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FASTTRACK

Single-Stranded Nucleic Acid-Binding Protein, Pura,
Interacts With RNA Homologous to 18S Ribosomal RNA
and Inhibits Translation In Vitro
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Abstract Pura is a highly conserved, eukaryotic sequence-speci®c DNA- and RNA-binding protein involved in
diverse cellular and viral functions including transcription, replication, and cell growth. Pura exerts its activity in part by
interacting with other viral and cellular proteins. One such protein is the human immunode®ciency virus (HIV) type I
regulatory protein Tat. Earlier studies have demonstrated that this interaction is mediated by Pura-associated RNA
(PARNA) and that RNA immunopuri®ed from mammalian expressed Pura was capable of reconstituting the interaction
between these two proteins. In the current study, we characterize four RNA species which were immunopuri®ed with
Pura. Northern blot analysis with one of the PARNAs revealed a highly abundant signal of�2.0 kilobases (kb) present in
all cell lines tested. Sequence analysis of each of the four PARNA clones revealed a high homology to different regions of
the human 18S ribosomal RNA sequence. Based on this homology, we investigated the in¯uence of Pura on translation.
Luciferase assays were performed after coupled in vitro transcription/translation reactions with a vector containing a
luciferase reporter construct and increasing concentrations of BSA, GST, and GST-Pura. Inclusion of GST-Pura in these
reactions resulted in a dose-dependent inhibition of luciferase activity. Similar inhibition was observed with in vitro
translation reactions performed with in vitro transcribed luciferase RNA and increasing concentrations of GST-Pura. In
control experiments, inclusion of increasing concentrations of GST-Pura with luciferase protein resulted in no effect on
luciferase activity. Taken together, these data demonstrate that Pura inhibits translation reactions in vitro. Moreover, this
Pura-mediated inhibition of translation can be abrogated by HIV-1 Tat protein. J. Cell. Biochem. 83: 355±363, 2001.
ß 2001 Wiley-Liss, Inc.
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Human Pura (GenBank accession no
M96684) is a sequence-speci®c DNA- and
RNA-binding protein initially cloned through
its af®nity for a sequence element present at
many eukaryotic origins of DNA replication
[BergmannandJohnson,1992;Bergmannetal.,
1992]. This 322 amino acid protein is composed
of a modular structure with a central repeat
region, a glycine-rich amino terminus, and a
glutamine-glutamate-rich carboxy terminus.

Pura is the founding member of the pur family
of proteins which currently consists of Pura,
Purb, and Purg. Since its initial description,
Pura has been demonstrated to be involved in
diverse cellular and viral functions including
gene transcription, replication, and cell growth
[reviewed in Gallia et al., 2000].

Pura acts as both a transcriptional activator
and repressor of cellular genes. Pura has been
shown to activate many cellular genes including
myelin basic protein (MBP) [Haas et al., 1993,
1995; Tretiakova et al., 1998], the b-subunit of
the neuronal nicotinic acetylcholine receptor
[Du et al., 1997], the neuron-speci®c FE65 gene
[Zambrano et al., 1997], and the transforming
growth factor b 1 [Thatikunta et al., 1997]. In
avian ®broblasts infected with the rous sarcoma
virus, a Pur element functions as an enhancer
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for the clusterin gene [Herault et al., 1993].
Other studies have suggested that Pura may
function as a transcriptional repressor. More
speci®cally, Pura has been shown to be a
transcriptional repressor of the human fas
promoter [Lasham et al., 2000] and has been
implicated in repression of the murine vascular
smooth muscle (VSM) a-actin gene [Kelm et al.,
1997].

In addition to its activity in modulating
diverse cellular genes, Pura is also involved in
regulating several human viruses including the
JC virus (JCV) and the human immunode®-
ciency virus (HIV), type 1. Pura regulates both
transcription and replication of JCV, an oppor-
tunistic polyomavirus and etiological agent of
the demyelinating disease progressive multi-
focal leukoencephalopathy (PML) [Major et al.,
1992]. Pura has been shown to stimulate JCV
early gene transcription and decrease the
ability of the viral regulatory protein, large T-
antigen, to increase JCV late gene transcription
[Chen and Khalili, 1995]. This latter effect is
mediated by the physical interaction between
Pura and T-antigen [Gallia et al., 1998]. Pura
has also been shown to modulate JCV early and
late gene transcription through its association
with the Y-box binding protein YB-1 [Safak
et al., 1999]. In addition to its effects on JCV
transcription, Pura has been shown to suppress
JCV DNA replication in glial cells [Chang et al.,
1996].

PML emerges most frequently in patients
with the acquired immunode®ciency syndrome
in comparison to other immunocompromised
conditions. This suggests that the presence of
HIV-1 in the central nervous system can
contribute to the pathogenesis of PML. Studies
have indicated a direct intercommunication
between HIV-1 and JCV mediated through the
HIV-1 regulatory protein Tat [Chowdhury et al.,
1993]. Although Tat does not interact directly
with JCV DNA sequences, the Tat-responsive
region of JCV contains a Pura binding site and
Pura and Tat synergistically activate the JCV
late gene promoter [Krachmarov et al., 1996].
Moreover, Purahas been shown to interact with
the HIV-1 Tat protein [Krachmarov et al., 1996,
Gallia et al., 1999b; Wortman et al., 2000].
Interestingly, the interaction between Pura and
the HIV-1 Tat protein is mediated by RNA
associated with Pura [Gallia et al., 1999b]. In
that study we immunopuri®ed Pura from a
transiently transfected human malignant glio-

blastoma/astrocytoma cell line and using
reverse transcription-polymerase chain reac-
tion (RT-PCR) techniques, isolated several
Pura-associated RNA (PARNA) species. One of
these clones was able to reconstitute the inter-
action between Pura and Tat. In the current
study, we characterize four PARNA species and
report their sequences as homologous to distinct
regions of human 18S ribosomal RNA (rRNA).
Based on the association of Pura with RNA
which is involved in cellular translation, we
investigated the role, if any, of Pura on transla-
tion. Here, we demonstrate that Pura is capable
of inhibiting translation in vitro. Moreover, we
show that the HIV-1 Tat protein can abrogate
the Pura-mediated inhibition of translation.

METHODS

Plasmids and Cell Cultures

PARNAs were isolated using reverse-tran-
scription followed by polymerase chain reaction
assays as previously described [Gallia et al.,
1999b]. Clones were screened for the presence of
inserts by restriction enzyme digestion. Clones
10, 11, 14, and 47 contained inserts, were
designated PARNA clones 10, 11, 14, and 47,
respectively, and further analyzed. PARNA
clone 14 was subcloned into EcoRI-digested
pCNDA3 (Invitrogen, Carlsbad, CA) generating
pCDNA3-PARNA clone 14. The plasmid pGL3
T7-luciferase was constructed by digesting
pCDNA3-TAR, a vector which contains the
HIV-1 TAR sequence cloned into the HindIII/
BamHI sites of pCDNA3, with SmaI and
BamHI. This SmaI/BamHI fragment, which
contains the T7 promoter and the HIV-1 TAR
sequence, was then subcloned into SmaI/BglII
digested pGL3-basic vector (Promega, Madison,
WI), generating pGL3-T7-TAR. This construct
was subsequently digested with HindIII,
releasing the TAR fragment, and the vector
containing the T7 promoter and the luciferase
gene was religated generating pGL3-T7-lucifer-
ase. The sequence of all plasmids and PARNA
clones was veri®ed by DNA sequencing using an
ABI automatic sequencer.

Rat glioma (C6), African green monkey
kidney (CV-1), human cervical adenocarcinoma
(HeLa), and human glioblastoma (U-87 MG and
T98-G) cells were obtained from the American
Type Culture Collection (Manassas, VA) and
maintained at 378C in Dulbecco's modi®ed
Eagle medium (GIBCO, Grand Island, NY)
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supplemented with 10% fetal calf serum, 100 U/
ml penicillin, and 100 mg/ml streptomycin in a
humidi®ed incubator containing 5% CO2.

RNA Isolation/Northern Blotting

Total RNA was isolated from C6, CV-1, HeLa,
T98-G, and U-87 MG cells using an acid phenol
extraction as previously described [Queen and
Baltimore, 1983]. Brie¯y, cells were washed
twice with 1� PBS and lysed with a solution
containing 50 mM sodium acetate (pH 5.1) and
1% SDS. Cell lysates were scraped into tubes
containing an equal volume of prewarmed acid
phenol equilibrated with 50 mM sodium acetate
(pH 5.1) and were incubated at 608C for 15 min.
The aqueous phase was extracted with neutral
phenol/chloroform [equilibrated with 50 mM
Tris (pH 7.4)], followed by chloroform extraction
and ethanol precipitation. After DNaseI diges-
tion to remove endogenous DNA from the
samples, 20 mg of total RNA were analyzed on
1.2% agarose 0.4% formaldehyde, 1�morpho-
linepropanesulfonic acid gels and hybridized to
probe generated from the 338 PARNA clone 14
cDNA after transfer to nylon membrane as
previously described [Ausubel et al., 1989].

Proteins

GST fusion proteins were expressed and
puri®ed as described previously [Gallia et al.,
1999b]. Brie¯y, bacteria containing GST fusion
proteins were grown overnight at 378C in Luria
Bertani medium containing 100 mg/L ampicil-
lin. The following morning, the cells were
diluted 1:10 in fresh medium, grown to an
absorbance at 595 nm of 0.6±0.7 and induced
with 0.5 mM isopropyl-b-D-thiogalactopyrano-
side for 3 h at 378C. Cells were then pelleted at
6,500g at 48C and subsequently resuspended in
NETN buffer containing 20 mM Tris, pH 8.0,
100 mM NaCl, 1 mM EDTA, and 0.5% Nonidet
P-40. After sonication on ice, the bacterial lysate
was centrifuged at 40,000g at 48C to remove
insoluble material. Glutathione-Sepharose
beads (Amersham Pharmacia Biotech, Piscat-
away, NJ) were added to the supernatant and
after a 3 h incubation at 48C, the beads were
pelleted and washed three times with 50
volumes of NETN buffer each time. Proteins
were eluted from the glutathione resin at room
temperature in elution buffer containing 15 mM
reduced glutathione and 5 mM dithiothretiol in
50 mM Tris-Cl, pH 8.0. Eluted proteins were
dialyzed against 20 mM Tris-Cl, pH 7.5, 50 mM

NaCl, 0.5 mM DTT, 0.2 mM phenylmethylsul-
fonyl ¯uoride, 0.2 mM EDTA, and 10% glycerol
at 48C. The integrity and purity of the GST
fusion proteins were analyzed by SDS±PAGE
followed by Coomassie Blue staining. BSA was
obtained commercially (New England BioLabs,
Beverly, MA).

Luciferase Reactions

Coupled in vitro transcription±translation
reactions were performed with XbaI linearized
pGL3-T7-luciferase and various amounts of
exogenously added BSA, GST, and GST-Pura
using the TNT-coupled transcription±transla-
tion wheat germ extract following the manu-
facturers instructions (Promega). An equal
volume aliquot of each reaction was assayed
for luciferase activity according to the manu-
facturer's recommendations (Promega). Alter-
natively, in vitro transcribed luciferase RNA
was incubated with various amount of BSA,
GST, or GST-Pura in coupled transcription±
translation extract and subsequently an equal
volume of the reaction was assayed for lucifer-
ase activity. Experiments were performed at
least in triplicate with qualitatively similar
results. Relative light units were converted into
fold activity for graphical representation.

In Vitro Transcription Reactions

In vitro transcribed RNA, used in the lucifer-
ase assays shown in Figure 4A, was generated
from BamHI linearized pGL3-T7-luciferase
according to the recommendations of the man-
ufacturer (Promega). pGL3-T7 DNA was
removed by digestion with DNaseI following
the transcription reactions according to the
recommendations of the manufacturer (Pro-
mega).

RESULTS

Pura Associates with RNAs Homologous
to 18S RNA

We have previously isolated human PARNA
sequences [Gallia et al., 1999b]. These
sequences were isolated by immunopurifying
transiently transfected Pura from the human
glioblastoma cell line U-87 MG and subse-
quently isolating RNA from the Pura immuno-
complexes and using that RNA as templates for
RT-PCR assays. Four clones were obtained and
designated as PARNA clones 10, 11, 14, and 47.
Northern blot analysis was performed using
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PARNA clone 14 and a variety of tissue culture
cell lines including human glioblastoma (U-87
MG and T98-G), rat glioma (C6), human
cervical adenocarcinoma (HeLa), and African
green monkey kidney (CV-1) cells. As shown in
Figure 1, PARNA clone 14 detected a highly
abundant RNA species in an area corresponding
to 18S rRNA in all cell lines analyzed. This
observation also demonstrated that the RNA
species isolated was indeed expressed in eukar-
yotic cells. Sequence analysis of these four
clones and comparison with known sequences
using advanced BLASTN searches revealed
that each clone had a high similarity or identity
to various regions of the human 18S rRNA
sequence (GenBank accession no X03205).
Figure 2A shows the graphical alignment of
the four PARNA cDNA clones in relationship to
the entire 18S rRNA sequence. Clones 10 and 14
represent overlapping clones; clones 11 and 47
are distinct from the other RNA clones isolated,
but are homologous to 18S rRNA. PARNA clone
10 (GenBank Accession number AF397157)
consists of 551 base pairs (bp) with 99% identity
to the 30 end of the human 18S rRNA sequence
(Fig. 2B). PARNA clone 11 (GenBank Accession

number AF397158) is 585 bases in length and
overall has a 97% identity with the 50 end of the
human 18S rRNA sequence. Interestingly, this
clone possess a 18 base sequence not found in
the 18S rRNA sequence. Excluding this 18 base
sequence, there is only one nucleotide difference
between this clone and the human rRNA
sequence (Fig. 2C). PARNA clone 14 (GenBank
Accession number AF397159) consists of 338 bp,
the ®rst 257 of which are 100% identical to the
human 18S rRNA sequence. Interestingly, the
last 89 bases located at the 30 end of this clone
are 100% identical to the opposite strand of the
human 18S rRNA sequence (Fig. 2A). PARNA
clone 47 (GenBank Accession number
AF397160) consists of 179 bases with 100%
identity to the human 18S rRNA sequence.

Pura Inhibits Translation In Vitro

Based on the observation that all of the RNA
species immunopuri®ed with Pura were homo-
logous to 18S rRNA, we next investigated the
in¯uence of Pura on translation. In the ®rst
series of experiments, we performed coupled
in vitro transcription±translation reactions
using pGL3-T7-luciferase, a vector containing

Fig. 1. Northern blot analysis using PARNA clone 14. Total RNA was extracted from C6 (rat glioma), CV-1
(African green monkey kidney), HeLa (human cervical adenocarcinoma), and T98-G and U-87 MG (human
glioblastoma) cells, separated on a denaturing formaldehyde-agarose gel (A) and hybridized to labeled
PARNA clone 14 DNA (B). The position of 18S rRNA is shown by the arrow.
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Fig. 2. Pura associates with human RNA sequences homologous to 18S rRNA. A: Graphical alignment of
the four PARNA cDNA clones with the human 18S rRNA sequence. Clones 10 and 14 are partially
overlapping; clones 11 and 47 are distinct from the other clones. The arrows depict the direction of the
clone sequenced. (B and C) Sequence alignment of the PARNA cDNA clones 10 (B) and 11 (C) with the 18S
rRNA sequence. The 18S rRNA sequence is shown at the bottom of each alignment.

Pura Inhibits Translation in Vitro 359



the T7 promoter upstream of the luciferase
reporter gene, and 0.1, 0.5, 2.5, and 7.5 mM
concentrations of puri®ed BSA, GST, and GST-
Pura. As shown in Figure 3, inclusion of BSA at
any concentration (lanes 2±5) did not affect the
amount of luciferase activity observed. Simi-
larly, inclusion of increasing amounts of GST
(Fig. 3, lanes 6±9) had no effect on the amount of
luciferase activity observed. Inclusion of Pura,
however, resulted in a dose-dependent inhibi-
tion of luciferase activity (Fig. 3, lanes 10±13).
This observation is consistent with an inhibi-
tory effect of Pura on translation. Several other
possibilities, however, could also explain this
observation. Subsequent experiments were
performed to decipher the exact step affected
by Pura in this reaction.

As Pura has been shown to both activate and
suppress transcription, we next evaluated
which part of the coupled transcription±trans-
lation reaction was affected by Pura. To this
end, we prepared luciferase mRNA in vitro and
after DNaseI digestion, used this mRNA in
translation reactions containing increasing
amounts of BSA, GST, and GST-Pura. As shown
in Figure 4A, neither BSA (compare lane 1 with
2±5) nor GST (compare lane 6 with 7±10) had
any affect on luciferase activity. Conversely,
inclusion of GST-Pura in the translation reac-
tion resulted in a dose-dependent decrease in
luciferase activity (Fig. 4A, compare lane 11
with 12±15). To evaluate any direct in¯uence of

Pura on luciferase activity itself, in vitro trans-
lated luciferase protein was incubated with
increasing amounts of puri®ed GST-Pura pro-
tein. As shown in Figure 4B, GST-Pura had no
direct effect on luciferase protein activity
(compare lanes 1 with 2±6). Thus, the effect of
Pura observed in Figures 3 and 4A is not due to
any direct in¯uence on luciferase activity per se.
Taken together, these data demonstrate that
Pura suppresses translation in vitro.

HIV-1 Tat Protein Abrogates Pura-Mediated
Suppression of Translation

We have previously demonstrated that the
RNA derived from clone 14 was able to recon-
stitute the interaction between Pura and the
HIV-1 Tat protein [Gallia et al., 1999b]. More-
over, this RNA was able to enhance the
transcriptional activation of the HIV-1 promo-
ter by Pura and HIV-1 Tat in glial cells [Gallia
et al., 1999b]. Based on these previous observa-
tions, we next examined the in¯uence of the

Fig. 3. Pura inhibits coupled in vitro transcription±translation
reactions. Luciferase assays were performed after coupled
in vitro transcription/translation reactions containing pGL3-T7-
luciferase and 0.1, 0.5, 2.5, and 7.5 mM BSA (lanes 2±5), GST
(lanes 6±9), and GST-Pura (lanes 10±13) puri®ed proteins. Lane
1 contains no exogenously added protein. Fold suppression is
depicted.

Fig. 4. Pura inhibits in vitro translation. A: In vitro translation
reactions were performed with pGL3-T7-generated luciferase
RNA in the absence (lanes 1, 6, and 11) or presence of 0.1, 0.5,
2.5, and 5.0 mM of BSA (lanes 2±5), GST (lanes 7±10), and GST-
Pura (lanes 12±15) puri®ed proteins. Fold suppression is
depicted. B: Pura has no direct effect on luciferase activity.
Luciferase assays were performed with a equal amount of in vitro
translated luciferase protein in the absence (lane 1) or presence
of 0.1, 0.5, 2.5, and 7.5 mM GST-Pura protein (lanes 2±5). Fold
activation is depicted.
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HIV-1 Tat protein on the Pura-mediated trans-
lational inhibition. As shown in Figure 5, 5.0 mM
BSA and GST had no effect on luciferase activity
(lanes 2 and 3). Inclusion of 5.0 mM GST-Pura
resulted in over a 25-fold inhibition of luciferase
activity. Full length GST-Tat protein demon-
strated no effect on luciferase activity (lanes 5±
7). Interestingly, increasing amounts of GST-
Tat protein in reaction mixtures containing a
constant amount of GST-Pura resulted in a
dose-dependent decrease of the Pura-mediated
inhibitory effect on luciferase activity (lanes 8±
10). This demonstrates that the HIV-1 Tat
protein abrogates the suppression of translation
mediated by Pura.

DISCUSSION

Numerous studies have demonstrated that
Pura interacts with RNA molecules and that
RNA modulates both structural and functional
activities of Pura. Tretiakova et al. [1998]
demonstrated that Pura puri®ed from mouse
brain extract was associated with a cellular
RNA, called PU-RNA, with signi®cant homol-
ogy to 7SL RNA. This PU-RNA was further
shown to inhibit the interaction between Pura
and its target PUR element-containing regula-
tory motif of the myelin basic protein gene
promoter. Pura has also been shown to interact
with neural BC1 RNA [Kobayashi et al., 2000].

Additionally, Pura (and Purb) has been shown
to neural link BC1 RNA to microtubules
through dendrite-targeting RNA motifs located
in the 50 region of the BC1 RNA leading the
authors to suggest a role for these proteins in
dendritic translocation of BC1 RNA [Ohashi
et al., 2000]. In addition to these mammalian
RNA molecules, Pura interacts with the HIV-1
regulatory RNA element TAR [Chepenik et al.,
1998]. Moreover, this study demonstrated that
overexpression of Pura in human glial cells
increased transcription from the HIV-1 long
terminal repeat via a TAR-dependent mechan-
ism.

In addition to nucleic acid interactions, Pura
binds to a variety of regulatory proteins. Many
of these interactions are RNA-dependent,
including the self-association of Pura [Gallia
et al., 1999a] as well as the association between
Pura and the HIV-1 regulatory Tat protein
[Gallia et al., 1999b; Wortman et al., 2000]. We
previously demonstrated that mammalian RNA
was able to reconstitute the interaction between
Pura and Tat [Gallia et al., 1999b]. In this
report, we characterize RNA species immuno-
puri®ed from Pura after transient transfection
into a human glioblastoma cell line. Interest-
ingly, three of the RNA clones were homologous
to, and one clone identical to, various regions of
human 18S rRNA. Interestingly, PARNA clone
14 possesses sequences identical to both strands
of the 18S RNA sequence. Based on the fact that
Pura interacted with RNA species homologous
to 18S rRNA, we evaluated what, if any, role
Pura may play in translation. Our results
demonstrate that Pura inhibits translation
reactions in vitro. Although this is the ®rst
evidence that Pura has a direct role in the
translation process, several recent studies are
noteworthy in light of our ®ndings [Kelm et al.,
1999b; Li et al., 2001].

Kelm et al. [1999b] demonstrated that Pura,
Purb, and the mouse Y-box binding protein,
MSY1, interacted with a mRNA sequence
derived from a region of the mouse VSM a-actin
exon 3. This sequence was identi®ed by its
structural similarity to a region of the VSM gene
50 promoter which contains a sequence whose
opposite strands interact with pur or MSY1
proteins [Kelm et al., 1999a]. When this exon 3-
derived sequence was placed in the 50 untrans-
lated region of a reporter mRNA, translation
was suppressed. Interestingly, translational
ef®ciency was restored by mutations in the exon

Fig. 5. The HIV-1 Tat protein abrogates Pura-mediated
inhibition of translation. Luciferase assays were performed after
coupled transcription/translation reactions containing pGL3-T7-
luciferase plasmid and 5.0 mM BSA (lane 2), 5.0 mM GST (lane
3), 5.0 mM GST-Pura (lane 4, 8±10), and 10 nM (lanes 5 and 8),
50 nM (lanes 6 and 9) or 100 nM (lanes 7 and 10) HIV-1 Tat
protein. Lane 1 contains no exogenously added protein. Fold
suppression is depicted.
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3-derived sequence which impaired mRNA
binding of Pura, Purb, and MSY1 [Kelm et al.,
1999b]. Other mRNA-binding proteins, how-
ever, with physiologic roles unrelated to trans-
lational regulation have been demonstrated to
function as translational repressor proteins
when their RNA binding sites were placed in
the 50 UTR of reporter mRNA [Stripecke et al.,
1994]. Nonetheless, the study by Kelm et al.
[1999b] is interesting in light of our current
studies demonstrating a Pura-mediated trans-
lational inhibition in vitro.

Although Pura was originally isolated from
nuclei of mammalian cells, several studies have
demonstrated that at least a fraction of the Pura
cellular content is contained within the cyto-
plasm (Li et al., 2001) [Osugi et al., 1996].
Interestingly, a recent study by Li et al. [2001]
examining the subcellular localization of Pura
within the brain reported that Pura co-fractio-
nated with free and membrane-bound poly-
somes. This study, although providing no
experimental data addressing the functional
role in translation, suggests Pura may play a
role in translation.

Pura is involved in diverse cellular and viral
functions including transcription, replication,
and cell growth. The experiments presented
herein demonstrate that Pura is also involved in
inhibiting cellular translation, at least in vitro.
Future experiments will be necessary to fully
elucidate the mechanism and signi®cance of
Pura, and potentially other pur protein family
members, in mammalian translation as well as
other cell functions.
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