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Switching the in vitro tRNA usage of HIV-1
by simultaneous adaptation of the PBS
and PAS

NANCY BEERENS and BEN BERKHOUT

Department of Human Retrovirology, Academic Medical Center, University of Amsterdam, The Netherlands

ABSTRACT

Reverse transcription of the HIV-1 RNA genome is primed by the cellular tRNAYS® molecule that anneals to a com-
plementary sequence in the viral genome, the primer-binding site (PBS). Additional interactions between the tRNA
primer and the viral RNA were proposed to play a role in reverse transcription. We recently identified an 8-nt element
in the U5 region upstream of the PBS that is critical for initiation and processive elongation of reverse transcription.
This motif was termed the primer activation signal (PAS), and is proposed to interact with the “antiPAS sequence” in
the T¥C arm of tRNAYS3, In this study, we demonstrate that the efficiency of initiation of reverse transcription can be
modulated by PAS mutations that strengthen or weaken the interaction with antiPAS. These results provide further
evidence for a direct base-pairing interaction between the PAS in the viral RNA and the antiPAS in the tRNAYS3
molecule. A broad phylogenetic survey indicated that a PAS element is present in all retroviral RNA genomes,
suggesting that the process of reverse transcription is regulated by a common mechanism in all retroviridae. It has
proven very difficult to change the identity of the tRNA primer for HIV-1 reverse transcription by changing the PBS
sequence. Using in vitro reverse transcription assays, we demonstrate that the identity of the priming tRNA species
can be switched by simultaneous alteration of the PBS and PAS motifs to accommodate a new tRNA primer. These
results indicate that the PAS—-antiPAS interaction is important for both primer selection and efficient reverse transcription.

Keywords: HIV-1; primer activation signal; reverse transcription; tRNA primer; tRNA usage and selection;
U5-leader stem; viral RNA-tRNA interaction

INTRODUCTION & Mullin, 1977; Levin & Seidman, 1979; Huang et al,,
1994; Mak et al.,, 1994; Liang et al., 1997b; Mak &
Kleiman, 1997), and self-primers are favored over non-
self-primers by the viral RT enzyme (Li et al., 1994; Das
et al., 1995; Wakefield et al., 1995; Oude Essink et al.,
1996). Besides the tRNA—PBS interaction, additional
interactions between the tRNA primer and the viral RNA
(vRNA) were proposed to play a role in reverse tran-
scription (Murphy & Goff, 1989; Aiyar et al., 1992; Isel
et al., 1995; Liang et al., 1997a; Miller et al., 2001).
HIV-1 uses tRNAYS2 as primer for reverse transcrip-
tion. We recently identified an 8-nt motif in the U5 re-
gion of the untranslated leader RNA that stimulates
tRNAYs3-mediated initiation and processive elongation
of reverse transcription in HIV-1 (Fig. 1; Beerens et al,,
2001; Beerens & Berkhout, 2002). This U5 motif is not
required for tRNA annealing, but rather for activation of
the PBS-bound tRNA primer to initiate reverse tran-
scription, and is therefore referred to as primer activa-
_Reprint requests to: Ben Berkhout, Department of Human Retro- tion signal (PAS). Mutation of the PAS element severely
virology, Academic Medical Center, University of Amsterdam, . . . .
P.O. Box 22700, 1100 DE Amsterdam, The Netherlands; e-mail: impairs reverse transcription that is initiated from the
B.Berkhout@amc.uva.nl. tRNA primer, but not from DNA oligonucleotide primers.
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The replication cycle of retroviruses is characterized by
reverse transcription of the viral RNA genome into
double-stranded DNA, which subsequently integrates
into the host cell genome. This process is mediated by
the viral reverse transcriptase (RT) enzyme and a spe-
cific cellular tRNA molecule is used as primer. The tRNA
primer binds with its 3'-terminal 18 nt to a complemen-
tary sequence, the primer-binding site (PBS), which is
located in the 5’-untranslated leader region of the viral
RNA genome. Reverse transcription of the retroviral
RNA genome is a highly specific process that is regu-
lated by multiple interactions between the viral RNA,
the tRNA primer, and the RT enzyme. Several levels of
specificity restrict aberrant reverse transcription from
non-self tRNA primers. The self-tRNA primer is selec-
tively packaged into virions (Peters et al., 1977; Waters
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FIGURE 1. Mechanistic model of HIV-1 reverse transcription. Shown is the proposed secondary structure in the PBS region
of the HIV-1 RNA genome and the tRNAYS3 molecule (AC: anticodon loop, D: D loop). The HIV-1 RNA folds the U5-top
hairpin just upstream of the PBS, and the U5-leader stem. The tRNAYS® molecule is used as a primer for reverse transcription
by HIV-1 and binds to the PBS in the viral genome. The PBS and the complementary antiPBS sequence in the tRNA primer
are marked in green. An additional interaction between the PAS element in the vVRNA and the complementary antiPAS
sequence in the tRNA primer (both marked in orange) is required to activate the PBS-bound tRNA primer for reverse
transcription (Beerens et al., 2001; Beerens & Berkhout, 2002).

The PAS element thus modulates the efficiency of re-
verse transcription, although this motif is not absolutely
essential for initiation of reverse transcription. We pro-
posed that the PAS interacts with the antiPAS motif in
the TWC arm of tRNAYS2 (Fig. 1, both motifs are marked
in orange), similar to the interaction proposed for the
Rous sarcoma virus (RSV) genome and the correspond-
ing tRNA" primer (Cobrinik et al., 1988, 1991; Aiyar
et al.,, 1992, 1994; Leis et al., 1993; Miller et al., 1997;
Morris & Leis, 1999). This interaction was also previ-
ously proposed for HIV-2 (Berkhout & Schoneveld,
1993), and recently confirmed by biochemical probing
experiments (Freund et al., 2001). Thus, a common
mechanism for the regulation of initiation of reverse
transcription may be operating for different retroviruses.
Interestingly, the HIV-1 PAS motif is occluded by base
pairing in the U5-leader stem (Fig. 1), and we demon-
strated that reverse transcription is greatly up-regulated
by exposure of the PAS through mutation of the “op-
posing” leader sequence. The presence of the PAS
enhancer element in a repressive RNA structure may

provide a mechanism to regulate HIV-1 reverse tran-
scription (Beerens et al., 2001).

Other interactions between the HIV-1 RNA and
tRNAY3 have been proposed based mainly on bio-
chemical probing studies (Isel et al., 1995, 1996, 1998,
1999; Lanchy et al.,, 2000). The A-rich loop (A168-
A171) in the vRNA may interact with the U-rich anti-
codon loop of the tRNA primer (U33-U36), and the
3’ portion of the anticodon stem of the tRNA mol-
ecule may interact with vRNA sequences in the U5
region. Mutation of the A-rich loop affects initiation
and elongation of reverse transcription (Isel et al., 1996;
Li et al., 1997; Liang et al., 1997a, 1998; Zhang et al.,
1998; Lanchy et al., 2000). Deletion of the A-rich loop
also affects virus replication, and the A-rich sequence
is restored upon long-term culturing (Liang et al.,,
1997a). However, the presence of overlapping se-
quence motifs for integration of the viral DNA ge-
nome complicates the interpretation of these results
(Vicenzi et al., 1994; Esposito & Craigie, 1998; Brown
et al.,, 1999). Other members of the lentivirus genus
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that utilize tRNAYS® as primer do not possess an A-rich
loop in the region 5’ to the PBS, suggesting that the
putative A-loop interaction, unlike the PAS interaction,
is not conserved among retroviruses.

In this study, we introduced mutations in the HIV-1
PAS element to strengthen or weaken the interaction
with the antiPAS sequence in tRNAYs3, We demon-
strate that the efficiency of in vitro reverse transcrip-
tion correlates with the strength of the PAS—-antiPAS
interaction. Modified nucleotides in the tRNA mol-
ecule appear not important for the PAS—antiPAS inter-
action. We also demonstrate that the identity of the
priming tRNA species can be modulated in vitro by
simultaneous alteration of the PBS and PAS maotifs.
These results demonstrate that the PAS—antiPAS inter-
action is important for primer selection and reverse
transcription. Phylogenetic analysis indicates that a
similar PAS—antiPAS interaction is possible for all retro-
viruses, suggesting that the underlying mechanism to
regulate reverse transcription has been conserved dur-
ing evolution of the retrovirus family.

RESULTS AND DISCUSSION

Modulation of the PAS—antiPAS interaction

To critically test the role of the HIV-1 PAS element in
reverse transcription, we introduced mutations in the
VRNA template that strengthen or weaken the inter-
action with the antiPAS motif in the tRNAY® primer
(Fig. 2). In mutant N1, we substituted the U at position
126 by C, thus replacing the U-G base pair in the pu-
tative PAS—antiPAS interaction by a more stable C-G
base pair. In mutant N2, the C residues at position 125
and 127 were changed into U residues, thus replacing
two C-G base pairs by weaker U-G base pairs. In mu-
tant N3, 2 nt were inserted at the 3’ end of the 8-nt PAS
motif to obtain 10-nt complementarity to the antiPAS in

anti-PAS
tRNAY3  AC D G7 PAS-antiPAS interaction
HIV-1 RNA PAS bp H AG
wt 121GUGACUCUGG|UA 12 8 18 - 9.1
N1 GU[GACCCUGGIUA 8 19 -11.6
N2 GU[GAUUUUGGIUA 8 16 - 43
N3 GU[GACUCUGGIACUA 10 23 -16.7
N4 GUGGAACUCUGGUA 9 21 -12.2

FIGURE 2. Design of the HIV-1 PAS mutants. The PAS is marked by
an open box and mutations are marked in gray. For reference, the
antiPAS sequence of the tRNA is shown on top (marked by a box).
Mutants N1, N2, N3, and N4 strengthen or weaken the interaction
with the antiPAS. Indicated are the number of base pairs (bp) and the
number of hydrogen bonds (H) of the PAS—antiPAS duplex, and the
thermodynamic stability of the PAS—antiPAS interaction (AG in kilo-
calories per mole).
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tRNAYS3, In mutant N4, 2 nt were inserted near the 5’
end of the PAS to extend the interaction with the tRNA
primer with 1 nt, and to replace the G123-V¥ base pair
with the more stable A123-¥ base pair (¥ = pseudo-
uridine). Thus, we designed three VRNA mutants with
an optimized PAS—antiPAS interaction (N1, N3, and
N4) and one mutant template with decreased inter-
action potential (N2). The number of hypothetical base
pairs and hydrogen bonds and the thermodynamic sta-
bility of the PAS—antiPAS duplex is indicated in Fig-
ure 2. M-fold analysis demonstrated that the mutations
do not affect the overall structure of the PBS region,
although the mutations destabilize base pairing in the
upper part of the U5-leader stem.

Reverse transcription is modulated by the
strength of the PAS-antiPAS interaction

We performed in vitro reverse transcription assays to
study the effect of the PAS mutations. These assays
were performed with in vitro-transcribed wild-type and
PAS-mutated HIV-1 templates and the natural tRNAYS3
primer or DNA primers to initiate reverse transcrip-
tion. The primers were heat annealed onto the differ-
ent RNA templates and reverse transcription was
initiated by addition of dNTPs and HIV-1 RT enzyme.
A representative experiment is shown in Figure 3.
Full-length reverse transcription products were quan-
titated and corrected for the amount of input RNA
template as determined with the DNA primer AUG
(Fig. 3, lanes 1-5). The results of three independent
assays were quantitated and are summarized in
Figure 4.

Extension of the DNA primer lys21 that is comple-
mentary to the PBS results in a 98-nt full-length cDNA
product on the wild-type and mutant N1 and N2 tem-
plates (Fig. 3, lanes 6—8). The cDNA product of the N3
and N4 templates has a length of 100 nt due to the 2-nt
insertion in the PAS element (Fig. 3, lanes 9 and 10).
The efficiency of DNA-primed reverse transcription is
similar for all templates (Fig. 4A). Extension of the nat-
ural tRNAYS3 primer results in a 153-nt cDNA product
on the wild-type template (Fig. 3, lane 11). tRNA-primed
reverse transcription was enhanced fourfold on the N1
template with an improved PAS-antiPAS interaction
(Fig. 3, lane 12, and Fig. 4B), and reverse transcription
was reduced fivefold on the N2 template with a weak-
ened interaction (Fig. 3, lane 13, and Fig. 4B). Mutant
N4 that extends the PAS—antiPAS interaction with 1 bp
enhanced reverse transcription 3.5-fold (Fig. 3, lane 15,
and Fig. 4B), but reverse transcription was reduced
fourfold on the N3 template that extends the PAS-
antiPAS interaction with 2 bp (Fig. 3, lane 14, and
Fig. 4B).

We previously demonstrated that the PAS functions
specifically to enhance the initiation of reverse tran-
scription from the tRNAYS® primer. We therefore per-
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FIGURE 3. Reverse transcription assays on wild-type and PAS-
mutated RNA templates. The DNA and tRNAYS3-primers were heat
annealed onto the HIV-1 RNA templates (positions +105 to +368)
and extended by the HIV-1 RT enzyme in the presence of all
dNTPs (lanes 1-15). The amount of input viral RNA was quanti-
tated by DNA-primer extension with the AUG primer that produces
a 270-nt product (lanes 1-5). Extension of lys21 results in a 98-nt
cDNA product (lanes 6—10) and the tRNA primer produces a 153-nt
tRNA-cDNA product (lanes 11-15). These sizes refer to reactions
with the wild-type, N1, and N2 templates, and are longer for the
N3 and N4 templates due to the 2-nt insertion in the PAS element.
Several shorter cDNA products are visible that result from RT paus-
ing. We also performed 1-nt incorporation assays with the tRNAYs3
primer (lanes 16-20). The extension of the 76-nt tRNA by dCTP
produces a radiolabeled 77-nt product.

formed initiation assays, in which reverse transcription
was performed in the presence of 2P-dCTP, but with-
out the other dNTPs. This results in extension of the
76-nt tRNAYS3 primer with 1 nt (Fig. 3, lanes 16-20).
The phenotype of the mutant templates in this initiation
assay is similar to that in tRNA-primed full-length cDNA
synthesis. Reduced initiation was observed for the N2
and N3 templates, whereas enhanced initiation was
measured for the N1 and N4 templates (Fig. 4C). These
results suggest that the initiation efficiency of reverse
transcription is determined by the strength of the PAS—
antiPAS interaction. The point mutations introduced in
the PAS element will not only affect the PAS—-antiPAS
interaction, but also base pairing of the PAS in the
U5S-leader stem. We previously showed that reverse
transcription is greatly up-regulated by exposure of the
PAS through mutation of the “opposing” leader se-
quence. Thus, the stimulation observed for the mutants
N1 and N4 may be partially due to destabilization of the
U5-leader stem. However, mutation N2 that weakens
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the PAS-antiPAS interaction also weakens the base
pairing of the PAS in the U5-leader stem, and was
found to reduce reverse transcription. This suggests
that the effects on reverse transcription are mainly
caused by modulation of the strength of the PAS—
antiPAS interaction.

We plotted the tRNA-primed reverse transcription
activity versus the thermodynamic stability of the PAS—
antiPAS duplexes (Fig. 4D). Weakening of the wild-
type PAS-antiPAS duplex reduces the reverse
transcription activity (N2) and stabilization enhances
the reverse transcription activity (N1 and N4). How-
ever, further stabilization of the PAS interaction ap-
pears to inhibit reverse transcription (N3). Thus, there
seems to be an optimum in the stability of the PAS—
antiPAS interaction, and reverse transcription may be
inhibited if the duplex gets too stable. An excessively
stable PAS—-antiPAS interaction may interfere with the
correct assembly and/or maturation of the tRNA-
VRNA-RT initiation complex. These combined results
provide further evidence for a direct base-pairing inter-
action between the PAS in the viral RNA and the
antiPAS in the tRNAYS® molecule.

Modified tRNA"YS® nucleotides are not
required for PAS-mediated activation

The additional interaction between the A-rich loop in
the HIV-1 vRNA and the tRNAYs3 primer has been re-
ported to depend on modified nucleotides within the
anticodon loop of tRNAY2 (Isel et al., 1996). The anti-
PAS motif in tRNAYS® does also contain several modi-
fied nucleotides (Fig. 5A). We therefore studied the
requirement of modified nucleotides for PAS-mediated
activation of reverse transcription. We compared the
natural tRNAYs® primer and an in vitro synthesized
tRNAYS3 transcript as primer in reverse transcription
reactions. Reverse transcription was performed on the
wild-type template and a control template with a mu-
tated PAS motif (2L template, Fig. 5B). The PAS-
antiPAS interaction for these two VRNA templates and
the natural and synthetic tRNA primer is shown in Fig-
ure 5B. The natural and synthetic tRNAYS3 primers were
heat annealed onto the RNA templates and reverse
transcription was initiated by addition of dNTPs and
HIV-1 RT enzyme. Extension of the natural tRNA primer
on the wild-type template results in a profound 257-nt
full-length tRNA-cDNA product (Fig. 6, lane 2). As ex-
pected, reverse transcription was reduced 10-fold on
the PAS-minus template 2L (Fig. 6, lane 8). Because
reverse transcription is less efficiently initiated from syn-
thetic tRNA primers (Barat et al., 1991; Arts et al., 1996),
we used five times more RNA template (50 ng) and two
amounts of synthetic tRNA primer (0.5 and 1 ng). Re-
verse transcription primed by synthetic tRNA was also
reduced 10-fold for the 2L template (Fig. 6, lanes 9 and
10) compared to reverse transcription on the wild-type
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FIGURE 4. Relative reverse transcription activities of wild-type and PAS mutant templates. The results of three indepen-
dent experiments were quantitated and all values were corrected for variation in the input RNA as measured with the AUG
primer. The activity of the wild-type template was arbitrarily set at 1. A: DNA-primed reverse transcription with the lys21
primer. B: tRNA-primed reverse transcription. C: tRNA-primed 1-nt incorporation. D: We plotted the tRNA-primed reverse
transcription activity (from B) versus the thermodynamic stability (AG) of the PAS—antiPAS interaction.

template (Fig. 6, lanes 3 and 4). Thus, reverse tran-
scription primed by natural and synthetic tRNAYS3 prim-
ers is stimulated by the PAS mechanism, indicating
that the PAS—-antiPAS interaction does not depend on
modified nucleotides within the tRNAY® molecule. How-
ever, we measured reduced reverse transcription ac-
tivity with the synthetic tRNA primer as compared to the
natural primer. This suggests that modified nucleo-
tides, although not critical for the PAS—antiPAS inter-
action, do contribute to optimal reverse transcription.

Mutation of the PAS cannot
be complemented by adaptation
of the antiPAS

The finding that synthetic tRNAYs® can be used to
study the PAS-mediated enhancement of reverse tran-
scription allowed us to test a mutant form of the
tRNAYS3 primer. To study whether mutation 2L in the
PAS can be complemented by a corresponding change
in the antiPAS, we made the synthetic 2L-tRNAYS3
primer (Fig. 5A,B). Reverse transcription on the 2L
template was indeed enhanced twofold for the mu-
tant 2L-tRNAYS3 compared with the wild-type tRNAYs3

(Fig. 6, lanes 11-12 and 9-10, respectively). How-
ever, the same effect was observed on the wild-type
template (Fig. 6, lanes 5—6 and 3—4, respectively).
This result indicates that the mutant 2L-tRNAY? is a
better primer on both templates. Thus, it seems that
the PAS-antiPAS interaction cannot simply be re-
placed by another set of complementary sequences.
The observation that the mutant 2L-tRNAY3 has im-
proved priming activity may be due to opening of the
TYC stem, which liberates part of the antiPBS se-
quence for interaction with the PBS in the vRNA tem-
plate (Fig. 5A).

Switch to usage of a non-self tRNA primer
by simultaneous adaptation of the PBS
and PAS motifs

It has proven very difficult to change the identity of the
tRNA primer for reverse transcription by changing the
HIV-1 PBS sequence. Such virus mutants show de-
layed replication kinetics and rapidly revert to the wild-
type PBS-lys3 sequence (Li et al., 1994; Wakefield et al.,
1994; Das et al., 1995). This result indicates that the
PBS is not the only viral determinant of tRNA usage.
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FIGURE 5. Interaction between vVRNA templates and the natural or synthetic tRNAYs3 molecules. A: The cloverleaf struc-
tures of the natural tRNAYS® and the synthetic tRNAYS® and the mutant 2L-tRNAYS3. Base modifications are indicated
according to standard nomenclature (Sprinzl et al., 1989). The synthetic tRNAYs3 molecule does not contain modified bases,
but was shown to adopt the correct secondary cloverleaf structure and L-shaped tertiary structure (Wohrl et al., 1993). The
antiPAS motif is marked by an open box, and the mutations introduced in 2L-tRNAYS® are marked in gray. B: The PAS-
antiPAS interaction of the wild-type VRNA template with natural (n) and synthetic (s) tRNAYS? is shown on the left. The
interaction of the mutant 2L vRNA template with the synthetic tRNAYS3 and the complementary 2L-tRNAYS? is shown on
the right. The PAS and antiPAS elements are marked by an open box, the 2L mutation in the vRNA template and in the

2L-tRNAYs® primer is marked in gray.

Additional vVRNA—tRNA interactions may contribute to
tRNA primer selection. Recently HIV-1 variants that use
alternative tRNA primers were described. These vi-
ruses have sequence changes in both the PBS and the
A-rich loop (Kang et al., 1996, 1997, 1999; Wakefield
et al., 1996), although various PBS mutants could not
be stabilized in this manner (Kang et al., 1996). Be-
cause the PAS is involved in tRNA primer recognition,
we made a transcript in which both the PBS and PAS
were replaced by sequences complementary to the
non-self tRNAYS' and tRNAY2 molecules (Fig. 7B).
These tRNAs have identical antiPBS and antiPAS se-
quences, and will be referred to as tRNAYS'2 (Fig. 7A).
As a control we used the PBS-lys1,2 mutant without
PAS adaptation (Fig. 7B).

Three concentrations of the wild-type, PBS-lys1,2,
and PBS/PAS-lys1,2 templates were incubated at 85 °C
with a calf-liver tRNA preparation that contains tRNAYS3,
tRNAYs12 and all other tRNA species. Reverse tran-

scription was initiated from the annealed tRNA primer
by addition of 3P-dCTP and HIV-1 RT enzyme, result-
ing in the extension of the tRNA primer with 1 nt. The
radiolabeled tRNAYS3-cDNA product runs at a higher
position on the denaturing gel than the tRNAYS'2.cDNA
product due to different base modifications within the
tRNA backbone (Das et al., 1995; Oude Essink et al.,
1996). The wild-type template produces an intense
tRNAYs3-primed cDNA, and no tRNAYs'-2 signal is ap-
parent (Fig. 8, lanes 7-9). The tRNAYs3 signal is sig-
nificantly reduced on the PBS-lys1,2 template, and the
tRNAYs'-2 signal is of approximately similar intensity
(Fig. 8, lanes 1-3). The additional change of the PAS in
the PBS-PAS-lys1,2 double mutant template markedly
increased the tRNAYs"2 signal, with a concomitant de-
crease of the tRNAYS? signal (Fig. 8, lanes 4—6). The
amount of input viral RNA was measured by DNA-
primer extension with the AUG primer that produces a
270-nt product (Fig. 8, lanes 10—12). Quantitation of
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FIGURE 6. Reverse transcription primed by natural and synthetic
tRNAYs3, tRNA-primed reverse transcription on the wild-type HIV-1
template (lanes 2—6) was compared with that on the PAS-minus
template 2L (lanes 8—12). The natural tRNAYS3 (n-tRNA, lanes 2 and
8), synthetic tRNAYS3 (s-tRNA, lanes 3—4 and 9-10), or mutant
2L-tRNAYS® (s-2L-tRNA, lanes 5-6 and 11-12) were heat annealed
onto the RNA templates (positions +1 to +368) and extended by the
HIV-1 RT enzyme in the presence of all dNTPs. We tested two
amounts of synthetic tRNA primer (0.5 and 1 ng). Extension of the
tRNA primers results in a 257-nt tRNA—cDNA product. Several shorter
cDNA products are visible that result from RT pausing. The amount
of input viral RNA was quantitated by DNA-primer extension with the
poly(A) primer that produces a 104-nt product (lanes 1 and 7).

the results indicates that the PAS adaptation enhances
tRNAYs'2 usage approximately sixfold. Usage of the
non-self tRNAYS"-2 primer on the PBS-PAS-lys1,2 dou-
ble mutant template is still relatively poor, with only 5%
activity compared to usage of the self tRNAYS® primer
on the wild-type template.

The current in vitro results demonstrate that the iden-
tity of the priming tRNA species can be switched by
simultaneous alteration of the PBS and PAS maotifs.
However, the new tRNAYS"-2 primer is used relatively
inefficiently. This result reinforces the idea that addi-
tional viral factors are important for selection of the
tRNA primer. Other interactions between the tRNA
primer and the viral RNA template and/or the RT en-
zyme may be involved in tRNA primer selection. The
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RT enzyme is involved in placement of the tRNA primer
onto the PBS (Mak et al.,, 1994; Oude Essink et al,,
1996), and the HIV-1 RT enzyme is strongly committed
to the self-tRNAYS3 primer for initiation of reverse tran-
scription (Oude Essink et al., 1996). Retrovirus parti-
cles contain a nonrandom subset of the cellular tRNA
pool (Huang et al., 1994; Mak et al., 1994; Mak & Klei-
man, 1997), and there is accumulating evidence that
the priming tRNA species is selectively packaged by
the viral RT protein as part of the Gag-Pol precursor
protein (Sawyer & Hanafusa, 1979; Peters & Hu, 1980;
Mak et al., 1994; Das & Berkhout, 1995; Oude Essink
et al.,, 1995; Liang et al., 1997b). In addition, the viral
NC protein has been implicated in placement of the
tRNA onto the viral genome (De Rocquigny et al., 1992;
Barat et al., 1993; Fu et al., 1997; Feng et al., 1999).

A similar PAS-antiPAS interaction can be
proposed for all retrovirus genera

For HIV-1, a detailed vVRNA—tRNA interaction model
was proposed, based primarily on biochemical probing
studies (Isel et al., 1995, 1996, 1998, 1999; Lanchy
et al.,, 2000). However, some of the proposed inter-
actions are possible only for the HIV-1 MAL isolate that
was probed, and cannot be formed by other viral iso-
lates, including the HIV-1 LAl isolate used in this study.
The putative interaction between the A-rich loop (A168—
A171) in the viral RNA and the U-rich anticodon loop of
the tRNAYS3 primer (U33-U36) has been studied ex-
tensively. Mutation of the A-rich loop affects initiation
and elongation of reverse transcription (Isel et al., 1996;
Li et al., 1997; Liang et al., 1997a, 1998; Zhang et al.,
1998; Lanchy et al., 2000). Deletion of the A-rich loop
affects virus replication, and the A-rich sequence is
restored upon long-term culturing (Liang et al., 1997a).
However, the presence of overlapping sequence motifs
for integration of the viral DNA genome severely com-
plicates the interpretation of these results (Vicenzi et al.,
1994; Esposito & Craigie, 1998; Brown et al., 1999).
Moreover, this interaction appears to be specific for
HIV, as other members of the lentivirus genus that uti-
lize tRNAYS3 as primer do not possess an A-rich loop in
the region 5’ to the PBS. This indicates that the “A-
loop” interaction is not a general property of retroviruses.

In contrast to the A-rich loop interaction, the PAS—
antiPAS interaction appears to be a widely conserved
interaction. The nucleotide sequence of the PAS is highly
conserved in all HIV-1 subtypes. Subtype O encodes a
C at position 126, thus replacing a U-G base pair by a
C-G base pair in the PAS—antiPAS interaction. The same
U126C mutation in mutant N1 was found to stimulate
initiation of reverse transcription in vitro. Interestingly,
the subtype O virus has a complementary change in
the “opposing” leader sequence that restores base pair-
ing in the U5-leader stem and masking of the PAS
motif. This natural base-pair covariation supports the
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FIGURE 7. Secondary structure of alternative tRNAY® primers and the PBS/PAS mutant HIV-1 template. A: Cloverleaf
structures of the natural tRNAYS3, tRNAYS! and tRNAYS2, Base modifications are indicated according to standard nomen-
clature (Sprinzl et al., 1989). The antiPAS motif is marked by an open box; nucleotides that differ from tRNAYS® are marked
in gray. B: Schematic of the wild-type and mutant templates, in which the PBS or both the PBS and PAS are replaced by
sequences that are complementary to tRNAY$'2, Nucleotides that differ from the wild-type sequence, which is complemen-

tary to tRNAYS3, are marked in gray.
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lys3 -
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FIGURE 8. Switching the tRNA-usage of HIV-1. The PBS-lys1,2
(lanes 1-3) and PBS/PAS-lys1,2 (lanes 4-6) mutant templates, and
the wild-type HIV-1 template (positions +105 to +368; lanes 7-9)
were incubated with a calf-liver tRNA preparation that contains
tRNAYS3, tRNAYS'2 and all other tRNA species. We tested three
amounts of template RNA (10, 50, and 250 ng). Reverse transcrip-
tion was initiated from the annealed tRNA primer by addition of 32P-
dCTP and HIV-1 RT enzyme. This results in the extension of the
tRNA primer with 1 nt. The tRNAYS® product runs at a higher position
in the gel than the tRNAY$'2 product due to different base modifica-
tion. The amount of input viral RNA was quantitated by DNA-primer
extension with the AUG primer that produces a 270-nt product
(lanes 10-12).

idea that the accessibility of the PAS motif, and thus the
initiation of reverse transcription, is restricted by RNA
secondary structure. Furthermore, a vVRNA—RNA con-
tact similar to the HIV-1 PAS—-antiPAS interaction was
proposed previously for the Rous sarcoma virus (RSV)
genome and the T¥C arm of the corresponding tRNA'
primer (Cobrinik et al., 1988; Cobrinik et al., 1991; Aiyar
et al., 1992, 1994; Leis et al., 1993; Miller et al., 1997;
Morris & Leis, 1999). A similar interaction was also
proposed for HIV-2 (Berkhout & Schoneveld, 1993;
Freund et al., 2001). We performed an extensive phy-
logenetic analysis of different retrovirus genera, includ-
ing retroviral species that use tRNAYS'2 and tRNAP™ as
a primer. This survey demonstrates that a PAS-like
element is present in all retroviral RNA genomes (Fig. 9).
The PAS elements are located in the U5 region up-
stream of the PBS. Interestingly, M-fold analysis of these
retroviral sequences indicates that the PAS is usually
base paired, either to the PBS or to other leader se-
quences. Thus, the PAS—-antiPAS interaction has been
conserved in evolution, despite diversity in tRNA usage
of the different retroviruses. This mechanism to regu-
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late reverse transcription may be more widely con-
served, we could, for example, identify a PAS-like
element in the gypsy retrotransposon that uses tRNA®"
as primer. These combined results suggest that the
process of reverse transcription is regulated by a com-
mon mechanism in all retroviridae.

CONCLUSIONS

Reverse transcription of the HIV-1 RNA genome ap-
pears a highly specific process that is regulated by
interactions between the viral RNA, tRNA primer and
the viral RT enzyme. We previously identified an 8-nt
motif (positions +123 to +130), called PAS, that is
important for tRNAYs3-mediated initiation of HIV-1 re-
verse transcription (Beerens et al., 2001). Interestingly,
the PAS element is occluded by base pairing in the
U5-leader stem of the wild-type HIV-1 template. Re-
verse transcription can be activated by exposure of the
PAS through mutation of the “opposing” leader se-
quence (Beerens et al., 2001) and reverse transcription
can be inhibited by stabilizing mutations in the U5-
leader stem (Beerens et al., 2000). The PAS motif is
also important for in vivo reverse transcription and vi-
rus replication (Beerens & Berkhout, 2002). In this study,
we provide further evidence for a direct base-pairing
interaction between the PAS in the viral RNA and the
antiPAS in the tRNAYS® molecule. We show that the
efficiency of reverse transcription can be up- and down-
regulated by mutations in the HIV-1 PAS element that
strengthen or weaken the interaction with the antiPAS
sequence in the tRNA primer. Thus, reverse transcrip-
tion of the wild-type HIV-1 template appears restricted,
both by imperfect complementarity of the PAS and
antiPAS elements and by inclusion of the PAS in a
repressive RNA secondary structure. This mechanism
may preclude premature reverse transcription in the
virus-producing cell, such that the viral RNA genome is
copied only after it is appropriately dimerized and pack-
aged into virions. Although binding of tRNAYS? to the
PBS may occur relatively early, for example, in the virus-
producing cells, activation of the primer will require a
structural rearrangement of the vVRNA—RNA complex
to establish the PAS—antiPAS interaction. This confor-
mational change may be facilitated by the viral nucleo-
capsid protein (NC), which acts as an RNA chaperone
(Rein et al., 1998). Because NC is only released from
the Gag precursor protein during virus maturation, this
will ensure the proper timing for initiation of reverse
transcription.

The additional PAS—-antiPAS interaction may also
increase the specificity of reverse transcription and
restrict aberrant reverse transcription from non-self-
primers. We demonstrate that the PAS motif is involved
in selection of the tRNA primer for reverse transcription.
The tRNA usage of HIV-1 can be switched from tRNAYs3
to tRNAYs'-2 by simultaneous alteration of the PBS and
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PAS motifs. However, reverse transcription primed by the
non-self-tRNAYS"-2 on the PBS-PAS double mutant tem-
plate is relatively inefficient compared with usage of the
self-tRNAYS3 primer on the wild-type template. There-
fore, additional viral RNA—tRNA interactions, including
the previously discussed A-rich loop, and interactions be-
tween the viral RNA—tRNA complex and the RT and NC
proteins may be required for efficient reverse transcrip-
tion. It will be of interest to study the replication of vi-
ruses in which both the PBS and PAS motifs are altered
to accommodate a new tRNA primer. These viruses
may acquire adaptive changes in the viral RNA or the
RT/NC proteins. The PAS-mechanism appears highly
conserved in evolution, suggesting that the process of
reverse transcription is regulated by a common mech-
anism in all retroviridae. Retroviruses may have evolved
the additional PAS—antiPAS interaction to regulate ini-
tiation of reverse transcription and to increase the level
of specificity of reverse transcription.

MATERIALS AND METHODS
HIV-1 vRNA and tRNA constructs

HIV-1 templates

Mutations were introduced in the HIV-1 PAS element by PCR
mutagenesis with the antisense primer AUG (positions +348
to +368) and the mutagenic sense primers T7-N1, T7-N2,
T7-N3, or T7-N4 (positions +105 to +136, with 5'-flanking T7
RNA polymerase promoter sequence). The PCR reactions
were performed on the HIV-1 pLAI construct. Nucleotide num-
bers refer to positions on HIV-1 genomic RNA, with +1 being
the capped G residue. The PAS-minus template 2L was gen-
erated by PCR amplification of the construct pLAI(R37)-2L
that was described previously (Beerens et al., 2001; Beerens
& Berkhout, 2002) with the sense primer T7-2 (positions +1
to +20, with 5’-flanking T7 RNA polymerase promoter se-
quence) and the antisense primer AUG. The PBS-mutated
template was generated by PCR amplification of the con-
struct pLAI PBS-lys1,2 that was described previously (Das
et al., 1995) with the sense primer T7-PBS loop (positions
+105 to +125, with 5’-flanking T7 RNA polymerase promoter
sequence) and the antisense primer AUG. The same pLAlI
PBS-lys1,2 construct was used to mutate the PAS to be com-
plementary to tRNAYs'2 by PCR mutagenesis with the mu-
tagenic sense primer PAS-lys1,2 (positions +105 to +136,
with 5’-flanking T7 RNA polymerase promoter sequence) and
the antisense primer AUG.

tRNA transcripts

To generate a template for the production of synthetic tRNAYs2,
we PCR amplified the tRNA gene from the pUC-tRNAYSs3
construct that was described previously (Oude Essink et al.,
1995) with the sense primer 5’-T7-tRNA (tRNA positions +1
to +20) and the antisense primer 3’-tRNA (tRNA positions
+54 to +76). This yields the complete tRNA from nt 1 to 76.
The compensatory 2L mutation was introduced by PCR mu-
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tagenesis with the mutagenic antisense primer 3'-2L-tRNA
(tRNA positions +39 to +76) and the sense 5’-T7-tRNA primer.
The introduction of the mutations in the vRNA and tRNA
sequence was verified by sequence analysis with the DY-
Enamic™ Direct cycle sequencing kit (Amersham) and an
Applied Biosystems 377 DNA sequencer. The PCR products
were used directly for T7-transcription.

Synthesis of RNA templates

In vitro transcription was performed on the PCR fragments
with the T7-MegaShortscript kit (Ambion). Upon DNase treat-
ment, the transcripts were purified on 4% denaturing poly-
acrylamide gels and visualized by UV shadowing. Transcripts
were eluted from the gel by overnight incubation in TE buffer,
ethanol-precipitated and redissolved in renaturation buffer
(10 mM Tris-HCI, pH 7.5, 100 mM NaCl). The RNA was re-
natured by incubation at 85°C for 2 min, followed by slow
cooling to room temperature. The RNA concentration was
measured by UV absorbance measurement, and transcripts
were stored at —20°C.

Reverse transcription assays

The in vitro-synthesized vRNA template (10 ng) was incu-
bated either with 1.5 ug calf liver tRNA (6 pmol total tRNA, of
which approximately 1.2 pmol tRNAYs3, Roche), 0.5 or 1 ug
of synthetic tRNAYS3, or 20 ng DNA primer in 12 uL annealing
buffer (83 mM Tris-HCI, pH 7.5, 125 mM KCI) at 85°C for
2 min, 65 °C for 10 min, followed by cooling to room temper-
ature over a 1-h period. The primer was extended with 1 nt by
addition of 6 uL RT(-) buffer (9 mM MgCl,, 30 mM DTT,
150 ug/mL actinomycine D), 1 uL [«-3?P]-dCTP, and 0.5 U
HIV-1 RT (MRC). Reverse transcription was performed for
30 min at 37°C. Complete cDNA synthesis was accom-
plished in RT(+) buffer (RT(-) buffer with 30 M dATP, dGTP,
and dTTP and 1.5 uM dCTP), 0.3 uL [«-*?P]-dCTP, and 0.5
U HIV-1 RT. The cDNA products were precipitated in 0.3 M
sodiumacetate, pH 5.2, and 70% ethanol at —20°C, dis-
solved in formamide loading buffer, heated, and analyzed on
a denaturing 6% polyacrylamide-urea sequencing gel. The
antisense primers used are: lys21 (positions +182 to +202)
and AUG (positions +348 to +368, with 6 additional nt at its
5’ end).
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Prediction of RNA secondary structure and
thermodynamic stability with M-fold

The sequences of the different retroviruses for phylogenetic
analysis were taken from the NCBI GenBank. Secondary
structure predictions were performed using the M-fold ver-
sion 3.0 algorithm (Mathews et al., 1999; Zuker & Turner,
1999). Sequences were sent to the Macfarlane Burnet Cen-
tre M-fold server (mfold.edu.burnet.au) and analyzed with
standard settings. The thermodynamic stability of the inter-
action between the wild-type or mutant PAS elements and
the antiPAS in the tRNAYS3 primer was also determined using
M-fold.
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