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ABSTRACT

Over the course of its evolution, HIV-1 has taken
maximum advantage of its tRNA3

Lys primer by
utilizing it in several steps of reverse transcription.
Here, we have identified a conserved nonanucleotide
sequence in the U3 region of HIV-1 RNA that is
complementary to the anticodon stem of tRNA3

Lys. In
order to test its possible role in the first strand
transfer reaction, we applied an assay using a donor
RNA corresponding to the 5′′′′-part and an acceptor
RNA spanning the 3′′′′-part of HIV-1 RNA. In addition,
we constructed two acceptor RNAs in which the
nonanucleotide sequence complementary to
tRNA3

Lys was either substituted (S) or deleted (∆∆∆∆). We
used either natural tRNA3

Lys or an 18 nt DNA as primer
and measured the efficiency of (–) strand strong stop
DNA transfer in the presence of wild-type, S or ∆∆∆∆
acceptor RNA. Mutations in U3 did not decrease the
transfer efficiency when reverse transcription was
primed with the 18mer DNA. However, they signifi-
cantly reduced the strand transfer efficiency in the
tRNA3

Lys-primed reactions. This reduction was also
observed in the presence of nucleocapsid protein.
These results suggest that tRNA3

Lys increases (–)
strand strong stop transfer by interacting with the U3
region of the genomic RNA. Sequence comparisons
suggest that such long range interactions also exist
in other lentiviruses.

INTRODUCTION

Reverse transcriptase (RT) is a key enzyme of retroviral
replication that possesses RNA- and DNA-dependent DNA
polymerase and RNase H activities (1,2). It converts the
single-stranded RNA genome into double-stranded DNA via a
complex series of steps (3). In retroviruses, initiation of reverse

transcription is primed by a cellular tRNA whose 3�-end is
complementary to the so-called ‘primer binding site’ (PBS)
located close to the 5�-end of the genomic RNA (for reviews see
4,5). The natural primer of all immunodeficiency viruses, including
the type 1 human immunodeficiency virus (HIV-1), is tRNA3

Lys.
Extension of the primer tRNA up to the 5�-end of the genome

generates the (–) strand strong stop DNA [(–) ssDNA]
(Fig. 1A). The presence of repeated (R) sequences at both ends
of the RNA allows transfer of this intermediate product to the
3�-end of the genome, where (–) DNA synthesis resumes (3).
In addition to the R sequences, the HIV-1 first strand transfer
requires the endo- and exo-RNase H activities of RT (6–8).
Furthermore, in vitro, this process is strongly enhanced by
nucleocapsid protein (NCp) (9–13). Even though the exact
mechanism of the first strand transfer remains incompletely
understood, experimental evidence suggests that it involves a
transient complex between RT and both the 5�- and 3�-ends of
the genomic RNA (8,14).

The first strand transfer is a rate limiting step during reverse
transcription of detergent-permeabilized virions, but not in
infected cells (15). This observation indicates that protein–
protein, RNA–protein and/or RNA–RNA interactions impor-
tant for strand transfer are lost upon treatment with detergent.
The finding that heat denaturation of the genomic RNA
extracted from HIV-1 particles prevents the first strand transfer
suggests that intra- and/or intermolecular RNA–RNA interactions
are important for that process (16).

The viral RNA is degraded during (–) DNA synthesis by the
RNase H activity of RT, except for a polypurine tract (PPT),
located close to the 3�-end of the genome. This PPT is used as
the primer for (+) strand DNA synthesis and is extended by
copying the (–) strand DNA and the 18 nt at the 3�-end of
tRNA3

Lys that are complementary to the PBS. The resulting (+)
strand strong stop DNA is then transferred to the 3�-end of the
(–) strand DNA, thus allowing synthesis of a double-stranded
DNA with duplicated long terminal repeats (LTR) (3).

The primer tRNA3
Lys forms a highly ordered complex with

the viral RNA (17,18), which depends on the presence of post-
transcriptional modifications of the primer (19,20), and
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governs the specificity of initiation of HIV-1 reverse transcription
(20–23). Formation of this initiation complex requires
numerous inter- and intramolecular rearrangements (17,18). In
addition, tRNA3

Lys plays a specific role during the second
strand transfer (24–27). In particular, methylation of A58 of
tRNA3

Lys is required for this transfer to be productive and to
allow complete synthesis of the provirus (24,26).

Here, we have used an in vitro strand transfer system to test
for possible involvement of tRNA3

Lys in the first strand
transfer. Indeed, it has been reported that (–) ssDNA transfer is
more efficient when natural tRNA3

Lys is used as primer, as
compared to an 18mer oligodeoxyribonucleotide (ODN)
complementary to the PBS, thus suggesting a role for tRNA3

Lys

in the first strand transfer (28). However, tRNA3
Lys also allows

more efficient priming and (–) ssDNA synthesis than the ODN
(20). Hence, the effect observed at the level of the first strand
transfer might reflect variations in (–) ssDNA synthesis rather
than a direct role of tRNA3

Lys in the transfer event itself. Our
present results indicate that tRNA3

Lys increases the efficiency
of the first strand transfer by interacting with a sequence
located in the U3 region of the genomic RNA.

MATERIALS AND METHODS

Donor and acceptor RNAs, RT, NCp and primers

The donor RNA corresponding to nucleotides 1–311 of HIV-1
genomic RNA (Mal isolate) was synthesized by in vitro
transcription of plasmid pJCB and purified as previously
described (29).

The wild-type (WT) acceptor RNA corresponding to nucleo-
tides 8607–9229 of HIV-1 Mal genomic RNA was prepared by
in vitro transcription with T7 RNA polymerase of XhoI-linearized
plasmid pFB1, which was derived from pHIVCG8.6 (30).
Plasmid pHIVCG8.6, kindly provided by J. L. Darlix (ENS,
Lyon, France) contains a DNA insert corresponding to nucleo-
tides 8607–9229 of HIV-1 Mal, followed by a 20 nt poly(A)
tail, inserted between the KpnI and XhoI sites of pBS(KS)
(Stratagene). Plasmid pFB1 was generated by inserting this
fragment between the KpnI and XhoI sites of pBS(SK) (Stratagene).

Mutant acceptor RNAs � and S were prepared by in vitro
transcription with T7 RNA polymerase of XhoI-linearized
plasmids pFB2 and pFB3 derived from pFB1. Plasmids pFB2
and pFB3 were obtained by inverse PCR on the plasmid pFB1,
using PCR primers designed to eliminate the 9091–9099
region of pFB1 (pFB2) or substitute this region by GAGCG-
CACA (pFB3). The PCR products were purified by gel
electrophoresis, phosphorylated, ligated and used to transform
Escherichia coli DH5� cells.

Natural tRNA3
Lys was purified from beef liver and 3�-end-

labeled as described (19). ODN, an 18mer oligodeoxyribo-
nucleotide complementary to the PBS, was chemically synthesized
and 5�-end-labeled using [�-32P]ATP (NEN) and T4 polynucleotide
kinase (New England Biolabs).

Wild-type HIV-1 RT was purified essentially as previously
described (31). NCp protein (72 residues) was obtained by
total chemical synthesis, as described (32,33).

Strand transfer assays without NCp protein

For the strand transfer experiments, the 32P-labeled primers
(ODN and tRNA3

Lys) were heat annealed to donor RNA at a

1:2.5 ratio as previously described (17,19). Strand transfer
reactions were performed in 10 �l buffer containing 50 mM
Tris–HCl, pH 8.0 (37�C), 50 mM KCl, 6 mM MgCl2 and 1 mM
DTE, in the presence of donor RNA (100 or 200 nM) with
bound primer annealed to primer, either WT, S or � acceptor
RNA (200 or 400 nM), RT (100 or 200 nM) and 50 �M dNTP.
Incubation at 37�C was for 30–240 min as indicated in the
figure legends. Reactions were stopped with 10 mM EDTA.
Reaction products were heat denatured in 40% formamide,
fractionated on 5% denaturing polyacrylamide gels and
quantified with a BioImager BAS 2000 (Fuji) using MacBAS
software.

In order to check the identity of the band corresponding to
the full-length transfer product, the candidate bands were
excised, rehydrated and amplified by PCR with the ODN and a
primer corresponding to nucleotides 8607–8624 of the
acceptor RNAs.

Strand transfer assays with NCp protein

In all experiments, the NCp concentration was adjusted to
completely cover the nucleic acids (1 NCp:7–8 nt). Two
experimental protocols were used. In the first, the primer
(40 nM) was heat annealed to the template (100 nM) and we
added NCp and 30 �M ZnCl2 to the reaction mixture together
with acceptor RNA (200 nM), dNTPs (50 �M each) and RT
(100 nM). In the second, an equimolar amount of tRNA3

Lys

(100 nM) was added to the donor RNA and annealed in the
presence of NCp for 60 min at 37�C in 50 mM Tris–HCl
pH 8.0 (37�C), 50 mM KCl, 1 mM MgCl2, 30 �M ZnCl2 and
1 mM DTE. Reverse transcription was initiated by addition of
acceptor RNA (200 nM), dNTPs (50 �M each), RT (200 nM),
and MgCl2 was adjusted to 6 mM. Reactions were stopped with
10 mM EDTA. Before gel electrophoresis, the samples were
submitted to proteinase K (Promega) treatment and phenol/
chloroform extraction, in order to eliminate NCp.

PCR

For semi-quantitative evaluation of the strand transfer
efficiency at short reaction times, the full-length strand transfer
product (0.5 �l of the reaction mixture) was amplified in 20 �l
of buffer containing 10 mM Tris–HCl pH 8.8 (37�C), 50 mM
KCl, 2.5 mM MgCl2, 0.2 mg/ml gelatin, 0.2 mM dNTPs and
10 pmol of primers (32P-labeled ODN and unlabeled primer
8607–8624) for 20 cycles (1 min at 94�C, 1 min at 48�C, 2 min
at 72�C). In order to test the accuracy of the PCR assay, a DNA
version of the full-length transfer product was constructed. The
corresponding plasmid, pFB4, was obtained by inserting the
EcoRI–PstI fragment of pJCB between the EcoRI and PstI
sites of pFB1. The PCR products were analyzed by electro-
phoresis on 1% agarose gels, subjected to autoradiography and
quantified with a BioImager BAS 2000 (Fuji).

RESULTS

Experimental strategy

Over the course of evolution of HIV-1, the virus has taken
maximum advantage of its tRNA3

Lys primer by utilizing it at
several steps of reverse transcription. This adaptation concerns
not only the initiation of reverse transcription but also the
second strand transfer (24–27). It is plausible that tRNA3

Lys
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may also play a direct role in other steps of proviral synthesis.
Here, we examined the possible role of the primer tRNA in the
first strand transfer.

We hypothesized that if tRNA3
Lys directly promotes the

transfer reaction, this might be accomplished by interacting
with the 3�-part (the accepting region) of the genomic RNA.
Therefore, we searched for complementarity between
tRNA3

Lys and the 3�-half of HIV-1 genomic RNA. We found a
strict complementarity between nucleotides 38–46 in the anticodon
stem of tRNA3

Lys and a nonanucleotide sequence (nucleotides
9091–9099 in HIV-1 Mal) located in the U3 region of HIV-1 RNA
(Fig. 1B). Interestingly, this sequence is strictly conserved in all
HIV-1 sequences of the HIV-1 sequence database (34; http://
hiv-web.lanl.gov/HTML/compendium.html ), in agreement with
a potential functional role.

We set up an assay to test the strand transfer efficiency using
two different RNAs (Fig. 1B). The first, 311 nt in length,
contained R, U5, the PBS, and part of the leader region,
including the major splice donor site, and was referred to as the
donor RNA. The second, the acceptor RNA, was 639 nt in
length and spanned part of the nef coding region, the PPT, U3,
R, and a 20 nt poly(A) tail. In addition, we constructed two

acceptor RNAs in which the CCCUCAGAU sequence
complementary to the anticodon stem of tRNA3

Lys was either
substituted by GAGCGCACA (designated S) or deleted (�).
After hybridization of either tRNA3

Lys or the ODN to the PBS
of the donor RNA, we added either WT, S or � acceptor RNA
and measured the efficiency of (–) ssDNA transfer in the
absence and presence of NCp. Assuming that the deletion and
substitution had no dramatic consequences on the structure of
the acceptor RNA, it is anticipated that the mutations should
not affect the efficiency of (–) ssDNA transfer when DNA
synthesis is primed by ODN. However, if the complementarity
between the anticodon stem of tRNA3

Lys and the U3 region of
HIV-1 has functional implications for the first strand transfer,
the substitution and the deletion in the viral RNA should affect the
transfer when (–) ssDNA synthesis is primed with tRNA3

Lys.

ODN as primer

In a first set of experiments, we studied the effects of the
substitution and deletion in U3 on the transfer efficiency
during ODN-primed DNA synthesis. In the absence of
acceptor RNA, (–) ssDNA, which corresponds to extension of
the primer by 196 nt, was the major product (Fig. 2A). Some
larger products, resulting from TAR-dependent self-priming
(11,35), were also observed (Fig. 2A). In the presence of
acceptor RNA, several additional bands were observed. The
product resulting from complete reverse transcription of the
acceptor RNAs was identified by PCR: after gel drying and
autoradiography, the band was excised, rehydrated, and amplified
with product-specific primers (see Materials and Methods). As
previously observed (9,10,12), the efficiency of the complete
transfer product was low in the absence of NCp and in the
absence of a large excess of RT and acceptor RNA. More
importantly, no significant differences in either the amount of
transfer product or its kinetics of appearance were observed
when the S and � acceptor RNAs were substituted for the WT
acceptor. The products of a similar reaction performed with a
2-fold reduced RT concentration were quantified (Fig. 2B).
Again, mutations in the U3 region did not decrease the transfer
efficiency. The transfer efficiency was unaffected with the
� acceptor RNA, while it significantly increased with the
S acceptor RNA. On the other hand, the pattern of intermediate
products synthesized after strand transfer was identical with all
three acceptor RNAs (Fig. 2A). Thus, the origin of the
enhanced strand transfer with the S acceptor RNA remains
unclear, but could be due to destabilization of the tertiary structure
of this RNA, since perturbations of its secondary structure
would probably affect the pattern of intermediate products
synthesized after strand transfer. More importantly, these
observations indicate that the mutations introduced in the U3
region had no adverse effect on the first strand transfer.

tRNA3
Lys as primer

In the second set of experiments, tRNA3
Lys was used as primer,

instead of ODN (Fig. 3). As in the first set of experiments, self-
priming products larger than the expected (–) ssDNA were
observed (Fig. 3A). With the WT acceptor RNA, more final
transfer product, relative to the (–) ssDNA, was detected in the
tRNA-primed reaction, as compared to ODN-primed DNA
synthesis (Figs 2A and 3A). Quantification and normalization
of the full-length transfer products obtained with the different
acceptor RNAs showed that both the substitution and the deletion

Figure 1. (A) Schematic representation of synthesis of the (–) strand strong
stop DNA and of the first strand transfer. The redundant (R) sequence is
present at both ends of the genomic RNA, while U5 (unique to the 5�-end) and
U3 (unique to the 3�-end) are present at the 5�- and 3�-ends, respectively. DNA
synthesis is initiated from the 3�-end of tRNA3

Lys annealed to the primer binding
site (PBS). The polypurine tract (PPT) generates the primer for (+) strand
DNA synthesis. The poly(A) tail of the genomic RNA is also shown. (B) The
experimental system used in this study. The complementarity between U3 and
the anticodon stem is schematized. In addition to the wild-type acceptor RNA,
two RNAs were used in which the sequence complementary to the primer was
either substituted or deleted.
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of the U3 sequence complementary to the anticodon arm of
tRNA3

Lys strongly decreased the strand transfer efficiency.
After 2 h incubation, the transfer efficiency was reduced by
65% with the S acceptor RNA and by 45% with the � acceptor
RNA, as compared to the WT acceptor RNA. After 4 h incubation,
the transfer efficiency was reduced by 40 and 85%, respectively,
compared to the WT acceptor RNA (Fig. 3B). Under the latter
conditions, the full-length transfer product obtained with the
WT acceptor RNA amounted to 70% of the (–) ssDNA still
present in the reaction.

In order to gain insight into the first stages of the reaction,
when an intermolecular interaction between the primer
tRNA3

Lys and the acceptor RNA should have the most
pronounced effect, the full-length transfer product obtained
after short reaction times was amplified by PCR and quantified.
Amplification was performed with a primer corresponding to
nucleotides 8607–8624 of HIV-1 Mal and a labeled primer
complementary to the PBS. The accuracy of the PCR
amplification was checked using as a control a DNA template
containing the nef-PPT-U3-R-U5-PBS sequences (see Materials
and Methods). Several independent experiments gave
consistent results. Namely, the transfer efficiency was higher
in the reaction including the WT acceptor RNA (Fig. 4). This
experiment also showed that the transfer efficiency was more
affected by the substitution than by the deletion in the U3
region putatively interacting with the primer tRNA, at least in
the early steps of the reaction (Fig. 4). Analysis of the linear
part of Figure 4 revealed 3- and 9-fold reductions, respectively,
of the initial rate of full-length product synthesis with the � and
S acceptor RNAs, as compared to the WT acceptor RNA.

Effect of NCp on the transfer reaction

All experiments described thus far were performed in the
absence of NCp, and the primer was heat-annealed to the donor
RNA under conditions allowing quantitative annealing of
ODN and tRNA3

Lys (17,19). NCp is a well-known activator of
the strand transfer reaction (9,10,12). Therefore, if biologically

significant, the substitution and deletion within U3 should also
affect the transfer efficiency in the tRNA-primed reaction
when NCp is included in the reaction mixture.

Two experimental protocols were used. In the first, tRNA3
Lys

was heat-annealed to the donor RNA, the acceptor RNA was
added before or just after the annealing step, and NCp and RT
were added after primer annealing. In the second series of
experiments, tRNA3

Lys was annealed at 37�C in the presence of
NCp (36,37), before adding RT. Regarding the experiments
using the heat-annealed primer, identical results were obtained
irrespective of the addition of acceptor RNA during or after the
annealing step (data not shown). This result indicated that
formation of the numerous intermolecular interactions leading
to the highly structured initiation complex (17,21) was not
affected by the presence of the acceptor RNA.

We performed strand transfer experiments using 100 nM
donor RNA, 200 nM acceptor RNA and 100 nM RT, either in
the absence or presence of saturating amounts of NCp
(1 NCp:7–8 nt). Under these conditions, transfer products were
hardly detected in the absence of NCp (Fig. 5A, left). Small
amounts of full-length transfer products could be detected
when the same gel was overexposed (data not shown). The
predominant products longer than the (–) ssDNA were Tar-
dependent self-priming products, since they were observed in
the presence as well as absence of acceptor RNA (Fig. 5A). As
previously reported (11,35), self-primed DNA synthesis due to
the TAR structure was inhibited by NCp. This is obvious from
the absence of products longer than the (–) ssDNA in the
presence of NCp and absence of acceptor RNA. In addition, as
previously observed (9,10,12), NCp greatly enhanced the
efficiency of strand transfer (Fig. 5A, right).

Quantification of the full-length product resulting from (–)
ssDNA strand transfer performed in the presence of NCp
showed a 2-fold reduction in strand transfer efficiency when
substituting the S and � acceptor RNAs for the WT acceptor
RNA (Fig. 5A and B). Under these conditions the deletion and
the substitution in U3 had almost identical results. Similar

Figure 2. DNA-primed strand transfer. (A) Gel fractionation of the transfer products. Labeled ODN (40 nM) was heat annealed to donor RNA (100 nM) and incubated in
the absence (lanes 1–3) or presence of 200 nM WT (lanes 4–14), S (lanes 5–15) or � (lanes 16–26) acceptor RNAs and 200 nM HIV-1 RT. Reaction was for 30,
36, 42, 48, 54, 60, 66, 72, 78, 84 or 90 min. (B) Quantification of the full-length transfer product obtained under the same conditions, except that the RT concentration was
reduced to 100 nM.
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results were obtained when tRNA3
Lys was annealed at physio-

logical temperature with NCp (data not shown). The only
noticeable difference was an overall decrease in DNA
synthesis in the latter experiments, which correlated with
incomplete primer annealing. However, the effect of substi-
tuting and deleting the U3 sequence complementary to the
tRNA3

Lys anticodon stem was still clearly observed (data not
shown).

DISCUSSION

In this study, we tested the possible role of primer tRNA3
Lys in

transfer of the (–) ssDNA from the 5�- to the 3�-end of HIV-1
genomic RNA. Sequence analysis of the 3�-region of HIV-1
RNA pointed towards a conserved nonanucleotide motif

complementary to the anticodon stem of tRNA3
Lys that could

favor strand transfer by interacting with the tRNA primer. In
order to test this hypothesis, we mutated the candidate
sequence in the acceptor RNA. Compared to the alternative
strategy using different primers (28), our approach did not
affect synthesis of the (–) ssDNA, and hence yielded a direct
test of the proposed interaction. We used the ODN primer as a
control, to make sure that the mutations introduced in the
acceptor RNAs did not dramatically affect its reverse tran-
scription.

Deletion of the nonanucleotide complementary to the anti-
codon stem of tRNA3

Lys had no effect on the ODN-primed
reaction. However, this deletion decreased the strand transfer
efficiency in the tRNA3

Lys-primed reaction. In most experiments,
the strand transfer efficiency was reduced by 2- to 3-fold,
independently of the presence or absence of NCp in the
reaction. Hence, the data obtained with the � acceptor RNA
strongly suggest that the primer tRNA3

Lys increased the
efficiency of the first strand transfer by interacting with the U3
region of the genomic RNA.

Even though the data obtained with the S acceptor RNA are
more complex, they are also consistent with an interaction
between the anticodon stem of tRNA3

Lys and the U3 region of
the HIV-1 RNA. Substitution of the nonanucleotide comple-
mentary to tRNA3

Lys increased synthesis of the full-length
transfer product in the ODN-primed reaction, suggesting a
structural modification of the acceptor RNA. In contrast, this
substitution decreased synthesis of the full-length product in
the tRNA3

Lys-primed reaction. In the absence of NCp and at
long incubation times, the deletion was more deleterious than
the substitution. This reduced effect of the substitution, as
compared to the deletion, is likely a combination of the
negative effect due to disruption of the interaction between U3
and tRNA3

Lys and the positive structural effect that we detected
in the ODN-primed reaction. This interpretation is in keeping
with the observation that, in the presence of NCp, the deletion
and the substitution in U3 reduced synthesis of the full-length
transfer product to the same extent. The differential effect of
the substitution and the deletion was likely suppressed by the
well-known chaperone and unwinding activities of NCp (38).

Figure 3. tRNA3
Lys-primed strand transfer. (A) Gel fractionation of the transfer

products. Labeled tRNA3
Lys (80 nM) was heat-annealed to donor RNA

(200 nM) and incubated in the absence or presence of 400 nM WT, S or � acceptor
RNA and 100 nM HIV-1 RT. Reaction was for 1, 2 or 4 h. (B) Quantification of the
full-length product obtained after 2 (gray) and 4 h (black) incubation.

Figure 4. PCR amplification of the full-length transfer product generated in
the tRNA3

Lys-primed reaction. Transfer products generated after 6–90 min in
the presence of WT, S or � acceptor RNAs were amplified and quantified as
described in Materials and Methods. When using the WT acceptor, amplification
rapidly became limited by the primer concentration.
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An obvious experiment to confirm the interaction between
U3 and tRNA3

Lys would be to introduce mutations in tRNA3
Lys

to render its anticodon stem complementary to the S acceptor
RNA. However, mutating tRNA3

Lys would disrupt the
secondary and tertiary structures of the initiation complex of
reverse transcription (17,21) and, hence, would introduce a
strong bias in the experiments. Indeed, the intricate structure of
the initiation complex, which relies on interactions between the
viral RNA and the anticodon arm and variable loop of
tRNA3

Lys (17,21), is required for efficient initiation of reverse
transcription (20). Furthermore, efficient initiation of HIV-1
reverse transcription requires post-transcriptional modification
of tRNA3

Lys (20). Thus, in vitro transcribed mutant tRNA3
Lys is

useless for such studies.

Interestingly, the tRNA3
Lys sequence involved in the strand

transfer process also plays a crucial role in the initiation
complex of reverse transcription. In this complex, the 3�-strand
of the tRNA3

Lys anticodon stem interacts with U5 sequences,
upstream of the PBS (17,21). Due to their location, these inter-
molecular base pairings are unwound as synthesis of the (–)
ssDNA proceeds. Thus, after the initiation phase of reverse
transcription, the anticodon stem of tRNA3

Lys becomes free to
interact with other parts of the genomic RNA. We propose that
the 3�-strand of the tRNA3

Lys anticodon stem is involved in a
flip of intermolecular interactions from the U5 to the U3 region of
the genomic RNA following initiation of reverse transcription. In
addition, the interaction between the 3�-strand of the tRNA3

Lys

anticodon stem and U3 must dissociate during reverse tran-
scription of the donor RNA. Thus, the interaction we identified
here is essentially a transient one, and it is unlikely that it could
be detected by chemical or enzymatic probing.

The effect of the U3 sequence on strand transfer efficiency
was also observed in the presence of NCp, further supporting a
biological role for this tRNA3

Lys–U3 interaction. This interaction
was not absolutely required to allow strand transfer, but even a
modest reduction in the efficiency of this step might affect
overall replication of the virus. Furthermore, in our in vitro
strand transfer assays, we used rather short RNAs, as
compared to the ~10 000 nt genomic RNA. Thus, the
tRNA3

Lys–U3 interaction might be crucial in vivo, by bridging
the otherwise distant 5�- and 3�-regions of the genomic RNA.

Morrow and co-workers obtained stable HIV-1 clones using
tRNAHis as primer for reverse transcription (22,39). Since the
sequence of the anticodon arms of tRNA3

Lys and tRNAHis differ
significantly, the original U3–tRNA interaction is not possible
in the mutant clones. We sequenced the U3 region of these
clones, kindly provided by C. Morrow. The U3 region
originally complementary to tRNA3

Lys in these clones (nucleo-
tides 9497–9505) was unchanged. This result seems to contradict
a biological function for the intermolecular interaction we
propose. However, we discovered an almost perfect comple-
mentarity between nucleotides 43-AGCAAm5Cm5CUCGGU-
54 of tRNAHis and nucleotides 9419-AUCGAGCUUGCU-
9430 in the mutant clones (Table 1). We hypothesize that this
interaction between tRNAHis and the U3 region of the mutant
clones replaces the original interaction between U3 and
tRNA3

Lys.
In order to further assess the biological role of the U3–tRNA

interaction, we looked for potential interactions between
tRNA3

Lys and the 3�-region of the genomic RNA of other lenti-
viruses. In the case of feline immunodeficiency virus (FIV),
we found an octanucleotide sequence in the U3 region of the
genomic RNA that is strictly complementary to the 5�-part of
the T�C stem–loop (Table 1). Similarly, the U3 region of
equine infectious anemia virus (EIAV) contains a decanucleo-
tide complementary to part of the D and anticodon stems of
tRNA3

Lys (Table 1). The situation is more complex in HIV-2.
We found several complementary regions between the 3�-end
of HIV-2 genomic RNA and tRNA3

Lys. However, several of
these sequences were not conserved among SIV and HIV-2
isolates. Indeed, the best-conserved complementarities
between tRNA3

Lys and HIV-2 (and SIV) RNA, outside the PBS,
were found within the R region, rather than U3. We identified two
conserved octanucleotides in R that are complementary to
adjacent regions of tRNA3

Lys (Table 1). A possible reason for a

Figure 5. tRNA3
Lys-primed strand transfer in the absence and presence of

NCp. (A) Gel fractionation of the transfer products. tRNA3
Lys (40 nM) was

heat-annealed to 100 nM donor RNA and DNA synthesis was initiated by
addition of 50 �M dNTP, 200 nM acceptor RNA, 100 nM RT and saturating
amounts of NCp (1 NCp:7–8 nt). (B) Quantification of the gel shown in (A).
Reaction time was 1 (gray) or 2 h (black).
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complementarity between tRNA3
Lys and HIV-2 R, instead of

U3, is the unusual length of the R region in HIV-2 and SIV,
compared to HIV-1, FIV and EIAV (175, 96, 65 and 78 nt,
respectively).

Thus, an interaction between the primer tRNA3
Lys and the 3�-end

of the genomic RNA is apparently conserved among lenti-
viruses. A similar situation may also prevail in other retro-
viruses and retroelements. In the yeast retrotransposon Ty3,
the interaction between U3 and the D and T�C arms of primer
tRNAi

Met appears even more crucial than the interaction we
propose in HIV-1, since it is absolutely required for primer
annealing to the retrotransposal RNA and transposition (40).
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