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Transcriptional transactivators (Tat) from human immunodeficiency and equine infectious anemia viruses
(HIV and EIAV) interact with their transactivation response elements (TAR) to increase the rates of viral
transcription. Whereas the human cyclin T1 is required for the binding of Tat to TAR from HIV, it is unknown
how Tat from EIAV interacts with its TAR. Furthermore, Tat from EIAV functions in equine and canine cells
but not in human cells. In this study, we present sequences of cyclins T1 from horse and dog and demonstrate
that their N-terminal 300 residues rescue the transactivation of Tat from EIAV in human cells. Although
human and equine cyclins T1 bind to this Tat, only the equine cyclin T1 supports the binding of Tat to TAR
from EIAV. Finally, a reciprocal exchange of the valine for the leucine at position 29 in human and equine
cyclins T1, respectively, renders the human cyclin T1 active and the equine cyclin T1 inactive for Tat
transactivation from EIAV. Thus, the collaboration between a specific cyclin T1 and Tat for their high-affinity
interaction with TAR is a common theme of lentiviral transactivation.

Equine infectious anemia virus (EIAV) and Human immu-
nodeficiency virus types 1 and 2 (HIV-1 and HIV-2) are mem-
bers of the Lentivirus genus of the Retroviridae family (23). All
share similarities in genetic organization and biological prop-
erties and cause persistent diseases in their host. Like HIV-1,
EIAV codes for structural, enzymatic, and regulatory proteins.
In the latter category, EIAV codes only for the transactivator
Tat and the regulator of viral gene expression (Rev) (15, 23, 27,
28).

Tat proteins from HIV-1 (hTat) and EIAV (eTat) are es-
sential for high levels of viral gene expression and replication.
Their functional motifs have been identified (4, 12, 13, 23). The
activation domain in hTat contains essential and contiguous
N-terminal, cysteine-rich, and core sequences. The RNA-bind-
ing domain contains an arginine-rich motif (ARM) followed by
C-terminal sequences, which are not essential for its function.
Intriguing differences in this arrangement are found in eTat.
First, the N-terminal domain of eTat is dispensable for func-
tion. Second, its cysteine-rich motif contains only two cysteines
rather than the seven found in hTat. Between the core domain
and the ARM are five additional residues, which include flank-
ing leucines. The ARM is followed by essential C-terminal
sequences, which end in critical dileucines (10, 11, 23). These
differences suggested that other sequences in eTat, in addition
to cysteine-rich and core domains, participate in the interac-
tion with its cellular coactivator and that nucleic acid-binding
strategies might be different between these two viruses (4, 7,
13).

The basic domain in hTat (ARM) binds to the 59 bulge in
TAR from HIV-1 (hTAR), which forms an RNA stem-loop of
59 nucleotides (23). Human cyclin T1 (hT) binds to the acti-
vation domain of hTat and to the central loop in hTAR. This
tripartite complex has exquisite specificity and affinity for

hTAR (31). In sharp contrast, no binding between eTat and its
TAR (eTAR) has been demonstrated to date. Nevertheless,
eTat should bind to eTAR. This conclusion is based on several
observations. First, the secondary structure of eTAR, which
contains 25 nucleotides and lacks a 59 bulge, resembles the
longer hTAR (6, 7, 14, 16). Second, mutageneses of eTAR
revealed that the stem-loop in eTAR is important for its func-
tion (7). Third, eTat could be brought to the EIAV and HIV-1
LTRs by heterologous RNA-tethering systems (12). Fourth,
eTat and hTat cross-squelch each other’s transcriptional activ-
ities (5, 26).

Finally, as has been reported for hTat, eTat transactivation
is also restricted to cells from organisms that can be infected by
EIAV. For example, hTat functions optimally in human cells
and poorly in rodent cells (23, 26). Likewise, eTat transacti-
vates eTAR in equine and canine cells but not in human cells
(4, 26). For HIV-1, this species specificity was mapped to a
cysteine at position 261 in hT, which is a tyrosine in the murine
cyclin T1 (mT). Reciprocal exchanges of this one residue be-
tween hT and mT rendered the mutant mTY261C protein
active and the mutant hTC261Y protein inactive (3, 18, 19, 21,
25). Cyclins T form the positive transcription elongation factor
b complexes (22, 30, 31), which also contain the cyclin-depen-
dent kinase 9 (CDK9) that hyperphosphorylates the C-termi-
nal domain RNA polymerase II, thus facilitating the transition
from initiation to elongation of transcription (22).

These findings suggested that horse and dog cyclins T1
(equine and canine cyclins T1 [eT and cT, respectively]) might
perform a similar role in eTat transactivation. Indeed, a recent
study identified eT (2). Like hT, eT mediated the binding
between eTat and eTAR and rescued eTat transactivation in
human cells (2). Although N-terminal residues of eT were
identified as essential for the interaction between eTat and
eTAR and for eTat transactivation in human cells, specific
residues in eT that would provide a molecular explanation for
the inability of hT to support eTat transactivation in human
cells were not identified (2). In this study, we report the isola-
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tion of eT and cT. Both cyclins T1 rescued eTat transactivation
in human cells. Although hT and eT bound to eTat, only eT
supported the interaction between eTat and eTAR. Most im-
portantly, a reciprocal exchange of the valine for the leucine at
position 29 in hT and eT, respectively, rendered hT active and
eT inactive. Thus, the interaction between a specific cyclin T1,
Tat, and TAR represents a common theme of lentiviral trans-
activation.

MATERIALS AND METHODS

Cloning of equine and canine cyclins T1. cDNAs were first synthesized from
total RNA, which was extracted from equine dermal or canine D17 cells, by
reverse transcription with random hexamer primers. PCRs were performed on
these cDNAs with the primers 59-TACGATCGGATCCATGGAGGGAGAGA
GGAAGAAC, 59-TACGCTGAATTCCATTAAACCTGCAATGGTTGTGTC,
and 59-TACGCTGAATTCCTTAGGAAGGGGTGGAAGTGGTGG. These
were designed based on N- and C-terminal sequences of the full-length and the
first 300 residues of hT (31). The resulting cDNA fragments were cloned into the
pEF-BOS vector in the BamHI and EcoRI sites, resulting in plasmids eT, eT300,
and cT300, which were subjected to dideoxynucleotide DNA sequencing. The
sequences presented in Fig. 1A were derived from several independent cloning
events.

Plasmid constructions. Plasmid target pUX-E478, which contains the EIAV
long terminal repeat (LTR) linked to the chloramphenicol acetyltransferase
reporter gene, and the plasmid effector pRS-E-Tat-M, which contains eTat from
positions 8 to 75, have been described previously (15). pHIVSCAT and
pcDNA3-Tat were also described (17). The hybrid glutathione S-transferase–
eTat protein was expressed from pGEX-2TK in Escherichia coli. It was con-
structed from pRS-E-Tat-M by using appropriate primers with BamHI and
EcoRI linkers (Pharmacia, Piscataway, N.J.). For the in vitro transcription
and translation, eT300 and hT300 were subcloned into pEF-T7. eT174hT300 and
hT174eT300 chimeric proteins were constructed by PCR. Mutagenesis of the
leucine and valine residues in eT and hT was performed with the transformer
site-directed mutagenesis kit (Clontech). For in vitro synthesis of eTAR RNA,
the appropriate oligonucleotide was cloned into pGEM3Z(1). All plasmid con-
structions were confirmed by DNA sequencing.

Protein purification. The hybrid GST-eTat protein, the hybrid GST-eT300
and GST-hT300 proteins, and the hybrid mutant GST-hT300-V29L protein were
expressed in E. coli DH5a and purified with glutathione-Sepharose beads (Phar-
macia) (17, 20). Eluted proteins were examined by Coomassie blue staining of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels,
and their concentration was determined with a protein assay kit (Bio-Rad,
Hercules, Calif.).

In vitro binding assays. Protein binding assays for the binding between hybrid
GST-eTat protein and eT300 or hT300 were performed as follows. A 5-mg
portion of the hybrid GST-Tat protein was incubated at 4°C for 3 h with 35S-
labeled eT300 or hT300 transcribed and translated with the rabbit reticulocyte
lysate (Promega, Madison, Wis.) in 300 ml of buffer C, consisting of 20 mM
HEPES (pH 7.9), 1% Triton X-100, 0.5% Nonidet P-40, 0.3% bovine serum
albumin, 2 mM dithiothreitol, 200 mM KCl, 0.5% SDS at 4°C for 3 hr. After
binding, GST beads were added to the reaction mixture, which was further
incubated for additional 30 min. The beads were washed extensively three times
with buffer C containing 1 M KCl (17). Bound proteins were eluted with equal
volume of 23 SDS loading buffer, resolved by SDS-PAGE (10% polyacryl-
amide), and analyzed by autoradiography.

Transient-expression assays. HeLa cells were cotransfected with pUX-E478
(0.2 mg) and pRS-E-Tat-M (0.2 mg) in the presence of 1 mg of eT300 or cT300
by using Lipofectamine (GIBCO-BRL, Gaithersburg, Md.). For the transfection
into CHO cells, pHIVSCAT (0.1 mg) and pcDNA3-Tat (0.1 mg) were cotrans-
fected in the presence of the indicated amounts of eT300 and cT300 (1 mg) (17).
Western blot analysis was performed with anti-HA antibodies (8, 9).

Electrophoretic mobility shift assays. 32P-labeled wild-type eTAR was tran-
scribed by T7 from linearized plasmid templates (Ambion, Austin, Tex.). The
eTAR probe was incubated with 300 ng of the indicated cyclins T1, which were
purified from bacteria as GST fusion proteins and were eluted from the GST
beads with 30 mM glutathione followed by dialysis. Binding reactions were
performed for 10 min at 30°C in the absence or presence of 80 ng of purified
hybrid GST-Tat proteins in 20 ml of buffer E, consisting of 30 mM Tris-HCl (pH
8), 70 mM KCl, 0.01% Nonidet P-40, 5 mM MgCl2, 1 mM dithiothreitol, 13%
glycerol, 53 mg of poly(dI-dC) per ml, and 31 mg poly(I-C) per ml (17). A
100-fold excess of cold competitor RNA was used as indicated. RNA-protein
complexes were separated on an 8% nondenaturing polyacrylamide gel and
subjected to autoradiography.

Nucleotide sequence accession number. The equine cyclin T1 nucleotide se-
quence has been submitted to GenBank (accession no. 190905).

RESULTS

Isolation of equine and canine cyclins T1. Previous studies
demonstrated that the transactivation of the HIV-1 LTR by
hTat is restricted to primate cells (10, 23). In contrast, eTat
cannot transactivate the EIAV LTR in human cells (4, 26). For
hTat, this restriction was mapped to hT (31). To determine if
eT plays a similar role in eTat transactivation, we isolated eT
and eT300 by using total RNA extracted from cells that are
permissive for EIAV infection. PCR and appropriate oligonu-
cleotides, based on sequences from the full-length hT and
hT300, were used (31). Since eTat functions well in canine D17
cells, cT300 was also isolated from canine cells (23). Figure 1A
shows only the N-terminal 300 residues of cyclins T1, since
these are sufficient to mediate eTat transactivation (the com-
plete sequence of eT was deposited in GenBank). The N-
terminal 300 residues of hT, eT, and cT (hT300, eT300, and
cT300) are 98% identical. They contain not only a cyclin box at
their N termini but also a conserved cysteine at position 261,
which might explain the ability of hTat to function in equine or
canine cells (Fig. 1A).

Comparing sequences between hT300, eT300, and cT300
helped us to identify unique residues in eT or cT that might be
important for eTat transactivation. Since eTat functions
equally well in equine and canine cells, residues that are not
shared between eT and cT could be dismissed from consider-
ation. The remaining differences between these cyclins T and
hT were good candidates for residues that might be required
for eTat transactivation. Indeed, although the first 300 residues
contain eight changes between these three cyclins T1 (Fig. 1A,
white letters in black boxes), five of them were not conserved
between eT and cT. Thus, only three residues, leucine, gluta-
mate, and alanine at positions 29, 96, and 110, respectively
(Fig. 1A, numbers in circles) were considered further (see
below).

The N-terminal 300 residues in eT support eTat transacti-
vation in human cells. To determine if eT300 and cT300 could
rescue eTat transactivation in human cells, we introduced
eT300 or cT300 into HeLa cells in the presence of eTat and
eTAR. As shown in Fig. 2A, eT300 or cT300, but not hT300 or
mT300, increased eTat transactivation fivefold above basal lev-
els in these cells (lanes 3 to 6). Next, we examined the ability
of eT300 or cT300 to rescue hTat transactivation in rodent
cells. It is known that hTat functions via hTAR in equine or
canine cells, suggesting that eT300 and cT300 should support
hTat transactivation. As presented in Fig. 2B, both eT300 and
cT300 rescued hTat transactivation, up to fourfold above basal
levels, in CHO cells, where hTat functions poorly (lanes 3 and
4). This result is expected, since eT300 and cT300 contain the
cysteine at position 261, which increases its binding to hTat and
hTAR. We conclude that eT300 and cT300 rescue eTat trans-
activation in human cells and facilitate hTat transactivation in
rodent cells.

eTat binds to the N-terminal 300 residues of eT and hT.
Having established an important role for eT in eTat transac-
tivation, we set out to determine if eTat binds directly to eT300
or hT300. An in vitro protein-binding assay was performed
with a hybrid GST-eTat protein, which was incubated with
35S-labeled eT300 or hT300 (Fig. 3). Complexes containing
cyclin T1 and hybrid GST-eTat protein were isolated with
glutathione-Sepharose beads, washed extensively, separated by
SDS-PAGE, and subjected to autoradiography. As shown in
Fig. 3, both hT300 and eT300 bind specifically and with similar
affinities to the hybrid GST-eTat protein (lanes 3 and 4). These
results indicate that the first 300 residues in eT bind to eTat.
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We conclude that the restriction of eTat transactivation in
human cells is not due to decreased binding of eTat to hT.

Reciprocal exchanges of the valine and leucine at position
29 in hT and eT render hT active and eT inactive for eTat
transactivation in human cells. To identify residues in eT300
that are responsible for the inability of hT to support eTat
transactivation, we exchanged N- and C-terminal sequences
between eT300 and hT300 (Fig. 1B) and examined effects of
these chimeras on eTat transactivation in HeLa cells. As shown

in Fig. 4, N-terminal sequences from eT300 support eTat trans-
activation (lane 3). The hybrid eT174hT300 protein contains
the N-terminal 174 residues of eT and 126 residues of hT300
and all three conserved changes between cT300, eT300, and
hT300 (Fig. 1A). It increased eTat transactivation fivefold
above basal levels in HeLa cells (Fig. 4, lane 4). The reciprocal
chimera, containing the N-terminal 174 residues of hT and 126
residues of eT300 (hT174eT300), had no effect on eTat trans-
activation (lane 5). As expected, hT300 protein also had no

FIG. 1. Alignment of the N-terminal 300 residues of hT, eT, and cT and a diagrammatic representation of the cyclins T1 used in this study. (A) Below a schematic
diagram of hT726 are presented the N-terminal 300 sequences from hT, eT, and cT (hT300, eT300, and cT300). Twelve solid boxes under the “cyclin box” represent
a helices: HN and HC and N- and C-terminal a helices, respectively, and the rest form duplicated cyclin boxes of five a helices each. Histidine-rich (His) and PEST
sequences have been described previously (31). Differences between the cyclins T1 are depicted by white letters in black boxes. These cyclins have 98% sequence
identity. Of eight changed residues, only three (L29, G96, and A110) are conserved between eT300 and cT300, and they are highlighted by numbers within circles. (B)
Schematic representation of hT300 (black) and eT300 (white) chimeras between these cyclins T1 and the mutants hT300-V29L and eT300-L29V proteins used in this
study. The hybrid eT174hT300 protein contains the N-terminal 174 residues of eT and the C-terminal 126 residues of hT300. The hybrid hT174eT300 protein contains
the reciprocal arrangement of these sequences. The mutant hT300-V29L protein contains a point mutation at position 29 in hT300, where the valine is changed to the leucine
found in eT300. The mutant eT300-L29V protein contains the reciprocal exchange, where the leucine at position 29 of eT was mutated to the valine found in hT.
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effect on eTat transactivation (lane 8). Most importantly, a
single point mutation in hT300, where the valine at position 29
was changed to leucine, found in eT300 (hT300-V29L), en-
abled this mutated hT protein to rescue eTat transactivation in
human cells (lane 6). In contrast, the reciprocal mutation,
where the leucine at position 29 in eT was changed to the
valine found in hT (eT300-L29V), did not support eTat func-
tion (lane 7). Thus, it is the leucine at position 29 that facili-
tates the high-affinity interaction between eTat, eT, and eTAR.
Similar to the situation with hT, where the cysteine at position
261 is essential for interactions between hTat, hT, and hTAR,
the leucine at position 29 in eT is required for eTat transacti-
vation. This leucine at position 29 is a valine in hT, providing
a molecular explanation for the inability of hT to support eTat
transactivation.

The N-terminal 300 residues of eT support the binding of
eTat to eTAR. Having established that low levels of eTat trans-
activation in human cells are not due to a weak interaction

between eTat and hT, we examined the ability of eT300,
hT300, and the mutant hT300-V29L proteins to support the
binding of eTat or hTat to eTAR. Electrophoretic mobility
shift assays were performed with GST fusion proteins of cyclins
T1 and Tat as well as 32P-labeled wild-type eTAR RNA. As
shown in Fig. 5, the hybrid GST-eTat protein alone did not
bind to eTAR (lane 1). Moreover, the hybrid GST-hT300 or
GST-eT300 proteins did not support the binding between the
hybrid GST-hTat protein and eTAR (lanes 2 and 3, respec-
tively). The hybrid GST-hT300 protein also did not mediate
the binding between the hybrid GST-eTat protein and eTAR
(lane 4). In sharp contrast, the hybrid GST-eT300 or hybrid
mutant GST-hT300 proteins, where the valine at position 29
was replaced by the leucine found in eT (hT300-V29L), each
supported the binding of the hybrid GST-eTat protein to
eTAR (lanes 5 and 6). Thus, it is the inability of hT to supportFIG. 2. The N-terminal residues in eT and cT support eTat transactivation in

human cells and hTat transactivation in rodent cells. (A) The N-terminal 300
residues in eT and cT support eTat transactivation in HeLa cells. The EIAV
LTR was expressed alone (pUX-E478; lane 1, white bar) or together with eTat
(pRS-E-Tat-M; lane 2, gray bar). To eTat were added effector plasmids coding
for eT300 or cT300 (1 mg) (lanes 3 and 4, checked and black bars, respectively),
hT300 (lane 5, gray bar) and mT (lane 6, gray bar). The value of the CAT activity
of pUX-E478 alone was set to 1. Standard errors of the mean from three
independent transfections are shown by errors bars. Western blotting revealed
that levels of expression of different cyclins T1 were similar. Numbers under the
Western blot correspond to lanes from transient-expression assays. (B) The
N-terminal 300 residues in eT and cT support hTat transactivation in CHO cells.
The HIV-1 LTR was expressed alone (pHIVSCAT; lane 1, white bar) or to-
gether with hTat (pcDNA3Tat; lane 2, gray bar). To hTat were added effector
plasmids coding for eT300 or cT300 (1 mg) (lanes 3 and 4, black bars). Values are
as in panel A.

FIG. 3. The N-terminal 300 residues in eT and hT bind to eTat. 35S-labeled
eT300 or hT300 proteins were incubated with the hybrid GST-eTat protein and
selected on glutathione-Sepharose beads. Bound cyclins T1 were separated by
SDS-PAGE and subjected to autoradiography (lanes 3 and 4). GST alone was
also incubated in the presence or absence of the hybrid GST-eTat protein (lane
1 and 2). The input of each cyclin T1 was equal in all reactions and represented
10% of the amount used for the binding assay (lanes 5 and 6).

FIG. 4. A valine-to-leucine change in hT300 rescues eTat transactivation in
human cells. Reciprocal substitutions of the valine and leucine at position 29 in
hT and eT, respectively, activated hT and inactivated eT for eTat transactivation
in HeLa cells. The EIAV LTR was expressed alone (pUX-E478; lane 1, white
bar) or together with eTat (pRS-E-Tat-M; lane 2, gray bar) in the presence or
absence of the indicated plasmid effectors coding for eT300 (lane 3, black bar),
hT300 (lane 8, gray bar), hT300 eT 300 chimeras (lanes 4 and 5, striped bars [see
Fig. 1B]), the mutant hT300-V29L protein, where the valine at position 29 was
replaced by the leucine residue found in eT (lane 6), and the mutant eT300-L29V
protein, where this leucine was replaced by the valine (lane 7). Values are as in
Fig. 2A. Western blotting revealed that the levels of expression of different
cyclins T1 were similar. Numbers under the blot correspond to lanes from
transient-expression assays.
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the binding of eTat to eTAR that is responsible for the species-
specific restriction of eTat transactivation. We conclude that
the first 300 residues in eT are sufficient to mediating the
binding of eTat to eTAR.

DISCUSSION

In this study, we isolated equine cyclin T1 and demonstrated
that the N-terminal 300 residues in eT or cT rescue eTat

transactivation in human cells. Most importantly, we identified
residues in eT or cT that are critical for eTat transactivation. A
leucine at position 29, which is a valine in hT, is essential for
the ability of eT to mediate the binding between eTat and
eTAR. Although the N-terminal 300 residues in hT or eT bind
to eTat, only eT300, but not hT300, supports the binding of
eTat to eTAR. Indeed, eTat does bind to eTAR! Like hT,
where the cysteine at position 261 is essential for the formation
of the tripartite complex, the leucine at position 29 in eT is
equally responsible for the formation of the corresponding
complex in EIAV and for eTat transactivation.

This work is in agreement with a recent report that also
identified eT, demonstrating the binding of eTat to eTAR and
the rescue of eTat transactivation in human cells (2). Our study
identified the additional canine cyclin T1 and demonstrated
that its N-terminal 300 residues rescue eTat transactivation in
human cells. Moreover, we mapped the leucine at position 29
in eT as an essential residue for eTat transactivation. This
single point mutation between eT and hT provides the molec-
ular explanation for the defect of hT in supporting the binding
of eTat to eTAR and its function in human cells. The full-
length eT protein is of similar size to hT, and its C-terminal
extensions do not contribute to eTat transactivation (data not
presented). Only eight changes were found between hT and eT
or cT, and three of these were conserved between eT and cT
(Fig. 1A).

A theoretical model of eT, based on the crystal structure of
the related C-type cyclin, cyclin H, also helped us to identify
which of these three changes are essential for the complex
formation between eTat, eT, and eTAR (Fig. 6) (29). The
structure of cyclin H consists of two repeats, containing five a
helices, each forming the canonical cyclin box (1). The speci-
ficity of the cyclin is provided mainly by two long a helices,
which extend the cyclin box at its N and C termini. In cyclin H,
these helices pack together against the first repeat on the

FIG. 5. eT300 and hT300-V29L but not hT300 support the binding of eTat to
eTAR. In vitro binding reactions were performed between 32P-labeled wild-type
eTAR probe and the indicated hybrid GST Tat proteins and the hybrid GST-
cyclin T1 proteins. The resulting complexes were resolved on a 8% nondenatur-
ing polyacrylamide gel and subjected to autoradiography. The arrow to the left
of the autoradiogram points to eTAR.

FIG. 6. Model of eT based on the known crystal structure of cyclin H. Two repeats of five a helices form conserved cyclin boxes (blue and green boxes). N- and
C-terminal a helices, which are important for the specificity of the cyclins, are depicted in yellow and red, respectively. They are located opposite the proposed kinase
binding site (green), which was derived from the crystal structure of the CDK2-cyclin A pair (1). The cysteine at position 261 (orange) of cyclin T1 is found in the
C-terminal a helix. The leucine at position 29 is located in the loop between the N-terminal and a1 helices, which is near the cysteine at position 261. They are part
of the surface that binds to Tat. Arrows point to the leucine and cysteine at positions 29 and 261, respectively. The structure was drawn with MOLSCRIPT (24).
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FIG. 7. Model for the interaction between eTat and eT and the formation of the tripartite complex. (A) The interaction between eTat and eT requires the leucine
at position 29 in eT. We propose that eTat does not bind to eTAR because its ARM is occluded by intramolecular interactions involving leucines at positions 50, 54,
74, and 75. Mutations in these residues abolish eTat transactivation (11). Upon binding to eT, intermolecular interactions between these leucines in eTat and leucines
at positions 29 (arrow), 35, 44, and 45 in eT open the ARM so that eTat can now interact with eTAR. Shown are N-terminal sequences of eTat and eT in the opposite
orientation (arrows from eTat and eT). Also marked are the cysteine-rich and core sequences in eTat. The ARM is contained within gray boxes. Also shown are putative
N-terminal and a1 helices of eT (striped bars), which are separated by a loop. Black circles mark proposed leucine bridges. (B) Proposed model for the binding of eTat
and eT to eTAR. Upon binding of eTat (yellow) to eT (green, step 1), a combinational surface is formed, consisting of the ARM in eTat and basic residues upstream
of the cysteine at position 261 in eT. This surface then binds to eTAR (red line) and recruits CDK9 (red) to the EIAV LTR (step 2). The leucine at position 29 in
eT is essential for the intermolecular interaction between eTat and eT. The occluded ARM is represented by a closed circle in eTat. The stem and central loop in eTAR
contain 10 paired and 4 unpaired nucleotides, respectively.
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opposite side of the kinase-binding surface. This model of eT
demonstrates that the leucine at position 29 and cysteine at
position 261 are in close proximity (Fig. 6). The cysteine is
required for the interaction between hTat and hTAR, for the
formation of the tripartite complex, and for hTat transactiva-
tion (Fig. 6) (3, 18, 19, 21, 25). Here we demonstrate that the
leucine in eT at position 29 plays a similar role. In this model,
the cysteine at position 261 is located in the C-terminal helix,
flanking the a59 helix. The leucine at position 29 is located in
the loop between the N-terminal and a1 helices. The other two
conserved changed residues (E96G and T110A) between eT
and cT (Fig. 1A) point away from neighboring N- and C-
terminal a-helices and are located at the interface that is pre-
dicted to bind CDK9 (Fig. 6). eTat is expected to bind to eT at
the surface formed by the N- and C-terminal a helices of eT.
Thus, the leucine and cysteine at positions 29 and 261, respec-
tively, must be close to each other and form part of this surface
(Fig. 6). Although the structure of cyclin T1 has not been
solved, this model of eT has a high predictive value for future
structure-function studies.

The identity of an important leucine in eT might resolve a
conundrum of eTat. Several differences between eTat and
hTat had been noted (10, 11, 23). Importantly, eTat contains
two separated leucines upstream of the ARM and a pair of
dileucines at its C terminus (11). Two groups of leucines ar-
ranged similarly are also found in eT (Fig. 7A). They could
coordinate intermolecular binding between eTat and eT. In
this scenario, free eTat could form an intramolecular leucine
bridge, which would block the access of its ARM to eTAR (Fig.
7A, top). Only upon a conformational change, possibly ex-
changing the intramolecular for the intermolecular interaction
between eTat and eT, both of which involve leucines, would
the ARM becomes accessible for the binding to eTAR (Fig.
7A, bottom). This proposed model emphasizes the importance
of the four leucine residues in eTat and explains, for the first
time, the drastic effects of mutations involving these leucines in
eTat (11). Since hTat binds equally well to eT (Fig. 3), this
leucine at position 29 might not be critical for the binding
between eT and eTat. However, since eTat has only two cys-
teines, rather than the seven in hTat, it might need additional
contacts with eT via these “leucine bridges.” These leucines in
eT could also dictate the formation of the correct combinato-
rial surface of eTat and eT for the binding of eTat to eTAR
(Fig. 7B). In a simplistic way, the leucine and cysteine at
positions 29 and 261, respectively, can then be viewed as an-
chor residues for the proper combinatorial properties of the
two proteins. Nuclear magnetic resonance spectroscopy and/or
crystallography, together with further mutagenesis of eT at and
eT, should reveal the validity of this model.
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