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ABSTRACT

RNA editing plays a critical role in the life cycle of hepatitis delta virus (HDV). The host editing enzyme ADAR1 recognizes
specific RNA secondary structure features around the amber/W site in the HDV antigenome and deaminates the amber/W
adenosine. A previous report suggested that a branched secondary structure is necessary for editing in HDV genotype Ill. This
branched structure, which is distinct from the characteristic unbranched rod structure required for HDV replication, was only
partially characterized, and knowledge concerning its formation and stability was limited. Here, we examine the secondary
structures, conformational dynamics, and amber/W site editing of HDV genotype 11l RNA using a miniaturized HDV genotype
111 RNA in vitro. Computational analysis of this RNA using the MPGAfold algorithm indicated that the RNA has a tendency to
form both metastable and stable unbranched secondary structures. Moreover, native polyacrylamide gel electrophoresis
demonstrated that this RNA forms both branched and unbranched rod structures when transcribed in vitro. As predicted, the
branched structure is a metastable structure that converts readily to the unbranched rod structure. Only branched RNA was
edited at the amber/W site by ADART1 in vitro. The structural heterogeneity of HDV genotype Il RNA is significant because not
only are both conformations of the RNA functionally important for viral replication, but the ratio of the two forms could
modulate editing by determining the amount of substrate RNA available for modification.
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INTRODUCTION HDV uses the site-specific RNA adenosine deaminase
activity of the host RNA editing enzyme ADARI to produce
two essential forms of HDAg from the same open reading
frame (Polson et al. 1996; Jayan and Casey 2002b; Wong and
Lazinski 2002). The specific site modified is termed the
amber/W site because editing at this site changes an amber
stop codon to a tryptophan (W) codon. In the current
model for editing in the HDV replication cycle (Polson et al.
1996), editing occurs by deamination to inosine of the
amber/W adenosine in a fraction of full-length antigenomic
RNAs. Genomes synthesized from such edited antigenomes
subsequently serve as templates for antigenomic sense
mRNAs in which the amber stop codon has been replaced
with a tryptophan codon. In mRNAs derived from edited
antigenomes, an additional 19 or 20 codons are thereby trans-
lated to produce the long form of delta antigen, HDAg-L
(Weiner et al. 1988; Xia et al. 1990; Casey et al. 1992; Wang

Hepatitis delta virus (HDV) increases the severity of liver
disease in patients simultaneously infected with its helper,
Hepatitis B Virus (HBV) (Rizzetto 1983). The ca. 1680-nt
HDV genome is a single-stranded circular RNA; both the
genome and the antigenome, a circular intermediate
through which HDV replicates, form a characteristic un-
branched rod structure due to base-pairing involving ~70%
of positions over the entire length of the molecule (Wang
et al. 1986; Lai 1995). HDV encodes just one protein,
hepatitis delta antigen (HDAg). Because of this limited
coding capacity, HDV relies heavily on host functions and
the structure of its RNA.
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et al. 1992). HDAg-L enables viral particle formation by
interacting with the envelope protein of HBV, and inhibits
replication (Kuo et al. 1989; Chang et al. 1991; Ryu et al.
1992). In mRNAs derived from antigenomes that are not
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edited, translation terminates at the amber stop codon, and
the short form of the delta antigen protein, HDAg-S, is
produced; this form of HDAg is required for RNA replica-
tion (Kuo et al. 1989). Because of the opposing roles of
HDAg-S and HDAg-L, editing levels must be maintained
within a limited range that balances these functions (Jayan
and Casey 2002; Sato et al. 2004; Jayan and Casey 2005).

The structural requirements of substrates for site-specific
editing by ADAR are not fully understood, but it appears
that editing sites must be present in the midst of base-
paired structures (for reviews, see Seeburg et al. 1998; Bass
2002). The unbranched rod structure of the HDV genotype
I antigenome presents the amber/W adenosine in such
a structure, and has been shown by site-directed mutagen-
esis to be required for editing (Casey et al. 1992; Polson
et al. 1996). However, for HDV genotype III, which is the
most distantly related of the HDV clades and is associated
with the most severe disease (Casey et al. 1993; Manock
et al. 2000; Nakano et al. 2001), the base-pairing in the
immediate vicinity of the amber/W adenosine is disrupted in
the unbranched rod structure. Indirect analysis of the ability
of editing to occur at the amber/W site in this structure
suggested that it is not the substrate for editing in this
genotype (Casey 2002). Based on RNA secondary structure
predictions, site-directed mutagenesis, and analysis of editing
in mutant RNAs in transfected cells, a model was proposed in
which amber/W site editing in HDV genotype III requires
a branched RNA secondary structure in which an ~80 base-
pair region of the unbranched rod structure, involving 219 of
the 1680 nucleotide antigenome, is rearranged such that two
ca. 25 bp stem-loops are formed (Casey 2002); these stem—
loops are separated by a ca. 25 base-paired region that
includes the amber/W editing site. According to this model,
HDV genotype III antigenome RNA can form at least two
conformations: the unbranched rod structure, which is a
poor substrate for amber/W site editing but which is re-
quired for replication, and a branched structure, which can
be edited. While the approaches used in previous studies
allowed observation of editing during the course of HDV
RNA replication, structural information obtained from site-
directed mutagenesis is limited, and the energetics and
structural dynamics of the RNA were not examined.

Here, we report the use of a miniaturized HDV genotype
III RNA to analyze both the secondary structures of the
RNA and the ability of different conformations to be edited
at the amber/W site in vitro. Our results demonstrate that
HDV genotype III RNA forms two secondary structures
following transcription in vitro. The most energetically
stable structure is the characteristic unbranched rod that is
required for HDV RNA replication; the other is a metastable
branched structure similar to that previously proposed as
the substrate for amber/W site editing. Only the branched
conformation is a substrate for editing at the amber/W site
by ADARI in vitro. We suggest that editing in genotype III
is determined, in part, by the ability of nascent antigenomic
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RNA transcripts to fold into the branched structure rather
than the unbranched rod structure.

RESULTS

In order to simplify the analysis of HDV genotype III
antigenome RNA secondary structures and to examine the
ability of these structures to act as substrates for editing by
ADARI1, we created a cDNA clone, pMD-III-2, designed to
produce a 320-nt miniaturized RNA derived from the
genotype III antigenome (Fig. 1). This ¢cDNA construct
will produce an RNA containing sequences (positions
970-1104) that encode the C-terminal region of HDAg,
connected by a stem—loop linker to sequences from the
noncoding side (486—620) that are base-paired with the
first region in the unbranched rod structure of the full
length antigenome (Fig. 1).

Predicted secondary structures of MD-I11-2
RNA include unbranched rod and metastable
branched conformations

Potential secondary structures of MD-III-2 RNA were
calculated using the massively parallel genetic algorithm

HDAg
1104 XK 970
( —UAG :
@
486 620
17
E E Hindill
= L
1104 970 620 486
FIGURE 1. Schematic diagram of HDV RNA and a miniaturized

HDV c¢DNA construct created for in vitro analyses of RNA structure
and editing. (Upper) The elongated circle represents the HDV
antigenome RNA in the characteristic unbranched rod structure;
vertical lines indicate base pairing between the side encoding HDAg
and the noncoding side. The amber stop codon (UAG) is shown, and
a six-point star represents the location of the amber/W site. The
HDAg-S coding region is indicated by the thick black bar; the W and
the open bar to the right denote the additional amino acids added to
HDAGg-L as a result of RNA editing at the amber/W site. Shaded boxes
(sequence numbering refers to the genomic strand) show sequences
amplified and cloned to generate pMD-III-2 (lower). The dashed line
in the Jower panel indicates a linker sequence that includes a BstX I
restriction site for cloning, and that forms a terminal stem-loop. The
locations of the HindIIl site and T7 polymerase promoter are
indicated; other regions of the plasmid are not shown. Arrowheads
indicate the direction of transcription for both the antigenome
(upper) and MD-III-2 (lower). SL1 and SL2 refer to secondary
structures that are predicted to form as part of possible branched
secondary structures (see Fig. 2).
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MPGAfold (Shapiro and Navetta 1994; Shapiro and Wu
1996; Wu and Shapiro 1999; Shapiro et al. 2001a,b).
Previous studies have shown that MPGAfold focuses on
a few significant RNA conformations and is capable of
identifying functional folding intermediates with biological
significance (Shapiro et al. 2001a; Kasprzak et al. 2005; Gee
et al. 2006; Tortorici et al. 2006). Briefly, in this algorithm,
populations of randomly seeded RNA structures (of a given
sequence, unchanged during a run) evolve via structural
recombination and mutation over many generations until
the population variance is minimized. One result obtained
is the population consensus structure at the end of the run,
but it is also possible to observe structures present as
intermediates at earlier generations. Because of the sto-
chastic nature of the algorithm, many runs are performed
to obtain overall consensus results. An important param-
eter that affects the outcome of MPGAfold runs is the size
of the population (i.e., number of structures evolving in
parallel) analyzed. Runs with smaller populations more
frequently converge to lower fitness (higher free energy)
conformers as final structures; these structures may appear
as intermediate or metastable conformations in runs using
larger populations.

The results of MPGAfold runs on the MD-III-2 RNA
sequence with population sizes ranging from 4 K to 64 K
are shown in Table 1 and Figure 2. The predicted structures
fall into two predominant categories: those that are un-
branched, or nearly so (Fig. 2, A1-A3), and those with
more extensive branching (Fig. 2, B1-B3). Although
structure Al contains a short cruciform, we consider it to
be unbranched here because it is mostly unbranched and is
much more similar to the unbranched structures A2 and

TABLE 1. Percent of MPGAfold runs with different population
sizes in which indicated structures were observed
as final solutions

Population size of MPGAfold run

All
4K 8K 16K 32K 64K populations
Unbranched
structures
A1? 14 26 40 44 39 32.6
A2 2 2 8 29 54 19.0
A3 1 1 3 5 5 3.0
Branched
structures
B1 27 27 16 6 0 15.2
B2 25 16 10 2 0 10.4
B3 3 14 17 10 2 9.2

“Although structure A1 includes a short cruciform, here we
consider it to be unbranched because it is much more similar to
structures A2 and A3 than to the extensively branched structures
B1-B3.

bPercentages for B2 include a closely related structure that differed
very slightly in the middle portion of the stem-loop in which the
loop originates at position 244.

A3 than to the extensively branched structures B1-B3. Not
shown in Figure 2 is a structure very similar to B2, except
the base-pairing is slightly altered in the stem for which the
loop initiates at position 244; in Table 1, this structure is
counted with B2. Including this alternative B2 structure, all
the conformations shown in Figure 2 account for 89.4% of
final structures found in all runs.

An unbranched rod structure is characteristic of HDV
RNA, and base-pairs that contribute to this structure are
required for replication (Casey 2002; Sato et al. 2004).
Thus, it is perhaps not surprising that unbranched rod
structures were the most frequently observed solutions (Fig.
2; Table 1). Structures A1-A3 are similar overall and have
similar predicted free energies. A2 and A3 are both un-
branched rods, but contained slightly different bulges and
internal loops. Al is also nearly identical to A2, except for
a short cruciform composed of 4 bp and 6 bp stem-loops.
The most energetically stable structure is A2 (Fig. 2), which
was also found to be the most energetically stable using the
mfold algorithm for RNA secondary structure analysis
(Mathews et al. 1999; Zuker 2003).

The predicted extensively branched structures shared
some features with each other and, in some cases, with
structures A1-A3 as well. Previous analysis of editing using
site-directed mutants in Huh-7 cells indicated that editing
at the amber/W site requires the distal portions of two
stem—loops and base-pairing in the immediate vicinity of
the amber/W site (Casey 2002). All three branched struc-
tures include one of these stem—loops, a 69-nt stem—loop
between positions 28 and 96 denoted SL1 (Fig. 2). In
addition to SL1, all three structures contained the second
stem—loop, SL2, although the length of the stem at the base
of SL2 varies among these three structures. Structures
B2 and B3 also shared an additional stem—loop in which
the loop initiates at position 244 (Fig. 2). The secondary
structure in the immediate vicinity of the amber/W
adenosine varied among the three branched structures
(Fig. 2). In structures B1 and B3 the amber/W site is in
a similar base-paired context involving the same positions,
but the base-pairing is more extensive for B1; B2 differs
in that the amber/W site occurs in a loop. Elements of
the unbranched rod structure were also present in struc-
tures B1-B3. The structure of the region from positions
1-24/280-320 in all three structures was the same as that in
the unbranched rod structures. At the other end of the
folded MD-III-2 RNA, B2 and B3 were identical to the
unbranched rods over a longer region (positions 113-198)
than was B1 (positions 37-172).

The distribution of structures was not uniform for runs
with different population sizes (Table 1). The unbranched
structures A1-A3, which are predicted to be more ener-
getically stable than the branched structures, tended to
predominate as solutions in larger population runs (Table
1). However, branched conformations were common as
final solutions in smaller population runs, and were
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FIGURE 2. Drawings of the unbranched (A1-A3) and branched (B1-B3) secondary structures predicted to be formed by MD-III-2 RNA. The
structures and energies shown were calculated using the massively parallel genetic algorithm MPGAfold (Shapiro and Navetta 1994; Shapiro and
Wu 1996, 1997; Wu and Shapiro 1999; Shapiro et al. 2001a,b). Represented here are the dominant structures from the final solutions of
MPGAfold runs in all population levels (see Table 1). Numbering refers to sequence positions in the miniaturized cDNA clone pMD-III-2. The
amber/W adenosine at position 104 is indicated by a black, five-pointed star. The black bar indicates sequence positions 266—278, which are base-
paired around the amber/W site in branched structure B1. SL1 and SL2 indicate stem—loops previously found to be important for editing (Casey
2002). First positions in terminal loops are as follows: 59 in SL1, and 212 in SL2.

frequently observed as intermediate structures that per-  run in which branched structures persisted as intermedi-
sisted for many generations during the course of runs, ate structures is shown in the Stem Trace plot in Figure 3.
even those with large populations. An example of a typical ~ In this 64 K run, structure B2 emerged as the consensus
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52 0 B2 138 B1 320 A1 393 A2 581

N —

STEMS (5,3, size)

1 GENERATIONS / STRUCTURES 58?

FIGURE 3. Stem Trace plot illustrating maturation of the HDV construct MD-III-2 (320 nt)
structure in one full 64 K population MPGAfold run, 581 generations long. Plotted here are the
population consensus (population histogram peak) structures. In a Stem Trace plot, individual
stems, encoded as triplets (5'start position, 3'stop position, number of base pairs), are depicted
along the Y-axis in their order of appearance in the consecutive structures, which are depicted
along the X-axis. Thus, one secondary structure corresponds to the set of stems, which would
be intersected by a vertical line at a given position x. Since the data plotted here comes from an
individual MPGAfold run, the consecutive X-axis positions also correspond to generations of
the genetic algorithm run (hence, the two labels on the X axis). Labels above the plot indicate
major conformation types, which reflect the histogram peak structures at different stages of the
genetic algorithm’s run. Structures prior to generation 52 are immature, and do not form any
persistent states. Labels A1, A2, Bl, and B2 indicate correspondence of the intermediate and
final states to the secondary structures shown in Figure 2. Stable conformations tend to form
plateaus, such as that associated with the branched editing structure (B1) in the middle of the
run (from generation 138 until generation 319), or the final rod structure (A2) (from
generation 393 until generation 581). The plot shown here is a black-and-white rendition of an
interactive plot normally color-coded to depict the frequency of stems.

migrated with the same mobility in the
denaturing gel (Fig. 4B), indicating that
the different mobilities in the native gel
are due to different RNA secondary
structures rather than different se-
quence lengths.

To determine how the MD-III-2
RNA species in the Upper and Lower
bands in the native gel might be related
to the predicted branched and un-
branched secondary structures, we cre-
ated a mutant construct, pMD-III-2SF,
in which the bases in the distal portions
of the SL1 and SL2 helices were flipped
(i.e, C-G pairs were changed to G-C
pairs, A-U pairs to U-A pairs). In RNA
transcribed from this construct the pre-
dicted stability of the unbranched rod
structure is severely disrupted, but the
predicted stability of branched structures
B1-B3 is minimally affected. We ob-
served that upon electrophoresis in a non-
denaturing polyacrylamide gel MD-III-
2SF RNA migrated as a single species
with the same mobility as MD-III-2 RNA
in the band marked Upper (Fig. 4A).
This result suggests that MD-III-2 RNA

structure at generation 80, then was replaced at generation
138 by structure B1, which persisted for 182 generations
before giving way to Al, a near unbranched rod that
subsequently yielded to A2, the lowest energy structure.
Structure B1 was observed as an intermediate consensus
structure in 51% of 64 K runs. The above observations of
the distribution of the branched and unbranched predicted
structures, peaking in frequency at different population
levels, combined with the persistence of the branched
structures as intermediates strongly suggest that this RNA
sequence has a propensity to form metastable structures.

MD-II1I-2 RNA forms at least two secondary structures
following transcription in vitro

To analyze the ability of MD-III-2 RNA to form these
secondary structures, and to directly assess their roles in
amber/W site editing, MD-III-2 RNA was synthesized in
vitro with T7 RNA polymerase. Following electrophoresis
of MD-III-2 RNA on a nondenaturing polyacrylamide gel,
two RNA species with different electrophoretic mobilities
were detected (Upper and Lower, Fig. 4A). RNA was
purified from these two bands, denatured, and electro-
phoresed on a denaturing polyacrylamide gel containing
7 M urea; RNA purified from both bands in the native gel

in the more slowly migrating Upper band

is in a conformation that is unaffected by

the stem-flip mutations, possibly one of
the branched structures (B1-B3) shown in Figure 2, and that
MD-III-2 RNA in the more rapidly migrating Lower band is
in the unbranched rod conformation.

The branched conformation of MD-I11-2 RNA is less
energetically stable than the unbranched form

The branched conformations of MD-III-2 RNA are pre-
dicted to be considerably less stable than the unbranched
structure, about 6-8 kcal/mol. To determine the relative
stabilities of these structures, both Upper and Lower RNAs
were isolated from a native polyacrylamide gel, incubated at
40°C for varying lengths of time, then electrophoresed on
a second native gel (Fig. 5). At this temperature we
observed that RNA in the branched conformation con-
verted almost completely to the unbranched form by
45 min (Fig. 5). We also observed conversion of the branched
to the unbranched conformation at 37°C, but the process
was much slower (data not shown). The structural transi-
tion was not reciprocal; there was no conversion of RNA in
the unbranched conformation to the branched form (Fig.
5). These results, which are consistent with the results from
MPGAfold, confirm that the branched structure is less
energetically stable than the unbranched conformation, and
demonstrate that a fraction of HDV genotype III RNA
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FIGURE 4. Conformational heterogeneity of MD-III RNA. (A)
RNAs were synthesized in vitro using T7 polymerase, then electro-
phoresed on a 6% polyacrylamide gel, as described in Materials and
Methods. Newly synthesized MD-III-2 RNA transcripts resolve as two
bands, denoted Upper and Lower, on a nondenaturing gel. MD-III-
2SF RNA, which contains mutations that destabilize the unbranched
rod structure, resolves as a single band, commensurate in migration to
the Upper band of MD-III-2 RNA. (B) Denaturing gel electrophoresis
of MD-III-2 RNA isolated from the Upper and Lower bands of
a nondenaturing polyacrylamide gel. Upper and Lower band RNAs
were purified from the nondenaturing gel in (A), denatured and
electrophoresed on a polyacrylamide gel containing 7 M Urea, as
described in Materials and Methods.

forms a metastable branched structure during or shortly
following transcription.

Amber/W site editing of MD-111-2 RNA in vitro
depends on the RNA conformation

A stem-flip mutant similar to MD-III-2SF was efficiently
edited in cells transfected with an HDV genotype III editing
reporter construct (Casey 2002). We therefore expected
that MD-III-2SF RNA would be edited at the amber/W
site by ADAR-1 in vitro. Because MD-III-2 Upper RNA
exhibited the same migration as MD-III-2SF RNA on the
nondenaturing gel, we expected that RNA in this confor-
mation would be edited similarly. We also expected that
MD-III-2 Lower RNA, which is likely to be in an un-
branched rod structure, would be edited much less effi-
ciently. To test these hypotheses, we purified MD-III-2SF
RNA and both Upper and Lower MD-III-2 RNAs from
a native polyacrylamide gel and incubated equal amounts
of these RNAs with a nuclear extract from cells transfected
with an ADARI1 expression construct. Electrophoresis of
the RNAs through a second native gel indicated that the
conformation and integrity were not affected during the
purification and incubation (data not shown). Editing at
the amber/W site was detected by RT-PCR and subsequent
Styl digestion of radiolabeled PCR products (Casey and
Gerin 1995; Polson et al. 1996; Casey 2002). Consistent
with our hypotheses, amber/W site editing was clearly
evident in MD-III-2 Upper RNA and in MD-III-2SF
RNA (Fig. 6, left panel); no amber/W site editing was
detected in MD-III-2 Lower RNA (Fig. 6, right panel). The
gel shown in Figure 6 is representative of results from
several experiments using independently prepared nuclear
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extracts and RNAs. In all cases the pattern of editing was
the same: Upper RNA and SF RNA were edited at similar
levels (range 4.5%—22%), and editing of Lower RNA was
either 10-fold lower or undetectable in a given experiment
(range 0%-2%). Thus, the low levels of editing shown in
Figure 6 do not necessarily indicate that the branched
MD-III-2 RNA is a poor substrate for ADARI.

Secondary structure analysis of the two
conformations of MD-I11-2 RNA

We used Ribonuclease (RNase) digestion analysis to de-
termine the identities of the secondary structures formed
by MD-III-2 RNA. RNA was purified from the Upper and
Lower bands of a nondenaturing gel, labeled at either the
5’ or 3’ end, then digested with either site specific RNase
T1 (G specific) or RNase A (U and C specific) to detect
single stranded regions of RNA, or with RNase V1 to
detect paired nucleotides. A representative gel showing
digestion patterns of 5'-end labeled RNA incubated with
RNase T1 or RNase A is shown in Figure 7A. It is clear
that the overall cleavage patterns are different for Upper
and Lower RNA, as expected for RNAs with different
secondary structures.

The digestion pattern of Upper RNA is most consistent
with a branched conformation identical to structure Bl
(Fig. 7B). Structures B2 and B3 are ruled out because base
pairing in these predicted structures is identical to un-
branched structures A1-A3 from position 128-181, and it
is clear that the RNase T1 and RNase A digestion patterns
of Upper and Lower RNA are different in this region (Fig.
7A). In structure B1 all susceptible nucleotides in the loops
of SL1 (G59 and C62) and SL2 (U212, G213, U214, and
G215) were cleaved by RNase T1 or RNase A, as were most
nucleotides in other predicted bulges and internal loops
(Fig. 7B). Overall, RNase T1 cleaved at all nine guanylates
predicted to be unpaired in structure B1, whereas digestion
was apparent at five (G76, G85, G105, G237, and G278)
of the 65 guanylates predicted to be base-paired. The

Upper RNA Lower RNA

time (min): 0 6 10 22 45 90180 0 6 10 22 45 90 180
branched — M) e W e .

unbranched —8> " St W At N 0 B 0 B B

FIGURE 5. The branched conformation of MD-III-2 RNA is less
stable than the unbranched rod conformation. Upper and Lower
bands were isolated from a nondenaturing gel. Purified RNA was
diluted in water and incubated at 40°C. Aliquots were removed and
placed on ice at indicated time points, then electrophoresed on
a nondenaturing 6% polyacrylamide gel. Arrows indicate migrations
of branched and unbranched RNAs.
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A B
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FIGURE 6. In vitro editing of MD-III-2 RNAs by ADAR-1. MD-III-2
RNAs were purified from a native polyacrylamide gel (Fig. 4A) and
incubated with nuclear extract from HEK293 cells transfected with
a human ADAR-1 expression construct, as described in Materials and
Methods. Amber/W site editing was detected by RT-PCR followed by
Styl restriction digestion (editing creates a Sty site); this method has
been shown to accurately determine the extent of amber/W site
editing (Casey et al. 1992; Polson et al. 1996; Jayan and Casey 2002a).
RT-PCR products, either uncut (—) or cut (+) with Styl, were
analyzed by polyacrylamide gel electrophoresis. Bands produced as
a result of Styl digestion are derived from edited RNAs and are
indicated as “edited”; uncut RT-PCR products are derived from
unedited RNAs and are indicated as “unedited.” Band intensities were
quantified by phosphoimager. Percent editing was determined by
dividing the sum of edited band intensities by the sum of the
intensities of edited and unedited bands. Upper, MD-III-2 Upper
RNA; Lower, MD-III-2 Lower RNA; SF, MD-III-2SF RNA. (A)
Comparison of in vitro editing of Upper RNA and SF RNA. (B)
Comparison of in vitro editing of Upper and Lower RNAs.

susceptibility of G76, G85, and G278 could be due to the
location of these bases at the ends of helices. RNase V1
digestion at G237, which forms a U-G wobble pair with
U189, along with RNase A digestion at U236, which forms
the adjacent G-U wobble pair, could indicate that base-
pairs form in this region, but are not very stable. RNase A
cleavages occurred primarily at positions predicted to be
unpaired, but cleavage was detected at some positions that
were predicted to be at the ends of helices (C24, C31, U38,
C58, C91, C101, U103, U135, and C241) or in G-U wobble
pairs (U39, U106, U236, and U 239); most of these cleavages
were observed to be weak, and some (C24, C31, C91, and
U239) were found to be sites of RNase V1 cleavage, an
indication that base-pairing is occurring to some degree at
these positions. It appears that positions in the proximal
portions of SL1 and SL2 that are predicted to be base-paired
are more susceptible to cleavage by RNase T1 and RNase A
than those in the distal portions of these stems. This
increased susceptibility could indicate that the base pairs in
these parts of the structure are able to fluctuate. Although
base-pairing in the immediate vicinity of the amber/W site is
greater in Upper than in Lower RNA, the evidence of weak
RNase T1 cleavage at G105 and weak RNase A cleavage at
C101, U103, and U106 could indicate that this region of the
structure is only modestly stable.

The digestion pattern of Lower RNA was consistent with
an unbranched rod conformation similar to structure A2
(Fig. 7C). Structures Al and A3 are not consistent with the
RNase digestion data. In particular, the stem—loop in Al in
which the loop starts at position G59 is also present in
structure B1, but the digestion pattern of Lower RNA
clearly differs from Upper RNA in this region (Fig. 7A).
Structure A3 is identical to A2 except for the base-pairing
pattern of positions 62-72/229-246; RNase digestion at
C62 and G237, which are unpaired in A2 but not A3, is
more consistent with A2. In structure A2 RNase TI
cleavage occurred at 7 of 10 unpaired guanylates, and of
the 65 guanylates predicted to be paired, just 3 (G30, G67,
and G85) served as cleavage sites. All three of these sites are
found at the ends of helices and might thus be more
susceptible to cleavage than other base-paired guanylates;
also RNase V1 cleavage at G30 is consistent with this
position being base-paired, as shown in Figure 7C. Overall,
RNase A digestion was also consistent with the structure in
Figure 7C. Similar to the pattern of RNase T1 digestion,
paired bases found to be susceptible to cleavage (C24, C27,
U55, and C81) occurred at the ends of helices. Two
digestion patterns of Lower RNA were more difficult to
reconcile with the predicted structure. Digestion at C56 and
C57, which are predicted to be in the midst of a four base-
pair helix, could indicate, along with cleavages at U52-U55,
that the entire U52—-C57 segment is unpaired. However, it
seems more likely that structural heterogeneity occurs in
this region such that some RNAs adopt the conformation
shown in Figure 7B, while others are in a form in which
U52-U55 are paired with G249-A252, leaving C55-57,
C247, and U248 to form an asymmetric internal loop. The
lack of RNase A cleavage among uridylates and cytidylates
in the large internal loop (G132-U136/U173-G177) was
unexpected, and could indicate that this region is struc-
tured, perhaps involving pyrimidine—pyrimidine base pairs
(Lescrinier et al. 2003); RNase V1 cleavage at U174 and
U175 is consistent with this interpretation.

DISCUSSION

Our previous studies indicated that RNA editing in HDV
genotype III requires a branched secondary structure that
differs substantially from the unbranched rod, the structure
which is characteristic of HDV RNA (Casey 2002; Cheng
et al. 2003). Although the branched nature of the RNA editing
substrate was strongly supported by these earlier studies, it
was not possible, based on site-directed mutagenesis alone,
to precisely identify the secondary structure nor to de-
termine how this structure is formed. Here, we report the
use of a truncated 320nt RNA, MD-III-2, derived from an
HDV genotype III isolate to analyze the secondary struc-
ture, conformational dynamics, and amber/W site editing
of HDV genotype III RNA in vitro. Our results show that
MD-III-2 RNA forms a metastable branched secondary
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structure that is efficiently edited by the host RNA
adenosine deaminase ADARI in vitro. RNase digestion
analysis of the secondary structure of this branched RNA
was most consistent with structure B1 (Fig. 2), which

differs by about 80 bp from the unbranched rod, and is
nearly identical to that previously proposed (Casey 2002).

In order to create MD-III-2 RNA, we used the sequence
of an HDV genotype III isolate that is epidemiologically
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unrelated to the HDV genotype III prototype isolate
obtained from Peru (Casey et al. 1993). Previous analysis
of replication and editing of the prototype led to the model
describing the use of a branched structure for genotype III
editing (Casey 2002). Similar to MD-III-2 RNA, a minia-
turized RNA derived from the prototype isolate formed
both branched and unbranched structures, and only the
branched structure could be edited in vitro (data not
shown). Furthermore, secondary structure analysis
(Mathews et al. 1999; Zuker 2003) of five additional
genotype III sequences that diverge by an average of 7%
indicates that these RNAs are also able to form branched
structures essentially identical to structure B1 (Casey 2002;
data not shown). Thus, the use of the branched structure is
likely typical for amber/W site editing in HDV genotype III.

ADARI1 deaminates specific adenosines in RNA based on
structural requirements that are not fully understood. The
context of the amber/W site in structure B1 is consistent
with proposed structures of other known targets of site-
specific RNA editing by ADARI; that is, the amber/W site is
in a short base-paired segment that occurs toward one end
of a nearly 30-bp region that is disrupted by asymmetric
internal loops and mismatches. However, there are a few
differences between the structure around the amber/W site
in MD-III-2 RNA in structure Bl compared with the
structure around the HDV genotype I editing site. First,
in structure B1 the amber/W site is in an A-U pair, whereas
in genotype I the amber/W adenosine occurs as an A-C
mismatch, the mutation of which to an A-U pair decreases
editing substantially (Casey et al. 1992; Wong et al. 2001).
Second, while MD-III-2 RNA B1 contains an A—A mis-
match pair (in an internal loop) two bases away from the
amber/W site, mutational and genetic analysis of the type I
site has shown that activity is highest when these positions
form a G—C or an A-U pair (Casey et al. 1992; Wong et al.
2001). Finally, while MD-III-2 RNA B1 exhibits significant
base-pairing in the region 3’ of the amber/W site, the
presence of a 6nt asymmetric internal loop 7 nt 3’ of the
site is curious; in a double-stranded RNA substrate a 6-nt

symmetric internal loop prevented editing within a 20-nt
region (Lehmann and Bass 1999). There are two asymmet-
ric internal loops downstream of the HDV genotype I
editing site, but they are smaller (4 nt), and are positioned
differently with respect to the target adenosine. Under-
standing the significance of the differences between the
secondary structures around the genotype I and genotype
III editing sites will likely have implications for determining
what constitutes a suitable site for ADAR1 editing, a highly
selective process for HDV (Polson et al. 1998), as well as
host mRNA substrates (for review, see Bass 2002).

Metastable RNA structures have been shown to play
important functional roles in several biological systems
(Nagel and Pleij 2002), including the ribozymes of HDV
(Diegelman-Parente and Bevilacqua 2002). The branched
structure B1 that is a substrate for HDV genotype III
editing is another such metastable structure. The most
stable structures for MD-III-2 RNA are unbranched rods
such as A1-A3 (Fig. 2), but the amber/W site is not edited
when the RNA is in the unbranched configuration. The
MPGAfold analysis suggested that MD-III-2 RNA is likely
to form both types of secondary structure. Structure Bl
occurred as an intermediate consensus structure in 51% of
the 64K runs, and if we count branched conformers similar
to it, this number increases to 71%. That about 30% of
runs did not involve such intermediate branched structures
could indicate the existence of two distinct folding path-
ways: one leading to the metastable branched structure
B1 (in which the amber/W site can be edited), the other
bypassing this branched structure and leading to an un-
branched rod conformation, possibly via other nonediting-
competent branched conformers shown in Figure 2.

The in vitro transcription results presented here indicate
that MD-III-2 RNA is indeed structurally heterogeneous,
consistent with the MPGAfold analysis. Both editing-
competent branched (i.e., B1) and editing-incompetent
unbranched structures were formed following transcription
in vitro with T7 polymerase, and these structures were
confirmed by the RNase digestion analysis. These results

FIGURE 7. Secondary structure analysis of MD-III-2 Upper and Lower RNAs. (A) Gel purified Upper (U) and Lower (L) RNAs were either
untreated (lanes —) or digested with RNase T1 or RNase A, (lanes ++, 1 unit; lanes +, 0.1 units). The gel shown is representative of several
independent experiments. The lanes of the gel showing RNAse T1 and RNase A-treated RNAs have been separated to facilitate labeling; thus, the
lanes on the left showing untreated RNA also serve as controls for the lanes on the right side of the panel. Black and shaded symbols indicate
cleavage sites specific to enzymatic treatment; circles, RNase T1; squares, RNase A. Cleavage efficiency is indicated by darkness of symbols (black,
strong cleavage; gray, weak cleavage). Evaluation of cleavage at a few locations was obscured by the presence of bands in lanes containing
undigested RNA; these bands could be due to prematurely terminated T7 polymerase transcripts that copurified with the Upper and Lower RNA
when isolated from the nondenaturing gel. Numbering refers to base assignments in MD-III-2 RNA. Locations of bands were determined by
comparison with bands generated by RNase T1 sequencing or hydroxide treatment (not shown). Because of the length of the RNA analyzed, in
some cases bands indicated in the figure were definitively identified on gels electrophoresed for longer times or in RNAs that were labeled at the
3’ end rather than the 5" end. Vertical lines labeled SL1, SL2, and UB refer to the locations of sequences involved in structure elements depicted in
panels B and C. (B,C) Enzyme digestion data for RNase T1 (circles), RNase A (squares), and RNase V1 (gray arrows) with predicted secondary
structures consistent with cleavage patterns. Gray letters denote bases for which the sensitivity to RNase could not be fully evaluated due to the
presence of bands in undigested RNA lanes. A six-point star indicates the amber/W adenosine. UB indicates a portion of the unbranched rod
structure common to structures Al, A2, A3, B2, and B3 (Fig. 2). (B) Summary of digestion data and structure of gel-purified Upper RNA.
(C) Summary of digestion data and structure of gel-purified Lower RNA.
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indicate the predictive power of this algorithm, particularly
for identifying functionally important metastable struc-
tures. Although it is possible that cellular or viral factors
(e.g., HDAg) could influence the efficiency of branched
RNA formation in infected cells, we conclude that all of the
information necessary for MD-III-2 to fold into the meta-
stable structure B1 resides in the RNA sequence itself; no
cellular or HDV factors (except the RNA) were present in
the transcription reaction.

Cotranscriptional folding has been shown to be impor-
tant for the formation of functionally significant RNA
structures (for review, see Pan and Sosnick 2006), including
the HDV ribozyme (Diegelman-Parente and Bevilacqua
2002). In infected cells, the distribution of HDV RNA
between the unbranched rod and structure B1 could well be
affected by cotranscriptional folding or by the propensity of
nascently transcribed RNA to proceed along different
folding pathways leading to these structures. A circular
permutant of MD-III-2 RNA that starts and ends at
positions 155 and 154, respectively, formed the branched
structure when transcribed in vitro just as readily as MD-
III-2 RNA (data not shown); this result could indicate that
cotranscriptional folding has a limited role in the formation
of the branched structure. Nevertheless, folding may yet
occur during or shortly following transcription in cells;
transcription of HDV RNA in infected cells is likely to
occur much more slowly than with T7 polymerase in vitro,
and a slower transcription rate might be expected to favor
the formation of branched structures such as Bl. For
example, in vivo, folding of a Tetrahymena group 1 pre-
RNA differed considerably depending on the polymerase
involved (Koduvayur and Woodson 2004). Further in-
vestigation, both in vitro and in cells, will be necessary to
determine the extent to which cotranscriptional folding
contributes to the formation of the branched and un-
branched structures of HDV genotype III RNA. Such
studies will likely be augmented by folding algorithms,
including MPGAfold (Shapiro et al. 2001a; Kasprzak et al.
2005; Gee et al. 2006), that can incorporate the transcrip-
tion process into the analysis (Meyer and Miklos 2004;
Xayaphoummine et al. 2005).

The secondary structure dynamics of the RNA are
important not only for the formation of the metastable
branched structure, but also for the subsequent conversion
of RNA in this structure to the unbranched rod. RNA
editing occurs on the HDV antigenome, which is a replica-
tion intermediate. In order to produce HDAg-L, edited
antigenomes must first serve as templates for transcription
of genome RNA, which then acts as template for synthesis
of mRNAs encoding HDAg-L. Because replication requires
the unbranched rod structure of HDV RNA, it seems
probable that RNA in the metastable branched structure
B1 must first convert to the unbranched rod for transcrip-
tion to occur. This conversion may have an energy barrier
because it involves the rearrangement of nearly 80 base
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pairs. Indeed, it could be that this energy barrier is the basis
of the stability of the metastable structure B1. Cellular and
viral factors could play a role in the conversion of this
branched structure to the unbranched rod, but they are not
required; although purified MD-III-2 RNA was stable in
structure B1 at room temperature, it converted readily to
the unbranched rod at 40°C (Fig. 5).

Finally, our results suggest that the structural heteroge-
neity of HDV genotype III RNA could be an important
mechanism for controlling editing. Modulation of editing
is particularly important for the HDV replication cycle
because editing levels determine the balance between the
amounts of HDAg-S and HDAg-L produced. MPGAfold
analysis of the secondary structure of HDV genotype I RNA
indicates that this RNA is not capable of forming an
extensive branched structure similar to the genotype III
structure B1 (data not shown). Rather, for this RNA,
editing occurs on the characteristic stable unbranched rod
structure (Polson et al. 1996), and suppression of editing by
HDAg-S (Polson et al. 1998; Sato et al. 2004) is likely an
important mechanism for preventing excessive editing.
However, this mechanism is not employed by genotype
III, because genotype III HDAg-S is not an effective
inhibitor of amber/W site editing (Cheng et al. 2003). We
have shown that HDAg-L can inhibit genotype III editing,
and might function in a negative feedback process (Cheng
et al. 2003). Because only RNA that adopts the branched
conformation B1 can be edited, the distribution of the RNA
between different conformations is also a potential de-
terminant of editing levels. This distribution will be affected
by both the folding dynamics of the RNA and by the
stability of the metastable branched structure. Further
studies will be needed to test this hypothesis and reveal
the details of the folding dynamics.

MATERIALS AND METHODS

Plasmid construction

Plasmid pMD-III-2, was generated by reverse transcription-poly-
merase chain reaction (RT-PCR) of an HDV RNA isolate
(Manock et al. 2000). Sequences 970-1104 were amplified with
primers MD1 and MD2 (Table 2) and sequences 486-620 were
amplified with primers MD3 and MD4 (Table 2; nucleotide
numbering according to Casey et al. (1993). Amplified cDNA
fragments were digested with EcoRI and BstXI and cloned into the
EcoRlI restriction site of pGEM3Zf (+) (Promega) to yield plasmid
pMD-III-2. Digestion of pMD-III-2 with HindIII, followed by
transcription with T7 RNA polymerase, produces a 320-nt RNA,
MD-III-2. The sequence of the insert can be accessed using
GenBank accession number DQ445664.

Double stem-flip mutant pMD-III-2SF was constructed by
double PCR amplification of pMD-III-2 using overlapping mu-
tant primers SFla and SF1b or SF2a and SF2b (Table 2), as
described previously (Casey 2002). In this construct, transversion
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TABLE 2. Primers used in this study

Primer Sequence

MD1 5'-CTGCTGGAATTCGGGTGACGCTTCGTGCCCAGCCTG-3"

MD2 5"-CTGCTGCCACCGAAGTGGCTGGGACCCAGTAATACCCG-3’

MD3 5'-CTGCTGCCACTTCGGTGGCTGGGACCCAGTTTTCGTCCGGCCAG-3'

MD4 5'-CGTCGTCTGCAGAATTCGGGTATCGCCTCGTTCC-3’

SF1a 5'-GGGAGTTCCGGAGTCCGGGAAAAGGGGAACCCCTTTTCCGATCGACATCCGAGGATCCCAGCAGTTCCCATAGT-3"
SF1b 5"-ATGGGAACTGCTGGGATCCTCGGATGTCGATCGGAAAAGGGGTTCCCCTTTTCCCGGACTCCGGAACTCCCTGCA-3’
SF2a 5'-CCAGGGATGGTGGGGAACTCCTAGCCCAAGTGCGCTTGGGCTACGATCTCCCCCTGTTCCCATTCCTGGGAG-3!
SF2b 5'-GGAGTTCCCCACCATCCCT-3"

SF-F 5'-CGTCGTCTGCAGAATTCGGGTATCGCCTCGTTC-3"

SF-R 5'-CTGCTGGAATTCGGGTGACGCTTCGTGCCCAGCCTG-3"

E1 5'-GCTTCGTGCCCAGCCTG-3’

E2 5'-CTGGGACCCAGTAATACCCG-3’

mutations were made in the most distal paired nucleotides of
stem—loops SL1 and SL2 (between the terminal loop and the most
distal internal loop) in the predicted branched secondary struc-
tures shown in Figure 2; that is, G-C pairs were changed to C-G
pairs, A-U pairs to U-A pairs, and U-G pairs to A-U pairs, etc.

Computational analysis of RNA secondary structure

RNA secondary structure analysis was performed on MD-III-2
RNA using the massively parallel genetic algorithm MPGAfold,
(Shapiro and Navetta 1994; Shapiro and Wu 1996, 1997; Wu and
Shapiro, 1999; Shapiro et al. 2001a,b). First, a pool of all fully
complementary stems for a given nucleic acid sequence is
generated. Next, a population of thousands of potential RNA
structures is randomly seeded from that stem pool. The secondary
structures evolve via recombination of maturing structures and
mutation of structural motifs (i.e., deletion of stems or addition of
new ones from the stem pool). This process takes place in parallel
in a two-dimensional array of population elements. At each
generation the free energy of the RNA structures is used as
a fitness criterion, including efn2 calculations that account for
stem stacking across multibranch loops and free ends (Mathews et
al. 1999). Evolution of the population of structures continues for
a number of generations until the population variance is mini-
mized; i.e., the population converges on a final structure. This
structure is not necessarily the lowest energy structure, and the
stochastic nature of MPGAfold requires multiple runs to obtain
overall consensus results. We performed MPGAfold runs on MD-
II-2 RNA with population sizes ranging from 4 K to 64 K
structures (1 K = 1024 elements); 100 runs were performed for
each population size. The results of MPGAfold runs with all
population sizes were combined into one Stem Trace plot
(Shapiro and Kasprzak 1996; Kasprzak and Shapiro 1999) in
order to visualize the key predicted structural conformations and
collect statistics. Stem Trace plots all unique stems, defined as lists
of triplets (5’ start position, 3’ stop position, number of base
pairs), found in the structures from a solution space on the Y-axis.
Consecutive X-axis positions correspond to full structures from
a solution space of a folding program. In this study we have
plotted both final solutions of MPGAfold runs from multiple
population level runs as well as individual runs, such as the one
shown in Figure 3, in which the dominant (histogram peak)

structures from every generation are shown. Stem Trace plots
produce views orthogonal to the widely used stem histogram plot
(a dot plot), and they depict structural motifs in their original full
structure context. What is also very important, and what distin-
guishes them from dot plots, is that they allow one to identify
significant clusters of full structures with a frequency of occur-
rence lower than 50%.

RNA preparation and structure isolation

Plasmids were linearized with HindIII and transcribed in vitro
with T7 RNA polymerase for 1 h at 37°C. Transcripts were either
uniformly labeled with [a]-**P-CTP (3000 Ci/mmol), labeled at
the 5’ end using [y]->*P-ATP and T4 Kinase (NEB), or labeled at
the 3’ end using >*P-pCp and RNA ligase (Ambion). Radiolabeled
nucleotides were purchased from MP Biomedicals. For all sub-
sequent manipulations, RNA was kept at or below 4°C unless
otherwise indicated.

Nondenaturing polyacrylamide gel electrophoresis was per-
formed for 4 h at 30 W on 6% polyacrylamide gels in 0.5X
TBE buffer (1X TBE = 89 mM Tris, 89 mM boric acid, 2 mM
EDTA, pH 8.3). RNAs were detected with a phosphorimager or
with Kodak Biomax MS film, excised, and purified using Ultra-
free-MC and Microcon YM-30 columns (Milllipore Corp.)
according to the manufacturer’s recommendations. RNA recovery
rates were calculated based on scintillation counts.

Kinetic analysis of RNA structures

Uniformly labeled RNA transcripts purified from a nondenaturing
gel were incubated at 40°C in a circulating water bath. The bath
temperature was monitored with a Scientific Precision Thermom-
eter (Fisher); fluctuation was <0.3°C. At indicated time points,
aliquots were taken and immediately chilled on ice. Samples were
electrophoresed on a second nondenaturing gel at 4°C for 4 h. The
gel was exposed to a phosphor screen overnight, which was then
scanned with a Molecular Dynamics Storm 475 phosphorimager.

Nuclear extraction of ADAR 1

HEK 293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 1 mM
glutamine. Cells were transfected with ADAR-1 expression
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construct pDL701 (Wong et al. 2003) using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s specifications. The
pDL701 expression plasmid produces the p110 form of ADAR-1.
Nuclear extracts were harvested 48 h post-transfection as pre-
viously described (Schreiber et al. 1989). Briefly, cells were washed
in 1X phosphate-buffered saline, pelleted, resuspended in cold
buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA,
0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF), and incubated on ice
for 15 min. Twenty-five microliters 10% Nonidet NP40 were added
and the mixture was vortexed and centrifuged briefly. Pellets were
resuspended in ice cold buffer C (20 mM HEPES pH 7.9, 0.4 M
NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF), and
incubated at 4°C for 15 min. After 5-min centrifugation at 13,000g
the supernatant was removed and stored at —80°C.

In vitro editing analysis

For editing analysis, 1 fmol of RNA was incubated at 37°C
overnight with 2-pL nuclear extract in 80-uL buffer (0.02 M
HEPES pH 7.0, 0.1 M NaCl, 10% glycerol, 5 mM EDTA,
250 units/mL RNasin RNase inhibitor (Invitrogen), 1 mM dithio-
threitol, 25 wg BSA, 0.1 mM Phenylmethylsulfonyl fluoride
(PMSF) (Cho et al. 2003)). After overnight incubation, RNA
was purified by extraction with phenol-chloroform and ethanol
precipitation. RNA editing at the amber/W site was analyzed by
StyI digestion of RT-PCR products as previously described (Casey
and Gerin 1995; Polson et al. 1996; Casey 2002), except that
primers E1 and E2 were used for PCR (Table 2), and the anneal-
ing temperature was increased to 57°C.

Enzymatic analysis of RNA secondary structure

Three femtomoles of 5'- or 3’-end labeled RNA transcript was
incubated in structure buffer containing 10 mM Tris pH 7.0,
100 mM KCl, 10 mM MgCl,, 4 g yeast RNA, and nuclease-free
water. All buffers for RNA structural analysis were obtained from
Ambion and used according to the manufacturer’s recommenda-
tions. RNase digestions were performed at room temperature for
15 min with 1 unit of RNase T1 (Ambion), or either 1 or 0.1 units
RNase A (Ambion), as indicated. RNA was precipitated, resus-
pended in gel loading buffer (95% formamide, 18 mM EDTA,
0.025% SDS, 0.025% Xylene Cyanol, 0.025% Bromophenol Blue)
and loaded onto a 6% polyacrylamide/7M urea sequencing gel.
RNA sequencing was performed by digestion of end-labeled RNA
with RNase T1 for 15 min at 55°C in 1X sequencing buffer
(20 mM sodium citrate pH 5, 1 mM EDTA, 7 M urea). To
produce an alkaline hydrolysis ladder, RNA was incubated at 95°C
for 4, 6, and 8 min in Hydrolysis Buffer (50 mM sodium
carbonate pH 9.2, 1 mM EDTA). The gel was fixed in 6% acetic
acid/10% ethanol, dried, then exposed to a phosphor screen
overnight. Digestion patterns were visualized by radioanalytic
imaging (Molecular Dynamics Storm 475).
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