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ABSTRACT

RNA transcripts corresponding to the 250-nt 3 untranslated region of the R2 non-LTR retrotransposable element are
recognized by the R2 reverse transcriptase and are sufficient to serve as templates in the target DNA-primed reverse
transcription (TPRT) reaction. The R2 protein encoded by the Bombyx mori R2 can recognize this region from both
the B. mori and Drosophila melanogaster R2 elements even though these regions show little nucleotide sequence
identity. A model for the RNA secondary structure of the 3 untranslated region of the D. melanogaster R2 retrotrans-
poson was developed by sequence comparison of 10 species aided by free energy minimization. Chemical modifi-
cation experiments are consistent with this prediction. A secondary structure model for the 3 untranslated region of
R2 RNA from the R2 element from B. mori was obtained by a combination of chemical modification data and free
energy minimization. These two secondary structure models, found independently, share several common sites. This
study shows the utility of combining free energy minimization, sequence comparison, and chemical modification to
model an RNA secondary structure.
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INTRODUCTION

A thorough understanding of RNA structure and the
general rules that determine RNA folding will be in-
valuable for understanding the mechanisms of RNA
catalysis and protein recognition and for the design of
therapeutics targeting RNAs. There are several meth-
ods available for the determination of RNA secondary
and tertiary structure (Jaeger et al., 1993a). X-ray dif-
fraction (Kim et al., 1974; Robertus et al., 1974; Westhof
& Sundaralingam, 1986; Dock-Bregeon et al., 1989; Hol-
brook et al., 1991; Cate et al., 1996) and NMR (Heus &
Pardi, 1991; Varani et al., 1991; Varani & Tinoco, 1991;
SantaLucia & Turner, 1993; Borer et al., 1995; Green-
baum et al., 1995; Puglisi et al., 1995; Szewczak & Moore,
1995; Ye et al., 1995; Dieckmann et al., 1996; Jiang et al.,
1996; Yang et al., 1996) are useful techniques for de-
termining RNA structures, although solving structures

larger than tRNA is difficult. Sequence comparison, or
phylogeny, is the standard technique for determining
secondary structure when genetically related RNAs
are available (James et al., 1989) and has even been
used to model the three-dimensional structure of the
group I self-splicing intron (Michel & Westhof, 1990).
Thermodynamic prediction of RNA secondary struc-
ture by free energy minimization is an alternative tech-
nique when a number of genetically related RNAs are
not available (Turner et al., 1988; Zuker, 1989; Jaeger
et al., 1989, 1990a; Zuker et al., 1991). In a recent report,
the Zuker algorithm for secondary structure predic-
tion based on free energy minimization was found to
be 74% accurate, on average, at predicting helices of
self-splicing introns and of domains of small subunit
rRNAs (Walter et al., 1994). It is less accurate when
tested against complete rRNAs, where the average
length is 1,500 nt (Konings & Gutell, 1995). Free energy
minimization has been used in conjunction with phy-
logeny to deduce structures for RNAs with a limited
number of related sequences (Konings & Hogeweg,
1989; Lück et al., 1996). Finally, chemical modification,
a technique in which small chemicals probe for ex-
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posed bases in an RNA structure, can be used to test
and refine models of RNA structure (Inoue & Cech,
1985; Moazed et al., 1986; Ehresmann et al., 1987).

This paper is an examination of the ability to model
the secondary structure of a novel functional RNA.
Our test case was the 39 untranslated sequence from
R2, a non-LTR retrotransposable element of insects
(Burke et al., 1987). The R2 element inserts into a spe-
cific sequence of the 28S ribosomal gene of its host and
has been found in a few percent to more than half the
rDNA units of most insects (Jakubczak et al., 1991).
The protein encoded by the R2 element from Bombyx
mori (R2Bm) has been expressed in Escherichia coli (Xiong
& Eickbush, 1988) and an in vitro DNAcleavage/reverse
transcription system has been developed for studying
the retrotransposition mechanism (Luan et al., 1993). The
;250-nt 39 untranslated region of the R2Bm transcript
is recognized specifically by the R2-encoded reverse
transcriptase and is required for the RNA to serve as a
template in a reaction termed target-primed reverse
transcription (TPRT) (Luan et al., 1993; Luan & Eick-
bush, 1995). In this reaction, the 39 hydroxyl group gen-
erated by cleavage of the 28S gene target site in DNA is
used as the primer for reverse transcription.

We show here that the R2Bm reverse transcriptase
can also recognize RNA transcripts corresponding to
the 250-nt 39 untranslated region of the Drosophila mel-
anogaster R2 element (R2Dm). The 39 untranslated re-
gion of the R2Dm RNA was modeled by sequence
comparison of 10 Drosophila species aided by free en-
ergy minimization. This model was then tested by
chemical modification studies. The R2Bm 39 RNA struc-
ture was also modeled. The R2Bm sequence could not
be aligned with the Drosophila sequences and a diverse
set of Bombyx species is not available. Thus, it was
necessary to deduce its structure independently using
chemical modification to sort through a set of struc-
tures suggested by free energy minimization.

RESULTS

R2 RNA from D. melanogaster is recognized
by the R2 reverse transcriptase from B. mori

We have previously described an in vitro assay for the
combined DNA cleavage and reverse transcription re-
actions catalyzed by the R2 protein from B. mori (Luan
et al., 1993; Luan & Eickbush, 1995). A plasmid DNA
substrate (pB109) containing a 1.1-kb segment of the
28S gene is predigested with EcoR I and Hind III to
release the 28S gene fragment with the R2 insertion
site from the 2.7-kb pUC vector. These DNA fragments
are incubated at 37 °C with the purified R2Bm protein
and R2Bm RNA transcripts generated in vitro with T7
RNA polymerase. Three steps in the retrotransposition
process occur efficiently in vitro in the presence of
25 mM dNTPs, 0.2 M NaCl, and 10 mM MgCl2, pH 8

(Fig. 1). First, an endonuclease activity of the R2 pro-
tein nicks the target site (first strand cleavage). This
nick defines the precise location of the eventual R2
insertion. Second, the DNA polymerase activity of the
R2 protein reverse transcribes the R2 RNA template
starting at or near the 39 end of the RNA template. The
primer for this synthesis is the 39 OH generated on the
target DNA by the first strand cleavage. This reverse
transcription converts the 1.1-kb substrate DNA to a
branched molecule containing an RNA:DNA hybrid.
The third step in R2 retrotransposition occurs after
reverse transcription, and involves cleavage of the sec-
ond DNA strand two base pairs upstream of the nicked
site.

Typical examples of such TPRT reactions are shown
in Figure 2A. In the absence of any RNA template
(lane 1), the R2 protein was only able to cleave the first
strand of the target DNA, because both reverse tran-
scription and second strand cleavage are dependent
upon the presence of RNA. In the presence of non-R2
RNA sequences (in this case, an 825-nt vector RNA
transcript from pBluescript) (lane 2), both first and
second strand cleavage of the target DNA occurred.

FIGURE 1. Diagram of the initial steps involved in the target-
primed reverse transcription assay of the R2 protein. The 28S gene
insertion site is located 60 bp from one end of the cloned restriction
fragment. Endonuclease activity of the R2 protein first cleaves the
lower DNA strand of the DNA target. The reverse transcriptase
activity of the R2 protein uses the 39 hydroxyl group exposed by this
cleavage to prime cDNA synthesis using an R2 RNA molecule as
template. After reverse transcription, the second strand of the target
DNA is cleaved. For further details of this reaction, see Luan et al.
(1993).
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Because the R2 target site was only 60 bp from one end
of the 28S gene fragment, second strand cleavage of
about one-half of the target molecules results in the
1.1-kb target fragment becoming a doublet. TPRT is
dependent upon the presence of the R2 sequences on
the RNA template, thus no reverse transcription oc-
curred with the vector RNA sequences. In the presence

of an ;800-nt RNA fragment corresponding to the 39
end of the R2Bm element (lane 3), the 1.1-kb fragment
was converted to a diffuse ;1.9-kb fragment repre-
senting the Y-shaped and linear TPRT products. We
have shown that the size of this TPRT product is di-
rectly proportional to the length of the input R2 tem-
plate as long as the 250-nt 39 untranslated region of the
R2Bm element is located near the 39 end of the RNA
template (Luan & Eickbush, 1995). Deletion of several
segments within this 39 untranslated region elimi-
nated its ability to be used as template in the TPRT
reaction, suggesting that the structure recognized by
the R2 protein involves sequences throughout this
250 nt.

The 39 untranslated region of the R2 element from D.
melanogaster is also approximately 250-nt in length
(Jakubczak et al., 1990). The exact length is variable
due to a poly(A) tail present at the 39 junction with the
28S gene. Sequence identity within the 39 untranslated
region of the R2 elements from B. mori and D. melano-
gaster is minimal, possibly limited to only a few short
regions (Eickbush et al., 1995). To determine if the R2
protein from B. mori could also recognize the RNA
transcript from the D. melanogaster R2 element (R2Dm),
an ;300-nt RNA fragment corresponding to the 39 un-
translated region of the R2Dm element was used in the
TPRT reaction (lane 4). The target DNA was converted
to a diffuse band extending up to 1.4 kb in length, the
expected size of a TPRT product with a 300-nt RNA
template. To confirm that this product band was the
result of a TPRT reaction, the products were PCR am-
plified with one primer complementary to the cDNA
strand generated by reverse transcription of the D.
melanogaster RNA transcript and the second primer
complementary to the 28S gene downstream of the
insertion site. The PCR products were ligated into a
sequencing vector (Burke et al., 1995) and individual
clones were sequenced (Fig. 2B). Five of the sequenced
clones had derived from reverse transcription initiat-
ing within the short poly(A) tail defining the 39 end of
the R2Dm transcript. The other five clones had initi-
ated reverse transcription at internal sites within the
R2Dm sequence (Fig. 2B). These internal deletions ex-
plain the diffuse nature of the TPRT product in lane 4
(Fig. 2A). Initiation of reverse transcription at internal
sites within the R2 39 untranslated region are also de-
tected at low levels with R2Bm templates, becoming
more frequent if small deletions or substitutions are
made at the 39 end of the template (Luan & Eickbush,
1995). These results demonstrate that the D. melano-
gaster R2 RNA can be used by the R2 protein from B.
mori in the TPRT reaction. The efficiency of the reac-
tion is comparable to that of the R2Bm template. The
R2Bm protein, however, appears less able to position
correctly the R2Dm RNA to enable the initiation of
reverse transcription at the precise 39 end of the tem-
plate.

FIGURE 2. RNA from the D. melanogaster R2 element can be used
as template by the R2 protein encoded by the B. mori element. A:
Ethidium-bromide stained agarose gel of the TPRT reaction prod-
ucts. The 2.7-kb DNA fragment represents the pUC plasmid, whereas
the 28S gene target site is located on the 1.1-kb fragment. Reaction
conditions are defined in the Materials and methods. Lane 1, no
added RNA; lane 2, addition of an 825-nt pBSKS vector RNA; lane 3,
addition of an 802-nt HR4 R2 RNA transcript corresponding to the
39 end of the R2Bm element (similar activity has been observed with
RNA transcribed from plasmid pBmR2-249 [Luan & Eickbush, 1995]);
lane 4, addition of a 300-nt RNA transcript corresponding to the 39
end of the R2Dm element. The positions of DNA length markers are
shown on the left. The TPRT product with the ;800-nt R2Bm RNA
is approximately 1.9 kb, whereas the TPRT product with the 300-nt
R2Dm RNA is approximately 1.4 kb. B: Sequence of the R2/28S gene
junctions generated by the TPRT reaction with R2Dm RNA. The
sequence at the 39 end of the R2Dm RNA template is shown at the
top. Below this RNA sequence are the sequences of the cDNA-28S
gene junctions obtained by PCR amplification and cloning of the
reaction products. Some of the products resulted from reverse tran-
scription that initiated at internal positions within the R2 template.
The distances of these internal sites from the 39 end of the sequence
shown in Figure 4 are indicated.
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Modeling the structure of the Drosophila
R2 3 untranslated region

The secondary structure of the Drosophila R2 39 se-
quences was modeled by sequence comparison of 10
species: D. melanogaster, D. simulans, D. sechellia, D.
mauritiana, D. yakuba, and D. teissieri from the melano-
gaster species subgroup; D. ananassae and D. takahashii
individual species from two other subgroups of the
melanogaster species group; and D. pseudoobscura and
D. ambigua from the ambigua species group (Eickbush
& Eickbush, 1995; Eickbush et al., 1995; W.D. Lathe &
T.H. Eickbush, in prep.). A sequence alignment was
conducted initially by simply matching bases. The align-
ment for the five species representing most of the se-
quence diversity is shown in Figure 3A. This simple
alignment was examined for putative conserved helices,
allowing for shifts in the register of the original sequence
alignment. This process was aided by comparing the
thermodynamically predicted structures of each spe-
cies, generated by the Zuker (1989) algorithm, with the
parameters of Walter et al. (1994), as described in the
Materials and methods. Based on these thermodynamic
predictions, four regions of the RNA sequence that con-
tained low levels of sequence identity (boldface se-
quences in Fig. 3A) required shifts in the register of the
sequence alignment. The sequence alignment was also
examined for possible pseudoknots, but none were
found that were consistent with phylogeny.

The modeled structure has seven helices of at least
three base pairs that are conserved in all species. The
final sequence alignment of all 10 species is shown in
Figure 3B, with the seven proposed helices underlined
(labeled A–G). There are 13 compensating changes,
defined as a change in the helix of one species from an
A-U to a G-C pair or the reverse in the orientation of
a pair, e.g., 59-G-C-39 replaced by a 59-C-G-39 (boldface
positions in Fig. 3B). In addition to the compensating
changes, there are six pairs in which at least one spe-
cies has a change in either a G-C or an A-U to a G-U
pair. These nucleotide changes support the validity of
six of the seven helical regions (the seventh helix, D,
showed no sequence variation).

The final model for the secondary structure of the
R2Dm 39 untranslated region is shown in Figure 4. Ex-
cept for helix A, the structure predicted solely on
thermodynamic considerations was identical to the final
structure based on phylogenetic information. The struc-
ture in Figure 4 shows three additional helices (labeled
1–3) that were inferred entirely from thermodynamic
considerations. The other Drosophila species have a sim-
ilar overall structure to that of D. melanogaster, with the
major variation being in the length and sequence of the
regions containing helices 1–3. In Figure 4A, nucleo-
tides in the melanogaster structure that are invariant
through the 10 species are boxed, and those with com-
pensating changes are circled. Also in Figure 4A is an

alternative structure for helix C that is consistent with
the alignment.

Chemical modification of R2Dm

To test the secondary structure model of R2Dm derived
from the above phylogenetic approach, chemical mod-
ification of an RNA containing the 250-nt R2Dm RNA
was conducted with 1-cyclohexyl-3-(2-morpholino-
ethyl)carbodiimide metho-p-toluenesulfonate (CMCT),
dimethyl sulfate (DMS), and b-ethoxy-a-ketobutyralde-
hyde (kethoxal). These reagents react at nucleotides
not involved in Watson–Crick pairing and at nucleo-
tides at the ends of helices. Thermal melting curves
were used to choose conditions for the chemical mod-
ification experiments. Formation of tertiary structure
often buries non-base paired nucleotides, leaving them
nonreactive to modification reagents (Inoue & Cech,
1985; Banerjee et al., 1993). Tertiary structure, however,
often melts at lower temperatures than most second-
ary structure (Crothers et al., 1974; Hilbers et al., 1976;
Banerjee et al., 1993; Jaeger et al., 1993b; Laing & Draper,
1994) and is also destabilized at low Mg21 concentra-
tions (Inoue & Cech, 1985; Jaeger et al., 1990b; Laing &
Draper, 1994). Thus, better definition of secondary struc-
ture may be achieved from chemical modification at
elevated temperatures and reduced Mg21 concentra-
tion. Figure 5 shows melting curves obtained at 0.1,
1.0, and 5 mM free Mg21. The best separation of tran-
sitions, i.e., separation in the maxima of the derivative,
is achieved with 1 mM Mg21. This gives transitions
centered around 10, 55, and 70 °C. Chemical modifica-
tion was done at 20 °C to map the structure between
the first and second transitions. Another map was done
at 42 °C to examine the structure in the second transi-
tion region.

The modification data at 20 and 42 °C are shown on
the proposed secondary structure for R2Dm RNA in
Figure 4B and C, respectively. The map at 20 °C is
consistent with the proposed phylogenetic structure
when allowing for modifications at G-U pairs, as has
been observed in other studies (Moazed et al., 1986;
Banerjee et al., 1993). The modification pattern is also
consistent with the alternative helix in Figure 4A. He-
lix 1 (a helix unique to melanogaster) shows a modifi-
cation that can be explained by the rearrangement
shown in Figure 4B. If both helices occur in solution,
then A17 and A19 could both be accessible to modifi-
cation as observed. It is also possible that the base
pairing in helix 1 is perturbed by vector-derived bases
at the 59 end of the construct, forming a separate struc-
ture in equilibrium with the two shown.

At 42 °C (Fig. 4C), more modification hits are ex-
pected due to unfolding of the tertiary structure. For
example, for two group I introns, the lowest temper-
ature transition is the unfolding of tertiary structure
(Banerjee et al., 1993; Jaeger et al., 1993b). For tRNA,
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A

B

FIGURE 3. Alignment of Drosophila sequences. A: Initial alignment of five sequences determined only by matching bases.
Boldfaced regions are those that were changed in the final alignment. B: Final alignment of all 10 sequences demonstrating
the modeled secondary structure. Underlined regions represent bases in phylogenetically determined helices, which are
labeled above the alignment by letters. Columns in boldface are positions in which compensating changes were found. The
base pairing of a hairpin loop such as that closed by helix F in ananassae has been determined by NMR (Jucker & Pardi,
1995).
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FIGURE 4. Secondary structure model for the
R2Dm 39 untranslated RNA. A: Nucleotides in-
variant throughout the alignment (Fig. 3) are
boxed and nucleotides in positions of compen-
sating changes are circled. The arrow points to
an alternative helix that is consistent with phy-
logeny. Lettered helices correspond to phylo-
genetically determined helices labeled in the
alignment (Fig. 3). Numbered helices are re-
gions unique to melanogaster. B: Chemical mod-
ifications at 20 °C. The arrow points to a possible
rearrangement consistent with the modification
data. Boxed regions are structural elements in
common with those in the R2Bm 39 untrans-
lated RNA structure model (Fig. 6). C: Chemical
modification at 42 °C. Triangles represent mod-
ifications by kethoxal, circles represent DMS,
and squares represent CMCT. Solid symbols
represent strong modification, darkly outlined
symbols represent moderate modification, and
lightly outlined symbols represent weak modi-
fication. The chemically mapped RNA contained
the additional vector sequences G3CGA2U2G3U
AC2G3C7UCGAG2UC on the 59 end and AGC
U2GAUAUCGA2U2 at the 39 end. (Figure contin-
ued on facing page.)
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the lowest transition is the unfolding of tertiary struc-
ture and a helix in the cloverleaf (Crothers et al., 1974;
Hilbers et al., 1976). For R2Dm RNA, the hits at 42 °C
are consistent with the unfolding of both tertiary struc-
ture and some secondary structure, mostly in helix B,
which has a predicted melting temperature of about
55 °C (Freier et al., 1986; Williams et al., 1989; Serra &
Turner, 1995).

Modeling the structure of R2Bm 3 RNA

The R2Bm 39 untranslated RNA could not be aligned
successfully to the Drosophila phylogenetic structure.
Therefore, to model the R2Bm structure, a computer
program, called mix&match, was written to use thermo-
dynamic structure prediction in conjunction with chem-
ical modification data (see the Materials and methods).
Mix&match combines the most thermodynamically
favorable domains that are also compatible with the
modification data into an overall structure. This was
necessary because strong modification can occur at ter-
minal base pairs at either end of helices and the recur-
sive algorithm for free energy minimization cannot
take this into account. The condition that a base pair
involving a modified base can occur only if the next
base is not paired violates recursion. It is also not suf-
ficient to search through suboptimal structures gener-

ated by the Zuker algorithm to find a structure that is
compatible with the data. This is because the Zuker
algorithm does not produce every possible structure
within the specified increment of the lowest free en-
ergy. Rather, it produces representative structures, the
total of which show each possible base pair (Zuker,
1989; Jaeger et al., 1990a).

The secondary structure model of the R2Bm 39 RNA
deduced with mix&match is shown in Figure 6 with
all chemical modification hits mapped. pBSK(-K) vec-
tor sequences present at the 59 and 39 ends of the R2Bm
RNA made in vitro by T7 RNA polymerase were in-
cluded in this structure prediction. The predicted struc-
ture shows these extra nucleotides forming domains
apart from the main body of the structure.

A structure predicted by free energy minimization,
without taking into account the modification data,
matched the R2Bm model except for two locations. It
did not predict any of the base pairs in helix 6 and, in
helix 9, it predicted a base pair between A210 and
U229, in disagreement with the strong modification
observed for G209.

The proposed secondary structure model is consis-
tent with all 46 strong hits by design. Of 77 moderate
and light hits, only 7 moderate and 3 light hits mapped
to nonterminal Watson–Crick base pairs not adjacent to
G-U pairs. This is consistent with the proposed struc-

FIGURE 4. Continued.
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ture model if a small population of other structures oc-
cur in solution or if a small portion of kinetically trapped
structures exist in the region of those helices. This is pos-
sible because the recognition assay (above) does not re-
quire that all the strands be in functional form.

DISCUSSION

The 120-kDa protein encoded by the R2 retrotranspos-
able element of B. mori contains an endonuclease ac-
tivity that specifically requires the 35 bp surrounding
the 28S gene insertion site (Xiong & Eickbush, 1988)
and a reverse transcriptase activity that is highly spe-
cific for the RNA sequence corresponding to the 250-nt
39 untranslated region of the element (Luan & Eick-
bush, 1995). In this report, we have shown that this
protein from B. mori will also recognize the RNA cor-
responding to the 39 untranslated region of the R2
element from D. melanogaster. Because the nucleotide
sequences of these two 39 untranslated regions show

very little sequence identity, we determined separately
the secondary structure of each RNA sequence. The
R2Dm 39 untranslated RNA structure was modeled by
phylogenetic comparison aided by free energy mini-
mization and supported with chemical modification.
The R2Bm 39 untranslated RNA structure was mod-
eled by free energy minimization aided by chemical
modification, because no closely related sequences are
available for this species.

Approximately 50% (120 nt) of the Drosophila 39 un-
translated region is composed of a conserved core
(Fig. 4). Six helical regions (A–E, G) are the basis of this
core. Except for a few nucleotides at helix termini or in
loops, all positions of these helices are either conserved
in sequence or there are compensatory changes that con-
firm the importance of these paired regions. The re-
maining half of the R2Dm RNA structure (120 nt)
contains four regions that are highly variable in both se-
quence and length. Comparison of the R2Bm structure
to the conserved core of the R2Dm structure reveals sev-

FIGURE 5. Melting curves and their derivatives. Optical melting curves for R2Dm RNA in 5.5 (A), 1.5 (B), and 0.6 mM
MgCl2 (C) are shown. Curve of R2Bm RNA at 1.5 mM MgCl2 is also shown (D). The continuous line is the absorbance and
the dots are the derivative of absorbance. All melts were in 80 mM Hepes, pH 7.5, 10 mM NaCl, and 0.5 mM EDTA.
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eral similarities. Both structures contain a helical re-
gion that pairs a region within a few nucleotides of the
39 end of the element to a sequence well within the 39
untranslated region (helix B in Fig. 4 and helix 7 in
Fig. 6). Four base pairs of this helical stem are even con-
served in sequence between B. mori and the Drosophila
elements. This conserved helix is preceded by a short
(5–8 nt) single-stranded region connecting to another he-
lix (A in Fig. 4, 3 in Fig. 6), which is annealed to a region
very near (7–30 nt) to the termination codon of the R2

elements. The loop formed by helix A is usually about
15 nt in the Drosophila species. The equivalent region in
B. mori is much larger (101 nt), with several helical re-
gions. However, a short single-stranded part of this re-
gion, AACAUCA, is identical in sequence with the
central portion of the Drosophila loop (boxed region). An-
other possible similarity between the structures of the
D. melanogaster and B. mori structures is the sequence
GAAUC, forming one side of an internal loop between
helical stems D and E in the Drosophila structures, and

FIGURE 6. Secondary structure model of the R2Bm 39 RNA with a chemical modification map at 20 °C. Helices are
numbered. Triangles represent modifications by kethoxal, circles represent DMS, and squares represent CMCT. Solid
symbols represent strong modification, darkly outlined symbols represent moderate modification, and lightly outlined
symbols represent weak modification. Boxed regions are structural elements in common with those in the R2Dm 39
untranslated RNA structure model (Fig. 4B). The base numbering is of all bases in the pBmR2-249 construct (the R2Bm
untranslated sequence begins at base 47 and ends at 294).
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nt 209–213 of the B. mori structure. Finally, both sec-
ondary structures have a GU pair as the penultimate
pair of a helix flanking a multibranch loop (see helix G
in Fig. 4A and 240 G •U 261 in Fig. 6). Conserved GU
pairs are thought to be important for protein recogni-
tion and tertiary interactions (Hou & Schimmel, 1988;
McClain & Foss, 1988; Gautheret et al., 1995; Strobel &
Cech, 1995; Gabriel et al., 1996).

Previously conducted experiments (Luan & Eick-
bush, 1995) support the secondary structure model pro-
posed here for the R2Bm 39 untranslated region and
the importance of the regions discussed above. We
have shown that RNA templates containing only the
200-nt 39 end of the R2Bm element are not used as a
template in the TPRT reaction. This 50-nt deletion
would remove the region forming part of the helical
domain 3 in Figure 6, which is equivalent to A in Fig-
ure 4A. Second, we have found that deletions or sub-
stitutions of the 6 nt at the extreme 39 end of the R2Bm
RNA (288–294 in Fig. 6) can affect the efficiency of its
utilization in the TPRT reaction and the tendency to
add nontemplate nucleotides, but the vast majority of
the initiations still occur at the 39 end of the template.
If, however, we make substitutions that extend to the
GC-rich helix 7 of the R2Bm structure, then 90% of the
TPRT reactions do not initiate reverse transcription at
the 39 end of the RNA. Finally, another indication sup-
porting the secondary structure for R2Dm is that the
internal start sites observed for half of the reverse tran-
scription products (see Fig. 2B) are near helix B, which
is paired to the 39 end of the RNA (see Fig. 4).

This study demonstrates the utility of free energy
minimization when used with phylogeny and chemi-
cal mapping to model RNA secondary structure. Al-
though free energy minimization and phylogeny were
combined manually for this study, an algorithm has
been reported recently that automates the process (Lück
et al., 1996). The free energy rules are derived largely
from thermodynamic studies of oligonucleotides and
from comparison of predicted and phylogenetically
determined structures of ribosomal and self-splicing
RNAs (Turner et al., 1988; Walter et al., 1994). The
results here suggest that these rules work well for an
RNA with a completely different function. Tests of the
1989 version (Jaeger et al., 1989; Zuker, 1989) of the
folding algorithm against known secondary structures
of entire rRNAs indicated that predictions for eukary-
otic sequences were much worse than for archæa and
prokaryotic sequences (Konings & Gutell, 1995). This
trend is not observed in shorter sequences (Jaeger
et al., 1989; Walter et al., 1994). The results presented
here also indicate that the folding algorithm can give
reasonable predictions for eukaryotic sequences of
about 250 nt. These secondary structure models pro-
vide a framework for conducting site-directed muta-
genesis and deletion experiments to further define the
structure and protein binding regions.

MATERIALS AND METHODS

Protein purification and the TPRT reaction
R2 protein was purified from E. coli JM109/pR260 as
described previously (Luan et al., 1993; Luan & Eick-
bush, 1995). All TPRT reactions were conducted in 20-mL
volumes containing 0.4 mg of pB109 plasmid DNA pre-
digested with Hind III and EcoR I, 0.2 mg RNA tem-
plates with 15 U of RNasin (Pharmacia), and 0.1 mg of
R2 protein peak isolated from the DNA–cellulose col-
umn. Reaction conditions were 200 mM NaCl, 10 mM
MgCl2, 50 mM Tris-HCl, pH 8.0, 5 mM dithiothreitol,
and 25 mM deoxynucleoside triphosphates (dNTPs). In-
cubations were for 2 h at 37 °C. The products were mixed
with 53 loading buffer (0.02% bromophenol blue, 5%
Sarkosyl, 100 mM EDTA, pH 8.0, and 50% glycerol).

Production of RNA
The 39 untranslated region RNAs of B. mori and D.
melanogaster were made by T7 runoff transcription of
cleaved plasmids. B. mori RNA was prepared from
plasmid HR4 (Luan et al., 1993) and pBmR2-249 (Luan
& Eickbush, 1995). Construct pDmR2-238, used to pro-
duce the D. melanogaster RNA, was generated by PCR
amplification of R2Dm sequence in clone p303 (Jakub-
czak et al., 1990). To generate a R2Dm transcript, which
ended with a short poly(A) tail, the downstream primer,
59-GTTGACAAGCTTTTTTTTTGATCGCGGAGGT
ATG-39, was used in combination with a sequencing
primer within the R2Dm element, approximately
400 bp from its 39 end. A 280-bp Hind III–Alu I frag-
ment from the PCR amplification was cloned into the
Hind III 1 Hinc II digested pBSKS(2) plasmid. For the
experiment in Figure 2, the HR4 construct was di-
gested with Xmn I to generate an RNA ending at the
precise 39 end of the R2Bm element, and the pDmR2-
238 plasmid was digested with Hind III to generate an
RNA ending with eight A nucleotides.

To generate RNA for the chemical modification ex-
periments, clones pBmR2-249 and pDmR2-238 were
digested with EcoR I. Each RNA was purified by PAGE
on a 4% gel of 7 M urea. Bands were visualized by UV
shadowing and excised. The RNA was eluted into 0.1%
SDS, 0.1 mM Na2EDTA, and 40 mM ammonium ace-
tate by the crush and soak method (Barfod & Cech,
1988). It was then desalted on a Sephadex G-50 col-
umn, precipitated in ethanol, and stored at 220 °C.
The final B. mori RNA carried 36 bases of vector se-
quence and 10 bases of R2 sequence before the un-
translated region. The D. melanogaster RNA had 34 nt of
vector sequence on the 59 end and 16 nt on the 39 end.

Computer prediction of secondary structures
by free energy minimization
Structures were predicted on the basis of free energy
minimization as follows (Jaeger et al., 1990a). The dy-
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namic algorithm of Zuker (1989) was used to produce
a set of suboptimal structures within 20% of the lowest
free energy with a window size of zero. The thermo-
dynamic parameters were those used by Walter et al.
(1994) (Freier et al., 1986; Jaeger et al., 1989; He et al.,
1991). Asecond program, efn2, then recalculated free en-
ergies using a model for coaxial stacking (Walter et al.,
1994) and a Jacobson–Stockmayer function for stabili-
ties of multibranch loops larger than 6 nt (Jacobson &
Stockmayer, 1950). The structure with the lowest free en-
ergy after this recalculation was chosen as the thermo-
dynamic prediction. This work was done on a Silicon
Graphics work station. The FORTRAN program (Walter
et al., 1994) is available from Michael Zuker on his World
Wide Web homepage at http://www.ibc.wustl.edu/
;zuker/.cgi. A C11 version of the program, written
for a PC with Windows 95 or Windows NT, is available
on the Turner group homepage at http://rna.chem.
rochester.edu.

Because only one sequence was available for the R2
Bombyx 39 untranslated RNA, chemical modification
data were used as constraints in modeling the second-
ary structure. The program mix&match, written for
this purpose, uses the following approach. First, a set
of suboptimal structures is generated by the Zuker
algorithm as described above. Then, for each struc-
ture, mix&match uses the efn2 algorithm to calculate

the free energy of each possible subdomain that is
compatible with the modification data. A possible sub-
domain is defined as a portion of the structure that
contains at least one base pair and does not contain
any base pairs to regions outside that portion. A sub-
domain is considered compatible with the data if there
are no strong hits on paired nucleotides that are not at
the end of a helix, involved in a G-U pair, or adjacent
to a G-U pair. The number of the suboptimal structure
with the lowest free energy for a modification com-
patible subdomain, from nucleotides i to j, is stored in
a matrix, S(i, j) with i , j, and the calculated energy is
stored in a matrix, E(i, j). The program then recon-
structs a secondary structure by combining these sub-
domains in such a way to produce the lowest free
energy structure. The first step in this process (Fig. 7)
is to search through E(i, j) to determine the combina-
tion of subdomains that give the lowest free energy for
each fragment i, j. S(i, j) is reset to zero if the lowest free
energy structure from i to j is a combination of two or
more smaller fragments. The next step is to output the
resulting structure using the algorithm shown in Fig-
ure 8. The computer code for this program, written in
C11, is available on the World Wide Web at the Turner
group homepage, http://rna.chem.rochester.edu. This
method makes two assumptions. First, it neglects
pseudoknots because the free energy minimization al-

FIGURE 7. Sorting routine from mix&match.
This flow chart illustrates the algorithm for find-
ing the combination of modification-compatible
domains from suboptimal structures that min-
imizes total free energy. N is the number of bases
in the structure. E(i,j) is the matrix containing
the lowest free energy found on a compatible
domain, i–j, in a suboptimal structure. S(i,j) is
the number of the suboptimal structure in which
the lowest free energy domain occurs. S(i,j) is
changed to zero in this algorithm if a more fa-
vorable combination of subdomains is found.
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gorithm does not allow pseudoknots. This is a weak-
ness, but it is important to note that the algorithm
correctly predicts a majority of the helices in Group I in-
trons without being able to predict the pseudoknot
(Walter et al., 1994). Second, mix&match assumes that
the free energy of two domains combined is the sum of
the energy of each domain; thus, it does not treat in-
ternal loops and multibranch loops rigorously. This is
probably not much worse than other assumptions be-
cause all the factors that determine free energies of in-
ternal and multibranch loops have not been determined
(Serra & Turner, 1995). The advantage of including ex-
perimental constraints from modification data seems to
more than compensate for the reduced rigor in calcu-
lation of free energy.

Optical melting curves
Absorbance versus temperature curves for B. mori and
D. melanogaster R2 RNA were measured at 260 and
280 nm with a Gilford spectrophotometer interfaced to
a Zenith 250 computer. The buffer was 80 mM Hepes,
pH 7.5 (made by adjusting the pH of the free acid with
NaOH), 10 mM NaCl (for a total Na1 concentration of
50 mM), 0.5 mM EDTA, and variable concentrations of
MgCl2 from 0.6 to 5.5 mM. Other melts were per-
formed replacing sodium with potassium to simulate
intracellular salt conditions. The samples were heated
from 0 to 90 °C at a rate of 0.5 °C/min. Derivatives of
the melting curves were found by a Savitsky–Golay
smoothing routine set to a quadratic and using seven
points in a window (Press et al., 1992). The temperatures

of transition were identical with 260-nm and 280-nm
melts and with sodium buffer and potassium buffer.

Chemical modification
D. melanogaster R2 RNA secondary structure was
mapped at 20 and 42 °C and the B. mori R2 RNA was
mapped at 20 °C using chemical modification as de-
scribed by Banerjee et al. (1993). Modification reac-
tions were performed with DMS, CMCT, and kethoxal.
Reverse transcription was performed with 32P end-
labeled primers and the DNA was visualized on a 10%
polyacrylamide sequencing gel. Reverse transcriptase
dideoxy nucleotide sequencing reactions were run on
the same gel to identify the modified bases.

Stock solutions of reagents were prepared immedi-
ately before the reaction and kept on ice. The CMCT
stock solution was 10.4 mg of CMCT (from Sigma) in
280 mL sterile water. DMS was prepared by adding
2 mL of neat DMS (from Aldrich) to 12 mL 99% ethanol.
Kethoxal stock was 300 mL water, 100 mL 99% ethanol,
and 1 mL kethoxal (from Upjohn or US Biochemical).

For each reaction, 12.6 pmol of RNA in 24 mL melt-
ing buffer was pre-incubated for at least half an hour
at the temperature of modification. This handling of
the RNA is similar to that used in assays measuring
the activity of the enzyme with the RNA (Luan et al.,
1993). Temperatures were controlled by immersing the
reactions in a circulating water bath. For CMCT and
DMS reactions, respectively, 12.5 and 1 mL of stock
solution were added. For kethoxal reactions, R2Dm
RNA was modified with 2 mL and R2B with 4 mL of

FIGURE 8. Recombination routine from mix&match. To
produce the final structure, the scheme of Figure 7 is ap-
plied. All variables are as defined in Figure 7.
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FIGURE 9. Representative gel from
chemical modification. It shows the
modification experiments for R2Bm
from nt 172 to 242. Nucleotides are
numbered as in Figure 6. The first
four lanes are dideoxy sequencing re-
actions. Then, from left to right, are
CMCT reaction, CMCT control, DMS
reaction, DMS control, kethoxal reac-
tion, and kethoxal control. The poly-
merase stops at the position before
a modification, so bands represent
modification at the next base in the
sequence.
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stock solution. Reaction times, summarized in Table 1,
were chosen to provide a full range of modifications
(weak, moderate, and strong) and still allow full ex-
tension of the transcribed DNA. Optimal times of mod-
ification for each reagent at each temperature were
found by a series of time titrations. The middle point
of these titrations was selected on the basis of the re-
action kinetics reported by Banerjee et al. (1993), using
the Arrhenius equation, k 5 A exp(2Ea/RT), to extrap-
olate a time of reaction.

Controls, identical except lacking the modifying re-
agent, were run for each reaction. Modification reac-
tions were stopped by adding 4.4 mL of 1.9 mg/mL tRNA
in 1.5 M aqueous Na acetate. For kethoxal reactions,
8.2 mL of 0.5 M K borate, pH 7.5, was also added to sta-
bilize the kethoxal adduct (Litt, 1969). The RNA was
then precipitated with three volumes of ethanol. After
freezing on dry ice for 30 min and 15 min of centrifu-
gation, the pellets were washed with 70% ethanol. Then,
10 mL of sterile water was added, giving an RNA con-
centration of about 1.2 pmol/mL.

DNA primers for reverse transcription were synthe-
sized on an Applied Biosystems 392 synthesizer using
standard methods. These were desalted by n-butanol
precipitation (Sawadogo & Van Dyke, 1991) and purified
by PAGE. Primers were eluted from gel by crush and
soak and ethanol precipitated. Primers were chosen
to be complementary to three evenly spaced single-
stranded regions in the structure. The sequences for
D. melanogaster were: 59-AATTCGATATCAAGC, 59-GG
TCAGTTTTCCTAG, and 59-GCCATTTAATTATAA. For
B. mori, primers were: 59-CGAATATTTTCATCG, 59-CC
CACCCTCCCGATC, and 59-GTTAAAATATATAAG.
Primers were labeled with T7 polynucleotide kinase
from Gibco-BRL and g-32P ATP from New England
Nuclear.

Modifications were detected by reverse transcrip-
tion (Inoue & Cech, 1985; Moazed et al., 1986) with 0.5
pmol of 59 32P-labeled primer added to 1.2 pmol of
RNA and annealed by the procedure of Moazed et al.
(1986). Reverse transcription was at 45 °C using AMV
enzyme from New England Bio Labs. Reverse tran-
scription for sequencing was at 55 °C with 1 pmol un-
modified RNA in the presence of 0.2 mM ddNTP.

Results were visualized on 8% or 10% polyacryl-
amide (30:1 bis:acrylamide) sequencing gels run for
2–4 h at 60 W. A typical gel is presented in Figure 9.

Valid hits were those bands in the modification lanes
that were visibly darker than those in the control lanes.

For D. melanogaster, weak, moderate, and strong hits
were approximated from autoradiograms on the basis
of how much darker the modification lane was com-
pared to the control. For B. mori, hits were quantified
on a Molecular Dynamics 425 PhosphorImager run-
ning ImageQuant software (Zaug & Cech, 1995). Each
band identified as a hit was volume integrated and
normalized by dividing by the volume integration of
the entire lane. To then find a corrected volume, the
normalized volume integral of the corresponding band
in the control lane was subtracted. A bar graph of the
resulting corrected volumes was produced for each
lane (Fig. 10). Strong hits were those bands whose
corrected volumes were at least half that of the stron-
gest hit in each lane. Moderate hits were those be-
tween 0.3 and 0.5 of the corrected volume of the
strongest hit, and weak hits were between 0.1 and 0.3.
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