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The biological activity of the human immunodeficiency virus type 1 (HIV-1) Tat (Tat1) transcriptional
activator requires the recruitment of a Tat1-CyclinT1 (CycT1) complex to the TAR RNA target encoded within
the viral long terminal repeat (LTR). While other primate immunodeficiency viruses, such as HIV-2 and
mandrill simian immunodeficiency virus (SIVmnd), also encode Tat proteins that activate transcription via
RNA targets, these proteins differ significantly, both from each other and from Tat1, in terms of their ability
to activate transcription directed by LTR promoter elements found in different HIV and SIV isolates. Here, we
show that CycT1 also serves as an essential cofactor for HIV-2 Tat (Tat2) and SIVmnd Tat (Tat-M) function.
Moreover, the CycT1 complex formed by each Tat protein displays a distinct RNA target specificity that
accurately predicts the level of activation observed with a particular LTR. While Tat2 and Tat-M share the
ability of Tat1 to bind to CycT1, they differ from Tat1 in that they are also able to bind to the related but distinct
CycT2. However, the resultant Tat-CycT2 complexes fail to bind TAR and are therefore abortive. Surprisingly,
mutation of a single residue in CycT2 (asparagine 260 to cysteine) rescues the ability of CycT2 to bind Tat1 and
also activates not only TAR binding by all three Tat-CycT2 complexes but also Tat function. Therefore, the
RNA target specificity of different Tat-CycT1 complexes is modulated by natural sequence variation in both the
viral Tat transcriptional activator and in the host cell CycT molecule recruited by Tat. Further, the RNA target
specificity of the resultant Tat-CycT1 complex accurately predicts the ability of that complex to activate
transcription from a given LTR promoter element.

Human immunodeficiency virus type 1 (HIV-1) encodes a
transcriptional transactivator, here termed Tat1, that can dra-
matically enhance the level of expression of genes linked to the
viral long terminal repeat (LTR) promoter element (for a
review, see references 6 and 16). Unusual attributes of Tat1
include the fact that it acts predominantly at the level of tran-
scription elongation, rather than initiation, and the finding that
the cis-acting target for Tat1 is an RNA sequence rather than
a DNA sequence (7, 9, 16, 17, 21). This RNA target, here
termed TAR1, is a 57-nucleotide RNA stem-loop structure
that serves to present two critical protein binding sites, i.e., a
terminal hexanucleotide loop and a small U-rich bulge located
immediately 59 to this loop (Fig. 1). It has been demonstrated
that the bulge serves as a binding site for Tat1, while the
terminal loop is important for the recruitment to TAR1 of an
essential Tat1 cofactor (7, 10, 24, 27).

Mutational analysis of the HIV-1 Tat protein has identified
two functional domains that are critical for transactivation of
the HIV-1 LTR (18, 20). The Tat1 basic domain (Fig. 1) is
important for TAR1 binding, while the Tat1 activation do-
main, which includes amino-terminal, cysteine, and core mo-
tifs, is critical for the recruitment of a cellular Tat1 cofactor
(19, 20, 24, 27). Recently, it has become apparent that this
cofactor is cyclin T1 (CycT1), a component of the cellular
transcription elongation factor P-TEFb (22, 28, 30, 31). It is
now known that Tat1 and CycT1 form a heterodimer that is

then recruited to TAR1 (4, 13, 28). Once bound to TAR1,
CycT1 and its associated proteins, particularly the CDK9 ki-
nase, are then believed to modify the initiated RNA polymer-
ase II (pol II) transcription complex to a more elongation-
competent state by phosphorylation of the C-terminal domain
of pol II (6, 14, 16, 28, 29, 31).

Evidence validating CycT1 as a critical cofactor for Tat1
function includes the demonstration that CycT1 can specifi-
cally bind to the Tat activation domain both in vitro and in vivo
and that the resultant heterodimer has a far-higher affinity for
TAR1 than either Tat1 or CycT1 alone (4, 13, 28). Indeed,
evidence suggests that neither protein is able to bind TAR1 in
vivo on its own (4, 20, 28). Convincing genetic evidence for the
critical importance of CycT1 has come from the demonstration
that expression of human CycT1 (hCycT1) in mouse cells can
effectively rescue Tat1 function in these normally nonpermis-
sive cells (4, 13, 28). Analysis of the related mouse CycT1
(mCycT1) protein has demonstrated that mCycT1 can bind
Tat1 effectively but that the resultant mCycT1-Tat1 complex is
only very inefficiently bound by TAR1, thus explaining the lack
of Tat function in mouse cells (4). Remarkably, the substitu-
tion of a single residue in mCycT1 with the human equivalent
(tyrosine 261 to cysteine) fully rescues both TAR binding and
Tat function in mouse cells (4, 13). The inability of mouse cells
to support Tat1 function in the absence of a coexpressed
hCycT1 derivative has also allowed a preliminary definition of
sequences in hCycT1 that are required to support Tat1 func-
tion. This analysis has demonstrated that the first 272 amino
acids (aa) of the 726-aa hCycT1 protein are fully sufficient to
support Tat function and have further defined a region in
CycT1, located between residues 250 and 262, that is critical
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for Tat1 and/or TAR1 binding in vitro and that has been
termed the Tat-TAR recognition motif (TRM) (13).

While the essential role of CycT1 in mediating HIV-1 Tat
function is now established, it has remained unclear whether
CycT1 plays a similar role in mediating the activity of Tat
proteins derived from other primate immunodeficiency vi-
ruses. Of these other Tat proteins, HIV-2 Tat (Tat2) has been
most intensively investigated and like Tat1, has been shown to
form a specific complex with CycT1 that can bind TAR2 with
high affinity in vitro (28). Like Tat1, Tat2 has also been shown
to be associated with CDK9 in expressing cells (14, 29). While
the roles of Tat1 and Tat2 in the viral life are therefore clearly
similar, significant mechanistic differences do exist (2, 3, 8, 11).
Thus, the HIV-2 TAR element (TAR2) differs from TAR1 in
that it displays two functional Tat2 binding sites (Fig. 1), each
of which contains a U-rich bulge located 59 to a conserved
terminal loop (3, 11). While Tat1 is fully able to activate tran-
scription via TAR2, Tat2 is only partially active on HIV-1 TAR
(2, 3, 8, 11). This difference, which may be in part due to a
lower affinity of Tat2 for the TAR1 RNA target (23), remains
to be fully explained. Tat proteins from simian immunodefi-
ciency viruses (SIV) have thus far received relatively little
attention. In Fig. 1, we show the sequence of the Tat protein
(Tat-M) and TAR element (TAR-M) from mandrill simian
immunodeficiency virus (SIVmnd), a virus that is highly diver-
gent from both HIV-1 and HIV-2 (26). While TAR-M appears
to have in common with TAR2 the property of having two Tat
target sites, it also displays potentially significant differences in
sequence in both the terminal loops, which differ from the
TAR1/TAR2 consensus (59-CUGGGX-39), and in the se-
quence context of the flanking RNA bulges.

In this article we report an analysis of the interaction of the
HIV-1, HIV-2, and SIVmnd Tat proteins and TAR elements
with CycT1 and show that CycT1 is a critical cofactor for all
three transactivators. However, the CycT1-Tat complexes
formed by these diverse Tat proteins differ significantly in
terms of their TAR RNA sequence specificity, thus explaining
their differential abilities to activate heterologous LTR pro-
moters. We demonstrate that the sequences in CycT1 required
to bind and support the function of Tat1, Tat2, and Tat-M are
very similar but not identical. Indeed, Tat2 and Tat-M proved
able to interact not only with CycT1 but also with CycT2A and
CycT2B, two cyclin partners for CDK9 that are not bound by
Tat1 (4, 22). However, these latter interactions were found to
be nonproductive in that none of these CycT2-Tat complexes
proved able to bind to TAR. Surprisingly, however, mutation
of asparagine 260 to cysteine (N260C) in CycT2B was found to
permit not only a specific interaction between Tat1 and
CycT2B but also TAR binding and hence the rescue of Tat
function in murine cells by all three primate immunodeficiency
virus Tat proteins. Overall, these data reveal that CycT1 has
been conserved as a critical Tat cofactor during primate im-
munodeficiency evolution and demonstrate that the ability of
specific CycT-Tat complexes to be recruited to a viral TAR
RNA target is both modulated by natural sequence variation in
Tat and highly dependent on a critical cysteine residue that is
present in hCycT1 but lacking in mCycT1 and hCycT2.

MATERIALS AND METHODS

Plasmid construction. The mammalian expression plasmids pBC12/CMV and
derivatives expressing hCycT1, mCycT1, hCycT2A, hCycT2B, or a single-amino-
acid mutant form of mCycT1 (Y261C) have been described previously (4). The
reciprocal hCycT1 mutant (C261Y) was constructed by recombinant PCR, as
were the N260C mutant of CycT2B and a series of scanning mutants of hCycT1
(X1-X8 [Fig. 6]) in which groups of two or three amino acids located between
hCycT1 residues 238 and 276 were changed to alanine. Derivatives of the indi-
cator plasmid pBC12/HIV/CAT (4) were constructed by replacing the HIV-1IIIB

LTR promoter with LTRs derived from HIV-2ROD or SIVmnd (8, 11, 26).
HIV-2ROD and SIVmnd Tat cDNA expression plasmids, similar to the previously
described HIV-1 Tat expression plasmid pcTat (4), were constructed by insertion
of the relevant Tat cDNA sequence into pBC12/CMV. Mutant Tat expression
plasmids have either been described previously (Tat1-C22S [4]) or were con-
structed by recombinant PCR (Tat2-C50S, Tat-M-C37S). The integrity of each of
these wild-type and mutant clones was confirmed by DNA sequence analysis.

Derivatives of the yeast expression plasmid pVP16, encoding wild-type or
mutant CycT variants fused to the herpes simplex virus VP16 activation domain,
have been or were constructed as previously described (4). pGBT9 derivatives
expressing GAL4-Tat fusion proteins and pPGK derivatives expressing wild-type
or mutant Tat proteins in yeast were constructed by substitution of Tat cDNA
sequences from HIV-2ROD or SIVmnd, amplified from mammalian expression
plasmids, in place of the Tat1 gene. A plasmid expressing an MS2-TAR1 hybrid
RNA molecule in yeast has been described previously (4). Similar plasmids
expressing MS2-TAR2 and MS2-TAR-M hybrid RNAs were derived by insertion
of the relevant TAR sequence into pIII/MS2. Yeast two-hybrid assays with
GAL4-Tat and VP16-CycT fusion proteins were performed as previously de-
scribed, as were three-hybrid assays with MS2-TAR hybrid RNAs, authentic Tat
proteins, and VP16-CycT fusions (4, 12, 25).

Assay of Tat function in mammalian cells. Murine LmTK2 cells were trans-
fected with DEAE dextran (5) with a pBC12/LTR/CAT indicator plasmid and
pBC12/CMV/lacZ in the presence or absence of an HIV-1, HIV-2, or SIVmnd
Tat expression plasmid and a pBC12-based plasmid expressing an intact or
mutant CycT1 protein, as described previously (4).

Human 293T cultures were transfected by using calcium phosphate coprecipi-
tation (5) with 100 ng of a pBC12/LTR/CAT indicator plasmid, 50 ng of pBC12/
CMV/lacZ, and various quantities (0 to 100 ng) of a Tat expression plasmid. In
all transfection experiments, the total amount of DNA was equalized by using the
parental pBC12/CMV plasmid. CAT activity in cell lysates was determined 48 h
posttransfection (4) and normalized for minor variations in transfection effi-
ciency as determined by b-galactosidase activity in the same lysates.

RESULTS

In Fig. 1, we present a comparison of the Tat proteins and
TAR elements encoded by HIV-1, HIV-2, and SIVmnd. These
sequences are representative of three of the five known fami-
lies of primate immunodeficiency viruses and evolutionarily
are approximately equidistant from one another (15, 26).
While the Tat proteins encoded by each of these viruses retain
recognizable cysteine, core, and basic motifs, they are never-
theless quite divergent, not least in terms of their size.

HIV-2 and SIVmnd Tat, unlike HIV-1 Tat, can bind to both
CycT1 and CycT2. Previously, it has been demonstrated that
Tat1 function in mouse cells can be rescued by expression of
hCycT1 or of a mutant mCycT1 containing cysteine in place of
tyrosine at position 261 (Y261C) (4, 13). In contrast, Tat1
activity in mouse cells was not rescued by coexpression of
CycT2A or CycT2B, alternative cyclin partners of CDK9 (22),
or by wild-type mCycT1. These data demonstrate compellingly
that hCycT1, but not hCycT2, is an essential cellular cofactor
for transactivation by Tat1. Nevertheless, given the sequence
diversity among primate lentivirus Tat proteins of different
phylogenetic lineages, we considered that divergent Tat pro-
teins and TAR elements might possibly vary in their CycT
binding specificity. Notably, the related hCycT2A and
hCycT2B proteins, as well as mCycT1, are highly homologous
to hCycT1 within their respective N-terminal 280 amino acids,
the hCycT1 domain that is both necessary and sufficient to
support Tat1 function (13). In particular, the proposed Tat/
TAR recognition motif present in CycT1 (13) is largely con-
served in both versions of the hCycT2 protein (see below). We
therefore attempted to determine whether the Tat2 and Tat-M
proteins would be able to target mCycT1 or hCycT2 proteins in
addition to or instead of hCycT1.

Previously, we have used two- and three-hybrid assays in
yeast cells to demonstrate that Tat1 is able to specifically in-
teract with both hCycT1 and mCycT1 in vivo but that the
resultant Tat1-mCycT1 heterodimer, unlike the Tat1-hCycT1
complex, is then unable to effectively bind to TAR1 (4). In fact,
this is the predicted result for the bona fide Tat cofactor, in
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that Tat1 is unable to activate the wild-type HIV-1 LTR in
murine cells but is fully active when targeted to an RNA target
substituted for TAR1 (1, 20). We first examined the ability of
Tat2 and Tat-M proteins to bind CycT1 and CycT2 proteins in
vivo, using the yeast two-hybrid protein-protein interaction
assay (12) (Fig. 2). As previously observed for Tat1 (4), both
Tat2 and Tat-M proved able to interact efficiently with both
hCycT1 and mCycT1. However, Tat2 and Tat-M also proved
able to bind hCycT2A and hCycT2B, a property that is not
possessed by Tat1 (4).

It was important to demonstrate that each of these CycT-Tat
interactions is, in fact, dependent on the functional integrity of
the respective Tat cofactor binding domain. The well-charac-
terized Tat1 activation domain point mutant C22S has been
previously shown to be defective for hCycT1 binding and,
hence, unable to transactivate viral gene expression (4, 20).
Therefore, to test the specificity and potential functional rele-
vance of the observed interaction between hCycT2 and Tat-2
or Tat-M, mutants precisely analogous to C22S (Fig. 1),
termed Tat2(C50S) and Tat-M(C37S), were generated. In
each case, despite protein expression levels found to be equiv-
alent to their wild-type counterparts (data not shown), these
point mutant Tat proteins proved to be highly attenuated in
their ability to interact with any form of CycT (Table 1) or to
transactivate reporter gene expression directed by a cognate
LTR in human cells (data not shown). Thus, the observed

interactions between Tat1, Tat2, or Tat-M and various CycT
proteins are all specific in that they are dependent on a func-
tionally intact Tat activation domain.

The C261Y mutant of hCycT1, which bears the converse of
the Y261C mutation that rescues the ability of mCycT1 to
support Tat function, has previously been reported (13) to be
attenuated for Tat1 binding in vitro. In Table 1, we confirm this
observation in vivo by the yeast two-hybrid assay. Surprisingly,
however, the hCycT1(C261Y) mutant proved able to interact
efficiently with the wild-type Tat2 and Tat-M proteins (Table
1). No interaction was observed with any of the activation
domain mutant Tat proteins. Thus, the requirement for Cys
261 in mediating efficient Tat-CycT interactions is clearly con-
text dependent; while it is critical for hCycT1 to interact with
Tat1, it is absent in mCycT1, which nevertheless binds effi-
ciently to Tat1 in vivo, and can be replaced in hCycT1 without
significantly affecting binding to Tat2 or Tat-M.

We next used the yeast three-hybrid RNA-protein interac-
tion assay (25) to determine whether the complexes formed
between these three distinct Tat proteins and the various forms
of CycT would be able to bind to the cognate TAR elements in
vivo. As shown in Fig. 3, only hCycT1 and the Y261C mutant
of mCycT1 were able to bind to each of these three TAR
elements, in each case in a fully Tat-dependent manner. Both
the wild-type mCycT1 protein and hCycT1 bearing the C261Y
mutation proved unable to mediate TAR binding when com-

FIG. 1. Comparison of primate immunodeficiency virus Tat proteins and TAR elements. A sequence alignment of the HIV-1 (strain IIIB), HIV-2 (strain ROD),
and SIVmnd Tat proteins is shown (8, 26). While very different in terms of length, and in the more amino- and carboxyl-terminal sequences, all three proteins contain
recognizable cysteine-rich, core, and basic domains, as indicated. A critical cysteine residue (C22 in Tat1) that is required for biological activity is indicated by an
asterisk. The predicted secondary structures of the viral TAR elements suggest the presence of one Tat target site in HIV-1 TAR and duplicated target sites in both
HIV-2 and SIVmnd TAR. The critical functional elements in TAR are the terminal hexanucleotide loops and the 59 proximal bulges.
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plexed with any of these three Tat proteins. Similarly, both
CycT2A and CycT2B also failed to bind to TAR, a finding that,
in the case of Tat1, is presumably secondary to an inability to
bind to Tat1 (Fig. 2). In contrast, for Tat2 and Tat-M, it
appears that CycT2A and CycT2B, like mCycT1 and
hCycT1(C261Y), can bind these Tat proteins effectively (Fig. 2
and Table 1), but the resulting complexes are then unable to
bind to TAR2 or TAR-M (Fig. 3).

Tat2 and Tat-M function is supported by hCycT1 and
mCycT1(Y261C) but not by mCycT1 or hCycT2 proteins.
While we are unaware of any previous study examining this
question, the inability of the mCycT1-Tat2 and mCycT1-Tat-M
complexes to be recruited to the relevant TAR RNA target
(Fig. 3) suggests that Tat2 and Tat-M will be weak activators in
murine cells. Similarly, the inability of complexes containing
hCycT2A, hCycT2B, or hCycT1(C261Y) to be recruited to
TAR2 or TAR-M predicts that the coexpression of these CycT
proteins in murine cells will not rescue function, even though
they can bind Tat2 and Tat-M (Fig. 2). Conversely, the ability

of hCycT1 and mCycT1(Y261C) to be recruited to both TAR
elements (Fig. 3) predicts that the expression of these proteins
in murine cells will rescue Tat2 and Tat-M function, as previ-
ously shown for Tat1 (4, 13).

To test this prediction, we examined the ability of Tat2 and
Tat-M to transactivate a cognate LTR promoter in murine
cells. As shown in Fig. 4, both Tat2 and Tat-M indeed dem-
onstrated only very low levels of transactivation in murine cells.
Overexpression of mCycT1, hCycT1(C261Y), hCycT2A, or
hCycT2B did not affect the low level of transactivation ob-
served. In contrast, the biological activity of both Tat2 and
Tat-M could be rescued by coexpression of either hCycT1 or of
the mutant mCycT1(Y261C) protein, both of which are able to
bind TAR in the presence of Tat (Fig. 3). Overall, these data
demonstrate that formation of a CycT-Tat complex is neces-
sary but not sufficient to support Tat function in vivo. Rather,
there is a perfect concordance between the observed ability of
a CycT-Tat complex to bind to TAR (Fig. 3) and the ability of
this same complex to support transactivation by Tat in other-
wise nonpermissive cells (Fig. 4).

A single-amino-acid substitution in hCycT2B results in the
formation of Tat-CycT2B complexes able to bind TAR. We and
others have previously demonstrated that a single amino acid
change (Y261C) in the mCycT1 protein allows the Tat-
mCycT1 complex to bind TAR and support Tat function (4,
13). Sequences in hCycT1 that are critical for interaction with
both Tat1 and TAR in vitro have been mapped to the area
between residues 250 and 262 in hCycT1 (13), and these are
largely conserved in hCycT2 (Fig. 5A), the notable exception
being the critical cysteine residue at position 261 (asparagine
260 in hCycT2). Therefore, we hypothesized that substitution
of asparagine 260 with cysteine in CycT2 might restore TAR
binding, at least in the case of Tat2 and Tat-M, and thereby
result in a protein that would be able to rescue Tat activity in
murine cells. Since hCycT2A and hCycT2B differ only in their
C-terminal sequences, and the analogous C-terminal se-
quences in hCycT1 have been shown to be dispensable for Tat
function (13), hCycT2B was arbitrarily selected and asparagine
260 was replaced by cysteine (N260C).

We first examined the effect of this mutation on the forma-
tion of Tat-hCycT2B complexes by the yeast two-hybrid assay
(Fig. 5B). In fact, hCycT2B is already able to bind specifically
to the activation domains of Tat2 and Tat-M (Fig. 2 and Table
1), and this mutation had only a minor enhancing effect
(;threefold) on the level of Tat-hCycT2B binding (Fig. 5B). In
contrast, while the wild-type hCycT2B protein is unable to bind
to Tat1 (Fig. 2), the N260C mutant displayed a significant level
of binding. These interactions were again specific in that they
were not observed with Tat activation domain mutants (data
not shown). We next used the yeast three-hybrid assay to
examine whether the complexes formed between the various
Tat proteins and hCycT2B(N260C) would be able to bind to a

FIG. 2. Interactions between Tat proteins and cyclins in vivo. The ability of
the indicated lentiviral Tat proteins and human and murine cyclins to interact
was assayed by yeast two-hybrid analysis, as previously described (4). Tat proteins
were expressed as GAL4 fusions, whereas CycT variants were expressed fused to
the VP16 transcription activation domain.

TABLE 1. Tat-CycT interactions require an intact Tat activation domain

Fusion protein
% b-galactosidase activity observeda

Tat1 Tat1 (C22S) Tat2 Tat2 (C50S) Tat-M Tat-M (C37S)

VP16-hCycT1 100 ,1 100 ,1 100 11 6 1.0
VP16-mCycT1 165 6 5.0 ,1 93 6 18 ,1 111 6 11 4.9 6 0.8
VP16-hCycT1 (C261Y) 6.4 6 2.7 ,1 84 6 17 ,1 100 6 5.0 6.5 6 0.9
VP16-hCycT2B ,1 ,1 23 6 4 ,1 34 6 5.0 ,1
VP16 ,1 ,1 ,1 ,1 ,1 ,1

a Values given are percentages of the b-galactosidase activities observed in yeast Y190 cells expressing the relevant wild-type GAL4-Tat and VP16-hCycT1 fusion
proteins and the averages of three independent experiments.
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cognate TAR element. As shown in Fig. 5C, all three Tat
proteins proved able to recruit hCycT2B(N260C), but not the
wild-type hCycT2B protein, to their respective TAR RNA el-
ements. Since hCycT2B(N260C) can form a complex with all
three Tat proteins (Fig. 5B), and the resultant complexes can
all be subsequently recruited to TAR (Fig. 5C), we predicted
that hCycT2B(N260C) should also rescue the activity of these
three Tat proteins in murine cells. In fact, as shown in Fig. 6,
expression of hCycT2B(N260C) in murine cells dramatically
enhanced Tat1, Tat2, and Tat-M function. For each Tat pro-
tein, the level of transactivation observed upon coexpression
with hCycT2B(N260C) was approximately equivalent to that
observed in the presence of hCycT1.

Different hCycT1-Tat complexes display distinct RNA target
specificities. Since these data demonstrate that hCycT1, and
not hCycT2, is an essential cofactor for divergent primate
lentivirus Tat proteins, we next attempted to determine
whether different Tat-CycT1 complexes might possess distinct
RNA target specificities. In fact, yeast three-hybrid protein-
RNA binding assays (Fig. 7A) revealed a substantial degree of
variation in the level of TAR RNA binding by different CycT1-
Tat complexes measured in vivo. Specifically, the hCycT1-Tat1
complex bound both TAR1 and TAR2 efficiently but was sig-
nificantly (10- to 20-fold) attenuated in its ability to bind
TAR-M. In contrast, hCycT1-Tat2 bound to TAR1 ;10-fold-
less well than to TAR2 and gave a level of binding to TAR-M
that was only slightly above background. Finally, the hCycT1-
Tat-M complex was less discriminating in that it bound all
three TAR elements effectively, although TAR1 did give a
slightly lower activity than either TAR2 or TAR-M (Fig. 7A).

To examine whether these differences in Tat-CycT1 RNA

binding activity would correlate with the ability of these three
distinct Tat proteins to activate gene expression, we compared
the effect of widely different levels of Tat1, Tat2, or Tat-M on
the level of expression of a chloramphenicol acetyl transferase
(CAT) indicator gene linked to the HIV-1, HIV-2, or SIVmnd
LTR promoter element. As may be readily observed (Fig. 7B),
these diverse lentiviral regulatory proteins display significant
differences in their abilities to activate different LTR promoter
targets. In the case of Tat1, we observed efficient and equiva-
lent activation of the HIV-1 and HIV-2 LTR promoter but
;10- to 20-fold-less activity on the SIVmnd LTR. Tat2 dis-
played the greatest level of LTR selectivity, being ;sixfold-less
active on the HIV-1 LTR and over 100-fold-less active on the
SIVmnd LTR promoter. Finally, Tat-M showed little LTR tar-
get specificity, although it did appear to be slightly less active
on the HIV-1 LTR promoter. Based on these data, we can
conclude that these different hCycT1-Tat complexes do indeed
display distinct affinities for different TAR RNA targets in vivo
and, further, that these different binding affinities are highly
predictive of the level of Tat-induced transcriptional activation
seen with each TAR-containing LTR promoter.

Divergent Tat proteins require a similar sequence motif in
hCycT1 for biological activity. As noted above, Garber et al.
(13) recently reported the identification of a motif in hCycT1,
termed the TRM sequence, that is critical for Tat1 and/or
TAR1 binding in vitro. This motif was reported to extend from
approximately residue 250 to 262 in hCycT1 and therefore
includes the critical cysteine residue at position 261. The ob-
servation that Tat2 and Tat-M differ from Tat1 in being able to
bind to hCycT2 (Fig. 2), as well as the finding that Tat1 differs
significantly from Tat2 and Tat-M in terms of its ability to bind

FIG. 3. RNA binding activities of different cyclin T-Tat complexes. The ability of different human and murine cyclins to bind to the indicated primate immuno-
deficiency virus TAR elements, in the presence or absence of the cognate Tat protein, was assayed by the yeast three-hybrid assay as previously described (4). Cyclins
were expressed as VP16 activation domain fusions, as shown in Fig. 2, while Tat proteins were expressed in their wild-type, nonfused form. Induced b-galactosidase
activity was measured by light absorption at 595 nm and is expressed in milli-optical density (mOD) units.
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the hCycT1(C261Y) mutant (Table 1) raised the possibility
that Tat2 and Tat-M might display significant differences in
their specific binding site on CycT1. To address this issue, we
first performed a deletion analysis of hCycT1 to map the extent
of sequences required to support each Tat function in murine
cells. These data demonstrated that residues 1 to 280 of
hCycT1 were sufficient to support the function of Tat1, Tat2,
and Tat-M in murine cells, while a protein consisting of resi-
dues 1 to 260 was inactive in all three cases, although residues
1 to 260 did retain the ability to bind to CDK9 (data not
shown). This result, which is consistent with the recent report
that residues 1 to 272, but not residues 1 to 254, of hCycT1 are
sufficient to support Tat1 function in murine cells (13), there-
fore demonstrated that sequences located immediately N-ter-
minal to hCycT1 residue 280 were likely to be critical for the
biological activity of all three primate immunodeficiency virus
Tat proteins. To more clearly define these sequences, we con-
structed a set of eight alanine scanning mutations (X1 to X8)
between residues 238 and 276 of full-length hCycT1, as shown
at the top of Fig. 8, and compared the ability of these mutants
to support Tat1, Tat2, or Tat-M function in murine cells. As

FIG. 4. Rescue of Tat function in murine cells. Murine LmTK2 cells were
transfected with indicator constructs consisting of the HIV-2 or SIVmnd LTR
promoter element linked to the CAT indicator gene together with expression
plasmids encoding HIV-2 or SIVmnd Tat and one of the indicated cyclins. At ;48
h after transfection, CAT expression levels were determined as described previ-
ously (4).

FIG. 5. A single-amino-acid substitution in hCycT2B induces Tat1 binding
and permits TAR recruitment by divergent Tat proteins. (A) Sequence compar-
ison between the hCycT1 TRM (residues 250 to 262) and the corresponding
sequences in mCycT1 and hCycT2. (B) Interactions between the indicated
GAL4-Tat fusion proteins and either VP16-hCycT1 or wild-type or mutant
(N260) forms of the VP16-hCycT2B fusion protein measured by the yeast two-
hybrid assay. (C) Recruitment of hCycT2B(N260) but not wild-type hCycT2B to
TAR. The yeast three-hybrid assay was performed with plasmids expressing Tat
proteins and MS2-TAR hybrid RNAs derived from the indicated primate im-
munodeficiency virus along with the indicated VP16-CycT proteins. OD595,
optical density at 595 nm, given in milli-optical density (mOD) units.
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shown in the lower part of Fig. 8, these hCycT1 mutants gave
essentially the same activity with each Tat protein. Specifically,
hCycT1 mutants X1, X6, X7, and X8 were all fully active;
mutant X2 (alanine inserted in place of residues 244 to 246)
was partially active, while mutants X3 (250 to 252), X4 (256 to
258), and X5 (261 and 262) were essentially inactive. These
data therefore appear to support the hypothesis that the se-
quences in hCycT1 required for Tat1, Tat2, and Tat-M func-
tion are similar. As expected, analysis of these mutants for
their abilities to bind to Tat or TAR, by the yeast two- and
three-hybrid assays, demonstrated that the X2, X3, X4, and X5
mutants of hCycT1 are all significantly attenuated in their
ability to bind to Tat and/or TAR, while the flanking fully
active hCycT1 mutants retain full Tat and TAR binding activ-
ity. All these hCycT1 mutants retained the ability to bind to
CDK9 effectively, and epitope-tagged versions were found to
be equivalently expressed in mammalian cells (data not
shown). We therefore conclude that these mutants delineate
an hCycT1 sequence, located between residues 244 to 262, that
is (i) critical for the in vivo biological activity of all three of
these lentiviral Tat proteins and (ii) equivalent to the hCycT1
TRM sequence (residues 250 to 262) previously defined in
vitro by Garber et al. (13).

DISCUSSION

The recent identification of hCycT1, a key component of the
transcription elongation factor P-TEFb, as a critical cofactor
for HIV-1 Tat has led to a molecular explanation for several
key aspects of Tat1 function (4, 13, 22, 28). For example, the
observation that both the terminal loop and bulge of TAR1 are
critical for in vivo function, while only the latter is required for
Tat1 binding in vitro, can now be explained by the finding that
the high-affinity interaction of the Tat1-hCycT1 heterodimer
with TAR1 is dependent on both the terminal loop and the
bulge of TAR1 (4, 7, 24, 27, 28). In addition, the earlier finding
that Tat1 is unable to activate the wild-type HIV-1 LTR in
murine cells but is fully capable of activating this LTR when
recruited to a heterologous RNA target substituted in place of
TAR1 (1, 20) can also be explained by the finding that mCycT1

effectively binds to Tat1 but that the resultant Tat1-mCycT1
complex is then only poorly able to bind to TAR1 (4). Put
another way, these two findings demonstrate that hCycT1 ac-
tively participates in mediating recruitment of the Tat1-
hCycT1 complex to TAR1 and is a major determinant of the
sequence specificity of this complex.

Previously, several groups have provided data demonstrating
that the Tat2 protein is only poorly able to activate transcrip-
tion via the HIV-1 TAR element, although Tat2 is fully active
on TAR2 (2, 3, 8, 11). It therefore seemed likely that other
primate immunodeficiency virus Tat proteins, such as the
highly divergent SIVmnd Tat (Fig. 1), would also display a
significant degree of RNA target specificity. We considered
two possible explanations for these different RNA target spec-
ificities. On the one hand, it seemed possible that the complex
formed between each of these immunodeficiency virus Tat
proteins and hCycT1 would display a different RNA target
specificity due simply to the different Tat component (23).
Alternately, it also seemed possible that highly divergent Tat
proteins, such as Tat-M, might actually recruit a different form
of P-TEFb, such as a CycT2-containing form, and that this
would explain the difference in their RNA target specificity.

Different Tat-CycT1 complexes have different RNA binding
specificities. As shown in Fig. 2 and Table 1, we observed that
Tat2 and Tat-M were indeed distinct from Tat1 in being able
to readily form an in vivo complex, in an activation domain-
dependent manner, not only with hCycT1 but also with
CycT2A and hCycT2B. However, these latter complexes are
functionally abortive in that only hCycT1, and neither form of
hCycT2, can be recruited to TAR (Fig. 3) and can therefore
rescue Tat2 and Tat-M function in nonpermissive murine cells
(Fig. 4). If hCycT1 is indeed the only relevant cofactor for each
of these three Tat proteins in human cells, then one would
predict that the ability of each Tat protein to activate gene
expression driven by a viral LTR promoter containing the
TAR1, TAR2, or TAR-M RNA target site would correlate
with the relative affinity of the relevant Tat-hCycT1 complex
for each TAR element. As shown in Fig. 7, there is indeed a
remarkably strong correlation between the LTR promoter tar-
get specificity, measured in transfected human cells (Fig. 7B),
and the relative efficiency of TAR binding by each Tat-hCycT1
complex, measured by the yeast three-hybrid assay (Fig. 7A).
Overall, these data strongly suggest that the observed differ-
ences in the LTR promoter target specificity of these three Tat
proteins are due largely or entirely to differences in the effi-
ciency of recruitment of the relevant Tat-hCycT1 complex to
TAR.

Sequence determinants for CycT binding by Tat. While
hCycT1 is clearly the relevant cellular cofactor for all three Tat
proteins examined in the present study, the data demonstrate
that the protein determinants on hCycT1 required to bind each
Tat protein, while similar (Fig. 8), are not identical. This is
most clearly revealed by the ability, noted above, of Tat2 and
Tat-M to bind to hCycT2A and hCycT2B, an activity lacking in
Tat1 (Fig. 2). In addition, we note that the C261Y mutant of
hCycT1 binds to Tat1 poorly, although binding to both Tat2
and Tat-M is comparable to that of wild-type hCycT1 (Table
1). This latter result is interesting for two reasons. First, it is
surprising that hCycT1(C261Y) is a relatively poor target for
Tat1 binding because mCycT1, which also bears a tyrosine at
position 261, binds Tat1 effectively by this in vivo assay system.
Second, this result is of interest in that it partly explains the
apparent disagreement in the literature over whether cysteine
261 is required only for TAR1 binding or also for Tat1 binding
(4, 13). Specifically, we have previously reported that Tat1
binds wild-type mCycT1 at least as effectively as hCycT1 in vivo

FIG. 6. The hCycT2B(N260C) mutant can support the function of divergent
lentiviral Tat proteins. Murine LmTK2 cells were transfected with the indicated
viral LTR-based reporter and Tat expression plasmid along with plasmids ex-
pressing the indicated hCycT proteins, as described for Fig. 4.
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(see also Fig. 2 and Table 1) but that the resultant complex
fails to bind TAR1 (4). However, substitution of tyrosine 261 in
mCycT1 with cysteine fully rescues TAR1 binding (Fig. 3). In
contrast, Garber et al. (13) have reported that substitution of

cysteine 261 in hCycT1 with alanine entirely ablates both Tat1
and TAR1 binding in vitro. Wild-type mCycT1 was reported to
bind to Tat1 ;three- to fourfold less effectively in vitro than
either hCycT1 or the mCycT1(Y261C) mutant but was essen-

FIG. 7. The LTR promoter specificity of diverse Tat proteins is predicted by the TAR binding affinity of the relevant hCycT1-Tat complex. (A) The ability of hCycT1
to bind to the indicated viral TAR elements in the presence of each viral Tat protein was determined by the yeast three-hybrid assay, as shown in Fig. 3. The negative
control (Neg) reflects the level of b-galactosidase activity obtained in the absence of any TAR element. (B) Dose response analysis in transfected human 293T cells
of the response of CAT-based indicator constructs containing the HIV-1, HIV-2, or SIVmnd LTR promoter to increasing levels of the indicated Tat proteins.
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tially inactive for TAR1 binding. Garber et al. therefore con-
cluded that Cys261 was essential for Tat1 binding in hCycT1
but only contributory in the context of mCycT1 (13). Our data,
derived by a different, in vivo assay system, largely confirm this
proposal in that mutation of Cys261 to tyrosine in hCycT1
generates a protein that binds Tat1 far less well than mCycT1
(Table 1). However, the finding that mCycT1 binds to Tat1,
Tat2, and Tat-M as effectively as hCycT1 in vivo, combined
with the observation that the hCycT1(C261Y) mutant binds
efficiently to both Tat2 and Tat-M (Fig. 2 and Table 1), is
clearly inconsistent with the hypothesis that this cysteine resi-
due invariably plays a critical role in mediating Tat binding.
Instead, the relative importance of Cys261 in mediating Tat-
CycT interactions appears to be dependent on the particular
Tat and CycT protein being tested. One possible interpretation
of the observation that Cys261 is critical in some cases (e.g.,
binding of Tat1 to hCycT1) but not others (e.g., binding of
Tat1 to mCycT1) is that Cys261 forms one of a number of
contact sites for Tat on CycT. The relative importance of this
contact to the formation of a particular Tat-CycT complex
would thus vary, depending on the existence and relative af-
finity of these other Tat-CycT contact sites. In this context, it is

of interest that binding of Tat1 to CycT2B was again entirely
dependent on the presence of a cysteine residue introduced at
position 260, while binding of CycT2B to Tat2 and Tat-M was
enhanced only slightly by this same mutation (Fig. 5B).

The N260C mutation permits CycT2B to support TAR bind-
ing and Tat function. While not necessarily critical for Tat-
CycT interactions, Cys261 is evidently required in all cases for
the interaction of the Tat-CycT complex with TAR. Indeed,
the CycT2B protein, which contains an asparagine residue at
the equivalent position (260), was rendered permissive for
Tat-dependent TAR binding and was able to support Tat1,
Tat2, and Tat-M function when Asn 260 was replaced by cys-
teine. Similarly, we and others have previously reported (4, 13)
that mutation of a tyrosine residue to cysteine at the analogous
position in mCycT1 (Fig. 5A) also rescues TAR binding and
Tat function in murine cells (4, 13). While the critical impor-
tance of this cysteine for TAR binding by Tat-CycT complexes
is therefore clear, the underlying mechanistic basis for this
requirement is not presently known. Shared binding of a zinc
atom (13) could conceivably alter the conformation of the
Tat-CycT complex such that the affinity of Tat for TAR is
increased. Alternatively, Cys261 or even zinc could directly

FIG. 8. Mutational definition of an hCycT1 sequence motif required to mediate Tat function. The protein sequence of hCycT1 between residues 235 and 280 is
shown, with the critical cysteine 261 indicated. Alanine scanning mutants X1 to X8 were derived by substitution of alanine for the indicated contiguous stretches of
two to three residues in the context of the full-length hCycT1 sequence. The bar graph shows the ability of each of these hCycT1 mutants to rescue the function of the
indicated primate immunodeficiency virus LTR promoter-Tat combination in mouse cells.
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interact with TAR. Clearly, this question must be addressed in
structural studies to be unambiguously resolved.

The finding that hCycT1 has been conserved as a uniquely
critical Tat cofactor throughout primate immunodeficiency vi-
rus evolution suggests that reagents that selectively disrupt the
Tat-hCycT1-TAR complex might prove effective as anti-HIV
agents. The question of whether such drugs would allow the
development of resistant forms of Tat1 or TAR1 is, of course,
difficult to address at this stage. The fact that the hCycT1 TRM
has been largely but not entirely conserved through primate
immunodeficiency virus evolution does, however, suggest that
it might be difficult for the virus to effectively escape from
reagents that target this interaction. The importance of the
Tat-hCycT1-TAR interaction in the HIV-1 life cycle, com-
bined with the absence of any evidence for an equivalent mech-
anism in the regulation of host cell gene expression, clearly
suggests that this is a highly appropriate target for drug screen-
ing.
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