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Tsg101, an Inactive Homologue of Ubiquitin Ligase E2, Interacts
Specifically with Human Immunodeficiency Virus Type 2 Gag
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The final stages of budding and release of a retroviral particle from the cell require the late (L) domain of
Gag. Recently, ubiquitin and ubiquitin ligases have been implicated in the late stages of retroviral budding. In
a yeast two-hybrid screen of a T-cell cDNA library to identify cellular proteins that interact with human
immunodeficiency virus type 2 (HIV-2) Gag polyprotein, we identified Tsg101, an inactive homologue of
ubiquitin ligase E2. Tsg101 and HIV-2 Gag interact specifically in vitro and in vivo. The interaction requires
the L domain PTAPP motif in the p6 domain of HIV-2 Gag and the N-terminal Ubc-conjugation homology
domain of Tsg101. Tsg101 is incorporated into HIV-2 virions. Expression of the N-terminal Ubc-conjugation
homology domain of Tsg101 inhibits the release of HIV-2 virus particles. Overexpression of Tsg101 results in
an increase in the level of ubiquitination of HIV-2 Gag. Our results provide evidence for recruitment of the
ubiquitination machinery of the cell during late stages of the viral life cycle, mediated by the viral Gag protein.

Retroviral Gag proteins play a crucial role in the virus life
cycle, mediating virion assembly, association with viral
genomic RNA, and virus release (47). The Gag protein is
synthesized as a polyprotein precursor that, on activation of
the viral protease during the budding process, is cleaved to
yield the mature virion components: matrix (MA), capsid
(CA), nucleocapsid (NC), p6, and two spacer peptides p2 and
p1. Gag proteins contain conserved domains required for
membrane targeting (M), interaction between Gag polypro-
teins (I), and late stages of virus particle assembly and release
from the cell (L). Although the amino acid sequences of the L
domains are not conserved among retroviruses, they are func-
tionally equivalent and interchangeable between different
members of the Retroviridae (36). The L domain is required for
the final stages of virion release from the cell (14, 20, 54, 55)
and has recently been reported to interact with the ubiquiti-
nation machinery (37, 43, 46, 52). Further evidence for a role
of ubiquitin and ubiquitin ligases in retroviral budding has
come from the observation that depletion of intracellular pools
of free ubiquitin by treatment of cells with proteasome inhib-
itors results in inhibition of retroviral budding (37, 43). Ubiq-
uitin is also found within retroviral particles (1, 33, 34, 40), and
a small proportion of human immunodeficiency virus type 1
(HIV-1) p6 and Moloney murine leukemia virus (MoMLV)
p12 (both of which contain the L domain) present in virions is
monoubiquitinated (14, 56).

A number of cellular proteins interact with Gag. Cyclophilin
A, a prolyl isomerase, interacts with HIV-1 Gag (30) and is
incorporated into virions, enhancing virion infectivity (12).
HO3, a histidyl-tRNA synthetase, binds to MA of HIV-1 (26).

KIF4, a microtubule-associated motor protein, interacts with
retroviral Gag proteins, including those of HIV-1 (48) and
MoMLV (23). The cytoskeletal proteins actin, ezrin, moesin,
and cofilin have been found in virions (35). Human translation
factor elongation factor 1� (EF1�) interacts with HIV-1 Gag
MA and NC domains and is incorporated into virions (5). A
novel virion-associated protein, called VAN, binds to HIV-1
MA (16). The C-terminal fragment of nucleolin interacts with
MoMLV Gag, inhibiting virion assembly (3).

HIV-1 and HIV-2 are both members of the lentivirus sub-
family of retroviruses. While they have similar genetic organi-
zation, there is limited homology at the nucleotide and amino
acid levels (17). HIV-2 differs from HIV-1 in the mechanism it
uses to select its genomic RNA for encapsidation (21), sug-
gesting that the Gag proteins of HIV-1 and HIV-2 may interact
with different cellular proteins. In this report we describe the
identification of Tsg101 as an HIV-2 Gag-interacting protein.
Tsg101 interacts specifically with HIV-2 Gag in vitro and in
vivo. The PTAPP motif in p6 of Gag and the N-terminal
Ubc-homology domain of Tsg101 are required for the interac-
tion. Furthermore, we demonstrate that Tsg101 is incorpo-
rated into HIV-2 particles. Overexpression of full-length
Tsg101 causes an increased level of ubiquitination of Gag.
Expression of the N-terminal Ubc-conjugation homology do-
main of Tsg101 (amino acid residues 1 to 167) inhibits the
release of HIV-2 particles.

MATERIALS AND METHODS

Construction of plasmids for use in the yeast two-hybrid system. Yeast ex-
pression plasmids pLexA (bait) and pB42AD (prey), carrying HIS3 and TRP1
selection markers, respectively, were obtained from Clontech. Gag coding se-
quences of HIV-1 HXB2 (11) and HIV-2 ROD (17) were cloned between the
EcoRI and SalI restriction sites of pLexA and pB42AD from pGexGag1 and
pGexGag2 (see below) to generate pLexAGag1, pLexAGag2, pB42ADGag1,
and pB42ADGag2, respectively. Subdomains of the HIV-2 Gag gene were
cloned into the EcoRI and SalI restriction sites of pLexA from pGex-based
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plasmids (see below) to generate pLexAMA2, pLexACA2, pLexANC2,
pLexAGag2�p2-p6, and pLexAGag2�p6. pAMPTsg101, which contains human
Tsg101 cDNA, was a kind gift from S. Cohen (Stanford). Tsg101 sequences from
BglI (Klenow polymerase treated) to SalI (nucleotides 92 to 1494) were cloned
from pAMPTsg101 into the EcoRV and SalI sites of Bluescript KSII, generating
pKSTsg101. The Tsg101 coding sequence was then cloned as an EcoRI-XhoI
fragment from pKSTsg101 into the EcoRI to XhoI sites of the yeast activation
domain plasmid pYesTrp2 (Invitrogen) to generate pYesTrpTsg. Deletions of
Tsg101 were constructed by removing sequences between the SphI and XhoI sites
(592–1263), generating pYesTrpTsg�SX, and between ClaI and XhoI (1030–
1263) sites, generating pYesTrpTsg�CX. An N-terminal truncation of Tsg101
was constructed by cloning an SphI fragment of Tsg101 (592–1263) from
pYesTrpTsg into the SphI site of pYesTrp2, generating pYesTrpTsg�Ubc.

Construction of plasmids for in vitro binding assays. DNA sequences encod-
ing Gag proteins of HIV-1 HXB2 (11) and HIV-2 ROD (17) were PCR ampli-
fied using Pfu Turbo DNA polymerase (Stratagene) with IGAGF (5�-CATAG
AATTCATGGGTGCGAGAGCGTCA-3�) and 1GAGR (5�-CATGTAGTCG
ACTTATTGTGACGAGGGGTC-3�) primers for HIV-1 Gag or 2GAGF (5�-C
TATGAATTCATGGGCGCGAGAAACTCC-3�) and 2GAGR (5�-CACGTCG
TCGACCTACTGGTCTTTTCCAAA-3�) primers for HIV-2 Gag. The resulting
PCR products were digested with EcoRI and SalI and cloned into the EcoRI and
SalI sites of pGex4T1 (Amersham Pharmacia Biotech) to generate pGexGag1
and pGexGag2, respectively. Bacterial expression vectors containing subdomains
of HIV-2 Gag were generated by PCR amplification, as above, using the follow-
ing primers: 2GAGF and 2MAR (5�-GATCGTCGACGTAATTTCCTCCCTT
CTC-3�) for pGexMA2 (nucleotides 546 to 950), 2CAF (5�-GATCGAATTCC
CAGTGCAACATGTAGGC-3�) and 2CAR (5�-GCGCGTCGACCATTAATC
TAGCTTTCTG-3�) for pGexCA2 (nucleotides 951 to 1640), and 2NCF (5�-CT
ATGAATTCGCCCAGCAGAGAAAGGCA-3�) and 2NCR (5�-CTATTAGTC
GACACCTGCCTGTCTATCTGG-3�) for pGexNC2 (nucleotides 1692 to
1838). pGexGag2�p2-p6 was constructed by cloning an EcoRI-HindIII fragment
(nucleotides 546 to 1458) from pGexGag2 into the EcoRI and HindIII sites of
pGexCA2; the resulting plasmid contains HIV-2 nucleotides 546 to 1640 and
lacks the p2, NC, p1, and p6 domains. Plasmid pGexGag2�p6 was constructed by
PCR amplification of HIV-2 sequences using primers 2CAF and 2NCR. The
PCR product was digested with HindIII (nucleotide 1458) and SalI (nucleotide
1839) and cloned into the HindIII and SalI sites of pGexGag2. The resulting
plasmid contains HIV-2 nucleotides 546 to 1839 and lacks the p1 and p6 do-
mains. The PTAPP motif in the p6 domains of HIV-1 and HIV-2 Gag was
deleted by PCR mutagenesis (Quik Change mutagenesis kit, Stratagene), using
pGexGag1 and oligonucleotides 1DPTAPPs (5�-CAGAGCAGACCAGAGGA
AGAGAGCTTCAGG-3�) and 1DPTAPPas (5�-CCTGAAGCTCTCTTCCTCT
GGTCTGCTCTG-3�) for HIV-1 Gag and pGexGag2 and 2DPTAPPs (5�-CCG
CAGGGGCTGACAGTGGATCCAGCAGTG-3�) and 2DPTAPPas (5�-CACT
GCTGGATCCACTGTCAGCCCCTGCGG-3�) for HIV-2 Gag. The mutations
were confirmed by DNA sequencing.

Construction of mammalian expression plasmids. pSVR is an infectious pro-
viral clone of HIV-2 ROD containing a simian virus 40 origin of replication (32).
Restriction site positions are given with respect to the first nucleotide of the viral
RNA. pSVR�NB, which has a 550-bp deletion in the env gene between NsiI and
BstXI (nucleotides 6369 to 6919), has been previously described (15).
pSVR�PTAPP was constructed by replacing an EcoRV fragment of pSVR�NB
(nucleotides 1101 to 2939) with an EcoRV fragment from pKS2EV-�PTAPP,
which contains a deletion of the p6 PTAPP motif. pKS2EV-�PTAPP was con-
structed by oligonucleotide-directed mutagenesis (25) of pKS2EV�, a plasmid
based on Bluescript KSIII containing an EcoRV fragment (nucleotides 1101 to
2939) of HIV-2, and the mutagenic oligonucleotide 2DPTAPPs. The mutations
were confirmed by DNA sequencing. A proviral clone with deletions in the pol
and env genes was constructed by cloning the Gag open reading frame from
pGexGag2 as an EcoRI-SalI (nucleotides 546 to 2114) fragment into the EcoRI
and XhoI sites in the polylinker of pcDNA3 (Invitrogen), generating plasmid
pcDNAGag2. An EcoRI (nucleotide 546)-XbaI fragment from pcDNAGag2
(using an XbaI site in the polylinker immediately 3� to the XhoI site) was then
cloned into the EcoRV (nucleotide 1101) and XbaI (nucleotide 5067) sites of
pSVR�NB. The resulting plasmid, pSVRGag�NB, lacks the pol gene (nucleo-
tides 2114 to 5067) and therefore expresses uncleaved Gag polyprotein.

Tsg101 was amplified by PCR using primers ETSGF (5�-CATAGAATTCTA
TGGCGGTGTCGGAGAGC-3�) and XTSGR (5�-CATACTCGAGGTAGAG
GTCACTGAGACCGGCAG-3�) and cloned as an EcoRI-XhoI fragment into
pTriEx1.1 (Novagen). The resulting plasmid, pTriExTsg, contains the Tsg101
coding sequence (nucleotides 91 to 1260), with an in-frame polyhistidine tag at
the C terminus. For use in the in vivo ubiquitination assay, the polyhistidine tag
was removed from pTriEx1.1 by digestion with XhoI and DraIII, followed by

treatment with Klenow polymerase and religation, generating plasmid
pTriEx1.1�His. Tsg101 was cloned into pTriEx1.1�His as an EcoRI-XhoI frag-
ment (nucleotides 91 to 1260), to produce plasmid pTriExTsg�His. Constructs
expressing 5� (nucleotides 91 to 591) and 3� (nucleotides 592 to 1260) regions of
Tsg101 were generated by PCR using primers ETSGF and TSG591R (5�-GAA
TCTCGAGCATGCCTGGCATGTAGG-3�) for the 5� region of Tsg101 or
TSG592F (5�-GATCGAATTCTCCAGGTGGAATCTCTCC-3�) and XTSGR
for the 3� region of Tsg101 and cloned between the EcoRI and XhoI sites in
pTriEx1.1�His. The resulting plasmids were pTriEx5�Tsg�His and
pTriEx3�Tsg�His respectively. The integrity of the PCR-amplified sequences
was confirmed by DNA sequencing.

pH6M-Ub, which expresses yeast ubiquitin tagged with histidine and myc, was
a kind gift from R. Kopito (53).

All HIV-2-based plasmids were propagated in TOPF10� (Invitrogen) at 30°C
to minimize recombination. All other plasmids were propagated in DH5�.

Yeast two-hybrid library screening. The Matchmaker LexA two-hybrid system
and Jurkat cDNA library used in this study were obtained from Clontech. This
system identifies potential bait-interacting proteins by selection for leucine pro-
totrophy and a screen for �-galactosidase activity in Saccharomyces cerevisiae
EGY48 (ura3 his3 trp1 LexAop6-LEU2). A total of 2 � 106 colonies were
screened according to the manufacturers instructions. The putative bait-inter-
acting clones were amplified by PCR using primers B42ADF (5�-TGACTGGC
TGAAATCGAATGG-3�) and B42ADR (5�-GCAAGGTAGACAAGCCGAC
AA-3�). The PCR products were purified using QIAquick PCR purification
columns (Qiagen), and the sequence of each library insert was determined and
compared with entries in the GenBank database.

Yeast �-galactosidase activity assay. The �-galactosidase activity of double
transformants was measured quantitatively by assaying for enzyme activity using
the chromogenic substrate o-nitrophenyl-�-D-galactopyranoside (ONPG) as
specified by the manufacturer (Yeast Protocols Manual; Clontech). The enzymatic
activity represents at least three separate assays on independent transformants.

Preparation of yeast cell lysates. Yeast cell lysates were prepared for Western
blotting as follows. Overnight cultures of transformed yeast were inoculated into
50 ml of yeast induction medium (SD Gal/Raf-His-Trp-Ura; Clontech), and
incubated at 30°C until the optical density at 600 nm (OD600) was 0.4 to 0.6. The
cells were harvested by centrifugation at 1,000 � g for 5 min at 4°C, washed with
ice-cold water, and centrifuged again. Cells were resuspended in 100 �l/7.5
OD600 units of prewarmed (60°C) cracking buffer (7 M urea, 4.4% [wt/vol]
sodium dodecyl sulfate [SDS], 35.4 mM Tris-HCl [pH 6.8], 88 �M EDTA, 1.24
mg of bromophenol blue per ml, 127 mM �-mercaptoethanol, 9 �M pepstatin A,
1.9 �M leupeptin, 9 mM benzamidine, 5.5 �M aproptinin, 4.4 mM phenylmeth-
ylsulfonyl fluoride) incubated at 70°C for 10 min. The cells were disrupted by
vortexing with glass beads (425 to 600 �m, in diameter; Sigma) (80 �l/7.5 OD600

units). Lysates were cleared by centrifugation for 5 min in a microcentrifuge, and
supernatants were boiled briefly before being loaded onto SDS-polyacrylamide
gels for Western blot analysis.

In vitro binding assays. Glutathione S-transferase (GST) fusion proteins were
prepared essentially as described by Smith and Johnson (44), except that bacteria
were cultured for 3 h and then induced with isopropyl-�-D-thiogalactopyranoside
for a further 3 h. In vitro transcription-translation or coupled transcriptions-
translations (Promega) were used to generate [35S]methionine-labeled proteins
as described by the manufacturer. GST fusion proteins (500 ng) on beads were
preincubated with bovine serum albumin at room temperature at a final concen-
tration of 0.2 mg of bovine serum albumin per ml for 5 min and then rotated for
1 h at room temperature with 2 to 5 �l of in vitro-translated test protein in a final
volume of 200 �l of EBC buffer (140 mM NaCl, 0.5% Nonidet P-40, 100 mM
NaF, 200 �M orthovanadate, 50 mM Tris-HCl [pH 8.0], 0.5 mM phenylmethyl-
sulfonyl fluoride). The beads were washed three times in 1 ml of NETN buffer
(100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 20 mM Tris-HCl [pH 8.0],
0.5 mM phenylmethylsulfonyl fluoride), centrifuged at 2,000 rpm in a microcen-
trifuge for 2 min, and boiled in 4� SDS-polyacrylamide gel electrophoresis
(PAGE) sample buffer. Bound proteins were resolved on SDS-polyacrylamide
gels and detected by autoradiography.

Cell culture and transfections. 293T cells were maintained in Dulbecco’s
modified Eagle’s medium (Gibco-BRL) supplemented with 10% fetal calf serum,
penicillin, and streptomycin. Transient transfection of 293T cells was performed
by the calcium phosphate method. The cells were harvested 48 h later. Tissue
culture supernatant was cleared by filtration through a 0.45-�m-pore-size filter.
Particles released from the transfected cells were pelleted by polyethylene glycol
precipitation by the addition of 0.5 volume of 30% polyethylene glycol 8000–0.4
M NaCl for 16 h at 4°C. The precipitate was collected by centrifugation at 2,000
rpm in an MSE 43124-129 rotor at 4°C for 45 min and resuspended in 0.5 ml of
TNE (10 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA [pH 7.5]). This material was
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layered over an equal volume of TNE containing 20% sucrose and centrifuged at
98,000 � g for 2 h at 4°C. Virus particles were resuspended in SDS-PAGE
loading buffer and analyzed by Western blotting. Where required, virus particle
release was assessed using a reverse transcriptase assay (39).

Western blotting. Western blotting analyses were performed using 12.5%
polyacrylamide gels and Hybond-C extra transfer membrane (Amersham Phar-
macia Biotech) as specified by the manufacturer protocol. Monoclonal antibody
to HIV-2 p26 (Chemicon) and monoclonal antibody to Tsg101 (GeneTex) were
used at a 1:1,000 dilution, monoclonal antibody to V5 epitope (Clontech) was
used at a 1:5,000 dilution, monoclonal antibody to C-terminal polyhistidine
epitope (Invitrogen) was used at a 1:5,000 dilution, and monoclonal antibody to
LexA (Clontech) was used at a 1:2,000 dilution. Horseradish peroxidase-conju-
gated donkey anti-mouse immunoglobulin G secondary antibody (Chemicon)
was used at a 1:5,000 dilution and detected by staining with enhanced chemilu-
minescence Western blotting detection reagent (Amersham Pharmacia Biotech)
as specified by the manufacturer.

In vivo ubiquitination of HIV-2 Gag. pH6M-Ub was introduced into 293T cells
by cotransfection with plasmids expressing HIV-2 Gag and Tsg101. At 24 h later,
the transfected cultures were treated with MG132 (2 �M) for an additional 16 h.
The cells were harvested, and 10% of the cells were resuspended in SDS-PAGE
loading buffer and analyzed by Western blotting, using anti-26 monoclonal an-
tibody, to confirm that equivalent levels of Gag protein were expressed in each
sample. The remaining cells were resuspended in lysis buffer (6 M guanidine
hydrochloride, 100 mM NaH2PO4, 20 mM imidazole, 10 mM Tris-Cl [pH 8]),
sonicated for 1 min on ice, and then rotated at room temperature for 1 h. The
His-tagged proteins were purified on Ni-nitrotriacetate (NTA) spin columns
(Qiagen), washed four times with 600 �l of wash buffer (8 M urea, 100 mM
NaH2PO4, 20 mM imidazole, 10 mM Tris-Cl [pH 6.2]), and eluted once with 200
�l of elution buffer (8 M urea, 100 mM NaH2PO4, 20 mM imidazole, 10 mM
Tris-Cl [pH 4.0]) and once with 200 �l of elution buffer containing 250 mM
imidazole. The eluted samples were pooled, precipitated with 10% trichloroace-
tic acid, and analyzed by Western blotting using anti-p26 monoclonal antibody.

RESULTS

Identification of an interaction between HIV-2 Gag and
Tsg101. HIV-2 Gag was used as bait in a yeast two-hybrid
screen to identify interacting proteins encoded by a Jurkat
cDNA library, as described in Materials and Methods. Un-
cleaved Gag polyprotein was used rather than one of its ma-
ture cleavage products, because this is the functional intracel-
lular form of Gag. Approximately 2 � 106 transformants were
screened, and several positive clones were identified. Compar-
ison of the cDNA sequences with the GenBank database re-
vealed that one of the clones was human EF1� and another
was human Tsg101, an inactive homologue of ubiquitin ligase
E2, both of which have been reported to interact with HIV-1
Gag (5, 13, 51).

Tsg101 interacts specifically with HIV-2 Gag. To confirm
the specificity of the interaction between HIV-2 Gag and
Tsg101, we cotransformed yeast with plasmids expressing ei-
ther HIV-1 or HIV-2 Gag as DNA-binding domain fusion
proteins and Tsg101 as an activation domain fusion and deter-
mined the strength of the interaction by quantitative �-galac-
tosidase assays. Western blotting (data not shown) confirmed
the level of expression of bait and prey fusion proteins. The
results are shown in Fig. 1A. Tsg101 interacted specifically with
HIV-2 Gag and also with HIV-1 Gag, as previously reported
(13, 51). The interaction between HIV-2 Gag and Tsg101 ap-
pears to be stronger than that between HIV-1 Gag and Tsg101,
despite similar levels of both bait proteins being expressed in
the transformed yeast (data not shown).

Further evidence of the specificity of the interaction was
obtained by in vitro binding assays using GST-Gag fusion pro-
teins and in vitro-translated Tsg101. Figure 1B shows that
Tsg101 interacts specifically with both HIV-1 and HIV-2 Gag.

There was no binding of Tsg101 to GST alone, confirming the
specificity of the interaction between HIV-2 Gag and Tsg101.
The cellular protein gelsolin, used as a nonspecific control, did
not bind to GST, GST-Gag1, or GST-Gag2. The apparent
discrepancy between the results obtained using yeast two-hy-

FIG. 1. Tsg101 binds specifically to HIV-2 Gag. (A) Analysis of the
interaction between Tsg101 and HIV-2 Gag in the yeast two-hybrid
system. Yeast were transformed with different combinations of plas-
mids encoding the bait and prey fusion proteins, as indicated. Reporter
gene activation was measured by �-galactosidase assay of the yeast
lysates (as described in Materials and Methods). The data represent
the mean �-galactosidase (�-gal) activity from at least three separate
assays on independent transformants. (B) In vitro binding of Tsg101 to
HIV-1 and HIV-2 Gag proteins. In vitro-transcribed and translated
Tsg101 (lanes 6 to 8) or gelsolin (lanes 2 to 4) was analyzed by GST
fusion pull-down assays for the ability to bind GST, GST-Gag1, or
GST-Gag2 immobilized on glutathione-Sepharose beads. Inputs were
10% of the amount of Tsg101 (lane 5) or gelsolin (lane 1) used in each
assay. The positions of marker proteins are indicated in kilodaltons.
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brid assays and GST fusion-protein binding assays may reflect
difference in protein expression and folding when HIV-2 Gag
and Tsg101 are produced in different expression systems.

Deletion of the p6 domain of HIV-2 Gag abolishes the in-
teraction between Tsg101 and HIV-2 Gag. To map the region
of the HIV-2 Gag polyprotein required for interaction with
Tsg101, plasmids containing N- and C-terminally deleted
HIV-2 Gag fused to the LexA DNA-binding domain were
assayed for lacZ reporter gene activation using the two-hybrid
assay. The LexA fusion constructs are shown diagrammatically
in Fig. 2A and are described in Materials and Methods. The
results of the yeast two-hybrid assays are shown in Fig. 2A.
None of the Gag deletion mutants interacted with Tsg101: the
reporter gene activation for the Gag truncations was reduced
to 1% or less of that of full-length Gag in all cases, despite the
expression of similar levels of the truncated Gag proteins (Fig.
2B). Deletion of the C-terminal p6 domain alone abolished the
interaction with Tsg101, suggesting that the ability of HIV-2
Gag to interact with Tsg101 was determined by elements in the
p6 domain of Gag.

The PTAPP motif in the late assembly domain of HIV-2 Gag
is required for interaction between Tsg101 and HIV-2 Gag.
The C-terminal p6 region of HIV-2 Gag contains a PTAPP
motif which is conserved among lentiviruses. This motif is
required for efficient release of virions from the cell (14, 20)
and has been reported to interact with the host cell ubiquiti-
nation machinery (46). It was therefore of interest to deter-
mine what role Tsg101, an inactive E2 ubiquitin conjugase
homologue, may be playing in the retroviral life cycle. We
generated an HIV-2 Gag expression plasmid in which the
PTAPP motif was deleted. The effect of this deletion was
determined by quantitative yeast two-hybrid assays following
transformation of Tsg101 with either wild-type or PTAPP de-
letion mutant plasmids. Comparable levels of wild-type and
PTAPP deletion proteins were expressed in the transformed
yeast, as confirmed by Western blotting (data not shown). As
shown in Fig. 3A, deletion of the PTAPP motif abolished the
interaction of HIV-2 Gag with Tsg101. Further evidence for
the requirement for the PTAPP motif in the interaction with
Tsg101 was obtained from in vitro binding assays. The PTAPP
deletion was cloned into HIV-2 Gag in the context of a GST
fusion construct, and the ability of wild-type and mutant Gag
proteins to interact with in vitro-translated Tsg101 was deter-
mined; the results are shown in Fig. 3B. As shown above (in
Fig. 1B), wild-type HIV-2 Gag interacted specifically with
Tsg101; however, deletion of the PTAPP motif resulted in a
marked reduction in the level of binding to Tsg101. We in-
cluded wild-type HIV-1 Gag and the homologous PTAPP de-
letion mutant in these binding assays; as expected, deletion of
the PTAPP motif abolished the interaction of HIV-1 Gag with
Tsg101.

The Ubc homology domain at the N terminus of Tsg101 is
required for interaction with HIV-2 Gag. Tsg101 protein con-
tains a region of homology to ubiquitin-conjugating enzyme E2
at the N terminus, a central coiled-coil domain, and a C-
terminal steadiness box (10). To map the region of Tsg101
required for interaction with HIV-2 Gag, we constructed C-
terminal and N-terminal deletions of Tsg101, shown in Fig. 4A.
The ability of the Tsg101 truncations to interact with HIV-2
Gag polyprotein was assayed by quantitative �-galactosidase

assays (Fig. 4B). The Tsg101 mutants with C-terminal dele-
tions (Tsg�SX and Tsg�CX) interacted with HIV-2 Gag to a
greater extent than did full-length Tsg101. The relative levels
of expression of the truncated Tsg101 fusion constructs in the
transformed yeast were analyzed by Western blotting and
found to be similar to those of full-length Tsg101 (data not
shown). Therefore, the increased interaction between HIV-2
Gag and Tsg�CX and Tsg�SX was not due to increased levels
of the truncated proteins in the transformed yeast but may
instead be due to conformational changes in Tsg101 when
C-terminal sequences are removed. Deletion of the N-terminal

FIG. 2. Determination of the region of HIV-2 Gag involved in
binding Tsg101. (A) Schematic diagram of HIV-2 Gag domains ex-
pressed in yeast as C-terminal fusion proteins with the LexA DNA-
binding domain. Yeast were transformed with full-length Tsg101
(pYesTrpTsg) and either full-length or truncated Gag fusion proteins,
and reporter gene activity was measured by the �-galactosidase assay.
The results are expressed as a percentage of the �-galactosidase ac-
tivity observed with Tsg101 and full-length Gag (117 units). The data
were derived from the mean �-galactosidase activity from at least three
separate assays on independent transformants. (B) Duplicate lysates of
transformed yeast described in panel A were analyzed by Western
blotting using anti-LexA monoclonal antibody to confirm that the
various Gag fusion proteins were expressed to similar levels.
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Ubc-homology domain in Tsg�Ubc abolished the interaction
with HIV-2 Gag, indicating the importance of this region for
the interaction.

We also tested the ability of the C-terminal truncation mu-
tants of Tsg101 to interact with HIV-2 Gag using in vitro GST
fusion protein-binding assays. The results are shown in Fig. 4C.
Full-length Tsg101 bound specifically to GST-Gag2, as we had

FIG. 3. The PTAPP late assembly domain is required for interac-
tion of HIV-2 Gag with Tsg101. (A) Yeast two-hybrid analysis of the
interaction between either wild-type or �PTAPP mutant Gag and
Tsg101. Yeast were transformed with different combinations of plas-
mids encoding the bait and prey fusion proteins, as indicated. The data
represent the mean �-galactosidase (�-gal) activity from at least three
separate assays on independent transformants. (B) In vitro binding of
Tsg101 to HIV-1 and HIV-2 Gag proteins. In vitro-transcribed and
translated Tsg101 (lanes 2 to 6) was analyzed by GST fusion pull-down
assays for the ability to bind GST, GST-Gag1, GST-Gag1�PTAPP,
GST-Gag2, or GST-Gag2�PTAPP immobilized on glutathione sepha-
rose beads. Input (lane 1) was 10% of the amount of Tsg101 used in
each assay. The positions of marker proteins are indicated in kilodal-
tons.

FIG. 4. Identification of the region of Tsg101 required for interac-
tion with HIV-2 Gag. (A) Schematic diagram of Tsg101 mutants ex-
pressed in yeast as fusion proteins with the B42 activation domain.
Numbers in parentheses indicate the nucleotide positions. Amino acid
residues are shown in bold. Ubc, ubiquitin conjugase domain; SB,
steadiness box. (B) Yeast two-hybrid analysis of the interaction be-
tween HIV-2 Gag and Tsg101 truncations. Yeast were transformed
with different combinations of plasmids encoding the bait and prey
fusion proteins, as indicated. The data represent the mean �-galacto-
sidase (�-gal) activity from at least three separate assays on indepen-
dent transformants. (C) In vitro binding of Tsg101 truncations to
HIV-2 Gag protein. 35S-labeled Tsg101 truncations were prepared by
in vitro transcription of template DNA linearized with SphI (nucleo-
tide 587), ClaI (nucleotide 1030), or XhoI (nucleotide 1260), followed
by in vitro translation. The Tsg101 truncations were analyzed by GST
fusion pull-down assays for the ability to bind GST or GST-Gag2
immobilized on glutathione-Sepharose beads. Inputs (lanes 1, 4, and 7)
were 10% of the amount of the relevant 35S-labeled Tsg101 protein
used in each assay. The positions of marker proteins are indicated in
kilodaltons.
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previously observed, and the C-terminal truncation mutants of
Tsg101 (Tsg�CX and Tsg�SX) also bound to HIV-2 Gag,
albeit to a lesser extent than did full-length Tsg101.

The results of the yeast two-hybrid �-galactosidase assays
confirm that the N-terminal Ubc-homology domain is required
for the interaction with HIV-2 Gag. The apparent discrepan-
cies in the levels of interaction of the C-terminally truncated
Tsg101 proteins with HIV-2 Gag protein detected using yeast
two-hybrid �-galactosidase assays compared to GST fusion
protein-binding assays may be caused by differences in protein
synthesis and folding when Tsg101 is produced in different
expression systems.

Tsg101 is incorporated into virions. Having shown a specific
interaction between Tsg101 and HIV-2 Gag, we asked whether
Tsg101 was incorporated into HIV-2 particles. 293T cells were
cotransfected with either wild-type Gag or PTAPP-deleted
Gag protein and either control or Tsg101 expression con-
structs. The expression constructs used in this experiment are
shown in Fig. 5A. Cell and virion samples were analyzed by
Western blotting (Fig. 5B and C). Figure 5B shows Gag
polyprotein in the cells and mature p26 capsid in the virions. In
Fig. 5C, a 45-kDa Tsg101 protein was detected in the trans-
fected cells. Tsg101 was detected in virions released from cells
transfected with wild-type Gag expression construct. However,
incorporation of Tsg101 into virus particles was not observed
when the HIV-2 Gag PTAPP motif was deleted. The failure to
detect Tsg101 in virus particles released from cells transfected
with the PTAPP-deleted Gag expressor could reflect the
slightly lower levels of p26 released in virus particles from cells
transfected with HIV-2 Gag �PTAPP and Tsg101; however,
exposure of the Western blots for longer periods did not reveal
the presence of Tsg101 in Fig. 5C (lane track 12) (data not
shown).

Previous studies of the role of the PTAPP motif in the p6
domain of HIV-1 Gag in HeLa cells have reported that dele-
tion of the motif inhibits virus particle release (14, 20). We did
not observe this in our system, and this could be due to the cell
type used in our study. Recently, Demirov and colleagues re-
ported that the late domain of HIV-1 p6 functions in a cell
type-dependent manner (7). They observed that while deletion
of the PTAPP motif caused a severe reduction in the release of
virus from HeLa cells, a much milder reduction was seen when
293T cells were used. This could explain the detection of p26
protein in virions produced from cells transfected with HIV-2
Gag lacking the PTAPP motif.

Tsg101 promotes ubiquitination of HIV-2 Gag. The identi-
fication of Tsg101 as an inactive homologue of E2 ubiquitin
conjugase enzymes has led to speculation that Tsg101 may act
as a dominant negative regulator of ubiquitination (24, 38). In
fact, Li et al. recently demonstrated that Tsg101 acts as a
dominant negative regulator of ubiquitination of the oncopro-
tein Mdm2 (29).

To test whether overexpression of Tsg101 affected the level
of ubiquitination of HIV-2 Gag protein, we adapted an in vivo
ubiquitination assay from a method described by Treier and
colleagues (49), as described in Materials and Methods.
Briefly, the ubiquitination assay involves cotransfection of a
hexahistidine (His6)-tagged ubiquitin expressor with an HIV-2
Gag expression construct in the presence or absence of a
Tsg101 expression construct. The transfected cells are treated

with proteasome inhibitor MG132 to prevent degradation of
the ubiquitinated Gag proteins prior to lysis in guanidine hy-
drochloride. These denaturing conditions prevent degradation
or deubiquitination of any protein-ubiquitin conjugates as well
as any noncovalent protein-protein interactions. The His6-
tagged ubiquitin and any His6-tagged ubiquitinated proteins
are then purified by Ni-NTA chromatography. The eluted ubi-
quitinated proteins are then analyzed by Western blotting us-
ing an HIV-2 Gag-specific antibody.

The HIV-2 Gag and Tsg101 expression constructs used in
this experiment are shown in Fig. 6A. The relative expression
levels of the full-length and truncated Tsg101 proteins were
determined by Western blotting of lysates of 293T cells trans-
fected with full-length Tsg101 (pTriExTsg), the N-terminal
portion of Tsg101 (pTriEx5�Tsg), or the C-terminal portion of
Tsg101 (pTriEx3�Tsg) using an antibody specific for C-termi-
nal hexahistidine epitope-tagged proteins. The truncated
Tsg101 proteins were expressed at comparable levels to full-
length Tsg101 (data not shown). The hexahistidine epitope tag
was deleted from the Tsg101 expression constructs used in the
ubiquitination assay to prevent these proteins binding directly
to the Ni-NTA columns. The results of the ubiquitination assay
are shown in Fig. 6B. Instead of acting as an inhibitor of
ubiquitination as predicted, overexpression of full-length
Tsg101 resulted in a greater than 10-fold increase in the level
of ubiquitinated Gag (lane 6) compared to the level of ubiq-
uitination observed when the control vector was cotransfected
(lane 5), as determined by densitometry. Overexpression of the
N-terminal portion of Tsg101 (amino acid residues 1 to 167)
resulted in a two- to three-fold increase in the level of Gag
ubiquitination (lane 7), whereas overexpression of the C-ter-
minal portion of Tsg101 (residues 168 to 390) did not increase
ubiquitination levels (lane 8). The possible significance of
these observations is discussed below.

Overexpression of the N-terminal portion of Tsg101 inhibits
particle budding. It has recently been reported that overex-
pression of the N-terminal portion of Tsg101 inhibits HIV-1
particle budding (6). Having demonstrated that HIV-2 Gag
interacts with Tsg101, we investigated whether budding of
HIV-2 particles would also be inhibited by overexpression of
the N-terminal portion of Tsg101. We cotransfected 293T cells
with 5 �g of env-deleted HIV-2 proviral construct pSVR�NB
(shown in Fig. 5A) and increasing amounts of pTriEx5�Tsg
(pSVR�NB-to-pTriEx5�Tsg DNA ratios, 1:5 and 1:10). The
amount of plasmid DNA in each transfection was adjusted to
a total of 55 �g with empty vector (pTriEx1.1). Expression of
HIV-2 Gag protein in the transfected cells was studied by
Western blotting (data not shown) and found to be equivalent
at all DNA ratios. Virus particle production was measured by
the reverse transcriptase assay. The results (Fig. 7A) show that
expression of the N-terminal portion of Tsg101 inhibited virus
particle release in a dose-responsive manner. Virus particle
release was reduced by 47% at a DNA ratio of 1:5 and by 77%
at a DNA ratio of 1:10, compared to control vector. Figure 7B
shows a representative Western blot of virus particles released
from the transfected cells and confirms the observation in Fig.
7A that overexpression of 5�Tsg inhibits virus release. These
data are in agreement with the observation that HIV-1 bud-
ding can be inhibited by expression of the N-terminal portion
of Tsg101 (6) and extend the evidence for a functional inter-
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action between Tsg101 and the Gag protein of another mem-
ber of the lentivirus family.

DISCUSSION

In this report, we describe the identification of an interaction
between HIV-2 Gag and human Tsg101 in a yeast two-hybrid
screen of a Jurkat cDNA library. We have confirmed the spec-
ificity of the interaction in vitro and in vivo. While we were

carrying out this work, there have been reports of an interac-
tion between HIV-1 Gag and Tsg101 (13, 31, 51). We demon-
strated that the PTAPP motif in the p6 domain of HIV-2 Gag
is required for interaction with Tsg101. Since the PTAPP motif
is conserved amongst the p6 Gag domains of all known primate
lentiviruses, it is not surprising that both HIV-1 and HIV-2
Gag proteins interact with Tsg101 via this motif. In agreement
with studies on the interaction of Tsg101 with HIV-1 Gag (51),
we have demonstrated that the N-terminal Ubc-conjugation

FIG. 5. Tsg101 is incorporated into HIV-2 particles. (A) Schematic diagram of HIV-2 Gag and Tsg101 expression constructs. CMV, Cyto-
megalovirus immediate-early enhancer; � act., chicken �-actin promoter; MCS, multicloning site; term., rabbit �-globin terminator; CC, coiled-coil
domain; SB, steadiness box. (B and C) 293T cells were transfected with Tsg101 expression plasmid (pTriExTsg) or control plasmid (pTriEx1.1)
and either an env-deleted HIV-2 provirus (pSVR�NB) or a PTAPP deletion mutant (pSVR�NB�PTAPP), as indicated. Cell and virus particle
samples were prepared as described in Materials and Methods and subjected to analysis by Western blotting using monoclonal antibodies to either
p26 (HIV-2 capsid) (B) or Tsg101 (C). The positions of marker proteins are indicated in kilodaltons.
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homology domain of Tsg101 is required for interaction with
HIV-2 Gag and that overexpression of this portion of Tsg101
(amino acid residues 1 to 167) inhibits the release of HIV-2
particles. In addition, we have shown that Tsg101 is incorpo-
rated into HIV-2 particles via an interaction with HIV-2 Gag.

We have also demonstrated that overexpression of Tsg101
leads to an increase in the levels of ubiquitinated Gag protein.

Tsg101 was originally identified as a tumor susceptibility
protein since its deficiency causes neoplastic transformation in
murine NIH 3T3 cells and tumorigenesis in nude mice (28).

FIG. 6. Effect of Tsg101 expression on ubiquitination of HIV-2
Gag. (A) Schematic diagram of HIV-2 Gag and Tsg101 expression
constructs. Abbreviations are as in Fig. 5. (B) 293T cells were trans-
fected with constructs encoding a protease-negative, env-deleted
HIV-2 provirus (pSVRGag�NB) and either full-length Tsg101
(pTriExTsg�His), the N-terminal portion of Tsg101 (pTriEx5�Tsg�His),
the C-terminal portion of Tsg101 (pTriEx3�Tsg�His), or control plas-
mid (pTriEx1.1�His) in the presence or absence of a His-Myc-tagged
ubiquitin expression construct (pH6M-Ub). At 48 h after transfection,
protein extracts were applied to Ni-NTA columns, and ubiquitin-la-
beled HIV-2 Gag protein was eluted and detected by Western blotting
with anti-p26 antibody. The positions of marker proteins are indicated
in kilodaltons.

FIG. 7. Overexpression of the N-terminal portion of Tsg101 inhib-
its virus particle release. (A) 293T cells were transfected with 5 �g of
pSVR�NB and either 50 �g of pTriEx1.1 (empty vector; lane 1), 25 �g
of pTriEx5�Tsg plus 25 �g pTriEx1.1 (1:5 DNA ratio of pSVR�NB to
pTriEx5�Tsg; lane 2), or 50 �g of pTriEx5�Tsg (1:10 DNA ratio of
pSVR�NB to pTriEx5�Tsg; lane 3). At 48 h after transfection, virus
particle samples were prepared as described in Materials and Methods
and virus release was quantified by a reverse transcriptase assay. The
data are the mean of three independent transfections. The error bars
represent standard deviation. (B) Virus particle samples were also
subjected to analysis by Western blotting using monoclonal antibody to
HIV-2 p26. Lane numbering is as in panel A. The positions of marker
proteins are indicated in kilodaltons.
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Subsequent analysis of the amino acid sequence of Tsg101
revealed that the N-terminal portion of Tsg101 had homology
to ubiquitin E2 enzyme variants (UEVs) (24, 38). UEVs have
homology to ubiquitin-conjugating enzymes; however, they
lack an essential cysteine residue in the active site of the en-
zyme. The identification of Tsg101 as an inactive homologue of
E2 enzymes led to speculation that Tsg101 may act as a neg-
ative regulator of ubiquitination (24, 38). Subsequently, it was
reported that Tsg101 inhibits the ubiquitin-mediated degrada-
tion of Mdm2 by acting as an inhibitor of ubiquitination, re-
sulting in down-regulation of p53 levels (29, 42). The process of
ubiquitination involves the sequential action of three enzymes:
a ubiquitin activation enzyme (E1), a ubiquitin-conjugating
enzyme (E2), and a ubiquitin protein ligase (E3). The process
results in the formation of an isopeptide bond between the
C-terminal glycine residue of the ubiquitin molecule and a
lysine residue in the substrate protein. Successive rounds of
addition of ubiquitin molecules can lead to the formation of a
polyubiquitin tail, which is recognized by the 28S proteasome
and targets the ubiquitinated protein for degradation.

In addition to the well-established role of ubiquitin in pro-
tein degradation, it is becoming apparent that ubiquitination
also serves noncanonical functions, such as controlling protein
trafficking within the cell (9, 18). Whereas polyubiquitination
directs proteins for degradation by the proteasome, monou-
biquitination can serve as a signal for sorting to multivesicular
bodies (MVB). The vacuolar protein-sorting (Vps) pathway
sorts membrane-bound proteins for eventual degradation in
the lysosome (27). Proteins can enter the Vps pathway from
the Golgi or via endocytosis from the plasma membrane. Ves-
icles carrying proteins from either source fuse with endosomes,
which mature to form MVB. The MVB fuse with the lysosome,
and the endocytosed proteins are degraded by vacuolar pro-
teases. The budding of enveloped viruses has been likened to
budding of vesicles into endosomes (37). In both cases, mem-
branes invaginate away from, rather than into, the cytoplasm.
Tsg101 functions in the Vps pathway (2, 4). Garrus et al.
demonstrated that the Vps pathway was essential for HIV-1
budding (13). Interestingly, the mammalian protein Nedd4,
which is a member of the ubiquitin ligase E3 family, is involved
in the down-regulation of several channel proteins (41). Nedd4
also interacts with the L domain of Rous sarcoma virus Gag
(22). Taken together, these observations provide an intriguing
link between the Vps pathway and the process of virus budding
and may explain the observed requirement for ubiquitination
in the budding process (37, 43, 46).

We observed an increase in the level of ubiquitinated HIV-2
Gag when Tsg101 was overexpressed. Thus, instead of acting as
a dominant negative inhibitor of ubiquitination, as in the reg-
ulation of Mdm2 (29), Tsg101 is actually enhancing the level of
HIV-2 Gag ubiquitination. A possible explanation of this could
be that Tsg101, which itself is an inactive homologue of ubiq-
uitin ligase E2 enzymes, is recruiting an active ubiquitin ligase
to the site of budding. The formation of a heterodimer be-
tween an inactive UEV and an active E2 enzyme Ubc13 is
required for postreplicative DNA repair in yeast (19, 45), and
a related human UEV1a/Ubc heterodimer is required for I	B�
kinase activation (8). While the requirement for the UEV in
formation of the active heterodimer is clear, the role of the
UEV subunit in catalysis and specificity remains to be estab-

lished. Both human and yeast UEV/Ubc heterodimers interact
with a RING domain protein, which may be either a cognate
E3 enzyme or a substrate of the E2/UEV heterodimer (8, 50).
Similarly, it is possible that Tsg101 may form a heterodimer
with an active ubiquitin ligase, which results in the ubiquitina-
tion of HIV-2 Gag protein, which is bound to Tsg101 via an
interaction between the Ubc domain of Tsg101 and the PTAPP
domain of Gag. We are currently attempting to identify which
Ubc enzyme is responsible for catalyzing the ubiquitination of
HIV-2 Gag.
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