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The structural regions that comprise the functional domains of lentivirus Tat proteins were examined.
Chimeric tat genes and chimeric viral promoters were constructed between the distantly related human
inmunodeficiency virus type 1 (HIV-1) and equine infectious anemia virus (EIAV). These exchange
experiments revealed that the EIAV Tat-responsive element recognition domain is formed by two distinct
structural regions. Activation domains of both HIV-1 and EIAV Tat contain a conserved core element, but at
least HIV-1 Tat requires the presence of additional structural regions. The interchangeable nature of Tat
activation domains suggests that these domains act through a common or ubiquitous cellular transcription
factor.

The evolutionarily divergent lentiviruses, equine infec-
tious anemia virus (EIAV) and human immunodeficiency
virus type 1 (HIV-1), both encode tat genes, whose products
stimulate in trans long terminal repeat (LTR)-directed gene
expression (1, 9, 40, 59). HIV-1 Tat acts primarily to
increase the steady-state concentration of viral mRNA (6,
23, 38, 45, 64). The Tat-responsive element (TAR), located
at the 5' end of all viral transcripts, is required for HIV-1
Tat-mediated trans activation (17, 23, 29, 46). TAR RNA is
capable of assuming a stem-loop conformation (38, 41), and
both the sequence of the loop and secondary structure within
the stem, including a pyrimidine bulge, are important for
trans activation (2, 12, 16, 48, 52). EIAV Tat-mediated
activation of gene expression is also dependent on sequences
in the R region of the LTR (10, 56). These sequences are
predicted to form an RNA secondary structure analogous to
that of HIV-1 TAR, and mutations which disrupt the sec-
ondary structure of the stem or alter the sequence of the loop
abolish trans activation (4). However, EIAV TAR is pre-
dicted to have a much shorter stem than HIV-1 TAR, and it
lacks the pyrimidine bulge found in HIV-1 TAR (4).

It has been suggested that the binding of HIV-1 Tat to
TAR RNA positions Tat for subsequent interactions with the
transcription apparatus (3, 16, 30, 34, 60). This dual-interac-
tion mechanism is reminiscent of other trans-acting proteins
that contain two functional domains; one recognizes a nu-
cleic acid target sequence, while the other activates gene
expression through interactions with the transcription com-
plex. Functional domains of these trans-acting proteins have
been identified in domain swap experiments whereby the
exchange of structural regions confers properties of one
trans activator upon another (reviewed in references 37 and
43).

Alignment of the amino acid sequences of lentiviral tat
gene products suggests the existence of five structural mo-
tifs: the amino-terminal, cysteine-rich, core, basic, and
carboxy-terminal regions (9). Mutagenesis experiments indi-
cate that amino acid residues in the amino-terminal (13, 33,
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49), cysteine-rich (13, 15, 33, 49, 50), core (21, 33), and basic
(11, 15, 24, 33, 49, 58, 61) regions are required for HIV-1 Tat
activity, while the carboxy terminus appears to be dispens-
able (38, 51).
The common arrangement of structural motifs in lentiviral

Tat proteins suggested that these proteins may be composed
of discrete, interchangeable functional domains. We con-
structed chimeric Tat proteins by exchanging structural
regions between EIAV and HIV-1 Tat in order to identify
functional domains and to explore the interactions between
Tat and cis-acting promoter elements. The contribution of
promoter elements to Tat-mediated trans activation was
further studied by creating chimeric promoters containing
the TAR region of one virus fused to the upstream region of
the other virus. We have identified the principal components
of the TAR recognition and activation domains of the Tat
proteins. Furthermore, specificity in promoter trans activa-
tion is determined by the TAR element in the promoter and
the TAR recognition domain of Tat. The U3 regions of the
promoters and the activation domains of Tat were inter-
changeable, suggesting that Tat activates gene expression
through some ubiquitous component of the cellular tran-
scription machinery.

MATERIALS AND METHODS

Plasmid construction. pRSPA was constructed by inserting
the Rous sarcoma virus LTR and simian virus 40 polyade-
nylation signals into the distal sites of the Bluescript KS+
(Stratagene) polylinker (9). pRS-Etat-M contains a cDNA
copy of the EIAV tat gene, joined to a synthetic initiation
codon, cloned into pRSPA (9). pRS-Htat was constructed by
inserting the 343-bp SalI-to-Sau96-1 fragment of pHXB2,
which contains the first HIV-1 tat coding exon (55), into the
pRSPA polylinker.
pUX-CAT contains the bacterial chloramphenicol acetyl-

transferase (CAT) gene and simian virus 40 polyadenylation
signals cloned into pUC18 (26). pHI-CAT was created by
inserting a 197-bp TaqI-to-HindIII fragment of the HIV-1
LTR from pHXB2 into pUX-CAT. pEl-CAT was con-
structed by inserting the EIAV 5' LTR into pUX-CAT (9).
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MEPVDPRLEPWKHPGS-----------------------------QPKTA CTN-CYCKKCC
MDPIDPDLEPWKHPGS-----------------------------QPRTV CNN-CYCKACC
MDKGEAEQIVSHQDLSED-------------------------YQKPLQT CKNKCFCKKCC
MEPSGKEDHNCPPQDSGQEEIDYKQLLEE--------------YYQPLQA CENKCWCKKCC
METPLKEQENSLESCREHSSSISEVDVPTPESAN-------------LEA CYNKCYCKRCC
METPLREQENSLESSNERSSYISEAAAAIPESANL-GEEILSQLYRPLEA CYNTCYCKKCC
METPLKAPESSLLRSCNEPFSRTSEQDVATQELARQGEEILSQLYRPLET CNNSCYCKRCC
MPGPWVAMIMLPQPKESFGGKPIGWLFWNTCKG-------------PRRD CPH-CCCPICS
MADRRIPGTAEENLQKSSGGVPGQNTGG--------------QEARPN-- -----------

FHCQVCFITKALGISY
YHCIYCFTKKGLGISY
YHCQLCFLQKGLGVTY
FHCMLCFQKKGLGIRY
YHCQHCFLKKGLGICY
YHCQFCFLKKGLGISY
YHCQMCFLNKGLGICY

----GRKKRRQRRR AHQNSQTHQASLSKQ
----GRKKRTTRRR TAPAGSKNNQDSIPKQ
---HAPRTRRKKIR SLNLAPLGHQ
-HVYRKRVPGTNKK IPGSGEEAIRR
--EQHRRRTPKKTK ANPFPANSK
EKSHRRRRTPKKAK ANTSSASN
ERKGRRRRTPKKTK THPSPTPDK

WHCQLCFLQKNLGINY GSGPRPRGTRGKGRRIRR TASGGD
YHCQLCFL-RSLGIDY LDASLRKKNKQRLK AIQQGRQPQYLL

FIG. 1. Amino acid sequences of lentiviral Tat proteins. Dashes represent gaps introduced to facilitate sequence alignment. Tat structural
regions are indicated and numbered as follows: region 1 is the amino terminus, region 2 is the cysteine-rich region (absent from EIAV Tat),
region 3 is the core region, region 4 is the basic region, and region 5 is the carboxy terminus. Amino acid sequences are shown for the first
coding exons of tat genes of HIV-1 (1), simian immunodeficiency virus SIV,pz (28), SIVagm (14), SIVmnd (62), SIVsmm (27), SIVmac (5), HIV-2
(22), and bovine immunodeficiency-like virus (BIV) (18). The amino acid sequence for EIAV Tat assumes that translation was initiated at a

non-AUG codon (9, 40).

Oligonucleotide-directed mutagenesis. Oligonucleotide-di-
rected mutagenesis was performed essentially as described
previously (32, 36). The following oligonucleotides (Operon)
were used to introduce restriction enzyme sites into pRS-
Etat-M and pRS-Htat. The underlined regions refer to the
base changes introduced by the mutagenesis procedure. The
mutants are shown in Fig. 2A.
5'-TGTTATGAAACACAGCTGGCAATGAAAG-3' was

used to introduce a PvuII site into pRS-Htat between amino
acids 35 and 36.
5'-CCGCTTCTTCCTTACGTAGGAGATGCCTAA-3' was

used to introduce a SnaBI site between amino acids 47 and
48 of pRS-Htat.
5'-CTAGGAATTGATTACGTAGATGCTTCATTA-3' was

used to introduce a SnaBI site between amino acids 49 and
50 of pRS-Etat-M.

5'-AACAAAGACTGAGAGCTCTCCAACAAGGAAG-3'
was used to introduce an SstI site between amino acids 63
and 64 of pRS-Etat-M.

tat gene mutants were identified by restriction enzyme

digestion, and the nucleotide sequence was verified by
dideoxy sequencing using Sequenase (United States Bio-
chemicals).

Construction of chimeric tat genes. The mutated derivatives
of pRS-Etat-M and pRS-Htat were digested at restriction
enzyme sites introduced by mutagenesis as well as preexist-
ing sites. The fragments were gel purified and ligated into the
pRSPA polylinker. Chimeric tat genes were sequenced in
their entirety.
pH2 3E4 5tat was constructed by digesting pRS-Htat with

RsaI and Hindlll, and oligonucleotide linkers containing
one-half of an NcoI site (5'-CATGGCATGC-3' and 5'-GC
ATGC-3') were ligated to the 130-bp fragment of the HIV tat
gene. This intermediate was digested with SnaBI, and the
resulting 54-bp fragment was inserted into NcoI-SnaBI-
digested pH1 2,3E4,5tat to generate pH2 3E4 5tat.
pEA3tat was created by digesting pRS-Etat-M with ApaI,

which cuts downstream of the EIAV tat coding sequences,
followed by digestion with exonuclease III and mung bean
nuclease. An XbaI nonsense linker (5'-CTAGTCTAGACT
AG-3'; New England BioLabs) was ligated to the deleted tat
gene sequence. The extent of 3'-end deletions was deter-
mined by dideoxy nucleotide sequencing.

Construction of chimeric viral promoters. Recombinant
LTRs were constructed by separate polymerase chain reac-

tion amplification of the U3 and R+U5 regions. The EIAV
and HIV-1 LTRs were cloned in Bluescript KS+ plasmids.
5' primers used to amplify the R+U5 regions were comple-

mentary to the sequence at the RNA start site and had a

short tail to generate a SmaI site for subsequent cloning. The
sequencing primer KS (Stratagene) served as the 3' polymer-
ase chain reaction primer and is complementary to plasmid
sequences downstream of the LTR U5 region. The oligonu-
cleotide primers were as follows: EIAV, 5'-ATCCCCGGGC
ACTCAGATTCTGCG-3'; and HIV-1, 5'-ATCCCCGGGT
CTCTCTGGTTAGAC-3'. Amplifications were performed in
a Bellco thermocycler; the amplified products were digested
with SmaI and Hindlll and cloned into Bluescript KS+
plasmid.
The oligonucleotide primers used to amplify the U3 re-

gions were the pUC-M13 reverse-sequencing primer (com-
plementary to plasmid sequences upstream of the U3 region)
and U3 region-specific primers: EIAV, 5'-AATTGTCAGA
ATACAAGCACT-3'; and HIV-1, 5'-AGTACAGGCAAA
AAGCAGCTG-3'. The U3-region polymerase chain reaction
products were digested with XbaI, which cuts upstream of
U3, and ligated to the R-region plasmids that had been cut
with SmaI and XbaI, thus fusing the blunt ends of the R and
U3 regions. The chimeric LTRs were then excised and
transferred to pUX-CAT plasmids and verified by nucleotide
sequence analysis.

All plasmids were banded twice by cesium chloride den-
sity gradient centrifugation. Two independent clones of each
plasmid were assayed.

Transfections and CAT assays. D17 cells were maintained
in Dulbecco modified Eagle's medium containing 10% fetal
calf serum. The day before transfection, D17 cells were

seeded at 3 x i05 cells per well in 3-cm-diameter six-well
dishes. Cells were transfected with 0.1 ,ug of Tat expression
plasmid and 3.0 Fg ofCAT reporter construct by the calcium
phosphate method (20). Six hours after transfection, the cells
were washed in phosphate-buffered saline and refed with
fresh medium. Cells extracts were prepared 48 h after
transfection (9), and CAT assays were performed by the
solvent partition method (39). Basal levels of CAT activity
were determined by transfection of the appropriate reporter
plasmid and pRSPA. Each reported data point represents the
mean of at least three independent transfections.

RESULTS

Activity of wild-type tat gene products and construction of
tat gene chimeras. The predicted amino acid sequences of
lentiviral tat gene products are shown in Fig. 1. The areas of
amino acid similarity between Tat proteins define the struc-
tural regions. Although EIAV Tat clearly has structural

HIVI
SIVcpz
SIVagm
SlVmnd
SlVsmm
SlVmac
HIV2
BIV
EIAV
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TABLE 1. trans activation of EIAV and HIV LTRs by tat
expression plasmidsa

CAT tate CAT activity Fold trans
plasmid expression (103 cpm/h) activationplasmid

pEl-CAT pRSPA 0.48 NA
pRS-Etat-M 9.96 20.8
pRS-Htat 0.48 1.0

pHI-CAT pRSPA 1.73 NA
pRS-Htat 19.63 11.3
pRS-Etat-M 2.04 1.2

D17 cells were transfected with 3 p.g of the indicated CAT reporter
construct and 0.1 ,ug of tat expression vector. pRS-Etat-M expresses the
EIAV tat gene, and pRS-Htat expresses the HIV-1 tat gene. In pHI-CAT,
CAT activity is directed by the HIV-1 LTR; in pEl-CAT, CAT activity is
directed by the EIAV LTR. pRSPA contains no tat coding sequences and was
used to determine the basal level of CAT activity. Fold trans activation is
expressed as the ratio of Tat-induced to basal activity. NA, not applicable.

A.

EIAV Tat:

Pv II SnfBI
5

sIit

HIV-1 Tat:

1 2 3 4 5

Pbj all 511Bi SstI

MEPVDPRLEPWKHPGSQPKTA CTNCYCKKC FHCOILCFITKALGISY kRKKRRQRRR FHONSQTHQASLSKQ

B. Region:

1 2 3 4 5

pH, 2 E 3,4,5 tat J Z U U U

pH1, 2,3 E4,5 tat

regions characteristic of this group, it is the most distantly
related member; it lacks the cysteine-rich region and has
several unique differences in the core sequences.
The activity of wild-type tat gene products was assayed by

transfection of D17 cells with tat expression plasmids in
combination with either pEl-CAT or pHI-CAT, in which
expression of the bacterial CAT gene was directed by the
EIAV LTR or the HIV-1 LTR, respectively (Table 1). D17,
a canine osteosarcoma cell line, is permissive for both EIAV
and HIV-1 Tat activity (9). pRS-Etat-M, which expresses the
wild-type EIAV tat gene, caused an approximately 20-fold
increase in the level of pEI-CAT activity but did not stimu-
late pHI-CAT expression. pRS-Htat, which expresses the
wild-type HIV-1 tat gene, stimulated pHI-CAT activity
approximately 11-fold but did not increase pET-CAT activ-
ity. The relatively low level of trans activation of pHI-CAT
was due to the high basal activity of this promoter, which
may have resulted from either the abundance of cell-specific
transcription factors or the absence of the HIV-1 LTR
negative regulatory element, which suppresses basal activity
(46). This experiment demonstrated that despite their struc-
tural similarities, both HIV-1 Tat and EIAV Tat trans
activated only their cognate promoters, as previously re-
ported (9).
To determine which Tat structural regions comprise func-

tional domains, we introduced restriction enzyme sites into
EIAV and HIV-1 tat coding sequences, enabling the coding
sequences to be cleaved at structural region junctions (Fig.
2A). Introduction of restriction sites caused several amino
acid changes (Fig. 2A), but none of the introduced changes
altered Tat activity (data not shown). Chimeric tat genes
were generated by digesting the modified EIAV and HIV-1
tat genes and ligating the appropriate fragments into the
expression vector pRSPA (Fig. 2B).

Identification of the EIAV Tat promoter recognition do-
main. pH1 2E3,4,5tat contained the HIV-1 Tat amino-terminal
and cysteine-rich regions and the EIAV Tat core, basic, and
carboxy-terminal regions. It stimulated pET-CAT expression
as efficiently as pRS-Etat-M, while it had a negligible effect
on pHI-CAT activity (Fig. 3). This experiment demonstrated
that trans activation of the EIAV LTR by EIAV Tat did not
require the EIAV Tat amino-terminal region, in agreement
with previous results (9). Furthermore, it indicated that the
HIV-1 Tat amino-terminal and cysteine-rich regions did not
disrupt EIAV Tat activity.
pH1 2 3E4,5tat contained the HIV-1 Tat amino-terminal,

-E

pH 123.5 E4 tat [I] E] l [

pH,,2,3,4 E5 tat l El El [J

pH 1,2,4,5 E tat m E U El El

pE,,4,5 H3 tat

pH E tat2,3 4,5

ElUUm

EDlElUU

FIG. 2. Oligonucleotide-directed mutagenesis and construction
of EIAV/HIV-1 tat gene chimeras. (A) Restriction enzyme sites
were introduced into the coding sequences of EIAV and HIV-1 tat
genes by oligonucleotide-directed mutagenesis as described in Ma-
terials and Methods. The amino acid sequences of EIAV Tat and
HIV-1 Tat are presented, and the locations of pertinent restriction
sites are indicated. Restriction sites introduced by mutagenesis are
indicated by italics. Amino acid residues altered by the mutagenesis
procedure are underlined. The previously described Tat structural
regions are boxed. (B) EIAV and HIV-1 tat genes were cleaved at
introduced or preexisting restriction enzyme sites, and the frag-
ments were combined to generate chimeric tat genes. Expression
vectors were constructed by inserting the chimeras into the poly-
linker of the expression vector pRSPA (see Materials and Methods).
Black blocks represent structural regions derived from EIAV Tat;
white blocks represent structural regions derived from HIV-1 Tat.

cysteine-rich, and core regions and the EIAV Tat basic and
carboxy-terminal regions. It stimulated pEI-CAT activity to
approximately 80% of the wild-type EIAV Tat value, while it
stimulated pHI-CAT activity to approximately 25% of the
wild-type HIV-1 Tat level, which was only 2.5-fold over
background. This experiment demonstrated that the EIAV
Tat basic and carboxy-terminal regions conferred EIAV
LTR-specific trans activation when combined with either the
EIAV Tat core region or the amino-terminal, cysteine-rich,
and core regions of HIV-1 Tat. Thus, the EIAV Tat basic
and carboxy-terminal regions are likely to form a promoter
recognition domain.
The roles of the EIAV Tat basic and carboxy-terminal

regions in promoter recognition were further assayed by

IMGTAAEENLOKSSGGVPGONTGGGEARPNI YHCOLCFLRSLGIDYIYDASLRKKNKORLIJ ALQQGRQPQYLL
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Relative CAT Activity:
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FIG. 3. Identification of the EIAV Tat promoter recognition
domain. D17 cells were transfected with LTR-CAT reporter con-

structs and chimeric tat expression plasmids. The structures of both
wild-type and chimeric tat gene products are shown; black boxes
represent structural regions derived from EIAV tat, and white boxes
represent structural regions derived from HIV-1 Tat. pEA3tat was

generated by removing the three carboxy-terminal amino acids from
EIAV Tat (see Materials and Methods). CAT activity is expressed
relative to the value obtained when wild-type tat expression plas-
mids (pRS-Etat-M and pRS-Htat) were transfected with their cog-

nate promoters (pEI-CAT and pHI-CAT, respectively). pRSPA
contains no tat coding sequences and was used to determine basal
levels of CAT activity. Activity of the HIV-1 LTR-CAT construct is
indicated by white bars; activity of the EIAV LTR-CAT construct is
indicated by black bars. Relative CAT activity is also indicated
numerically. N.D., not done.

construction of EIAV Tat deletion mutants as well as tat
gene chimeras in which the basic and carboxy-terminal
regions of EIAV Tat were individually inserted into an

HIV-1 Tat backbone. The results are shown in Fig. 3.
pEA3tat, created by removing the three carboxy-terminal
amino acid residues from EIAV Tat, stimulated pET-CAT
activity to less than 20% of the level of pRS-Etat-M, empha-
sizing the importance of the carboxy-terminal region for
EIAV Tat activity. pH12,34E5tat, in which the carboxy
terminus of HIV-1 Tat was replaced with the EIAV Tat
carboxy terminus, only slightly stimulated pEI-CAT activ-
ity, while it stimulated pHI-CAT activity to 87% of the level
of pRS-Htat. However, HIV-1 Tat mutants lacking amino
acid sequences downstream of the basic region can still trans
activate the HIV-1 LTR (38, 51), so it is not surprising that
pH,,234E5tat specifically recognized the HIV promoter.
pH123 E4tat, made by replacing the HIV-1 Tat basic region
with the EIAV Tat basic region, weakly stimulated both
pEI-CAT activity and pHI-CAT activity. This experiment
indicated that neither the basic nor the carboxy-terminal
region of EIAV Tat individually conferred EIAV promoter-
specific trans activation, suggesting that formation of the
EIAV Tat promoter recognition domain required both struc-
tural regions.

Identification of EIAV and HIV-1 Tat activation domains.
The EIAV Tat core region, while not part of the promoter
recognition domain, is essential for EIAV Tat activity (9),
implying that it forms an additional functional domain. The
EIAV Tat core region could be replaced with little loss of
activity by the HIV-1 amino-terminal, cysteine-rich, and
core regions (pH1,2,3E4,5tat; Fig. 3), suggesting that these
regions formed an analogous HIV-1 Tat functional domain.

tat Expression
Plasmid:

Relative CAT Activity:
Region:

1 2 3 4 5

pRSPA

, 0o pRS-Etat-M a wUs

98.4
pRS-Htat

pH1,2,4,5E3 tat

PE1, 4,5H3 tat

pH2,3E4,5 tat

00000

0000I

12.6
a one 8.8

a4.4
D) 10.0

7.3

D 6.2

J 1OO

22.2

ooU L533.3

FIG. 4. Identification of EIAV and HIV-1 Tat activation do-
mains. D17 cells were transfected with LTR-CAT reporter con-

structs and chimeric tat expression plasmids. Black boxes represent
structural regions derived from EIAV tat; white boxes represent
structural regions derived from HIV-1 Tat. CAT activity is ex-

pressed relative to the value obtained when wild-type tat expression
plasmids (pRS-Etat-M and pRS-Htat) were transfected with their
cognate promoters (pEI-CAT and pHI-CAT, respectively). Relative
activity is expressed numerically and indicated by white bars for
HIV-1 LTR-CAT activity and black bars for EIAV LTR-CAT
activity.

By analogy with other trans-acting factors, we refer to this
as the putative Tat activation domain. As a first step toward
defining the sequences which comprised the EIAV and
HIV-1 Tat activation domains, we tested the ability of Tat
core regions to function in a heterologous context (Fig. 4).
pE,,4,5H3tat was produced by replacing the EIAV Tat core
region with the HIV-1 Tat core region, while pH1 2,4 5E3tat
was constructed by substituting the EIAV Tat core region
for the HIV-1 core region. Neither chimera stimulated
significant levels of either EIAV or HIV-1 LTR-directed
CAT activity (Fig. 4), demonstrating that despite their high
degree of amino acid similarity, the core regions were not
interchangeable.
To investigate the contributions of HIV-1 Tat structural

regions to the HIV-1 Tat activation domain, we constructed
pH2 3E tat, which contained the HIV-1 Tat cysteine-rich
and core regions and the EIAV Tat basic and carboxy-
terminal regions. pH2 3E4,5tat stimulated pEl-CAT expres-
sion to approximately 50% of the wild-type EIAV Tat level,
while it only slightly stimulated pHI-CAT activity (Fig. 4).
This experiment demonstrated that the HIV-1 Tat cysteine-
rich and core regions formed the minimal essential HIV-1
Tat activation domain. Addition of the HIV-1 Tat amino-
terminal region to this construct (yielding pH1,2 3E4,5tat; Fig.
3) resulted in a further increase in EIAV LTR-directed CAT
activity, suggesting that sequences within the HIV-1 Tat
amino-terminal region served to augment the strength of the
activation domain.

Construction and activity of chimeric LTRs. While both
EIAV and HIV-1 LTRs contain downstream TARs, the U3
regions of the two promoters bear little similarity (Fig. 5A).
Inspection of the EIAV U3 region reveals that it lacks the
consensus binding sites for SP-1 and NF-KB implicated as

important for HIV-1 Tat activity (17). To identify LTR
elements that interacted directly or indirectly with EIAV or

HIV-1 Tat, we constructed chimeric LTR-CAT reporter

ta t Expression Plasmid:
Region:

1 2 3 4 5

pRSPA

pRS-Etat-M - =mm

pRS-Htat 3 M == C

pH1,2 E3,4,5 tat r= __

pH1,2,3 E4,5 tat = M __

pEA3tat
__-

pH1,2,3,4 E5 tat C C3C _

pHl,2,3,5 E4 tat = M _
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KB KB spi spi SPI

U3 * R

HIV: CCTCAGATCCTGCAE;CAGCTGCTTMGCCTGTACTGGGTCTCTCTGGTTAGACCAGA

EIAV: TCCTGTTTTTACAGTA3:TGCTTGTATTCTGACAATTGGGCACTAGTTCTGCGGTCTG

HIV: CTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACT

EIAV: AGTCCCTTCTCTGCTGGGCTGAAAAGGCCM,lGTAATAA

B.
U3 R CAT

tion domain, and it specifically stimulated EIAV LTR-
directed CAT activity to high levels (Fig. 2). It also stimu-
lated high levels of pHU3ER-CAT activity (75% of the
wild-type EIAV Tat value), but it failed to stimulate pEU3
HR-CAT-directed CAT activity significantly. These data
indicated that the EIAV Tat basic and carboxy-terminal
regions formed a functional domain which specifically rec-
ognized the TAR region of the EIAV LTR.
We were unable to identify the corresponding HIV-1 TAR

recognition domain (data not shown). It has been demon-
strated that the HIV-1 Tat basic region binds TAR RNA in
vitro (47, 63), so the basic region, like the EIAV Tat basic
region, is likely to form part of the TAR recognition domain.
It is likely that the functional TAR recognition domain of
HIV-1 Tat is formed through interactions between the basic
region and another, as yet unidentified, structural region.

FIG. 5. Construction of EIAV/HIV-1 promoter chimeras. (A)
Sequences of the EIAV and HIV-1 LTRs. The transcription start
site is indicated by an asterisk. On the HIV-1 LTR, the consensus
binding sites for NF-KB and SP-1 are indicated. For both LTRs, the
TATA boxes and TAR elements (underlined) are indicated. (B)
Chimeric promoter-CAT constructs, made as described in Materials
and Methods. Regions derived from the EIAV promoter are in
black; sequences derived from the HIV-1 promoter are in white.
CAT sequences are represented by diagonal lines. The transcription
start site is indicated by an arrow.

plasmids. pHU3ER-CAT contained the HIV-1 LTR U3 re-
gion and the EIAV LTR R region, while pEU3HR-CAT
contained the EIAV U3 region and the HIV R region.
Fusions were made at the RNA start sites (Fig. 5B).
The basal and Tat-induced activities of the chimeric pro-

moters are presented in Table 2. pRS-Etat-M strongly stim-
ulated pHU3ER-CAT activity, while pRS-Htat had no effect
on this promoter. Because of its higher basal activity, the
fold activation of pHU3ER-CAT by pRS-Etat-M was lower
than that for pEI-CAT, although the chimeric promoter
reached higher absolute levels of CAT activity. The recip-
rocal chimeric LTR-CAT construct, pEU3HR-CAT, was
strongly activated by pRS-Htat but unaffected by pRS-
Etat-M. This demonstrated that both Tat proteins specifi-
cally interacted with their cognate R regions and furthermore
that both were capable of trans activating promoters con-
taining heterologous U3 regions, as has been previously
reported (38, 42, 57).

pH,,2,3E45Stat contained the EIAV Tat promoter recogni-

TABLE 2. Activity of EIAV/HIV-1 promoter chimeras

CAT plasmid CAT activity (103 cpm/h)b
(U3, R)a pRSPA pRS-Htat pRS-Etat-M pHl2 3E45tat

pHI-CAT 1.7 19.6 2.0 1.7
(HIV, HIV) (NA) (11.3) (1.2) (1.0)
pEl-CAT 0.5 0.5 10.0 8.3
(EIAV, EIAV) (NA) (1.0) (20.0) (16.6)
pEU3HR-CAT 0.2 7.3 0.2 0.5
(EIAV, HIV) (NA) (36.5) (1.0) (2.2)
pHU3ER-CAT 2.3 2.5 24.0 18.3
(HIV, EIAV) (NA) (1.1) (10.4) (7.8)

a D17 cells were transfected with LTR-CAT reporter constructs and the
indicated tat expression plasmids. The composition of each LTR-CAT con-
struct is indicated in parentheses below the construct name.

b Fold trans activation for the given trans activators is indicated in
parentheses. NA, not applicable.

DISCUSSION

The common requirement for downstream promoter ele-
ments indicates that EIAV Tat and HIV-1 Tat belong to a

novel class of trans activators. Although EIAV and HIV-1
Tat have different polarities with respect to the roles of their
amino- and carboxy-terminal regions, and neither Tat stim-
ulates expression of genes linked to the heterologous pro-
moter, they share conserved core and basic regions. Align-
ment of their amino acid sequences suggests the existence of
discrete regions, perhaps separately acting in nucleic acid
target recognition and transcription activation. These prop-
erties make EIAV Tat and HIV-1 Tat ideal candidates for
domain swap experiments, which have proven useful in
identifying functional domains in other classes of trans
activators (37, 43). Exchange of structural regions between
EIAV and HIV-1 Tat has permitted the identification of
lentiviral Tat functional domains. We have found that EIAV
and HIV-1 Tat functional domains are formed through the
combined actions of highly conserved structural elements
and elements that are disparate with respect to both amino
acid sequence and location within the protein. This likely
represents molecular adaptations of a common process to
the conditions imposed by different virus replication strate-
gies in different hosts.
TAR recognition domain. Fragments of HIV-1 Tat contain-

ing the basic region bind to the stem and pyrimidine bulge of
HIV-1 TAR in vitro, but this binding is not sufficient for
trans activation (47, 63). The nucleotide sequence of the
HIV-1 TAR loop is critical for trans activation (2, 12), and
the loop sequence itself may serve as a target for cellular
RNA-binding proteins (19, 35), yet HIV-1 Tat binds with
apparently unaltered affinity to TAR mutants from which the
loop has been removed (47). These data imply that a com-
plex interaction, with a Tat-TAR component and a TAR-
cellular protein component, is required for trans activation.
The smaller size of the EIAV TAR stem and the lack of a

pyrimidine bulge (4) suggest that the process of EIAV TAR
recognition may differ significantly from TAR recognition in
HIV-1. The EIAV TAR recognition domain was formed by
the EIAV Tat basic and carboxy-terminal regions. Since
neither region, when inserted singly into an HIV-1 Tat
backbone, conferred EIAV TAR recognition, it appears that
both regions are required for formation of this domain. By
analogy with HIV-1 Tat, it is possible that the EIAV Tat
basic region binds TAR RNA, and the EIAV Tat carboxy-
terminal region either interacts with a cellular TAR RNA-
binding protein or serves to stabilize the binding between
EIAV Tat and TAR.

A.

HIV:

EIAV:

pH U 3 ER.CAT:

PEU3JHR -CAT:
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Activation domains of EIAV and HIV-1 Tat. While required
for activity (9), the EIAV Tat core region is not required for
formation of the TAR recognition domain, and we therefore
propose that the EIAV core region comprises a second
EIAV Tat functional domain, the activation domain. How-
ever, since insertion of the EIAV core region into an HIV-1
Tat backbone yielded an inactive Tat protein, we cannot
exclude the possibility that additional sequences are re-
quired to form a viable EIAV Tat activation domain.
The high degree of amino acid similarity between the core

regions of EIAV and HIV-1 Tat suggested that the HIV-1
Tat core region comprised part of the HIV-1 Tat activation
domain, as previously suggested (21, 53). However, when
the HIV-1 Tat core region was fused to the EIAV TAR
recognition domain, the resulting chimeric Tat protein was
inactive. Addition of the HIV-1 cysteine-rich domain to this
construct resulted in a marked increase in Tat activity, and
addition of both HIV-1 amino-terminal and cysteine-rich
domains yielded a construct with nearly wild-type EIAV Tat
activity. Therefore, we propose that the HIV-1 Tat core and
cysteine-rich regions form the essential HIV-1 Tat activation
domain, and the amino-terminal region or portions thereof
serve to increase the activity of this domain.

Implications of Tat structure for trans activation. HIV-1 Tat
acts to stimulate gene expression primarily by increasing the
rate of HIV-1 LTR-directed transcription (reviewed in ref-
erence 7). However, the mechanism by which Tat accom-
plishes this remains unknown. Tat has been reported to work
at both initiation (34) and postinitiation (31, 34, 52) stages of
transcription. We constructed chimeric promoters in part to
determine whether Tat activation domains required interac-
tions with specific upstream or downstream factors. We
found that there were no specific sequence requirements
upstream of the TATA box for trans activation, as has been
previously reported for HIV-1 (38, 42) and EIAV (57).
The combination of relaxed upstream sequence require-

ments and highly specific downstream (TAR) sequence
requirements suggests that transcription in the presence of
Tat may proceed in two stages: early events, which are Tat
independent, involve the recruitment of transcription factors
and RNA polymerase II, resulting in the formation of an
initiation complex. The rate at which these complexes are
formed is dictated by sequence motifs in the U3 region. The
strict orientation and position dependence of TAR (23, 38,
52) place Tat in a unique position to determine the fate of
transcription complexes. While under certain circumstances
the TAR element can be replaced by viral (60) or bacterial
(53) RNA elements, Tat must still be situated near the 5' end
of the nascent transcript. Such positioning would facilitate
interactions between the activation domain of Tat and com-
ponents of the cellular transcription machinery. The obser-
vation that the structurally dissimilar activation domains of
EIAV Tat and HIV-1 Tat can substitute for one another
suggests that their common target is a ubiquitous cellular
factor. Possible targets for the Tat activation domain in this
area of the promoter include RNA polymerase II, RNA
polymerase ancillary transcription factors, and TAR DNA-
binding proteins (30, 52, 65).
We have identified functional domains critical for Tat

activity in two widely divergent lentiviruses. We have deter-
mined that EIAV Tat and HIV-1 Tat display a fundamentally
similar architecture, with the amino-terminal halves serving
as activation domains, while the carboxy-terminal halves
serve as TAR recognition domains. Further elucidation of
the mechanism of Tat-mediated stimulation of viral gene

expression awaits the identification of the cellular proteins
with which Tat interacts.
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