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The long PCR technique was used to amplify the three size classes of viral mRNAs produced in cells infected
by feline immunodeficiency virus (FIV). We identified in the env region a new splice acceptor site that generated
two transcripts, each coding for an 11-kDa protein, p11™", whose function is unknown. The small-size class of
mRNAs included two bicistronic orf2/rev mRNAs and two rev-like mRNAs, consisting only of the second exon
of rev and coding for a 15-kDa protein, p15™”. p15™” contained the minimal effector domain of Rev and was
sufficient to mediate partial Rev activity. The bicistronic mRNAs encoded two distinct proteins, one of 23 kDa
corresponding to Rev and a 9-kDa protein encoded by the orf2 gene. The orf2 gene product is a protein of 79
amino acids with characteristics similar to those of the Tat (transactivator) proteins of the ungulate lentivi-
ruses. Transient expression assays, using the FIV long terminal repeat (LTR) to drive transcription of the
bacterial gene for chloramphenicol acetyltransferase demonstrated that the orf2 gene transactivates gene
expression an average of 14- to 20-fold above the basal level. Deletion mutants of the FIV LTR were generated
to locate sequences responsive to transactivation mediated by the orf2 gene. A 5’ deletion mutant that removed
the AP1 site resulted in residual low-level transactivation by orf2. Further experiments using LTR mutants
with internal deletions identified three regions located between positions —126 and —47 relative to the cap site
that were important for orf2-directed transactivation. These regions include the AP1 site, a C/EBP tandem

repeat, and an ATF site.

Feline immunodeficiency virus (FIV) (25) is a lentivirus as-
sociated with a slow progressive disease in the domestic cat
involving multiple organ systems (for a review, see reference
3). FIV has a disease pattern similar to that of human immu-
nodeficiency virus (HIV), but its genomic organization is less
complex and is more closely related to those of the ungulate
lentiviruses visna virus and caprine arthritis encephalitis virus
(CAEV) (6). Like with other lentiviruses, three size classes of
viral mRNAs are produced in FIV-infected cells: full-length
(9.2-kb), intermediate (5.2- and 4.4-kb), and small multiply
spliced (1.7- and 1.4-kb) mRNAs which represent the gag/pol,
viflenv, env, orf2/rev, and rev transcripts, respectively (27, 37).
The multiply spliced mRNAs are produced shortly after infec-
tion and encode Rev and the orf2 gene product, which are
essential for the viral life cycle. Rev functions through a spe-
cific cis-acting RNA target, the Rev-responsive element
(RRE), and allows the nuclear export and cytoplasmic accu-
mulation of unspliced (gag/pol) and singly spliced (vif/env and
env) viral mRNAs. FIV Rev is a 23-kDa protein whose 80
N-terminal amino acids are encoded by the N terminus of env
joined in frame to 73 residues from orfH, located at the 3" end
of the genome (27). Although FIV Rev does not share a
leucine-rich effector domain found in HIV type 1 (HIV-1) Rev
and the Rev-like proteins of many other retroviruses, muta-
tional analyses showed that a short region in the second exon
of FIV Rev was functionally interchangeable with the HIV-1
Rev effector domain (19). The effector domain of FIV Rev
spanned a region of 27 amino acids downstream from a stretch
of basic residues in the second exon of Rev. A short open

* Corresponding author. Mailing address: The Scripps Research
Institute, Department of Molecular Biology, 10550 N. Torrey Pines
Rd., La Jolla, CA 92037. Phone: (619) 784-8270. Fax: (619) 784-2750.
E-mail: jelder@scripps.edu.

608

reading frame (ORF), orf2, coincides by its size and location to
the fat genes of visna virus and CAEV (7, 10, 14). The orf2
gene product has been shown to produce a three- to fivefold
transactivation of the FIV long terminal repeat (LTR) (33, 35,
38). Whether this low-level transactivation is significant re-
mains to be defined. Nonetheless, the orf2 gene product is an
essential component for the virus life cycle. orf2-defective FIV
failed to productively infect feline T cells and primary periph-
eral blood lymphocytes (PBLs) (36). Furthermore, the FIV
34TF10 infectious molecular clone, which contains a stop
codon in the orf2 gene, replicated poorly in T cells (26). Sub-
stitution of the stop codon for a tryptophan codon allowed the
efficient replication of the virus in T cells and primary PBLs
(38), suggesting that an intact orf2 gene influences the host cell
tropism of FIV.

Here, we report the amplification in a single PCR of the
three different size classes of viral mRNAs produced in FIV-
infected cells by using the long PCR technology. We have
identified a new splice acceptor site located in the env region
that generates two mRNAs producing a Rev-related protein,
p11". In addition, we have characterized another Rev-related
protein, p15™”, consisting only of the second exon of Rev. The
latter protein displayed some degree of Rev activity, although
less than the wild-type protein. Finally, using improved trans-
fection protocols, we demonstrate that the orf2 gene encodes a
potent transactivator of the FIV LTR. Deletional analysis of
the FIV LTR demonstrated that a region located between
positions —126 and —47, relative to the cap site, contains AP1,
a C/EBP tandem repeat, and ATF sites that are important for
the orf2 gene-mediated transactivation of the FIV LTR.

MATERIALS AND METHODS

Cells and virus. Primary PBLs were obtained by Ficoll-Paque gradient puri-
fication from blood of a specific-pathogen-free cat. PBLs were maintained in
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RPMI 1640 medium supplemented with 15% heat-inactivated fetal bovine serum
(Gemini Bioproducts, Calabasa, Calif.), 2 mM L-glutamine (Sigma, St. Louis,
Mo.), 1 mM sodium pyruvate (Sigma), 10 mM HEPES buffer (Sigma), 1x
nonessential amino acids (Sigma), 1X B-mercaptoethanol (Gibco BRL, Gaith-
ersburg, Md.), 7.5 pg of concanavalin A (Sigma) per ml, 100 U of human
recombinant interleukin-2 (a gift of Hoffmann-La Roche) per ml, and 50 pg of
gentamicin (Gemini Bioproducts) per ml. Crandell feline kidney (CrFK) and
HeLa cells, obtained from the American Type Culture Collection, were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum. The San Diego isolate of FIV, PPR (26), was used for the analysis
of the transcriptional pattern of FIV.

Synthetic oligonucleotide primers. LA4 (5'-ACTTGAGAAGAGTGATTGA
GGAAGTGAAGC-3'; nucleotides 373 to 403 [sense]), LA7 (5'-TAAGCAGC
TGCTAGCGCTTTAACTATGAGTCATGTTCAGC-3'; nucleotides 9237 to
9198 [antisense]), and LA11 (5'-CAAAATGGATTCATATGACATATCTTCC
TC-3'; nucleotides 8914 to 8885 [antisense]) were designed from the sequence of
the PPR molecular clone (GenBank accession no. 36968 [26]).

RNA extraction and cDNA synthesis. Total RNA was extracted from PBLs,
104-C1 cells, and MCHS5-4 cells by using an RNeasy kit (Qiagen, Chatsworth,
Calif.) as specified by the manufacturer. Briefly, total RNA (0.5 to 1 ug) was
heated at 70°C for 5 min and cooled on ice. First-strand cDNA synthesis was
carried out in a total volume of 50 pl containing 50 mM Tris-HCI (pH 8.3), 75
mM KCl, 3 mM MgCl,, 10 mM dithiothreitol, 50 mM deoxynucleoside triphos-
phates, 10 U of RNase inhibitor (Promega, Madison, Wis.) 50 U of Moloney
murine leukemia virus reverse transcriptase (Stratagene, La Jolla, Calif.), and 0.3
ng of oligo(dT), s primer (Promega). The reaction mixture was then incubated at
37°C for 2 h, and 1 to 5 pl was used for subsequent amplifications.

PCR amplification. One to 5 .l of the cDNA reaction mixture was amplified
by long PCR (2). Amplification was carried out in a total volume of 100 pl
containing 20 mM Tris-HCI (pH 8.55 at 25°C), 16 mM (NH,),SO,, 150 pg of
bovine serum albumin per ml, 3.5 mM MgCl,, 250 pM each deoxynucleoside
triphosphate, 100 mM Tris base, and 700 ng of each primer. The PCR mixture
was overlaid with 75 pl of mineral oil (Promega); after 1 min of incubation at
94°C, 5 U of Tag (Promega) and 1:64 U of Deep Vent (New England Biolabs,
Beverly, Mass.) polymerases were added, and the mixture was incubated at 94
and 68°C for 10 s and 7 min, respectively. The cycle was repeated 25 to 35 times
in a Perkin-Elmer Cetus thermocycler.

Cloning and sequencing of amplified cDNAs. The PCR-amplified cDNAs were
cleaned up (Promega), gel purified, and cloned in the TA cloning vector (pCR3;
Invitrogen, La Jolla, Calif.) under the control of the cytomegalovirus and T7
promoters. Sequences were determined by the dideoxy-chain termination pro-
cedure (30), using a Sequenase version 2.0 kit (United States Biochemical,
Cleveland, Ohio).

In vitro transcription-translation and immunoprecipitations. The orf2/rev and
rev-like cDNAs cloned in pCR3 were transcribed and translated in vitro by using
T7 polymerase and the coupled transcription-translation reticulocyte lysate sys-
tem (Promega).

Construction of 5’ deletion and internal deletion mutants. The 5’ deletion
mutants have been previously described (35). Internal deletion mutations of the
FIV LTR were generated by PCR-ligation-PCR (1). Briefly, two fragments of the
FIV LTR, one corresponding to the 5’ end of U3 to the nucleotide immediately
upstream of the site to be deleted and the second corresponding to the nucleo-
tide immediately downstream of the site to be deleted to the 3’ end of U5, were
amplified by using Deep-Vent DNA polymerase (New England Biolabs). The
PCR products were gel purified, phosphorylated, and then ligated. The fusion
gene was next amplified by using a primer pair specific for the 5’ end of U3 and
the 3" end of U5. The PCR product was then inserted in pFIVLTR-CAT deleted
of the wild-type LTR insert. We generated five single internal deletion mutants
corresponding to the first AP4 site, the AP1 site, the C/EBP tandem repeat, the
NF1 site, and the ATF site.

Transfections and CAT assays. DNAs were prepared by using Qiagen midi-
and maxiprep kits or by the Merlin service offered by Bio101 (Vista, Calif.). The
LTR-chloramphenicol acetyltransferase (CAT) and RRE-CAT constructs used
in this study have been previously reported (27, 35). Constructs (1 pg of target,
5 or 10 pg of effector plasmids) were transfected in triplicate in CrFK cells by
using a calcium phosphate precipitation procedure as previously described (38).
For HeLa cells, 1 and 10 pg of LTR-CAT construct were used. Following
transfection, cells were incubated for 40 h and lysed, and CAT activity was
assayed on 20 pg of cell extract by phase extraction according to the protocol of
Seed and Sheen (31). In our previous study (38), CAT activity was assayed on cell
extracts that were normalized by a B-galactosidase assay. However, the orf2 gene
has been shown to transactivate the Rous sarcoma virus promoter of our B-ga-
lactosidase construct (pRSV-BGal), which causes an error in normalizing cell
extracts in the presence of orf2 cotransfection (39). Therefore, in the present
study, CAT activity was assayed by using 20 pg of protein per cell extract.

RESULTS

Long PCR amplification of the different size classes of FIV
transcripts. Long PCR has been recently described and shown
to be an efficient method to amplify long DNA targets with
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high fidelity (2). Long PCR combines modifications of stan-
dard PCR buffers and thermal cycling profiles with a combi-
nation of two polymerases, providing both processivity and
3'-5" proofreading exonuclease activity. Here, we used long
PCR to investigate the gene expression of FIV. PBLs from a
specific-pathogen-free cat were infected with FIV-PPR (26).
At 15 days postinfection, cells were harvested and total RNA
was extracted. One microgram of total RNA was reverse tran-
scribed by using an RNase H-minus reverse transcriptase and
oligo(dT),5s primer; 1 pl of the cDNA mixture was subse-
quently amplified with primers LA4 and LA7, located in exons
1 and 4 respectively, which are present in all viral transcripts
(26, 37) (Fig. 1). We used the PCR buffer conditions described
by Barnes (2) but a different combination of polymerases: the
Tag DNA polymerase from Thermus aquaticus as a processive
polymerase, and the Deep-Vent DNA polymerase from Ther-
moccocus litoralis as a proofreading polymerase. Long PCR
amplification was carried out with Tag polymerase alone and in
combination with various amounts of Deep-Vent polymerase.
The use of Taq alone resulted in the amplification of four
bands: 3 of 1.6, 1.5, and 0.5 kb, previously reported to corre-
spond to exons 1.2.3.4, exons 1.3.4, and exons 1.4 (27, 37); and
one band of about 3.5 kb (Fig. 2A, lane 1). No detectable
amplicon was observed when Deep-Vent alone was used (Fig.
2A, lane 2). Only the 1.6-, 1.5-, and 0.5-kb products were
observed when amplification with Tag or Deep-Vent was car-
ried out under classic PCR buffer conditions (data not shown).
Since long PCR amplification required a very low level of
polymerase with 3’ exonuclease activity (2), we optimized the
PCR conditions by combining 5 U of Tag with decreasing
amounts of Deep-Vent, from 1/2 to 1/1,024 U. Long PCR using
1/2 to 1/16 U of Deep-Vent failed to amplify any detectable
product (Fig. 2A, lanes 3 to 6). However, long PCR carried out
with enzyme combinations using 1/32 to 1/1,024 U of Deep-
Vent resulted in the amplication of a complex pattern of bands
(Fig. 2A, lanes 7 to 12). These results are consistent with those
previously reported (2). Three other major products of 9.4, 4.0,
and 3.5 kb were observed under these conditions (Fig. 2A,
lanes 7 to 12; Fig. 2B, left panel). Long PCR amplification with
cDNAs from two FIV-infected T-cell lines and FIV-infected
CrFK cells resulted in the same pattern of amplified products
(data not shown). To verify that these three new amplified
products represented the unspliced full-length mRNA and the
singly spliced env mRNAs, we performed a long PCR with
primers LA4 and LA11 (Fig. 1). LA11 is located 5’ of the splice
acceptor at nucleotide 8944 of exon 4 (Fig. 1). This splice
acceptor is used by all of the multiply spliced mRNAs to join
exons 1, 2, and 3 to exon 4 (27, 37). Therefore, only unspliced
or partially spliced mRNAs could be amplified with this primer
set. Indeed, we observed three major products corresponding
to the full-length mRNA and singly spliced mRNAs; a minor
product, a doublet at 2.4 kb, was also amplified by this primer
set (Fig. 2B, right panel).

To exclude artifacts due to DNA contamination or to the use
of a long annealing or extension time, the same PCRs with the
primer sets LA4-LA7 and LA4-LA11 were performed on
DNase-treated total RNA and genomic DNA extracted from
FIV-infected cells. No detectable amplicon was observed after
amplification on total RNA, and a single 9-kb band corre-
sponding to the full-length proviral DNA was amplified when
genomic DNA was used as a template (data not shown).

To verify that the amplified products represented FIV
spliced transcripts, the PCR-amplified cDNAs were gel puri-
fied, cloned in the TA vector, and sequenced as described in
Materials and Methods. A schematic representation of the
different FIV exons and transcripts is depicted in Fig. 1. In
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FIG. 1. Transcriptional map of FIV. A schematic representation of the FIV genome is shown at the top. The exon structure and locations of splice donor (SD) and
splice acceptor (SA) sites were determined by sequencing the PCR-amplified cDNAs. The arrows represent locations and orientations of the oligonucleotide primers
used in this study. The viral transcripts are deduced from the sequence of the cDNA clones. Each transcript is designated by its exon composition. Transcripts 1.3.5

and 1.2.3.5 are newly described in this study.
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FIG. 2. Long PCR amplification of the different size classes of FIV tran-
scripts. PCR products were resolved by electrophoresis on 1.3% agarose gel and
stained with ethidium bromide. The sizes of the HindIII-cut A DNA markers
(outside lanes) are indicated in kilobases. (A) Optimization using different en-
zyme ratios. Tag and Deep-Vent polymerases were used alone (lanes 1 and 2) or
in combination (lanes 3 to 12), where 5 U of Tag was mixed with serial twofold
dilutions of Deep-Vent, starting with 0.5 U of Deep-Vent. (B) PCR amplification
with the primer pairs LA4-LA7 (left panel) and LA4-LA11 (right panel). Num-
bers on the left indicate the exon composition of each PCR product, deduced
from the sequence of the cDNA clones.

addition of the spliced mRNAs previously reported for FIV
(26, 27, 37), we identified two new transcripts. The 2.4-kb
doublet observed when cDNAs were amplified with the primer
pair LA4-LA11 consisted of two mRNAs generated by splicing
of exon 1 directly, or via exon 2, to exon 3 and to a new exon,
exon 5 (Fig. 1). These two mRNAs were named 1.3.5 and
1.2.3.5 (Fig. 1). The common splice donor site of exon 3 joined
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FIG. 3. Coding potential of the orf2/rev and rev-like cDNAs. The cDNA
clones of the orf2/rev and rev-like transcripts were analyzed by an in vitro coupled
transcription-translation system (Promega). 3°S-labeled proteins were immuno-
precipitated by an anti-orf2 rabbit serum (A), an anti-Rev rabbit serum (B to D),
and an FIV-positive cat serum (C). Immune complexes were resolved by elec-
trophoresis on a sodium dodecyl sulfate-10 to 20% polyacrylamide gel. Sizes of
the protein molecular weight markers are indicated in kilodaltons on the left.
The cDNA clones used as templates in the translation reactions are indicated
above the lanes.

a new splice acceptor site at nucleotide 7300 of exon 5. Thus,
in addition to the orf2 gene, a new ORF consisting of the first
exon of rev spliced to a second exon of 19 amino acids was also
present (Fig. 1).

Analysis of the coding potential of the orf2/rev and rev-like
transcripts. The coding potential of the different cDNAs was
investigated in vitro by transcription-translation using a rabbit
reticulocyte lysate system. The bicistronic orf2/rev transcripts
(1.3.4 and 1.2.3.4) encoded two proteins of 9 and 23 kDa which
were specifically recognized by anti-orf2 and anti-Rev rabbit
sera, respectively (Fig. 3A and B). Two other small transcripts,
1.4 and 1.2.4, which contain only the second exon of rev, were
analyzed in vitro for their coding potential. A potential initia-
tor AUG is present at the beginning of the second exon of rev.
Therefore, transcripts 1.4 and 1.2.4 might encode a protein
corresponding to the second exon only. The anti-Rev rabbit
serum failed to immunoprecipitate any product from the trans-
lation reaction with cDNAs 1.4. and 1.2.4 (Fig. 3C, top panel),
while an FIV-positive cat serum known to react with Rev
immunoprecipitated a product of 15 kDa (Fig. 3C, bottom
panel). These results were not surprising, since the anti-Rev
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FIG. 4. Rev activity of the orf2/rev and rev-like transcripts. (A) Schematic structure of Rev, p11”, and p15™" proteins. (B) Each rev and rev-like cDNA clone was
cotransfected with a CAT-RRE vector in CrFK cells. Transfected cell lysates were assayed for CAT activity as described in Materials and Methods. Relative CAT
activity is the mean value of two independent experiments performed in triplicate; standard deviations are shown as error bars. The relative increase of CAT activity

compared to the mock control for each construct is shown on the right.

peptide serum was raised against an oligopeptide from the first
exon of Rev (27). The 15-kDa product, which we refer to here
as p15™”, was also immunoprecipitated in the pRev translation
reaction (Fig. 3C, bottom panel), suggesting that a degree of
internal initiation occurred from the AUG located in the sec-
ond exon of rev. The coding potential of transcripts 1.3.5 and
1.2.3.5 was also investigated for the ability to direct the syn-
thesis of the new ORF consisting of the first exon of rev joined
in frame to 19 amino acid residues encoded by a 3" ORF
located in the env region. In vitro translation reactions per-
formed with ¢cDNAs 1.3.5 and 1.2.3.5 were immunoprecipi-
tated with the anti-Rev peptide serum, and an 11-kDa product,
termed p11"*”, was detected (Fig. 3D). A product of similar size
was also immunoprecipitated when the translation reaction
was carried out with a cDNA clone encoding only the p11™”
ORF (Fig. 3D).

Analysis of the Rev activity of p11™” and p15™”. A schematic
representation of Rev, p11™”, and p15™” is shown in Fig. 4A.
p11™” contains the first exon of Rev, while p15™” contains the
second exon of Rev. The effector domain of FIV Rev has been
mapped to a region between amino acids 95 and 120, located
immediately downstream of the basic domain of Rev (19). This
region, which is unrelated to other retrovirus Rev effector
domains, has been shown to be functionally interchangeable
with the HIV-1 Rev effector domain (19). To determine
whether p11™ and p15™" proteins also regulate virus protein
expression, we used a reporter plasmid that contained the FIV

RRE downstream of the CAT gene (27). The CAT gene and
FIV RRE are flanked by splice donor and acceptor sites. In the
absence of Rev, the CAT gene will be removed by splicing.
Therefore, the functionality of Rev and Rev-like proteins can
be assessed by the level of CAT activity in cells cotransfected
with pCAT-RRE and a rev or rev-like construct. The different
cDNAs encoding Rev and Rev-like proteins were introduced
downstream of the cytomegalovirus promoter in the pCR3
vector. CrFK cells cotransfected with pCAT-RRE and pCR3
served as a mock control (Fig. 4B). As a positive control, pRev,
which contains only the rev ORF, was used. Cotransfection of
pRev increased the CAT activity 30-fold over the mock trans-
fection control (Fig. 4B). Cotransfection with cDNAs 1.3.4 and
1.2.3.4 increased CAT activity 19- and 10-fold, respectively
(Fig. 4B). These results demonstrate that cDNAs 1.3.4 and
1.2.3.4 encode a functional Rev protein. Six- and twofold in-
creases in CAT activity were observed with cDNAs 1.4 and
1.2.4, respectively, which encode p15™", while no detectable
Rev activity was observed for p11™” (Fig. 4B). These results
suggest that cDNAs 1.4 and 1.2.4 encode a Rev-like protein
with partial Rev activity. The overall results are in agreement
with the presence of an effector domain of Rev within the
second exon (19) but also suggest that the first exon is neces-
sary for full Rev activity.

The orf2 gene encodes a transcriptional transactivator.
Since previous studies on FIV transactivation yielded conflict-
ing results with regard to the ability of the orf2 gene product to
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FIG. 5. The orf2 gene encodes a transactivator of the FIV LTR. (A) Schematic organizations of the visna virus Tat protein and of the FIV-PPR and FIV-34TF10
orf2 gene products. (B) Each cDNA clone indicated on the left was cotransfected with an FIV LTR-CAT vector in CrFK cells. (C) Comparison of transactivation of
the FIV LTR mediated by the PPR and 34TF10 orf2 genes in CrFK and HeLa cells. The amount of pFIV LTR-CAT vector is indicated in parentheses. The CAT activity
of the transfected cells was assayed as described in Materials and Methods. The experiment were repeated at least twice, in triplicate; standard deviations are shown
as error bars. The relative increase of CAT activity compared to the mock control for each construct is shown on the right.

mediate transactivation of the FIV LTR (22, 33, 35, 38), we
wished to confirm that orf2 encodes the transactivating protein
(Tat) of FIV. The orf2 gene coincides by its size and location
to the tat (orfS) gene of visna virus (7, 10). Ungulate and feline
ORFs encode 9- to 11-kDa products with domain similarities
(4). In particular, acidic/hydrophobic, leucine-rich, and cys-
teine-rich domains are present in both products (Fig. 5A). To

determine if orf2 encodes a transcriptional transactivator of
the FIV LTR, we analyzed the effects of cDNAs 1.3.4 and
1.2.3.4 on expression of the CAT gene driven by the FIV LTR
(pFIVLTR-CAT) in CrFK cells. Mock-cotransfected CrFK
cells served as a background control for the assay. Cotransfec-
tion with cDNAs 1.3.4 and 1.2.3.4 resulted in average 6.5- and
5-fold increases in transactivation of the FIV LTR, respectively
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(Fig. 5B). Furthermore, transactivation of the FIV LTR in the
presence of a vector expressing the orf2 gene of FIV-PPR was
17-fold above the basal level, while in the presence of a Rev-
expressing vector, no increase in CAT activity was observed
(Fig. 5B). These results demonstrate that the orf2 gene en-
codes a trans-acting factor that significantly increases gene
expression directed by the FIV LTR.

We next investigated the ability of the 34TF10 orf2 gene to
transactivate the FIV LTR. FIV-PPR contains an intact orf2,
while FIV-34TF10 contains a truncated orf2 due to a termina-
tion codon at amino acid 44 (26, 34) (Fig. 5A). Cotransfection
of PPR orf2 and 34TF10 orf2 resulted in average 14- and
1.5-fold increases in transactivation of the FIV LTR over the
mock cotransfected control, respectively (Fig. 5C). The same
experiment was also performed with HeLa cells. Since the
basal activity of the FIV LTR is very low in HeLa cells com-
pared to CrFK cells, the cotransfections were performed with
either 1 or 10 pg of pFIVLTR-CAT. As shown in Fig. 5C,
relative degrees of transactivation in HeLa cells were similar to
those seen in CrFK cells (Fig. SC). These results demonstrate
that (i) the orf2 gene encodes the FIV Tat protein and (ii) an
intact orf2 gene is necessary for transactivation of the FIV
LTR.

Deletional analysis of LTR sequences required for transac-
tivation. Several consensus sequences for known upstream en-
hancer-promoter elements, including AP4, AP1, C/EBP, NF1,
and ATF, are present in the U3 region of the FIV LTR (21, 24,
26, 34). To map the LTR sequences required for transactiva-
tion, we used a panel of mutants with progressive 5" deletions
of the FIV-UKS8 LTR (35). The full-length and deletion mu-
tant LTR-CAT constructs were transfected in CrFK cells and
tested for transactivation by cotransfection with the PPR orf2
plasmid (Fig. 6B). Mock cotransfections served to define the
basal level activity for each construct. The mutants deleted in
U3 between positions —176 and —126 responded to transac-
tivation as efficiently as the wild-type LTR. However, deletion
extending to positions —113, —68, and —47 led to a decrease
both in basal promoter activity and in the magnitude of trans-
activation. The dramatic decrease in transactivation of the
mutant deleted to position —113 suggested that a putative AP1
binding site located between positions —126 and —113 is in-
volved in the transactivation process.

The further reduction in transactivation of the mutants de-
leted to positions —68 and —47 may either reflect the deletion
of important sequences responsive to orf2-mediated transacti-
vation or be due to an underestimation of the level of trans-
activation caused by the decrease in the basal promoter activ-
ity. The region located between positions —113 and —47
contains putative regulatory elements, including an AP4 site, a
C/EBP tandem repeat, and NF-1 and ATF sites (11, 17, 18, 20).
Therefore these elements may play an important role in trans-
activation of the FIV LTR. To address this issue, we con-
structed a panel of FIV LTR mutants with internal deletions
and analyzed their activity after cotransfection with the PPR
orf2 plasmid in CrFK cells (Fig. 6C). While the AAP4 and
ANF1 mutants responded as efficiently as the wild-type LTR,
deletion of the AP1, the C/EBP tandem repeat, or the ATF site
resulted in a reduced basal activity as well as a reduced re-
sponse to orf2-mediated transactivation compared to the wild-
type LTR (Fig. 6C). However, deletion of any one of these
three sites was insufficient to abrogate the level of transactiva-
tion by orf2. This finding suggests that a mutation in any one
site may be compensated for by the presence of the two other
elements. Therefore, these sites may act synergistically to reg-
ulate transactivation of the FIV LTR by orf2.
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DISCUSSION

The transcriptional map reported here was similar to those
in previous studies (26, 27, 37), with two exceptions. First, we
detected no monocistronic rev mRNA, a feature apparently
unique to the TM1 strain of FIV (37). Second, we identified in
the env region a new splice acceptor site which generates, in
the presence or absence of exon 2, two transcripts with a
coding capacity for an 11-kDa protein, p11™”. The p11™” tran-
scripts are RRE-containing mRNAs, and their expression is
probably dependent on the presence of Rev and occurs at a
late stage during infection. Therefore, p11"” may constitute an
accessory protein of FIV. p11™ and Rev have the same first
env-encoded exon, but we detected no Rev activity for p117".
Two others transcripts, 1.4 and 1.2.4, with a coding capacity for
a Rev-related protein, were previously identified but not char-
acterized (27). Similar transcripts were also reported for
CAEYV and equine infectious anemia virus (8, 28). Transcripts
1.4 and 1.2.4 contain the second rev ORF and encode a protein
of 15 kDa, p15™". An initiator AUG codon is present at the
beginning of this ORF and is conserved only in two other FIV
strains (23, 32). In CAEV and equine infectious anemia virus,
this ORF lacks an initiator AUG but encodes a 16-kDa pro-
tein, suggesting that initiation occurs at a non-AUG codon (8,
28). This feature may also apply to FIV strains lacking this
initiator AUG. Although p15™" lacks the env-encoded N-ter-
minal domain of Rev, it contains two regions important for
Rev function. The first is KRQRRRR, which is analogous to
the arginine-rich RNA binding domain of the ungulate and
primate lentivirus Rev proteins. The second is a polar effector
domain, which is unrelated but functionally interchangeable to
the leucine-rich effector domain of HIV-1 Rev protein (19). As
expected, p15™” functioned via a mechanism similar to that for
Rev. However, the Rev activity displayed by cDNA 1.4 was
20% of that observed for the full-length Rev-expressing clone
(Fig. 4B). The difference in Rev activity may result from either
a low expression of p15™” or the requirement of the N-terminal
exon of Rev for full Rev function. We could not analyze the
presence of p15™ in infected cells, since the FIV-positive cat
serum used in this study also reacts with p15, the FIV matrix
protein.

Comparison of the genomic organization of FIV, visna virus,
and CAEV shows that the orf2 gene coincides in size and
location to the fat ORFs of the ungulate viruses (7, 10, 14).
Therefore, FIV orf2 has been postulated to encode a transcrip-
tional transactivator (33). Transactivation of the FIV LTR by
FIV proviruses has been shown to be weak and varied depend-
ing on the LTR, provirus, and cell type tested (22, 33, 35, 38).
However, these studies provided evidence that FIV PPR strain
might encode a weak transactivator, while the 34TF10 strain
did not. The orf2 genes of FIV-PPR and FIV-34TF10 differ by
the presence of a termination codon in FIV-34TF10 resulting
in a truncated orf2 gene (26, 34). Truncation and mutation of
the orf2 gene were also reported to impair the ability of FIV to
efficiently replicate in PBLs and feline T cells (36, 38). Mu-
tagenesis of the termination codon of 34TF10 orf2 to trypto-
phan codon resulted in an efficient replication of PBLs and
feline T cells by the orf2-repaired 34TF10 virus (38). These
findings were consistent with the interpretation that the orf2
gene (i) might encode a weak transactivator and (ii) is impli-
cated in the viral replication efficiency.

Our study confirms that orf2 encodes the FIV Tat protein.
Cotransfection experiments with the bicistronic orf2/rev cDNA
clones resulted in a five- to sixfold increase in transactivation of
the full-length FIV LTR (Fig. 5B). Transient expression assays
resulted in an increase of gene expression from the full-length
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FIG. 6. Deletion of the LTR sequences required for transactivation. (A) Deletion mutants of the FIV LTR promoter. The putative cis-acting regulatory elements
contained in the U3 region of the LTR are indicated at the top. The panel of 5" deletion mutants was previously described (35) and kindly provided by J. F. Thompson
and colleagues. wt, wild type. (B and C) Transactivation of 5" deletion mutants (B) and internal deletion mutants (C) of the FIV LTR by PPR orf2. Each deletion mutant
was cotransfected in CrFK cells with the PPR orf2 vector (gray bars). Cotransfection of each mutant with pCR3 defined baseline activity (blank bars). CAT activity
was assayed as described in Materials and Methods. The experiment was repeated twice, in triplicate; standard deviations are shown as error bars. The percentage of
wild-type LTR activity of each deletion mutant in response to transactivation by orf2, as well as the relative increase of CAT activity compared to the basal level for
each deletion mutant, is shown on the right.
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FIV LTR-CAT construct cotransfected with PPR orf2 in CrFK
and HeLa cells. Average 14- to 17-fold increases in LTR ac-
tivity were observed in CrFK cells cotransfected with the PPR
orf2 gene, while no significant level of transactivation was
detected with the truncated orf2 gene of FIV-34TF10 (Fig.
5C). orf2 has been previously reported to transactivate the FIV
LTR three- to fivefold above the basal level in CrFK cells. A
similar degree of transactivation has also been shown in HeLa
cells, using 10 pg of pFIVLTR-CAT (38). In the present study,
transactivation assays performed with HeLa cells and 1 and 10
g of pFIVLTR-CAT resulted in average 15- and 23-fold in-
creases in LTR activity, respectively (Fig. 5C). We attribute the
differences in transactivation observed between the data pre-
sented here and those previously reported as reflecting better
DNA transfection efficiency rather than simply lower basal
LTR activity.

The orf2 gene product was not detected in infected cells by
immunoprecipitation of labeled cells extracts. Difficulties in
identifying visna virus Tat protein in infected cells have also
been reported (7). However, the orf2 gene from cDNA clones
1.3.4, 1.2.3.4, and pOrf2 directed the in vitro synthesis of a
9-kDa polypeptide that was specifically immunoprecipitated by
an anti-orf2 polypeptide serum. We are currently investigating
the presence of orf2 gene product in infected cells by using a
panel FIV-positive sera and monoclonal antibodies.

Several cis-acting regulatory elements, including AP4, AP1,
C/EBP, NF1, and ATF, are present in the FIV LTR (21, 24, 26,
34). Site-directed and deletion mutagenesis have shown that
the putative AP4/AP1 and ATF sites are required for full basal
promoter activity (13, 15, 33, 35), and DNase I footprint anal-
ysis has identified three major binding domains covering the
AP1, the C/EBP tandem repeat, and the ATF sites (35). To
locate sequences in the U3 region of the FIV LTR that are
important for promoter activity in basal and transactivation, we
used a panel of 5" deletion mutants of the FIV LTR. Our
results demonstrated that a region located between positions
—126 and —47 relative to the cap site was essential for LTR
activity in response to transactivation by FIV orf2. Importantly,
we showed that a 5" deletion in the U3 region of the FIV LTR
extending to position —113 that removed a putative AP1 site
resulted in a dramatic reduction in promoter activity in re-
sponse to transactivation by orf2. However, the present study
indicates that although internal deletion of the AP1, C/EBP, or
ATF motif resulted in reduced promoter activity, the level of
transactivation of these mutants by orf2 was similar to that of
the wild-type LTR. Deletion of these sites has been shown to
reduce the basal activity of the FIV LTR (13, 16, 33), and
deletion of both the AP1 and ATF sites resulted in a dramatic
loss of basal LTR activity (13). These sites have also been
identified as major protein binding domains by DNase foot-
print analysis and gel mobility shift assays (13, 16, 35). Gel
supershift assays have shown that the AP1 and ATF sites were
recognized by AP1- and ATF-like proteins in CrFK cells (13).
Together with the results presented here, these data strongly
suggest that the AP1, C/EBP, and ATF sites cooperate in
transcriptional regulation of the FIV LTR by orf2.

There are interesting similarities among the activities of the
visna virus, CAEV, and FIV LTRs. Secondary structure anal-
ysis of the R-US5 region of the visna virus, CAEV, and FIV
LTRs revealed no stem-loop structure analogous to the HIV
TAR region (9, 39). Also, experiments in our laboratory have
failed to show direct binding of the orf2 gene product to the
FIV LTR (5). Unlike the HIV LTR, which has very low basal
activity, the visna virus, CAEV, and FIV LTRs have relatively
high basal activity. Furthermore, visna virus and CAEV Tat
proteins have been shown to mediate transactivation through
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an AP1/AP4 motif (12, 14), and here we demonstrated that an
AP1 site is at least one of the targets of the FIV orf2-mediated
transactivation. Finally, a cluster of cysteine residues contained
within the carboxy-terminal domain of the visna virus and
CAEV Tat proteins has been shown to be important for Tat
function (29). There are also four cysteine residues in the orf2
gene product of FIV, and we demonstrated that a truncated
orf2 gene (34TF10 orf2) that lacks this cluster of cysteine
residues failed to transactivate the FIV LTR. These observa-
tions suggest that these proteins share a common transactiva-
tion mechanism by direct interaction with cellular transcription
factors.
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