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ABSTRACT

The RNA structure of the 3� untranslated region (UTR) of the R2 retrotransposable element is recognized by the R2-encoded
reverse transcriptase in a reaction called target primed reverse transcription (TPRT). To provide insight into structure–function
relationships important for TPRT, we have created alignments that reveal the secondary structure for 22 Drosophila and five
silkmoth 3� UTR R2 sequences. In addition, free energy minimization has been used to predict the secondary structure for the
3� UTR R2 RNA of Forficula auricularia. The predicted structures for Bombyx mori and F. auricularia are consistent with
chemical modification data obtained with �-ethoxy-�-ketobutyraldehyde (kethoxal), dimethyl sulfate, and 1-cyclohexyl-3-(2-
morpholinoethyl)carbodiimide metho-p-toluene sulfonate. The structures appear to have common helices that are likely im-
portant for function.
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INTRODUCTION

RNA secondary structure provides a foundation for discov-
ery of structure–function relationships in RNA and for
identifying recurring elements of structure. To date, firmly
established secondary structures are mainly available for
various classes of structural and enzymatic RNAs (Michel
and Westhof 1990; Gutell et al. 1993; Gutell 1994; Brown
1998; Larsen et al. 1998; Sprinzl et al. 1998; Szymanski et al.
1998; Chen et al. 2000a; Li et al. 2002). It is possible that
expanding the existing database to other RNAs will reveal
new motifs or expand the functional significance of known
motifs.

Non-long terminal repeat (non-LTR) retrotransposons
are among the most abundant components of eukaryotic
genomes. For example, over 1 million copies of the L1 and
L2 elements constitute ∼20% of the human genome, and
the retrotransposition machinery of these elements is be-
lieved responsible for the insertion of short interspersed
nucleotide elements and processed pseudogenes constitut-
ing another 15% of human DNA (Lander et al. 2001). The

mechanism of non-LTR retrotransposition is best under-
stood for R2, elements that insert into a unique location in
the 28S rRNA genes of insects (Eickbush 2002). As shown in
Figure 1A, the critical step in R2 retrotransposition is se-
quence-specific cleavage of one strand of the 28S gene target
site, and the use of the released 3� hydroxyl to serve as
primer for the reverse transcription of the R2 transcript.
This step, termed target primed reverse transcription
(TPRT; Luan et al. 1993), is believed to be used by all other
non-LTR retrotransposons (Chaboissier et al. 2000; Cost et
al. 2002). TPRT is also the mechanism used in retrohoming
by group II introns (Belfort et al. 2002).

R2 elements have been identified in all investigated lin-
eages of arthropods, and their sequence phylogeny suggests
they have been vertically inherited throughout the 500-mil-
lion-year history of arthropods (Burke et al. 1998; Malik et
al. 1999). The R2 TPRT reaction in Bombyx mori requires
the RNA sequence corresponding to the 250-nucleotide 3�
untranslated region (3�UTR) of the R2 element (Luan et al.
1993; Luan and Eickbush 1995). Previously, the R2-encoded
protein from B. mori was also found to conduct TPRT by
using RNA from the R2 element of Drosophila melanogaster
(Mathews et al. 1997). Because the 3� UTR sequences of B.
mori and D. melanogaster have little primary sequence iden-
tity, functional 3� UTR sequences must have common sec-
ondary and tertiary structural features. The secondary

Reprint requests to: Douglas H. Turner, Department of Chemistry,
University of Rochester, Rochester, NY 14627–0216, USA; e-mail: turner@
chem.rochester.edu; fax: (585) 506-0205.

Article and publication are at http://www.rnajournal.org/cgi/doi/
10.1261/rna.5216204.

RNA (2004), 10:978–987. Published by Cold Spring Harbor Laboratory Press. Copyright © 2004 RNA Society.978



structures of the 3� UTRs for R2 elements from 10 closely
related sequences from the genus Drosophila and for the
sequence from B. mori were deduced by sequence compari-
son, free energy minimization, and chemical modification
(Mathews et al. 1997).

The 3� UTR sequences of R2 elements from another 28
arthropod species are now available (Lathe and Eickbush
1997; Burke et al. 1999). Here, we demonstrate that the R2
protein from B. mori can use in the TPRT reaction R2 RNA
from even the most evolutionarily divergent arthropod.
Comparative sequence analyses in conjunction with free
energy minimization identify conserved structural ele-
ments. Four additional 3� UTR sequences from silkmoth R2
elements reveal covariation to refine the secondary struc-
ture of the B. mori R2 sequence itself. Finally, these struc-
tural predictions were tested experimentally by chemical
modification of the R2 RNAs from B. mori and Forficula
auricularia (earwig).

RESULTS

3� UTR RNAs with no primary sequence similarity are
recognized by the same R2 protein

We have previously described sensitive in vitro TPRT assays
for the R2 element found in B. mori (Yang and Eickbush
1998; Bibillo and Eickbush 2002). In these assays, short
labeled DNA substrates containing the 28S gene target site
are incubated with purified B. mori R2 protein (hereafter
referred to as R2Bm) and template RNA. Sequence-specific
cleavage of the first DNA strand, use of the free DNA end
to prime cDNA synthesis, and second-strand cleavage
readily occur in the presence of 25 µM dNTPs, 0.2 M NaCl,
10 mM MgCl2 (pH 7.5; Fig. 1A). After incubation, TPRT
products are detected on denaturing polyacrylamide gels as
labeled single-stranded DNA molecules that correspond to
the combined length of the cleaved DNA strand and RNA
template. Figure 1B shows the results of such a reaction
with 3� UTR sequences from four R2 elements that repre-
sent the wide range of arthropod R2 diversity. Each RNA
template contains ∼250 nt from the 3� end of the R2 ele-
ment as well as 20 nt from the flanking downstream 28S
gene sequences. Reverse transcription is initiated at the
junction between the R2 and 28S gene sequences, not at the
3� end of the RNA (Luan and Eickbush 1996; Bibillo and
Eickbush 2002).

Lane 3 in Figure 1B corresponds to the TPRT products
obtained with the 3� UTR sequence from the same R2 ele-
ment that supplied the protein (R2Bm). A band at ∼315 nt
was observed corresponding to the labeled DNA down-
stream of the cleavage site (60 bp ) and the R2 sequences
within the RNA template (255 nt). Two additional bands
were also detected in this assay. The band at ∼365 nt was a
result of the ability of the R2 protein to use the 3� end of the
full-length upper DNA strand to prime reverse transcrip-
tion (110 nt DNA target + 255 nt R2 sequences). The nature

FIGURE 1. The R2Bm TPRT reaction and assay. (A) Diagram of the
target primed reverse transcription (TPRT) reaction. The R2-encoded
protein (gray circle) binds the 28S rRNA gene target site and the
endonuclease domain cleaves the bottom strand. The reverse tran-
scriptase domain of the R2 protein binds RNA corresponding to the 3�
UTR of the element by means of its secondary structure. The RNA is
positioned opposite the DNA cleavage such that the reverse transcrip-
tase can use the nick to initiate the formation of cDNA (dotted line).
(B) Autoradiograph of the reaction products of a TPRT reaction using
3� UTR sequences from four different R2 elements. The DNA target in
this reaction was 164 bp in length and 32P-labeled at the 5� end of the
bottom strand. The cleavage site is located 60 bp from that end. The
various RNAs used in the reaction are diagrammed at the bottom. The
open box corresponds to the 3�UTR; a gray shaded area at the end of
this region corresponds to a poly(A) (An) tail. Some of the 3� UTRs are
<250 nt in length; thus the end of the ORF is included in the template
(diagonally shaded areas). At the 3� end of all R2 RNAs are 20 nt of
28S rRNA sequences. Reverse transcription starts at the junction be-
tween the R2 sequences and this 28S rRNA sequence. Numbers to the
left of each diagram correspond to the numbered lanes in the auto-
radiogram. (R2Bm) R2 element from B. mori; (R2Dmer) R2 element
from D. mercatorum; (R2Lp) R2 element from L. polyphemus; (R2Fa)
R2 element from F. auricularia. Lane 1 is a control without RNA.
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of this product was confirmed by PCR reactions, using
primers specific to either orientation of the DNA substrate
and to the RNA sequence (data not shown). The band at
∼590 nt resulted from the R2 protein synthesizing to the
end of a first RNA molecule and then jumping to a second
RNA molecule, where it continued reverse transcription (60
nt DNA substrate + 255 nt first RNA template + 275 nt of
the second RNA template; see Bibillo and Eickbush 2002 for
more detailed studies of these template jumps).

Lanes 4–6 in Figure 1B correspond to TPRT products
generated with RNA templates containing the 3� UTR of
sequences from the Drosophila mercatorum R2 element
(R2Dmer, Fig. 1B, lane 4), the Limulus polyphemus (horse-
shoe crab) R2 element (R2Lp, Fig. 1B, lane 5), and the F.
auricularia (earwig) R2 element (R2Fa, Fig. 1B, lane 6). The
3� UTRs of these other R2 elements are shorter than that of
R2Bm, and the R2Dmer and R2Fa elements end in a
poly(A) tail (Lathe and Eickbush 1997; Burke et al. 1999).
The three distant R2 RNAs supported TPRT from the cleav-
age site (bands at ∼310 nt), TPRT from the 3� end of the
upper strand (bands at ∼360 nt), and template jumping to
a second RNA (bands at ∼590 nt). The other R2 templates
supported TPRT at relative levels of 63% (R2Dmer), 18%
(R2Lp), and 36% (R2Fa) compared with the R2Bm tem-
plate. As a control, lane 2 represents the use of a non-R2
template, a 285-nt sequence from pBluescript vector. Only
low levels of TPRT products were obtained (2% of the
R2Bm level) and did not involve specific recognition of an
RNA structure, because reverse transcription began at the 3�
end of the RNA (60 nt target + 285 nt), not from an internal
site as observed with the R2 templates.

The products obtained with both R2Dmer and R2Fa are
not of a precise length because these R2 elements end in
poly(A) tails ∼30 nt in length. Labeled cDNA products of
variable lengths were generated because TPRT initiates at
variable positions within such poly(A) tails, and the reverse
transcriptase is able to add additional residues to the DNA
target by slippage before firmly engaging the RNA (Luan
and Eickbush 1996). For example, most of the R2 Dmer
TPRT products resulted from initiation within the poly(A)

tail, whereas the R2Fa products were highly variable in
length with most containing longer tails, generated by slip-
page. These results indicate that the R2Bm protein is able to
recognize the RNA derived from the 3� UTR of diverse R2
elements and use it in the TPRT reaction. Because these
various 3� UTRs are of variable length and exhibit no
readily observed primary sequence identities, we conclude
that all R2 RNAs assume secondary or tertiary structures
with common features that can be recognized by the R2Bm
protein.

Secondary structure predictions of R2 3� UTR

The most extensive collection of R2 3� UTR sequences has
been obtained from the Drosophila genus (22 species). We
previously compared R2 sequences from 10 closely related
species within the Sophophora subgenus (Mathews et al.
1997). The 3� UTRs of those elements were ∼250 nt in
length and can be aligned and folded into a similar struc-
ture. Four additional R2 sequences from more divergent
species within this subgenus (D. bipectinata, D. willistoni,
D. sucinea, and D. persimilis) can be readily aligned with
these previous sequences (Lathe and Eickbush 1997; data
not shown).

The 3� UTR of R2 elements from species within the Dro-
sophila subgenus are on average only ∼150 nt in length.
They can be aligned with each other (Fig. 2), but exhibit
little sequence similarity to the R2 elements from the So-
phophora subgenus. The D. mercatorum R2 element within
this group (R2Dmer) was used for the TPRT reactions in
Figure 1. Figure 3 shows the proposed secondary structure
for an example from the Sophophora group, D. maritiana
(Panel A) and from the Drosophila group, D. nasuta (Panel
B). Covariational analysis supports each labeled helix in the
Drosophila group; that is, each labeled helix exhibits co-
variation, providing a minimum of two compensating
changes (Pace et al. 1989). Most labeled helices in the So-
phophora subgroup are also supported by compensating
base changes and those helices that are not (helices B, C,
and D) have highly conserved sequences. Helix A, adjacent

FIGURE 2. RNA sequence alignment and secondary structures of Drosophila 3� UTR R2 elements from eight species of the Drosophila subgenus.
Underlined nucleotides are in helices as labeled by letters above. Boldfaced nucleotides are in positions of compensating base changes.
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to the exterior loop and closing a large hairpin loop (14–16
nt) and helix B, the closest helix to the 3� end, are appar-
ently conserved in both subgenera. The Sophophora RNA
structures have two multibranch loops, as demonstrated
previously (Mathews et al. 1997), but the Drosophila group
has no multibranch loops in its secondary structure. With
the available data, it is unclear as to which set of helices of
the Sophophora group, C, D, E, F, and G, are homologous to
helices H and I of the Drosophila group.

Because the R2-encoded protein from B. mori is used in
most studies of the TPRT reaction, the structure of the 3�
UTR of B. mori is the most important to understand in

order to provide a foundation for structure–function stud-
ies. In our previous report (Mathews et al. 1997), however,
we were not able to use covariational analysis to test the
secondary structure prediction for the 3� UTR of the R2Bm
element because no other R2 element had primary sequence
similarity to that of B. mori. We therefore cloned and se-
quenced the 3� UTR of R2 elements obtained from four
other species of silkmoths: Samia cynthia, Callosamia pro-
methea, Coscinocera hercules, and Saturnia pyri (see Fried-
lander et al. 1998 for the relationship of these species to B.
mori). The sequence alignments are shown in Figure 4 and
the structures of C. promethea and B. mori are shown in

FIGURE 3. Secondary structures of the 3� UTR R2 elements from D. maritiana (A) and D. nasuta (B). Nucleotides at positions of compensating
base changes are circled and nucleotides conserved throughout an alignment are boxed. Conserved helices in B are lettered as shown in the
alignment in Figure 2.

FIGURE 4. RNA sequence alignment and secondary structures of five silkmoth R2 3� UTR RNA sequences. Helices are underlined and labeled
above with numbers. Boldfaced nucleotides are in positions of compensating base changes.
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Figures 5 and 6, respectively. Each of the five conserved
helices found in the silkmoth sequences is supported by
compensating base changes (Fig. 4). The structure for B.
mori based on this comparative analysis differs significantly
from the Mathews et al. (1997) model. The previous model,
based only on free energy minimization and chemical
modification, included only helices 2 and 4, with all other
helical regions involving different sequences. The model
shown in Figure 6 and the previous model are, however,
consistent with the previously published chemical modifi-
cation data. Because the four new silkmoth species could
not be folded into the structure proposed by Mathews et al.
(1997), our findings confirm the strength of combining
covariational analysis with free energy minimizations (Chen
et al. 2000b; Mathews and Turner 2002).

Chemical modification of the 3� UTR of R2 RNA from
B. mori and F. auricularia

The R2 RNA from B. mori used in our previous study
(Mathews et al. 1997) contained an additional 50-nt vector
sequence at its 5� end. To ensure that this vector sequence
did not cause the RNA to misfold, we made a new construct
that eliminated these sequences from the RNA used for
chemical modification. Also differing from the previous set
of experiments, the RNA was chemically modified in the
same buffer used for the TPRT reactions, and native gel
electrophoresis was conducted after RNA folding to ensure

FIGURE 5. The secondary structure of the C. promethea R2 3� UTR
RNA. Helices are numbered according to the sequence alignment
shown in Figure 4. Circled nucleotides are at positions of compensat-
ing base changes.

FIGURE 6. The secondary structure of the B. mori R2 3� UTR RNA.
Conserved helices are numbered as shown in the alignment in Figure
4. Note that helix 4 extends from nucleotides 131–147 and 224–242,
but helix 5 only extends from nucleotides 149–158 and 175–184. He-
lices without numbers are predicted by free energy minimization.
Chemical modification data are superimposed: kethoxal with triangles,
CMCT with squares, and DMS with circles. Solid symbols indicate
strong modification, darkly outlined symbols indicate moderate modi-
fication, and weakly outlined symbols indicate weak modification.
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that the RNA was in a single conformation before modifi-
cation.

An identical approach was used to map the R2 sequence
from F. auricularia, an element that contains one of the
shortest 3� UTR sequences (165 nt excluding the poly(A)
tail). On the basis of the sequence of its encoded protein,
the R2 element from F. auricularia is highly divergent from
R2Bm (Burke et al. 1998), yet its 3� UTR RNA sequence
supports the TPRT reaction catalyzed by the R2Bm protein
(Fig. 1). The secondary structure of this R2 3� UTR (Fig. 7)
was predicted only on the basis of free energy minimization
(Zuker 1989; Mathews et al. 1999) because this sequence
could not be reliably aligned with any other R2 sequences.
Chemical mapping was therefore important as a means of
testing the proposed structure because free energy minimi-

zation is, on average, only 73% accurate at predicting ca-
nonical base pairs (Mathews et al. 1999).

The 3� UTRs of R2 RNA from B. mori and F. auricularia
were modified with �-ethoxy-�-ketobutyraldehyde (keth-
oxal), 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-
p-toluene sulfonate (CMCT), and dimethyl sulfate (DMS),
and the results are shown in Figures 6 and 7. In evaluating
whether chemical modification data support a proposed
structure, only the strong and medium hits were considered
because weak hits may result from a small portion of the
RNAs being in an alternative, minor conformation. Modi-
fied bases are considered to be consistent with the proposed
structure if they are not Watson–Crick paired or are adja-
cent to a nucleotide not in a Watson–Crick pair (Moazed et
al. 1986).

The chemical modification data for B. mori R2 RNA are
consistent with helices 2, 4, and 5 (Fig. 6). Helix 3 is in-
consistent with the strong kethoxal modification at G61.
This modification, however, is consistent with a pairing
of helix 3 that is slipped by one nucleotide to give
5�GGAGCUCG/3�CCUUCGGU, a helix with seven canoni-
cal base pairs and a CC mismatch (underlined). This slip-
page is not possible for the other moth sequences in Figure
4; therefore, it is probably not functionally important. Helix
1 is inconsistent with the moderate kethoxal modification at
G122 and the moderate DMS modification at A37. Helix 1,
however, is supported by compensating base pairs (Fig. 4).
The moderate chemical modifications may reflect unex-
pected dynamics for this helix in vitro. The stability of this
helix is not reliably predicted because highly asymmetric
internal loops of the type closed by helix 1 have not been
studied. The chemical modification data for the F. auricu-
laria R2 RNA are highly consistent with the predicted sec-
ondary structure shown in Figure 7, thus providing support
for this proposed secondary structure.

The chemical modification data obtained in this study of
B. mori R2 RNA are similar to that obtained by Mathews et
al. (1997). The data differed mostly in the intensity of the
modifications. For example, C53–55 are strongly modified
by DMS according to Mathews et al. (1997), but in this
study they are only weakly modified. G170–174 were
strongly modified by kethoxal according to Mathews et al.
(1997), but in this study only G170 and 171 are strongly
modified. Some of the differences may reflect changes in
tertiary structure because the buffer used in the studies
presented here had higher Na+ and Mg2+ concentrations in
order to more closely match the TPRT reaction conditions.

The structure for B. mori R2 RNA proposed by Mathews
et al. (1997) and the one proposed in this study are con-
sistent with both sets of chemical modification data, assum-
ing that a base can be modified if it is not in a Watson–
Crick pair or is adjacent to a nucleotide not in a Watson–
Crick pair. The four new silkmoth sequences cannot be
folded into the structure proposed by Mathews et al. (1997),
however. On the basis of primary sequence identity between

FIGURE 7. The R2 3� UTR RNA secondary structure predicted for F.
auricularia (predicted �G°37 = −44.2 kcal/mole). Chemical modifica-
tion data are superimposed: kethoxal with triangles, CMCT with
squares, and DMS with circles. Solid symbols indicate strong modifi-
cation, darkly outlined symbols indicate moderate modification, and
weakly outlined symbols indicate weak modification. Helices are la-
beled with Roman numerals. An alternative folding consistent with the
chemical modification data and predicted to be less stable by 3.5
kcal/mole pairs nucleotides 1–13 with 67–79 and leaves nucleotides
157–165 unpaired.
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B. mori and the other silkmoth sequences and the compen-
sating changes supporting the new structure, we suggest the
structure in Figure 6 is the best model for the secondary
structure of this RNA. Only helices 2 and 4 were present in
the earlier model based on chemical modification data and
the predicted free energies of folding (Mathews et al. 1997).
Evidently, the promiscuity of chemical modification re-
agents and of base pairing make it difficult to determine a
secondary structure on the basis of a single sequence.

DISCUSSION

Molecular recognition involving the R2 element is particu-
larly interesting because R2 inserts at unique sites in a ge-
nome. This function is potentially useful for applications
such as gene therapy (Wickelgren 2003). One goal of study-
ing the structure of the 3� UTR of R2 RNA is to determine
which structural elements are recognized by the R2-en-
coded reverse transcriptase. Four secondary-structure mod-
els from divergent classes of R2 RNA 3� UTR sequences are
proposed in this report. The Drosophila genus has two sub-
genera with different structures, as proposed on the basis of
comparative sequence analysis. The structural model for the
sequences from the Sophophora subgenus (Fig. 3A) is largely
unchanged by the addition of four new sequences. This
group contains the D. melanogaster sequence, which was
previously tested by chemical modification (Mathews et al.
1997). The secondary structure for sequences from the Dro-
sophila subgenus (Fig. 2) is illustrated in Figure 3B and is
based only on comparative sequence analysis and free en-
ergy minimization. The high levels of sequence diversity
within this group and the resultant extensive covariation
detected for all labeled helical regions provide considerable
support for this structure. The newly proposed silkmoth R2
secondary structure model is based on comparative se-
quence analysis and free energy minimization, and was
tested by chemical modification (Fig. 6). Finally, a structure
for the divergent sequence from F. auricularia was predicted
by free energy minimization and is supported by chemical
modification (Fig. 7).

All four sets of RNA structures are used by the reverse
transcriptase encoded by the R2 element of B. mori (Fig. 1;
and Fig. 2 in Mathews et al. 1997). The ability of the R2 re-
verse transcriptase to recognize the structures in Figures 3,
A and B, and 7, even though it evolved to recognize the
structure in Figure 6, lays testament to our poor understand-
ing of how proteins are able to recognize RNA structures.

What might be the structural features of RNA recognized
by the R2 reverse transcriptase? The ability of the R2 reverse
transcriptase to use an RNA template for the TPRT reaction
involves two steps: the ability of the R2 protein to recognize
and bind the RNA, and the ability of the protein to position
the 3� end of that RNA (or the junction of the 3� UTR and
the downstream 28S gene sequences) opposite the nicked
DNA strand for the initiation of cDNA synthesis (see Fig.

1A). The ability of the RNA to be positioned opposite the
nicked site does not involve annealing of the RNA with the
downstream DNA sequences (Luan and Eickbush 1996). It
is not known whether RNA recognition and RNA position-
ing involve the same or different motifs.

The different classes of R2 3� UTR secondary structures
do have several common features. Invariably, the exterior
loop (which contains the 5� and 3� ends of the sequence)
has at least two conserved helices. It is easy to speculate that
the helix closest to the 3� end of the sequence (helix B in Fig.
3; helix 4 in Figs. 5, 6; and helix III in Fig. 7) serves a
conserved role in each structure. The importance of this
helix at the 3� end is consistent with deletion experiments
showing that the 3� end of the sequence of B. mori is im-
portant for efficient TPRT (Luan and Eickbush 1995). A
second invariably conserved feature of all four structures is
a helix (helix A in Fig. 3; helix 1 in Figs. 5, 6; and helix II in
Fig. 7) separated from the first by a short sequence highly
enriched in A and U nucleotides. Again, deletion of the first
50 nt from the 5� end of the R2Bm RNA, which deletes this
helix, completely eliminates the TPRT reaction (Luan and
Eickbush 1995). Because these are the only two helices
clearly present in all of the RNA structures used by the
R2Bm protein, they likely provide two recognition ele-
ments. As shown in Figure 1, however, different RNAs pro-
vide different specificities in the TPRT reaction catalyzed by
the R2Bm protein. Thus, it is likely that species-specific
recognition elements also exist. Because it is not currently
possible to match up definitively the recognition elements
between different classes of R2 secondary structures, helices
in each class have been labeled differently.

Each RNA structure also contains an extensive region
enclosed by the conserved helix close to the 3� end (helices
C–G in Fig. 3A; helices H and I in Fig. 3B; helix 5 in Figs.
5, 6; and helices IV–VI in Fig. 7). Often, this is most of the
sequence outside the two conserved helices. When sequence
comparison is possible, this region appears conserved
within a subgenus. Thus, this region may be the species-
specific recognition element for the reverse transcriptase.
Future mutagenesis experiments using both the R2Bm and
the R2Dmer structures and tests for both binding and the
ability to function as a template for TPRT should help re-
solve the significance of the various RNA structures.

There are other potential recognition elements not indi-
cated in the alignments and secondary structures of Figures
2–7. For example, in each class there is a potential pseudo-
knot that can form between the unpaired region enclosed
by the 5’ invariably conserved helix feature (helix A in Fig.
3; helix 1 in Figs. 5, 6; and helix II in Fig. 7) and the
sequence 5’ of this conserved helix. There is not enough
sequence variation within each class, however, to prove
such a pseudoknot, and in many cases the potential up-
stream pairing partners are able to base pair with nucleo-
tides even further upstream without forming a pseudoknot.

It will be interesting to compare the structure and func-
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tion of the R2 RNA and protein with other reverse tran-
scriptase complexes. Although some other non-LTR retro-
transposons specifically recognize the 3� UTR of the ele-
ments (Takahashi and Fujiwara 2002), many non-LTR
retrotransposons apparently do not. For example, if a
strong SV40 polyadenylation signal is added well down-
stream of the weak polyadenylation site of the L1 element,
the L1 reverse transcriptase will efficiently initiate TPRT at
the poly(A) tail of the new 3� end (Moran et al. 1996).
Perhaps more interesting comparisons will involve the simi-
larities of the R2 RNA and reverse transcriptase with those
of mobile group II introns and of telomerase. Similarities
with telomerase include the association of protein with a
specific RNA template and the ability to position one seg-
ment of this RNA template opposite a free DNA end for
reverse transcription. In the case of telomerase, however,
the RNA template is held rigidly enough so that only a short
region of the RNA is reverse transcribed (Lingner et al.
1997). In the case of R2, all of the RNA template is even-
tually stripped away from the protein by the formation of
the RNA:cDNA heteroduplex. In this regard, the R2 enzyme
is more similar to that of group II introns, in that after
binding a specific RNA template, the RNA template is com-
pletely reverse transcribed (Belfort et al. 2002). It will be
interesting to compare the structures and properties of
these three very ancient types of reverse transcriptase com-
plexes, as well as what enables some non-LTR elements to
specifically bind RNA templates and others to use many
RNA templates.

MATERIALS AND METHODS

Sequence alignment

Alignments were created for the Drosophila and silkmoth RNA
sequences by arranging them phylogenetically and aligning them
by primary sequence similarity, using free energy minimization
(Mathews et al. 1999) as a guide. Highly conserved anchor regions
were also found with the help of Dynalign (Mathews and Turner
2002). The following criteria were used for choosing the sequence
alignments shown in Figures 2 and 4: (1) columns represent ho-
mologous positions throughout all sequences; (2) canonical base
pairs in conserved helices are maximized; (3) compensating
changes in conserved helices are minimized; (4) sequence conser-
vation outside of helices is maximized; (5) gaps are minimized; (6)
helices are considered proven when they contain at least three
compensating base changes.

TPRT assays

Synthesis of labeled DNA target sites and purification of the R2Bm
protein and the TPRT assays were conducted as described in Bi-
billo and Eickbush (2002).

Synthesis of RNA

RNA for the TPRT assays was made from PCR templates as de-
scribed in Bibillo and Eickbush (2002). Primers ∼250 bp from the

3� end of each element were as follows: L. polyphemus, CTGCAG
TAATACGACTCACTATAGGTCAAAATATTTTGAAGAGTTCT
TG; F. auricularia, CTGCAGTAATACGACTCACTATAGGAT
GTTTAATTCAACAACCTCAG; D. mercatorum, CTGCAGTAAT
ACGACTCACTATAGGTGACAGCAATGTTATCAGTTC; and B.
mori, CTGCAGTAATACGACTCACTATAGGTTGAGCCTTGCA
CAGTAG. Each of these primers was used in combination with the
primer for the 28S gene sequence immediately downstream of the
R2 insertion site, GATGACGAGGCATTTGGCTA.

The B. mori and F. auricularia R2 element 3� UTR regions were
also cloned into pUC19. For B. mori, the oligonucleotide primer,
CGGGATCCTAATACGACTCACTATAGGCCTTGCACAGTAG
TCCAGCGG, which contains the T7 promoter, and CGGGCTG
CAGGAATTCGA were used to PCR amplify the clone micro-R2–
28S (Eickbush et al. 2000). For F. auricularia, the primer CGGG
GATCCTAATACGACTCACTATAGGATGATAGCGCACCTGGTC,
again containing the T7 promoter, and GCTGCAGAATTTTTTC
GTTGAAGAAATGCG were used to PCR amplify one of the M13
clones used in the sequencing of the 3� end of the F. auricularia R2
element (Burke et al. 1999). The amplified DNA was digested with
BamH1 and PstI and individually cloned into these same sites of
pUC19. T7 transcription of these plasmids digested with XmnI
allowed the synthesis of RNA corresponding to the complete 3�
UTR of each element, starting within the termination codon of the
R2 ORF and ending with a run of four A residues.

The plasmids were linearized via digestion with XmnI (Pro-
mega), followed by a phenol:chloroform extraction and ethanol
precipitation. The DNA was then transcribed with T7 RNA poly-
merase by using an Ambion MEGAScript in vitro transcription kit,
followed again by a phenol:chloroform extraction and ethanol
precipitation. The manufacturer’s protocol was used with a plas-
mid concentration of 200 ng/µL instead of 50 ng/µL and an in-
cubation time of 7.5 h instead of 2 h. Next, the RNA was gel
purified on a denaturing, 8% polyacrylamide, 8 M urea gel. To
elute the RNA, we excised the bands containing full-length RNA,
found by UV shadow, and crushed them and soaked them in
water. The stock was desalted by running the RNA through Sepha-
dex G-25 columns (Amersham Biosciences).

Native gel electrophoresis

Before conducting mapping experiments, native gel electrophore-
sis was used to establish conditions under which the RNA is in a
single conformation. The RNA at 0.42 µM was renatured in TPRT
buffer (40 mM Hepes, 40 mM sodium Hepes, 110 mM NaCl, 10
mM MgCl2) by (1) incubating for 2 min at 90°C and slow cooling
to 37°C; (2) incubating for 30 min at 45°C and slow cooling to
room temperature; (3) incubating for 45 min at 37°C; or (4) only
thawing at room temperature. After renaturation, glycerol was
added to give a 10% solution, and the samples were run on 4%
Aquapor High Resolution Agarose gels (National Diagnostics) for
2 h at 50 V at room temperature. The RNA was viewed under UV
light after staining the gel with ethidium bromide. Both B. mori
and F. auricularia RNAs ran as a single band under all renaturation
conditions tested, including only thawing.

Chemical modification

RNA was chemically modified with CMCT, DMS, and kethoxal.
CMCT functions better at pH 8.2; therefore, native gel electro-
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phoresis was used to verify that increasing the pH of the buffer did
not change the structure of the RNAs. Stock solutions for CMCT
consisted of 10.4 mg CMCT (Aldrich) in 280 µL sterile water; for
DMS, 2 µL neat DMS (Aldrich) in 12 µL 99% ethanol; and for
kethoxal, 1 µL kethoxal (ICN Biomedicals) in 10 µL 99% ethanol
and 30 µL sterile water. Samples of 3 pmole RNA in 7.2 µL TPRT
buffer were incubated for 45 min at 37°C prior to chemical modi-
fication. Modifications were initiated by adding either 3.75 µL,
0.15 µL, or 0.75 µL of the CMCT, DMS, or kethoxal stock solu-
tions, respectively. Because it is desirable to have one modification
per molecule, the reaction time for each modification was deter-
mined experimentally. Optimal incubation times were 10–25 min
for CMCT, 15–25 min for DMS, and 4–15 min for kethoxal.
Control reactions were also run, where chemical modification re-
agents were not added. All reactions were carried out at 37°C (the
same temperature used for TPRT reactions). Reactions were
quenched by adding 8.36 µg bulk RNA and 2.2 µL of 3 M sodium
acetate, and they were subsequently ethanol precipitated.

Modifications were detected by reverse transcription. Primers
were synthesized by standard methods on an Applied Biosystems
392 synthesizer. Bases on the primers were deprotected by incu-
bation in 1 mL NH4OH at 55°C overnight. Ammonia was re-
moved by placing the samples under a vacuum, and the primers
were desalted through Sep-Pak cartridges. Primers for B. mori
were CGCCGGATCATCATCATGC, CATGGATTAGGATCGG,
CCCCCGAGATTCCCACCC, CGAAATTGGATCAGTAG, and
GGGAAGCCAAGGGAGC. For F. auricularia, primers were CGT
TGAAGAAATGCG, CCCCGGATTGCTCC, CAACGGTATTAT
CAC, and CGGTATTATCACTTAG.

For reverse transcription reactions, the primers were labeled
with T4 polynucleotide kinase (Invitrogen) and �-32P ATP (Perkin-
Elmer Life Sciences). Excess ATP was removed with Chroma Spin
+STE-10 columns. Next, 2.5 pmole of radiolabeled primer was
annealed to 1 pmole RNA in 0.435 M sodium acetate in a total
volume of 8 µL by incubating the reaction mixture for 10 min at
70°C, 10 min at room temperature, and then 10 min on ice. After
spinning down the samples, primer extension was carried out in 1
mM each dNTP, 1× reaction buffer, and 1 U AMV reverse tran-
scriptase (Life Sciences) in a total volume of 25 µL. For sequencing
lanes, 0.75 mM each ddNTP was also added. The reaction mixture
was incubated for 1 h at 42°C. Reactions were quenched by adding
25 µL of stop buffer (12 M urea, 12 mM EDTA).

Samples were run on 8% polyacrylamide, 8 M urea gels for 2–3
h at 60–70 watts. The gel was dried and visualized by autoradiog-
raphy. The strengths of the chemical modification hits were visu-
ally estimated.
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