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A hairpinlike structure is predicted to exist at the 5' end of equine infectious anemia virus (EIAV) RNA which
is similar in many ways to the human immunodeficiency type 1 (HIV-1) Tat-responsive element (TAR). In
EIAV, this structure has a shorter stem than in HIV-1 and lacks the uridine bulge. Primer extension analysis
of EIAV RNA was used to identify the transcriptional start site in the viral long terminal repeat. Premature
termination of primer elongation at the predicted double-stranded RNA region was frequently observed and
suggests that the inferred hairpin structure exists under these conditions. We have functionally characterized
EIAV TAR by site-directed mutagenesis and transient gene expression analysis. It is demonstrated here that the
secondary structure of this element is essential for Tat action. Mutations that disrupted base pairing abolished
TAR function, and compensatory mutations that restored the stem structure resulted in Tat activation. The
TAR loop appears to be closed by two U. G base pairs that are likely to provide a unique structural motif
recognized by the Tat protein. With one exception, substitutions of nucleotides within the EIAV loop sequence
decreased TAR function. All nucleotide substitutions of the cytidine at position +14 increased EIAV Tat
responsiveness; however, its deletion abolished trans activation. Our results lead us to propose that the EIAV
and HIV-1 Tat systems employ closely related cis- and trans-acting components that probably act by the same
mechanism.

Equine infectious anemia virus (EIAV) is the etiologic
agent of equine infectious anemia, a relapsing disease of
horses characterized by recurrent episodes of clinical illness
and progressive development of immune-mediated lesions
(5). EIAV belongs to the lentivirinae subfamily of retrovi-
ruses. The lentiviruses share similarities in genome organi-
zation, biologic properties, and the propensity for persistent
infection in the natural host. The other members of this
group include the human (HIV) and simian immunodefi-
ciency viruses, visna virus, caprine arthritis-encephalitis
virus, feline and bovine immunodeficiency-like viruses. Like
the other lentiviruses, EIAV infects cells of the monocyte
macrophage lineage (19).
One striking feature of the lentivirus genome is the pres-

ence of several accessory genes in addition to gag, pol, and
env (7, 27). HIV has at least six additional genes located
either between pol and env or at the 3' end of the genome,
while the less complex genome of EIAV has three additional
open reading frames arranged in a similar manner (10, 31,
36). The replication of HIV-1 has been shown to be depen-
dent on the expression of the trans-activator protein en-
coded by the tat gene of the virus (1, 35). EIAV and primate
lentivirus Tat proteins show two regions of highly conserved
amino acid sequence (10, 36); these include a core region
thought to be an essential part of the activation domain (4,
26, 33) and a basic region believed to be necessary for
Tat-responsive element (TAR) RNA binding (4, 12, 34, 37).
The structural similarities between EIAV and HIV Tat
proteins suggest that they act by similar mechanisms. It
should be noted, however, that EIAV and HIV-1 Tat pro-

teins will not activate the heterologous long terminal repeat
(LTR) (10).

* Corresponding author.

HIV-1 Tat increases the steady-state levels of viral tran-
scripts by interacting with the cis-acting TAR present at the
5' end of viral RNA (6, 17, 23, 28, 35). It is likely that binding
to TAR RNA positions Tat for subsequent interactions with
the transcription apparatus. HIV-1 TAR assumes a stable
stem-loop structure; mutagenesis studies have defined func-
tionally important regions of this element for both trans
activation in vivo and Tat binding in vitro (2, 3, 9, 13, 14, 17,
18, 32). It has been shown that HIV-1 Tat binds specifically
to a part of the double-stranded stem that contains a bulge of
unpaired uridines (8, 29, 39). However, mutations in the loop
that had no effect on Tat binding in vitro (29, 30, 39) reduced
trans activation in vivo (3, 13, 14). Thus, cellular factors may
be involved in Tat-mediated trans activation, and nuclear
factors that bind specifically to TAR RNA have been iden-
tified (15, 16, 21). The roles of cellular TAR-binding proteins
remain to be defined.

It has been shown that sequences downstream of the RNA
start site are necessary for EIAV transactivation (11) and
that the 5' end of EIAV RNA can be folded to form a stem-
loop structure similar in some respects to the TAR of
primate lentiviruses. The structural similarities of EIAV and
HIV Tat proteins combined with the observation that their
cis-acting elements also share relevant features provide the
basis for our proposal that the mechanism of Tat action is
similar in EIAV and HIV-1. We have characterized EIAV
TAR by mutagenesis of individual bases and by substitution
of clusters of nucleotides within the LTR. The mutated
LTRs were coupled to the bacterial chloramphenicol acetyl-
transferase (cat) gene, and their transcriptional activities
were tested in transiently transfected cells. These studies
indicated that EIAV TAR is a structured RNA element; the
secondary structure of the stem, unique U G base pairs
adjacent to the loop, and specific nucleotides within the loop
are critical determinants of Tat-mediated trans activation.
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We conclude that despite their great divergence, HIV and
EIAV appear to have similar mechanisms of gene regulation.

MATERIALS AND METHODS

Plasmids. Plasmids pRS-Etat-M, pRSPA, pUX-E478 (pa-
rental EIAV LTR), and pUXCAT used in these experiments
have been previously described (10, 11). pRSPA is an
expression vector with a Rous sarcoma virus promoter and
simian virus 40 polyadenylation signal in a Bluescript KS+
(Stratagene) backbone. pRS-Etat-M contains the EIAV tat
gene with a synthetic methionine initiation codon cloned in
pRSPA. pUXCAT contains the bacterial cat gene with
simian virus 40 polyadenylation signals in a modified pUC18
plasmid; pUX-E478 contains the EIAV LTR cloned in
pUXCAT.

Mutagenesis. The EIAV LTR from pUX-E478 was cloned
into the Bluescript KS+ polylinker to give pKS-E-LTR,
which was used as the mutagenesis substrate. Our mutants
were obtained by the following approaches.

Oligonucleotide-directed mutagenesis. pE-12C-A and pE-
17G-U were obtained by oligonucleotide-directed mutagen-
esis. pKS-E-LTR was used to transform the bacterial strain
CJ236 (Bio-Rad), and single-stranded DNA was produced by
superinfection with the helper phage VCSM13 (Stratagene).
Single-stranded DNA was isolated and purified, and second-
strand synthesis was performed essentially as described
previously (20), using the oligonucleotides 5'-CAGATTA
TGCGGTCTGA-3' and 5'-CAGATTCTGCGTTCTGA-3',
containing the underlined single point mutations as primers.
The double-stranded reaction products were isolated and
used to transform the bacterial strain JM101. Mutants were
characterized by dideoxynucleotide sequencing. The mu-
tated plasmids pKS-12C-A and pKS-17G-U were digested
with HindIll; the LTR-containing fragments were purified
by polyacrylamide gel electrophoresis and ligated into the
HindIll restriction site of pUXCAT.

Primer-directed mutagenesis by in vitro amplification of
EIAV LTR fragments. pE-14G-C, pE-16G-A, and pE-
10,11UU were obtained by in vitro amplification of the
EIAV LTR R region, using a mutagenic oligonucleotide
primer and ligating this to a U3 region fragment. pKS-E-LTR
was digested with PvuII prior to amplification. The R regions
were amplified by using the 5' oligonucleotide primers
(Operon) 5'-GGGCACTCAGATTCTCCGGTCTGAGTC-3',
5'-GGGCACTCAGATTCTGCAGTCTGAGTC-3', and 5'-
GGGCACTCAGACTGCGGTCTGAGTC-3' to introduce the
desired substitutions or, in the last case, a deletion. The KS
sequencing primer (Stratagene) served as the 3' primer.
Amplification reactions (50 ,u) were carried out with 200 ng
of DNA template, 200 ng of each primer, 200 ,uM deoxynu-
cleoside triphosphate, each 1.5 U of Taq polymerase (Per-
kin-Elmer), and buffer (50 mM KCI, 20 mM Tris-HCI [pH
8.3], 2 mM MgCI2, 0.1 mg of bovine serum albumin per ml).
The reactions were subjected to 94°C for 5 min for DNA
denaturation, followed by 30 cycles of 94°C for 30 s, 55°C for
1 min, and 72°C for 2 min and finishing with 72°C for 10 min.
The amplified products were purified by polyacrylamide gel
electrophoresis and cloned into pUXCAT (previously cut
with SmaI and HindIII). The U3 region was amplified by
using the reaction conditions described above. The reverse
sequencing primer served as the 5' primer, and the 3' primer
was the U3 region-specific oligonucleotide 3'-GTGTTG
TATTCTGACAATT-5'. The U3 region amplification prod-
uct was digested with HindIlI and ligated to the R-region
plasmids that had been cut with SmaI, thus fusing the blunt

ends of the R and U3 regions. As these LTRs were cloned
into the SmaI site of pUXCAT, they have at their 3' ends 32
nucleotides from the polylinker not present in other con-
structs.
The remainder of the constructs were obtained by joining

independently amplified U3 and R regions by overlap ampli-
fication prior to cloning into pUXCAT. pKS-E-LTR was
digested with PvuII prior to amplification. pE-Stem(+ 19/
+24) was made by first amplifying the U3 region, using the
reverse-sequencing primer and an EIAV LTR primer, 3'-
CCCGTGAGTCTAAGACGCCA-5'. The R region was am-
plified by using a primer pair consisting of the vector-
complementary sequencing primer and an EIAV primer
containing a six-nucleotide alteration, 5'-ATTCTGCGGT
TCAGACCCCTTCTCTGCTGG-3'. The two EIAV primers
possess 11 complementary bases at their 5' ends. The
products of the two amplification reactions were gel purified,
mixed, and amplified by using the vector-targeted sequenc-
ing and reverse-sequencing primer pair. The polymerase
chain reaction mixture was subjected to 1 cycle of 94°C for 5
min, 30°C for 1 min, and 55°C for 30 min; 30 cycles of 94°C
for 0.5 min, 50°C for 1 min, and 72°C for 2 min; and 1 cycle
of 72°C for 10 min. Thus, the entire LTR with six-nucleotide
internal mutations was regenerated by overlap amplification.
This product was digested with HindIII, gel purified, and
ligated to pUXCAT. pE-Stem(+3/+8-+19/+24) was made
in a similar manner; the upstream region was amplified by
using reverse sequencing primer and an oligonucleotide,
3'-AGACTGTTAACCCGCAGACITAAGACGCCA-5', that
introduces a six-base alteration in the LTR. The product of
this reaction was gel purified and combined with the product
of the R-region amplification used to generate pE-Stem(+ 19/
+24); these plasmids were amplified by using the sequencing
and reverse-sequencing primers and cloned as before.
The remaining plasmids with single mutations in the

proposed loop region, pE-1OU-G, pE-11U-G, pE-10,11GG,
pE-17-A-18, pE-13U-A, pE-15C-U, pE-15C-G, pE-15C-A,
and pE-15C-O, were also made by overlap amplification. For
all of these plasmids, the upstream region was amplified by
using the reverse-sequencing primer and the oligonucleotide
3'-CTGTTAACCCGTGAGTCT-5'. The R regions were am-
plified by using the sequencing primer and an EIAV primer
such as 5'-GGGCACTCAGATTCTG£GGTCTGAGTC-3'
that contains the single base alteration and 11 bases comple-
mentary to the upstream fragment. The two amplified prod-
ucts were combined and amplified by using the two vector-
targeted primers. The LTR-containing fragments were gel
purified, cut with HindIII, and ligated into pUXCAT poly-
linker. All plasmids were banded twice in CsCl density
gradients. Two independent clones of each plasmid were
used in transfections. All plasmids were confirmed by dou-
ble-stranded dideoxynucleotide sequencing.

Transfections and CAT assays. D17 (canine osteosarcoma)
cells were maintained in Dulbecco's modified Eagle medium
containing 10% fetal calf serum. The day before transfection,
cells were seeded at 3 x 105 per well in 3-cm-diameter,
six-well dishes. Cells were transfected with 1 ,ug of expres-
sion plasmid and 3 ,ug of CAT reporter construct by the
calcium phosphate method. Four hours after transfection,
cells were washed in phosphate-buffered saline and refed
with fresh medium. Cell monolayers were harvested for
CAT assays by scraping at 44 h after transfection. Cell
extracts were prepared as described previously (10, 11), and
CAT assays were performed by the solvent partition method
(24).
RNA extraction and primer extension analysis. Cells were
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plated and transfected as described above, collected 44 h
after transfection by scraping, and transferred to 1.5-ml
centrifuge tubes. After centrifugation for 15 s, the superna-
tant was removed and cells were disrupted in 100 ,Iu of cold
lysis buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1.5
mM MgCl2, Nonidet 0.5% P-40). Tubes were maintained on
ice for 10 min and then centrifuged to pellet nuclei. To the
supernatant was added 100 [lI of 100 mM sodium acetate-2%
sodium dodecyl sulfate and then 200 RI of phenol (equilibrat-
ed with 50 mM sodium acetate [pH 5.2]). After vigorous
vortexing, the solution was incubated at 65°C for 15 min and
then put on ice for 15 min. RNA in the aqueous phase was
ethanol precipitated and collected by centrifugation, and the
dried pellet was dissolved in 30 plI of water that had been
treated with diethyl pyrocarbonate. Ten microliters of this
RNA solution was used in the primer extension reactions.
The oligonucleotide primer, complementary to sequences at
the 5' end of the cat gene, was end labeled with [_y-32P]ATP
and T4 polynucleotide kinase. Primer extension reactions
were performed as previously described (38). Following the
reaction, 100 plI of 10 mM Tris-HCl-0.1 M NaCl-0.5 mM
EDTA was added, and the reaction mixture was extracted
with 100 [lI of phenol-chloroform-isoamyl alcohol (20:20:1).
The aqueous phase was ethanol precipitated, and the dried
pellet was dissolved in loading buffer. After denaturation at
90°C for 5 min, the products were separated by electropho-
resis on a 6% polyacrylamide-7 M urea sequencing gel.

RESULTS

Proposed secondary structure of EIAV TAR. Our initial
working hypothesis was that the EIAV Tat protein mediates
trans activation via a cis-acting TAR in the form of an RNA
stem-loop structure. It was previously shown that sequences
downstream of the RNA start site are required for EIAV Tat
activation (11), and computer-assisted folding revealed that
nucleotides + 1 to +25 of EIAV RNA can form a stem-loop
structure (Fig. 1). This structure is similar to but distinct
from the structures present in HIV-1 and other primate
lentiviruses (Fig. 1). EIAV TAR consists of nucleotides + 1
to +25 and is considerably smaller than that of HIV-1, which
contains bases spanning a region from +1 to +60. However,
it is interesting to note that the minimal biologically active
part of HIV-1 TAR is contained between positions +18 and
+44 (14), similar in size to EIAV TAR. Although the
hairpinlike structures of EIAV and HIV-1 TARs are similar,
the unpaired pyrimidine bulge in the stem of HIV-1 TAR is
absent from the stem of EIAV TAR. The two uridines
present in EIAV TAR at positions +10 and +11 probably
base pair with the two guanosines at positions + 16 and + 17
(25) to close the four-base loop.
To test our hypothesis directly, we constructed a series of

EIAV LTR mutations that specifically disrupted the pro-
posed stem structure or altered bases within the loop. Most
of the mutations were introduced into the EIAV LTR by
primer-directed mutagenesis using the polymerase chain
reaction. These LTRs were linked to the cat gene and were
tested for promoter activity in transient expression assays in
D17 cells transfected with or without the EIAV tat expres-
sion plasmid (pRS-Etat-M). At 44 h after transfection, the
cells were harvested and cell lysates were assayed for either
CAT enzyme activity or CAT mRNA.
CAT activity directed by the mutated EIAV LTRs. Figure 2

presents the nucleotide alterations introduced into the puta-
tive EIAV TAR and summarizes their relative trans-activa-
tion efficiencies obtained from CAT assays. Levels of CAT
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FIG. 1. Predicted secondary structure for EIAV TAR RNA and
reported secondary structure of HIV-1 TAR RNA. Numbers refer to
nucleotide positions with respect to the start of transcription (+ 1).
The non-Watson-Crick U G base pairs in EIAV TAR are indicated
with asterisks.

enzyme activity are graphically summarized in Fig. 3. In the
absence of EIAV Tat, the wild-type and mutated LTRs
directed comparable levels of CAT activity (data not
shown). The wild-type EIAV LTR was activated approxi-
mately 40 times by the addition of EIAV Tat (Fig. 3).
To examine the biologic significance of the putative sec-

ondary structure, we introduced a clustered mutation that
disrupts potential base pairing. The plasmid, pE-Stem(+19/
+24), had a six-nucleotide alteration within the predicted
stem between positions +19 and +24 (Fig. 2) and failed to
respond to EIAV Tat trans activation. Base pairing was
restored in pE-Stem(+3/+8-+19/+24) by introducing a
complementary sequence which replaced the six nucleotides
between positions +3 and +8 (Fig. 2A). This compensatory
mutation restored trans activation; interestingly, CAT activ-
ity was higher than that of the wild-type LTR (Fig. 3). These
results show that the presence of a secondary structure, but
not the primary sequence in this region, is essential for
EIAV Tat-mediated trans activation.
To assess the importance of the two U G base pairs at

the base of the EIAV TAR loop, we made the alterations
presented in Fig. 2B. Tat responsiveness of pE-10,11UU, in
which the two uridines were deleted, was almost completely
abolished (Fig. 3). Likewise, substitution of the two uridines
with guanines in pE-10,11-GG, such that U - G base pairs
were abolished but the spacing was preserved, severely
reduced TAR function. This result demonstrated that the
two uridines are essential for Tat-mediated trans activation.
Substitution of the uridine at position +11 alone, as in
pE-11U-G, actually increased TAR function compared with
the wild type. Thus, a single U - G base pair at the base of
the loop appears to be sufficient for TAR recognition.
Construct pE-17-A-18 has an additional adenosine inserted
between positions +17 and +18 and may form a base pair

J. VIROL.
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pE-12C-A pE-13U-A pE-14G-C pE-15C-G pE-15C-A pE-15C-U pE-15C-0 FIG. 3. CAT activities directed by mutated LTRs. Promoter
(69%) (64%) (8.0%) (117%) (141%) (187%) (4.0%) activities of the various constructs were assayed by measuring CAT

enzyme levels (11, 24). CAT activities are expressed as 103 cpm of
FIG. 2. Summary of stem (A), U G base pairs (B), and loop (C) [14C]acetyl coenzyme A transferred to chloramphenicol per hour.

mutations in EIAV TAR. The numbers given to the constructs Cell extracts were obtained from D17 cells after cotransfection with
indicate the position of the altered nucleotide relative to the cap site CAT plasmids in the presence (+) or absence (-) of the Tat
(+1) followed by the base substitution. Nucleotide changes are expression plasmid pRS-Etat-M. Data are averages of at least five
boxed, and the single base insertion is circled. The levels of independent transfection assays.
Tat-mediated trans activation, as percentages of wild-type LTR
activity determined by CAT assay, are shown in parentheses.

with the uridine at position + 10 to generate a TAR structure
as shown in Fig. 2B; it is possible that the three-nucleotide
loop shown is not stable and may actually be a five-base loop
with a U G pair at its base. This plasmid also showed
higher levels of CAT activity than did the wild type (Fig. 3).
The U G base pair between positions + 10 and + 17 was

abolished in plasmids pE-1OU-G and pE-17G-U; the remain-
ing U G base pair is not adjacent to the helical stem and
does not close the loop in these constructs. Both of these
plasmids retained only limited activity (Fig. 2B and Fig. 3).
Finally, in plasmid pE-16G-A, the U G base pair that
normally closes the loop was replaced with a U A base
pair. The resulting decrease in TAR activity to 32% of
wild-type levels may be attributed to the location of the
remaining U G base pair within the helical stem. In sum,
these data suggest that a U G base pair at the base of the
loop is an essential feature for EIAV TAR function. The
precise nucleotide requirements at these positions and their
role in Tat-mediated trans activation await the physical
analysis ofTAR structures and results of in vitro Tat-binding
studies.
We next altered individual nucleotides within the remain-

der of the EIAV loop (Fig. 2C). The pyrimidines at positions
+ 12(C) and + 13(U) were each replaced with adenosine. The
resultant constructs, pE-12C-A and pE-13U-A, showed
trans-activation efficiencies of 69 and 64%, respectively,
compared with the wild type. Substitution of the guanosine
at position + 14 by cytidine, pE-14G-C, resulted in a drastic
reduction of trans activation to 8% of wild-type levels.
Substitution of the cytidine at position +15 with a uridine,
construct pE-15C-U, resulted in an increased TAR function,
yielding 187% trans-activation efficiency. We then ex-

changed this cytidine with purines to generate pE-15C-A and

pE-15C-G, which gave trans-activation efficiencies of 141
and 117%, respectively. An LTR in which this cytidine was

deleted, pE-15C-O, failed to respond to Tat (Fig. 3). Our
interpretation of these data is that position +15 must be
occupied, by any base, to provide the proper spatial arrange-
ment of adjacent bases or to stabilize the loop structure.
RNA analysis by primer extension. To determine whether

the CAT activities directed by the EIAV TAR constructs
described in the preceding section correlated with levels of
CAT mRNA and to ensure that these mutations would not
alter the transcription start site, CAT mRNA was examined
by primer extension.
D17 cells were transfected with the mutated CAT plasmids

in combination with EIAV Tat; in addition, all transfections
included pRSV-CAT as an internal control. Total cytoplas-
mic RNA was prepared from transiently transfected cells
and reverse transcribed with an oligonucleotide primer com-

plementary to CAT sequences. The products of these reac-

tions are predicted to be DNAs of 87 bp for pRSVCAT and
174 bp for the EIAV-CAT plasmids (plasmids pE-14G-C,
pE-16G-A, and pE-10,11UU should yield products of about
206 bp due to additional polylinker sequences between the
LTR and the cat gene).
An autoradiogram of the sequencing gel used to resolve

the primer extension reaction products is shown in Fig. 4.
The four lanes at the far left show dideoxy-sequencing
reactions of pUX-E478 using the CAT primer. The next two
lanes show the primer extension reaction products of CAT
mRNAs from cells transfected with pUX-E478 and pRSPA
(uninduced) or pRS-Etat-M. Tat expression caused a large
increase in the amount of EIAV transcription, as seen by the
uppermost band that corresponds to the primer extension
product of CAT mRNA directed by EIAV LTR. The size of
this band precisely identifies the EIAV transcription start
site. A 150-nucleotide band whose size corresponds to

VOL. 65, 1991

B.
G C
U G
C-G
A-U
G-C

pE-10,11UU

(3.0%) (7.0%) (162%)

C UG
[EC
U'GU*G
A-U
G-C



3472 CARVALHO AND DERSE

bZN

+ + + +

or.

diIti '; ' I d:

~ I

a

* g %%.

-

*
I0

-
do m

FIG. 4. Primer extension analysis of CAT mRNA produced in transfected cells. A radioactively labeled oligonucleotide complementary
to the 5' end of the cat gene was used for primer extension analysis on total cytoplasmic RNA from transfected D17 cells. Reaction products
were resolved on a 6% polyacrylamide-7 M urea sequencing gel and visualized by autoradiography; a gap in the center of the autoradiogram
has been removed, and the two sides were joined for this figure. D17 cells were cotransfected with pRSV-CAT and EIAV LTR CAT plasmids
(indicated on top) in the absence (-) or presence (+) of a Tat expression plasmid. The same radiolabeled primer was used in
dideoxynucleotide sequencing reactions on pUX-E478 (lanes A, T, C, and G) and run in parallel. The uppermost arrow at the far right
indicates the major primer extension product with an expected size of 174 bases; the middle arrow indicates a band consistent with a pause
in reverse transcription at position +25; the lower arrow indicates the product directed by the Rous sarcoma virus promoter used as an
internal control. pE-10,11UU, pE-14G-C, and pE-16G-U have 32 nucleotides of polylinker between the LTR and cat and thus produce an
expected fragment of 206 bases. The printed sequence at the extreme left corresponds to the portion of the gel that spans the RNA start site
(+1) and the end of the double-stranded stem (+25).

termination of primer elongation at the base of the stem
(position +25) was also observed in most reactions and may
result from reverse transcriptase pausing at this double-
stranded region. This provides physical evidence in support
of the proposed stem structure. The lowest band present in
all lanes represents the CAT mRNA transcript from the
Rous sarcoma virus promoter used as an internal control of
transfection efficiency, RNA isolation, and primer exten-
sion.
The remaining lanes show the primer extension products

of CAT mRNA directed by the mutated LTRs and demon-
strate that mutations introduced into EIAV TAR affected the
steady-state levels of CAT mRNA. The increased CAT
activities observed with pE-15C-U, pE-15C-G, pE-15C-A,
pE-17-A-18, and pE-11U-G (Fig. 3) correlated with in-
creased amounts of CAT mRNA (Fig. 4). Similarly, pE-
12C-A, pE-13U-A, pE-16G-A, and pE-17G-U showed re-

duced CAT activities (Fig. 3) and proportional reductions in
CAT mRNA (Fig. 4). Alterations at position +14 (pE-14G-
C), deletion of the two uridines present at the beginning of
the loop (pE-10,11UU), and disruption of the stem (pE-
Stem+19/+24) were shown to be deleterious by CAT en-

zyme assays (Fig. 3). These plasmids were capable of

supporting levels of transcription that were only slightly
higher than the basal level (Fig. 4). These data indicate that
the levels of mRNA directed by EIAV LTRs were propor-
tional to the observed CAT enzyme activities and that EIAV
Tat acts through TAR to increase steady-state levels of viral
RNA.

DISCUSSION

The EIAV LTR region between -31 and +22 (with
respect to the RNA start site) was shown previously to
contain the cis-acting TAR (11). Moreover, we have ob-
served that a composite LTR, containing the HIV-1 U3
region joined at the RNA start site to the EIAV R region,
was specifically trans activated by EIAV Tat (4), indicating
that the EIAV LTR region from +1 to +22 must contain a
functional EIAV TAR. This region contains two inverted
repeats, and hence the RNA transcript can assume a hairpin
structure (Fig. 1). It has been shown that HIV-1 and other
primate lentiviruses possess similar secondary structures at
the 5' ends of their RNAs which function as TARs (2, 13, 14,
17, 18, 32). In EIAV RNA, this proposed structure has a
shorter stem, lacks the uridine bulge, and has a loop with
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four nucleotides rather than the six observed in the primate
lentivirus TAR elements.

Primer extension analysis identified the position of the
EIAV RNA start site and revealed that all mutated LTRs
initiated transcription at this site. Furthermore, a second
band was observed in the primer extension reactions that is
consistent with premature termination of reverse transcrip-
tion at the putative stem, thus providing physical evidence
for the proposed hairpin structure. CAT enzyme levels were
proportional to mRNA levels, and Tat-mediated trans acti-
vation was accompanied by increases in steady-state levels
of mRNA.
The biological importance of the EIAV stem structure was

established by the observations that clustered mutations that
disrupted this structure abolished the Tat-mediated trans
activation and compensatory mutations that restored the
base pairing also recovered the response to Tat. Previous
deletion analysis of the EIAV LTR revealed that a construct
lacking sequences from position +23 to the 3' end of the
LTR was still trans activated (11). This LTR would produce
only a 4-bp stem, suggesting that the secondary structure in
the upper portion of EIAV stem makes the major contribu-
tion to trans activation. This observation is similar to that
reported for HIV-1, in which disruption of base pairing in the
upper portion of the HIV-1 stem was shown to abolish
responsiveness to Tat, but LTRs altered downstream of
position +45 were fully Tat inducible (14, 17, 32). Thus, the
biological function of the EIAV stem seems to rely on a
stretch of 4 bp, making EIAV TAR the smallest TAR yet
reported for lentiviruses. Interestingly this 4-bp stem is
homologous to the 4 bp present downstream of the HIV-1
bulge and comprises the minimal lower portion of the stem
required for Tat activation. Construct pE-Stem(+3/
+8- +19/+24) presents a stem with an altered primary
sequence and showed a Tat response that was greater than
wild type. Curiously, HIV-1 TARs with altered primary
sequences, but not secondary structures, in the 4-bp stretch
cited above exhibited different levels of Tat responsiveness
(14, 32). Most of the alterations decreased TAR function (14,
32), but one that contained a mismatched base pair showed
180% of wild-type activity (14). In addition, the in vitro
binding affinity of HIV-1 Tat protein for a TAR RNA
fragment containing an altered sequence in this stretch was
reduced (29). While it is apparent that the secondary struc-
ture of this part of the stem is critical, the role of the primary
sequence is less clear. The conservation of these bases
downstream of the U G base pairs in EIAV or a bulge in
HIV-1 may reflect a significant common role in Tat activa-
tion. A detailed mutagenesis analysis in this region combined
with in vitro binding studies should reveal its contribution to
Tat activation.
We have represented the EIAV TAR structure as a

four-base loop that is closed by two U G base pairs.
Thermodynamic analyses have indicated that a U G pair is
about as stable as a U A pair in the A-form helix of RNA
(25). However, the geometry of the U G pair is different
than that of a U - A pair and changes the local structure of
the RNA helix; in the non-Watson-Crick base pair, the
purine and pyrimidine are shifted toward the minor and
major grooves, respectively (25). The mutagenesis studies
presented here indicated that the U G pairs that close the
EIAV TAR loop are essential for trans activation and that a
single pair at the base of the loop is sufficient. EIAV TAR
lacks the bulge structure that is present in the stem of HIV-1
TAR; the unpaired uridines in this bulge provide a unique
three-dimensional structure that is bound by the HIV-1 Tat

protein (3, 8, 29, 30, 39). We suggest that the non-Watson-
Crick, U. G pairs in EIAV TAR are the functional counter-
part of the bulge structure in HIV-1 TAR. The U- G pairs
adjacent to a loop may provide a distinctive conformation
that is recognized by EIAV Tat. By analogy, the helical
irregularity associated with a U G pair in the acceptor stem
of tRNAAla was shown to confer acceptor identity by its
cognate aminoacylating enzyme (22).
The EIAV TAR loop sequence (positions +12 to +17)

consists of the sequence CUGC. The individual nucleotide
substitutions of this sequence (Fig. 2C) demonstrated that
the relative contribution of each is not uniform for Tat
activation. Mutations in the cytidine and uridine at positions
+12 and +13, respectively, showed modest effects on TAR
function. The + 14 guanosine residue is the most critical
position, exhibiting a deleterious phenotype when altered.
The cytidine at position + 15 is unique; all of the substitu-
tions at this position resulted in increased levels of gene
expression. The magnitude of the effect was dependent on
the identity of the replacement base; substitution of cytidine
with uridine resulted in the highest trans activation (187% of
the wild-type level). Deletion of this cytidine abolished
activity, indicating the structural importance of this position.
It is unclear at present whether the alterations of loop
nucleotides affected TAR function by influencing loop struc-
ture and stability or because direct contacts with Tat were
altered. While it has been suggested that HIV-1 TAR may
contain binding sites for both Tat and cellular proteins (8, 15,
16, 21, 29), it would appear that the small size of EIAV TAR
would preclude binding by other proteins in addition to Tat.
We conclude that the secondary structure of the stem, the

presence of at least one U G base pair at the base of the
loop, and the specific nucleotide identity of the loop com-
prise a complex set of requirements for efficient EIAV
Tat-mediated trans activation. Primate lentivirus and EIAV
Tat proteins share structural similarities and utilize an RNA
TAR located downstream of the transcription initiation site.
In addition, EIAV and HIV-1 TARs were shown to be
structurally and functionally similar. Thus, we suggest that
these two systems have similar mechanisms of Tat function.
Although specific proteins are involved in the Tat-mediated
trans activation in each system, the relative simplicity of
EIAV may facilitate the understanding of the basic mecha-
nism.
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