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ABSTRACT
The Tat protein binds to TAR RNA to stimulate the
expression of the human Immunodeficiency virus type
1 (HIV-1) genome. Tat is an 86 amino acid protein that
contains a short region of basic residues (aa49 - aa57)
that are required for RNA binding and TAR is a 59
nucleotide stem-loop with a tripyrimidine bulge in the
upper stem. TAR is located at the 5' end of all viral
RNAs. In vitro, Tat specifically interacts with TAR by
recognising the sequence of the bulge and upper stem,
with no requirement for the loop. However, in vivo the
loop sequence is critical for activation, implying a
requirement for accessory cellular TAR RNA binding
factors. A number of TAR binding cellular factors have
been identified in cell extracts and various models for
the function of these factors have been suggested,
including roles as coactivators and inhibitors. We have
now identified a novel 38 kD cellular factor that has little
general, single-stranded or double-stranded RNA
binding activity, but that specifically recognises the
bulge and upper stem region of TAR. The protein,
referred to as BBP (bulge binding protein), is conserved
in mammalian and amphibian cells and in
Schizosaccharomyces pombe but is not found In
Saccharomyces cerevisiae. BBP is an effective
competitive inhibitor of Tat binding to TAR in vitro. Our
data suggest that the bulge-stem recognition motif in
TAR is used to mediate cellular factor/RNA Interactions
and indicates that Tat action might be inhibited by such
competing reactions in vivo.

INTRODUCTION
The expression of human immunodeficiency virus type 1 (HIV-1)
genes is dependent upon the activity of the virally encoded Tat
protein. Tat binds to an RNA sequence called TAR, that is located

at the immediate 5' end of all viral mRNAs [ 1]. The interaction
between Tat and TAR results in a marked stimulation of
transcription and consequent increase in virus production. Tat
action increases both the initiation of transcription and processivity
of polHI [2]. There is evidence from in vitro studies that Tat
contacts TFIID [3] and SPI [4], however a number of other Tat
binding proteins have also been identified [5, 6] and the precise
mechanism whereby Tat activates transcription is not yet clear.
In addition, Tat can stimulate translation ofTAR containing RNA
in Xenopus oocytes [7] and there is some evidence for a post-
transcriptional activity in mammalian cells [8].
The Tat/TAR interaction in vitro has been well characterised.

TAR forms a partially base paired stem-loop with a tripyrimidine
bulge on the 5' side of the loop. Chemical and 2-D NMR analyses
provide no strong evidence that the nucleotides in the loop are
paired or stacked although the data do not preclude the formation
of non Watson-Crick base pairs [9-11]. Bulges are known to
induce pronounced kinks in RNA [12] and it appears that the
bulge in TAR serves to deform the A-form helix, resulting in
a widening of the major groove to reveal the functional groups
on the Watson-Crick base pairs [13, 14]. Tat binding depends
upon sequences in the bulge and upper stem. The critical residues
are U23 in the bulge, G26 in the stem and a base paired purine
at position A27, and it has been proposed that U23 in the bulge
can form a base triple interaction with the A27 [15-19].
The binding domain of Tat contains a cluster of basic amino

acids (residues 49 to 57) which can bind to TAR in isolation [20],
but full specificity requires additional flanking amino acids [21].
The precise contacts between Tat and TAR have not yet been
characterised, although the finding that a single arginine can bind
to G26 combined with in vivo mutagenesis studies [20, 22], has
led to the suggestion that Arg 52 and 53 in Tat play a key role,
however contact with other residues outside the basic region, such
as Lys4l may also be a possibility [14]. Tat therefore appears
to belong to a class of proteins that recognise RNA via an arginine
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rich domain, these include XN protein and the R17 and Q,B phage
coat proteins [23].
The putative hexanucleotide loop in TAR is not critical for Tat

binding in vitro [16, 21]. However, in vivo, the loop sequence
is essential. Single or multiple base substitutions in the loop
dramatically reduce Tat activation [24, 25]. Given that the loop
has structural flexibility in vitro and there is little evidence that
it contacts other regions of TAR [14], the in vivo requirement
is unlikely to reflect a simple structural constraint. It appears that
one or more loop binding cellular factors are required to achieve
activation. Two models have been proposed to account for the
requirement for loop binding proteins. It has been suggested that
Tat interacts with a loop binding protein in solution to form a
binding complex. This binding complex interacts with TAR via
the combined interaction of Tat with the bulge and the cellular
factor with the loop sequence. In this model, neither Tat nor the
loop factors bind TAR independently in vivo [26]. A second
model has been proposed, based on genetic analysis of Tat
activation of translation in Xenopus oocytes [27]. In this system,
TAR loop sequences are also required for Tat activation, but the
requirement is conditional. Tat specific activation of a loop
mutated TAR element can be obtained if excess of a short TAR
RNA containing the loop mutation is present. It appears that the
loop mutated TAR sequence in excess is removing a negative
factor. One interpretation is that the role of the loop sequence
is to bind a protein that will prevent the negative factor from
interfering with Tat binding. Mutation analysis indicates that the
negative factor requires the bulge region of TAR. Biochemical
support for these models requires the purification and
characterisation of TAR RNA binding proteins. Model 1 predicts
the presence of a loop binding factor that is dependent upon Tat
for binding and does not require any additional factors such as
a bulge binding protein. Model 2 predicts the existence of loop
binding proteins and bulge binding proteins which can bind
independently to TAR.
A number of different cellular factors that bind to TAR

independently of Tat have been identified. Some of these factors
are general RNA binding proteins such as the p68 DI kinase [28].
Some recognise general features of RNA with some specificities
for TAR such as TRBP1 [29] which recognise double stranded
RNA with a G.C preference and therefore binds to the TAR upper
stem, and p140, which recognises dsRNA and binds to the lower
stem [30]. Others display a marked preference for binding to
TAR. p185 (TRPI) [31, 32] and p68 [33] specifically recognise
the TAR loop sequence and TRP2 (70- 10kD) specifically
recognises the TAR bulge. To date no Tat-dependent TAR RNA
binding proteins have been identified. The only TAR binding
protein for which a clone is available is TRBP1, originally
identified as a 36 kD protein based on the original cDNA [29]
it is now known to be 54kD (A.Gatignol pers. comm.) and to
be related to the RNP class of RNA binding proteins [34]. In
addition, a number of TAR binding proteins can be induced by
phorbol esters [35] or UV treatnent [36] but the specificities of
these have yet to be characterised. In this paper we report the
identification of a novel TAR bulge-specific RNA binding protein
which we call bulge binding protein, BBP. It has a marked
specificity for the sequence of the bulge and shows little general
binding to single or double stranded RNA. It is approximately
38kD and, by several criteria, appears to be distinct from any
of the previously identified TAR RNA binding proteins. It is
conserved in all mammalian cells tested but although present in

yeast Saccharonyces cerevisiae. Interestingly, the protein
functions as an effective competitive inhibitor of Tat binding to
TAR in vitro. Our data and those of Sheline et al. [31] therefore
indicate that cells contain at least two proteins, TRP2 and BBP,
which by virtue of their interaction with the bulge stem region
of TAR, could function as inhibitors of Tat action. The data
indicate that the TAR bulge-stem motif in RNA may also be used
to mediate specific RNA -protein interactions in the cell.

MATERIALS AND METHODS
Plasmid construction and labelling of RNAs
The plasmids used to produce short + 18 to +44 TAR RNA in
vitro [37] were constructed by subcloning an oligonucleotide
containing the wild type (WT) HIV-1 TAR sequence 5'-ATT-
CCAGATCTGAGCCTGGGAGCTCTCTGGA-3 ', or the
corresponding mutant sequences into the EcoRI and HindIm site
ofpGEM3Zf+ (Figure 1). Short TAR RNAs had the sequences
shown in Figure 1 flanked by the polylinker sequence 5'-CTT-
ATGAGTTCGAA//TAR//G-3'. The identity of the plasmids was
confirmed by dideoxy sequencing [38]. Sense RNA from
wild type and mutant constructs was prepared from Hindm
linearized templates using T7 polymerase (BRL). All labelled
and non-labelled RNAs were synthesized according to the
Promega manual. The labelled RNAs were purified from a
denaturing 6% polyacrylamide gel, eluted overnight into 0.5M
sodium acetate (pH7.0), lmM EDTA and 0.5% SDS and
precipitated with 0.3M NaCl and 2.5 volumes of ethanol. The
RNAs studied were wild type TAR (WT), antisense TAR (AS),
a triple base substitution in the bulge, UCU to CUC (BS1), a
triple base substitution in the bulge, UCU to AAG (BS2), a single
base substitution in the bulge, U23 to G23 (BS23), a triple base
substitution in the loop, CUGGGA to AGGGUA (LS), an upper
stem mutation, A27.U38 to U27.A38 (Si), an upper stem
mutation, G26.C39 to C26.G39 (S2), an upper stem mutation
with an additional three G.C pairs inserted between A27.U38
and C29.G36 (S3), a double mutation combining the bulge
substitution, BS1 with the loop substitution, LS (DM1), a double
mutation combining the bulge substitution BS1 and the stem
mutation S2 (DM2), a mutant in which the tripyrimidine bulge,
UCU, was moved 3' of the loop (RHB) and a bulge deletion
mutant (BD).

Cell lines and yeast strains
HeLa S3 (human cervical carcinoma epithelial cells) were grown
in suspension in SMEM (Gibco), 1% non-MEM amino acids,
5% NCS, 1% sodium pyruvate. H9 cells (human CD4+ T cell
line) and K562 (human myeloid leukaemia cells) were grown
in RPMI 1640, 10% FCS. CHO (Chinese hamster ovary) cells
were maintained in DMEM (Gibco), 10%FCS, 1% glutamine.
Saccharonyces cerevisiae (DBY 745 [MAT ea, adel-100, leu2-3,
leu2-112, ura3-52]) was grown in YEPD and
Schizosaccharomyces pombe (972h-) in YES media at 300 C
to a density of 5 x107 cells/ml. Whole yeast extracts were
prepared by the method of Mellor et al. [39].

Partial purification of TAR binding cellular factors
Nuclear extracts from mammalian cells were prepared as
described previously by Dignam et al [40]. Nuclear extract was
either assayed directly or applied to a heparin agarose (Promega)
column (0.5cm x 3cm), which was previously equilibrated in TM

Schizosaccharomtycespombe it was not detected in the unrelated buffer (5OmM Tris-HCI (pH7.9), 12.5mM MgC12, IMM
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EDTA, 20% glycerol, 0. 1mM PMSF, 1mM DTT) containing
0. IM KCl . The column was washed with 5 volumes ofTM 0. IM
and successive step elutions were obtained using TM 0.2M KCl
to TM 0.7M KCl. Fractions eluted from a heparin agarose
column were directly analysed by mobility shift assay. The
fractions containing specific protein were pooled, concentrated
by Centricon-30 (Amicon) centrifugation, dialysed against RNA
binding buffer (1OmM Tris-HCI (pH7.9), 2mM MgC12,
0. lmM EDTA, 4% glycerol, and 50mM KCI) and then tested
against various RNA probes. In competition experiments cellular
factors were further purified to remove non-specific proteins
(E.Vives et al. manuscript in preparation).

a further 20 minutes the shifted products were analysed in an
8% non-denaturing polyacrylamide gel.

Factor Xa cleavage of BBP
Semi-purified BBP was digested with 1ug of Factor Xa (Promega)
in a total volume of 2Otd of RNA binding buffer, at room
temperature for 15 minutes. WT TAR probe (0.2ng) was then
added and incubation continued for a further 15 minutes. In the
converse experiment semi-purified BBP and WT TAR probe were
incubated in RNA binding buffer for 15 minutes at room
temperature and then 1,tg of Factor Xa was added for a further
15 minutes.

RNA binding reactions and mobility shift assays
RNA binding was performed on ice for 20min in lOmM
Tris-HCI (pH7.9), 2mM MgCl2, 0.1mM EDTA, 4% glycerol,
and 50mM KCI in a final volume of 20jd, using 5itg of total HeLa
nuclear extract or 80ng of heparin agarose fractionated protein,
10jtg of S. cerevisiae whole extract or 5ytg of S.pombe whole
extract, and a-32P-UTP (Amersham) labelled + 18 to +44 WT-
TAR or mutant TAR (105 cpm per reaction, 108 cpm/,g) and
1/tg of total Xenopus oocyte RNA or double stranded poly I.C
(Pharmacia) as a nonspecific competitor. Competition studies
were done using 1l1 of Dignam extract and standard BBP binding
conditions, except that reactions were made to lOOmM KCI,
Triton-X-100 0.5% and contained 0.2 ng labelled TAR, and
either poly(U) (Pharmacia) or TAR at 10, 100 or 1000 fold
excess. RNAs were premixed, added to the extract and incubated
at 4°C for 10 min. The reactions were directly applied to a 8%
non-denaturing polyacrylamide gel, containing 0.5 xTBE and 5%
glycerol and run at 15V/cm at 4°C. Protein-RNA complexes
were quantified by phosphorimaging (Molecular Dynamics,
Sunnyvale, Calif.) without file conversion [41] after overnight
exposure.

Molecular weight estimation of TAR binding proteins
A standard mobility shift binding reaction containing WT probe
and HeLa nuclear extract was exposed to UV in a Stratalinker
(Stratagene) (4000,tW/cm2 at a distance of 7cm) for 10 min
before separation on a 6% nondenaturing polyacrylamide gel.
The band corresponding to the BBP-RNA complex was excised,
digested with RNAse A (Sigma) in situ, boiled in sample buffer
and run on a 12.5% SDS polyacrylamide gel. The size was
estimated in comparison to a prestained molecular weight marker
(BRL).

Tat binding
Tat was produced as an N-terminal hexahistidine tagged protein
as described previously (46). Tat was bound to TAR at 4°C in
Tat-binding buffer (1OmM Tris-HCI (pH 7.5), lmM EDTA,
50mM NaCl, 0.5U/,ul RNasin, 0.04,tg/4d BSA and 0.05%
glycerol) in a final volume of 201I.

Binding competion assays
Competition assays were done in Tat binding buffer. A probe
concentration (about 0. Ing per reaction) at which greater than
90% of the probe was bound by 50ng of Tat or by 200ng of
partially purified BBP extract was used. Reactions were set up
such that the probes were preincubated for 8mins with a range
of concentrations of Tat from Sng to 500ng per 20y1i reaction.
200ng of BBP extract was then added to each reaction and after

RESULTS
Identification of TAR RNA binding factors in Hela cell
nuclear extracts
Nuclear extracts prepared by the method of Dignam et al [40],
were tested for the presence of TAR binding products in an
electrophoretic mobility shift assay (EMSA), against different
TAR related and unrelated RNAs, (Figure 1). As shown in Figure
2, a number of proteins bound to TAR but only two of these,
labelled LBF and BBP showed any specificity. LBF failed to bind

G G
U G
C A
C G
G C

G C
A U
C G
C G

+18 +44

wr

G G
U G
C A
C G
G C
A U

U G C

cGAU
G C
A U
C G
C G

BS(23)

G G
U G
C A
C G
G C

-_*G C
-G C
-GC

A U
UG C

cU AU
G C
A U
C G
C G

c c
C A

U G
CG
GC
A U
GCA

G
A U A
GC
A U
CG
CG

AS

G G
U G
C A
C G

III) G C r,~U A'
U GC

CU A U
G C
A U
C G
C G

Si

G G
U G
C A
C G
G C
A U
G C U

0
AU UC
G C
A U
C G
C G

G G l-,_*G U
A A

"IW C G
G C
A U

U GC
cU A U

G C
A U
C G
C G

LS

G G
U G
C A
C G
G C
A U/
UC G _-

cUA U
GC
A U
CG
C G

S2

G G
U

C G
G C

\ AU

CGC
-. U CAU

/S G C
A U
C G
C G

BS1

G
G GG U *

A A..J C GA
G C

\ AU
CG C

CAU
A GO

A U
C G
C G

DM1

G G
G U G
A C A

C G
G C

x AU
G GC

wA AU

z1 G C
A U
C G
C G

BS2

U GG

C A
C G

0 GC
A U

_-imU C C G*-
C A U

/ GC
A U
C G
C G

DM2

G G
U G
C A
C G
G C
A U
GC

A U
GC
A U
C G
C G

S3 RH ED

Figure 1. Structures of TAR RNAs. Sequences ofWT and mutant TAR RNAs
used in gel mobility shift assays. Arrows indicate base changes in comparison
to the wild type molecule. Nucleotide numbers correspond to +1 in HIV-l
transcripts. Lettering beneath RNA structure indicates mutation as described in
text. The key nucleotides for Tat binding to WT TAR are boxed.
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Figure 2. Identification of two TAR specific binding proteins in HeLa cell nuclear
extracts. A mobility shift assay using whole nuclear extract with wild type (WT),
antisense (AS) and mutant (BS1, LS, DM1) TAR probes is shown. BBP refers
to a band shift that displays a specificity for the bulge region of TAR, and LBF
refers to a band that displays a specificity for the loop region of TAR.

to antisense TAR RNA (Figure 2, track 10) and showed little
binding to TAR RNA that had been mutated in the loop sequences
(LS) (Figure 2, track 6). Binding was not significantly reduced
by a 3bp substitution mutation in the bulge (Figure 2, track 4).
This indicated that it recognised the loop sequences of TAR and
consequently we referred to it initially as loop binding factor
(LBF). BBP showed no binding to antisense TAR (Figure 2, track
10) and showed markedly reduced binding to TAR RNA that
had a 3 base substitution in the bulge (BS1) (Figure 2, track 4).
Binding was not reduced by the mutation in the loop (Figure 2,
track 6). These data indicated that the protein was specific for
the bulge region of TAR and we therefore refer to it as bulge
binding protein (BBP). No other TAR specific proteins were
obvious in these whole nuclear extracts. We noted that the
properties of BBP varied between extracts. In some cases, BBP
appeared to have reduced specificity and in others the levels were
extremely low (unpublished data). The full specificity was always
evident when excess poly I. C. was included in the binding assays
presumably because non-specific interactions were eliminated.
These data indicate that levels of 'active' BBP can be very
variable, which might explain why BBP has not been observed
previously.
Dignam extracts were subjected to a preliminary fractionation

by binding to heparin agarose and elution with increasing
concentration of KCI (Figure 3). We noted that under these
conditions BBP appeared in the 500mM fraction and LBF
appeared in the 200mM fraction (Figure 3a.). The elution profile
and the size of the complex confirmed from the mobility suggest
that LBF is in fact TRPl/p 185, and UV cross linking confirmed
a molecular weight of about 200kD (data not shown).

In addition, another TAR specific protein was detected in the
300mM eluate (Figure 3b). This protein failed to bind antisense
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Figure 3. Separation of TAR RNA binding proteins by heparin agarose
fractionation. Mobility shift assays with three KCI elution fractions (5OOmM,
200mM and 300mM) from heparin agarose are shown. a. Fractions from 200
and 500mM KCI eluates were tested against wild type (WT, lane 2 and 9), antisense
(AS, lane 8 and 12) and mutant (LS, lane 6 and 11; BS1, lane 4 and 10) TAR
probes. The positions of LBF and BBP are indicated. b. Fractions from 200 and
300mM KCI eluates were tested (5% native gel) against wild type (WT, lanes
1 and 4), antisense (AS, lanes 2 and 5) and loop substitution (LS, lanes 3 and
6) TAR probes. The position of LBF and the possible TRP2 protein are indicated.

TAR but still bound TAR with a loop mutation, indicating that
it was TAR specific but loop independent. It is possible that this
second potential bulge binding factor is TRP2 given its apparent
high molecular weight [31]. As BBP appeared to be a previously
undescribed protein, we analyzed it further. The protein was UV
cross linked to radio-labelled TAR in a standard binding reaction
and after treatment of the complex with RNase the protein was
sized by SDS-PAGE. As shown in Figure 4 the approximate
molecular weight of BBP is 38kD.

BBP binding is dependent upon a 5'-tripyrimidine bulge
There are numerous general RNA binding proteins in the cell
which recognise either single stranded or double stranded RNA
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Figure 4. Molecular weight determination of BBP. SDS/PAGE analysis of the
RNA -protein complexes after covalent coupling induced by UV is shown. The
molecular weight was assessed relative to prestained, molecular weight markers
as shown.

with no other unique sequence or conformational features. We
wished to establish the extent of the specificity ofBBP for TAR.
As shown in Figure 5a, the BBP/TAR complex could be disrupted
by competition with a 10-100 fold excess of unlabelled TAR
(lanes 9,10). However a 1000 fold excess of single stranded RNA
could not disrupt the complex (lane 6). Furthermore, when
binding reactions were conducted under buffer conditions that
were optimal for hnRNP binding to single stranded RNA [42],
no competition was observed (Figure 5a, lane 8). These data
suggest that BBP is not a single stranded RNA binding protein.
To determine the importance of the bulge we next tested the
ability of BBP to bind to TAR RNA that had the bulge deleted
(BD) or which had the bulge deleted and then a tripyrimidine
bulge inserted at the same location, but 3' to the loop (RHB).
As shown in Figure 5b., there was no detectable BBP binding
to either the RHB or BD mutated TAR RNAs. This, together
with the fact that there is substantially reduced binding to an
antisense (AS) TAR, indicate that BBP is unlikely to be a general
double stranded RNA binding protein such as TRBP1 [34].
Furthermore, the requirement for the bulge was not simply a
general requirement for a distorted A-form helix, nor just a
sequence specific requirement for three unpaired pyrimidines.
It appears that BBP binding required the correct tripyrimidine
sequence in the bulge in the correct sequence context.

Optimum BBP binding requires a conserved configuration
of the upper stem
The ability of BBP to bind to a range of mutated TAR RNAs
was tested. As shown in Figure 5c., mutation at the G26.C39
pair (S2) markedly reduced binding either alone (lane 3) or in
combination with the bulge substitution (DM2, lane 2 and 10).
Similarly a three base G.C extension of the upper stem alone
(S3, lane 11) also virtually abolished BBP binding. We also
confirmed the importance of the sequence of the bulge. A
substitution of the bulge with purines (BS2, lane 7) had the same
deleterious effect as the pyrimidine substitution (BS1, lane 6).
These data confirm that in order for BBP to bind to TAR, the
sequence and location of the tripyrimidine bulge must be
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Figure 5. a. BBP is not a single-stranded RNA binding protein. A mobility shift
assay showing the effect of poly (U) on BBP binding to WT TAR probe is shown.
Probe alone (lane 1), BBP alone (lane 2) or in the presence of 1 (lane 3), 10
(lane 4), 100 (lane 5) or 1000 (lane 6) fold excess of poly (U) under optimal
BBP binding conditions. BBP alone (lane 7) or in the presence of 100 fold excess
(lane 8) of poly (U) under optimal binding conditions for hnRNPs. BBP in the
presence of 10 (lane 9) or 100 (lane 10) fold excess of WT TAR RNA under
optimal BBP binding conditions. b. BBP binding is dependent on a 5' tripyrimidine
bulge. A mobility shift assay with HeLa nuclear extract to determine the specificity
of BBP binding to WT (lane 1), AS (lane 2), RHB (lane 3) and BD (lane 4)
TAR probes is shown. c. Optimum BBP binding requires sequences in the upper
stem. Mobility shift assays using heparin agarose purified BBP with wild type
and various mutant TAR probes. A prominent nonspecific band (NS) is indicated
and can be used as an internal standard to compare the levels of BBP binding
with different probes. BBP binding to wild type (WT, lanes 1, 4, and 8) , antisense
(AS, lanes 5 and 9), DM2 Oanes 2 and 10), S2 (lane 3), BSl (lane 6), BS2 (lane
7) and S3 (lane 11) is shown.
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Fgure 6. a. A BBP-like protein is present in human and rodent cells. i) Mobility
shift assay with K562, H9 and HeLa cell total nuclear extract with WT (anes
1, 3, and 5) and AS (lanes 2, 4, and 6) TAR probes. BBP and TRP1 bands are
indicated. ii) Mobility shift assay with CHO and HeLa nuclear extracts with WT
(lanes 1 and 2) and AS Oanes 3 and 4) TAR probes. BBP and TRP1 bands are
indicated. b. BBP-like protein is present in S.pombe. Gel mobility shift assay
showing HeLa nuclear extract containing BBP (anes 1-5) and Spombe whole
extract (anes 6-10) containing an upper BBP-like band and a lower nonspecific
(NS) band. Extracts were tested against WT (lanes 1 and 6), AS (lanes 2 and
7), LS (lanes 3 and 8), BS1 (lanes 4 and 9) and S3 Oanes 5 and 10) TAR probes.

conserved. In addition, the flanking sequence context must be
preserved, as subtle mutations in the upper stem that preserve
base pairing but change the sequence have a marked effect on
binding.

Species distribution of BBP-like proteins
Nuclear protein extracts prepared from a number of different
mammalian cells were tested for the presence of BBP-like activity.
As shown in Figure 6a., BBP was found in K562 (human
erythroid), H9 (human T cell), Hela (human epithelial carcinoma)
and in CHO (Chinese hamster ovary) cells. This latter observation
contrasts with TRBP1 which is present at very low levels in rodent
cells [29]. TRP1 (LBF) was detected in all three human cell lines
but was not observed in CHO cells consistent with a previous
report [31]. Some additional TAR binding proteins were seen
in CHO cells, although these were not consistently observed, and
the TAR specificity has not been characterised further. A BBP-
like protein giving a identical TAR RNA mobility shift was also
found in nuclear extracts of Xenopus oocytes (data not shown).

Figure 7. Cleavage of BBP with Factor Xa liberates an RNA binding fragment.
Gel mobility shift assay showing binding of partially purified BBP before and
after factor Xa digestion. WT TAR probe alone in the absence (-) ofBBP (lane
1). WT TAR in the presence (+) of BBP (lane 3). WT TAR probe added to
BBP after digestion with Factor Xa with appearance of smaller RNA binding
fragment (lane 2). WT TAR probe added to BBP before digestion with Factor
Xa (lane 4).

Extracts were also prepared from the two unrelated yeasts
S.pombe and S. cerevisiae . These have both been shown to carry
out many analogous processes to those of mammalian cells,
although Tat does not appear to be active in either yeast [43,
44]. As shown in Figure 6b. a protein with BBP like character
was detected in S.pombe. This protein migrated slightly slower
than the Hela cell BBP, suggestive of a molecular weight greater
than 38kD. The protein however displayed the same marked
specificity for TAR RNA as Hela cell BBP as little binding was
detected to the AS, BS1, S3 (Figure 6b.) or RHB (data not shown)
TAR RNAs. No candidate for a TRP1 like protein was detected.
TAR binding proteins were also detected in S.cerevisiae (data
not shown), however none of these gave mobility shifts in the
size range of either TRP1 or BBP and none of them distinguished
between the TAR mutants, implying that they were general
double stranded RNA binding proteins. These data show that
many, but not all, eukaryotic cells contain a BBP-like protein.

Factor Xa cleaves BBP to produce a small RNA binding
fragment
The size and binding characteristics of BBP appeared to
distinguish it from other RNA binding proteins. In addition, we
observed that the protein was susceptible to cleavage by the highly
specific protease Factor Xa [45]. Partially purified (E.Vives,
manuscript in preparation) BBP was treated with Factor Xa either
before or after binding to TAR RNA. As shown in Figure 7,
treatment before binding abolished the normal shifted complex
and generated a new, much smaller protein RNA complex.
Qualitatively the same result was obtained when a preformed
TAR/BBP complex was treated, except that the cleavage was less
efficient (Figure 7, lane 4). This suggests that the Xa cleavage
site is less accessible in the bound complex, implying either that
the protein conformation alters upon binding or that the TAR
RNA masks the cleavage site. The data also suggest that it will
be possible to produce a small, minimal TAR RNA binding
protein.
A search of the SWISSPROT DATA has revealed no
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Figure 8. Competition between BBP and Tat for binding to TAR RNA in vitro.
0. Ing ofWT TAR (lane10) was incubated in Tat binding conditions with 200ng
of partially purified BBP alone(lane 9),SOng of Tat alone(lane 8) or with 200ng
of partially purified BBP with increasing amounts of Tat,Sng(lane 1), lOng(lane
2), 20ng(lane 3), 5Ong(lane 4), lOOng (ane 5), 250ng (lane 6) andSOOng (lane 7).

previously characterised RNA binding proteins containing the
consensus (IEGR) cleavage recognition site. In fact, the site is
rare, being found on less than 500 proteins in a database
comprising more than 35,000 sequences. The only TAR RNA
binding protein for which a clone is available is TRBP1 [29],
and this lacks a Factor Xa cleavage site.

BBP is an effective competitive inhibitor of Tat binding to
TAR in vitro

Given that the TAR binding sites for BBP and Tat are

overlapping, we tested whether the proteins would compete for
binding to TAR. Partially purified BBP was mixed with
increasing amounts of Tat and then limiting TAR RNA was

added. 200ng of semi-purified BBP and50ng of pure Tat alone
gave equivalent mobility shifts (Figure 8, lanes 9 and 8
respectively), and when these concentrations of Tat and BBP were

mixed (lane 4), BBP binding predominated. This was true until
much higher concentrations of Tat were used (lanes 6 and 7).
At these concentrations Tat binds non-specifically to TAR to

produce high molecular weight complexes. The presence of these
complexes confirm that significant amounts of Tat are indeed
present in the reaction, but that specific binding to TAR is
inhibited by BBP. The same result was obtained if Tat was

premixed with TAR, and BBP was added subsequently (data not
shown). Although these data are preliminary in that the definition
of association and dissociation constants for BBP compared to
Tat await the availability of a homogenous BBP preparation, they
provide a strong indication that BBP can function as a specific
inhibitor of Tat binding in vitro. It remains to be seen if this is
the case in vivo.

DISCUSSION

We have identified three proteins in Hela cell extracts that bind
to HIV-1 TAR RNA in a sequence dependent fashion. One of

these, that we referred to initially as loop binding factor (LBF)
has a high molecular weight (ca. 200kD) and requires theloop
sequence for binding. This strongly suggests that the protein is
TRP1/p185 [31, 32]. A second high molecular weight protein
co-migrated with TRP1 when whole nuclear extract was used
in a mobility shift assay but was seperated from TRP1 by heparin
agarose fractionation. This protein did not require the loop
sequence for binding and was probably TRP2 [31, 32]. The third
protein appeared to be unrelated to any previously identified TAR
RNA binding proteins. It has an approximate molecular weight
of 38 kD and shows marked specificity for binding to the upper
bulge stem region of TAR, and therefore we have called it bulge
binding protein (BBP). BBP binding appears to be most dependent
upon specific sequences in TAR rather than on overall structure
of a bulged stem-loop configuration. This was indicated by the
fact that substitution mutations in the bulge and upper stem
dramatically reduced binding. This sequence specificity is
reminiscent of the Tat/TAR interaction and suggests that
RNA/protein recognition via Watson-Crick base pairs exposed
in a distorted A-form helix may prove to be a common strategy.
BBP appears to be conserved across a number of species, being

found in human and rodent cells and in Xenopus oocytes. In
addition, a slightly larger protein with the same binding
characteristics was also found in S.pombe but S. cerevisiae
appeared to contain no TAR specific proteins. The distribution
of BBP is not correlated with Tat activation. Activation is
inefficient in rodent cells [46] and not observed in either of the
yeasts [43, 44]. In contrast, the loop binding protein showed a
more restricted distribution, there being no candidate proteins
found in either of the yeasts, or in CHO cells, confirming
previous reports of lack of TRP1 in S. cerevisiae and CHO cells
[31]. Cells that lack TRP1 fail to show significant Tat activity,
suggesting a role for TRPl in Tat activation.
At present we have no evidence that BBP plays any role in

Tat activation in vivo. It may simply be fortuitous that we have
detected a protein with a preference for a sequence specific bulge-
stem loop. However, it is intriguing that defined nucleotides in
TAR such as G26 and the pyrimidines in the bulge are recognised
and that these are precisely those features recognised by Tat.
Either this is a generic RNA binding motif or TAR has been
selected to interact with specific cellular factors in addition to Tat.
The normal biological function of such a cellular factor is as

yet unpredicted. The apparent conservation of the factors suggests
that it will have an important role in the cell, although the absence
of the factor in S.cerevisiae might indicate that it will not play
an essential 'house-keeping' role. One possible function for
proteins such as BBP during HIV infection would be as inhibitors
of Tat action as we have suggested previously [27]. It is possible
that the availability of TAR for Tat binding might be regulated
by the intranuclear levels of TAR RNA binding proteins and this
might contribute to determining the latent or active state.

In conclusion, we have identified a novel 38 kD protein which
binds specifically to the bulge-upper stem region of HIV-1 TAR.
Further characterisation of this protein should provide insight into
the molecular basis of RNA-protein interactions that are
mediated by specific recognition of Watson-Crick base pairs
in a distorted A-form helix. It will also be of interest to determine
the nornal cellular function of BBP and to define its natural target
RNA. In addition, it may be possible to define a minimal TAR
RNA binding fragment of BBP that could function as an effective
inhibitor of HIV replication.
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