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ABSTRACT

Group Il introns are large ribozymes that act as self-splicing and retrotransposable RNA molecules. They are of great interest
because of their potential evolutionary relationship to the eukaryotic spliceosome, their continued influence on the organization of
many genomes in bacteria and eukaryotes, and their potential utility as tools for gene therapy and biotechnology. One of the most
interesting features of group Il introns is their relative lack of nucleobase conservation and covariation, which has long
suggested that group Il intron structures are stabilized by numerous unusual tertiary interactions and backbone-mediated
contacts. Here, we provide a detailed description of the tertiary interaction networks within the Oceanobacillus iheyensis group
IIC intron, for which a crystal structure was recently solved to 3.1 A resolution. The structure can be described as a set of several
intricately constructed tertiary interaction nodes, each of which contains a core of extended stacking networks and elaborate
motifs. Many of these nodes are surrounded by a web of ribose zippers, which appear to further stabilize local structure. As
predicted from biochemical and genetic studies, the group Il intron provides a wealth of new information on strategies for RNA

folding and tertiary structural organization.
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INTRODUCTION

Group II introns are self-splicing and retrotransposable
RNAs that are found in all forms of bacteria, plants,
microeukaryotes, fungi, and in certain types of animals
(Lehmann and Schmidt 2003; Lambowitz and Zimmerly
2004; Pyle and Lambowitz 2006; Michel et al. 2009; Toor
et al. 2009). Their splicing is essential for gene expression in
many organisms (Bonen and Vogel 2001), and during the
course of evolutionary history, group II introns have played
a major role in the genetic organization of most terrestrial
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life forms (Mattick 1994, 2001; Rest and Mindell 2003).
Although group II introns can be divided into three major
families based on phylogenetic analysis of intron secondary
structures (IIA, IIB, and IIC) (Michel et al. 1989; Toor et al.
2001; Zimmerly et al. 2001), their three-dimensional or-
ganization has long been mysterious because group II
introns lack extensive phylogenetic covariation between
the major structural elements (domains I-VI), and they
contain relatively few conserved nucleotides. Thus, unlike
other large RNAs, it has been impossible to infer an ap-
proximate architectural arrangement solely from genetic or
phylogenetic analyses of the intron sequence and secondary
structure.

The first indication that group II introns possessed an
unusual tertiary structure came from domain deletion
studies conducted on the ai5y intron from yeast mito-
chondrial RNA. Those studies showed that the conserved
intron domain V (DV) could be added as a separate mol-
ecule to intron constructs that lacked this domain and
thereby activate them for splicing or other forms of ca-
talysis (Jarrell et al. 1988; Koch et al. 1992; Dib-Hajj et al.
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1993; Franzen et al. 1993; Pyle and
Green 1994). These results indicated
that DV was somehow central to the
active tertiary structure, and, given its
paired hairpin structure, it necessarily
associated with other domains through
a complex network of unusual tertiary
interactions that involved ribose back-
bone atoms (Chanfreau and Jacquier
1994; Abramovitz et al. 1996; Boudvillain
and Pyle 1998; Konforti et al. 1998),
base edges, or other moieties that can-
not be probed through conventional
genetic analysis.

To forge an understanding of group
II intron architectural organization,
a number of different biochemical ap-
proaches were directed to the problem.
A particularly successful approach fo-
cused on the identification of tetraloop—
receptor interactions (Jaeger et al. 1994;
Costa and Michel 1997; Michel et al.
2000), as they are among the most
common forms of long-range interac-
tion in folded RNA molecules. In this
way, the laboratories of Michel, West-
hof, Peebles, and others identified (-’
(which joins the tip of the D5 hairpin
with a loop in DI) (Costa et al. 2000),
e—¢' (Jacquier and Michel 1990), 6-6',
and m-m’ (Costa et al. 1997), which
together with the Watson—Crick (WC)
pairing interactions y—y’ (Jacquier and
Michel 1990) and a—a’ (Michel et al.
1989; Harris-Kerr et al. 1993) provided
critical constraints for visualizing intron
architecture.

An alternative approach focused on
tertiary interactions involving the RNA
backbone, as single-atom mutational
studies revealed that 2'-hydroxyl groups
on D5 and throughout the intron were
critical for intron assembly and catalysis
(Abramovitz et al. 1996; Boudvillain
and Pyle 1998). To identify these con-
tacts and to identify interactions in-
volving base atoms on the Hoogsteen
or sugar edges (Boudvillain and Pyle
1998; Konforti et al. 1998), chemoge-
netic approaches were necessitated.
These methods, which involved a combi-
nation of site-directed chemical synthesis
and in vitro selection (variants include
nucleotide analog interference suppres-
sion and DMS footprinting suppression)
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Tertiary architecture of the group IIC intron

(Boudpvillain et al. 2000; Ryder et al. 2000; Fedorova et al.
2005), revealed the k—k’ and A—\' interactions that anchor
D5 (Boudpvillain and Pyle 1998; Boudvillain et al. 2000; de
Lencastre et al. 2005), and the p—p.’ interaction that helps
dock DIII in group IIB introns (Fedorova and Pyle 2005).
These methods were complemented by site-directed (de
Lencastre et al. 2005; Hamill and Pyle 2006; Fedorova and
Pyle 2008) and UV cross-linking (Noah and Lambowitz
2003) methods that placed further constraints on the
location of the splice sites, interdomain junctions, the
branch site and atoms of D5. Taken together, all of these
studies resulted in architectural models that were useful for
visualizing three-dimensional organization of the intron
(Costa et al. 2000; Swisher et al. 2001; Noah and Lambowitz
2003; de Lencastre et al. 2005; Dai et al. 2008), interpreting
mechanism and for evaluating the biological significance of
future crystal structures.

Despite these efforts, molecular understanding of the
intron tertiary structure awaited a crystal structure, as the
modeling studies underscored our inability to predict RNA
conformation de novo. In addition, mechanistic studies
suggested important roles for metal ions and specific D5
functional groups in the chemical mechanism (Sontheimer
et al. 1999; Gordon and Piccirilli 2001; Gordon et al.
2007). Their precise arrangement in space required high-
resolution analysis. To this end, an appropriate intron
crystallization target was sought and the group IIC intron
from Oceanobacillus iheyensis (O.i.) was identified as an
ideal candidate based on its ability to splice and fold
homogeneously under physiological conditions (Toor
et al. 2008a). The intron was crystallized, and its structure
was solved to 3.1 A resolution. While many features of this
structure have been briefly discussed (Dayie and Padgett
2008; Toor et al. 2008a,b; Michel et al. 2009), a detailed
analysis of the constituent tertiary interactions, backbone
conformation, and base-pairing arrangements has been
lacking. In addition, biochemical analysis of RNA in the
crystal has provided new insights into the active-site
architecture and its interactions with substrates. Here we
present a detailed analysis of the group II intron tertiary

structure and its active site, setting the stage for additional
mechanistic investigations and confirming the long-stand-
ing conviction that group II introns contain a wealth of
new information on tertiary interaction motifs and their
organization within folded RNA molecules.

RESULTS AND DISCUSSION

Reaction products of O.i. intron self-splicing
and autoprocessing

The O.i. intron self-splices through a hydrolytic mechanism
in vitro, and like other introns that react through this
pathway (Granlund et al. 2001; Vogel and Borner 2002;
Toor et al. 2006), the intron is released as a linear molecule
(Fig. 1A; Toor et al. 2008a). Because the O.i. intron is
derived from a relatively new class of group II introns (IIC)
and because it has become a structural model system, it was
important to biochemically map the intronic reaction
products that are isolated after splicing and after the
RNA has crystallized. It was particularly important to
understand the chemical identity of the intronic 5'- and
3’-ends because, in the crystal structure, electron density is
lacking for the first nucleotide of the intron (at the 5’-end)
and for nucleotides corresponding to DVI (at the 3’-end)
(Toor et al. 2008a,b). These regions might be simply
disordered, as anticipated by studies showing that DVI is
dynamic and docks weakly within the core (Dib-Hajj et al.
1993; Chu et al. 1998). Alternatively, the missing residues
might have been cleaved away through secondary reactions.
As a first step toward evaluating the intron termini, we
used reverse transcription to map the 5’'-end of the spliced
intron RNA (Fig. 1B). The results show that, while the
length of the 5'-end is appropriate, the exact sequence
identity for the first and second nucleotides could not be
determined. In order to unambiguously identify these
nucleotides, we analyzed the spliced RNA before and after
crystallization using a modified primer extension approach.
A short, 5'->?P-end-labeled primer is annealed to the
upstream end of the intron, leaving a small overhang at
the intron 5'-end (Fig. 1C, a 1-nucleo-

tide [nt] overhang; Fig. 1D, a 2-nt

FIGURE 1. Secondary structure and biochemical analysis of the spliced Oceanobacillus
iheyensis intron. (A) Secondary structure of the O. iheyensis intron, shown in the revised
representation (Toor et al. 2008a), which includes base-pairing and tertiary interaction
designations derived from the refined structure presented here. The “classical view” of the
secondary structure can be seen in Toor et al. (2008a), Figure 1A. The different domains and
regions of the intron are indicated by color, in the same manner as previously published (Toor
et al. 2008a): (green) domains I(i) and I(ii); (purple) domains IA and IB; (orange) domain IC;
(gray) domain ID1; (cyan) domain ID2; (blue) domain DII; (yellow) domain DIII; (beige)
domain DIV; (red) domain DV; and (black) domain DVI (not visualized in the crystal
structure). (B) Reverse-transcriptase (RT) sequencing of the 5'-end of the spliced O. iheyensis
intron. Nucleotide positions from the 5’-end are indicated by numbers on the left side of the
gel. Identification of the (C) first and (D) second nucleotides from the 5'-end of the spliced
O. iheyensis intron (fop) before and (bottom) after crystallization. The top and bottom gels in
panels C and D exhibit slight differences in relative electrophoretic mobility between the
primer and the extension product because the two sets of gels were run for different time
periods.

overhang). Primer extension is then
carried out in four reaction mixtures
that contain only one dNTP at a time.
With this experimental design, the
primer is extended by 1 nt only in the
reaction mixture that contains a dNTP
complementary to the overhang target
(Fig. 1C,D). The results show that the
5’-end of the spliced RNA both before
and after crystallization contains both
G1 and U2 (Fig. 1C,D), establishing that
these nucleotides are present within the
construct.
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FIGURE 2. (A) Analysis of the 3'-terminal fragments obtained after DNAzyme cleavage of the
3’-end-labeled spliced O. iheyensis intron. (Lanes 1,2) RNA size markers; (lane 3) an alkaline
hydrolysis ladder; (lanes 4,5) fragments obtained after DNAzyme cleavage of 3'-end-labeled
spliced intron before (red and turquoise arrows) and after (turquoise arrows only)
crystallization, respectively. Numbers on the left correspond to sequence lengths starting from
the 3’-end (see Fig. 1A for nucleotide identities). Numbers on the right indicate the sizes of
specific fragments. (In this case, sizes include the terminal C that is incorporated during pCp
labeling and are therefore 1 nt longer than the corresponding intron fragment.) Note that
turquoise arrows indicate DNAzyme cleavage products formed after Fragment 1 (5'-GGAG
UUCGCUCUACUCUAU) or Fragment 2 (5'-CGCUCUACUCUAU) are cleaved off the
3’-terminus of domain VI. (B) Secondary structure schematic of domains V and VI of the
spliced O. iheyensis intron. The black arrow denotes the DNAzyme cleavage site in DV. Sites
of ribozyme cleavage in DVI observed both before and after crystallization (corresponding to
3'-terminal Fragments 1 and 2, see above) are indicated by bold turquoise arrows, sites
observed only before crystallization are indicated by red arrows.

To characterize the 3’-end of the spliced RNA and to
evaluate the integrity of DVI, the RNA was mapped before
and after crystallization. We first attempted to analyze the

that DVI is cleaved at six major sites
(Fig. 2). Further cleavage occurs during
crystallization, resulting in a loss of four
longer fragments (Fig. 2). These results
suggest that DVI is flexible and it can
move in and out of the ribozyme active
site, each time being cleaved as a sub-
strate by the ribozyme. Notably, group
IIC introns splice in vivo via the
branching pathway, but in vitro they
have only been observed to splice via the
hydrolytic pathway (Granlund et al.
2001). This suggests that in vivo the
maturase protein helps to correctly
position DVI in the active site of the
intron, thus preventing its cleavage by
the ribozyme.

Overall structure

The intron has a boxy shape that ap-
pears as if the top and bottom parts of
the box have been twisted relative to
one another (Fig. 3). The framework
and exterior shell of this box is provided
primarily by nucleotides derived from
intron domain I. Catalytic motifs, such
as domain V and J2/3, are internalized
within the DI shell, and intron domain
III appears to seal them inside, forming
the floor of the catalytic center. Periph-
eral domains II and IV project away
from the intron core, and, consistent
with their role in encoding large open
reading frames, these domains are lo-
cated at positions that would not in-
terfere with folding of the active site.
There is no electron density attributable
to a DVI hairpin because intron side
reactions excise this highly mobile do-

main immediately after splicing (Fig. 2).

downstream terminus by 3’-end labeling of the RNA,
followed by T1 nuclease digestion. However, the T1 di-
gestion pattern was unreadable, suggesting that the 3’-end
of the RNA both before and after crystallization was highly
heterogeneous (data not shown). Using tools for fine-
mapping segments of large RNAs (Pyle et al. 2000), we
then used a DNAzyme to cleave the 3’-end-labeled RNA
between nucleotides 378 and 379 in DV, and we de-
termined the size of the resulting fragments (Fig. 2).
Surprisingly, the results indicate that even prior to crystal-
lization, the intron RNA is degraded from the 3’-end and
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Domain I: Tertiary architecture of the intron scaffold

Domain I is the largest region of the intron, and, while
tertiary interactions between DI and other domains of the
intron are essential for building up the active site, tertiary
interactions within DI merit detailed analysis because they
weld together components of the DI scaffolding and create
the framework for subsequent intron assembly (Pyle et al.
2007). The architecture of DI is exceptionally complex, and
analysis of its tertiary interaction modules is therefore
facilitated by breaking down the domain into defined
regions that can be examined in detail.
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Five-way i
junction _ el

FIGURE 3. Overall tertiary structure of the intron in a ribbon representation. Domains and sectors are indicated. (A) View showing the five-way
junction and 6-6'. (B) A 90° rotation from the view shown in A. D5 and the bound exon-like oligonucleotide can be clearly seen. (C) A 90°
rotation from the view shown in B displaying the coordination loop, k, and a—a'.

Four sectors of DI set the stage for the overall architec-
tural organization of the domain, each of which forms
a “corner” along the external frame of the intron (Fig. 3).
These four corners include: (1) the T-loop sector, which
encompasses the elaborate five-way junction; (2) the a—a’
sector that joins distal regions of the DI secondary
structure; (3) the 68" sector that joins the DI scaffold
with the base of DII; and (4) the k-coordination loop
region that creates a binding interface with D5 and the
splice sites. Two additional regions of DI contain clusters of
tertiary interactions that influence the overall shape of DI
and create extensive interfaces for the binding and activa-
tion of D5. These include: (5) the z-anchor region (Toor
et al. 2008a), which joins helices I(ii) and IC, reinforcing
their parallel orientation and providing a binding interface
for activation of catalytically essential D5 substructures;
and (6) the { substructure, which stabilizes the receptor for
the terminal D5 tetraloop (Keating et al. 2008). Taken
together, appropriate assembly of these six regions is
critical for orienting key helices within DI and thereby
permitting the formation of additional intradomain and
interdomain interactions.

The five-way junction

The five-way junction in domain I sets the stage for the
overall architectural organization of the intron (Toor et al.
2008a). It orients the relative position of all the long DI
helices, making it possible for tertiary interactions to form
between the helices and creating a scaffold for docking of
D5. The most striking feature of the five-way junction is
a T-loop motif (Nagaswamy and Fox 2002; Krasilnikov and
Mondragon 2003) comprised of nucleotides U31, G32, A33,
G34, A245, and A35 (Fig. 4A), which is a well-characterized
substructure that is frequently superimposable with GNRA
tetraloop motifs (Supplemental Fig. SI; Lee et al. 2003).
T-loops are distinctive because they commonly contain
a gap that is filled by intercalation of an adenine from an

adjacent strand (A245) (Krasilnikov and Mondragon 2003),
rather than an adenine from the same strand at the fourth
loop position, as is typical for GNRA loops. Indeed, the DI
T-loop is perfectly superimposable with the structure of the
ATP binding aptamer (Dieckmann et al. 1996; Jaeger et al.
2009), where AMP is bound at the same position as the
intercalated base A245 (Fig. 4B). This finding suggests that
co-intercalated RNA motifs are an important tertiary inter-
action mode and that ATP aptamer motifs specifically are a
generalizable mode of adenine recognition in RNA biology.

The T-loop is imbedded within a network of stacking
interactions that facilitate changes in strand direction and es-
tablish the three-dimensional shape of the junction (Fig. 5A).
Many of these stacking interactions are reinforced by hydro-
gen bonds that involve proximal 2'-hydroxyl groups (Fig. 5B).
In addition to coaxial stacking of helices IA and IB and the
insertion of A245 into the T-loop, major components of the
junction stacking network include the following:

1. G36/A247: T-loop nucleobase G36 stacks on A247, and
its relative position is reinforced by hydrogen bonds
between the 2'-OH of A246 and the N1 and N2 groups
of G36. This stack is relevant because A247 pairs with
U24, thereby forming the closing base pair of stem I(ii).
The backbones of nucleotides U24 and U66 pinch
closely together through the formation of a ribose zipper
that joins U6602" with U2402" and A6702" with the
02’ and 02 of C23. This is further reinforced by a type I
A-minor motif between A67 and the G248—C23 base
pair (Nissen et al. 2001). Together, these interactions
influence the trajectory of stems I(ii) and IC, helping to
place them side-by-side, in positions that facilitate
formation of the z-anchor substructure (vide infra).

2. A25/U66-A121: Despite its more proximal location to
stems IA and I(ii), junction nucleobase A25 stacks on
the U66—A121 base pair at the terminus of stem IC. The
more proximal stems IA and IB are coaxially stacked, so
this spatial translocation by A25 is accompanied by
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FIGURE 4. T-loop architecture can mimic that of a GNRA tetraloop,
with an inserted base taking the place of the final nucleotide (GNRA)
(Nagaswamy and Fox 2002; Lee et al. 2003). (A) The T-loop in the
five-way junction of the group II intron. Base A245 (gray) inserts into
the tetraloop-like structure and forms a Hoogsteen edge/WC edge
base pair with G32. (B) The binding pocket of the ATP binding
aptamer (Dieckmann et al. 1996). AMP is shown forming a Hoogsteen
edge/WC edge base pair with G8. In the secondary structure diagrams
here and in subsequent figures, base-pairing is indicated using the
standardized nomenclature (Leontis and Westhof 2001), and stacking
is indicated using rectangles (Adams et al. 2004).

a sharp kink in the backbone between A25 and U26. The
relative orientation of A25 appears reinforced by bi-
furcated hydrogen bonds between N6 and N7 and the
2'-OH of G36. Like the G36—-A247 stack, the A25 stack
reinforces the parallel orientation of stems IC and I(ii).
3. A246/A122-G244: By stacking on the terminal pairing of
helix IDI (A122-G244), A246 facilitates presentation of
A245, and allows it to intercalate into the T-loop. Un-
derscoring the interdependence of all interactions within
the junction stacking network, the backbone of A246
orients the nucleobase of G36 (see above). Furthermore,
N6 of A246 interacts with the phosphoryl oxygen of C38.

The a-loop sector

At the center of the a-loop sector is an unusual kissing loop
interaction, a—a’ (Fig. 6), that had been predicted from
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phylogenetic and biochemical studies to join the two major
halves of DI through a set of long-range WC interactions
(Michel et al. 1989; Harris-Kerr et al. 1993). Although the
duplex region of the kissing loop forms a standard A-form
helix, the a—a” interaction differs from kissing loops studied
previously because the loop-helix does not simply stack on
flanking duplexes. Rather, terminal nucleotides A50 and
U198 at either end of each loop flip out, forming a base pair
that extends from the back of the loop duplex (Toor et al.
2008a). At this resolution, electron density corresponding
to bases in this pairing can be modeled either as a WC or a
Hoogsteen edge/WC edge base pair, using the nomencla-
ture of Leontis and Westhof (2001), although the latter cor-
responds best to the available data. The precise geometry of
the A50-U198 pairing may be influenced by the fact that it
stacks with A33 of a neighboring molecule. Given that A50—
U198 is the site of a crystal contact, the biological relevance
of its unusual position within the kissing loop is unclear.

The stacking of the a—a interaction builds on the A49-
U59-G58 base triple, which forms immediately below the
A-form helix portion of the kissing loop. The a-strand
stacks on the A49-U59 pairing, while the a’-strand stacks
on the U59-G58 pairing. Additionally, nucleotides 191-206
(which includes the a'-strand) adopt a long, extended
structure that appears to wrap smoothly around this corner
of DI, encompassing it like a strap (Fig. 3C), very similar to
the belt-like region observed in structures of the Azoarchus
group I intron (Adams et al. 2004). The orientation of the
strap and the a—a interaction are reinforced on three sides
by a set of ribose zipper motifs (Fig. 6; Cate et al. 1996;
Ferré-D’Amaré et al. 1998). Adjacent to o' is a ribose
zipper that joins the 2'-OH of C197 with the 2'-OH and
N3 of A60 and the 2'-OH of A61 with the 2'-OH of C196.
On the opposite side of the a—a” duplex is a second ribose
zipper that joins the 2'-OH of G48 with the 2'-OH of
G170. The 2’-OH of A49 interacts with the 2’'-OH of G169,
and also with the N3 of the G169. Directly beneath the
a—a’ kissing loop lies the w—w’ ribose zipper that has
already been described (Toor et al. 2008a). This set of
interconnected backbone interactions results in a web of
interconnected 2'-hydroxyl groups that gathers six strands
of RNA together in space.

The 6-0' region

The termini of stem IC and domain II are joined by
a tetraloop-receptor motif (Fig. 3A), as predicted from
previous phylogenetic analyses (Costa et al. 1997). How-
ever, this tetraloop—receptor is a highly minimized subtype
that is similar to crystal packing interactions observed in
early hammerhead ribozyme structures (Pley et al. 1994). In
cases such as these, there are no base-stacking interactions
between the tetraloop and the receptor. Rather, the tetra-
loop nucleobases interact exclusively by forming hydrogen
bonds with the minor groove of two base pairs in the
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FIGURE 5. The five-way junction. (A) Networks of nucleobase stacking within the junction are illustrated with transparent space-filling models.
The four major stacks are highlighted: (Purple) The T-loop stack, consisting of A33, G34, A245, A35, and C38; (green) the U37/G36/A247/G248
stack; (orange) the A25/U66-A121/A120 stack; and (gray) the A246/A122-G244 stack. (B) The five-way junction is also held together by a number

of ribose zipper interactions, shown here in wall-eyed stereo.

domain II stem. Indeed, the sugar edges of G92 and A93 of
the tetraloop form only single hydrogen bonds to minor-
groove base atoms of U273 and G281, respectively, and all
other interactions are mediated by 2’-hydroxyl groups
(A93N3 — G281N2, A93N1 — G28102', A9202" —
C27202', G92N2 — U27302, G92N3 — U27302', and
G9202" — U27302"). Additional interactions are observed
between A28202" and C9402’ and between C9102 and the
G27402'.

The coordination/k-loop region

The 5" and 3’ exons of group II introns are brought
together and recognized by a continuous binding interface
that is provided by the EBS1/EBS3 substructure (Jacquier
and Michel 1987; Costa et al. 2000; Toor et al. 2008b). The
extended stacking array presented by EBS1/EBS3 interacts

with the exon sequences through base-pairing, resulting in
a duplex that presents the target phosphodiester linkage to
the active-site bulge region of DV (Toor et al. 2008b).

In group IIC introns, EBS3 is provided by a single
nucleobase (A223) that is flipped out of the “coordination
loop” (Fig. 7), which is a DI substructure that was
previously shown to “coordinate” and spatially organize
all reactants involved in both steps of group II intron self-
splicing (Costa et al. 2000; Hamill and Pyle 2006). With
improved refinement and modeling, it is now possible to
visualize the detailed organization of the coordination loop
and to understand how it is stabilized by EBS1 and by the
adjacent k substructure in DI (Boudvillain and Pyle 1998).

Base pairs within the coordination loop are stacked on
the upper IDI stem. The terminal G156-U221 wobble pair
of the stem stacks on the G155-C180 WC base pair, thereby
enabling the EBS1 loop to intercalate into the coordination
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loop through C180. G155-C180 then stacks on the A154—
A222 Hoogsteen edge/WC edge pair, which stacks on A224,
thereby ejecting A223 (EBS3) from the substructure. At this
point in the structure, the strand containing G153-A151
adopts a sharp kink, resulting in an ~90° angle between
upper and lower parts of the IDI stem. Nucleobases U152
and A151 then splay out, facilitating contacts with the
neighboring k extension. Of particular importance are the
stacking interactions that occur between A151 — Al137,
A225 — A138, and the base pair between U150 and A138.
These interactions merge the coordination loop with the
K-extension, rigidifying them and creating a single interface
for splice site and D5 recognition.

Where the k region pinches off from the IDI stem, the
strand backbones come very close together. The phosphates
at positions 145 and 134 are only 5.4 A apart, and non-
bridging phosphoryl oxygens at these locations are 3.4 A
apart. From this narrow neck at its base, the backbone of
the k region balloons into a highly unusual two-lobed
substructure. One lobe (termed the k-extension) interacts
with the coordination loop as described above. The se-
quence at this position, and its relative conservation, have
suggested that the k-extension might adopt a GNRA-like
structure, although this was contraindicated by chemogenetic
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and mutational studies on this region of DI (Boudvillain
and Pyle 1998). The structure reveals that the k-extension
possesses some GNRA-like characteristics, such as the sugar
edge/Hoogsteen edge base pair between G136 and A140,
which is identical to the G-A base-pairing in GNRA
tetraloops. Additionally, C139 stacks on A140, as is rem-
iniscent of the stacking of the third tetraloop nucleotide.
However, A137 and A138 are flipped out and adopt a
conformation that is distinctly different from that of a
GNRA tetraloop.

The large lobe of k forms a binding interface with the
noncatalytic face of DV (Boudvillain and Pyle 1998). The
shape of the k region is reinforced by a set of base-pairings
that span both lobes of the substructure, including A134—
G142 (Hoogsteen edge/sugar edge), G135-C141 (WC), and
G136-A140 (sugar edge/Hoogsteen edge). In addition, a
continuous stack of bases involving 136 — 135 — 134 —
144 — 143 rigidifies the motif.

Domain IlI: An interaction hub for joining multiple
domains

The stems and internal loop of DIII (Fig. 8B) play a key role
in organizing structural and catalytic regions of the intron.
Stem 1 is an unusual duplex with a wide major groove that
is composed almost exclusively of purine—purine pairs,
including the Hoogsteen edge/sugar edge pairs A326-G291,
A292-G325, and A293-G324, and the sugar edge/WC edge
pair A290-A327. Stem 1 forms the “floor” of the intron
structure, where it supports the orientation of D5 within
the DI cavity and inserts nucleotides of the J2/3 linker into
the D5 major groove, thereby forming the catalytic triplex
region of the active site (Toor et al. 2008a).

All group II introns contain a large internal loop that is
adjacent to stem 1 of DIII (Toor et al. 2001). Multiple
biochemical studies have underscored its importance for
catalysis (Podar et al. 1995; Jestin et al. 1997; Fedorova and
Pyle 2005, 2008); however, its role in intron function has
only become fully understood upon inspection of the
crystal structure. The substructure created by the DIII
loop, comprised of nucleotides 297-302 and nucleotides
317-320, provides an interaction node that joins DIII with
the stems of DI and DII, thereby orienting three critical
domains of the intron (Fig. 8A).

The most prominent feature of this region is the pre-
sentation of G320, which stacks on A268 near the terminus
of the DII stem. This arrangement is accommodated by an
S-turn (Leontis and Westhof 1998) on the opposite strand
of the DIII loop (nucleotides 298-300). The existence of
an S-turn at this position was previously predicted from
phylogenetic analysis of group IIA introns (Leontis and
Westhof 1998). As predicted in that work, the lower
portion of the S-turn contains a purine and a uracil on
one strand (here, A297 and U298), while only containing
a single G in the equivalent position on the other strand
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(here, G320). In this structure, U298 forms a wobble pair
with G320, while the nucleobase of A297 does not partic-
ipate in any hydrogen-bonding interactions. However,
A297 is not pushed out of the helix and instead disrupts
base-stacking between the U298-G320 pair and the C296—
G321 pair. This allows DIII to bend by roughly 30° between
these two pairs, and positions the internal bulge appro-
priately for interactions with domains 1 and 2. Addi-
tional interactions, including hydrogen bonds between
G32102" — G269N2, A29702" — A26802', G32002’
— U28502', and G32002" — U28502 appear to further
stabilize the interface between DII and DIII.

The DII loop and stem 1 of DI are joined through
a network of minor groove triples and ribose zippers. For
example, A319 interacts with the minor-groove edge of the
G266—C6 pair at the base of DI, forming an architecturally
important base triple interaction. This is reinforced by
an array of adjacent ribose zippers that connect the
2'-hydroxyl groups of nucleotides C6, C7, and C8 (at the
bottom of the DI stem) with the 2’-hydroxyl groups of
A318, A319, and C303 in the DIII loop. Interaction of the
DIII loop with the beginning of DI has been proposed for
group IIB introns as well (Fedorova and Pyle 2008),
suggesting that it may have a similar function in all group
I introns.

Domain V and its tertiary interactions within the core

Previous analysis of the group II intron structure has
focused on interactions between D5 and the rest of the
intron (Toor et al. 2008a,b, 2009). As a result, many of the
major tertiary interactions, such as the catalytic triplex,

interactions between the D5 bulge and the Z-anchor, and
the unusual tetraloop-receptor interaction within -/,
have already been evaluated in detail. However, one of
the most important interactions between D5 and DI is the
k—k' interaction, which has been extensively studied using
chemogenetic methodologies (Boudvillain and Pyle 1998).
Particularly after additional modeling and refinement (see
Materials and Methods), the crystal structure provides
valuable insights into the binding interface between D5
and the k-loop of DI, and it is important to evaluate these
in detail.

The interaction interface between k and D5 is composed
exclusively of base-backbone and inter-backbone interac-
tions, the most prominent of which is a hydrogen bond
between G359N2 and G13502’ that was predicted from
previous single-atom mutagenesis studies (Konforti et al.
1998). Additional interactions include G38502" — A140NI1,
C36102" — A143N1, G38502P — C14102’, and C36002" —
A13402’, which are in excellent agreement with single-
atom mutagenesis and chemogenetic studies that demon-
strated the importance of the D5 backbone for molecular
recognition and led to the original prediction of the k
interaction (Abramovitz et al. 1996; Boudvillain and Pyle
1998; Konforti et al. 1998). The close agreement with those
studies, which were conducted on a completely different
intron family (the ai5y group IIB intron), underscores the
likelihood that all group II introns have a very similar core
structure.

It is intriguing that there are no base-base interactions
between k and D5, as previous biochemical studies had
hypothesized the k interaction to be a tetraloop-receptor
interaction (Boudvillain and Pyle 1998). Instead, the
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FIGURE 9. Exon binding to the intron. A cartoon rendering of EBS1
and EBS3 is shown, with the bound oligonucleotide target fragment
displayed in pink. A 2F5 — F¢ electron density map is shown for the
oligonucleotide and is contoured at 1.00. (Inset) A secondary
structural diagram of the anticipated oligonucleotide binding mode.

interaction interface consists exclusively of backbone-
mediated hydrogen-bonding interactions. The absence of
inter-base interactions may be attributable to the lack of
complementarity in base-plane orientation between the two
domains (e.g., nucleobases within the two motifs are not
coplanar, thereby precluding stacks, triples, or quadri-
plexes). The base planes in k are twisted by ~70° from
those in D5. Thus, despite a pronounced shape comple-
mentarity, the interaction interface is highly unusual,
and the basis for its thermodynamic stabilization remains
unclear.

A few additional tertiary interactions between D5 and DI
have not yet been described. For example, we observe that
EBS1 forms a set of tertiary interactions with the terminal
tetraloop of D5. Specifically, the A18302’ group at the
center of EBS1 makes hydrogen bonds to C37202 and
G369N2, thereby establishing that EBS1 plays a core
structural role in addition to its function as an exon
recognition element (Jacquier and Michel 1987). In addi-
tion, we observe an interesting pairing that joins the I(i)
loop with the highly conserved G378-U365 pair beneath
the D5 bulge. Nucleotides G378 and A260 participate in
a sugar edge/Hoogsteen edge interaction, which explains
the notable conservation of G378 (Costa et al. 1998;
Konforti et al. 1998), and biochemical studies implicating
the 1(i) loop in intron function (Boudvillain and Pyle 1998;
Costa et al. 1998).

The bound oligonucleotide target fragment

As reported previously, the map for the free intron displays
electron density corresponding to an oligonucleotide that is
bound to the EBS1 and EBS3 sequences at the same
position anticipated for ligated exons (Toor et al. 2008b).
While electron density for the resultant EBS/exon duplex
and for the coordination loop becomes stronger when the
intron is co-crystallized with a short oligonucleotide

66 RNA, Vol. 16, No. 1

corresponding to ligated exons (Toor et al. 2008b), it is
still prominent even without co-crystallization and had
therefore been a puzzling aspect of the crystal structure.
The likely identity of this oligonucleotide finally became
apparent through two different lines of evidence. First of
all, 3'-end mapping of spliced RNA and RNA in the crystal
(see Fig. 2 and the section on “Reaction products of O.i.
intron self-splicing and autoprocessing”) shows that, after
splicing, the dynamic DVI region (which can form semi-
complementary interactions with the EBS regions) is
cleaved at several positions by the ribozyme. The most
abundant intron truncation (Fig. 2B) results from release of
oligonucleotide 5'-CGCUCUACUCUAU-3' (fragment 2),
which is partially complementary to EBS1 via the under-
lined nucleotides. This fragment accumulates after crystal-
lization (see Fig. 2A) and would therefore not have been
washed completely away during RNA purification.

A second clue came from electron density in the crystal
itself. Weak electron density was consistently observed for
bases upstream of nucleotides that pair directly with EBS1,
and trailing downstream from the expected cleavage site.
Upon close inspection, it was possible to visualize a guano-
sine extending from the 5'-end of the oligonucleotide
fragment. In addition, we previously reported that the first
pairing between EBS3 and the oligonucleotide fragment
cannot adequately be modeled as a WC pair, and that it
is best modeled as a sheared pair (Toor et al. 2008b). Both
of these observations are explained if one creates a model
in which fragment 2 is paired with EBS1 and EBS3 (suffi-
cient electron density was available to model nucleotides
5'pGCUCU'ACUp, where the arrow represents the ex-
pected target cleavage site). In that case (Fig. 9), fragment
2 pairs with EBS1, but the resultant duplex is capped by
a guanosine at the immediate 5'-end, with additional weak
density for trailing upstream nucleotides. Binding of
fragment 2 places an adenosine opposite the adenosine in
EBS3, resulting in a sugar edge/WC edge base pair. This is
followed by weak density for additional nucleotides pro-
jecting from the 3’-end. Thus, while the binding of other
fragments is clearly possible, binding of fragment 2 results
in the best fit of the density for oligonucleotide bound to
free intron.

Binding of fragment 2 may also answer an important
question about RNA reactivity in the crystal: Why does the
oligonucleotide remain intact and uncleaved by the ribo-
zyme active site? The answer to this may lie with the
sheared configuration of the pairing at EBS3. The sheared
pairing induces deviation from the backbone configuration
that is normally recognized and cleaved by group II introns,
which recognize exon boundaries through WC base-
pairings (Su et al. 2001; Pyle and Lambowitz 2006). This
suggests that fragment 2 has inadvertently provided an
active-site inhibitor complex that enables us to visualize
bound substrates in an uncleaved, but potentially chemi-
cally relevant conformation.
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Conclusions

A detailed analysis of the group II intron tertiary structure
reveals that the shape of the molecule is dictated by a set of
elaborate tertiary interaction networks within domains I and
I1I. These regions create the scaffold that binds and activates
catalytic domain V. The individual interaction networks
contain both known and novel motifs, although tertiary sub-
structures are dominated by base-stacking and 2’-hydroxyl
group contacts. The preponderance of hydrophobic and
RNA backbone interactions may explain the relatively low
sequence conservation among group II introns.

MATERIALS AND METHODS

Analysis of the 3’- and 5’-ends of the spliced RNA

Sequence of the 5-end of the RNA was verified by reverse
transcription in the presence of dideoxynucleotide triphosphates
using primer 0i20 (5'-CGGGACTCTCACCCTATAGAC) (Invi-
trogen) and RT AMV (Roche) as previously described (Waldsich
et al. 2002). In order to determine the identity of the first and
second nucleotides from the 5’-end of the RNA, the RNA was
reverse-transcribed in the presence of only one of the four dNTPs
at a time using primers Oi2 (5'-CCATGCCGGGCACA) and Oi3

TABLE 1. Data collection and refinement statistics

Category Value
Data collection®
Space group P2,2:24

43.71-3.13 (3.22-3.13)
89.09, 94.97, 225.97

Resolution rangeIO (A)
Unit cell parameters a, b, ¢ (A)

Number of reflections 34,739
Reym® 7.0 (43.1)
Vo (h° 33.2 (3.8)
Completeness® (%) 99.5 (100)
RedundancyID 5.9 (5.8)
Refinement statistics
Ruorl™ 183 (22.7)
Riree© 21.8 (28.4)
Number of atoms 8656
RNA 8501
lon 66
Water 89
Mean B-factors (/e\z) 101.0
RNA 101.1
lon 107.2
Water 77.4
RMSD from target geometry
Bond lengths (A) 0.007
Bond angles (°) 1.26

2The data used here were identical to those of Toor et al. (2008b)
for the refined intron (PDB ID: 3EOH).

bValues in parentheses are for the highest resolution shell.
“Ruwork/Riree Values were 20.6/23.6 for the previous refinement (Toor
et al. 2008b) and were 27.6/31.0 for the initial refinement (Toor
et al. 2008a).

(5'-CCCATGCCGGGCACQ), respectively. The 3'-terminal nucle-
otides of these primers were complementary to the second and
third nucleotides of the 5'-end of the spliced RNA, respectively.
The samples were analyzed on a 20% denaturing gel.

In order to identify the 3'-end of the spliced RNA before and
after crystallization, the RNA was 3’-end-labeled using pCp and
T4 RNA ligase as described (England and Uhlenbeck 1978). The
3’-end-labeled RNA was then cleaved by the DNAzyme OiD5
(5'-CACCACCGTAGGCTAGCTACAACGAGTACCGTTCGGT)
between nucleotides G378 and U379 as previously described
(Pyle et al. 2000). Cleavage products were analyzed on a 20% gel
next to alkaline hydrolysis ladder and Decade RNA size marker
(Ambion).

Modeling and refinement

Model building and refinement were carried out to further
improve the structure published in Toor et al. (2008b) (pdb code
3EOH) (see Table 1). Model building was done using Coot
(Emsley and Cowtan 2004), and the following changes were
made: nucleotides U2, C216, A217, and G307—G3111 were added;
bases for nucleotides G83, A143, U152, A207, and A287 were
added; the bases of A50, A110, G160, G179, and A268 were
rotated, altering the base-pairing configuration of these nucleo-
tides; base planes in k, the coordination loop, and in domain III
were adjusted; sugar puckers for a number of nucleotides were
adjusted, as guided by MolProbity (Davis et al. 2007); and the
sequence of the existing exon-like fragment nucleotides was
modified to match the domain VI fragment.

Refinement was then carried out using CNS version 1.2.1
(Brunger et al. 1998; Brunger 2007) and Phenix nightly build
version 1.4-70 (Adams et al. 2002). This version of Phenix corrects
a number of algorithmic issues related to sugar pucker that were
present in earlier versions. During refinement, runs of simulated
annealing were carried out in Phenix, while structure minimiza-
tion was done using CNS, as CNS allows for manually entered
base-pairing and sugar pucker constraints. Final runs of B factor
and TLS minimization were carried out with Phenix using a single
TLS group for the entire model.

To test the effect of TLS on the refinement, an additional
refinement run was conducted using Phenix with TLS disabled.
This resulted in Ryo and Rge. values of 19.6 and 22.5, which are
roughly one percentage point higher than the values received with
TLS refinement (18.3 and 21.8).

Data deposition

The coordinates and structure factors have been deposited in the
Protein Data Bank with accession code 3IGI.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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