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Vpx is a virion-associated protein of human immunodeficiency virus type 2 (HIV-2) and simian immuno-
deficiency viruses. The yeast two-hybrid system was used to identify invariant chain (Ii) as a cellular protein
that interacts with HIV-2 Vpx. Vpx-Ii interaction was confirmed in cell-free reactions using bacterially
expressed glutathione S-transferase fusion proteins and by coimmunoprecipitation in transfected and infected
cells. In chronically infected cells expressing Vpx, Ii levels were markedly decreased, presumably due to
enhanced degradation. These findings suggest that Vpx may disrupt major histocompatibility complex class I1

antigen presentation.

Human immunodeficiency virus type 2 (HIV-2), like HIV-1,
is a causative agent of AIDS, but it is limited in its geographical
distribution primarily to West Africa (29, 41). HIV-2 exhibits
lower pathogenicity than HIV-1, as determined by measure-
ments of virus load and rates of progression to clinical immu-
nodeficiency. HIV-1, HIV-2, and the simian immunodeficiency
viruses (SIVs) share significant genetic homology. However,
vpx, which is present in HIV-2 and most SIVs, is absent from
HIV-1. Vpxis a 17-kDa accessory protein which is packaged in
the virion in an amount comparable to that of the Gag pro-
teins, as a result of an interaction with the C-terminal p6
portion of the Gag polyprotein (18, 36, 45). The presence of
Vpx in the virion suggests that it has an important function in
the early portion of the viral life cycle. One such function,
which has been demonstrated for SIV Vpx, is to direct the
nuclear import of the preintegration complex of viral DNA and
various cellular and viral proteins in quiescent cells (20). This
allows HIV-2 to infect terminally differentiated macrophages,
which serve as an important reservoir for the virus (30).

Vpx can localize to multiple subcellular compartments.
When Vpx is expressed with Gag, it is targeted to the plasma
membrane and incorporated into budding virus particles (45).
In the absence of Gag, Vpx can localize to the nucleus, con-
sistent with its nuclear targeting function (13, 36a). In addition,
Vpx is found in some cells in a perinuclear distribution (45).
The varied subcellular localizations of Vpx suggest that this
protein may serve multiple distinct functions. In order to de-
fine these Vpx functions, this study sought to identify cellular
proteins which interact with Vpx.

Vpx binds to Ii in the yeast two-hybrid assay. In order to
identify Vpx-interacting proteins, Vpx was used in a two-hybrid
screen of a human cDNA library (2). To express the Gal4
DNA binding domain-Vpx fusion protein, pTM-Vpx (21) was
digested with Ncol and BamH]I, and the vpx DNA fragment
was ligated into Ncol- and BamHI-digested pAS1-CYH to
generate pAS1-Vpx. The human cDNA library in the pACT2
vector was constructed from Jurkat cells and was a generous
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gift from Stephen Elledge (Baylor College of Medicine). Sac-
charomyces cerevisiae strain Y190 expressing pAS-1 Vpx was
transformed using the lithium acetate method (5) with 100 ug
of DNA from the pACT2 human B-cell cDNA library. Ap-
proximately 1.1 X 10° double transformants were assayed by
selection for histidine, leucine, and tryptophan prototrophy.
B-Galactosidase activity was assessed on nitrocellulose filter
replicas of yeast transformants (9), and three colonies that
expressed high levels of B-galactosidase activity were obtained.
The pACT2 clone from each of these colonies was isolated on
selective medium and mated to strain Y187, containing non-
specific cDNA fused to the GAL4 DNA binding domain. The
three positive clones did not interact with several nonspecific
baits, including HIV-1 Tat, HIV-1 Rev, p53, SNF1, and lami-
nin. The pACT2 clone from each of the three positive colonies
was rescued by electroporation into competent HB101 cells.
Restriction enzyme analysis of the library cDNA inserts sug-
gested that two of these three pACT2 plasmids contained
overlapping cDNA sequences. DNA sequence analysis, per-
formed by the dideoxynucleotide chain termination method
(United States Biochemical), and a search of GenBank with a
BLAST search using the National Center for Biotechnology
Information website revealed that the third clone did not cor-
respond to a previously submitted nucleotide sequence. The
two related clones contained sequences encoding C-terminal
residues 87 to 216 and 134 to 216 of human invariant chain (Ii)
(Fig. 1). The ability of these two independently derived clones
to strongly interact with Vpx, but not nonspecific proteins,
suggested that the Ii interaction with Vpx is significant.

Iiis a type II transmembrane protein (Fig. 1). Ii has multiple
isoforms, p33, p35, p41, and p43, derived by alternative splicing
(p41 and p43) or alternative translational initiation (p35 and
p43) (Fig. 1) (35, 43). All four isoforms include the Vpx-
interactive domain, and this domain overlaps with the trimer-
ization domain of Ii (6). Ii forms a trimer in the endoplasmic
reticulum, wherein each subunit of Ii binds to major histocom-
patibility complex (MHC) class II a-B dimer, thereby forming
a nonameric complex (39). The a and B chains are efficiently
transported through the Golgi apparatus and into the MHC
class IT compartment (MIIC), where peptide loading occurs by
displacing the CLIP domain of Ii (Fig. 1) (25, 28). In the
absence of the Ii chaperone, o and B chains of MHC class 11
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FIG. 1. Schematic structure of the four isoforms of Ii. Alternative initiation
generates p35 and p43, whereas alternative splicing generates p41 and p43. The
minimal region found to interact with Vpx in the yeast two-hybrid screen is in
black. The transmembrane (TM) and CLIP domains are also indicated. Numbers
of residues for each domain are indicated.

accumulate in the endoplasmic reticulum (ER) and demon-
strate increased binding activity for endogenous peptides (7,
27, 34).

Vpx binds to the C-terminal 83 residues of Ii in vitro. The
interaction between Vpx and Ii was confirmed using recombi-
nant glutathione S-transferase (GST) fusion proteins. Se-
quences encoding the smallest Vpx-interactive domain of Ii,
residues 134 to 216, were isolated by digestion of the pACT2
plasmid with X#ol, blunt ended with the Klenow fragment of
DNA polymerase I, and ligated into the Smal site of pPGEX-2T
(Pharmacia). Production of the fusion protein and subsequent
purification of glutathione-Sepharose beads were performed
using standard techniques (42).

Metabolically labeled Vpx was generated in BSC40 cells
using the vaccinia virus expression system, as described previ-
ously (36). Cells which were 90% confluent on a 100-mm-
diameter tissue culture plate were infected at a multiplicity of
infection of 10 for 1 h with the vaccinia virus vTF7-3, express-
ing T7 polymerase (33). The cells were then transfected with 10
pg of pTM-Vpx DNA using Lipofectin (Gibco). Four hours
after transfection, the cells were labeled in cysteine- and me-
thionine-free medium containing 50 pCi of Tran>>S-label per
ml. Twenty hours after transfection, the cells were lysed in 10
mM Tris-Cl (pH 7.5)-0.15 M NaCl-1% Triton X-100-1 mM
EDTA (lysis buffer) and clarified by centrifugation. One-tenth
of the cellular lysate was added to GST or GST-Ii bound to
glutathione-Sepharose beads and rotated for 1 h at 4°C. After
extensive washing in lysis buffer, protein was eluted from the
beads by boiling for 3 min in Laemmli buffer (24). Bound
proteins were detected by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) followed by autoradiog-
raphy.

Vaccinia virus-expressed Vpx specifically bound to GST-
li;54 516 but not to GST alone (Fig. 2). An additional GST
fusion protein was generated with the full-length p33 Ii pro-
tein, which also specifically interacted with Vpx (data not
shown). Furthermore, bacterially expressed Vpx was capable
of binding to GST-Ii;s,4 5,6 (data not shown).
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FIG. 2. Specific binding of Vpx to GST-li;3, 3,4 fusion protein. Equal
amounts of cellular lysate from metabolically labeled Vpx-expressing BSC40 cells
were incubated with GST (lane 2) or GST-li;34 5,6 (lane 4) bound to glutathi-
one-Sepharose beads. Bound proteins were subjected to SDS-PAGE and auto-
radiography.
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FIG. 3. Vpx interacts with Ii in transiently transfected cells. The indicated
proteins were expressed in HeLa-CIITA cells (a) or BSC40 cells (b) using the
vaccinia virus expression system. Metabolically labeled proteins from the cell
lysates were immunoprecipitated using PIN.1 antiserum and subjected to SDS-
PAGE and autoradiography.

Vpx binds to Ii in transfected cells. In order to determine if
the interaction of Vpx with Ii occurs in mammalian cells, Vpx
was expressed in a vaccinia virus expression system in HeLa-
CIITA cells, which constitutively express endogenous Ii as a
result of stable transfection and expression of the class II
transactivator (CIITA). Alternatively, Vpx and Ii expression
plasmids were expressed in BSC40 cells infected with vIF7-3,
as described above. cDNAs encoding the p33 and p35/33 forms
of Ii were under the control of the T7 promoter and were
designated pAR.33 and pAR.35/33, respectively (4). The cells
were metabolically labeled, and cell lysates were harvested, as
described above. Lysates were immunoprecipitated with 2 ul of
PIN.1 antiserum (39), followed by the addition of protein G
beads (Sigma). Precipitates were analyzed by SDS-PAGE and
autoradiography.

Using HeLa-CIITA cells transfected with the control vector
pTM3 (33), anti-Ii immunoprecipitates revealed a band of ap-
proximately 33 kDa (Fig. 3a, lane 1). In contrast, in HeLa-
CIITA cells expressing Vpx, anti-li immunoprecipitates re-
vealed bands of 33 and 17 kDa (Fig. 3a, lane 2). In HeLa cells,
a GFP-Vpx fusion protein was localized in the nucleus and, to
a lesser extent, in the cytoplasm (36a). In contrast, in HeLa-
CIITA cells, GFP-Vpx localized primarily in a perinuclear
cytoplasmic compartment (data not shown).

With BSC40 cells expressing only the p33 form or both the
p35 and p33 forms of Ii, anti-Ii immunoprecipitates revealed a
band of 33 to 35 kDa (Fig. 3b, lanes 2 and 3). In contrast,
anti-Ii immunoprecipitates from BSC40 cells expressing only
Vpx revealed no specific bands (Fig. 3b, lane 1). When Vpx was
coexpressed in BSC40 cells with the p33 or p35 and p33 forms
of Ii, anti-Ii immunoprecipitates revealed bands of 33 to 35
kDa as well as the 17-kDa Vpx protein (Fig. 3b, lanes 4 and 5).
It is notable that more Vpx could be coimmunoprecipitated
from BSC40 cells expressing p35 and p33 forms of Ii (Fig. 3b,
lane 5), than from BSC40 cells expressing only the p33 form of
Ii (Fig. 3b, lane 4). The p35 form of Ii includes 16 additional
amino acids at the N terminus that serve as an ER retention
signal (4).

Vpx also coimmunoprecipitated with the p43 and p41 forms
of Ii (data not shown). Furthermore, a deletion of residues 20
to 40 of Vpx, a region that is predicted to form an amphipathic
helix, abrogates the interaction with Ii (data not shown). Spec-
ificity of this interaction was further demonstrated by the in-
ability of Ii to bind to HIV-1 Vpu (data not shown). These
experiments indicate that Vpx interacts with multiple isoforms
of Ii in mammalian cells and that this binding requires residues
20 to 40 of Vpx.
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FIG. 4. Iiinteracts with Vpx in HIV-2-infected cells. (a) CEMx174 cells were
infected with MX or ES virus. Cell lysates were immunoprecipitated (IP) with
PIN.1 or polyclonal antiserum (Ab), followed by SDS-PAGE and immunoblot-
ting with Vpx antiserum. (b) T2 cells were infected with MX or ES virus, and
immunoprecipitated with polyclonal Ii or Vpx antiserum, and subjected to SDS-
PAGE and immunoblotting with polyclonal Vpx antiserum. (c) T2 cells, chron-
ically infected with ES or MX, were immunoprecipitated with polyclonal Ti
antiserum. Immunoprecipitated proteins were subjected to SDS-PAGE followed
by immunoblotting using PIN.1 antiserum.

Vpx interacts with Ii in HIV-2-infected cells. CEMx174 cells
were infected for 7 to 14 days with the wild-type HIV-2 (ES) or
an isogenic virus lacking Vpx expression (MX), using 100 ng of
p27 antigen as determined by enzyme-linked immunosorbent
assay (Coulter). The pES proviral clone was derived from the
functional HIV-2 ROD-derived clone, pSE, after digestion
with Sall to remove a flanking cellular sequence (22). MX,
previously designated pMX1+62, includes mutations at the
initiator codon of vpx as well as the second methionine codon
and does not produce a stable Vpx protein. Metabolic labeling
and cell lysis were performed as described above. Immunopre-
cipitations were performed with either the monoclonal anti-Ii
antibody PIN.1 (39) or the polyclonal anti-Ii antiserum (40).
Precipitated proteins were immunoblotted with anti-Vpx anti-
serum (21) or anti-Ii antibody PIN.1 (39). Immunoprecipita-
tion of Ii from ES-infected cells resulted in coprecipitation of
Vpx (Fig. 4a, lanes 3 and 4). In contrast, immunoprecipitation
of Ii from MX-infected cells resulted in no detectable Vpx
protein (Fig. 4a, lanes 1 and 2). Ii was detected in anti-Ii
immunoprecipitates from both ES- and MX-infected cells
(data not shown).

T2 cells, a variant of CEMx174 cells which express Ii but not
MHC class II (1), were also utilized for infection experiments.
Immunoprecipitation of Ii from T2 cells infected with ES for 7
to 14 days resulted in coprecipitation of Vpx (Fig. 4b, lanes 1
and 2). In contrast, no specific bands could be visualized on
anti-Vpx immunoblots of anti-li immunoprecipitates from
MX-infected T2 cells (Fig. 4b, lane 3) or uninfected T2 cells
(Fig. 4b, lane 4). Ii was detected in anti-Ii immunoprecipitates
from ES- and MX-infected cells and uninfected T2 cells (data
not shown).

In addition to the experiments described above, chronically
infected T2 cells were also utilized. In this case, anti-Ii immu-
noprecipitates and immunoblots from uninfected cells and
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MX-infected cells revealed a band of 33 to 35 kDa (Fig. 4c,
lanes 1 and 3). However, anti-Ii immunoprecipitates and im-
munoblots from ES-infected cells revealed no detectable Ii
protein. Similar results were obtained with productively in-
fected primary human macrophages (data not shown). This
finding suggested that Vpx interaction with Ii may enhance Ii
degradation.

A novel mechanism of immune evasion resulting from Vpx
interaction with Ii. The ability of CD4™ T cells to recognize
exogenously derived antigens is dependent upon their efficient
cell surface presentation by antigen-presenting cells in associ-
ation with MHC class Ilo and B chains. This in turn relies upon
the association of Ii with the « and B chains in the ER, Golgi,
and MIIC compartments. Without the chaperone activity of Ii,
class II molecules aggregate in the ER as a result of tight
binding to other ER-resident chaperones that lack the target-
ing signals found in the cytosolic tail of Ii (3, 8). Class II
molecules that escape through the secretory pathway to the
cell surface bind to endogenous rather than exogenous pep-
tides. Thus, an important function of Ii is the occupation of the
class II peptide groove during trafficking, such that endoge-
nous peptides cannot be bound. Once in the MIIC compart-
ment, [i is displaced from this binding site as a result of se-
quential cleavage of Ii by cellular proteases, such as cathepsin
S (38). The CLIP peptide, consisting of luminal residues 81 to
104, is the final product of Ii proteolysis, which is in direct
association with the class II peptide binding groove (11). This
fragment is then displaced by HLA-DM in order for exogenous
peptides to bind to MHC class II.

Viruses have evolved a variety of strategies to interfere with
normal cellular processes critical for host immune surveillance.
There are several examples of viral gene products which inhibit
MHC class I antigen presentation (31). For example, HIV-1
Vpu and Nef accessory proteins inhibit MHC class I expression
during processing in the ER or through endocytosis, respec-
tively (16, 23). Adenovirus E3-19K protein binds and arrests
MHC class I molecules in the ER (10), whereas herpes simplex
virus type l-infected-cell protein 47 inhibits the transport of
peptides into the ER by the transporters associated with anti-
gen presentation (15, 19, 46). Cytomegaloviruses (CMVs) have
multiple genes to interfere with the MHC class I pathway of
antigen presentation.

Previously described examples of viral down-regulation of
MHC class II involve inhibition of transcription (17, 32). For
example, CMV represses CIITA mRNA expression, resulting
in a defect in MHC class II mRNA synthesis (26). Human
CMYV also inhibits class II trafficking to the cell surface indi-
rectly, through global effects on the secretory pathway (12, 44).
The present study is the first report of a viral protein that is
able to interact with the class II chaperone Ii, presumably
leading to a decrease in its availability for « and B chain
association. The minimal region for Ii binding to Vpx is resi-
dues 134 to 216, a region important for Ii trimerization. Fur-
ther studies are needed to address whether binding to Vpx
inhibits oligomerization and results in decreased stability of Ii.
Protein-protein interactions are often mediated through am-
phipathic helical domains, so it is interesting that residues 118
to 208 of Ii are helical in structure (37) and that the amphi-
pathic helix of Vpx appears to be important for Ii binding.

Dendritic cells, such as Langerhans cells, which are found
within mucous membranes throughout the body, are one of the
first cell types to encounter microbial pathogens. Upon such
encounters, these cells then migrate to lymphoid organs, pre-
senting exogenously derived antigens in association with MHC
class I molecules in order to activate circulating T cells. It has
been demonstrated that dendritic cells found at mucosal sur-
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faces are infected with HIV-1 (14). Although similar studies
have not yet been done with HIV-2, it is likely that these cells
are also infected with this lentivirus. This represents one cell
type wherein Vpx may interfere with normal immune function
in vivo. In addition, HIV-2 productively infects human macro-
phages, cells which play an important role in antigen presen-
tation. Efficient macrophage infection is critical for SIVgy,
dissemination in vivo, and Vpx is important for establishment
of this infection (20). Further work is needed to address the
downstream implications of this Vpx-Ii interaction for effective
antigen presentation. However, these studies elucidate a
unique interaction between a viral protein and component of
the MHC class II pathway and may provide further insight into
a novel mechanism utilized by HIV-2 to alter normal host
immune function.
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