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Virion infectivity factor (Vif) protein of human immunodeficiency virus type 1 (HIV-1) is essential for the
productive infection of primary human CD4 T lymphocytes and macrophages. Vif overcomes the HIV-inhib-
itory effects of cellular factor APOBEC3G, which has cytidine deaminase activity. We previously reported the
isolation of a Vif-interacting ring finger protein, Triad 3, from a human leukocyte cDNA library, using the yeast
two-hybrid system. The full-length cellular protein homologue of Triad 3 has been recently identified as the zinc
finger protein inhibiting NF-�B (ZIN). Sequence analysis indicates that Triad 3 protein contains all four major
ring-like motifs of ZIN. We report here that ZIN binds to purified Vif in vitro and that Triad 3/ZIN interacts
with HIV-1 Vif in transfected human 293T cells, as demonstrated by coimmunoprecipitation. To test the
biological relevance of this interaction, we produced infectious HIV-1 NL4.3 in the presence or absence of
cotransfected ZIN. HIV-1 NL4.3 virus stocks produced in the presence of exogenously expressed ZIN were
twofold less infectious in a single-cycle infectivity assay than virus produced in the absence of exogenous ZIN.
It was further shown that cells infected with HIV NL4.3 virus stocks produced in the presence of exogenously
expressed ZIN were impaired in viral DNA synthesis by twofold. The impairment in viral reverse transcription
and the reduction in single-cycle viral infectivity were both shown to be dependent on the presence of Vif in the
virus producer cells. The possible mechanisms by which ZIN interferes with the early events of HIV-1
replication are discussed.

Human immunodeficiency virus type 1 (HIV-1) Vif (virion
infectivity factor) is a phosphorylated 23-kDa protein con-
served among all primate and most other lentiviruses. Vif is
expressed during the late stage of virus replication, is present
in the cell nucleus and cytoplasm, and colocalizes with the
major HIV structural protein Gag (2, 9, 10, 29, 32, 35). In cell
culture, Vif-defective HIV-1 is able to replicate in some T-
lymphoblastoid cell lines (termed permissive cells), such as
CEM-ss and SupT1, but not in other cell types (termed non-
permissive), which include H9 and HUT-78 cells (8, 24, 33, 41).
Human primary CD4 T cells and macrophages, the target cell
types for HIV infection in vivo, are all nonpermissive cells and
require Vif function for productive viral infection. The exis-
tence of permissive and nonpermissive cell types for Vif-de-
fective HIV strongly suggests the involvement of cellular fac-
tor(s) in Vif related functions. Early experiments had
suggested the presence of an inhibitor(s) of HIV replication in
nonpermissive cells that could be overcome or neutralized by
Vif during viral replication (24, 33). More recently a cellular
factor, CEM15, was identified. CEM15 is present only in non-
permissive cell types and when transfected and expressed in
permissive cells rendered them nonpermissive, consistent with
the action of an inhibitor of HIV replication (30). CEM15 is
identical to apolipoprotein B mRNA editing enzyme catalytic
polypeptide-like 3G (APOBEC3G), a cytidine deaminase that
introduces C-to-U changes into the minus strand of newly

synthesised HIV-1 viral DNA in infected target cells in the
absence of functional Vif (13, 22). Mariani et al. further dem-
onstrated that Vif binds to APOBEC3G in producer cells and
prevents APOBEC3G incorporation into HIV-1 virions,
thereby preventing G-to-A mutations in newly synthesized vi-
ral DNA in infected cells (27). Additionally Vif also induces
degradation of APOBEC3G through interaction with the host
Skp1–Cullin–F-box (SCF)-like ubiquitin ligase complex (31,
42). Thus Vif interacts with an important cell factor,
APOBEC3G, thereby suppressing the host inhibitory effects
on HIV replication. Vif, however, has other properties, such as
binding viral RNA (19, 31) and NC (16), and has been shown
to affect the stability of the viral nucleoprotein core (15, 28,
36). Despite earlier controversial reports, recent evidence sug-
gests that Vif is incorporated into virions (17, 18, 23). These
properties of Vif implicate other potential functions indepen-
dent of APOBEC3G. Indeed a number of cellular factors have
been shown to interact with Vif. These include tyrosine kinase
Hck (14), an ATP-binding protein, HP68 (45), and lympho-
cyte-specific nuclear body protein Sp140 (25). However, the
biological significance of these cellular factors in relation to
their association with Vif is not clear.

By using a high-stringency yeast two-hybrid screening, we
previously identified a Vif-interacting protein termed Triad 3
that was derived from a human leukocyte cDNA library (21).
Triad 3 is member of a family of proteins possessing a novel
ring finger structure that is thought to mediate protein-protein
interactions (40). Triad 3 has also been identified as the partial
protein sequence of a recently reported cellular protein named
zinc finger protein inhibiting NF-�B (ZIN). ZIN is a cytoplas-
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mic protein in mammalian cells that colocalizes with a serine/
threonine protein kinase receptor-interacting protein (RIP)
and inhibits RIP-mediated NF-�B activation and tumor necro-
sis factor alpha (TNF-�) signal transduction (5). In the present
study, we report that ZIN directly interacts with purified
HIV-1 Vif in vitro and that ZIN interacts with Vif in human
293T cells expressing both proteins. We further show that HIV
NL4.3 virus stocks produced in the presence of exogenously
expressed ZIN are less infectious in a single-cycle viral infec-
tivity assay and are impaired in the early stages of viral repli-
cation before and/or at reverse transcription in newly infected
cells. The impairment in viral DNA synthesis and reduction in
single-cycle viral infectivity were shown to be dependent on the
presence of Vif in the virus producer cells.

MATERIALS AND METHODS

Cells. 293T, HeLa, and COS-7 cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM); and H9, CEM-ss, A3.01 and HUT-78 cells in RPMI
1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine, and
antibiotics. HeLa–CD4–long terminal repeat–�-galactosidase indicator cells
(hereafter, HeLa-CD4-LTR-�-gal cells) were obtained from the National Insti-
tutes of Health AIDS Research and Reference Reagents Program and were
maintained in DMEM with 10% fetal calf serum (FCS) and antibiotics supple-
mented with 200 �g of G418 and 100 �g of hygromycin per ml. Human periph-
eral blood lymphocytes (PBLs) were isolated from fresh blood of healthy donors
with Lymphoprep (Vital Diagnostics), and monocytes were separated from pe-
ripheral blood mononuclear cells by their adherence to plastic, cultured in vitro,
and matured to monocyte-derived macrophages as previously described (3). All
cells were cultured at 37°C in an atmosphere containing 5% CO2.

DNA constructs. The mammalian expression plasmid expressing Triad 3
(pHA-Triad 3) was produced by PCR amplification of Triad 3 cDNA isolated
from a human leukocyte cDNA library (Clontech), using the flanking sequence-
specific primer pair TrE (5�-CACACACGAATTCGAGGGGAATTTCCATT
CGAG 3�) and TrX (5�-CACACACCTCGAGAGTGGGATCGGTCCAG
AGAG 3�) and cloning it downstream of the hemagglutinin (HA) epitope tag
sequence and cytomegalovirus (CMV) immediate-early promoter of pCMV-HA
(Clontech). Likewise NVBP-1 cDNA (21) was PCR amplified from a human
leukocyte cDNA library (Clontech), cloned into pCMV-HA, and named pHA-
NVBP-1. Full-length ZIN cDNA was amplified by PCR with primer pair ZnE-F
(5�-CACACACGAATTCTATGGCCGACTTCAAAGTGC-3�) and ZnX-R (5�-
CACACACGGATCCTCAGAAGCGATGCCGCGGCT-3�) from first-strand
cDNA synthesized from total RNA extracted from A3.01 cells by using a
poly(A)-specific primer (Smart RACE cDNA amplification kit; Clontech). This
was cloned downstream of the Flag epitope sequence and CMV promoter into
p3XFlag-CMV-10 (Sigma) to generate the expression plasmid encoding ZIN
(pFlag-ZIN). The expression plasmid expressing HIV Vif (pMyc-Vif) was gen-
erated by cloning the full-length vif gene, amplified by PCR from pNL4.3 HIV-1
plasmid DNA, into the protein expression plasmid pCMV-Myc (Clontech),
downstream of the c-Myc epitope tag sequence. In addition, the vif gene was
cloned into the plasmid pGEX 2T (Amersham Biosciences) downstream of the
glutathione S-transferase (GST) sequence, hereafter called pGST-Vif, for GST-
Vif fusion protein expression in Escherichia coli under the control of the chem-
ically inducible tac promoter. The cDNA sequences of all the above constructs
were confirmed by sequencing with ABI Prism BigDye terminator sequencing
reaction kits (PE Applied Biosystems) and plasmid-specific forward and reverse
primers. Homology search of nucleotide and deduced protein sequences was
performed with the GenBank database.

RNA extraction and Northern blot analysis. Total RNA extracts were made
from different cell types with the TriZol reagent (Invitrogen). The RNA was
separated on 1% agarose–formaldehyde gels, transferred to an N� membrane
(Amersham Pharmacia), and analyzed by Northern blot hybridization with a
32P-Megaprimer (Amersham Biosciences)-labeled Triad3 cDNA probe in Pre-
hyb/Hyb solution NorthernMax (Ambion). 32P-labeled bands were visualized
and quantified with a PhosporImager (Molecular Dynamics).

Transient cell transfection. For DNA transfection, 100-mm-diameter dishes
were seeded with human 293T cells at a density of 2 � 106 cells in 12 ml of
DMEM cell culture medium and maintained at 37°C and 5% CO2. The following
day, separate cultures were singly transfected with 5 �g of plasmid DNA of either
pMyc-Vif or pHA-Triad3 or pFlag-ZIN by using SuperFect transfection reagent

(QIAGEN) according to the manufacturer’s recommendations. Separate cul-
tures were cotransfected with 5 �g each of pMyc-Vif and pHA-Triad3 plasmid
DNA or 5 �g each of pMyc-Vif and pFlag-ZIN plasmid DNA. Each transfected
cell culture was reseeded into two 100-mm-diameter dishes at 24 h after trans-
fection and incubated for a further 24 h before harvesting. Production of ZIN
protein for use in the GST fusion protein pull-down assay was achieved in a
similar manner by transfecting 10 �g of pFlag-ZIN plasmid DNA into 293T cells
contained in a 100-mm-diameter dish.

Coimmunoprecipitation and Western blot analysis. Forty-eight hours after
transfection, cells were harvested and lysed in 800 �l of lysis buffer containing 1%
Nonidet P-40, 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 1 mM EDTA. The
lysates were sonicated for three separate 10-s pulses at setting no. 3 in an
Ultrasonic cell disruptor (Microson), followed by centrifugation at 13,500 rpm at
4°C in a Biofuge 17 RS centrifuge (Hereaus) for 10 min (min) to remove cell
debris. Clarified cell lysates were immunoprecipitated by adding 1.8 �g of HA-
specific rabbit polyclonal antiserum (Clontech), 2 �g of HA-specific monoclonal
antibody (no. 262K; Cell Signaling Technology), or 2 �g of Flag-specific mono-
clonal antibody (Sigma) and then incubating for 12 h at 4°C. Next 100 �l of 50%
suspension of protein A-Sepharose CL-4B beads (Pharmacia) was added, and
the reaction mixtures were incubated for a further 1 h. Sepharose CL-4B beads
containing immunoprotein complexes were pelleted, washed three times in lysis
buffer, and then boiled in denaturing sodium dodecyl sulfate (SDS) protein
loading buffer. Proteins were resolved on an SDS-PAGE (12% polyacrylamide)
gel and then electroblotted onto Hybond-C membrane (Amersham). Protein
blots were blocked in TBST (50 mM Tris [pH 7.4], 135 mM NaCl, 0.1% Tween
20) containing 5% milk for 30 to 40 min before incubation with mouse anti-Myc
antibody (no. 9E10; Zymed) or Vif-specific rabbit antiserum (no. 2221; NIH
AIDS Research and Reagents Program). The secondary immunoreaction was
performed with horseradish peroxidase-conjugated goat anti-mouse (Pierce) or
goat anti-rabbit immunoglobulin G (Pierce) and detected by using SuperSignal
West Dura extended duration substrate (Pierce).

GST fusion protein pull-down assay. Plasmids pGST and pGST-Vif were
transformed into E. coli BL21 cells by the CaCl2 method. At an optical density
at 600 nm (OD600) of 0.8, the cells were induced with isopropyl-�-D-thiogalac-
topyranoside (IPTG; 0.2 mM final concentration) at 30°C for 3 h and then lysed
in buffer containing 25 mM Tris/HCl (pH 7.4), 150 mM NaCl, 10% glycerol, 1
mM dithiothreitol (DTT), protease inhibitor cocktails (Complete Mini; Roche),
and 0.05% Triton X-100, followed by three 10-s pulses of sonication as described
above. Glutathione-Sepharose CL-4B beads (Pharmacia Biotech) were incu-
bated with the lysates for 1 h, and the beads containing the bound GST-Vif
fusion protein or the bound GST protein were pelleted and extensively washed
with lysis buffer. Protein contents were quantified against known amounts of
bovine serum albumin on Coomassie blue-stained SDS-PAGE gels. To express
ZIN, 293T cells were transfected with the pFlag-ZIN expression plasmid and
lysed in the same lysis buffer and sonicated as described above, followed by
centrifugation in a Biofuge 17 RS centrifuge at 13,500 rpm at 4°C for 10 min to
remove cell debris. Fresh glutathione-Sepharose CL-4B beads were added to the
pFlag-ZIN-transfected cell lysate for 1 h and then removed by centrifugation in
order to preclear nonspecific glutathione-protein interactions in the lysate. Equal
quantities of GST-Vif fusion protein or GST protein, bound to the glutathione
Sepharose CL-4B beads, were separately added to the precleared pFlag-ZIN cell
lysates and incubated overnight at 4°C. The bound proteins from the ZIN-
expressing cell lysates (pull-down assays), were pelleted with the beads at 2,000
rpm in a microcentrifuge, washed, and separated on SDS-PAGE gels. The
separated proteins were then analyzed by Western blotting with anti-Flag anti-
body to detect the pulled-down ZIN, followed by anti-GST antibody to confirm
the presence of GST protein or GST-Vif fusion protein in samples as appropri-
ate, and finally by anti-Vif polyclonal antibody to confirm Vif in the GST-Vif
fusion protein samples. This was performed sequentially by using the same filter
with successive stripping of the previous antibody.

Single-cycle viral infectivity assay. 293T cells were cotransfected with either
pNL4.3 together with pFlag-ZIN or control plasmid pFlag, or with pNL4.3(�vif)
together with pFlag-ZIN or control plasmid pFlag. The culture medium from
each transfected cell culture was collected 48 h after transfection and filtered
with a 0.2-�m filter. Virus p24 levels in the culture medium were then measured
in triplicate from serial dilutions of culture medium. For the single-cycle viral
infectivity assay, infection was carried out in HeLa-CD4-LTR-�-gal cells as
described previously (20). Briefly, individual wells of a 48-well plate were pre-
seeded with 1.5 � 104 HeLa-CD4-LTR-�-gal cells 24 h before infection with
10	1 to 10	3 dilutions of 400-ng/ml p24 virus stock and incubation in a 100-�l
virus inoculum for 2 h. Following addition of fresh culture medium, cells were
incubated for a further 30 h and then washed in PBS and fixed in 1% formal-
dehyde in PBS for 10 min. Cells were again washed three times in PBS before
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incubation in X-Gal (5-bromo-4-chloro-3-indolyl-�-D-glucuronic acid) staining
solution (5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM
MgCl2, 1-mg/ml X-Gal) for exactly 50 min. The reaction was stopped by remov-
ing the staining solution and washing the cells twice in PBS. Finally blue cells
were counted under a microscope and scored in wells corresponding to the virus
dilution in which at least 80 to 100 blue colonies per well were present.

HIV DNA levels following infection. To measure the levels of reverse tran-
scription in newly infected HUT-78 cells, equal amounts of virus inoculum,
measured as 10 ng of HIV p24 in the culture medium from 293T cells cotrans-
fected with either pNL4.3 and pFlag-ZIN, pNL4.3 and pFlag, pNL4.3(�vif) and
pFlag-ZIN, or pNL4.3(�vif) and pFlag, were separately added to HUT-78 cells,
and the virus was adsorbed by centrifugal enhancement for 1 h at 37°C (39). Cells
were then washed twice in fresh medium and divided into duplicate wells. The
wells were harvested 16 and 24 h postinfection, and extrachromosomal DNA was
extracted by the Hirt method as previously described (38, 39). HIV DNA levels
present in the Hirt supernatant were quantified against pretitrated HIV copy
number standards (39) by real-time PCR with a primer pair, SS1 (5�-CTAACT
AGGGAACCCACTGC-3�) and SS2b (5�-GGGTCTGAGGGATCTCTAGT-
3�), specific for strong-stop DNA (U5-U5) and a primer pair, NL4-F (5�-AGA
TCTCTCGACGCAGGACT-3�) and NL4-R (5�-TCTCTCTCCTTCTAGCCTC
C-3�), specific for the U5-Gag region reverse transcription product.

RESULTS

Vif-interacting proteins Triad 3 and ZIN. To identify poten-
tial Vif-interacting cellular factors, we previously screened a
human leukocyte cDNA library and found eight expressed
cDNA clones that interacted with HIV-1 Vif in yeast cells (21).
One clone encoded a 218-amino-acid peptide with complete
homology to a ring finger protein called Triad 3. More re-
cently, a full-length version of Triad 3 has been identified and
described as zinc finger protein inhibiting NF-�B protein, or
ZIN (5). Sequence analysis of Triad 3 demonstrates complete
homology to part of ZIN which contains all four ring-like
domains (RLDs) in the central portion of the full-length pro-
tein (GenBank accession no. NP_061884) (Fig. 1). In order to
further investigate the association of full-length Triad 3 (sub-
sequently referred to as ZIN) with Vif, the complete protein
coding region of ZIN was amplified by PCR, using cDNA
synthesized from RNA extracted from A3.01 cells and primers
complementary to the published ZIN mRNA sequence (Gen-
Bank accession no. AY062174). A single product of 1,464 bp
was obtained and cloned into the pFlag protein expression
vector. Analysis of the cloned cDNA sequence showed that it
encoded a 488-amino-acid protein that was identical to the
published ZIN protein sequence except for a leucine instead of
a phenylalanine at position 30. The Triad 3 sequence we iso-
lated has a single proline-to-alanine amino-acid change at po-
sition 219 (according to the ZIN sequence numbering), which
is outside the four RLDs and the proline-rich domain. ZIN
protein contains a central segment with four RLDs, a C-ter-
minal proline-rich domain, and an amino-terminal sequence of
unknown function. The Triad 3 sequence maps to the central
part of ZIN, which includes the four RLDs but not the N- and
C-terminal sequences (Fig. 1). We therefore expected that
most structural/functional properties of Triad 3, including its
interaction with Vif, would likely be shared with ZIN, but not
all functions of ZIN could be performed by Triad 3.

Triad 3/ZIN mRNA is expressed in both permissive and
nonpermissive cells. To investigate whether Triad 3/ZIN is
expressed in nonpermissive and permissive cells, total cellular
RNA was extracted from a variety of different cell types and
the levels of Triad 3 mRNA determined by Northern blot
analysis. RNA was extracted in triplicate experiments from

freshly isolated primary human PBLs, macrophages, and other
nonpermissive cell lines, including H9, A3.01, and HUT-78
cells, as well as from permissive cell lines 293T, CEM-ss,
COS-7, and HeLa cells. A typical Northern blot is shown (Fig.
2A). The relative mRNA levels were compared by normaliza-
tion against GAPDH mRNA levels detected in the same sam-
ple (Fig. 2B). Triad 3/ZIN mRNA was detected in all cell types
in various amounts, as two alternatively spliced species approx-
imately 3.0 and 6.0 kb in size. The Triad 3 cDNA probe used
spans the entire central domain of ZIN and would detect all
ZIN mRNA species. Detection of two distinct ZIN mRNA

FIG. 1. Sequence analysis of Triad 3 and ZIN. Deduced protein
sequences of the 488-amino-acid ZIN and the 218-amino-acid Triad 3
sequences are shown. These sequences were determined in the present
study. The GenBank accession no. for the previously published ZIN
protein sequence is NP_061884. Triad 3 amino acid residues that are
identical to the ZIN sequence are marked with asterisks. The two
amino acid residues different from the published ZIN sequence are
circled (see text). RLDs are enclosed by open boxes. A proline-rich
domain (PRD) is underlined.

FIG. 2. Triad 3/ZIN mRNA is expressed in permissive and non-
permissive cells. Northern blot hybridization of total RNA extracted
from nonpermissive HUT-78, H9, PBLs, macrophages, and A3.01 cells
(lanes 1 to 5) and permissive 293T, CEM-ss, Cos-7, and HeLa cells
(lanes 6 to 9). The filter was first probed with 32P-labeled Triad 3
cDNA (A) and then stripped and reprobed with 32P-labeled GAPDH
cDNA (B).
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species has also been reported by Chen et al. (5). Estimation of
the relative mRNA levels in all cell types suggests that Triad
3/ZIN mRNA levels were similar in all cell types regardless of
their permissiveness for replication of �vif HIV.

ZIN interacts with purified Vif in vitro. To investigate
whether ZIN interacts with Vif, glutathione Sepharose CL-4B
beads were complexed with equal quantities of either E. coli-
expressed GST-Vif fusion protein or GST protein itself,
washed to remove bacterial contaminants, and incubated with
precleared 293T cell lysates expressing Flag-ZIN fusion pro-
tein. The glutathione Sepharose CL-4B beads together with
associated proteins (which include GST protein or GST-Vif
fusion protein and any pulled-down proteins) were then pel-
leted from 293T cell lysates, and proteins associated with the
beads were analyzed by SDS-PAGE gel electrophoresis and
Western blotting. The GST-Vif fusion protein, but not GST
protein itself, was able to pull down Flag-tagged ZIN protein
expressed in the 293T cells. This was shown by Western blot
detection of Flag-tagged ZIN protein, approximately 61 kDa in
size, from total pFlag-ZIN-transfected 293T cell lysate as well
as from complexes pulled down by GST-Vif, but not by GST
itself (Fig. 3A). This indicates that the pull down of Flag-ZIN
by GST-Vif was specifically dependent on an interaction with
the Vif part of the GST-Vif fusion protein. After stripping off
the antibody and reprobing the same filter with a GST-specific
antibody, a GST-Vif fusion protein of approximately 49 kDa
was detected as expected in Sepharose beads complexed with
GST-Vif fusion protein. Beads complexed with GST protein
showed the expected 26-kDa GST protein band (Fig. 3B). This
indicates there were no loading or other irregularities among
the three lanes of the filter. The identity of the 49-kDa GST-
Vif fusion protein responsible for the pull down of Flag-ZIN
was further confirmed by stripping and reprobing the filter with
Vif-specific antibody. The polyclonal anti-Vif antibody de-
tected the 49-kDa GST-Vif fusion protein and several bands
with lower molecular mass, probably representing Vif products
cleaved from the fusion protein (Fig. 3C). The pulling down of

ZIN by bacterially expressed and purified GST-Vif suggests a
direct binding between Vif and ZIN.

Triad 3/ZIN interacts with HIV Vif in mammalian cells. To
investigate whether HIV-1 Vif interacts with Triad 3/ZIN in
human cells, 293T cells were singly transfected or cotrans-
fected with Vif- and Triad 3-expressing plasmids. After check-
ing correct protein expression, lysates from the transfected
cells were immunoprecipitated with various antibodies, and the
precipitated and coprecipitated proteins were analyzed by
SDS-PAGE gel followed by Western blotting. 293T cells were
cotransfected with pMyc-Vif and pHA-Triad 3 or pMyc-Vif
and pHA-NVBP 1. NVBP 1, like Triad 3, was selected on the
basis of its interaction with Vif in yeast cells but had not been
confirmed to interact with Vif in other systems (21). Single
plasmids were also individually transfected into the same batch
of 293T cells to control for nonspecific protein-protein inter-
actions. Analysis by Western blot of total protein expression in
transfected cells demonstrated abundant expression of HA-
tagged Triad 3 and HA-tagged NVPB 1, using the rabbit an-
ti-HA antibody probe (Fig. 4A), and abundant expression of
Myc-Vif, using the mouse anti-Myc antibody probe (Fig. 4B).
Figure 4C shows that after immunoprecipitation with rabbit
anti-HA antibody, Vif was coprecipitated with HA-Triad 3, but
not with HA-NVBP 1. The interaction between Vif and Triad
3, but not NVBP-1, was further confirmed by using an alter-
native mouse anti-HA antibody to immunoprecipitate HA-
Triad 3 and HA-NVBP 1. Similarly, Vif protein was detected
in only the Triad 3 immunoprecipitates, but not the NVBP 1
immunoprecipitates, by Western blotting using rabbit anti-Vif
antibody (data not shown). This suggests that the interaction
between Vif and Triad 3 is genuine in both yeast and human
cells, while the interaction between Vif and NVBP 1 is con-
siderably weaker or nonexistent in human cells.

To examine whether ZIN also interacts with Vif in human
cells, 293T cells were cotransfected with pMyc-Vif and pFlag-
ZIN or pMyc-Vif and control pFlag. Cell lysates were immu-
noprecipitated with Flag-specific antibody, and the presence of

FIG. 3. Vif binds ZIN in vitro. Western blot analysis of total protein in pFlag-ZIN-transfected 293T cell lysate or protein pulled down by GST
protein-bound glutathione Sepharose CL-4B beads or by GST-Vif fusion protein-bound beads. The same filter was analyzed by Western blot
successively probed with monoclonal anti-Flag antibody (A), anti-GST antibody (B), and polyclonal anti-Vif antiserum (C).
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coprecipitated Vif was determined by Western blot with rabbit
anti-Vif antiserum. Despite the abundant expression of Vif in
both types of cotransfected cells, precipitation with anti-Flag
antibody led to coprecipitation of Vif only from cell lysates
containing Flag-ZIN protein, and not from lysates containing
Flag protein tag alone (Fig. 4D). These results clearly demon-
strate that the specific interaction between Triad 3/ZIN and
Vif we have characterized in vitro also occurs in human cells.

HIV-1 virus produced in the presence of exogenous ZIN is
less infectious. Having shown that Triad 3/ZIN interacts with
HIV-1 Vif in transfected cells, we next examined the biological
significance of this Vif-ZIN interaction for HIV-1 replication
in virus infection experiments. These experiments were per-
formed by using virus produced in cells in the presence or
absence of cotransfected ZIN, as Vif was known to function in
the late stage of viral assembly in the viral producer cells.
Human 293T cells were cotransfected with HIV-1 pNL4.3 and
pFlag-ZIN (or control plasmid pFlag), or pNL4.3(�vif) and
pFlag-ZIN (or control plasmid pFlag). The four types of trans-
fection cell culture media were harvested 48 h postinfection,
and their p24 levels were quantified and subsequently used as
virus inocula in infection experiments. For the single-cycle viral
infectivity assay, 10-fold dilutions of 400-ng/ml p24 of each
virus stock were used to infect HeLa-CD4-�-gal indicator cells
as described in Materials and Methods. To minimize secondary
infection, cells were fixed and stained 30 h postinfection and
blue cells were scored. The results (Fig. 5) showed that the
wild-type HIV NL4.3 produced in the presence of cotrans-
fected ZIN was twofold less infectious than NL4.3 produced in
the absence of ZIN. The twofold difference in infectivity is
significant as it is calculated based on counting nine replica
wells for infected (blue) cells 30 h postinfection, without re-

sorting to multiround viral replication. In contrast, the infec-
tivity of Vif-deletion NL4.3 was not affected by the coexpres-
sion of ZIN (Fig. 5). This suggests that the suppressing effect of
cotransfected ZIN on virus infectivity was dependent on the
presence of Vif in virus producer cells.

Vif has been suggested to specifically function in the early
stage of HIV reverse transcription in newly infected target cells
(6, 11, 37, 41). To investigate whether the above-observed
decrease in virus infectivity was due to interference with early

FIG. 4. Coimmunoprecipitation of Vif and Triad 3/ZIN. (A, B, and C) Western blot analysis of total protein (A and B) and protein
immunoprecipitated by HA-specific rabbit polyclonal antiserum (C) from transfected 293T cell lysate probed with HA-specific rabbit polyclonal
antiserum (A) or monoclonal mouse anti-Myc antibody (B and C). (D) Total protein and protein immunoprecipitated with mouse anti-Flag
antibody from transfected 293T cells analyzed by Western blot probed with polyclonal rabbit anti-Vif antiserum. Plasmid DNAs used in different
transfection treatments are labeled on top of the lanes.

FIG. 5. Virus produced in cells overexpressing ZIN has reduced
single-cycle infectivity. HIV virus stocks were produced from 293T
cells cotransfected with pNL4.3 (or pNL4.3(�vif)) and either pFlag or
pFlag-ZIN. HeLa-CD4-LTR-�-gal cells were infected with a 100-�l
inoculum made of 10-fold dilutions of 40 ng of p24 of each of the four
virus stocks in 48-well plates. At 30 h postinfection, cells were fixed and
stained as described previously. Blue cells were counted in each well
infected at a virus dilution of 10	2 (0.4 ng of p24/well) in which there
are minimum of 80 blue cells. Error bars were obtained from infections
performed in nine replica wells.
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steps of the viral replication cycle (up to and including reverse
transcription), HUT-78 cells were infected with virus stocks
produced in the presence or absence of exogenously expressed
ZIN. The newly reverse-transcribed DNA levels were mea-
sured 16 and 24 h postinfection. Equivalent amounts (10 ng of
HIV p24) of each of four virus stocks produced from 293T cells
cotransfected with pNL4.3 and pFlag-ZIN, pNL4.3 and pFlag,
pNL4.3(�vif) and pFlag-ZIN, or pNL4.3(�vif) and pFlag were
used in the infection experiments to investigate (i) whether the
negative effects ZIN had on virus infectivity were acting before
or at the stage of viral reverse transcription and (ii) whether
this was dependent on the interaction between ZIN and Vif.
Viral reverse transcription was monitored by HIV DNA syn-
thesis using primers detecting early strong-stop HIV DNA or
detecting later viral DNA spanning the U5/Gag region. Vif-
deleted virus produced in permissive 293T cells is known to
undergo a single round of replication in nonpermissive cells
(2). To avoid secondary infection by progeny virus, cells were
harvested for viral DNA analysis within the first 24 h of infec-
tion. Figure 6A shows that at 16 and 24 h postinfection, there
was approximately a 50% decrease in early strong-stop HIV
DNA synthesis in cells infected with HIV virus produced in the
presence of cotransfected pFlag-ZIN compared with control.
The same difference in DNA levels was also evident for HIV
gag region DNA (Fig. 6B). There was no difference, however,
when HIV DNA synthesis was compared in cells infected with
Vif-deleted HIV NL4.3(�vif) produced in the presence or ab-
sence of coexpressed ZIN (Fig. 6C and D). These results are
clearly consistent with the decrease in viral infectivity mea-
sured by using the HeLa-CD4-�-gal indicator cells (Fig. 5).
Furthermore, the DNA synthesis data indicate that ZIN ex-
pressed in virus-producing cells interferes with an early step of
viral replication.

DISCUSSION

While the function of HIV Vif in regulating viral infectivity
has long been recognized, the biochemical mechanisms by
which Vif functions remain to be fully elucidated. A role for
cellular factors in Vif function has been implied in numerous
studies (24, 33, 34). Recently, cellular factor APOBEC3G has
been shown to directly inhibit HIV replication in nonpermis-
sive cell types by deamination of newly synthesized minus-
strand DNA during reverse transcription. Vif acts to suppress
this inhibitory effect of APOBEC3G in nonpermissive cells by
inducing degradation of APOBEC3G and preventing it from
being packaged into virions (22, 26, 27, 30, 31, 44).

We had previously identified a partial clone from a human
leukocyte cDNA library which encoded a protein that inter-
acted with HIV Vif in yeast cells (21). The deduced amino acid
sequence of this cDNA clone was shown to be homologous to
a then hypothetical protein containing novel ring finger motifs,
called Triad 3. In the present study, we have demonstrated that
Triad 3 shares exact homology with the central portion, includ-
ing all four RLDs, of the recently identified protein ZIN.
mRNA encoding Triad 3/ZIN was shown to be present in both
permissive and nonpermissive cell types as two alternatively
spliced 3- and 6-kb transcripts consistent in size with what has
been described elsewhere (5). The comparable levels of
mRNA shown in this study and detection of ZIN protein in
both permissive and nonpermissive human cell lines as shown
by Chen et al., suggest that ZIN normally functions in most cell
types (5). We further demonstrated that ZIN protein ex-
pressed in transfected 293T cells interacts with purified Vif
protein in vitro using a GST fusion protein pull-down assay
and that ZIN can be coprecipitated from 293T cell lysate by
Vif-specific antibody, indicating a direct interaction between
the two proteins in human cells. Immunofluorescent staining

FIG. 6. Virus produced in cells overexpressing ZIN has impaired reverse transcription in newly infected cells: Levels of HIV-1 strong-stop DNA
(ssDNA) (A and C) and U5/Gag DNA (B and D) in 106 HUT-78 cells infected with 10 ng of p24 of HIV virus stocks 16 and 24 h postinfection.
Virus stocks were produced from 293T cells cotransfected with pNL4.3 and pFlag or pFlag-ZIN (A and B) or pNL4.3(�vif) and pFlag or pFlag-ZIN
(C and D). Viral DNA synthesis was quantified by real-time PCR. DNA copy number values represent the average of four PCR measurements
from duplicate infected wells.
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and confocal microscopy analysis also indicated concurrent
nuclear localization of Vif and ZIN in cotransfected cells,
lending support to intracellular Vif-ZIN interaction (data not
shown).

Using HeLa-CD4-LTR-�-gal as indicator cells, ZIN was
shown to reduce HIV infectivity in a Vif-dependent manner
when overexpressed in 293T virus producer cells. Since activa-
tion of HeLa-CD4-LTR-�-gal reporter cells was dependent on
virus entry and completion of reverse transcription and inte-
gration by the infecting virus, this suggested that the reduction
in infectivity of wild-type virus produced in ZIN-expressing
cells occurred during these early steps of HIV replication. It
was subsequently shown that in HUT-78 cells infected with
virus produced in cells expressing cotransfected ZIN, levels of
newly reverse-transcribed viral DNA were reduced twofold
compared with infection using virus produced in the absence of
ZIN. Again, this reduction was shown to depend on Vif ex-
pression in virus producer cells. Since virus producer 293T cells
used n the current study are permissive, these results suggest
that the decrease in virus infectivity is probably unrelated to
APOBEC3G, which is packaged into virions only from non-
permissive viral producer cells. Taken together, our results
show that an interaction between ZIN and Vif in virus pro-
ducer cells interferes with an early step in HIV replication in
newly infected target cells and this interference cannot be
interpreted by the known mechanism of APOBEC3G inhibi-
tion of viral DNA synthesis. Therefore the inhibitory effect that
ZIN mediates through its interaction with Vif alludes to other
roles of Vif in HIV infectivity.

In the late stages of HIV infection, Vif interacts with viral
RNA and NC proteins during virus assembly and recent evi-
dence also suggests that Vif is incorporated into virions (18,
28). Dettenhofer et al. demonstrated that Vif contributed to
enhancement of tRNA3

Lys annealing to RNA template for ef-
ficient initiation of reverse transcription (7). They also sug-
gested that the initial point of contact between Vif and
genomic RNA might take place in the nucleus where Vif has
been shown to localize (4, 12, 35), before becoming associated
with the Gag-assembling complexes in the cytoplasm. It has
also been reported that deletion of the SLQYL motif from Vif,
which is highly homologous to that of the double-stranded
RNA binding protein XlrbpA from Xenopus laevis, resulted in
abolition of Vif function (7, 19). The RNA binding function of
Vif has also been shown by Zhang et al. to be important for
virus replication in nonpermissive H9 cells (43). Thus the in-
teraction of Vif with genomic RNA and its role on primer
tRNA binding, the Vif interaction with viral Gag proteins
during virus assembly, and the role of Vif in maintaining the
stability of the virus core (28) are potentially other biologically
relevant functions of Vif. Additionally, Vif has been shown to
function within virions to regulate virus infectivity. In virions,
Vif is proteolytically cleaved and has been shown to positively
correlate with virus infectivity, but only at proper levels of Vif
expression (1, 19). Overexpressed ZIN in our experimental
settings may compete and interfere with any of the above
interactions, and this would be consistent with the defect in
reverse transcription we observed following HIV infection. We
have preliminary evidence that suggests ZIN influences the
packaging of Vif into virus particles (data not shown). How

ZIN may affect the levels and the role of intravirion Vif are
currently under investigation.

The biological significance of endogenous ZIN in HIV in-
fection is not clear. One function of ZIN as a component of
TNF receptor-mediated signal transduction pathway is to
down-regulate TNF-�-induced NF-�B activation, which is crit-
ical to many aspects of cellular and viral (including HIV)
transcription (5). Potential interference in this pathway by Vif,
for example, may have implications for viral transcription in
response to stimuli. Interestingly, ZIN shares sequence homol-
ogy with E3 ubiquitin ligases, which ubiquinate target proteins
regulating their activity or induce their degradation by the
proteosome. It is therefore interesting to postulate that ZIN
may influence Vif function and HIV replication by virtue of a
similar activity. In any case, greater understanding of normal
ZIN function and its interaction with Vif will be valuable in
defining further the mechanisms of Vif function and the role of
cellular factors in HIV infection.
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