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All retroviral genomes contain a nucleotide sequence designated as the primer binding site (PBS) which is
complementary to the tRNA used for initiation of reverse transcription. For human immunodeficiency virus
type 1 (HIV-1), all naturally occurring genomes have a PBS complementary to tRNA3

Lys. However, within HIV-1
virions, there are approximately equal amounts of tRNA1

Lys, tRNA2
Lys, and tRNA3

Lys. We have used an endoge-
nous reverse transcription-PCR technique specific for the tRNA species within isolated HIV-1 virions to dem-
onstrate that in addition to tRNA3

Lys, tRNA1
Lys and tRNA2

Lys could be used for initiation of HIV-1 reverse
transcription. Using a single-round infection assay which employed an HIV-1 genome with a gpt gene encoding
xanthine-guanine phosphoribosyl transferase in place of the env gene, we generated cell lines resistant to
mycophenolic acid. Analysis of the U5-PBS from single-cell clones revealed PBS complementary to tRNA3

Lys,
not tRNA1

Lys or tRNA2
Lys. A mutant HIV-1 genome was then created which would favor the completion of reverse

transcription with tRNA1,2
Lys. Using this provirus in the complementation system, we again found only genomes

with a PBS complementary to tRNA3
Lys from proviral DNA isolated from gpt-resistant single-cell colonies. Final-

ly, infection of cells with a mutant HIV genome with a PBS complementary to tRNA1,2
Lys resulted in gpt-resistant

cell colonies which contained integrated provirions with a PBS complementary to tRNA1,2
Lys. The results of these

studies suggest that the selection of tRNA3
Lys for initiation of HIV-1 reverse transcription occurs both at the

initiation and at a postinitiation step in reverse transcription prior to integration of the proviral DNA.

A distinguishing feature of retrovirus replication is the pro-
cess by which the RNA genome is converted into a DNA form
prior to integration into the host cell chromosome. The reverse
transcription of the retroviral genome is accomplished by a
virally encoded enzyme, reverse transcriptase (RT) (1, 25). The
initiation of reverse transcription occurs at a region in the viral
RNA genome designated as the primer binding site (PBS). The
PBS is complementary to the 39-terminal nucleotides of the cel-
lular tRNA molecule used for initiation. The RT extends the 39
OH of the cellular tRNA molecule bound at the PBS. Follow-
ing inter- or intramolecular copying of the viral RNA genome,
the DNA copy of the viral genome, termed the provirus, is in-
tegrated into the host cell chromosome (6, 18). During the pro-
cess of reverse transcription, the RT copies the attached tRNA
molecule used for initiation of reverse transcription. Thus, the
sequence of the PBS from the integrated provirus reflects the
tRNA primer used for initiation of reverse transcription.

The tRNA primer used for initiation of reverse transcription
varies between different retroviruses (4, 7, 19). For human im-
munodeficiency virus type 1 (HIV-1), tRNA3

Lys is exclusively
used for initiation of reverse transcription (20, 21). Previous
studies have found tRNA3

Lys is present within HIV-1 virions.
The viral polyprotein precursor, Gag-Pol, is probably respon-
sible for the enrichment of tRNA3

Lys in HIV-1 virions (16). Pre-
vious studies, though, have demonstrated that similar amounts
of tRNA1

Lys and tRNA2
Lys to that of tRNA3

Lys were also present
in the HIV-1 virions (9, 30). The sequence homology between
tRNA1,2

Lys and tRNA3
Lys is approximately 80% (there are only

2-nucleotide [nt] differences between tRNA1
Lys and tRNA2

Lys)
(24). How the virus distinguishes between these three isoac-
ceptors for the exclusive use of tRNA3

Lys to initiate reverse tran-

scription is not clear. Previous studies from this laboratory and
others have demonstrated that HIV-1 has the capacity to uti-
lize several different tRNA primers, including tRNA1,2

Lys for the
initiation of reverse transcription (5, 10, 13, 28, 29). However,
upon extended in vitro culture, all of these viruses reverted back
to utilizing tRNA3

Lys for the initiation of reverse transcription.
Recently, chemical and enzymatic methodologies have been

used to delineate additional regions of interaction between the
HIV-1 RNA genome and tRNA3

Lys (8). In particular, an A-rich
region was identified which was found to interact with the
anticodon loop of tRNA3

Lys. This A-rich region is present at the
end of a stem-loop RNA structure (hence A-loop) and has
been shown in previous studies to be important for the efficient
initiation of reverse transcription. Different A-loop–PBS com-
binations corresponding to nucleotide sequences complemen-
tary to the anticodon and 39-terminal sequences of tRNAs
other than tRNA3

Lys have resulted in the production of HIV-1
which stably utilizes these alternative tRNAs for initiation of
reverse transcription (11, 12, 26, 30).

In this study, we have addressed the specificity of the wild-
type HIV-1 for tRNA3

Lys for the initiation of reverse transcrip-
tion. Using a sensitive endogenous RT-PCR, we demonstrate
that either tRNA1

Lys, tRNA2
Lys, or tRNA3

Lys can be used for the
initiation of reverse transcription. Analysis of integrated pro-
viral DNA sequences isolated from cell clones derived from a
single infection found only proviral genomes with a PBS com-
plementary to tRNA3

Lys. Using a mutant virus which would be
predicted to promote the selection of those genomes initiated
with tRNA1,2

Lys, we were still unable to recover any clones which
were initiated with tRNA1

Lys or tRNA2
Lys. In contrast, drug-

resistant clones with a PBS complementary to tRNA1,2
Lys were

only recovered if the starting virus contained a PBS comple-
mentary to tRNA1,2

Lys. The results of these studies demonstrate
that in addition to the preference for tRNA3

Lys at the initiation
of reverse transcription, there exists a second process during
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HIV-1 reverse transcription which favors the integration of
proviral DNA initiated with tRNA3

Lys.

MATERIALS AND METHODS

Cells and media. 293T and HeLa H1 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS) and 1% antibiotics at 37°C and 5% CO2. SupT1 cells were grown in RPMI
1640 medium containing 15% FCS and 1% antibiotics.

Constructs of mutant HIV-1. The construction of the plasmid which contains
the gpt gene of Escherichia coli encoding the enzyme xanthine-guanine phospho-
ribosyl transferase in place of the HIV-1 env gene has been previously described
(17). A SalI-to-XbaI restriction fragment was excised from this plasmid and
cloned into the infectious proviral clone pHXB2, resulting in pHXB2-gpt used
for this study. To construct mutant plasmid pHXB2-G17-gpt, an A-to-G mutation
was introduced by PCR at nt 17 in wild-type PBS complementary to tRNA3

Lys

(see Fig. 4C). The sense primer used in this PCR is the 248 reverse primer
(New England BioLabs). The antisense primer is PBS-G17: (59GTGCGCGC
TTCAGCAAGCCGAGTCCTGCGTCGAGAGAGCTCCTCTGGTTTCCCTT
TCGCTTTCAAGCCCCTGTTCG39) (20). The template used in this PCR is
M13mp18PBS (22). The PCR-generated fragment was digested with HpaI and
BssHII and then directly cloned into pHXB2-gpt.

To construct an HIV-1 clone, pHXB2-Lys1,2-gpt, which contains a gpt gene
and a PBS sequence complementary to the 39-end 18 nt of tRNA1,2

Lys, primer 1
(59-TAGACCAGATCTG AGCCTGGGAGCTC-39: nt 13 to 48) and the PBS
mutagenesis primer (59-CCCTTTCGC TTTCAAGCCCCACGTTGGGCGCCA
CTGC-39; partially complementary to nt 214 to 178) were used in the first round
of PCR. The template DNA for this PCR was the wild-type pHXB2 plasmid
DNA. PCR was performed for 35 cycles of amplification with Taq DNA poly-
merase (Gibco-BRL), each consisting of a denaturing step at 94°C for 1 min, an
annealing step at 50°C for 1 min, and an extension step at 72°C for 1 min. A DNA
fragment generated from the first-round PCR was agarose gel purified and
served as a megaprimer in the second-round PCR. The other primer for this
PCR was primer 2 (59-CTCCTTCTAGCCTCCGCTAGTC-39; complementary
to nt 331 to 310). Vent DNA polymerase (New England BioLabs) was used in
this round of PCR, which was performed for 35 cycles of amplification, each
consisting of a denaturing step at 94°C for 1.5 min, an annealing step at 55°C for
2 min, and an extension step at 72°C for 1 min. The fragments obtained from the
second-round PCR were digested with BglII and BssHII and cloned into a
transfer vector, pUC119 PBS, which contains a wild-type HpaI-to-PstI DNA
fragment from pHXB2 encompassing the original cellular sequence, a 59 long
terminal repeat sequence (U3-R-U5), PBS, and a partial gag coding sequence.
The cloned DNA fragment was sequenced to obtain a clone that contained a PBS
complementary to tRNA1,2

Lys. The correct DNA fragment was reconstructed into
recombinant provirus pHXB2-gpt through HpaI to BssHII.

The construction of the vesicular stomatitis virus G glycoprotein (VSV-G)
expression plasmid, pLGRNL, has been previously described (3).

Endogenous reverse transcription-PCR. Plasmid DNA containing wild-type
HIV-1 proviral clone HXB2 was transfected into 293T cells by the CaPO4
method (Stratagene). To isolate the virus from culture medium of transfected
cells, the culture medium was first subjected to a low-speed centrifugation
(1,000 3 g for 10 min) to pellet the cellular debris. The supernatant was then
treated with RNase-free DNase I (Boehringer Mannheim) for 1 h at 37°C at a
final concentration of 20 U/ml in the presence of 10 mM MgCl2. DNase-treated
supernatant was overlaid onto 5-ml cushions containing 20% diatrizoate–80%
TEN buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 100 mM NaCl) and
centrifuged at 25,000 rpm (82,700 3 g) for 3 h at 4°C in an SW28 rotor. The
pelleted virus was resuspended in 50 ml of ice-cold TEN buffer, and the amount
of virus was determined by p24 enzyme-linked immunosorbent assay (Coulter
Laboratories). Virus preparation containing 1 ng of p24 antigen was added to 50
ml of endogenous reverse transcription reaction mixture (0.01% Triton X-100, 50
mM NaCl, 50 mM Tris-HCl [pH 8.0], 10 mM dithiothreitol, 5 mM MgCl2, 250
mM [each] dGTP, dATP, dTTP, and dCTP). The endogenous reaction was
carried out at 37°C for 1 h and terminated by the addition of 50 ml of 23 stopping
buffer (100 mg of proteinase K per ml, 3 mM EDTA [pH 8.0]). After incubation
at 60°C for 1 h, the reaction mixture was boiled for 10 min.

An endogenous reverse transcription reaction was also carried out with virus
produced from infected SupT1 cells. Virus produced from transfected 293T cells
was used to infect SupT1 cells, which express CD4 receptor and support high-
level HIV-1 replication. After 120 days of in vitro replication of the virus in
SupT1 cells, culture medium containing 1 ng of p24 of HIV-1 antigen was used
in an endogenous reverse transcription similar to that described for virus isolated
from transfected 293T cells.

For PCR, 2.5 ml of endogenous reaction product containing 25 pg of p24
HIV-1 antigen was used in a 50-ml PCR mixture. The plus-sense primer is primer
1 (59-TAGACCAGATCTGGCCTGGGAGCTC-39; nt 13 to 48 of HXB2 RNA;
nucleotide numbers correspond to those of Ratner et al. [21]), and the minus-
sense primer is the Lys 1,2,3 primer (59-TAGCTCAGTCGGTAGAGCA-39;
corresponding to nt 8 to 26 of tRNA1

Lys, tRNA2
Lys, and tRNA3

Lys [24]). Taq DNA
polymerase was chosen for this PCR, since a previous study showed that this
enzyme possesses RT activity (15). Since the sequence of the minus-sense primer
used in this PCR is shared by tRNA1

Lys, tRNA2
Lys, and tRNA3

Lys, this PCR will

simultaneously amplify the minus-strand strong-stop DNA products extended
from the three tRNAs in endogenous reverse transcription (Fig. 1A). The PCR
was performed for 35 cycles of amplification, each consisting of a denaturing step
at 94°C for 1 min, an annealing step at 60°C for 1 min, and an extension step at
72°C for 1 min. PCR products were resolved in an agarose gel. A single DNA
band corresponding to the expected size of 238 bp was isolated from the gel and
ligated into pGEM-T-Easy vector (Promega). The ligation mixture was trans-
formed into E. coli (DH5a). Plasmid DNAs from individual E. coli colonies were
prepared and sequenced with primer 1. The identities of tRNA1

Lys, tRNA2
Lys, and

tRNA3
Lys were determined by their nucleotide sequences. (Note that there are

only 2 nt that are different between tRNA1
Lys and tRNA2

Lys [Fig. 1B].)
Cloning and sequencing of proviral DNA. Cellular chromosomal DNA was

isolated from HIV-1-infected SupT1 cells at days 20, 45, 60, and 90 postinfection
with the Wizard genomic DNA purification kit according to the manufacturer’s
instructions (Promega). About 1.0 mg of isolated DNA was used to amplify the
proviral DNA sequences encompassing the U5 and PBS regions by PCR with
primer 1 (see above) and primer 2 (59-CTCC TTCTAGCCTCCGCTAGTC-39
[nt 333 to 311]). The PCR-amplified DNA fragment was gel purified and ligated
into the pGEM-T-Easy vector (Promega). The ligation mixture was transformed
into E. coli (DH5a); at each time point, plasmid DNAs from 10 to 15 individual
E. coli colonies were prepared and sequenced with primer 1.

Single-round infection and cell cloning. 293T cells were cotransfected with
pLGRNL (1 mg) and pHXB2-gpt (5 mg) or pHXB2-G17-gpt (5 mg) and pHXB2-
Lys1,2-gpt (5 mg) in 35-mm-diameter dishes by the CaPO4 method (Stratagene).
At 12 to 16 h after transfection, the medium was replaced with fresh medium.
Culture supernatants were harvested from transfected 293T cells at 60 h posttrans-
fection, filtered through a 0.45-mm-pore-size membrane, and quantitated for vi-
rus by a standard HIV-1 p24 antigen-capture enzyme-linked immunosorbent assay
(Coulter Laboratories). 293T culture supernatant containing 20 pg of HIV-1 p24
was used to infect HeLa H1 cells in a 35-mm-diameter dish. At 12 h after infec-
tion, the medium was replaced with DMEM containing 10% FCS, 1% antibiot-
ics, 250 mg of xanthine per ml, 50 mg of mycophenolic acid per ml, and 20 mM
HEPES (pH 7.5). This medium was changed every 2 days until the foci of drug-
resistant cells had formed (12 to 15 days). Dishes with drug-resistant foci were
carefully washed once with phosphate-buffered saline (pH 7.0). Individual cell
colonies were isolated with a cloning cylinder (8 by 8 mm) (Specialty Media,
Lavallette, N.J.) and replated into a 35-mm-diameter culture plate. Drug-resis-
tant colonies were further cultured in selection medium for an additional 10 days
to allow sufficient growth for isolation of chromosomal DNA. Chromosomal DNAs
were isolated from 7 to 15 individual colonies derived from different pseudovi-
rus-infected cells by using a Wizard DNA isolation kit (Promega). The integrated
HIV-1 proviral DNA sequences encompassing the U5-PBS region in these iso-
lated DNAs were amplified by PCR with primer 1 and primer 2. The PCR-amp-
lified fragments were each gel purified and ligated with pGEM-T-Easy vector.
The ligation mixtures were transformed into E. coli (DH5a). Plasmid DNAs from
four randomly selected E. coli colonies for each ligation transformation (originally
from a single drug-resistant colony) were prepared and sequenced with primer 1.

RESULTS

Analysis of tRNALys primers used for the initiation of HIV-1
reverse transcription. Previous studies have found that HIV-1
virions contain tRNA1

Lys and tRNA2
Lys as well as the cognate

primer, tRNA3
Lys (9, 30). To determine if tRNA1,2

Lys could be
used for initiation of reverse transcription, the endogenous
reverse transcription-PCR method was used with PCR primers
that could preferentially amplify the strong-stop DNA prod-
ucts that extended from all three tRNALys isoacceptors (Fig.
1A). For these studies, the wild-type HIV-1 proviral clone
(pHXB2) was transfected into 293T cells; virus particles in the
supernatant from transfected cells were isolated and used in an
endogenous reverse transcription reaction. The products from
endogenous reverse transcription reaction were then used as
templates in a PCR. To absolutely confirm the identity of the
PCR products, they were cloned and the DNA sequence was
determined (Fig. 2). Among the 16 PCR clones analyzed, we
found that 5 clones contained DNA sequence extended from
tRNA1

Lys, 4 contained DNA sequence extended from tRNA2
Lys,

and 7 contained DNA sequence extended from the cognate
primer tRNA3

Lys (Fig. 3). Thus, the virus produced from trans-
fected 293T cells used either tRNA1

Lys, tRNA2
Lys, or tRNA3

Lys

as the primer for the initiation of HIV-1 reverse transcription.
When a sense primer whose sequence is located in the U3
region and the tRNALys isoacceptor-specific primer (Lys 1,2,3
primer) were used in the endogenous RT-PCR, we also found
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that the virus used either tRNA1
Lys, tRNA2

Lys, or tRNA3
Lys,

suggesting that the minus-strand strong-stop DNA extended
from tRNA1,2

Lys can be elongated beyond the U3 region after
the first strand translocation (data not shown).

It is possible that the use of the different tRNALys isoaccep-
tors during the endogenous reverse transcription reaction was

due to the source of the cells (293T) which were used for
transfection to produce the virus. To further substantiate our
results, we carried out an endogenous reverse transcription
reaction with HIV-1 which had continuously been grown in
SupT1 cells for 3 months. Analysis of the PCR products re-
vealed that among the 11 PCR clones analyzed, 2 clones con-

FIG. 1. Endogenous reverse transcription-PCR designed to specifically amplify the minus-strand strong-stop DNA elongated from tRNA1
Lys, tRNA2

Lys, and
tRNA3

Lys. (A) Endogenous reverse transcription reactions were carried out with HIV-1 produced from transfected 293T cells or infected SupT1 cells. PCR was
performed with primer P1 (plus-strand sense DNA primer located in the R region) and primer P2 (Lys1,2,3 primer, corresponding to the common sequence [nt 8 to
26] shared by tRNA1

Lys, tRNA2
Lys, and tRNA3

Lys). Note that, at the beginning of the PCR, P1 primer can only bind to the minus-strand strong-stop DNA that extended
from endogenous tRNA primers. Taq DNA polymerase extends the P1 primer by copying the sequences of the minus-strand DNA and the still-attached tRNA. P2
primer binds to the DNA sequence copied from the 59 ends of the attached tRNA1

Lys or tRNA2
Lys and tRNA3

Lys. (B) Secondary structures of tRNA3
Lys and tRNA1,2

Lys.
These three tRNAs share an overall 80% primary sequence homology (24). Note that there are only 2-nt differences between tRNA1

Lys and tRNA2
Lys. The 39-terminal

18 nt in these tRNAs are highlighted in boldface.
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tained DNA sequence extended from tRNA1
Lys, 2 contained

DNA sequence extended from tRNA2
Lys, and 7 contained

DNA sequence extended from tRNA3
Lys (Fig. 3). Thus, HIV-1

produced from infected SupT1 cells also used tRNA1
Lys and

tRNA2
Lys to initiate the reverse transcription.

Analysis of PBS obtained from proviruses after extended in
vitro culture. If the tRNA1

Lys or tRNA2
Lys can be used to initiate

reverse transcription, we expect that analysis of proviruses after
extended culture should reveal the presence of a PBS comple-
mentary to tRNA1,2

Lys. To determine if this is the case, we ana-
lyzed the proviral DNA sequence in the U5-PBS region of
HIV-1 that has been cultured in the SupT1 cells for 20, 45, 60,
and 90 days. Chromosomal DNA was isolated, and the proviral
DNA sequences encompassing the U5-PBS region were am-
plified by PCR. DNAs from individual PCR clones were se-
quenced. We found that all of the PBS sequences recovered
from the integrated proviral DNA were complementary to the
39-terminal 18-nt sequence of tRNA3

Lys (data not shown). No
PBS sequences complementary to the 39-terminal sequences of
tRNA1

Lys and tRNA2
Lys were found from our analysis at any of

the times examined.
Analysis of PBS obtained from proviral DNA isolated from

pseudovirus-infected cells. One possible reason for the lack of
a PBS complementary to tRNA1

Lys or tRNA2
Lys in the inte-

grated proviral DNA is that the viral sequence copied from
tRNA1

Lys or tRNA2
Lys by the RT during plus-strand synthesis

does not facilitate the transfer of the plus-strand DNA to the
minus-strand template because of insufficient sequence comple-
mentarity (Fig. 4D-2). To investigate this possibility, we con-
structed a mutant HIV-1 with an A-to-G change at nt 17 in the
wild-type PBS complementary to tRNA3

Lys (Fig. 4C). This mu-
tation will increase the complementarity between the PBS and
the 39-end sequence of tRNA1,2

Lys (Fig. 4B and C), as well as the
sequence copied from the viral RNA PBS (in the minus-strand
DNA) and the sequence copied from the 39-end sequence of
tRNA1

Lys or tRNA2
Lys (in the plus-strand DNA) (Fig. 4D-2 and

D-4). If the viral RT can copy the 39-end 18-nt sequence of
tRNA1

Lys or tRNA2
Lys into plus-strand DNA, this A-to-G mu-

tation should facilitate the completion of the synthesis of pro-
viral DNA. For this analysis, we conducted a single-round
infection assay using the genome containing this mutation and
a gpt gene in place of env (HXB2-G17-gpt). Cotransfection of
this provirus with the plasmid encoding VSV-G (pLGRNL) re-
sulted in a pseudotyped virus which can only undergo a single
round of replication. The use of this system will avoid reversion
of the PBS to the wild type (fully complementary to tRNA3

Lys),
which we have observed after multiple rounds of replication of
viruses containing mutations in the PBS. As a control, virus was
also produced from cotransfection of pHXB2-gpt that contains
a wild-type PBS and a gpt gene in place of env and pLGRNL.
Pseudoviruses were used to infect HeLa cells which were then
grown in DMEM containing xanthine and mycophenolic acid

FIG. 2. Analysis of tRNALys isoacceptors used to initiate the reverse transcription in HIV-1. Viruses produced from transfected 293T or infected SupT1 cells were
used in an endogenous reverse transcription reaction. The products of this reaction were amplified by a PCR with P1 primer and Lys1,2,3 primer (Fig. 1). PCR products
were cloned, and the DNA sequence was determined. The identities of tRNAs used as primers in the initiation of reverse transcription were determined by their DNA
sequence and comparison to known sequences (24). (A) DNA sequence (in genomic RNA sense) copied from the 39 end of tRNA3

Lys and the first strong-stop DNA
product (only partial U5 sequence is shown). (B) DNA sequence from the 39 ends of tRNA1

Lys and tRNA2
Lys and extended strong-stop DNA products. The individual

nucleotides with an asterisk shown in the sequence indicate the nucleotide differences between tRNA3
Lys and tRNA1,2

Lys. The 2-nt differences between tRNA1
Lys and

tRNA2
Lys are indicated by arrows. *1 indicates an A-to-G mutation in tRNA2

Lys-extended DNA; *2 indicates the T-to-C mutation. Either mutation was probably created
by HIV-1 RT or Taq DNA polymerase during the endogenous RT-PCR.
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to select cells that harbor the gpt gene (17). Chromosomal
DNAs were isolated from individual drug-resistant colonies,
and the integrated proviral DNA sequences in the U5-PBS
region were amplified by PCR. The PCR-amplified products
were independently cloned, and the DNA sequences of the U5-
PBS were determined. When 12 drug-resistant foci grown up
from HeLa cells infected with HXB2-gpt/VSV-G pseudovirus
were analyzed, all of the recovered proviral DNAs were found
to contain a wild-type PBS complementary to tRNA3

Lys (Fig.
5). Thus, the proviral DNA synthesis initiated from tRNA1

Lys

or tRNA2
Lys is not carried out through the second jump in re-

verse transcription. When DNAs isolated from 15 drug-resis-
tant foci derived from HeLa cells infected with HIV-G17-gpt/
VSV-G pseudovirus were analyzed, 2 were found to contain
proviral DNA with a wild-type PBS, while 13 contained the pro-
viral DNA with an input PBS (containing a G residue at posi-
tion 17) (Fig. 5). Most importantly, we did not recover any U5-
PBS DNA which contained a PBS sequence complementary to
tRNA1

Lys or tRNA2
Lys. Thus, even with a mutation to promote

complementarity between the minus-strand PBS DNA and the
sequence copied from the 39 end of tRNA1

Lys or tRNA2
Lys, the

reverse transcription initiated from tRNA1,2
Lys was not com-

pleted through plus-strand synthesis. Since plasmid DNAs from
four bacterial colonies which represent four PCR fragments de-
rived from each drug-resistant colony gave identical sequences,
it is possible that these results reflect an unequal repair of the
two strands of DNA when tRNA3

Lys was used to initiate the re-
verse transcription on the mutant HXB2-G17-gpt genome. Ad-
ditional experiments will be required to confirm this possibility.

To substantiate that the HIV-1 DNA synthesis initiated by
the tRNA1,2

Lys was blocked at the second strand transfer step, we

constructed another mutant virus, pHXB2-Lys1,2-gpt, which
contains a PBS complementary to the 39-end 18 nt of tRNA1,2

Lys.
We reasoned that if the complementarity between the minus-
strand PBS and the plus-strand PBS was the limiting factor for
the completion of DNA synthesis initiated by tRNA1,2

Lys, this
mutant viral genome should allow tRNA1,2

Lys-initiated DNA to
go to completion and the integrated DNA that resulted from
this mutant virus should contain a PBS complementary to
tRNA1,2

Lys. Indeed, analysis of the DNA from seven drug-resis-
tant colonies derived from HeLa cells infected with HXB2-
Lys1,2-gpt/VSV-G pseudovirus demonstrated that each of the
recovered proviral DNAs contained a PBS complementary to
tRNA1,2

Lys (Fig. 5). Thus, the inability of the wild-type virus to
use tRNA1,2

Lys to complete reverse transcription was not due to
an inherent feature of the virus.

DISCUSSION

In this report, we have provided genetic evidence to show
that the tRNA1

Lys and tRNA2
Lys found in HIV-1 virions can be

used to initiate reverse transcription. The reverse transcription
initiated from the tRNA1

Lys or tRNA2
Lys, though, is probably

not completed, as evidenced by the lack of integrated pro-
viruses which contain a PBS complementary to these tRNAs.

The results of our studies provide us with important new
insights into the mechanism by which HIV-1 selects tRNA3

Lys

to initiate reverse transcription and maintains a PBS comple-
mentary to tRNA3

Lys. The major determinant for tRNA3
Lys to

be selected to initiate reverse transcription is probably its com-
plementary to the PBS. Even though additional tRNAs are
present within the virions of HIV-1, these tRNAs are not se-

FIG. 3. Frequencies with which tRNA1
Lys, tRNA2

Lys, and tRNA3
Lys are used in the initiation of reverse transcription of HIV-1 isolated from transfected 293T cells

and infected SupT1 cells. (a) PBS and surrounding sequence in wild-type proviral DNA of HIV-1 (HXB2 isolate) used for transfection of 293T cells. (b) DNA sequences
recovered from endogenous reverse transcription-PCR conducted with HIV-1 produced from transfected 293T cells. The identities of tRNAs used as primers in the
initiation of reverse transcription were determined by their complementary DNA sequence. The 18 nt (located in the PBS region) that were copied from the 39 18 nt
of tRNA3

Lys or tRNA1
Lys and tRNA2

Lys are underlined. Nucleotides in the sequences copied from tRNA1
Lys and tRNA2

Lys that are different from those in the sequence
copied from tRNA3

Lys are in boldface. The 2 nt that differ between tRNA1
Lys and tRNA2

Lys are also underlined. Identical nucleotides in the recovered DNA sequences
to that in the input proviral DNA are represented by asterisks. (c) DNA sequences recovered from endogenous reverse transcription-PCR on HIV-1 produced from infected
SupT1 cells. Frequencies (7/16, 5/16, etc.) of DNA sequences extended from each of tRNA1

Lys, tRNA2
Lys, and tRNA3

Lys in PCR-amplified DNA clones are given to the right.
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lected for reverse transcription because of insufficient comple-
mentarity to the PBS complementary to tRNA3

Lys. However,
sufficient complementarity exists between tRNA1

Lys or tRNA2
Lys

and the PBS complementary to tRNA3
Lys such that these tRNAs

can interact with the wild-type PBS and be used for the initi-
ation of reverse transcription. In fact, from cloning and se-

quencing of our endogenous RT-PCR products, we found that
approximately 30% of the RT-PCR clones were from minus-
strand DNA that extended from tRNA1

Lys or tRNA2
Lys. It was

surprising then that we did not detect proviral genomes with a
PBS complementary to tRNA1

Lys or tRNA2
Lys following analysis

of cell clones obtained after single-round infection. We recov-

FIG. 4. Construction of mutant HIV-1 provirus to optimize the use of tRNA1
Lys or tRNA2

Lys for reverse transcription. An A-to-G mutation was created at nt 17 in
wild-type PBS complementary to tRNA3

Lys by PCR. While this mutation would not be predicted to affect the interaction between the PBS and the 39-end 18 nt of
tRNA3

Lys (A), it will increase complementarity between the PBS and the 39-end 18 nt of tRNA1,2
Lys (B and C), as well as that between the sequence copied from the viral

PBS (in minus-strand DNA) and the sequence copied from the 39-end 18 nt of tRNA1,2
Lys (in plus-strand DNA) (D-2 and D-4). (A) Postulated interaction between the

wild-type PBS and the 39-end 18 nt of tRNA3
Lys. (B) Postulated interaction between the wild-type PBS and the 39-end 18 nt of tRNA1,2

Lys. (C) Postulated interaction
between the viral PBS that contains an A17-to-G mutation and the 39-end 18 nt of tRNA1,2

Lys. (D-1) Postulated interaction between the sequence copied from the viral
PBS and the sequence copied from the 39-end 18 nt of tRNA3

Lys after second-strand translocation during reverse transcription. (D-2) Potential interaction between the
sequence copied from the viral PBS and the sequence copied from the 39-end 18 nt of tRNA1,2

Lys after second-strand translocation. (D-3) Potential interaction between
the sequence copied from the viral PBS that contains an A17-to-G mutation and the sequence copied from the 39-end 18 nt of tRNA3

Lys. (D-4) Potential interaction
between the sequence copied from the viral PBS that contains an A-to-G mutation at nucleotide 17 and the sequence copied from the 39-end 18 nt of tRNA1,2

Lys.
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ered only proviral genomes which contained a PBS comple-
mentary to tRNA3

Lys. There are several possibilities to explain
our results. First, the endogenous reverse transcription-PCR
method which we used in this study might not reflect true ini-
tiation of minus-strand strong-stop DNA synthesis. This seems
unlikely, because the endogenous reaction mixture contains all
of the necessary viral proteins as well as genome requirements
for the initiation of reverse transcription. Previous studies from
our laboratory have also demonstrated that viruses which uti-
lize alternative tRNAs to initiate reverse transcription also use
the same tRNAs in the endogenous RT-PCR (14). Recently,
we have genetically modified HIV-1 to use exclusively tRNA1,2

Lys

rather than tRNA3
Lys to initiate reverse transcription (12). Us-

ing the reverse transcription-PCR method, we did not recover
PCR clones with a PBS complementary to tRNA3

Lys. Since
HIV-1 virions with PBS complementary to alternative tRNAs
still contain tRNA1,2

Lys and tRNA3
Lys as the major tRNA species

(30), we believe the results further substantiate the fact that
the clones of the PCR products represent minus-strand strong-
stop DNA initiated with tRNA1,2

Lys.
A second, more likely, possibility is that although tRNA1

Lys

or tRNA2
Lys can be used for initiation of reverse transcription

in the wild-type virus, the generation of a provirus from reverse
transcription initiated by tRNA1

Lys or tRNA2
Lys was blocked.

We speculate that the step at which the generation of the pro-
virus might be blocked is at the completion of reverse tran-
scription. The PBS is involved in both the initiation of reverse
transcription and plus-strand synthesis required for the com-
pletion of the proviruses. In the latter process, a plus-strand
copy of the PBS is generated when the 39-terminal 18 nt of the

tRNA molecule are copied by the reverse transcriptase. The
complementarity between the plus- and minus-strand PBSs
facilitates the translocation of the donor plus-strand DNA to
the minus-strand template to generate the double-stranded pro-
viral genome. Initiation of reverse transcription with a tRNA1,2

Lys

from a wild-type PBS (complementary to tRNA3
Lys) and copy-

ing the 39-terminal 18 nt of tRNA1,2
Lys would be predicted to

result in 3 mismatched bp between the donor plus- and minus-
strand DNAs (Fig. 4D-2). Previous studies from our laboratory
have shown that completion of proviral synthesis is affected by
mutations which reduce the complementarity between the do-
nor plus- and minus-strand DNAs (27). Thus, we predict that
for the wild-type genome, reverse transcription initiated with
tRNA1,2

Lys would be much less efficient at the second-strand
transfer because of incompatibility between the donor plus
strand (generated from tRNA1,2

Lys) and the minus strand (gen-
erated from copying of the PBS complementary to tRNA3

Lys).
If this were the only constraint to restrict the use of tRNA1,2

Lys

in reverse transcription, though, we would expect that infection
with virus (HXB2-G17-gpt) with a PBS containing mutations to
facilitate plus- and minus-strand DNA interaction would have
resulted in proviruses with a PBS complementary to tRNA1,2

Lys

(Fig. 4D-4). However, this was not the case, as evidenced by
the fact that analysis of recovered proviral genomes from cells
infected with this mutant virus found only PBS complementary
to tRNA3

Lys. The results of this study suggest that the addi-
tional mismatched base pairs between the plus- and minus-
strand PBSs might have reduced the efficiency of completion of
reverse transcription (Fig. 4D-4). Support for this idea comes
from the fact that we were able to recover integrated proviruses

FIG. 5. Proviral DNA sequences recovered from mycophenolic acid-resistant HeLa cell colonies derived from single-round infection with HIV-1 pseudoviruses. (a)
U5-PBS region sequence in proviral DNA of pHIV-gpt used for transfection of 293T cells. (b) DNA sequences recovered from 12 individual mycophenolic acid-resistant
foci grown up from HIV-gpt/VSV-G pseudovirus-infected HeLa H1 cells. Identical nucleotides in the recovered DNA sequences to those in the input proviral DNA
are represented by asterisks. The PBS sequence complementary to tRNA3

Lys is underlined. (c) U5-PBS region sequence in mutant proviral DNA of pHIV-G17-gpt used
for transfection of 293T cells. (d) DNA sequences recovered from 15 individual mycophenolic acid-resistant foci grown up from HIV-G17-gpt/VSV-G pseudovirus-
infected HeLa H1 cells. (e) U5-PBS region sequence in proviral DNA of pHIV-Lys1,2-gpt used for transfection of 293T cells. (f) DNA sequences recovered from seven
individual mycophenolic acid-resistant foci grown up from HIV-Lys1,2-gpt/VSV-G pseudovirus-infected HeLa H1 cells. Frequencies (12/12, 13/15, etc.) of DNA
sequences in the analyzed drug-resistant foci that harbor the input or reverted proviral DNAs are given to the right.
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with a PBS complementary to tRNA1,2
Lys from viruses derived

from HXB2-Lys1,2-gpt. Thus, consistent with our previous stud-
ies, there is not a restriction at the level of viral proteins for use
of tRNAs other than tRNA3

Lys for reverse transcription (30).
The mechanism of how mismatched base pairs could result

in an abortive completion of reverse transcription is not clear.
Previous studies have suggested that the copying of the tRNA
primer to generate a plus-strand DNA PBS used as a donor for
completion of proviral synthesis might be influenced by the
tRNA-PBS complex. Using an in vitro system, Ben-Artzi et al.
found that the secondary structure of the tRNA-PBS complex
could affect the copying of the tRNA primer and cause the RT
to terminate before reaching the first modified Am at position
19 of the tRNA molecule (2). Prior to this study, it was gen-
erally believed that the RT copied the tRNA until it reached
this modified base (23). The secondary structure formed by
PBS-tRNA1

Lys (or tRNA2
Lys) might be different from that

formed with tRNA3
Lys due to the mismatched base pairs (Fig.

4). As a consequence of this altered structure, the plus-strand
DNA synthesis carried by the HIV-1 RT might prematurely
terminate, giving rise to an aborted plus-strand DNA product,
which fails to facilitate the interaction between the plus- and
minus-strand DNAs. Alternatively, the efficiency of completion
with tRNA1,2

Lys might be so low that to recover proviral genomes
with a PBS complementary to tRNA1,2

Lys, a greater number of
single-cell clones would need to be analyzed. In either case, the
efficiency for the completion of HIV-1 proviruses with a PBS
complementary to tRNA1,2

Lys would be much lower than that for
viral genomes using tRNA3

Lys so as to preclude the isolation of
a naturally occurring HIV-1 with a PBS complementary to
tRNA1,2

Lys. Taken together, the results of our studies suggest
that the selection of tRNA3

Lys for reverse transcription occurs
at both the initiation and later steps in the generation of the
proviral genomes. The mechanism for selection probably in-
volves complex interactions between the tRNA and PBS. Stud-
ies are ongoing to delineate these RNA-RNA interactions re-
quired for both initiation and completion of the proviral DNA.
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