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ABSTRACT Three full-length cDNA clones were obtained
from cells infected with the simian immunodeficiency virus
(SIV) isolated from captive macaques (SIVymac). Nucleotide
sequence analyses suggested that these represented mRNA for
the SIV MAC genes tat, rev (formerly, art/trs), and nef
(formerly, 3'orf). The putative tat-specific clone was active in
trans-activation of the SIV MAC long terminal repeat in COS-1
and Jurkat cells. In contrast, the human immunodeficiency
virus 1 long terminal repeat was significantly trans-activated
only in the COS-1 cells. This suggests that trans-activation by
the SIV tat gene is modulated by cell-specific factors. The
structure of all of the clones suggested an mRNA splicing
pattern more complex than that described for human immu-
nodeficiency virus 1.

The human T-lymphotropic viruses share, among other com-
mon properties, the ability to regulate their own expression,
mediated by trans-acting viral regulatory proteins. Human
immunodeficiency virus 1 (HIV-1) has at least three regula-
tory genes (tat, rev, and nef) operating at various stages of
virus expression (for a review, see ref. 1). In this report, we
have adopted the nomenclature proposed by Gallo et al. (2).
rev and nef were previously referred to as trs/art and 3'orf,
respectively. It has been suggested that the interaction of
these genes may determine the latent and replicative phases
of virus infection and, therefore, have important implications
in the progress of the disease. Furthermore, these regulatory
genes are potential targets of anti-viral agents in addition to
those applicable to all retroviruses.

Another group of primate retroviruses has been described
(3, 4). The human isolates are grouped under the name
HIV-2. Similar viruses have been isolated from captive
macaques (5, 6) and are called simian immunodeficiency
virus (SIV MAC). They show only moderate sequence ho-
mology with HIV-1 but have a very similar genomic organi-
zation (7-10). All of them possess a trans-activator gene (tat)
able to greatly increase expression directed by the viral long
terminal repeat (LTR) (10-13). We were interested in study-
ing the trans-regulatory functions of this virus subgroup to
determine if they have similar mechanisms for viral gene
regulation and might, therefore, be subject to types of inter-
vention similar to those designed for HIV-1. Furthermore,
comparison of the analogous sequences of corresponding
genes of the two distantly related virus subgroups should help
define the functionally relevant domains. We, therefore,
constructed a cDNA library from SIV MAC-infected cells
using a mammalian expression vector (14, 15). In this study,
we report the cloning of functional cDNA clones with trans-
activation activity and present the complete nucleotide se-
quence of one such clone.$
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MATERIALS AND METHODS

¢DNA Library Construction. RNA was obtained from SIV
MAC-infected HUT 78 cell lines (generously provided by P.
Kanki and M. Essex, Harvard School of- Public Health,
Boston) by the guanidine thiocyanate procedure (16). The
poly(A)-selected RNA [oligo(dT)-cellulose, Collaborative
Research] was copied using cloned reverse transcriptase
(Life Sciences, Gainesville, FL) and the Okayama-Berg
pCDV vector primer (Pharmacia) (14, 15). The cDNA was
tailed, HindIII-digested and circularized utilizing oligo(dG)-
tailed PL1 linkers (Pharmacia). Finally, the RNA strand was
replaced with ribonuclease H (Pharmacia) and DNA poly-
merase I (Boehringer Mannheim). Competent HB101 cells
(Bethesda Research Laboratories) were transformed with a
recovery of 5 X 10° colonies. Duplicate filters of the library
were screened with a U3-specific SIV LTR probe and a
17-mer oligonucleotide probe derived from the sequence of
the US region of the SIV LTR. Four clones hybridized with
both probes and were selected for further testing. In addition,
several clones containing large inserts that hybridized only
with the U3 probe were also studied. DNA sequencing of the
selected clones was performed by the chemical degradation
method of Maxam and Gilbert (17).

DNA Transfection. DNA transfection of the cDNA clones
and an indicator plasmid pSVIICAT (11) was carried out by
the DEAE-dextran procedure using COS-1 cells or Jurkat
uninfected lymphocytes. The COS-1 cell line is derived from
African green monkey kidney cells and constitutively ex-
presses the simian virus 40 large tumor antigen (18), which
supports the replication of plasmids containing the simian
virus 40 origin of replication, present in the vector used here.
Cytoplasmic extracts were prepared 48 hr after transfection
by three cycles of freezing and thawing. Aliquots were
assayed at various times for chloramphenicol acetyltrans-
ferase (CAT) activity as described (19).

RESULTS

Trans-Activation Activity of cDNA Clones. We assayed the
trans-activation capacity of our cDNA clones by cotransfec-
tion with a plasmid (pSV11) containing the putative tar target
sequences (TAR) of the SIV LTR upstream of CAT (11). In
addition, cotransfection experiments using pC15CAT (13),
containing the TAR of HIV-1 and/or pCV-1, a functional
HIV-1 tat gene cDNA clone, were carried out in parallel. The
results are shown in Fig. 1. Although clones P8 and P6 were
inactive, clones P5 and P11 showed marked trans-activating

Abbreviations: SIV, simian immunodeficiency virus; HIV, human
immunodeficiency virus; LTR, long terminal repeat; nt, nucleo-
tide(s); ORF, open reading frame; CAT, chloramphenicol acetyl-
transferase.

TTo whom reprint requests should be addressed.

8The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M23165).
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FiG.1. Activation of SIV and HIV-1 LTR linked to the CAT gene
by SIV and HIV-1 cDNA clones. Tat, rev, and nef are, respectively,
the P11, P8, and P6 clones. Clone PS5 is described in the text, the
HIV-1 tat is the cDNA clone PCVI (13). Approximately 2 x 10° cells
were transfected by the DEAE-dextran protocol and the assay was
performed 48 hr later. (A) COS-1 cells. (B) Jurkat cells. Each value
was determined in triplicate.

function. Consistent with the results of others using virus-
infected cells (10, 11), HIV-1 rat trans-activated the SIV LTR
in Jurkat cells, but SIV tat (clone P11, see Fig. 14, lane 5) had
very little activity with the HIV-1 LTR. In contrast, in COS-1
cells (Fig. 1B), we found complete reciprocity between SIV
tat/LTR and HIV-1 tat/LTR pairs. These results suggest that
cell-specific factors might be important in determining the
specificity of trans-activation. Clone PS5 is a 4-kilobase partial
reverse transcript of genomic mRNA. It contains open read-
ing frames (ORFs) for the nonstructural genes tat, rev, and
nef. This cDNA clone also encodes the gpl60 envelope
protein, as demonstrated by immunoprecipitation of lysates
of transfected cells (data not shown). By contrast, clones P11,

Proc. Natl. Acad. Sci. USA 86 (1989)

P8, and P6 are all full-length transcripts (judged by the
presence of US and 5’ R sequences) and represent spliced
mRNA 2102, 1918, and 1613 nucleotides (nt) long, respec-
tively.

Nucleotide Sequence Analysis of the cDNA Clones. We have
determined the structures of the three spliced cDNA clones
by obtaining the complete nucleotide sequence of clone P11
and partial sequences of clones P8 and P6. The structures of
these clones are presented in Fig. 2. Clone P11 is a complete
cDNA clone, starting at the cap site and ending in a (dT-dA)»3
tail. A comparison with the available genomic sequences of
SIV/HIV-2 (7-10) suggested the presence of at least four
splice junctions in this clone.

The first exon starts at the junction between U3 and R and
utilizes a donor splice site at position +64. By comparison of
the sequence of this first exon with the sequence of the HIV-1
LTR, this splice site should correspond to the end of the
TAR-responsive sequence in the HIV-1 genome (19). The
second exon, which contains the tRNALYS binding site and
the leader sequence, utilizes a 3’ (acceptor) splice site at
position 209 and 5’ (donor) at nt 473 [numbering system is that
of Franchini et al. (8)]. The donor and acceptor splice site
sequences are GT and AG, respectively. This first intron of
145 nt contains the AATAAA polyadenylylation signal. The
fact that the same splicing pattern is evident in cDNA clones
P8 and P6 as well strongly suggests that this is a true splicing
event rather than an artifact of cDNA cloning. A consensus
donor splice site has not been identified in the same region in
HIV-1 LTR but is present in all the HIV-2 provirus se-
quenced so far. The third exon of P11 utilizes an acceptor at
position 5163 and a donor at position 5240 and is derived from
the vif region. Sequences of this exon are not present in
clones P8 and P6. The fourth exon of clone P11 starts in a
region of the genome that was deleted in a cloned provirus
previously sequenced in our laboratory (8). However, other
cloned SIV and HIV-2 proviruses contain these sequences (7,
9, 10, 20). Clone P8 contains a shorter exon in this position,
utilizing a 3’ splice site 214 nt further downstream, but uses
the same 5’ splice site at position 5722. Clone P6 does not
contain any sequences derived from this region. The fifth
exon is common to all three cDNA clones and utilizes an
acceptor donor site at nt 7937.

Inspection of the complete nucleotide sequence of clone
P11 (Fig. 3) revealed three ORFs, each starting with a
methionine codon. The positions of these three ORFs are
similar to those of the tat, rev, and nef coding regions in a
functional tat cDNA clone (pCV-1) of HIV-1 (13). The first
OREF (nt 424-810) has a coding capacity of 130 amino acids
and has significant amino acid identity (31.7%) with the
HIV-1 tat amino acid sequence. The fact that clone P11,
which contains this ORF, has strong trans-activating activity,
while clones P8 and P6, which lack the ORF, do not, suggests
that this ORF indeed encodes the tat of SIV.

Comparison of the SIV and HIV-1 Regulatory Genes. A
comparison of the predicted amino acid sequences of the SIV

vDXx

LTR gag nt 0700
SIvV I ) — ool /3 g vor env LTR
L ] | 1 ] L ]
CLONE 11 (tat) 00 o n —)
CLONE 8 (rev) 00 | |
CLONE 6 (nef) 00 . .

FiG.2. Diagrammatic representation of the ratsyv, revsyv, nefsiv gene cDNA clones. The coding region present on the three ORFs is marked

by a solid box.
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Nucleotide sequence of clone P11. The first exon of the clone corresponding to HIV-1 TAR-responsive sequence by nucleotide

alignment is marked as are the others—regulatory elements and the splice sites. The derived amino acid sequence is presented using the

single-letter amino acid code. TRS, rev; 3'ORF, nef.

and HIV-1 rat genes revealed some interesting features that
may be useful in localizing of the functional domains of these
genes (Fig. 4A). The SIV tat gene is larger by 44 amino acids.
There is little homology between the two genes except for a
central core sequence that includes two potential nucleic acid
binding domains. The first is a cysteine-rich region that has
been shown to be involved in metal binding and dimerization
of the tat protein (22). A second highly conserved potential
nucleic acid binding domain is located downstream and
contains a hydrophilic, highly basic stretch of lysine and
arginine residues. It has been shown (13) that a tat gene
lacking sequences on the 3’ side of this hydrophilic stretch
still retained significant trans-activating potential. Consistent
with the idea that these 3’ sequences are not essential is the
low homology between HIV tat and SIV tat in this region.

The second ORF of clone P11 (nt 498-968) encodes 157
amino acids as shown (Fig. 2). Clone P8 contains a truncated
version (106 amino acids) of this ORF and uses an alternate
downstream 3’ splice junction. Although both ORFs are
potentially equivalent to the rev gene of HIV-1, the shorter
OREF of clone P8 more closely approximates the size of the
HIV-1rev. Alignment of the shorter orf with rev from the first
methionine residue showed a high homology with the first
half of the gene, which includes a stretch rich in arginine
residues (Fig. 4B).

The third ORF, which is present in all cDNA clones, is
derived from the 3’ end of the provirus genome and corre-
sponds to the nef gene of HIV-1. Clone P6 contains only this
ORF and presumably is derived from the mRNA of this gene.
Alignment with the HIV-1 nef gave only 30% amino acid
identity, but the overall size and hydropathy of the predicted
proteins are similar. Moreover, a possible core sequence is
70% identical to the nef of HIV, as observed (8).

DISCUSSION

We have obtained cDNA clones corresponding to the regu-
latory genes (tat, rev, and nef) of SIV. The tat cDNA clone
was functional in trans-activation of a reporter gene (CAT)
linked to the SIV LTR. A complete reciprocity in trans-
activation was observed between SIV and HIV-1 when the
assay was carried out in COS-1 cells. However, in human T
cells (Jurkat), the HIV-1 tat trans-activates the SIV LTR
much more efficiently than is true with the reciprocal heter-
ologous system.

Analysis of the structures of these cDNA clones suggested
some distinctive features of mRN A processing for SIV. First,
an intron is found within the LTR. It has not been reported
that HIV-1 splices out this intron. The TAR-responsive
region for HIV-2 has been found to be longer than the HIV-1
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TAR and includes a stretch of 40 nt from the US region that
are missing in HIV-1. These 40 nt are required for full
trans-activation by SIV tat (23). These same nucleotides
would be spliced out in the cDNAs that we analyzed. It has
been suggested that tat may interact with either viral DNA or
RNA to enhance viral gene expression transcriptionally or
post-transcriptionally. The fact that part of the SIV TAR
region is not present in the viral mnRNA may indicate that at
least one mode of tat action is mediated either at the DNA or
at the RNA level before splicing occurs. Furthermore, the
splicing of this intron destroys the stem-loop structure in
TAR of the mRNA, which has been suggested to inhibit
efficient translation (25). Consistent with this result is our

observation that SIV mRNAs are efficiently translated in
cell-free systems (S.C., unpublished data). The second fea-
ture of SIV that differs from the previously accepted view of
HIV-1is that at least one form of the rev gene of SIV appears
to be transcribed as a separate mRNA from that of rat,
utilizing a methionine codon 214 nt downstream from the first
methionine codon of its ORF. This laboratory has demon-
strated (24) that rev of HIV-1 is indeed expressed from a
distinct mRNA species.

As shown (7, 8, 11), the structural comparison of the
regulatory genes of the two viral subgroups, HIV-1 and
SIV/HIV-2, shows clusters of high homology. The conserved
regions likely represent important functional domains of these
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gene products. This suggests that SIV and HIV-2 diverged
from a common ancestor more recently than from HIV-1.
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