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Abstract To ensure successful replication, HIV-1 has developed a Rev-mediated RNA transport system that
promotes the export of unspliced genomic RNA from nuclei to cytoplasm. This process requires the Rev responsive
element (RRE) that is positioned in the viral transcript encoding Env protein, aswell as in unspliced and singly spliced viral
transcripts. We identified Pura, a single-stranded nucleic acid binding protein as a cellular partner for Rev that augments
the appearance of unspliced viral RNAs in the cytoplasm. A decrease in the level of Pura expression by siRNA diminishes
the level of Rev-dependent expression of viral RNA. Through its nucleic acid binding domain, Pura exhibits the ability to
interactwith themultimerization andRBDdomains of Rev. Similar to Rev, Pura associateswith RRE and in the presence of
Rev forms a complexwith slower electrophoreticmobility than those fromRev:RRE and Pura:RRE. The interaction of Pura
with RRE occurs in the cytoplasm where enhanced association of Rev with RRE is observed. Our data indicate that
the partnership of Pura with Rev is beneficial for Rev-mediated expression of the HIV-1 genome. J. Cell. Biochem. 103:
1231–1245, 2008. � 2007 Wiley-Liss, Inc.
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During the course of HIV-1 infection, three
classes of viral RNAs are produced. These
include 9 kb unspliced RNAs which are
packaged into progeny virions as genomic
RNA that can also serve as a transcript for
protein products of gag/pol genes [Schwartz
et al., 1990; Purcell and Martin, 1993].
The second class is singly spliced mRNAs of
approximately 4 kb that encode the Vif, Vpr,
and Vpu/Env proteins. Finally, the third group
is doubly spliced 2 kb transcripts that are
responsible for the production of Tat, Rev, and
Nef [Purcell and Martin, 1993]. To facilitate
transport of unspliced or partially spliced pre-

mRNA into nuclei, HIV-1 has developed an
efficient mechanism that is orchestrated by the
viral protein Rev and its association with a
351 nucleotide RNA sequence named Rev
Responsive Element (RRE) that spans the Env
gene and is present in unspliced and singly
spliced RNAs [Malim et al., 1989; Zapp and
Green, 1989; Pollard and Malim, 1998]. The
association of Rev and RRE in the nucleus
promotes engagement of several other cellular
proteins including CRM1/Exportin-1 and
RanGTP that eventually leads to the exit of
Rev-associated RNA cages from the nucleus
[Fornerod et al., 1997; Henderson and Per-
cipalle, 1997; Neville et al., 1997; Stade et al.,
1997; Nakielny and Dreyfuss, 1999; Kjems and
Askjaer, 2000; Daelemans et al., 2005].

The cellular protein, Pura, which has a
strong affinity for associating with single-
stranded nucleic acid containing the
GGC(A)GGA(C) sequence, exhibits diverse
biological activities on RNA transcription, cell
cycle, neuronal cell differentiation, and DNA
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replication [Gallia et al., 2000; Khalili et al.,
2003; Zhang et al., 2005; Johnson et al., 2006;
Knapp et al., 2006; Shimotai et al., 2006].
Earlier studies revealed that some of the
activity of Pura is regulated upon its associa-
tionwith small RNAmolecules [Hereault et al.,
1995; Tretiakova et al., 1998; Gupta et al.,
2003]. The interaction of Pura with the mRNA
sequence from exon 3 of themouseVSM a-actin
which is placed in the 50 untranslated region of
a reporter mRNA suppresses its translation
[Kelm et al., 1999].

Recent studies indicate that Pura partici-
pates in dendritic transport of mRNAs and
associates with ribosomes [Ohashi et al., 2000,
2002; Li et al., 2001; Johnson et al., 2006]. Pura
was isolated from RNA containing granules in
dendrites together with a group of RNA binding
proteins including hnRNP-U, Purb, PSF, DDX1,
DDX3, SYNCRIP, TLS, NonO, HSPC117, ALY,
CGI-99,Staufen (Tanget al., 2001) threeFMRPs,
EF-1a, mRNAs for CaMKIIa and Arc. These
RNP complexes were associated with kinesin
[Kanai et al., 2004]. Pura was also identified in
mRNA/Protein complexes containing mStau-
fen, Fragile X mental retardation protein
(FMRP) and myosin Va and associated with
rough endoplasmic reticulum [Ohashi et al.,
2002]. Unique features and functions of Pura
raise the possibility that Pura may be involved
in post- transcriptional regulation of HIV-1
gene expression.

Here we provide evidence that Pura poten-
tiates HIV-1 gene expression from unspliced
RNAs and augments Rev/RRE-mediated stim-
ulation of gene expression from viral mRNAs
containing intron, probably facilitating their
translocation, and targeting them to sites of
translation or virion assembly.

MATERIALS AND METHODS

Cell Culture and Transfection

U-87MG (ATCC HTB14), a human glioblas-
toma cell line, was grown inDulbecco’smodified
Eagle’s medium supplemented with 10% heat-
inactivated fetal bovine serum. Transfection of
U-87MG cells was performed using Lipofect-
amine 2000 reagent (Invitrogen, Carlsbad, CA)
or the calcium phosphate precipitation method
[Graham and van der Eb, 1973]. Leptomycin B
(LMB, Sigma–Aldrich, St. Louis, MO) treat-
ment was performed 24 h after transfection at 2
nM concentration for 16 h.

Plasmids

pIIIAR was previously described [Rosen et al.,
1988]. pcRev was a generous gift from Dr. Roger
Pomerantz (Tibotec, Inc., Yardley, PA). The
standard PCR cloning technique was used to
construct the following expression plasmids, with
the templates, primers, and cloning backbone
vectors shown in parentheses (restriction enzyme
sites underlined): pcDNA6/myc-His-A-Rev 1–116
and deletion mutants, pGEX-5X-1-Rev 1–116
and deletion mutants (pcRev; forward for Rev
1–116,Rev1–83,Rev1–67,Rev1–50,Rev1–33,
Rev 1–18: 50-TAGGCAGAATTCATGGCAGGA
AGA-30; forward for Rev 86–116 50-GCA-
GAATTCGCCATGGAG GAT TGTGGA-30, for-
ward for Rev 68–116 50–TCAGAATTCGC-
CATGGAGCCT GTG CCT-30; reverse for Rev 1–
116, Rev 86–116, Rev 68–116: 50-CTAACACTC-
GAGTTCTTT AGCTCC-30; reverse for Rev 1–
83: 50-CTAACACTCGAGAAGAGTAAGTCT-30;
reverse for Rev 1–67: 50-CTAACACTCGAGA-
GATCGTCCCAG -30; reverse for Rev 1–50: 50-
CTAACACTCGAGTCTCTGTCTCTC-30; reverse
for Rev 1–33: 50-CTAACACTCGAG CCCCTC-
GGGGTT-30; reverse for Rev 1–18: 50-CTAACA
CTCGAGTCTGA CTGCCTT-30; pcDNA6/myc-
His-A (Invitrogen) and pGEX-5X-1), pDs-Rev-
Red1 (pcDNA6/myc-His-A-Rev, forward: 50-TA-
GGCAGGATCCGAATTCATGGCAGGAAGA-30,
reverse: 50-CCTAACAGGATCCCTGAGTTCTT-
TAGCTCC-30, pDsRed1 (CLONTECH,Mountain
View, CA); pBluescript II KS(þ)-RRE 1–234
(pIIIAR, forward 50-CGCCAAGCTTGAATA-
GGAGCTTTGTTCC- 30, reverse 50-CTAGGA-
TCCAGGAGCTGTTGATCCTTTAGG-30, pBlue-
script II KS(þ)); pBluescript II KS(þ)-RRE 34–
110 (pIIIAR, 50-TCACAAGCTTAGGAAGCAC-
TAT GGGCGC-30, reverse 50-CTAGGATC-
CGCTGCTGCACTATACCAG-30, pBluescript II
KS(þ)).

Construction of pcDNA3.1-SD4*-luciferase-
RRE-SA7 and pcDNA3.1-SD4*-luciferase-SA7
was performed in few steps: First, pIIIAR was
digested with BglII and XhoI and DNA frag-
ment (1,276 bp) that contains the RRE (full-
length) and splice acceptor 7 (SA7) sequences
(corresponding to 7,650–8,926 nt of HIV-1
NCBI X01762) was removed and subcloned into
pcDNA3.1 vector (Invitrogen) usingBamHIand
XhoIenzymerecognitionsitesproducingpcDNA3.1-
RRE-SA7 vector. Next, DNA fragment (562 bp),
which contains sequences of the first intron of
Rev and splicing donor 4 (SD4) (corresponding
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to 5,945–6,380 nt of HIV-1 NCBI X01762) was
obtained by digestion of pIIIAR with SalI and
KpnI restriction enzymes followed with blunt-
ing of overhangs. This fragment was subcloned
into pGL3-Basic vector (Promega, Madison,
WI), digested with HindIII and blunted, gen-
erating pGL3AR vector. Site-directed muta-
genesis was then performed to mutate ATG of
Rev present in pIIIAR and pGL3AR, using
QuikChange II XL Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA), pGL3AR
vector as a template and following primers:
forward 50-CTTAGGCATCTCCTTAAGCAGG-
AAGAAGCGGAGAC-30, reverse 50-GTCTCCG-
CTTCTTCCTGCTTAAGGAGATGCCTAAG-30.
Site-directedmutagenesis resulted inpGL3AR*
plasmid. Next, pGL3AR* was digested with
XbaI, blunted then digested with NheI and
fragment containing SD4* and luciferase gene
was obtained (2,266 bp). Next, pcDNA3.1-RRE-
SA7 was digested with KpnI, blunted and then
digested with NheI. The 2,266 bp fragment
flanked by the NheI and blunt end was subcl-
oned into digested pcDNA3.1-RRE-SA7, result-
ing in pcDNA3.1-SD4*-luciferase-RRE-SA7.
Finally, for pcDNA3.1-SD4*-luciferase-SA7,
pcDNA3.1-RRE-SA7 was digested with Hin-
dIII, blunted and then digested with NheI
restriction enzyme removing RRE sequence
and keeping 756 nt fragment from pIIIAR
(corresponding to 8,170–8,926 nt of HIV-1
NCBI X01762), encompassing SA7. Subcloning
of the 2,266 bp fragment, flanked by the NheI
and blunt end, generated pcDNA3.1-SD4*-
luciferase-SA7. PLEGFP-Pura [Darbinian
et al., 2006], pEBV-Pura and deletion mutants
and pGEX1lT-Pura and deletion mutants were
previously described [Johnson et al., 1995; Gallia
et al., 1998]. All recombinant plasmids were
verified by sequencing.

RNAi and siRNA Transfections

Pura-specific siRNA,ACAAGTACGGCGTGTT-
TAT, was derived from sequences corresponding
to 772–790 of PuramRNA (Dharamcon, Lafay-
ette, CO). U-87MG cells were transfected with
50 nM Pura/siRNA using Oligofectamine kit
(Invitrogen).

Luciferase and CAT Assay

For luciferase assay, cells were harvested at
designated time points, and protein extracts
(20 mg) were used to examine the level of

luciferase activity with the dual-luciferase
reporter assay system (Promega, Madison, WI).
The pRLTK plasmid was used as an internal
control for transfection efficiency. Chloram-
phenicol acetyltransferase (CAT) activity was
determined by the established method [Gorman
et al., 1982].

Protein Extracts and Western Blot Analysis

For whole cell extract preparation, cells were
lysed for 30min on ice in LB1 (50mMHepes, pH
7.5/150 mM NaCl/1.5 mM MgCl2/1 mM EGTA/
10% glycerol/1% Triton X-100) buffer contain-
ing protease inhibitor cocktail (Sigma, P8340)
and 0.2 mMNa-orthovanadate. Cell debris was
removed by centrifugation at 14,000 rpm for
15 min at 48C. Nuclear and cytoplasmic frac-
tions were prepared usingNE-PERnuclear and
cytoplasmic extraction reagents (Pierce Bio-
technology, Rockford, IL #78833). Western blot
analysis was performed as described [Kaniow-
ska et al., 2006].

Co-immunoprecipitation

U-87MG cells were transfected with
pcDNA3.1-SD4*-luciferase-RRE-SA7alongwith
Pura and/or Rev expressing plasmids. Nuclear
and cytoplasmic extracts were prepared and
100 mg of nuclear or 300 mg of cytoplasmic lysates
were incubated with rabbit polyclonal antibody
against Pura or normal rabbit serum as a
negative control for immunoprecipitation in
500 of ml HNTG buffer overnight at 48C.
Immunocomplexes were precipitated by the
addition of protein A-Sepharose beads, washed
four times with rocking at 48C in 1 ml of HNTG
buffer, and resolved by SDS–PAGE followed by
Western blotting using an anti-myc antibody for
detection of Rev.

GST Fusion Proteins and GST Pull-Down Assay

For preparation of bacterially produced GST
fusion proteins, we followed the methods pre-
viously described. Overnight cultures (100 ml)
of Escherichia coli DH5a, were transformed
with pGEX-5X1-Rev, pGEX1lT-Pura [Gallia
et al., 1998]. GST pull-down assay was per-
formed according to the procedures described
previously [Kaniowska et al., 2006].

RNA Preparation and Northern Blot Analysis

Total RNA was isolated using RNeasy kit
(Qiagen, Valencia, CA, #74104) according to
the manufacturer’s directions. Preparation of
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cytoplasmic RNA was based on the protocol
provided with RNeasy kit and using RLN
buffer containing 50 mM Tris-HCl, pH 8.0,
140 mM NaCl, 1.5 mM MgCl2, 0.5% (v/v)
Nonidet P-40 (1.06 g/ml), 1,000 U/ml RNase
inhibitor, 1 mM DTT. Ten micrograms of RNA
were fractionated on 1.2% agarose, 0.4% form-
aldehyde, 1�morpholinepropanesulfonic acid
(Mops) gel and transferred to a Hybond-N
nylon membrane (Amersham, Piscataway,
NJ). For the detection of CAT RNAs, the
membranes were hybridized with [32P]-labeled
CAT DNA probe obtained by digestion of
pIIIAR plasmid with BgIII and NcoI (850 bp).
For the detection of RRE containing RNAs, the
filters were probed with a PCR-amplified and
[32P]-labeled DNA fragment consisting of
nucleotides 1–234 of the RRE. Radiolabeled
DNA probes were prepared with Random
Primed DNA Labeling Kit (Roche Molecular
Biochemicals, Indianapolis, IN), followed by
removal of unincorporated radionucleotides
with MicroSpinTMG-50 columns (Amersham).
Relative levels of mRNA were determined by
using the housekeeping gene GAPDH as an
internal standard.

RNA Immunoprecipitation and RT-PCR

Nuclear and cytoplasmic protein extracts
from cells transfected with pcDNA3.1-SD4*-
luciferase-RRE-SA7 vector along with Pura
and/or Rev expressing plasmids were prepared
and precleared with protein A sepharose beads
by 1 h incubation at 48C. The resultant lysates
were incubated with protein A sepharose beads
and anti-T7 antibody against Pura. In control
samples, normal mouse serum was added
instead of anti-T7 antibody. For RT control
Rev expressing extracts were immunoprecipi-
tated with anti-myc antibody. After overnight
incubation at 48C, the beads were washed
four times (3 min each) with HNTG buffer
(20 mM HEPES, pH 7.5/150 mM NaCl/0.1%
Triton X-100/10% Glycerol, protease inhibitor
cocktail (Sigma, P8340) and 0.2 mM Na-ortho-
vanadate) and resuspended in 150 ml of buffer
2 (50 mM Tris-HCl, pH 7.0/5 mM EDTA/1%
SDS/10 mM DTT). Then RNA was extracted
using phenol TE buffer pH 4.5 saturated/
chloroform/isoamyl (25/24/1) and chloroform/
isoamyl (24/1). Extracted RNAwas precipitated
by incubation with 7.5 M ammonium acetate/
ethanol (0.5/2.5, V/V) and GlycoBlue (Ambion,
Austin, TX) for 30 min at �708C followed with

washing in 70% ethanol, drying and rehydra-
tion in 20 ml of nuclease free water. Samples
were treated with DNAse1 in the presence of
RNase inhibitor (Roche) for 1 h at 378C followed
with phenol/chloroform extraction and precip-
itation as described above. RT reaction was
performed using random primers (p(dN)6;
Roche) and M-MuLV RT enzyme. For PCR,
RRE specific primers and FailSafeTM PCR
reagents (Epicentre, Madison, WI) were
used. DNA products generated as a result
of RT-PCR were analyzed by 2% agarose gel
electrophoresis.

Fluorescent Technique

U-87MG cells (1� 105) were transfected with
5 mg of GFP-Pura or Rev-Red plasmids, alone or
in combination, then seeded in poly-L-lysine-
coated glass chamber slides, and after 16 h
incubation, cells were fixed in 4% paraformal-
dehyde in 1� PBS. Cells were then washed in
PBS, and proteins were visualized for green or
red fluorescence. Fluorescent images were
captured using an inverted fluorescent Nikon
microscope with deconvolution software (Slide-
Book 4.0.1.34; Intelligent Imaging, Denver, CO).

RNA Electrophoretic Mobility Shift Assay

The RRE-containing RNA probe was in vitro
transcribed using pBluescript IIKS(þ) RRE 1–
234 and pBluescript IIKS(þ) RRE 34–110
plasmids as DNA template. In vitro transcrip-
tion reaction was performed by incubating the
above described template DNAs, T3 RNA
polymerase, transcription optimized 5� buffer,
DTT 100 mM, recombinant RNasin ribonu-
clease inhibitor, rATP, rGTP, rCTP (2.5 mM
each) and [a-32P]-UTP for 1 h at 37–408C. For
RNA–protein interaction studies 0.2 mMof total
recombinant proteins GST, GST-Rev, GST-
Pura were incubated with 100,000 cpm of
[a-32P]-UTP RNA probe for 15 min at room
temperature in 20 ml binding buffer containing
12 mM HEPES (pH 7.9), 4 mM Tris-HCl (pH
7.5), 60 mM KCl, 5 mM MgCl2, 0.8 mM
dithiothreitol (DTT), 0.5 mg of poly[dI–dC] as a
nonspecific competitor, 10% glycerol andRNase
inhibitor. Reaction products were analyzed on a
1% agarose gel followed by autoradiography.

Antibodies

Anti-a-tubulin, clone B512 was obtained
from Sigma–Aldrich. Anti-myc antibody was
purchased from Invitrogen and anti-T7 tag
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antibody was from Novagen (Madison, WI).
Rabbit polyconal anti-Pura antibody was
raised against full-length Pura, cleaved from
GST-Pura and injected into rabbits (Lampire
Biological Laboratories, Pipersville, PA).

RESULTS

To investigate the effect of Pura on Rev
activity, we constructed and utilized a lucifer-
ase-based reporter plasmidwhere the luciferase
gene was placed within the HIV-1 intronic
sequence flanked by splicing donor 4 and
splicing acceptor 7 (Fig. 1A top). The translation
start site of Rev, which is located 76 nucleotides
upstream from the splice donor, was disrupted
and the RRE was placed at the 30 end of the
luciferase gene within the intron. The control
plasmidhadnoRREsequence, yet encompassed
all the other features of the reporter plasmid

(Fig. 1A, bottom). As shown in Figure 1B, Pura
enhanced the ability of Rev to stimulate lucifer-
ase activity directed by the RRE-containing
plasmid and exhibited no stimulatory effect on
the expression from the control RRE negative
plasmid. Leptomycin, which targets the CRM1/
Exportin-1 and inhibits Rev nuclear export
[Nishi et al., 1994;Wolff et al., 1997] suppressed
cooperativity of Rev and Pura, suggesting that
Pura is important for Rev:RRE-mediated stim-
ulation of HIV-1 expression. A decrease of
approximately 40% in the level of endogenous
Pura by siRNA (Fig. 1C) caused comparable
levels of decline in the level of Rev-mediated
activation of luciferase expression (Fig. 1D).

To demonstrate the effect of Pura on Rev-
mediated RNA accumulation in the cytoplasm,
total and cytoplasmic RNAs from cells trans-
fected with pIIIAR [Rosen et al., 1988] along
with pEBV-Pura and pCMV-Rev were analyzed

Fig. 1. A: Structural organization of pcDNA3.1-SD4*-
luciferase-RRE-SA7 and pcDNA3.1-SD4*-luciferase-SA7, a
luciferase-based reporter construct. B: Effect of Pura on
Rev-mediated luciferase activity in the presence of Leptomycin
B (LMB) treatment. U-87MG cells were transfected with reporter
vectors with or without RRE along with Rev and/or Pura
expressing plasmids. One set of transfected cells was treated
with LMB (2 nM, 16 h). Cells were harvested and luciferase
activity was determined. Data represent fold increase relative to
basal levels–reporter alone. C: Down-regulation of Pura

expression in U-87MG cells by siRNA. Cells were transfected
with non-target (NT) siRNA (lane 1) or Pura directed siRNA
(lane 2). Western blot shows the levels of Pura and the
housekeeping tubulin protein that served as a loading control.
Efficiency of silencing is quantified.D: Effect of silencing of Pura
gene expression on Rev/RRE-mediated luciferase activity. Rev
expressing cells were transfected with pcDNA3.1-SD4*-lucifer-
ase-RRE-SA7 reporter plasmid and non-target siRNA or siPura.
Data represent fold increase relative to basal levels—Rev and
luciferase-RRE. The experiments were repeated five times.
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by Northern blot using DNA probes derived
from RRE or CAT sequences. The RRE probe
detects 4.4 kb unspliced RNA whereas the CAT
DNA probe identifies both 2.37 kb spliced and
4.4 kb unspliced RNA species. As seen in
Figure 2A, a significant increase in the level of
the unspliced form of cytoplasmic RNA was
observed upon Rev expression. Interestingly,
Pura also increased the level of unspliced RNA
in the cytoplasm.Co-expression of both proteins
resulted in an increase in the amount of
unspliced RNA in the cytoplasm, more than
that observed with Rev alone. Note that

unspliced RNA in total RNA extract was also
maximal when Rev and Pura were co-
expressed. A similar pattern for 4.4 kb RNA
was observed when DNA sequence from the
CAT gene was used as a probe (Fig. 2B). The
integrity of RNA preparation in various sam-
ples is shown in panel C. The level of hGAPDH
in each sample served as an internal control
(Fig. 2, panel D).

Earlier studies have shown that Rev predom-
inantly accumulates in the nucleolus with a
fraction shuttling between the nucleus and
cytoplasm [Cullen et al., 1988; Cochrane et al.,
1990; Wolff et al., 1995]. To investigate the
subcellular localization of Pura and Rev in our
cell culture system, we constructed plasmids
expressing Pura and Rev in fusion with green
and red fluorescent proteins, respectively.
Activity of Rev-Red fusion protein was verified
by transfection assay using a reporter plasmid
that is responsive to Rev activity. As seen in
Figure3A, similar to previous observations,Rev
fusion protein had a stimulatory effect on
reporter plasmid containing RRE, and this
effect was augmented by expression of GFP-
Pura. Co-transfection of cells with GFP Pura
and/or Rev-Red expressing plasmids allowed
visualization of the corresponding proteins in
the cells. As shown in Figure 3B, Rev was
detected within nucleoli with some accumula-
tion in the perinuclear region (Fig. 3B). Pura
was predominantly localized in the perinuclear
region and cytoplasm of cells (Fig. 3C),
although, a trace of Pura was also detected in
the nucleoli. In cells co-transfected with both
plasmids, some levels of Pura and Rev were
found in theperinuclear compartment (Fig. 3D).

Co-localization of Pura and Rev prompted us
to investigate the possible interaction of these
two proteins. Results from the GST-based
protein binding assay revealed the ability of
Pura to interact with full-length Rev protein
and highlighted the importance of the region of
Rev that spans aa 18–50, which overlaps
nuclear localization signal (NLS) and RNA
binding domain (RBD) and multimerization
domain (MD), in this interaction. Figure 4A
(top panel) illustrates results from GST pull-
down assay and the variousmutants of Rev that
were utilized in this experiment. The integrity
of GST-Rev and itsmutant variants were exam-
ined by SDS–PAGE (Fig. 4A, middle panel).
Figure 4A (bottom panel) illustrates the linear
organization of full-length Rev, its deletion

Fig. 2. Effect of Pura on Rev-mediated accumulation of intron-
containing unspliced RNA in the cytoplasmof cells. Total (T) and
cytoplasmic (C)RNA fromU-87MGcells transfectedwithpIIIAR,
pEBV-Pura and pCMV-Rev were analyzed by Northern blot.
Probes were RRE (A), CAT (B) and hGAPDH (D). Panel C
demonstrates the RNA integrity and the ribosomal RNA bands
28S (5.0 kb) and 18S (1.9 kb) after transfer to a membrane.
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mutants, and their binding ability to Pura. In a
reciprocal study, we utilized a similar approach
and identified a region of Pura located between
amino acids 73–123 as aminimum domain that
is recognized by Rev (Fig. 4B, top panel). Note
that Rev, due to its modification, appears as a
double band. Treatmentwith alkaline phospha-
tase or lambda protein phosphatase results in
the disappearance of the top band (unpublished
observations). The integrity of GST-Pura and
its various mutants is shown in Figure 4B
(middle panel). Figure 4B (bottom panel) also

illustrates the structural organization of the
full-length Pura, its mutant variants, and
summarizes their binding abilities to Rev. The
interaction of Pura and Rev was also detected by
immunoprecipitation/Western blot analysis of
the protein extracts expressing both proteins
(Fig. 4C,D). Nuclear (100 mg) or cytoplasmic
(300 mg) fractions were prepared from U-87MG
cells transfectedwithpcDNA3.1-SD4*-luciferase-
RRE-SA7 along with Pura and/or Rev express-
ing plasmids and the presence of proteins
was verified by Western blot analysis using

Fig. 3. Subcellular localization of Rev and Pura in cells transfected with PLEGFP-Pura and pDs-Rev-Red1
plasmids. A: U-87MG cells were transfected with reporter vectors with or without RRE along with plasmids
expressing fusion Red-Rev and GFP-Pura fusion fluorescent proteins in various combinations as denoted.
Cells were fixed and red fluorescence from Rev (B) and green fluorescence from Pura (C) were detected by
microscopy. Composite of the two colors demonstrates co-localization of Pura and Rev (D). DAPI Blue is for
nuclear staining.
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Fig. 4. Interaction of Pura with Rev. A: Binding of Rev to Pura
and localization of the interaction domain of Rev. Protein extract
fromcells expressing Purawas used inGSTpull-downassay. The
binding of Pura to purified GST-Rev and its various deletion
mutants bound to GST beads (0.5 mM) was assessed by Western
blot analysis with antibody against Pura (top panel). GST alone
was used for control. The schematic structural organization of
Rev is illustrated and binding abilities of GST proteins are
summarized (bottom panel). B: Binding of Pura to Rev and
mapping of the interaction region of Pura. Protein extracts
from cells expressing Rev were incubated with GST-Pura or its
deletion mutants (0.5 mM) in GST pull-down assay for
identification of the region of Pura that binds to Rev (top panel).
The schematic representation of structure of Rev protein and
binding activity of GST proteins are illustrated (bottom panel).
Integrity of fusion GST proteins used in assays is demonstrated

(A,B, middle panels). C: U-87MG cells were transfected with
pcDNA3.1-SD4*-luciferase-RRE-SA7 along with Pura and/or
Rev expressing plasmids. Nuclear and cytoplasmic extracts were
prepared and the presence of proteins was verified by Western
blot analysis using antibodies against Rev (top panel) and Pura
(middle panel). Rabbit polyclonal antibody against Pura detects
endogenous and overexpressed Pura (middle panel). For loading
and fractionation control, a-Tubulin was used (bottom panel).
D: Rev and Pura were co-immunoprecipitated in cytoplasmic
and nuclear lysates. Nuclear (100 mg) or cytoplasmic (300 mg)
fractions prepared from cells as described in panel C, were
immunoprecipitated using anti-Pura antibody (lanes 1–9).
Immunoprecipitated protein complexeswerewashed, separated
by SDS–PAGE followed byWestern blot analysis using anti-Myc
antibody for detection of Rev.



antibodies against Rev (Fig. 4C, top panel)
and Pura (Fig. 4C, middle panel). Rabbit
polyclonal antibody against Pura detects endo-
genous and overexpressed Pura (middle panel).
Fractionation and equal loading was controlled
by a-Tubulin detection (Fig. 4C, bottom panel).
We immunoprecipitated protein complexes
bound to Pura using anti-Pura antibody
(Fig. 4D, lanes 1–10) in the presence of protein
A Sepharose. After washing, protein complexes
were separated by SDS–PAGEand analyzed by
Western blot using anti-Myc antibody for
detection of Rev. As shown in panel D, Rev
was associated with endogenous Pura (lane 2)
and overexpressed Pura (lane 4) in cytoplasmic
fractions. Although, a faint band that points to
the interaction of overexpressed Pura and Rev
was also detected in nuclear fraction (lane 9).
To investigate the relevance of Pura:Rev

interaction to the observed functional coopera-
tivity of these two proteins, we examined the
effect of Rev on the RRE-containing reporter in
the absence and presence of full-length and
mutant Pura with no binding ability to Rev. As
shown in Figure 5A, the activity of Rev was
enhanced in the presence of full-length Pura,
but not mutant Pura encompassing the
C-terminus (216–332) of this protein. Of note,
full-length Pura, but not its mutant 216–322,
showed a modest increase in the level of
luciferase gene expression (Fig. 5B). While
full-length Pura was able to cooperate with
full-length Rev (aa 1–116), it exhibited no
cooperativity with the Rev mutant 1–33 which

showed reduced binding activity to Rev (data
not shown). These observations provided evi-
dence that physical association between Pura
and Rev may be important, at least in part, for
their coordinated effect on the expression of the
viral genome.

As Pura has a great affinity for binding to
single-stranded RNAs containing GGCG
sequence, a feature that is found in HIV-1
RRE, in the next series of experiments we
evaluated the ability of Pura to bind to RRE
and its impact on the interaction of Rev with
RRE. We performed RNA electrophoretic gel
mobility shift assays using RRERNA probe and
recombinant mutant GST-Rev, GST-Pura, and
GST proteins. Two regions of the RRE spanning
nucleotides 1–234 and 34–110 (numbering
according to Malim et al., 1989) were synthe-
sized in vitro and used as a probe. As shown in
Figure 6A, incubation of both labeled RNAs
with GST-Pura or GST-Rev resulted in the
formation of complexes with slower electro-
phoretic mobilities. Co-incubation of the probes
with both Rev and Pura resulted in the
formation of a highermolecular weight complex
than those seen by either protein alone (Fig. 6A,
compare lane5 to lanes 3 and4, and lane10with
lanes 8 and 9). The specificity of in vitro RNA
binding was tested in competition assay with
excess unlabeled probes. The addition of unla-
beledRRE-containing RNAs 1–234 and 34–110
to the reaction mixture abrogated binding of
both proteins with the labeled full-length RNA
probe (data not shown).

Fig. 5. Mutant Pura with no binding activity to Rev is unable to enhance Rev-mediated RRE directed
reporter gene expression. Cellswere transfectedwith luciferase-RRE reporter alongwith plasmids expressing
Rev and full-length Pura or mutant Pura which exhibited no binding activity to Rev. Data represent fold
increase relative to basal levels-luciferase-RRE and Rev (A). Full-length Pura demonstrates modest effect on
luciferase expression in the absence of Rev (B).
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In attempts to assess the ability of Pura to
associate with pre-existing Rev:RRE complex,
RNA probe was first incubated with Rev for
10 min prior to the addition of Pura to the
binding reaction. As shown in Figure 6
(panel B), the addition of Pura resulted in the
formation of higher molecular weight com-
plexes with RRE. Similar results were obtained
in reciprocal experiments where Rev was added
to the reactionafter the incubation ofRREprobe
with Pura. These observations suggest that
Pura binds to RNA sequences that are not
bound to Rev and that Pura interacts with RRE
RNA that is associated with Rev.

Next, we performed RNA immunoprecipita-
tion assay to determinewhether the association
of Pura and Rev with RRE RNA occurs in the

cytoplasm or in nuclei of the cells. The human
astrocytic cell lines, U-87MG, was co-trans-
fected with pcDNA3.1SD4*lucRRE-SA7 vector
and plasmids expressing T7-tagged Pura and
myc-tagged Rev, either alone or in combination.
Cytoplasmic and nuclear fractions were pre-
pared, and expression of Rev and Pura was
determined by Western blot analysis (Fig. 7A
andB, respectively). Thequality of each fraction
was tested by measuring the presence of a-
tubulin (Fig. 7C). Next, RNA:protein complexes
were immunoprecipitated using antibody that
recognizes Pura (anti-T7) (Fig. 8A,B, lanes 1–
5), Rev (anti-myc) (Fig. 8A,B, top, lane 7) or
control normal mouse serum (nms). The immu-
nocomplexeswere extensivelywashedand their
associated RNAs were prepared and subjected
to reverse transcription (RT) reaction using
random primers (Fig. 8A). RRE was subse-
quently amplified by polymerase chain reaction
(PCR) using primers specific for RRE. The RRE
fragment which was directly amplified from
pcDNA3.1SD4*lucRRE-SA7 plasmid served as
a positive control. Reactions lacking reverse
transcriptase (�RT) served as negative controls
in this study (Fig. 8B). A high intensity band,
corresponding to RRE fragment was detected in
cytoplasmic extracts from cells expressing both
Pura and Rev proteins (Fig. 8A, lane 5,
cytoplasmic fraction). In cells expressing only
Pura, a weak signal pointing to the association
of Pura with RRE was detected in nuclear
fractions. RNA input was verified by extraction

Fig. 6. Interaction of Pura with RRE in vitro. A: Pura binds to
RRE and enhances binding of Rev to RRE. GST, GST-Pura and
GST-Rev proteins (100 nM) were assessed in RNA gel mobility
shift assay with labeled RRE 1–234 (spanning stem I, stem loops
IIA, IIB, IIC, III, IV, V) and RRE 34–110 (spanning stem loops IIA,
IIB, IIC). B: Pura associates with RRE and with pre-existing
Rev:RRE complex. Rev was incubated with labeled RRE for
100 prior to the addition of Pura to the reaction (lane 7). Purawas
incubatedwith labeled RRE 1–234 for 100 prior to the addition of
Rev to the reaction (lane 9). GST was used as a control in similar
reactions (lanes 6 and 8).

Fig. 7. Cytoplasmic and nuclear presence of Pura and Rev.
U-87MG cells were transfected with pcDNA3.1-SD4*-lucifer-
ase-RRE-SA7 along with Pura and/or Rev expressing plasmids.
Nuclear and cytoplasmic extractswere prepared and presence of
proteins was verified in Western blot analysis using antibodies
against Rev (A) and Pura (B). For loading and fractionation
control, tubulin was used (C).
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of RNA directly from nuclear and cytoplasmic
fractions (without prior immunoprecipitation)
following RT-PCR (Fig. 8C). Rev:Pura protein
complexes were also detected in cytoplasmic
fraction using IP-Western (data not shown). In

addition, we repeated RNA immunoprecipita-
tion experiments using anti-Pura antibody instead
of anti-T7 antibody and detected association of
endogenous PurawithRRERNAandRev in the
cytoplasm (data not shown). These observations

Fig. 8. Interaction of Purawith RRE in vivo. Antibodies against
Pura (anti-T7, lanes 1–5) and Rev (anti-myc, lane 7 in ‘‘þRT’’
panels) were used to immunoprecipitate interacting components
from cytoplasmic (A) and nuclear (B) lysates from cells as
described in Figure 7. Normal mouse serum (nms) was used as a
negative control for immunoprecipitation (lane 6). RNA
extracted from these complexes was subjected to RT-PCR with

(‘‘þRT’’) and without (‘‘�RT’’) reverse transcriptase (RT) using
RRE 1–234 specific primers. For PCR control, pcDNA3.1-SD4*-
luciferase-RRE-SA7 and RRE 1–234 specific primers were used
(lanes 8–9 in ‘‘þRT’’ panels and lanes 7 and 8 ‘‘�RT’’panels).M:
DNA marker. RNA input was verified by extraction of RNA
directly from nuclear and cytoplasmic fractions (without prior
immunoprecipitation) following RT-PCR (C).
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point to the in vivo association of PurawithRRE
in thepresence ofRev.Moreover, Pura:RREand
Pura:RRE:Rev complexes are present in the
cytoplasmic compartment of cells.

DISCUSSION

Replication of HIV-1 is a highly regulated
process and is dependent on cooperation
between viral and host proteins. In an earlier
study, we identified Pura as a potential partner
for HIV-1 Tat that may facilitate Tat activation
of the responsive promoters [Krachmarov et al.,
1996; Chepenik et al., 1998; Gallia et al., 1999].
In this report we show that Pura enhances the
action of Rev protein, the main regulator of
export of unspliced viral mRNAs, and that
depletion of endogenous Pura by siRNA dimin-
ishes Rev:RRE-mediated reporter activation.
Similarly, silencing of Pura by siRNA during
the course of HIV-1 infection of human primary
culture of microglial cells caused nearly 25%
suppression in viral replication pointing to the
importance of Pura in HIV-1 gene expression
and replication (data not shown).

Using reporter constructs containing lucifer-
ase gene sequence placed within intron alone or
in combination with RRE, we demonstrated
that Pura can function as a cofactor for Rev in
activating gene expression from intronic
sequences. Co-localization of Pura and Rev
was observed within cytoplasm of cells express-
ing both proteins. Rev/RRE/Pura complexes
were detected in vivo in the cytoplasmic com-
partment of cells also in RNA immunoprecipi-
tation experiments. Thus Pura, which can also
directly bind to RRE may act in post-transcrip-
tional processing steps involving Rev function.
In support of this notion, recent studies demon-
strated that Pura is involved in dendritic
transport of a subset ofmRNAs and translation.
Pura has been identified in mRNA/protein
complexes containing mStaufen, FMRP, pro-
teins that have been implicated to play a key
role in targetingmRNAs topolyribosomes [Feng
et al., 1997; Marion et al., 1999; Brown et al.,
2001; Krichevsky and Kosik, 2001; Tang et al.,
2001; Ohashi et al., 2002]. In addition, Staufen
1, which was found in HIV-1 Gag RNP complex,
was implicated in regulating retroviral genomic
encapsidation [Mouland et al., 2000; Chatel-
Chaix et al., 2004]. Immunoprecipitation of
these proteins with an anti-Pura antibody was
abolished by RNase A treatment, suggesting an

RNA dependence for Pura in the assembly of
mRNPs [Ohashi et al., 2002]. These observa-
tions led to the hypothesis that Pura via binding
to rRNAmaymediate the association ofmRNPs
with polyribosomes. Interestingly, our earlier
studies have revealed that Pura binds to RNAs
that are homologous to 18S ribosomal RNA and
to 7SL RNA [Tretiakova et al., 1998; Gallia
et al., 1999, 2001]. Pura has also been isolated
from kinesin-associated granules in dendrites
together with a group of RNA binding proteins
[Kanai et al., 2004], including DDX1, DDX3,
staufen, PSF,EF-1a, which are involved inRNA
splicing, nuclear RNA export and RNA trans-
lation and have been linked to retroviral
replication [reviewed in Cochrane et al., 2006].
It was shown that Pura recognizes dendrite-
targeting RNA motifs rich in G and U residues
in the 50 portion ofBC1RNAand linksBC1RNA
to microtubules [Ohashi et al., 2000] and
associates with ribosomes in neuronal cyto-
plasm [Li et al., 2001]. Non-coding BC1 RNA
acts as a molecular scaffold for the formation of
BC1 ribonucleoprotein particles (BC1 RNPs).
These particles have been shown to be impor-
tant for the dendritic delivery of mRNAs and
factors regulating translation in dendrites. All
of these observations are consistent with the
notion that Pura via interaction with Rev and
RRE may be involved in directing viral
unsplicedRNAassociationwithRNPcomplexes
to sites of translation.

Another interesting, although preliminary,
observation comes from our experiments with
RRE-negative construct showing that the level
of cytoplasmic unspliced RNA in cells with
expressing Pura and Rev is higher compared
to that from cells with reporter construct alone,
yet the level of protein remains comparable.
Thus, one may speculate that in the presence of
Rev, Pura and Rev may cooperate to enhance
gene expression at the post-transcriptional
level from intronic sequences, again supporting
a role for Pura in post-transcription, that is,
translation level. Our preliminary data also
demonstrate that Pura can increase, albeit
modestly, the level of cytoplasmic unspliced
reporter RNAs (with or without RRE) and
consequently, expression of the reporter protein
in LMB insensitive manner. This observation
along with the ability of Pura to associate with
the RRE in the absence of Rev suggests that
Puramay also be involved in CRM-1-independ-
ent nuclear export pathway that includes RNA
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helicase A (RHA), TAP, and Sam68 [Braun
et al., 2001; Reddy et al., 2000].
The HIV-1 RRE has double helical, highly

looped secondary structurewithGG richmotifs.
All known RNA molecules interacting with
Pura in vivo contain such structures [Johnson
et al., 2006]. It is possible that Pura through its
interaction with Rev and RRE can act in
remodeling of RNA cargo assisting DDX3,
human RNA helicase, a member of DEAD-box
family, which binds CRM1 and restructures
cargo HIV-1 RNA to permit translocation
[Yedavalli et al., 2004]. This is an interesting
notion in light of earlier studies showing local
helix-unwinding activity of Pura [Darbinian
et al., 2001; Wortman et al., 2005].
Altogether, our results demonstrate that

Pura participates in cytoplasmic processing of
unspliced mRNAs containing intronic viral
RNA sequences. Further, we demonstrate that
Pura cooperates with Rev to stimulate expres-
sion of HIV-1 genes from unspliced mRNAs.
Pura acts as a cellular factor, which by inter-
action with Rev alleviates molecular barriers in
Rev function [Neumann et al., 1995; Brack-
Werner 1999; Gorry et al., 2003]. Moreover, our
results show that Pura is able to promote
translocation and expression of unspliced
mRNA in the absence of Rev and in LMB
insensitive manner.
These observations together with the demon-

stration of Pura association with RNA trans-
porting granules imply a new role for Pura in
stabilization and transport of unspliced viral
RNA to sites of translation or viral assembly for
encapsidation and virion formation. Pura has
been implicated in the transport ofMap2mRNA
to sites of translation in neuronal dendrites
[Johnson et al., 2006]. In light of earlier reports
on the export of intron-containing mRNAs from
nucleus and pre-mRNA splicing in neuronal
dendrites [Brown et al., 2001; Rodrigues et al.,
2001; Jin et al., 2003;Glanzer et al., 2005], itwill
be of particular interest to determine if Purahas
any role in the intracellular transport, stability
and translation of cellular pre-mRNAs.
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