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ABSTRACT tat, the trans-activator protein for human
immunodeficiency virus 1 (HIV-1), has been expressed in
Escherichia coli from synthetic genes. Purified tat binds spe-
cifically to HIV-1 trans-activation-responsive region (TAR)
RNA in gel-retardation, filter-binding, and immunopripita-
tion assays. tat does not bind detectably to anfisense TAR RNA
sequences, cellular mRNA sequences, variant TAR RNA se-
quences with altered stem-oop structures, or TAR DNA.

Replication of the human immunodeficiency virus 1 (HIV-1)
is dependent upon the expression of the trans-activator
protein, tat, an 86 amino acid, basic, cysteine-rich, nuclear
protein encoded by the tat gene of the virus (1-5). Mutational
analysis of the viral long terminal repeat (LTR) has identified
a cis-acting sequence, called the trans-activation-responsive
region (TAR), which is required for tat activity. The TAR
sequence is located between residues +1 to +79 and forms
part of the 5' untranslated region of all the mRNAs encoded
by HIV-1 (6-8).
The mechanism of action of trans-activation by tat is

unknown. The simplest models consistent with the genetic
evidence suggest that tat binds directly to the TAR nucleic
acid sequence, but these models do not distinguish between
DNA or RNA binding, and experimental evidence for tat
binding to nucleic acid sequences has not been reported.
Sequences throughout the LTR of integrated proviral DNA,

including the TAR region, bind a variety of host proteins (6, 7,
9). Binding of tat either to TAR DNA or to these known
transcription factors potentially could regulate transcription.
However, several lines of evidence, although not conclusive,
suggest that tat may interact with TARRNA sequences rather
than with TARDNA sequences. The RNA sequence encoded
by TAR is capable offorming a stable stem-loop structure (5,
7, 8). Mutations in the sequence which forms the loop or
mutations which affect the stability of the loop structure have
been reported to abolish trans-activation (7, 8). Additionally,
Kao et al. (3) have found that tat is required for elongation
beyond the TAR site but not for transcriptional initiation.
Trans-activation may also have a translational component (4),
since the presence of the TAR sequence at the 5' end of an
mRNA molecule inhibits its translation (10) and induces in
vitro a double-stranded RNA-dependent protein kinase (11),
leading to the inhibition of protein synthesis. Here we present
evidence that tat is capable ofdirect binding toTAR RNA, but
not to TAR DNA, in vitro.

METHODS
Expression Vectors. Two synthetic tat genes were prepared

to allow expression of tat [strain: LAVBRU (12)] in both

Escherichia coli (gene a) and mammalian cells (gene b).
Oligonucleotides 34-43 residues in length were ligated and
cloned in M13 vectors as previously described (13). Codons
infrequently occurring in either E. coli or mammalian genes
were avoided, and where the same amino acid occurred in
succession, different codons were chosen. To facilitate later
mutagenesis, internal restriction sites were placed at suitable
intervals by selection of codons that did not alter encoded
amino acid sequences.
The following expression vectors were constructed:

pMG627 carries tat gene a cloned between the BamHI and
HindIII sites ofpUR288 (14), producing a f3-galactosidase-tat
fusion protein. pMG727 carries tat gene b cloned between the
EcoRI site and BamHI site of pGEM1 (Promega) (15). A
synthetic ribosome-binding site (GAATTCAAGGAGGTT-
TAACCATGG) was inserted between the EcoRI site of the
vector and Nco I site overlapping the initiator codon of the
tat gene b. pJKC63.4.1 is a Moloney retroviral vector (16)
carrying tat gene b under the control of the viral LTR and a
neomycin phosphotransferase gene under the control of the
simian virus 40 early promoter.
Monoclonal Antibodies. Peptides corresponding to residues

2-15 and 73-86, respectively, of tat, were synthesized by a
semi-automatic continuous-flow solid-phase method (17).
After coupling to keyhole limpet hemocyanin with glutaral-
dehyde, monoclonal antibodies to the N-terminal (NT3/
2D1.1) and C-terminal (NT2/4D5.24) peptide conjugates
were prepared. Supernatants were screened after 2 weeks by
Western blotting against the p-galactosidase-tat fusion pro-
tein.

Purification of tat. E. coli strain JM101 carrying pMG627
was grown to late logarithmic phase at 37°C in the presence
of ampicillin at 100 ,ug/ml and isopropyl j-D-thiogalactoside
(IPTG) at 50 ,ug/ml. Inclusion body pellets containing f-
galactosidase-tat protein were purified by using nonionic
detergents as described (18). The pellet was dissolved in 70%
(vol/vol) formic acid, and cyanogen bromide (CNBr) was
added to a concentration of 100 mg/ml. After 4 hr, the digest
was diluted 10-fold with water and lyophilized. Peptides were
resuspended in 50 mM Tris HCl, pH 8.0/100 mM NaCl/8 M
urea and applied to a 25-ml Accell CM column (Waters)
equilibrated with the same buffer and eluted with a gradient
from 0.1 to 1.1 M NaCl. The tat peptides were redissolved in
0.1% trifluoroacetic acid and applied to a C4 reversed-phase
column (Beckman 5,u Ultrapore, 10 x 250 mm), and tat was
eluted from the column with a gradient of acetonitrile,
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typically 0-60%o. The peak fractions were concentrated by
lyophilization and redissolved in buffers suitable for binding
assays.

Alternatively, pMG727 was transfected into E. coli BL21,
(19). After induction by IPTG, tat from the soluble superna-
tant fraction was precipitated by addition of 1% Polymin P
(BASF). The pellet was dissolved in 6 M guanidine isothio-
cyanate and applied to a Sephadex G-25 column equilibrated
with 20%o (vol/vol) acetic acid (pH 2.5). The void peak
containing tat was applied to a SP-Sephadex column (1 x 10
cm) equilibrated with 20% acetic acid. tat was eluted from the
column in 100 mM Tris-HCl, pH 8.0/1 M NaCl/0.1 mM
ZnCl2/10% (vol/vol) glycerol.

Estimates of the concentration of tat by amino acid anal-
ysis or spectrophotometry, assuming A280 (1 mg/ml) = 1.3
(20), were in close agreement.
RNA- and DNA-Binding Assays. TAR RNA was prepared by

two methods: (i) SP6 RNA polymerase was used to transcribe
plasmid pGEM1.TAR, which was constructed by using oligo-
nucleotides corresponding to HIV-1 [strain: LAVBRU:
(12)] residues + 1 to +57 cloned as a HindIII to Pst I fragment
in pGEM1 (15); (it) T7 RNA polymerase was used to transcribe
an oligonucleotide template corresponding to HIV residues +1
to +57 plus a 5'-extension complementary to the T7 promoter
annealed with a small primer carrying the 17 promoter and the
single-stranded extension (26). The TAR RNA prepared by
transcription of the pGEM plasmids includes an additional 8
nucleotides derived from plasmid linker sequences at its 5'
end, whereas TAR RNA prepared from oligonucleotide tem-
plates does not. TARRNA prepared by either method behaves
identically in protein binding assays. Antisense RNA comple-
mentary to the sense RNA was prepared by T7 RNA poly-
merase transcription of pGEM1.TAR2, a plasmid from which
the polylinker sequence in pGEM1.TAR, bounded by EcoRI
and Pst I sites, was removed. A 69-nucleotide 5' noncoding
RNA was produced by SP6 RNA polymerase transcription of
the Xenopus nucleoplasmin cDNA (22) after cleavage of the
pSP65 cDNA clone with HindIII. Similarly, a 65-nucleotide
fragment of aXenopus neurofilament protein cDNA clone (23)
was prepared after cleavage of a pSP65 clone with Sac I.

Binding reaction mixtures (15 1,l) contained 20 pg of probe
(DNA or RNA), 0-4 ,ug of tat, 25 mM Tris'HCl (pH 8.0), 50
mM NaCl, 1 mM MgCl2, 5 mM spermidine, 0.5 mM dithio-
threitol, 1 ,ug of denatured salmon sperm DNA, 0.4 ug of
yeast carrier tRNA, and 40 units of RNasin (Promega). After
incubation at 30°C for 20 min the reaction products were
applied to 6% polyacrylamide gels (24). Alternatively, prod-
ucts of reactions in 500 jLd of 10 mM Tris HCl (pH 8.0) and 50
mM NaCl were spotted on 0.45-,um-pore Millipore filters
under reduced pressure and dried, and radioactivity was
measured as described (25). Products were also immunopre-
cipitated from reaction mixtures by using the NT3/2D1.1
antibody and staphylococcol protein A-Sepharose, and the
labeled RNA was released from the precipitate with 0.1%
SDS and its radioactivity was measured by liquid scintillation
counting.
Nuclear extracts from HeLa cells or from cells infected

with retroviral vectors carrying tat genes were made as
described (26, 27).

Identification of tat in Mammalian Cells. Cells (107) infected
with retroviral vectors carrying tat were starved for 1 hr in
cysteine-free medium and labeled with 500 ,uCi of [35S]cys-
teine (Amersham, >1000 Ci/mmol; 1 Ci = 37 GBq) for 4 hr.
Labeled tat was immunoprecipitated with the ND3.2D.1.1
antibody from cell extracts prepared in RIPA buffer (1%
Nonidet P-40/1% sodium deoxycholate/0.1% SDS/150 mM
NaCl/10 mM Tris HCl, pH 8.0/20 ,ug of phenylmethylsulfo-
nyl fluoride per ml), bound to protein-A Sepharose, and
analyzed by SDS/PAGE.

RESULTS
Purification of tat from E. coli. The tat sequence includes

a cysteine-rich region of7 conserved cysteine residues within
16 residues, which resembles the metal-binding domain of
metallothionein. It is not known whether these cysteines are
involved in forming disulfide bridges, binding metal as pro-
posed by Frankel et al. (20), or a combination of both. Tat
also has a basic region carrying 2 lysine and 6 arginine
residues within 9 residues. These unusual sequence features
make purification and refolding of tat expressed in E. coli
difficult. Because preparations of tat have a tendency to
oligomerize due to intermolecular disulfide bond formation
(Fig. 1C), care must be taken to maintain the protein under
reducing conditions during purification. However, such con-
ditions would almost certainly result in removal of associated
metal ions, leading to protein denaturation.

In our experiments, tat was produced either by transcrip-
tion of a synthetic gene from the T7 promoter (pMG727) or
from afi-galactosidase-tat fusion protein (pMG627). Extracts
from E. coli strains carrying pMG727 showed a single band
on SDS/PAGE that was reactive to tat-specific antisera, but
purification from this strain was difficult. Precipitation of tat
by polyethyleneimine and resolubilization in high salt as

Al 2 B3 4 5 6

II,-i
.:=F C 7 8

.... ......... ;

0, . .;....:, ... aces........ S .. ;:
' .,. L............ ..16 9-_

14-4-
8-2
6-2 .

D 910 E 11 12 F Q 14
_ _ ~~~~~~~~% IF

6-

*6-

30-

21-
4b ~ ~ ~ ~~.

14-

FIG. 1. Expression and purification of tat from E. coli and
mammalian cells. (A) SDS/11% polyacrylamide gel electrophoresis
of insoluble fractions from E. coli strains carrying pMG627. Lanes:
1, noninduced; 2, induced with IPTG at 50 ,ug/ml for 6 hr. (B)
SDS/16-22% polyacrylamide gel electrophoresis of tat protein at
various stages of purification. Lanes: 3, Mr markers (indicated x
10-3); 4, CNBr digest of p-galactosidase-tat fusion; 5, tat fraction
after chromatography on Accell CM; 6, tat after purification by C4
reversed-phase chromatography. (C) Immunoblots of tat from
pMG726. Lanes: 7, nonreduced; 8, reduced with 10 mM dithiothrei-
tol. (D-F) Autoradiographs of SDS/16-22% polyacrylamide gel
electrophoresis of [35S]cysteine-labeled tat, immunoprecipitated
from RIPA extracts of mammalian cells infected with JKC63.4.1
retrovirus by monoclonal antibody NT3/2D1. 1. Numbers and dashes
at left ofpanels indicate mobilities ofMr markers (Mr X 10-3). Lanes:
9, control COSts cells (28); 10, infected COSts cells; 11, control
HuT-78 cells (ATCC TIB161); 12, infected HuT-78 cells; 13, control
CCRF-CEM cells (ATCC CCL119); 14, infected CCRF-CEM cells.
Arrowheads identify monomeric tat protein (B-F) or f3-galacto-
sidase-tat fusion protein (A).
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described by Frankel and co-workers (20, 29) gave less than
10% yields of tat as judged by immunoassays. Preparative
isoelectric focusing experiments showed that the tat fraction
had heterogenous isoelectric points from pH 5.5 to 11 even
after treatment with RNase and DNase. However, we were
able to purify a limited amount tat from this strain by
chromatography on SP-Sephadex (pH 2.5).

tat contains no internal methionine residues, and tat ex-
pressed in mammalian cells appears to lack an N-terminal
methionine since the protein is not labeled in vivo by
[35S]methionine (data not shown). We therefore used cleav-
age with CNBr of the B-galactosidase-tat fusion protein as a
route for preparation of milligram amounts of tat free from
nucleic acids. The released tat was purified to near homo-
geneity by cation-exchange chromatography on Accell CM,
followed by C4 reversed-phase chromatography (Fig. 1)
yielding approximately 1 mg ofpurified tat per liter ofinduced
culture. The identity of the purified protein was established
by immunoblotting using antibodies raised to both the N- and
C-terminal peptides of tat, and the N-terminal sequence ofthe
product matched the expected tat sequence (i.e., Glu-
Pro-Val-Asp-Pro . ).

Purified tat, prepared by either method, was soluble in
low-ionic-strength buffers and, as shown below, a fraction of
the protein appeared to renature and bind specifically to TAR
RNA sequences.

Trans-Activation by the Synthetic tat Gene and tat Expressed
in E. coli. To confirm that the synthetic tat gene encoded a
functional tat protein, tat gene b was cloned in a retroviral
expression vector, pJKC63.4.1 (16). Virus was recovered
from the amphotrophic packaging line PA317 and used to
infect human T cells (HuT-78, ATCC TIB161; CCRF-CEM,
ATCC CCL119) and monkey fibroblasts (COSts) (29). In
each cell type, a product of the expected molecular weight
was immunoprecipitated by the monoclonal antibody NT3/
2D1.1 (Fig. 1 D-F). Trans-activation assays were performed
in COSts cells (29) carrying an integrated pJKC63.4.1 retro-
virus. These tat-expressing cells were transfected with
pLC2R, a plasmid carrying a chloramphenical acetyltrans-
ferase (CAT) reported gene under the control of the HIV LTR
(from the Xho I site at -642 to the Nar I site at + 185; gift of
M. Boidot Forget, Bouchet, France). CAT activity in these
cells increased 360-fold over basal levels after transfection
(data not shown).

Purified tat expressed in E. coli from the fusion protein or
directly was also demonstrated to be capable of trans-
activation after chloroquine-stimulated uptake of protein (28,
30) by COSts cells carrying a integrated derivative of pLC2R
(carrying a neomycin phosphotransferase gene under the
control of simian virus 40 early promoter). In several exper-
iments using different tat preparations, CAT activity in
COSts cells exposed to tat increased 3- to 10-fold over basal
levels.

tat Forms a Discrete Complex with TAR RNA. Incubation
of a 79-nucleotide TAR RNA molecule with purified tat
produced complexes which could be seen in a gel retardation
assay (Fig. 2). Low tat concentrations produce a single
complex, but a second, slightly larger, complex is also
formed when more than 1 pmg of tat is added to the reaction
mixture (Fig. 2A). The antisense RNA, complementary to the
TAR sequence, was unable to form a complex with tat (Fig.
2C). Complexes also could not be formed with TAR RNA in
which the double-helical region of TAR was changed by
incorporation of inosine into the sequence in place of gua-
nosine (Fig. 2D). RNA transcripts of the 5' noncoding region
ofXenopus nucleoplasmin cDNA (22) and the internal coding
region of a Xenopus intermediate filament cDNA (23) also
failed to bind specifically to tat (Fig. 2 E and F).
At high concentrations of tat, aggregates were formed

which failed to enter the acrylamide gels used in the gel-

A 0 2 3 4 5 (gi) B 0 1 2 3 4(i1 ) C 0 0.5 1 2 3(lI)
w. Af

TAR RNA
Do0.51 2 3(glI) E0

_ qI

.1

Inosine TAR

C

TAR RNA

0.5 1 2 3(1t1)

odAn RA-

.1oding RNA

Antisense TAR

F 0 0.5 1 2 3(j1)

p!7

Non-coding RNA

FIG. 2. Autoradiographs of 6% polyacrylamide gels showing
discrete complex formation between TAR RNA and tat. (A) Uni-
formly labeled TAR RNA (0.02 ng per lane) prepared by transcription
of pGEML.TAR by SP6 RNA polymerase (15) incubated with 0-5 A1
of purified tat (0.4 mg/ml) prepared from pMG627 (I3-galactosidase-
tat fusion). (B) As in A but using purified tat prepared from pMG727
(unfused tat). (C) Antisense TAR template prepared by transcription
of pGEML.TAR2 by T7 RNA polymerase (15). (D) Inosine-
substituted TAR template. (E) Fragment from the internal coding
region of a Xenopus intermediate filament cDNA. (F) The 5' non-
coding region of Xenopus nucleoplasmin cDNA. In C-F, tat was
prepared from pMG627.

retardation assay and appeared to bind RNA nonspecifically.
Analysis of reaction mixtures by electrophoresis on agarose
gels indicated that this high molecular weight material was
heterogeneous in size. This nonspecific RNA binding by tat
is not apparent in filter binding and immunoprecipitation
assays (see below).
Complexes between tat and TAR RNA were observed with

a number of different highly purified preparations of tat
produced by the fusion route (Fig. 2A) or by the direct route
(Fig. 2B). In both cases a large excess of protein was required
(see Discussion). To demonstrate that the binding activity
was due to tat itself rather than a contaminating protein from
E. coli, the monoclonal antibody NT3/2D1. 1 was used to
demonstrate the presence of tat in the RNA/protein com-
plexes fractionated on polyacrylamide gels. In the presence
of added antibody, a high molecular weight complex com-
posed of tat, TAR RNA, and antibody is formed in addition
to the tat/TAR RNA complex (Fig. 3). Control experiments
showed that the NT3/2D1.1 antibody did not bind TAR RNA
alone, and that tat/TAR complexes could also be detected by
immunoblotting (data not shown). In the gel retardation
assay, the ternary complex appears to be relatively unstable,
and only a low level of ternary complex is detected even in
the presence of excess antibody. Ternary complexes are
more efficiently detected by immunoprecipitation assays

Biochemistry: Dingwall et al.
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FIG. 3. Detection of tat in complexes with TAR, using mono-
clonal antibody NT3/2D1.1, which is specific for the N-terminal
peptide. Binding reaction mixtures were fractionated on 6% poly-
acrylamide gels prepared as in Fig. 2. (A) Uniformly labeled TAR
RNA (prepared as in Fig. 2A; 20 pg per lane) incubated with 0.5-3
tLI of tat (200 pug/ml) from pMG627. (B) As in A, but 1 pug of
monoclonal antibody NT3/2D1.1 was included in each reaction
mixture. (C) Longer exposure of panel B. Open triangles, tat/TAR
complex; solid triangles, tat/TAR/antibody complex.

(Fig. 4B). At saturating concentrations of tat, -25% of the
TAR RNA was immunoprecipitated. However, this is also
probably an underestimate of ternary complex formation,
since washing of the immune complexes led to significant
disruption of the tat/TAR RNA complex.
Complexes between TAR RNA and tat were also detected

by filter binding (Fig. 4 A and C). At saturating concentra-
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tions of tat, between 40% and 50% of TAR RNA in the
reaction mixtures was retained on filters. No appreciable
binding of antisense transcripts of TAR RNA by tat was
detected by this assay.

Nonspecific competitor RNAs do not block formation of
the tat/TAR RNA complex. In all the experiments described
above a 20,000-fold excess of tRNA was added. Addition of
a 10,000-fold molar excess of 16S RNA, which carries
numerous hairpin loop structures related to the TAR se-
quence, or a 100,000-fold molar excess of poly(I-C) did not
reduce tat binding to labeled TAR RNA. By contrast, unla-
beled TAR RNA is an effective competitor for TAR RNA
binding to tat. In gel retardation experiments complex for-
mation was inhibited by addition of a 50- to 250-fold molar
excess of unlabeled TAR RNA.

Sequence Requirements for Binding of TAR RNA by tat.
Mutant TAR sequences in which U residues were substituted
for G residues in the TAR loop were reported by Feng and
Holland (8) to abolish trans-activation in vivo. We have tested
three mutations ofthis type (1283, U33; 1284, U32; and 1288,
U31). These mutations did not significantly reduce tat binding
to TAR in immunoprecipitation or gel retardation assays
(data not shown). In contrast, mutations in the stem at the
base of the loop reduce both trans-activation in vivo (8) and
tat binding in vitro. In mutant 1289, where G35 is mutated to
C, tat binding is reduced 25-50%o. Mutation of G27 to C is
expected to be even more disruptive of the stem-loop struc-
ture. Greatly reduced tat binding to TAR was observed in
mutant 494 (C27), the double mutant 497 (C27, A32), or the
triple mutant 520 (Fig. 4D; C27, A31, A32).
TAR DNA Is Bound by Cellular Factors But Not by tat.

DNA footprinting experiments (6, 7, 9) have demonstrated
that cellular proteins can bind to TAR DNA sequences.
Complex formation between an end-labeled TAR fragment
and DNA-binding proteins present in a HeLa cell nuclear
extract (26) is shown in Fig. SA. Two complexes were seen
by nondenaturing PAGE, but as more extract was added to
the DNA fragment, more ofthe larger complex was produced
and the amount of the smaller complex decreased. This
suggests that the protein factor(s) involved in complex for-
mation bind with different affinities and that formation of the
larger complex is dependent upon the prior formation of the
smaller one. Extracts made from cells constitutively express-
ing tat (following infection with the JKC63.4.1 virus) gave
rise to complexes with TAR DNA indistinguishable from
those derived from extracts that lack tat (data not shown).
No binding of purified tat protein to TAR DNA has been

observed under these conditions (Fig. SB) or under RNA-
binding conditions. Furthermore, formation of complexes
between TAR DNA and cellular proteins is not affected by
addition of tat (data not shown).
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FIG. 4. Filter binding and immunoprecipitation assays to detect
complex formation between tat and TAR. (A) Filter-binding assay: *,
20 pg of uniformly labeled wild-type TAR RNA; o, 20 pg ofantisense
TAR RNA. RNA fragments were prepared by transcription of
fragments cloned in pGEM plasmids and incubated with 0-1.0 pg of
tat prepared from pMG627 (J-galactosidase-tat fusion). (B) Immu-
noprecipitation assay using the same templates as in A. (C) Filter-
binding assay: 0, 20 pg of uniformly labeled wild-type TAR RNA; A,

20 pg of mutant 520 TAR RNA. RNA fragments were prepared by
transcription of oligonucleotide templates (21). (D) Partial sequences
of wild-type and mutant TAR RNA stem-loop structures. Numbers
refer to the TAR RNA sequence in HIV-1 (LAVBRU). *, Mutated
bases in TAR 520.
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FIG. 5. TAR DNA is bound by cellular factors but not by tat. (A)
Complex formation between end-labeled TAR DNA fragment (1 ng
per lane) and 0-8 gl of a HeLa cell nuclear extract (4 mg/ml). (B)
Failure of purified tat (200 gg/ml) to form complexes with TAR DNA
fragment.
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DISCUSSION
Using gel-retardation, filter-binding, and immunoprecipita-
tion assays, we have demonstrated that purified tat binds
specifically to TAR RNA and not to TAR DNA. The data
suggest that tat recognizes specific features near thejunction
between the stem and the loop of the TAR RNA stem-loop
structure. Antisense transcripts, which are largely homolo-
gous to wild-type TAR in the stem region because the TAR
sequence is palindromic, but differ from wild-type TAR in
their loop sequences and in the placement of the small U-rich
bubble (U23 and U25) near the base of the loop, fail to bind
tat. Similarly, TAR sequences carrying mutations expected
to disrupt the stem-loop structure (1289, 494, 497, 520) show
reduced tat binding. Tat also does not bind to TAR RNA in
which inosine replaces guanosine or to two other unrelated
RNA sequences of size and base composition similar to TAR.
By contrast, TAR sequences carrying mutations in the loop
itself (1283, 1284, 1288) bind tat with the same affinity as the
wild type.
The data suggest that multiple regions ofthe TAR sequence

may be required for trans-activation. Mutations in the stem
which fail to bind tat in vitro do not trans-activate. However,
mutants with altered residues in the TAR loop bind tat
efficiently, suggesting that these sequences may be required
for other aspects of TAR functions such as binding to host
proteins.
Although we have demonstrated specific sequence require-

ments for tat binding to TAR RNA, the data should not be
considered to indicate that the majority of tat in our prepa-
rations has a native configuration and is active. A dissocia-
tion constant of =3 x 10-8 M has been calculated from the
data in Fig. 4A, on the assumption that all the tat molecules
are competent to bind TAR. However, in these experiments,
a 1000- to 10,000-fold excess of tat was required to form
complexes efficiently, and it is probable that relatively little
of the protein is capable of binding RNA. Thus, the disso-
ciation constant of the complex could be as high as 10-12 M.
Similarly, although tat prepared in this manner is also capable
of trans-activation in vivo, after uptake of the protein by cells
which carry viral LTR sequences, the specific activity of tat
cannot be determined from this assay. Studies of DNA
transcription factors have shown that even protein prepara-
tions of low specific activity retain binding specificity. For
example, experiments with transcription factor TFIIIA, prior
to the recognition of the role of metal ions, showed that
TFIIIA could bind specifically to DNA and produce a clear
"footprint," but a large excess of protein was required (31,
32). It should also be noted that RNA/protein complexes may
be intrinsically less stable than DNA/protein complexes. A
400- to 800-fold excess of R17 coat protein was required to
obtain 50o retention of R17 in a filter-binding assay (25).

It is also difficult to demonstrate tat binding to TAR RNA,
using extracts from mammalian cells as a source of "native"
tat, because extracts from cell lines that do not express tat
contain other RNA-binding proteins which form complexes
with TAR RNA. Nuclear extracts from COSts, U937, or
CEM-CCRF cells that constitutively express tat from the
integrated JKC63.4.1 retroviral vector produced patterns
very similar to the relevant control extracts. However,
complexes containing tat prepared from extracts of COSts
cells could be observed on immunoblots (data not shown).

Frankel et al. (20) have demonstrated that tat may dimerize
in vitro through chelation of metal ions by cysteine residues
and have suggested that the biologically active form of tat is

a dimer. We have been able to demonstrate tat binding to
TAR RNA under conditions where extensive metal-induced
dimerization would not be expected to occur-e.g., in the
presence of high concentrations of dithiothreitol and EDTA
(data not shown)-but until questions about the specific
activity of the tat preparations are resolved, and a reliable
method is devised for refolding tat efficiently, one cannot say
whether or not the active form of tat requires metal ions.

In spite of these limitations, our experiments provide
strong evidence for the specific binding of tat to TAR RNA.
Since the same tat preparations do not bind to TAR DNA, the
experiments also suggest that trans-activation of the viral
LTR involves this specific interaction with RNA.
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