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We have examined the role of the human immunodeficiency virus type 1 (HIV-1) Tat protein in the regulation
of reverse transcription. We show that a two-exon but not a one-exon form of Tat markedly suppressed cell-free
reverse transcriptase (RT) activity. Conversely, viruses expressing two-exon Tat (pNL43 and pNL101) showed
rapid replication kinetics and more efficient endogenous RT activity compared with viruses expressing one-
exon Tat (pM1ex). The pM1ex virions, as well as pM1ex-infected cells, also contained higher levels of viral
DNA than did either the pNL43 or pNL101 viruses, indicating that reverse transcription might have continued
during later stages of viral replication in the absence of the second Tat exon. Moreover, degradation of viral
genomic RNA was more apparent in the pM1ex virions. Accordingly, we propose that the two-exon Tat may help
augment viral infectivity by suppressing the reverse transcription reaction during late stages of viral synthesis
and by preventing the synthesis of potentially deleterious viral DNA products.

Reverse transcription of retroviral RNA into double-
stranded DNA is an essential step of virus replication and is
catalyzed by the viral reverse transcriptase (RT) enzyme (47).
Multiple studies have shown that human immunodeficiency
virus type 1 (HIV-1) reverse transcription is regulated by both
viral and host factors. For example, cellular tRNA3

Lys is pref-
erentially incorporated into HIV-1 virions (21) and is used to
initiate reverse transcription after binding to a complementary
stretch of viral RNA termed the primer binding site (PBS)
(41). The viral nucleocapsid protein (NCp7) also plays a role in
this process by annealing tRNA3

Lys to the PBS (6, 13). In
addition, other viral proteins, including Nef (2, 42), Vif (51),
integrase (34), and Tat (16), and other cellular proteins, such
as cyclophilin A (14, 48) and DNA topoisomerase I (39, 45),
which are specifically incorporated into virions, may also be
involved in promoting efficient reverse transcription.

The Tat protein, which is a transcriptional transactivator of
HIV-1, is essential for viral transcription. Tat binds to the
transactivation response element (TAR), a stem-loop structure
located at the 59 end of the genomic RNA, and can conse-
quently play roles in both transcriptional initiation, including
promoter clearance and elongation (20, 22). In addition, Tat is
thought to have a role in maintenance of viral infectivity (17).
HIV-1 virions, lacking the tat gene, displayed decreased effi-
ciency of reverse transcription, suggesting that Tat was needed
to stimulate RT activity (16). Additionally, the expression of a
mutant Tat protein, which was functionally defective for acti-
vation of viral transcription, was able to complement the de-
fective RT activity of virions lacking the tat gene (50). These
results suggest that the domains of Tat responsible for the
regulation of reverse transcription and viral gene expression

are distinct, i.e., that Tat may regulate viral reverse transcrip-
tion through either direct or indirect means, although the
mechanisms involved are unknown.

To study the role of Tat in reverse transcription, we pre-
pared recombinant Tat proteins and studied them in reconsti-
tuted cell-free RT reactions. Our results show that wild-type
Tat protein, containing both Tat exons (i.e., two-exon Tat
[2-exon-Tat]) was able to strongly suppress RT activity,
whereas Tat molecules deleted of the second exon (i.e.,
1-exon-Tat) could not. Conversely, HIV-1 molecular clones
expressing 2-exon-Tat (pNL43 and pNL101) showed more
rapid replication kinetics and more efficient expression of en-
dogenous RT activity than did viruses deleted of the second
Tat exon (pM1ex). Viruses deleted of the second Tat exon, as
well as cytosolic fractions of infected cells, contained higher
levels of viral DNA than did viruses containing wild-type Tat.
Moreover, more extensive degradation of viral genomic RNA
was detected in pM1ex virions. Accordingly, we propose that
reverse transcription reactions may continue during the
postintegration stage of viral replication, in the absence of the
second Tat exon, and that this may have contributed to the
degradation of genomic RNA and decreased infectivity of
progeny virus. In contrast, the presence of wild-type Tat, i.e.,
2-exon-Tat, may increase viral infectiousness by suppressing
RT activity during the late stages of viral replication. These
data further imply that excessive viral DNA synthesis and/or
incorporation of such DNA into virions may be deleterious for
viral infectivity.

MATERIALS AND METHODS

Reagents. Synthetic peptides corresponding to amino acids 61 to 86 of HIV-1
Tat (Tat[61–86]) were purchased from Tecnogen S.C.p.A. (Piana di Monte
Verna, Italy).

Plasmids. Plasmids for the expression of His6-tagged HIV-1 Tat were con-
structed, as described previously (24). Briefly, tat cDNA molecules encoding
either 72-, 86-, or 101-amino-acid (aa) polypeptides were amplified from ACH-2
(7) cellular mRNA using the following primers: 59-CGggatccCATGGAGCCAG
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TAGATC-3, 59-AActgcagCCTACTTTGATAGAGAA-39, 59-AActgcagCCTAT
TCCTTCGGGCCT-39, and 59-AAActgcagCTCACTAATCGAATGG-39. For
expression of the 72-aa Tat (Tat 72), the stop codon (underlining denotes the
mutation in the antisense primer) was introduced at aa-73. Lowercase letters
indicate the BamHI (ggatcc) and PstI (ctgcag) restriction sites. After PCR am-
plification, tat cDNAs were subcloned into a pQE-31 vector (Qiagen, Missis-
sauga, Ontario, Canada). For the expression of 101-aa Tat (Tat 101), the stop
codon at aa 86 in ACH-2 tat cDNA was removed (TAG3TCG) by PCR-based
mutagenesis using the primer 59-GGCCCGAAGGAATCGAAGAAGAAG-39
(underlining denotes the mutation), after subcloning into pQE-31. cDNA se-
quences were amplified by PCR using Pfu DNA polymerase (Stratagene, La
Jolla, Calif.), and the generated mutations were confirmed by sequencing. The
pNL43 (1)-derived HIV-1 proviral molecular clones, pM1ex and pNL101, ex-
pressing 72- and 101-aa Tat, respectively (35), were kindly provided by K.-T.
Jeang (Laboratory of Molecular Microbiology, National Institute of Allergy and
Infectious Diseases, Bethesda, Md.).

Purification of recombinant proteins. Recombinant Tat proteins were ex-
pressed in Escherichia coli M15(pREP4) and purified using nickel-nitrilotriacetic
acid (Ni-NTA) resin as described previously (24). Heterodimeric HIV-1 RT
(p66-p51) was expressed in E. coli M15(pREP4) and also purified using Ni-NTA
resin and ion-exchange chromatography (29).

Templates and primers. The RNA template, consisting of a 239-nucleotide
(nt) HIV-1 RNA sequence, spanning the R region of the long terminal repeat
(LTR) and the PBS, was in vitro transcribed from linearized pHIV-PBS (3).
RNA template lacking the TAR region [TAR(2) template, 203 nt] and its
control [TAR(1) template, 258 nt] were in vitro transcribed from PCR products
corresponding to nt 512 to 711 and nt 455 to 711 of HIV-1 (pNL43), respectively,
and fused with T7 promoter sequences. Recombinant human tRNA3

Lys was in
vitro transcribed from linearized pT7hLys3 (52). In vitro transcription reactions
were carried out using the T7-MEGAshortscript In Vitro Transcription Kit
(Ambion, Austin, Tex.). To prepare labeled tRNA3

Lys, [a-32P] UTP was added to
the transcription reaction. The DNA primer, which is complementary to the PBS,
was end labeled with [g-32P]ATP using T4 polynucleotide kinase. RNA tran-
scripts and labeled DNA primer were electrophoretically purified prior to use in
RT reactions.

In vitro reverse transcription reaction. The annealed primer-template com-
plex was prepared before incubation with RT. Mixtures containing 32P-labeled
tRNA (primer) and template at a ratio of 1:2 in a buffer containing 50 mM
Tris-HC1 (pH 7.8) and 50 mM NaCl were heated to 95°C for 3 min, followed by
incubation at 70°C for 20 min, and then cooled to 37°C and incubated further for
20 min. The annealed tRNA-template complex was incubated with RT and Tat
preparations at 37°C for 3 min in a 20-ml reaction mixture containing 50 mM
Tris-Hcl (pH 7.8), 50 mM NaCl, 1 mM dithiothreitol (DTT), and 0.2 mM
concentrations of deoxynucleoside triphosphates (dNTPs), and then reverse
transcription was initiated by the addition of MgCl2 at a final concentration of 6
mM. The reactions were allowed to proceed at 37°C for the indicated times and
were stopped by adding 2-ml aliquots of the reaction mixture to 8 ml of 95%
formamide. Reaction products were analyzed on 8% polyacrylamide–7 M urea
gels and visualized by autoradiography. In some experiments, end-labeled DNA
primer was replaced with tRNA as a primer of these reactions.

Gel retardation experiments. The annealed tRNA-template complex, pre-
pared as described above, was incubated with RT and Tat preparations in a 10-ml
buffer containing 50 mM Tris-HCl (pH 7.8), 50 mM NaCl, 6 mM MgCl2, 1 mM
DTT, 0.01% Triton X-100, and 25% glycerol at room temperature for 20 min.
Thereafter, samples were separated on 5% polyacrylamide gels (0.5 3 Tris-
borate-EDTA [TBE]; 44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA) at 4°C,
and then the gels were dried and the radioactive bands were visualized with X-ray
film.

Cells, transfection, and virus infection. Jurkat and H9/HTLV-IIIB (38) cells
were maintained in RPMI 1640 medium supplemented with 10% fetal bovine
serum (complete medium). Cos-7 cells were maintained in Dulbecco modified
Eagle medium supplemented with 10% fetal bovine serum. Virus stocks were
prepared by transfection of HIV-1 proviral molecular clones into Cos-7 cells
using Lipofectamine Plus reagent (Canadian Life Technologies, Inc., Montreal,
Quebec, Canada) according to the manufacturer’s instructions. The production
of progeny virus was assessed by measuring the levels of p24 (CA) antigen
released into culture fluids at 72 h after transfection by enzyme-linked immu-
nosorbent assay (Abbott Laboratories, Abbott Park, Ill.). For infection of Jurkat
cells, 6 3 105 cells in 0.3 ml of complete medium were exposed to virus (10 ng
of p24) at 37°C for 2 h. After being washed with complete medium, infected cell
cultures were maintained for 18 days, and culture supernatants were collected
every 3 days for determinations of the RT activity.

In addition, multinuclear-activation-of-a-galactosidase-indicator (MAGI) as-

says were performed using HeLa cells stably transfected with retroviral vectors
expressing both CD4 and a truncated HIV-1 LTR–b-galactosidase plasmid (i.e.,
HeLa–CD4–LTR–b-Gal [NIH AIDS Research and Reference Reagent Pro-
gram; reagent supplied by Michael Emerman]) (26a). Toward this end, cells were
prepared at a concentration of 4 3 104 cells per well in a 24-well plate at 1 day
before infection. The virus was diluted to determine the appropriate concentra-
tion for use in infection studies (the optimal concentration of virus produced 100
to 200 blue-stained cells per well). At 48 h after infection, cells were fixed with
a solution containing 1% formaldehyde and 0.2% glutaraldehyde in phosphate-
buffered saline for 5 min. After an extensive washing with phosphate-buffered
saline, the cells were incubated in staining solution (4 mM potassium ferrocya-
nide, 4 mM potassium ferricyanide, 2 mM MgCl2, and 5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside [X-Gal] at 0.4 mg/ml) for 50 min. The number of
blue-stained cells was scored by microscopy. For each viral preparation, three
independent infections were performed, and the average number of blue-stained
cells was determined.

Endogenous RT reaction. Culture supernatants of transfected Cos-7 and H9/
HTLV-IIIB cells were clarified at 3,000 rpm for 30 min at 4°C. After that, HIV-1
virions were pelleted through a 20% sucrose cushion at 40,000 rpm for 1 h at 4°C
by using an SW41 rotor in a Beckman XL-80 ultracentrifuge. Endogenous RT
reactions were performed as described previously (40). Briefly, pelleted virions,
containing 250 ng of p24, were incubated in 100-ml reaction mixtures containing
50 mM Tris-HCl (pH 7.8), 10 mM NaCl, 60 mM KCl, 5 mM MgCl2, 10 mM DTT,
1 mM EGTA, 0.1% NP-40, 0.4 mM concentrations of dATP, dTTP, and dGTP,
10 mM dCTP, and 10 mCi of [a-32P]dCTP at 37°C for 5 h. The reactions were
terminated by adding an equal amount of stop buffer (1% sodium dodecyl sulfate
[SDS], 50 mM EDTA and 0.4 M NaCl). The samples were then treated with 20
mg of proteinase K at 56°C for 30 min and extracted with phenol-chloroform,
followed by ethanol precipitation. Reaction products were separated on 1%
denaturing agarose gels (20 mM NaOH, 1 mM EDTA) at 4°C; the gels were then
dried, and radioactive bands were visualized with X-ray film.

DNA isolation from the cytosolic fraction of infected cells. Infected Jurkat cells
were washed once with phosphate-buffered saline, gently suspended onto lysis
buffer containing 10 mM HEPES-KOH (pH 7.8), 10 mM KCl, 0.1 mM EDTA,
and 0.1% NP-40, and then placed on ice for 3 min. The nuclei were then pelleted
by centrifugation at 13,000 rpm for 10 min at 4°C. After centrifugation, the
supernatants were studied as cytosolic fractions, from which DNA was isolated
using the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer’s
instructions. Extracted DNA was normalized on the basis of cell number and
subjected to PCR analysis. To monitor the efficiency of DNA isolation from these
cytosol preparations, the mitochondrial DNA-encoded cytochrome c-oxidase II
(CytOxy II) gene was amplified by 20 cycles of PCR (93°C for 1 min and 65°C for
2 min) using the specific primer pair 59-ATGCAGCGCAAGTAGGT-39 and
59-GGAAAATGATTATGAGGGCGTG-39 (16, 50).

Extraction of virus-associated nucleic acid. Culture supernatants of infected
Jurkat or transfected Cos-7 cells were clarified at 3,000 rpm for 30 min at 4°C. In
the case of the Jurkat cells, culture supernatants were harvested at 15 days
postinfection and treated with 10 U of deoxyribonuclease I (Canadian Life
Technologies, Inc.) per ml at 37°C for 15 min in the presence of 5 mM MgCl2 to
eliminate potentially contaminating plasmid DNA and/or proviral DNA released
from lysed cells. Pelleted virions were then prepared as described above. Virion-
associated nucleic acids were extracted by use of a procedure modified for this
purpose (4). Briefly, the pelleted virions were resuspended in 400 ml of lysis
buffer (50 mM Tris-HCl, pH 7.4; 100 mM NaCl; 10 mM EDTA; 1% SDS), and
10-ml aliquots of the samples were removed for p24 determinations. The remain-
der was supplemented with 25 mg of tRNA and treated with 20 mg of proteinase
K at 37°C for 20 min. Virion-associated nucleic acids were then extracted with
phenol-chloroform, followed by ethanol precipitation. Thereafter, extracted nu-
cleic acids were normalized on the basis of p24 content, and samples were
subjected to either PCR (Jurkat samples) or Northern blot analysis (Cos-7
samples).

PCR analysis of HIV-1 DNA. The HIV-1 specific primers U3 (59-CACACAC
AAGGCTACTTCCCT-39 [nt 57 to 77 of pNL43]), R (59-GGCTAACTAGGG
AACCCACTG-39 [nt 496 to 516]), U5 (59-CTGCTAGAGATTTTCCACACTG
AC-39 [nt 635 to 612]), 5NC (59-CCGAGTCCTGCGTCGAGAGATC-39 [nt 701
to 680]), p7 (59-ATTGCAGGGCCCCTAGGAAAAAGG-39 [nt 2000 to 2023]),
RT1 (59-GTCTCAATAGGACTAATGGGAAAA ([nt 2569 to 2546]); Tat1 (59-
ATGGAGCCAGTAGATC-39 [nt 5830 to 5845]), Tat2 (59-TGCCATAGGAG
ATGCCTAA-59 [nt 5974 to 5956]); Env1 59-CGCAAAACCAGCAAGAAAAG
AATG-39 [nt 8160 to 8183]), and Env2 (59-CGTTCACTAATCGAATGG-39 [nt
8465 to 8448]) were used. Primer pair R-U5 was designed to detect the earliest
RT products synthesized either before or immediately after the first template
switch. With primer pairs U3-U5, Env1-Env2, Tat1-Tat2, and p7-RT1, a specific
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PCR product was expected only if a negative-strand DNA of increased length,
relative to wild-type, had been synthesized after the first template switch. Primer
pair R-5NC, which flanks the PBS, is predicted to amplify only late RT products
synthesized after the second template switch (49). PCR amplification was per-
formed for 30 cycles of denaturation at 94°C for 1 min, followed by primer
annealing at 56°C for 1 min and polymerization at 72°C for 1 min. The PCR
products were separated on 6% polyacrylamide gels, and then the gels were dried
and the radioactive bands were visualized with X-ray film.

Nondenaturing Northern blot analysis. Viral RNA samples corresponding to
500 ng of p24 were separated on non-denaturing 0.9% agarose gels (13 TBE) at
4°C. Thereafter, the gels were soaked in 2 volumes of 50 mM NaOH for 30 min
and then soaked again in 2 volumes of 200 mM sodium acetate (pH 5.2) for 30
min. The RNA was next transferred onto a nylon membrane (Hybond-N; Am-
ersham Pharmacia Biotech, Inc., Uppsala, Sweden). The membrane was baked at
80°C for 2 h and then prehybridized for 3 h at 42°C in hybridization buffer
containing 63 SSPE (13 SSPE is 0.18 M NaCl, 10 mM NaH2 PO4, and 1 mM
EDTA [pH 7.7]), 53 Denhardt’s solution, 0.5% SDS, 50% formamide, and 2 mg
of herring sperm DNA. Hybridization with the denaturing HIV-1 probe was
carried out for 16 h at 42°C in the hybridization buffer. The 32P-labeled HIV-1
probe was generated from HindIII fragments of pNL43 (nt 531 to 9609) by using
a nick translation kit (Roche Molecular Biochemicals). The membrane was
washed, and the radioactive bands were visualized with X-ray film.

RESULTS

The 2-exon-Tat suppresses negative-strand DNA synthesis
in an in vitro RT reaction. To study the role of Tat in RT
reactions, we prepared the recombinant Tat proteins, i.e., Tat
72 (1-exon-Tat), Tat 86 (2-exon-Tat), and Tat 101 (a version of
2-exon-Tat in some viral isolates) (35), and employed them in
a reconstituted cell-free reverse transcription reaction consist-

ing of viral RNA template, recombinant tRNA3
Lys, and RT

(p66-p51). As shown in Fig. 1A, the synthesis of negative-
strand DNA was suppressed in the presence of either Tat 86 or
Tat 101 in a dose-dependent manner (lanes 7 to 14). There was
no significant difference between Tat 86 and Tat 101 in regard
to this suppressive effect (compare lanes 7 to 10 to lanes 11 to
14), at either 10 pmol (lanes 8 and 12), 30 pmol (lanes 9 and
13), or 100 pmol (lanes 10 and 14) per 20-ml reaction. In
contrast, Tat 72 was ineffective at 3, 10, or 30 pmol (lanes 3 to
5), and only slightly suppressed the reaction at 100 pmol (lane
6).

The polypeptide within the second exon of Tat is not suffi-
cient to inhibit the RT reaction. To further assess the impor-
tance of the second exon of Tat, we next studied the ability of
a synthetic peptide corresponding to aa 61 to 86 of Tat
(Tat[61–86]) to interfere with RT activity in our assay. How-
ever, Tat[61–86] did not display any inhibitory effects at con-
centrations of between 50 to 500 pmol (Fig. 1B and data not
shown). These results suggest that this synthetic peptide does
not possess the natural structure of 2-exon-Tat that is needed
to suppress the RT reaction.

Tat suppresses cell-free RT reactions in a TAR-independent
manner. Tat binds to the TAR RNA stem-loop structure,
which comprises the first 57 nt of the R region in HIV genomic
RNA (10), and regulates viral transcription (20, 22). On the
other hand, Tat can also stimulate HIV-1 gene expression in a
TAR-independent manner (5, 25, 26, 46, 53). Since the viral

FIG. 1. (A) Tat 86 and Tat 101, but not Tat 72, suppress DNA synthesis primed with tRNA3
Lys. The annealed tRNA3

Lys (1 pmol)-template (2
pmol) complex and RT (3 pmol) were mixed with various amounts of Tat 72 (lanes 3 to 6), Tat 86 (lanes 7 to 10), or Tat 101 (lanes 11 to 14).
Reverse transcription was then initiated and allowed to proceed at 37°C for 30 min as described in Materials and Methods. Lane 1 represents the
control reaction without the addition of MgCl2. The amounts of Tat used in these reactions were 0 pmol (lanes 1 and 2), 3 pmol (lanes 3, 7, and
11), 10 pmol (lanes 4, 8, and 12), 30 pmol (lanes 5, 9, and 13), and 100 pmol (lanes 6, 10, and 14) per lane. (B) The polypeptide within the second
exon of Tat cannot suppress the RT reaction. RT reactions were carried out as described in panel A. The amounts of the synthetic peptide,
corresponding to aa 61 to 86 of Tat (Tat[61–86]), used in these experiments were 50 pmol (lane 1), 100 pmol (lane 2), and 200 pmol (lane 3) per
reaction. (C) Tat suppresses cell-free RT reactions in a TAR-independent manner. RT reactions were carried out as described in panel A, except
that TAR(2) (lanes 6 to 10) and TAR(1) (lanes 1 to 5) templates were used. The amounts of Tat 86 in these reactions were 0 pmol (lanes 1 and
6), 3 pmol (lanes 2 and 7), 10 pmol (lanes 3 and 8), 30 pmol (lanes 4 and 9), and 100 pmol (lanes 5 and 10) per lane. Reaction products were
analyzed on 8% polyacrylamide–7 M urea gels and visualized by autoradiography. The runoff bands in panels A and B and the runoff (TAR1)
and run-off (TAR2) bands in panel C indicate full-length synthesis of DNA, i.e., 239, 258, and 208 nt, respectively. The tRNA3

Lys band indicates
unprocessed 32P-labeled tRNA3

Lys (76 nt).
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RNA template employed in our reconstituted RT reaction
contains the TAR region, we next analyzed whether or not the
suppressive effect of 2-exon-Tat for the RT reaction was TAR
dependent through use of TAR(1) and TAR(2) RNA tem-
plates. As shown in Fig. 1C, Tat 86 suppressed the RT reaction
in either the presence or the absence of the TAR region with
similar efficiency (compare lanes 1 to 5 and lanes 6 to 10).
Thus, 2-exon-Tat suppressed the synthesis of negative-strand
DNA in a TAR-independent manner.

Tat suppresses the elongation stage of reverse transcription.
The synthesis of negative-strand DNA primed with tRNA3

Lys in
the HIV-1 RT reaction involves both specific initiation and
nonspecific elongation stages (18, 27). The results of Fig. 1A
implied that 2-exon-Tat may have exerted its suppressive effect
during the elongation rather than the initiation stage since the
synthesis of the runoff products, but not that of short products,
was suppressed by low concentrations (10 and 30 pmol) of the
2-exon-Tat preparations (lanes 8, 9, 12, and 13). Since the
initiation stage of reverse transcription is not affected by neg-
ative-strand DNA synthesis primed with a DNA primer (18),
we next primed our RT reactions with a DNA primer to fur-
ther test whether or not the elongation of DNA synthesis was
suppressed by 2-exon-Tat. As shown in Fig. 2, Tat 86 sup-
pressed the synthesis of negative-strand DNA in this reaction
in a dose-dependent manner (lanes 6 to 9). Tat 72 exerted only
a slight suppressive effect in these reactions (lanes 2 to 5). The

suppressive effect of Tat for reactions performed with the
DNA primer was greater than that observed in reactions
primed with tRNA3

Lys (compare Fig. 2 with Fig. 1A). These
results indicate that 2-exon-Tat suppressed the elongation
rather than the initiation stage of the HIV-1 RT reaction.

2-exon-Tat forms a supershifted complex with primer-tem-
plate and RT. To further examine how Tat may have sup-
pressed the RT reaction, we next studied interactions between
RT and Tat by immunoprecipitation using antibodies against
both of these molecules. However, we were unable to detect
any direct interactions between these proteins, i.e., no copre-
cipitation (data not shown). Therefore, we instead performed
gel retardation experiments to visualize interaction(s) between
Tat and other components of the RT reaction. As shown in
Fig. 3, both the annealed primer-template complex (all lanes)
and a slower-migrating complex, consisting of RT and prean-
nealed primer-template (lanes 8 to 14), were detected. Fur-
thermore, when Tat 86, but not Tat 72, was added to the
reaction, the presence of supershifted bands was detected
(lanes 5 to 7 and lanes 12 to 14). The intensities of these
supershifted bands increased depending on the concentration
of Tat 86, and both the primer-template and the primer-tem-
plate-RT complexes were supershifted in these studies (lanes
12 to 14). These results suggest that 2-exon-Tat, i.e., Tat 86,
was able to form a complex with the primer-template and RT.
This complex may be involved in the suppression of the cell-
free RT reaction, since both the suppression of RT (Fig. 1A)
and the formation of the supershifted complex (Fig. 3) occured
within a similar range of Tat concentrations.

It should be noted that we were unable to detect the shifted

FIG. 2. Tat 86, but not Tat 72, suppresses DNA synthesis primed
with a DNA primer in an in vitro RT reaction. The annealed DNA
primer (2.5 pmol)-template (5.0 pmol) complex and RT (2.5 pmol)
were mixed with various amounts of Tat 72 (lanes 2 to 5) or Tat 86
(lanes 6 to 9). The amounts of Tat preparations used were 0 pmol (lane
1), 7.5 pmol (lanes 2 and 6), 25 pmol (lanes 3 and 7), 75 pmol (lanes
4 and 8), and 250 pmol (lanes 5 and 9) per reaction. Note that the
ratios of Tat to primer were 3:1 (lanes 2 and 6), 10:1 (lanes 3 and 7),
30:1 (lanes 4 and 8), and 100:1 (lanes 5 and 9). RT reactions were
carried out as described in the legend to Fig. 1A, except that the
reactions were allowed to proceed at 37°C for 10 min. The runoff and
DNA primer bands indicate full-length products and unprocessed 32P-
labeled DNA primer, respectively.

FIG. 3. Tat forms a supershifted complex with primer-template and
RT. The annealed, 32P-labeled tRNA (1 pmol)-template (2 pmol)
complex was incubated with Tat 72 (lanes 2 to 4 and lanes 9 to 11) or
Tat 86 (lanes 5 to 7 and lanes 12 to 14) in the presence (lanes 8 to 14)
or absence (lanes 1 to 7) of RT (3 pmol). The amounts of Tat in the
reaction mixtures were 0 pmol (lanes 1 and 8), 3 pmol (lanes 2, 5, 9,
and 12), 10 pmol (lanes 3, 6, 10, and 13), and 30 pmol (lanes 4, 7, 11,
and 14). After incubation at room temperature for 20 min, the samples
were separated on 5% polyacrylamide gels at 4°C, and then the gels
were dried and the bands were visualized on X-ray film.

2678 KAMEOKA ET AL. J. VIROL.



bands, i.e., those denoting Tat-TAR interactions, in the pres-
ence of Tat 72 under these experimental conditions (lanes 2 to
4 and lanes 9 to 11), even though the first Tat exon contains an
RNA binding region (20, 22). Therefore, the supershifted com-

plex in the presence of Tat 86 (lanes 5 to 7 and lanes 12 to 14)
may be generated not only as a result of the Tat-TAR inter-
action but also by nonspecific interactions between Tat and the
RNA templates studied in a TAR-independent manner.

Tat suppresses the endogenous RT reaction. We next asked
whether Tat could suppress the RT reaction under physiolog-
ical conditions. To address this question, we performed endog-
enous RT reactions in the presence of exogenously added
recombinant Tat proteins. (Permeabilized HIV-1 virions,
which contain RT, viral RNA genome, natural tRNA3

Lys,
NCp7, and other viral components can initiate reverse tran-
scription in vitro in the presence of dNTPs). As shown in Fig.
4, exogenously added Tat 86 strongly suppressed these endog-
enous RT reactions at concentrations of 100 and 300 pmol per
100-ml reaction (lanes 4 and 5). In contrast, Tat 72 had no
effect in this system (lanes 2 and 3). These data further testify
to the ability of physiologically relevant preparations of Tat to
suppress RT activity (even though it has not been demon-
strated that Tat becomes incorporated into HIV-1 virions).

Virus particles encoding only 1-exon-Tat, i.e., pM1ex, show
low efficiency of endogenous RT reactions. To further study the
role of 2-exon-Tat in the suppression of RT activity, we com-
pared HIV-1 proviral molecular clones that expressed either
1-exon-Tat or 2-exon-Tat. It was previously reported that an
HIV-1 molecular clone expressing 1-exon-Tat (pM1ex) showed
decreased replication capacity compared to viruses that ex-
pressed 2-exon-Tat (pNL101) (35). Our data confirm that
pM1ex viruses possessed poorer replication kinetics than did
either of two 2-exon-Tat encoding viruses, i.e., pNL101 or
pNL43 (Fig. 5A). Namely, pM1ex viruses displayed an approx-
imate 3-day delay in replication kinetics compared with either
pNL43 or pNL101 in tissue culture. In concert with previous

FIG. 4. Tat 86, but not Tat 72, suppresses the endogenous RT
reaction. HIV-1 virions (HTLV-IIIB strain) were pelleted through a
20% sucrose cushion at 40,000 rpm for 1 h at 4°C. The permeabilized
virions containing 250 ng of p24 were then mixed with Tat 72 (100 and
300 pmol, lanes 2 and 3, respectively) or Tat 86 (100 and 300 pmol,
lanes 4 and 5, respectively), and endogenous RT reactions were per-
formed as described in Materials and Methods. Lane 1 represents a
reaction performed without Tat.

FIG. 5. Comparison of replication capacity and endogenous RT activity among pM1ex, pNL43 and pNL101 viruses. (A) Jurkat cells (6 3 105

cells) were infected with equivalent amounts (10 ng of p24 content) of viruses. The production of progeny virus was monitored by measuring de
novo RT activity in the culture supernatant. (B) HeLa–LTR–b-Gal cells were infected with equivalent amounts (3 ng of p24 content) of viruses.
After 48 h, cells were fixed and stained as described in Materials and Methods. The number of blue-stained cells was scored, and the results are
expressed as the average 6 the standard deviation. Three independent infections were performed for each viral preparation. (C) pM1ex, pNL43,
and pNL101 virions were isolated from culture supernatants of transfected Cos-7 cells. Endogenous RT reactions were carried out using pelleted
viruses containing 250 ng of p24, as described in Materials and Methods.
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findings (9), it is conceivable that pM1ex viruses might repli-
cate 1 to 2 logs less well than either pNL43 or pNL101.

In addition, the replication capacity of these viruses was
further analyzed in a MAGI assay. The results of Fig. 5B show
that the pM1ex viruses (1-exon-Tat) generated fewer blue-
stained cells than did either pNL43 or pNL101.

We also used purified virions of each type in endogenous RT
reactions. Figure 5C shows that the efficiency of this reaction
was lower for pM1ex than for either pNL101 or pNL43 virions.
These results suggest that the decreased replication of pM1ex,
compared to either pNL43 or pNL101, was caused by less-
efficient RT reactions in the case of the pM1ex virions.

2-exon-Tat suppresses the RT reaction at late stages of the
viral life cycle. It may seem that a discrepancy exists between
our in vitro results, showing the suppressive effect of 2-exon-
Tat for RT activity (Fig. 1, 2, and 4), and our in vivo results,
showing both superior replication capacity and more-efficient
endogenous RT activity in the molecular clones that encode
2-exon-Tat (Fig. 5). One possible explanation is that 2-exon-
Tat might suppress RT activity in the cytosol of infected cells
at postintegration stages to promote efficient viral replication.
To test this hypothesis, we performed quantitative PCR anal-
yses of cytosolic extracts of infected cells. Figure 6A shows that
the level of HIV-1 DNA in pM1ex-infected cells was markedly
higher than that seen with either the pNL43 or pNL101 viruses
at 12 days postinfection. Since the overall levels of HIV-1 DNA
reflect the extent of ongoing de novo viral infection in an
acutely infected cell culture (23), we expected that pM1ex-
infected cells might have contained lower levels of HIV-1
DNA because of the poorer replication capacity of pM1ex
virus (Fig. 5A) than either the pNL101 or pNL43 viruses.
However, our PCR results show that levels of HIV-1 DNA, i.e.,
RT products, in pM1ex-infected cells were significantly higher
than those seen in infections caused by either pNL43 or
pNL101. The level of HIV-1 DNA in pM1ex-infected cells was
even further increased, in relative terms, at 15 days postinfec-
tion (Fig. 6A). Accordingly, these results suggest the possibility
that additional RT reactions may occur during the postintegra-
tion stage of viral replication in the absence of the second Tat
exon.

Incorporation of negative-strand strong-stop DNA into
pM1ex virions. Since more RT reactions may occur during the
synthesis of viruses lacking the second exon of Tat, the possi-
bility exists that more HIV-1 DNA might be incorporated into
pM1ex virions than into either pNL43 or pNL101. To investi-
gate this subject, we performed quantitative PCR analyses of
each of these types of virion. Figure 6B shows that the levels of
HIV-1 DNA associated with pM1ex virions were markedly
higher than those seen with either the pNL43 or pNL101
viruses. In contrast, similar amounts of viral genomic RNA
were incorporated into each of the pM1ex, pNL43, and
pNL101 virions, as assessed by RT-PCR (Fig. 6B). To further
characterize the pM1ex virion-associated HIV-1 DNA, we per-
formed PCR analysis using a variety of primer pairs. Figure 6C
shows that early RT products, i.e., negative-strand strong-stop
DNA, were preferentially amplified by PCR using primer pair
R-U5 specifically for this purpose. In contrast, late or interme-
diate RT products were not nearly as detectable by PCR when
primer pairs R-NC5, U3-U5, Env1-Env2, Tat1-Tat2, and p7-
RT1 were employed (Fig. 6C). These results indicate that the

majority of pM1ex virion-associated HIV-1 DNA was negative-
strand-strong stop DNA.

Degradation of genomic RNA in pM1ex virions. Conceiv-
ably, the poorer replication capacity of pM1ex compared with
either pNL43 or pNL101 viruses (Fig. 5) might be the conse-
quence of less-well-controlled RT activity during late stages of
viral replication in the absence of wild-type Tat (Fig. 6). Al-
though biochemical abnormalities, such as decreased packag-
ing of RT, tRNA3

Lys or RNA genome, have not been observed
in viruses lacking the tat gene (16, 50), there is a possibility that
inappropriate postintegrational initiation of reverse transcrip-
tion before viral maturation might damage the viral RNA
genome through RT-associated RNase H activity. To assess
this possibility, we performed nondenaturing Northern blots of
virion extracts. Figure 7 shows that the genomic RNA of vi-
ruses that expressed 2-exon-Tat, i.e., pNL43 and pNL101, was
mainly detected as a dimer, a result consistent with expecta-
tions (lanes 2 and 3). Additionally, these dimeric RNA ge-
nomes were heat sensitive and disappeared upon incubation at
50°C for 10 min (reference 4 and Fig. 7, lane 4). In contrast, the
genomic RNA of viruses encoding only 1-exon-Tat, i.e.,
pM1ex, was detected as a smeared band and appeared to be
partially degraded (Fig. 7, lane 1). Of course, we cannot rule
out the possibility that this RNA degradation of the pM1ex
samples may have occurred during our extractions rather than
in the intact virions, since the extracted genomes may be struc-
turally unstable and easily degraded under inappropriate stor-
age conditions (data not shown). However, at the very least,
these data indicate that the genomic RNA of pM1ex viruses is
more unstable than that of either pNL43 or pNL101.

DISCUSSION

We have demonstrated that a 2-exon but not a 1-exon form
of Tat can strongly suppress the synthesis of DNA in cell-free
RT reactions primed either with tRNA3

Lys or a DNA primer
(Fig. 1 and 2). A short synthetic peptide Tat[61–86], derived
from the second exon of Tat, did not suppress the RT reaction
(Fig. 1B), suggesting that intact Tat was necessary for the
suppressive effect. In addition, this suppression was observed
even when using an RNA template devoid of the TAR ele-
ment, suggesting that 2-exon-Tat suppressed the RT reaction
in a TAR-independent manner (Fig. 1C). These results suggest
that Tat may serve an important role by limiting RT activity
during the viral life cycle. Presumably, a suppressive mecha-
nism may be required once synthesis of RT has occured, in
order to limit the synthesis of inappropriately generated viral
DNA, that might play an intracellular antisense function and
conceivably interfere with viral assembly and/or the infectious-
ness of the viral progeny.

We have not yet been able to elucidate the precise mecha-
nism by which Tat might play this inhibitory role. However,
2-exon-Tat suppressed RT reactions primed with the DNA
primer (Fig. 2), indicating that Tat was able to block nonspe-
cific elongation but not necessarily a specific initiation stage of
the HIV-1 RT reaction. In addition, 2-exon-Tat was able to
form a complex with primer-template RNAs and RT (Fig. 3).
These results suggest that certain domains of wild-type Tat
proteins can interact with the enzyme-substrate complex con-
sisting of RT and primer-template to interfere with efficient
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DNA elongation. We are currently investigating this issue us-
ing a series of mutated Tat proteins in a detailed analysis of
cell-free RT reactions.

In this report, the amount of viral RNA genome was ana-
lyzed by two different methods, i.e., RT-PCR (Fig. 6B) and
nondenaturing Northern blot analysis (Fig. 7). It should be
noted that a small region (i.e., 200 bp) can be analyzed by
RT-PCR through use of the primer pair that was studied. On
the other hand, the entire RNA genome (9.2 kb) can be ana-
lyzed by nondenaturing Northern blot analysis. Since degrada-
tion of pM1ex genomic RNA seems to have randomly oc-
curred, it is likely that our RT-PCR analyses might not have
been able to detect these events.

A phenotypic comparison of HIV-1 proviral molecular
clones expressing either Tat 72, Tat 86, or Tat 101 revealed
that viruses expressing either Tat 86 or Tat 101 (2-exon-Tat)
possessed more rapid replication kinetics than viruses express-
ing Tat 72 (1-exon-Tat) (Fig. 5A). Conceivably, full-length
2-exon-Tat is necessary for efficient viral transactivation of the
integrated genome (19), although the first exon of Tat may
contain all of the domains required for this activity (20, 22).
Additionally, the second Tat exon may also play a role in T-cell
activation (36), which, in turn, may promote efficient viral
replication (44). We have shown that viruses that encode the
two-exon form of Tat, i.e., pNL43 or pNL101, had more effi-
cient endogenous RT activity than viruses associated with the
one-exon form of Tat, i.e., pM1ex (Fig. 5C). This helps to
explain why the former viruses replicate better than the latter.

At first glance, a discrepancy might seem to be present
between our in vitro results, showing the suppressive effect of
2-exon-Tat for RT, and our in vivo data, showing superior
replication capacity and a more-efficient endogenous RT ac-
tivity associated with 2-exon-Tat viruses. This is resolved by
postulating that 2-exon-Tat may play a regulatory role in the
suppression of RT activity in the cytoplasm of infected cells,
i.e., preventing the accumulation and incorporation of prema-
turely synthesized viral DNA into virions. Quantitative PCR
analysis revealed that the levels of HIV-1 DNA, i.e., RT prod-
ucts in the cytosolic fractions of cells infected with pM1ex
virions that encode 1-exon-Tat were higher than was seen with
either pNL43 or pNL101 that encode 2-exon-Tat (Fig. 6A).
Consistently, higher levels of early RT products were also
incorporated into pM1ex virions (Fig. 6B and C). However,
Tat itself is presumably not incorporated into virions; this is
consistent with the notion that Tat need not be present during
reverse transcription in newly infected cells. We propose that a
hitherto undescribed activity of Tat is to enhance viral infec-
tivity by suppressing reverse transcription during late stages of
viral production in infected cells.

Conceivably, such suppression of RT activity may also be
important in preventing the premature initiation of tRNA-
primed RT reactions. Of course, the existence of virion-asso-
ciated viral DNA has been demonstrated (31, 49). However,
the role of such DNA in the retroviral life cycle has not been
elucidated, although it has been suggested that it may enhance,
while not being essential for, viral infectivity (11, 54). In con-
trast, our PCR results indicate that excessive reverse transcrip-
tion may have occured in the case of the pM1ex virus that also
showed diminished replication kinetics. Moreover, nondena-
turing Northern blot analysis revealed that the RNA genome

FIG. 6. PCR analysis of HIV-1 DNA. (A) PCR analysis of HIV-1
DNA in cytosolic fractions of infected cells. Cytosolic DNA was iso-
lated from infected Jurkat cells at days 9, 12, and 15 postinfection, as
described in Materials and Methods, and aliquots corresponding to 104

cells were subjected to quantitative PCR using the R-U5 and R-5NC
primer pairs. To monitor the efficiency of cytosolic DNA isolation, the
mitochondrial CytOxy II gene was amplified. (B) PCR analysis of
virion-associated HIV-1 DNA. Virion-associated nucleic acids were
extracted, and aliquots corresponding to 10 and 100 pg of p24 were
subjected to quantitative PCR using the R-U5 and R-5NC primer
pairs. To analyze the amount of viral genomic RNA in the extracted
nucleic acids, samples corresponding to 100 ng of p24 were reverse
transcribed with Moloney murine leukemia virus RT, and an aliquot of
synthesized viral cDNA, corresponding to 10 pg of p24, was subjected
to PCR, using the R-5NC primer pair (shown as RT-PCR in the
figure). (C) Aliquots of pM1ex virion-associated nucleic acids, corre-
sponding to 10, 40, and 200 pg of p24, were subjected to quantitative
PCR, using the indicated primer pairs. Primer pair R-U5 was designed
to detect early RT products synthesized either before or immediately
after the first template switch. With primer pairs U3-U5, Env1-Env2,
Tat1-Tat2, and p7-RT1, a specific PCR product was expected only if
negative-strand DNA of increased length, relative to wild-type, had
been synthesized after the first template switch. Primer pair R-5NC
was predicted to amplify only late RT products synthesized after the
second template switch. Serial 10-fold dilutions of pNL43 plasmid
were used as positive controls. PCR products were separated on 6%
polyacrylamide gels (0.53 TBE) at 4°C, and then the gels were dried
and the bands were visualized on X-ray film.
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of pM1ex was partially degraded (Fig. 7). Accordingly, we
propose that initiation of reverse transcription before viral
maturation might lead to damage of the viral RNA genome by
RT-associated RNase H activity, a subject of particular impor-
tance with regard to nonspecific priming events (33). The ob-
servation that the Gag-Pol precursor polyprotein possesses
some RT activity (32, 37) suggests that Tat-mediated suppres-
sion of RT is likely to be relevant during viral budding and
before viral maturation.

Indeed, our data point to a possible functional analogy be-
tween the viral NCp7 and Tat proteins. NCp7 has been pro-
posed to control the specificity of reverse transcription by in-
hibiting nonspecific, self-primed RT activity (28, 30). Such
inhibition has also been observed for primer-specific RT reac-
tions under certain conditions (28, 30). The fact that NCp7 can
occlude viral RNA at a ratio of one NC protein per 7 nt (8)
suggests that NCp7 might independently bind to residual nu-
cleotide sequences to suppress nonspecific RT reactions. Since
both Tat and NCp7 have zinc finger-like motifs (8, 15) and Tat
is likely present in the cytoplasm (43), we propose that Tat
might play a similar role in regard to RT activity by binding to
genomic RNA in the cytosol in a TAR-independent manner.

On the other hand, the incorporation of Tat into virions has
never been demonstrated, and we have also failed to detect Tat
proteins in virus particles (data not shown). The mechanism
whereby Tat must therefore be removed from viral genomic
RNA prior to packaging remains to be elucidated. Since Tat is
released from infected cells into culture fluids (12), one pos-
sible mechanism is that Tat proteins might be replaced by
NCp7 during maturation of the viral core structure. We hope

to demonstrate whether the affinity of mature NCp7 for viral
RNA is comparable to that of Tat protein and whether NCp7
may play a role in viral assembly by potentially displacing Tat
from complexes involving RT and viral genomic RNA.
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