT-Stop or WT construct in both 293T (left panel) or CrFK (right panel) cells. Twenty-four
h later, cell lysates (Cells) and purified virus like particles (VLPs) were analysed by western
blotting.
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Fig. 3.

Effect of the Ebola L-domain on FIV particle release. 293T (left panel) and CrFK (right
panel) cells were transfected with FIV Gag/Pol constructs, bearing different mutations at the
level of the carboxy-terminal region of Gag, as described in Table 2. Twenty four h post-
transfection, VVLPs were spun down by ultracentrifugation and analysed by western blotting.
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Fig. 4.
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transfected with WT-Stop or Ebola-Stop constructs along with either the empty vector pBJ5
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(lane 1 and 3) or an HA-tagged ubiquitin expressing plasmid (lane 2 and 4). Purified VLPs

were subjected to SDS-PAGE, followed by western blotting analysis, as indicated. (b) CrFK

cells were transfected with either ASAA-Stop or WT-Stop construct along with an HA-
tagged ubiquitin expressing plasmid. VLPs were purified and p24 levels were normalized

prior to SDS-PAGE. A western blotting analysis was performed, as indicated.
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Fig. 5.

Nedd4-2s ubiquitin ligase leads to an enhancement of FI\VV-Gag ubiquitination and to the
rescue of constructs lacking a functional late domain. (a) 293T cells were transfected with
either WT-Stop in combination with an HA-tagged ubiquitin expressing plasmid alone (lane
1) or in combination with a construct encoding Nedd4-2s (lane 2). Purified VLPs were
normalised for p24 content and analysed by western blotting, as indicated. (b). 293T cells
were transfected with either WT or ASAA constructs, as indicated, alone (lane 4) or in
combination with constructs expressing either Nedd4-2s C801S (lane 1), or Nedd4-2 (lane
2), or Nedd4-2s (lane 3). Twenty-four h later, cell lysates (Cells) and purified virus like
particles (VLPs) were analysed by western blotting.

J Cell Physiol. Author manuscript; available in PMC 2010 January 1.



Page 17

Calistri et al.

NIH-PA Author Manuscript

‘KjoAnoadsal dois-vvSy pue
do1S-dvSY Bulurelqo ‘ssesjoud [eJiA JO OT pIoOUIWE JO 80e[d Ul UOPOd dOLS € JO uononpoul 8yl Ag pastialoeeyd st yolym 1ona1suod dois- 1A\ 8yl Ul PadNpo.Iul 818m suoeInw swes 8y ey Aq psoejdal
918 Ty0Id PUE 8EYOId LIOG BIBYM ‘ONLISUCD YYSY U} PUE Bl AQ pade|dal I 8Ep01d 213U TONIISU0D dVSV au) BUILIEIGO ‘JonAISU0d A 3} Lo BunIess pajeinu sem (dv'Sd) Urewop-T 1 Ald UL,

3

3

N

d

v

v

S

v

dOol1s+ 3

v

Sy vy

evy

[444

vy Ovy

6EY

8EY

YVSVY

dvsv

dois-1m

1M

e UTBWOop-T Al4 ays Jo sdajs sisauaBeinw sy Jo uoneiussaidal o11eWaydS

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Cell Physiol. Author manuscript; available in PMC 2010 January 1.



Page 18

Calistri et al.

"pauIIapUN 81 S8PI108|oNU pateINW 8y | “paliodal si
Buissaooid B U0 108448 8L "1ONAISUOD | A 8Yr Wioly Bures ‘sisausBeinui 91319ads a)s Ag pauleIgo SIoNJISUOD JUBISIP JO U01BaS [eUILISI-AX0GIRD U 0) dAINR[] 99UaNhas PIJeoUIWILE U} SMOUS 3|qe) 8y L

+ A 3 d d v L d q3-1M
+ A N d d v 1L d 1NN
+ A N d d v S d ¢-1NIN
+ v N d d v S d T-LNIN
+ 3 N d d v S d 1M

Buisseooud BeD vy €y vy Tk Oby  6EF  8EV

eu18101d Be-A |4 Jo uoibai JeulwIg)-AX0qled ay) JO SIsAeue JeuoliRINIA

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Cell Physiol. Author manuscript; available in PMC 2010 January 1.



