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Sequence analysis of Rfsp-1, an active LTR retrotransposon in the sweetpotato genome,
revealed a possible novel Rtsp-1 RNA/tRNAM* complex for initiation of reverse transcription and
the first DNA strand transfer. The Rtsp-1 RNA has a primer binding site (PBS) that is partly
complementary to the 3’ end of tRNAM, and possesses an additional sequence complementary
to the 5’ end of tRNA™* downstream of the PBS. These additional base-pairings might stabilize
the Rtsp-1 RNA/primer complex. In the free form, the 5° LTR of Rtsp-1 appears to form a stem-
loop structure apparently preventing the initiation of reverse transcription. While the stem-
forming site adjacent to the PBS is complementary to the tRNA™, the other stem-forming site
on the LTR complements a region just upstream of the 3> LTR. Additionally, another region at
the 3’ end of the Rtsp-1 RNA shows sequence complementarity to the tRNA™. As the 3’ end of
Rtsp-1 approaches the tRNA™ bound to the PBS, the stem-forming strands dissociate and base-
pair with their complementary regions in the tRNAY* and the 3’ end of Risp-1, respectively.
Consequently, the LTR loop opens, allowing reverse transcription to initiate. After the initial
reverse transcription stops at the 5’ end of the Rtsp-1 RNA, the synthesized minus strand DNA
needs to be transferred to the 3’ end of the RNA to synthesize internal sequences. The Rtsp-1
RNA/tRNA™" complex may have evolved to facilitate this DNA transfer. Similar RNA/tRNA
initiation complexes have been reported from reverse transcription in retroviruses and yeast
retrotransposons (Tyl and Ty3).
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Introduction

Reverse transcription of LTR retrotransposons
Retrotransposons are transposable genetic elements
that require the action of reverse transcriptase on an
RNA intermediate to move through the genome". They
are divided into two groups, depending on the presence
of long terminal repeats (LTR). LTR retrotransposons
are major components of a plant genome. However, only
three families have been demonstrated to be transposi-
tionally competent. These families are represented by
Tntl? and Ttol® in tobacco, and by TosI7" in rice.
Recently, we have identified an active element of the
LTR retrotransposon family in the sweetpotato genome
(Rtsp-1), which had transposed during cell culture®.
Transposition of LTR retrotransposons proceeds via a
transcribed RNA that is reverse-transcribed into an
extra-chromosomal double-stranded DNA prior to inte-
gration into host genomes®. It is initiated at the primer
binding site (PBS), usually utilizing a host tRNA as a
primer and a retrotransposon full-length transcript as a

template (Fig. 1, step A)”. The reverse transcriptase
(RTase) encoded by the LTR retrotransposon at first
synthesizes a DNA complement of the R and U5 regions
of the 5" LTR, since the full-length RNA is organized as
R-U5-PBS-internal domain-PPT-U3-R (Fig.1, step B).
Subsequently, RNaseH digests the RNA associated with
the newly synthesized DNA, giving rise to a single
stranded DNA copy (Fig.1, step C). This DNA frag-
ment, termed the minus-strand strong stop DNA
(minus-sssDNA), is subsequently transferred to the 3’
end of the RNA (Fig. 1, step D) in the first of two
strand exchanges during reverse transcription. The
minus-sssDNA acts as a primer at the terminal R region
and is elongated to form a copy of the internal
sequences termed the minus-strand DNA (Fig. 1, step
E). RNaseH degrades the RNA template except at the
polypurine tract (PPT) region, leaving an RNA/DNA
hybrid there (Fig. 1, step F). The undigested RNA
serves as a primer for the plus-strand DNA synthesis
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Fig. 1 Reverse transcription mechanisms as described in the

text.

U3, unique at 3" region; R, repeated terminus of a tran-
script; Ub, unique at 5 region; PBS, primer binding site;
PPT, polypurine tract. Solid lines indicate DNA, whereas
dotted lines indicate RNA. The DNA strands elongated
by reverse transcriptase are shown as solid lines with
arrowheads. The figures are adapted from Voytas and
Boeke”.

(Fig. 1, step G). When the plus-strand DNA is synthe-
sized up to the end of the minus-strand DNA, it under-
goes a second strand transfer to the 5 end of the
minus-strand DNA (Fig. 1, step H). Elongation of both
minus- and plus-strands complete a full-length linear
LTR retrotransposon DNA (Fig. 1, step D).
Proposed model for the reverse transcription ini-
tiation complex of Rtsp-1

Sequence analysis of the Rtsp—1 retrotransposon, reg-
istered as AB162659 in DDBJ/EMBL/GenBank, and
primer tRNAM revealed a possible novel retrotranspo-
son RNA/tRNA complex (Fig. 2). While the PBS of the
Rtsp—1 retrotransposon is complementary to the 3’ end
of the tRNAM, the six nucleotides downstream of the
PBS are complementary to the 5 end of the tRNAM:
(Figs. 2a and 2b). The 3’ end of the LTR also has a
sequence complementary to the D-arm of the tRNAMe!,
Additionally, the sequences near the carboxyl terminus
of the RNaseH region, which is close to the 3" end of the
transcribed Ritsp—1 sequence, show significant comple-
mentarity to the T-psi-C-arm of the tRNAM.
Furthermore, the downstream region of the RNaseH is
a complement to the LTR U5 region, which is upstream
of a possible binding site for tRNAM* D-arm (Fig. 2d).
Finally, the 5" side of this LTR U5 region is complemen-
tary to the 3’ end region of the LTR. Based on these
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sequence complementarities, we propose the following
mode of formation of the Rtsp—1 RNA/tRNA complex
for reverse transcription initiation. In the free form, the
Ritsp—1 RNA LTR forms a stem-loop, leaving the PBS
region as a single strand (Fig. 2a). The tRNAM initially
binds Rtsp—1 RNA at the PBS and the adjacent down-
stream region (Fig. 2c). This binding involves 19 base
pairs and ensures the stability and specificity of priming.
However, the 3" end of LTR end and the two interven-
ing nucleotides (5'-AU-3"), which serve as a template for
the bound tRNAM to initiate elongation, remain double-
stranded and thus nonfunctional. As the RNaseH region
of the Rtsp—1 RNA approaches the T-psi-C-arm of the
tRNAMe it loosens the LTR stem structure and opens
the loop by base pairing of the T-psi-C-arm of the
tRNAM and the RNaseH downstream-untranslated
region with the LTR stem-forming sites (Fig. 2d). This
structural change in the Rtsp—1 RNA/tRNA complex is
a switch-on process from a closed stem structure with
the template RNA inaccessible for the primer tRNAMe,
to an open structure in which the primer tRNAMet
becomes accessible for elongation by reverse transcrip-
tion. As RTase synthesis of the minus-sssDNA pro-
gresses, the D-arm of tRNAM*" and the RNaseH down-
stream-untranslated region dissociate from the 3’ end of
the LTR. However, tRNAY* remains attached to both
the PBS and the RNaseH region of the Risp—1 RNA at
least until the minus-sssDNA transfer.
The initiation complexes for LTR retrotransposons
and retroviruses

The interactions between LTR retrotransposon RNA
and the primer tRNA have been studied most compre-
hensively in Saccharomyces cerevisiae Tyl and Ty3. The
yeast LTR retrotransposon RNAs form a highly ordered
initiation complex with the primer tRNA to stabilize the
reverse transcription priming process. Besides binding
of the PBS to the 3’ end of tRNAM* the yeast Tyl ret-
rotransposon RNA has three short regions downstream
of the PBS, which interact with the T-ps;-C and D-
arms of the tRNAM (Fig. 3)¥. Disruption of comple-
mentarity between these retrotransposon regions and
tRNAMt dramatically decreases transposition efficiency,
primarily affecting initiation of the synthesis of minus-
sssDNAY. Additionally, the yeast Tyl retrotransposon
has two complementary 14 nucleotide sequences (CYC
sequences), one downstream of the PBS and one in the
U3 region of the LTR'"Y. The U3 region is present only
at the 3" end of a full-length RNA molecule, and the base
pairing between the two CYC sequences results in close
association of the 5 and 3’ ends of the Tyl RNA.
Surprisingly, this association greatly enhances the effi-
clency of the initiation of reverse transcription.
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Fig. 2 A secondary structure model of the reverse transcription initiation complex consisting of Rtsp-1 RNA and the initiator tRNAY®,

(a) Free form of Rtsp—1 RNA
(b) Initiator tRNAM
(c) Initial binary complex of Rtsp—I RNA and tRNAM

(d) Binary complex after base-pairing between the RNaseH terminus of Rtsp—I RNA and the T—psi-C-arm of tRNAM,

Cristofari et @l have suggested that 5-3 pairing
induces a switch from a closed Tyl RNA/tRNAM¢
structure (as shown by Friant et al.¥) to an open struc-
ture that is competent for reverse transcription initia-
tion. In this case, the synthesis of sssDNA is initiated
only when the 3" end of the full-length RNA template is
proximal to the initiation complex.

The 5'-3" pairing may have evolved to prevent aber-
rant reverse transcription of defective elements. In con-
trast to Tyl, the yeast Ty3 RNA has an additional
tRNA binding site at the 3" LTR, which interacts with
the T-psi-C and D-arms of the tRNAM 'V Tnitiation of
cDNA synthesis requires the primer tRNAM® to anneal

at both the PBS and 3’ LTR sites. This double annealing
causes circularization of Ty3 RNA via a tRNA bridge.
Furthermore, the formation of a dimeric Ty3 RNA/
tRNAM structure appears to be essential for initiation
of reverse transcription. The dimerization is likely to
occur through interactions of acceptor-arms between
two molecules of tRNAM®, which contains a palindrome
sequence of 12 nucleotides. In a proposed dimeric struc-
ture, the 5 end of the Ty3 RNA in one RNA/tRNAMet
complex is placed in close proximity to the 3" end of the
Ty3 RNA in the other complex'’. This structure also
facilitates the 5" to 3" transfer of the minus-sssDNA dur-
ing minus-strand DNA synthesis.
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Fig. 3 Structural models of Tyl RNA, tRNAY®, and the Tyl RNA/tRNAM® complex.
A sequence of 10 nucleotides in the PBS is complementary to the 3’ end of the tRNAY*", The sequences in boxes 0, 1, 2.1 and
2.2 are complementary to parts of the T and D stems and loops of tRNAM, Adapted from Friant e al.”.

Retroviruses and LTR retrotransposons undergo a
quite similar process of reverse transcription>'.
Lentiviruses, a subgroup of the retrovirus family that
includes the human immunodeficiency virus (HIV), also
possess a conserved sequence at the 3" end of their
genomes, which is complementary to the anticodon stem
of the primer tRNA;"*. Interaction between the 3" end
of the HIV genome and tRNA;"* increases the efficiency
of the minus-sssDNA transfer'”

Conclusion

A highly ordered initiation complex is necessary for
yeast LTR retrotransposons because only 10 or 8 nucle-
otides of the canonical PBS are complementary to the
primer tRNA 3" end in Tyl and Ty3, respectively. The
Rtsp—1 retrotransposon identified in this study has 13
nucleotides that are complementary to the tRNA, which
is still short compared to 18 nucleotides in retroviruses.
The hypothetical complex of the sweetpotato Risp—1

retrotransposon RNA with tRNAM may stabilize the
tRNAM® priming by additional binding between the 5
end of the tRNAM®" and the PBS downstream region.
The complex appears to facilitate the minus-sssDNA
transfer by making direct association of the Rtsp—1 3
end with the complex as required for the initiation of
reverse transcription. During evolution of retrotranspo-
sons, it has been necessary to establish an effective
control of the initiation of reverse transcription and the
transfer of the minus-sssDNA using the limited materi-
als available (the transcribed RNA and primer tRNA)
within a confined space. Intriguingly, several distinct
mechanisms were developed. The proposed structures
of the retrotransposon RNA/tRNA complexes are strik-
ingly different between the yeast Tyl, the yeast Ty3,
and the sweetpotato Rtsp—1, even though the complexes
have the same biological functions and the interacting
domains of the primer tRNA are identical (z.e. the T-
psi-C and D-arms, and the 3’ end).
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