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Despite the biological importance of self-splicing group 11
introns, little is known about their structural organization.
Synthetic incorporation of site-specific photo-cross-linkers
within catalytic domains resulted in functional distance
constraints that, when combined with known tertiary
interactions, provide a three-dimensional view of the active
intron architecture. All functionalities important for both steps
of splicing are proximal before the first step, suggestive of a
single active-site region for group Il intron catalysis.

Although general understanding of RNA tertiary structure is rapidly
increasing, knowledge about group II intron architecture has grown
slowly. This is unfortunate because group II introns are uniquely
versatile RNA catalysts, their architecture differs from that of other
RNAs and they have had an important role in eukaryotic evolution!.
If one includes nuclear introns, splicecosomal RNAs and the trans-
posable LINE elements, as much as one-third of human DNA may
have originated from ancestral group II introns?.

To gain fresh insights into functional group II intron architecture,
we site-specifically introduced short-range cross-linkers into major
active-site elements of the intron. The probes were introduced into
well-characterized RNA constructs of known conformational homo-
geneity and they resulted in efficient production of catalytically active,
photo-cross-linked products (Fig. 1a) in the pre-splicing state (data
not shown).

Our first objective was to determine the spatial location of the
‘reactants’ in group II intron splicing. To address this, 4-thiouridine
(s*U) and 6-thiodeoxyguanosine (s°dG) were synthetically incorpo-
rated at the branch site and both splice sites, the reaction mixture was
irradiated with visible light and the resultant products were mapped
by primer extension (Fig. 1). Incorporation of s°dG at the branch site
resulted in highly efficient cross-links that could be resolved by
electrophoresis and mapped to several sites of attack (Fig. 1), which
included an obscure loop structure in domain 1 and the conserved
J2/3 linker region (Supplementary Fig. 1 and Supplementary Table 1
online). Proximity to this loop was not expected, as it lacks phylo-
genetic conservation and was not flagged during earlier biochemical or
genetic studies that were designed to reveal functionalities important
for the first step of splicing. However, previous work had indicated

that nucleotides in this loop are involved in aligning both of the exons
for the second step of splicing (8-8" and IBS3-EBS3 interactions;
Supplementary Fig. 1 online)®. Because this loop coordinates the
docking of all major reactants that are important for splicing (the
branch site and both splice sites), we have designated it the ‘coordina-
tion loop, and we consider it to be one of the most important
structural elements in the group II intron. Cross-linkers at the branch
site also interact with J2/3 (Fig. 1b; Supplementary Fig. 1 online),
which is one of the most conserved and catalytically important regions
of the intron core*>.

To understand 3’ exon positioning, s°dG was ligated to the down-
stream terminus of the intron, creating a functional 3’ exon that
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Figure 1 Photo-cross-links from the branch site and from the 3’ exon.

(a) Polyacrylamide gel for visualization and isolation of cross-linked
[32P1D56 and [32P1D56(+1) species (bands A-C). Lanes 1 and 2,
unmodified D56; lanes 3 and 4, D56 containing a sédG at the branch site
(A880); lanes 5 and 6, D56 ligated with sdG at the 3’ end (D56(+1)).
Cross-linking efficiencies are 3.3%, 5.1% and 1.2%, respectively, for bands
A-C. (b) Mapping of cross-links A and C by reverse transcriptase primer
extension (lanes 4 and 5, respectively; lane 3, primer extension control

on un-cross-linked material).
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Domain 1

Figure 2 A close-up view of the active-site region, derived from the ai5y
group Il intron model (Supplementary Fig. 4 online). Regions of proximity
are highlighted in green (G817, D5 bulge, first nucleotides of the 5" exon
and 3’ exon, and the branch site (A880)). The scissile phosphate (yellow
ball), branch site 2’-OH (red ball) and first nucleotide of the 3" exon (gray
line) are shown. Color scheme: IBS1, purple; 5’-end of domain 1, including
€, magenta; ¢, pink; coordination loop-{, cyan; EBS1, brown; J2/3, blue;
D5, red; bottom stem of D6, orange.

readily spliced from the intron (Supplementary Fig. 2 online). When
this construct was irradiated before splicing, the s°dG at the 3’ splice
site cross-linked with the first nucleotide of the 5" exon and with both
sides of the coordination loop, at positions that were also cross-linked
by the branch-point (Fig. 1; Supplementary Fig. 1 and Supplemen-
tary Table 1 online). Notably, the 3" exon also cross-linked to the
region that base-pairs with the 5" exon (G329 of IBS1), indicating
proximity of both exons before the first step of splicing. These findings
confirm that important elements involved in both steps of splicing are
proximal and preorganized before the first step of splicing occurs. This
is consistent with the fact that deoxyadenosine incorporation at the
branch site (which blocks the first step) did not alter the observed
cross-linking pattern (data not shown).

Our second objective was to understand the spatial location and
molecular interactions of major active-site components, particularly the
D5 bulge and the &€  substructure (Supplementary Fig. 1 and
Supplementary Table 1 online). When s*U was placed at position
839 of the D5 bulge, it cross-linked with nucleotide 588, which is one of
two highly conserved nucleotides in J2/3 (ref. 6). Placement of s°dG at
position 838 of the D5 bulge resulted in cross-links with intron nucleo-
tide 5, which flanks the e-¢” substructure of the intron. Incorporation
of s*U at intron position 4 (within e-¢”) resulted in cross-links to intron
positions A587 and A838. Cross-linkers placed at other positions near
the 5" splice site (that is, G1 and G6) provided additional information
about the molecular structure of the intron. Taken together, these
experiments join the splicing reactants with the D5 bulge, e—¢” and J2/3,
thereby knitting together the catalytic machinery of the intron and
demonstrating that it is all part of the same architectural unit
(Supplementary Fig. 1 and Supplementary Table 1 online).

Experimental data from this and other studies revealed a clear
architectural organization for group II introns. However, given the
volume and complexity of the available information, it is difficult
to draw conclusions about intronic function in the absence of a three-
dimensional representation. To address this issue, we used the
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expanded collection of distance constraints (Supplementary Tables
1 and 2 online) to build a model for the group IIB active-site and its
surrounding intronic superstructure (Fig. 2; Supplementary Figs. 3
and 4 and Supplementary Methods online). The model includes all
intronic regions essential for catalysis and can accommodate regions
not yet modeled, such as the IA stem, D2 and D3. Although none of
our subsequent interpretations or conclusions are based on the
modeled structure (deriving only from the experimental data), it is
a useful starting point for discussions.

From the experimental results, we conclude that all reactants are
preorganized before the initiation of splicing. The branch site, both
exons, the catalytically essential regions of D5 and J2/3, and &—¢ are in
close proximity before the first step of splicing occurs (Supplementary
Fig. 1 online). This is consistent with the extreme rapidity of the
second step of group II intron splicing’, which is primed to proceed
immediately after the first transesterification, and with the finding that
the same functional groups on D5 are important for both steps of
splicing®. Finally, the intron is readily modeled as a single major
structure that accommodates all known reactants and catalytic
machinery for both steps of splicing (Fig. 2). This view does not
preclude the possibility that conformational changes might take place
between the steps of splicing®. Indeed, large conformational changes
occur between the two steps of group I intron splicing, which,
nonetheless, are catalyzed at a single active-site!’.

Second, we have defined the components involved in group II
intron catalysis and we find that the ‘heart’ of a group II intron is
composed of more than D5. Numerous additional components have
important roles in catalysis and are positioned appropriately. In
addition to the bulge and AGC triad regions of D5, the J2/3 linker
region, the e—¢" nucleotides and the coordination loop in D1 are
crucial for the architecture and function of the active-site!. By defining
the architectural and mechanical organization of a group II intron,
this work lays a foundation for parallel investigations on spliceosomes,
retrotransposons and other systems that may share an evolutionary
heritage with group II intron ribozymes.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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Supplementary Figure 1 Schematic group II intron secondary structure. Established tertiary interactions
are labeled with lower-case Greek letters. New contacts (dashed lines) are highlighted and labeled with blue,
upper-case Greek letters to designate them as crosslinks (i.e. Q, ) rather than tertiary interactions of known
molecular architecture (i.e. {-C'). Exons are shown as gray bars. Q, signifies the interaction between A+1

of the 3'-exon and both sides of the coordination loop (i.e. both 369 and 224).
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Supplementary Figure 2 The products of splicing from a D56 molecule containing a single-nucleotide
3'-exon. When a 3'end-labeled D56 (D56-3'exonNT) is reacted in trans with exD123, products of the
first (D123-56-3'exonNT) and second steps (5'exon-3'exonNT) of splicing are observed (Lanes 3 and 4),
consistent with the previous demonstration that a 3'exon as short as a single phosphate can be splicedl.
The products of splicing when the exD123 is internally labeled throughout with P (Lanes 1 and 2,

which function as markers) are shown.
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Supplementary Figure 3 Secondary structure of the intron with color coding of corresponding domains
in the tertiary structure that were modeled (Supplementary Fig. 4).
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Supplementary Figure 4 Three-dimensional model, color-coded as in Supplementary Fig. 3. Note that the active-site constituents are
held in a cleft within the lower part of the figure shown. A close-up of the active-site is shown in Fig. 2 of the main text. Modeling was
done as described in Supplementary Methods. The model satisfies the predicted secondary structure of the intron as well as all known
tertiary structural constraints (see Supplementary Table 1 for new constraints and Supplementary Table 2 for a list of known constraints).
The final model has no Van der Waals conflicts or angle violations and crosslinking donor-acceptor nucleotides are within acceptable
distance (9A). The molecular interface proposed in this model is also consistent with all Nucleotide Analog Interference Mapping data

known to date (ref. 1 and data not shown). Figures were prepared using Ribbons?.

1. Boudvillain, M. & Pyle, AM. EMBO J 17, 7091-104 (1998).
2. Carson, M. Ribbons. in Macromolecular Crystallography, Pt B, Vol. 277 493-505 (1997).



Supplementary Table 1 - Crosslinks identified in the present study

s'U or s**G Position  Crosslink Region Designation*
1 814 D5
4 587 J2/3 Y
4 838 D5 )
6 588 J2/3 Y
6 838 D5 )
838 5 DI )
839 588 J2/3 Y,
879 225 D1 Q
880 -1 S'exon
880 224 DI Q
880 369 D1 Q
880 588 J2/3 Y
880 590 J2/3 Y
881 1 Dl
881 208 DI
881 223 DI Q
881 588 J2/3 Y
3’exon (+1) -1 5’exon
3’exon (+1) 224 D1 Q,
3’exon (+1) 329 D1
3’exon (+1) 369 D1 Q,

* - Designation: Labels as indicated on Supplementary Figure 1

Site-specific crosslinks determined in the present study. The positions of thioketone
incorporation and the sites to which they crosslink are shown in columns 1 and 2, respectively,
using the numbering system for the full-length aiSy intron. The domain region in which the
crosslinks are found is described in Column 3, and the short-hand notation for the crosslink is
described in column 4. Upon isolation from the polyacrylamide gel, all the crosslinked products
were catalytically active (capable of undergoing the first step of splicing with release of 5°-
exon), with the exception of crosslinked products from A838:s°dG and A880:s°dG, since 2'deoxy
substitutions at these positions are known to disrupt the chemical step and block branching,

respectively.



Supplementary Table 2: Additional known constraints on group II intron architecture

Tertiary Nucleotides Interaction Experiment Chemical Ref.
Interaction Type Step
IBS2-EBS2  -16to-11 238t0243  A-form helix compensatory mutagenesis/phylogeny both !
IBS1-EBS1 -7 to -1 329t0 335  A-form helix compensatory mutagenesis/phylogeny both :

e—¢ 3to4 116 to 117  A-form helix compensatory mutagenesis/phylogeny both 2

o—a’ 60 to 65 343 to 348  A-form helix compensatory mutagenesis/phylogeny both 3

B—p' 145t0 149 255t0259  A-form helix phylogeny (a) 4

0-6 98to 101  422t0423  tetraloop-tetraloop NAIM/D23 deletions/phylogeny 1% (b) .
580 to 581 receptor

A=\ 115 825, 836 base triple NAIS both 78

5 824, 837 pseudo-base triple NAIS both 78

¢ 197 to 201 829 to 831 tetraloop-tetraloop mutagenesis/phylogeny 1% (b) ?
379 to 384 receptor

K=K’ 204 818t0 819 tetraloop-tetraloop NAIS 1% (b) 10
213t0 215 844to 845  receptor

-8’ 229 328 base pair compensatory mutagenesis/phylogeny 2nd 1

IBS3-EBS3  +1 369 base pair compensatory mutagenesis/phylogeny o t

=y’ 587 887 base pair compensatory mutagenesis/phylogeny 2 2

Other 1 886 non-wc pair compensatory mutagenesis/phylogeny o 12

(a) unknown; (b) 2™ step not tested

In addition to new restraints (Supplementary Table 1), modeling studies utilized distance restraints that had been obtained from earlier
studies, as indicated here. Furthermore, an important constraint on modeling includes the consideration that all proven helices were
modeled as standard A-form helices, which were then built in MC-SYM"? and docked as described in the text. Single-stranded regions
were modeled to satisfy topological as well as experimental constraints.
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Supplementary Methods:

Photocrosslinking: The group II intron was studied as a two-piece system ' in which an
RNA consisting of the 5’-exon attached to domains 1-3(exD123) reacts through
transesterification with a small branch-site RNA (D56) or with a D56 RNA containing
the first nucleotide of the 3’-exon (D56(+1)) . Oligonucleotides containing s*U or s°dG
were chemically synthesized and then enzymatically ligated to truncated versions of these
constructs. Upon preincubation of D56 with exD123 under standard reaction conditions',
the sample was irradiated with 366nm UV light (with a short wavelength cutoff filter) for
30 minutes, resulting in naturally branched and chemically crosslinked products.
Crosslinks were visualized and isolated by denaturing polyacrylamide gel electrophoresis
(PAGE) and mapped by reverse-transcriptase primer extension using standard
protocols™.

Modeling: A model of the tertiary structure of the aiSy group II intron structure was built
using the predicted secondary structure of the intron as well as all known tertiary
structural constraints (see Supplementary Table 1 for new constraints and Supplementary
Table 1 for a list of previously established constraints). The model was constructed using
a distance-geometry approach and then subjected to energy minimization to eliminate
sterically disallowed conformations >°. Helical regions were built as A-form RNA using
the program MC-SYM-3.3.2 (ref. 7) or taken from crystal structures of helical RNA.
Regions predicted to form known tertiary structural motifs such as tetraloop-tetraloop
receptors ({—C', k—«', 6—0") and kissing hairpins (a—a', —f') were modeled by
imbedding prototypical crystal structures of these motifs. Interhelical regions of unknown

structure were generated by MC-SYM’ and modeled to preserve the topological fold of



the structure and, whenever possible, to maintain stacking of bases and adjacent helices.
In the initial stage of modeling, broad features of the model were assembled using the
programs ERNA-3D (v.1.1) * and DS ViewerPro 5.0 (Accelrys). The model was then
refined by conjugate descent energy minimization using CNS'°. All predicted base pairs
as well as tertiary contacts were maintained as distance restraints during minimization.
The final model has no Van der Waals conflicts or angle violations and crosslinking
donor-acceptor nucleotides are within acceptable distance (9A). The molecular interface
proposed in this model is also consistent with all Nucleotide Analog Interference
Mapping data known to date (ref. 11 and data not shown).

1. Chin, K. & Pyle, A.M. RNA 1, 391-406 (1995).

2. Dib-Hajj, S.D. et al. Nucleic Acids Res 21, 1797-804 (1993).

Juzumiene, D., Shapkina, T., Kirillov, S. & Wollenzien, P. Methods 25, 333-43

(2001).

Konforti, B.B., Liu, Q. & Pyle, AM. EMBO J 17, 7105-17 (1998).

Chen, J.L., Nolan, J.M., Harris, M.E. & Pace, N.R. EMBO J 17, 1515-25 (1998).

McConnell, T.S. & Steitz, J.A. EMBO J 20, 3577-86 (2001).

Gendron, P., Lemieux, S. & Major, F.. J Mol Biol 308, 919-36 (2001).

Mueller, F. & Brimacombe, R. J Mol Biol 271, 524-44 (1997).

Mueller, F. et al. J Mol Biol 298, 35-59 (2000).

0.  Brunger, A.T. et al. Acta Crystallogr D Biol Crystallogr 54 ( Pt 5), 905-21
(1998).

11. Boudvillain, M. & Pyle, A M. EMBO J 17, 7091-104 (1998).

(98]

N SR B



