
Speciation of a group I intron into a lariat
capping ribozyme
Mélanie Meyera,1, Henrik Nielsenb, Vincent Oliéricc, Pierre Roblind,e, Steinar D. Johansenf, Eric Westhofa,
and Benoît Masquidaa,2,3

aArchitecture et Réactivité de l’ARN, Unité Propre de Recherche 9002, Institut de Biologie Moléculaire et Cellulaire, Université de Strasbourg, Centre National
de la Recherche Scientifique, 67084 Strasbourg, France; bDepartment of Cellular and Molecular Medicine, The Panum Institute, University of Copenhagen,
DK-2200 Copenhagen, Denmark; cSwiss Light Source at Paul Scherrer Institute, 5232 Villigen, Switzerland; dSynchrotron Soleil, 91190 Saint-Aubin, France;
eInstitut National de la Recherche Agronomique, Unité Biopolymères, Interactions, Assemblages, 44316 Nantes, France; and fDepartment of Medical Biology,
University of Tromsø, N-9019 Tromsø, Norway

Edited* by Thomas R. Cech, University of Colorado, Boulder, CO, and approved April 14, 2014 (received for review December 3, 2013)

The lariat-capping (LC) ribozyme is a natural ribozyme isolated
from eukaryotic microorganisms. Despite apparent structural sim-
ilarity to group I introns, the LC ribozyme catalyzes cleavage by
a 2′,5′ branching reaction, leaving the 3′ product with a 3-nt lariat
cap that functionally substitutes for a conventional mRNA cap in
the downstream pre-mRNA encoding a homing endonuclease. We
describe the crystal structures of the precleavage and postcleavage
LC ribozymes, which suggest that structural features inherited from
group I ribozymes have undergone speciation due to profound
changes in molecular selection pressure, ultimately giving rise to
an original branching ribozyme family. The structures elucidate the
role of key elements that regulate the activity of the LC ribozyme
by conformational switching and suggest a mechanism by which
the signal for branching is transmitted to the catalytic core. The
structures also show how conserved interactions twist residues,
forming the lariat to join chemical groups involved in branching.
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Various mechanisms critically regulate splicing, thus control-
ling the fate of host gene products. Most splicing that relies

solely on autocatalytic RNA introns appears to be unregulated,
but control can be achieved at the RNA level because the
structural versatility of RNA allows for the fusing of functional
modules that can work in concert (1). Examples of riboswitches
adjoined to spliceosomal (2) or group I (3) introns illustrate this
concept and suggest that uncharacterized splicing regulation
mechanisms may exist.
An elaborate example of RNA-regulated splicing is the group I

twin-ribozyme introns found in the small subunit (SSU) ribo-
somal precursor in several protists (Fig. 1A). These twin-ribo-
zyme introns are composed of a conventional group I splicing
ribozyme (GIR2), into which is inserted a cassette composed of
a branching ribozyme upstream from a homing endonuclease
(HE) gene (4). The branching activity results in cleavage and
concomitant formation of a 3-nt lariat capping the 5′ end of the
HE pre-mRNA (Fig. 1B) (5), hence the name “lariat capping”
(LC) ribozyme. The lariat cap appears to act as a substitute for
a conventional mRNA m7G cap in a situation in which an
mRNA is expressed from within a RNA polymerase I (polI)
gene (6). The cross-talk between GIR2 and the LC ribozyme is
supported by the existence of three distinct processing pathways
of the rRNA precursor, depending on environmental con-
ditions. Under favorable conditions, splicing by GIR2 takes
place first, followed by branching by the LC ribozyme and further
processing, and eventually translation of the HE mRNA (7, 8).
The transcriptional order of the ribozymes implies that the ac-
tivity of the branching ribozyme is specifically repressed until
splicing has taken place. Cellular stress conditions induce for-
mation of full-length intron circles by a circularization pathway
(9) that leaves the ribosomal exons unligated. Finally, starvation
conditions induce branching by the LC ribozyme without splicing
taking place (8). Because splicing only enables ligation of ribosomal

exons, the interplay between GIR2 and LC ribozymes influences
the fate of both ribosomes and HE mRNA production.
Here, we report the crystal structures of two different forms of

the LC ribozyme from Didymium iridis (DirLC). The structure of
the wild-type unreacted form of the LC ribozyme that allowed
characterization of the branching reaction (5) was solved to a
resolution of 3.85 Å. A higher level of detail was achieved in
the 2.5-Å crystal structure of an inactive form of the LC ribo-
zyme based on a circular permutation (CP) over the scissile bond
and closure of the natural ends using a stable 5′-UUCG-3′ loop
(Fig. 1C). Both structures adopted the same overall architecture
(Fig. S1), as supported by the presence of the same structural
features within the core, as well as the same tertiary interactions.
Originally, the LC ribozyme was described as a group I-like
ribozyme (GIR1) based on striking similarities at both sequence
and secondary structure levels (10–12) (Fig. 1 C–E). However,
the present fold departs so drastically from group I intron
structures that it justifies the creation of an original ribozyme
family for LC ribozymes (Fig. 2). The structures reveal how the
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DP2–DP2.1 domain connecting the LC ribozyme to GIR2 is
organized and interacts with the catalytic core by mediating
two sets of tertiary interactions. This domain has been shown
to exert a regulatory role by switching on the LC ribozyme
when a 3′ hairpin named HEG P1 (homing endonuclease gene
paired segment 1), formed during transcription to prevent
branching before splicing by GIR2 (Fig. 1D and Fig. S2) (13),
undergoes a conformational change leading to the formation of
DP2. The structures also highlight how a residue from the core
docks within an RNA pocket that was folded after the formation
of DP2, to transmit a signal for branching to the catalytic center.
Moreover, we uncover the way in which residues forming the
lariat are twisted by means of conserved interactions, to join
chemical groups involved in branching. Finally, we demonstrate
that most of the LC ribozyme structural elements have diverged
from group I introns, and, although they have apparently
equivalent secondary structures, they have acquired alternate
functions and structures in the course of evolution.

Results
The Wild-Type and CP Forms of the LC Ribozyme Adopt Identical
Folds. The CP and wild-type forms of the DirLC crystallize in
space group P212121 and present one molecule per asymmetric
unit (Table S1). Because the wild-type ribozyme crystals only
diffracted at low resolution, a CP construct with optimal con-
formational homogeneity was used. To achieve this goal, resi-
dues on either side of the cleavage site were defined as the 5′ and
3′ ends. To circumvent the poor transcription initiation capacity
of the new 5′ end sequence (5′-CAU-3′) by T7 RNA polymerase,
flanking ribozymes were added to the construct (14), and seg-
ments connecting DirLC to the splicing ribozyme were joined by
a UUCG loop (Fig. S2). The 5′ hammerhead and the 3′ hepatitis
delta virus ribozymes accurately generate 5′-hydroxyl and 2′,3′
cyclic phosphodiester ends (15). The structure of the CP DirLC
ribozyme was solved by multiwavelength anomalous diffraction
(MAD) experiments and was further used to solve the structure
of the wild-type DirLC by the molecular replacement method.
The observed pairing of DP2 strands in both the wild-type and

CP forms of DirLC crystal structures demonstrated that the
UUCG loop tethers the ends of DP2 without forcing its forma-
tion. The presence of the UUCG loop does not perturb the
structure because another construct permutated on the loop of
P8 retains catalytic activity (Fig. S3). The construct is thus locked
into the active fold (13), although the opening of the scissile
bond prevents the branching reaction from occurring.

The LC Ribozyme Structure Presents Unique Structural Features. Like
group I introns, DirLC is organized around stacks of helices that
form three distinct domains (Fig. 1 C and E). DirLC harbors the
group I typical P3–P7 pseudoknot that, together with an addi-
tional pseudoknot (P15–P3) and the associated three-way junc-
tion (3wj; P15–P3–P8), leads to a highly constrained, double
pseudoknotted (P15–P3–P7) core (16). Distal from P15, the
DP2.1 and DP2 elements, tethered to P10, reach P5 and P9,
respectively (Fig. 1C). The curvature imposed by these tertiary
interactions provokes stretching of the P4–P6 domain and results
in an overall characteristic and striking signet ring shape in which
the DP2.1 and the P4–P6 domains align perpendicular to the
core (Fig. 2).
Two specific tertiary interactions are responsible for this

characteristic shape. The GAAA tetraloop at the tip of P9
(L9) interacts with the shallow groove of the DP2 stem where
two Watson–Crick purine–purine (R–R) pairs are observed
(Figs. 2B and 3A). The tertiary interaction propagates through
a ribose zipper between G221 and G68. The functional impor-
tance of this interaction is supported by an experiment in which
a base pair was inserted or deleted within P9, which modifies the
way the A residues from L9 interact in the shallow groove from
DP2 (Fig. S4). Analysis of an analogous interaction between L9
and the regulatory domain in the Naegleria LC ribozyme (17)
corroborates these observations. The second tertiary interaction
involves the DL2.1 and the L5 loops, which form three cis WC
base pairs between residues 5′-A90UC-3′ from DL2.1 and 5′-
G144AU-3′ from L5 (Figs. 2D and 3B). This kissing complex is
conserved at the sequence level among the known examples of LC
ribozymes (Fig. S5). Moreover, both the CP and wild-type DirLC

Fig. 1. Organization of the D. iridis SSU pre-rRNA
reactivity and secondary structures of the active and
inactive forms of the LC ribozyme compared with
the Azoarcus group I intron (20). (A) The LC ribo-
zyme is followed by a HE mRNA, which contains
a 51-nt spliceosomal intron (I51). Nonobligatory
introns organized identically have also been iden-
tified in Naegleria (44) and Allovahlkampfia species.
This composite RNA is embedded in a canonical
group I intron (GIR2) interrupting the SSU rRNA
precursor. The internal processing site (IPS) of LC
ribozyme is only 3 nt away from the branch point
(BP). Positions of 5′ and 3′ splice sites (SS) are
indicated. (B) Schematic representation of the
branching reaction leading to the formation of the
3-nt lariat. (C–E) Secondary structure diagrams of
the active form of the DirLC ribozyme (C), the al-
ternative structure of the 3′ domain of the LC
ribozyme involved in cleavage inhibition (D), and
group IC3 ribozyme from Azoarcus (E). (D) Black
nucleotides correspond to the HE mRNA. A PCR ar-
tifact introduced a C residue in place of U203, which
may stabilize the ribozyme as shown previously for
the Naegleria LC ribozyme (45). Tertiary interactions
are displayed using the Leontis–Westhof nomen-
clature (46). Stacking interactions are indicated with
an arrow pointing to a rectangle.
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ribozyme forms show very similar shapes in solution as deduced
from small angle X-ray scattering experiments (SAXS) (Fig. S6).

The Fold of the Internal Loop Between P4 and P5 Allows for the
L5–L2.1 Loop–Loop Interaction. The J5/4 junction between P4 and
P5 adopts a zigzag motif, which is distant from the core and bends
the P4–P6 domains so that L5 can form a kissing interaction with
the loop of DP2.1 (Figs. 2 C and D and 3C). The J5/4 zigzag is
made by two loop-like conformations that cap and unstack the
flanking helices. The opposite J4/5 strand adopts a typical A-form
helical conformation. U136 locks the zigzag by forming a Watson–
Crick/Watson–Crick trans base pair with A155 that is stacked on the
unpaired G137 (Fig. S7). Mutational analysis shows that A153 from
the zigzag motif is critical for catalysis despite its distant location
relative to the active site (12). A153 resides at the hinge of the motif
where it participates in a tertiary contact through an A-minor in-
teraction (18) to the apical G═C pair of P4, with A152 providing the
second A-minor contact with the second base pair of P4 (Fig. S7C).

The DP2–DP2.1 Bridge Participates in the Folding of the Ribozyme
Core. The tertiary interactions between the regulatory domain
and the core lock the 3wj involving P10. P10 folds only in the
active state of the LC ribozyme. Indeed, the folding of the HEG
P1 hairpin characteristic of the inactive state relies on residues

from P10 as well as residues downstream from DP2 (Fig. 1 C andD
and Fig. S3). The absence of the 3′ residues necessary for HEG P1
folding in the crystallized constructs explains why only DP2 can be
formed. At the P10 immediate 5′ end, the residues from the lariat
fold are stabilized by formation of the 3wj. Specific interactions
(Fig. S8) position the nucleophile U232(O2′) 5.1 Å away from the
C230(O5′) (Fig. 4A), despite the absence in the CP construct of the
phosphate group involved in branching in the wild-type LC ribo-
zyme. However, the lack of electron density for C230 and A231
in the 3.85-Å crystal structure prevents a comparison from being
made with what is occurring in the wild-type LC ribozyme.
Stacking interactions between five unpaired adenosines (resi-

dues 76, 77, 103, 104, and 238) mostly stabilize the 3wj at the P10
interface (Fig. 4B). One side of A76 and A103 stacks on the last
base pair of DP2 and DP2.1, respectively. A77 stacks with A104,
which stabilizes the sharp turn between DP2.1 and P10, and
A238 stacks upon the unpaired U239 at the inlet of the 3′ strand
of DP2. This architecture forms a cavity where a residue from
the single strand joining P15 to P7 (J15/7), A209, fits snugly (Fig.
4C). A209 is intercalated between the G·U pair of P10 and A238.
The Hoogsteen edge of A209 contacts the Watson–Crick edge of
U237. Moreover, the A209 syn orientation permits additional
H-bonds with A104(O2′, N3). Thus, the 3wj acts as a recognition
receptor for A209. A209 is transferred to its recognition pocket

Fig. 2. Different views of the structure of the CP and wild-type forms of the DirLC ribozyme. (A–C) Three different views rotated by 90° clockwise on the
vertical axis. (B) DirLC is represented according to the orientation used for group I introns with P9 in the upper right corner and P15 (equivalent to the P1 and
P2 stems in group I ribozymes) in the lower left corner. (D) Rotation of DirLC from B rotated by 90° on a horizontal axis shows the signet ring shape resulting
from the orientation of P4–P6 and DP2–DP2.1 domains. Discontinuities in the backbone are due to the absence of some residues in electron density maps. (E
and F) Weighted electron-density maps of a representative region corresponding to the P15 loop contoured at 1.0 σ for the 2.5-Å (E) and 3.85-Å (F) resolution
crystal structures. Statistics on data collection and refinement are summarized in Table S1.
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by means of a S-turn (19) mediated by the trans conformation of
the wobble pair G109oU207 closing P15. This unusual geometry
places the O2′ group from U207 in a position opposite to the

scissile bond (Fig. 4B). Downstream from A209, A210 loops back
toward P7 and contacts the lariat fold as it passes. Moreover, an
iridium hexammine ion in the vicinity of the lariat fold could
indicate the presence of a metal ion site involved in catalysis
(Fig. S8). Thus, the binding of A209 in its recognition pocket
seems to signal to the core that the tertiary interactions mediated
by the regulatory domain have taken place.

Structural Comparison of the LC and Group I Ribozymes. In group I
ribozymes, the three domains from the core are invariably
clamped by interactions of the loops closing P2 and P9 with
stems P8 and P5, respectively (20). Strikingly, P3 and P7 have the
same number of base pairs in both the LC and group I ribozymes,
and the manner in which P3, P7, P8, and P9 are connected to
other domains is identical. In DirLC, the P2/P8 interaction is
replaced by the 3wj encompassing P15–P3–P8, resulting from the
double pseudoknot P3–P7–P15. This 3wj shows how two Watson–
Crick U·U pairs provide stacking continuity. In this context, P15 is
equivalent to stems P2 and P1 from group I introns. Both P1 and
P15 have as a first base pair a wobble G·U, albeit cis or trans,
respectively (Fig. 5A). At the second step of splicing, the P1
substrate docks along the junction between P4 and P5 (J4/5) to
allow the O3′ group from the catalytic U to attack the bond be-
tween the intron and the 3′ exon. Consequently, in group I ribo-
zymes, the P4–P6 domain docks along the core and forms
a tertiary interaction with P9, due to the conserved presence of
a structural module that bends P9 toward P5 (Fig. 5B). In DirLC,
P4, P5, and P6 present the same topology as in group I ribozymes,
although the domain they form adopts a completely different
structure. The reorganization of P4–P6 together with the L2.1/L5
loop–loop interaction prevent any contact between P15 and J4/5,
which is averted by the absence of the characteristic triple inter-
actions which take place in group I introns between P4 and J6/7.
In the second step of splicing, the scissile phosphate is brought

in close proximity of the nucleophile by the docking of ωG to the
P7 G-binding site (Fig. 5C). Mutational analysis of the LC
ribozyme has shown G229, which is homologous to ωG, to be
a critical nucleotide (16). G229 was expected to bind at the
G-binding site before branching. However, in the ribozyme
crystal structures, G229 is not bound to P7 and is instead located
∼10 Å from the nucleophile in the CP crystals. G216 does not
form the first base triple with either C171 or A172, a standard
characteristic of P7 in group I splicing (Fig. 5C). P7 is also re-
laxed in group I ribozymes after cleavage (21), which could in-
dicate that the crystal structure of the CP form reflects the
postcatalytic state of the LC ribozyme.

Fig. 3. Tertiary interactions promoted by a zigzag of the backbone in J5/4
stabilize the 3wj involving P10. (A) The DP2/L9 tertiary interaction involves the
Watson–Crick edge of residues A222, A223, and A224 from the L9 tetraloop
(deep blue), which interact in the shallow groove of A248, G68, and G69 in
DP2 (green), respectively. (B) The DL2.1 loop (yellow) and the L5 loop (red)
form Watson–Crick base pairs between residues 5′-A90UC-3′ from DL2.1 and
5′-G144AU-3′ from L5. (C) Overall view of the P4/P6 zigzag motif. A penta-
hydrated Mg2+ ion (Mg1) is bound to the O2P atom from G170 with the co-
ordinated water molecules H-bonding with O6 positions of bases G134 and
G135. The second Mg2+ ion (Mg2) is hexa-hydrated and bridges the bases of
C159 and G169 from P4 and J6/7, respectively. The iridium hexammine ion in
the deep groove of P5 stabilizes the loop by binding to the unpaired G141 and
the preceding G═C base pair. Detailed interactions taking place in the zigzag
are represented in Fig. S7. The inflection of the backbone corresponds to the
A-minor interactions mediated by A152 and A153 to the G═C pairs within P4.

Fig. 4. Structure of the lariat fold and of the P10
3wj. (A) The lariat fold inscribed in a weighted 2Fo −
Fc map contoured at 1.0 σ shows a very constrained
backbone with bases popping out to interact with
specific residues (Fig. S8). The 5′-OH group of C230 is
at 5.1 Å from the O2′ group of U232 despite the
absence of the phosphate group missing because of
the design of the CP construct. (B) Overall view of
the ribozyme centered on the P10 3wj shows how
five adenosines (76, 77, 103, 104, and 238) and a U
residue (U239) mediate stacking continuity to sta-
bilize the A209 binding pocket (cyan). The 2′ and 5′
hydroxyl groups from U207 and from C230 are la-
beled. (C) A close-up shows how A209 mediates
stacking with neighboring residues (U105, A238) as
well as how its Hoogsteen and Watson–Crick edges
form H-bonds with residues in the same plane
(A104, U237).
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Discussion
We have solved the crystal structures of two versions of the
DirLC comprising the core and the appended regulatory domain
DP2–DP2.1. The catalytically active form, solved to a resolution
of 3.85 Å, harbors the same fold as the inactive CP version,
solved to 2.5 Å. The similarity between the two forms is also
observed in solution by SAXS studies (Fig. S6). In the two
structures, the formation of the DP2 stem results from the
absence of the nucleotides forming the 3′ strand of the HEG
P1 hairpin (Fig. 1D) and supports the neutral effect of the
UUCG loop appended to DP2 in the CP construct (Fig. 1C).
Thus, the CP construct corresponds to the postcleavage state
because the 3′ terminal G229 resides at 10 Å from the 5′ start
C230 (Fig. 5C). It is apparent from the present structures that
the ionic conditions in the crystals and the stabilization of the
lariat fold by a set of precise interactions fully conserved in LC
ribozymes (Fig. S5) compensate for the absence of the phosphate
group closing the lariat fold. Moreover, the absence of the
scissile phosphate group could influence metal ion binding in the
active site. Folding of the HEG P1 hairpin in the inactive state of
the LC ribozyme precludes P10 formation. Our structures reveal
how the two tertiary interactions, mediated by the activated
regulatory domain DP2–DP2.1, are critical for assembly of the
active site of the ribozyme through folding of the 3wj including
P10. The latter serves as a receptor for the internal residue A209 to
nucleate folding of the catalytic core. We now better understand
why the core undertakes catalysis only upon DP2 formation. It is
reasonable to hypothesize that the flexibility conferred to the reg-
ulatory domain by HEG P1 may release the structural constraints
applied to the core of the LC ribozyme to inhibit cleavage.
Sequence and secondary structure similarities between the LC

and the Azoarcus group I ribozymes are striking (11). From
a structural point of view, the similarity to the P3–P7 pseudoknot
domain typical of all group I introns and the divergence from the
P4–P6 domain suggest that LC ribozymes were originally derived
from group I introns but then rapidly diverged, which would

explain their fairly recent appearance [on a ∼106 to 107 years
time scale (22)]. The high level of constraints imposed by the
double pseudoknot was already used to identify the organization
of the P3–P7 domain with respect to P10–P15 by molecular
modeling (12). However, because of a lack of understanding
concerning the tertiary interactions mediated by DP2–DP2.1, the
regulatory domain was not constructed, and P4–P6 was built
alongside the core as in group I introns, a feature observed
neither in the crystal structures nor in the SAXS shapes pre-
sented herein. Nevertheless, the prominence of junctions J15/7
and J9/10, stressed as critical in the present study, was high-
lighted, albeit improperly modeled.
The appearance of this original ribozyme family could have

been driven by (i) the insertion of one group I ribozyme within
another (23), (ii) sequence drift due to the absence of selection
pressure toward splicing (12), and (iii) the possibility that
intrachain 2′ OH groups can be activated at any place of the
RNA chain (24), making them statistically more reactive than 3′
OH groups. Indeed, because 2′,5′ bonds emerge readily in in-
vitro-selected ribozymes (25, 26), splicing may have developed
more efficiently in group II introns or in the spliceosome than
from group I introns due to a more flexible lariat-based mech-
anism in catalytic RNAs (27). Our structures reveal the sur-
prising speciation of elements known from two-step 3′,5′ splicing
group I intron ribozymes into a structure that supports a one-
step branching reaction. Group I-derived ribozymes can perform
hydrolytic cleavage and splicing both in cis and in trans (28), act
as a ligase (29), and work as an allosteric enzyme regulated by
a second messenger (3). This ribozyme can assemble itself from
pieces (30) and can even form cooperative networks that support
self-replication (31). Thus, the present structure of the LC
ribozyme adds to the versatility of group I ribozyme scaffolds and
completes the collection of crystal structures of large ribozyme
classes that comprise group I (32–34) and group II (35) splicing
ribozymes and RNase P (36).

Fig. 5. Global comparison of group I intron from Azoarcus (Lower) and DirLC (Upper) ribozymes. To compare 3D structures, color schemes were made
identical, and the Azoarcus ribozyme was oriented similarly to DirLC by superimposing their P3 and P7 stems in program lsqman (47) (rmsd = 3.14 Å for 153
backbone atoms). The orientations of the domains left out from the rmsd calculation can be compared pairwise. (A) P3 and P7 are displayed as cartoon filled
rings to show the orientation resulting from their superimposition. P15 is equivalent to the Azoarcus P1/P2 stack. The G·U base pair of each ribozyme is
shown as sticks (cyan). (B) A 90° rotation on a vertical axis shows that the P4–P6 domain leans on the Azo core, contrarily to the situation in DirLC, where it
sits perpendicularly, ensuing base pairing between L5 and DL2.1, conferring to DirLC its signet-ring shape. (C) The G·U trans Watson–Crick base pair at the
top of P15 allows A209 to interact with A104 and U237 in the 3wj involving DP2, DP2.1, and P10. C230, A231, and U232 together form a properly folded
lariat. In the postcatalytic state, G229, homologous to ωG in Azo, does not occupy the G-binding pocket of P7 as in the group I intron. It is noteworthy that
A210 can adopt two conformations, one of which is pointing at the lariat, indicating that it may play a role in the catalysis. In Azo, ωG is in the G-binding
pocket of P7 and close to the G·U base pair of P1. It forms a base triple with G130 and C177 of Azo. G128 from J6/7 forms a base triple with A129 and C178
from P7.
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Experimental Procedures
Preparation of the Circularly Permutated Form of the LCrz Ribozyme. RNA
transcripts were obtained by in vitro transcription using T7-RNA polymerase
(37). Cleavage by the 5′ hammerhead ribozyme in the course of the tran-
scription reaction was observed while further incubation at 60 °C was
necessary to complete HδV cleavage. Thus, the RNA of interest harbors a 5′
hydroxyl and a 2′,3′ cyclic phosphodiester ends.

Crystallization, X-Ray Data Collection, Structure Determination, and Refinement.
Crystal growth was completed between a fewweeks and fewmonths at 20 °C
in 400-nL droplets composed of 200 nL of a 100 μM solution of purified LC
RNA transcripts mixed with the same volume of crystallization solutions from
various high-throughput (HT) kits from Hampton or Jena BioSciences set up
by using a mosquito robot (TPP Labtech). The CP LC ribozyme crystallized in
IndexHT-D11-F11-F12-H6, NatrixHT-E11, and PEGRxHT-F1-F3, and the
wild-type ribozyme crystallized in IndexHT-F12 and PEGRxHT-A10-C1-F3.

Diffraction data were collected at 100 K at the macromolecular crys-
tallography beamlines X06DA at the Swiss Light Source and PROXIMA1
at Synchrotron SOLEIL. XDS was used for processing (38). Experimental

phase information of the CP LC ribozyme was obtained (Table S1) by
a four-wavelength MAD experiment around the Iridium edge using the
SHELX package (39). The wild-type LC ribozyme was solved by the mo-
lecular replacement method using Molrep (40) and the CP LC ribozyme
crystal structure as a search model. The models were refined with Phenix
(41) or Buster (42) and iteratively built by using Coot (43). Values of final
Rwork/Rfree of 18.80%/23.57% and 20.99%/25.64% were obtained for the
native and iridium derivative CP LC ribozymes, respectively. The wild-type
form was refined to Rwork/Rfree of 24.55%/29.77%.
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