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ABSTRACT

The internal loop at the base of domain 3 (D3) is one of the most conserved and catalytically important elements of a group 11
intron. However, the location and molecular nature of its tertiary interaction partners has remained unknown. By employing a
combination of site-directed photo-cross-linking and nucleotide analog interference suppression (NAIS), we show that the
domain 3 internal loop (D3IL) interacts with the ¢-¢’ duplex, which is an active-site element located near the 5’-splice site in D1.
Our data also suggest that the D3IL may interact with the bulge of D5, which is a critical active site component. The results of
this and other recent studies indicate that the D3IL participates in a complex network of tertiary interactions involving ¢-¢’, the
bulge of D5 and J23, and that it helps to optimize active site architecture by supporting interactions among these catalytic
motifs. Our results are consistent with the role of D3 as a catalytic effector that enhances intron reactivity through active site

stabilization.
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INTRODUCTION

Group II introns are large autocatalytic RNAs found in
organellar genomes of plants, various microeukaryotic or-
ganisms, and some bacterial genomes (Michel and Ferat
1995; Lehmann and Schmidt 2003; Pyle and Lambowitz
2006). The group II intron splicing mechanism is similar to
that of the splicecosomal machinery that processes nuclear
introns, suggesting that they may have evolved from a
common evolutionary ancestor (Pyle and Lambowitz
2006). Some group II introns are mobile genomic elements,
which use a reverse-splicing reaction to insert themselves
into RNA or double-stranded DNA with high specificity
(Lambowitz and Zimmerly 2004; Pyle and Lambowitz
2006). The ability of group II introns to target and migrate
into new genes has lead to their development as agents for
genetic manipulation in biotechnology and molecular ther-
apy (Lambowitz and Zimmerly 2004).

Based on phylogenetic analysis, group II introns have
been divided into several families, designated Al, B1, B2,
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C, and D, which vary in certain secondary and tertiary
structural elements (Toor et al. 2001). All families of group
II introns share a conserved secondary structure consisting
of six domains (Michel and Ferat 1995; Lehmann and
Schmidt 2003; Pyle and Lambowitz 2006). Domains 1 and
5 (D1 and D5) are absolutely indispensable for catalytic
function (Qin and Pyle 1998; Lehmann and Schmidt 2003;
Pyle and Lambowitz 2006), although removal of other
domains leaves the intron with only traces of activity (Koch
et al. 1992). Every intronic domain has a specific functional
role, ranging from structural stabilization to the contribu-
tion of critical active site elements and the binding of co-
factor proteins (Qin and Pyle 1998; Lehmann and Schmidt
2003; Pyle and Lambowitz 2006).

Here, we focus on domain 3 (D3), which contains many
of the most phylogenetically conserved nucleotides of the
intron. Although D3 is not absolutely required for group II
catalysis, multiple studies have demonstrated that D3
greatly increases the chemical rate constant for any group
II intron ribozyme construct (Xiang et al. 1998; Su et al.
2001; Fedorova et al. 2003). Despite its clear importance
in the function and evolution of the intron, information
about D3 and its molecular contacts with other intronic
domains is very limited. It has been shown that D3 binds
the rest of the intron with K, that is similar to that for
the binding of catalytic D5 (Podar et al. 1995). While this
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indicates that D3 forms a network of strong interactions,
phylogenetic analysis is inconsistent with the formation of
simple Watson—Crick base-pairings between D3, suggesting
that D3 participates in complicated tertiary interaction motifs.

Specific regions of D3 have been implicated in the
formation of long-range interactions, including the internal
loop and the pentaloop nucleotides (Fig. 1), which have
been shown to strongly influence catalytic efficiency (Jestin
et al. 1997; Boudvillain and Pyle 1998; Fedorova and Pyle
2005). Clusters of atoms and functional groups in these
regions were identified using nucleotide analog interference
mapping (NAIM) (Fedorova and Pyle 2005). Modification
interference studies using DEPC suggested a tertiary con-
tact between D3 and the bulge of D5 (Jestin et al. 1997), but
a specific element in D3 was not implicated by the data. We
recently identified the p-p’ interaction, which is the first
tertiary contact to be identified between D3 and another
portion of the intron (Fig. 1). It involves two adenosine
residues in the pentaloop of D3 and the 2'-hydroxyl group
of G844 in D5 (Fedorova and Pyle 2005), which also
participates in the stabilizing -k’ interaction (Fig. 1).
Nonetheless, the pentaloop is not a universally conserved

feature of D3, and it is therefore likely that the p-p’
interaction is present only in a subset of group II introns,
which include group 1IB1, group 1IB2, and bacterial class D
(Toor et al. 2001). Interaction partners for remaining
substructures in D3, particularly those that are universally
conserved, are still unknown.

One of the most conserved group II intron motifs is an
A-rich internal loop near the base of D3 (the D3IL) (Fig. 1;
Michel and Ferat 1995; Pyle and Lambowitz 2006). This
substructure is found in all classes of group II introns (Toor
et al. 2001). NAIM studies have suggested that the loop
structure includes tandem trans-Hoogsteen-sugar edge base
pairs (Fedorova and Pyle 2005), which are also phyloge-
netically conserved throughout group II intron families
except for bacterial class B, in which the formation of this
structure is possible but not obvious (Toor et al. 2001). It
has been previously suggested that the D3IL forms a loop
E-like motif in group IIA introns (Leontis and Westhof
1998b); however, it is not known whether this is true for
other group II intron classes. Previous hydroxyl radical
footprinting studies on IIB introns have shown that the
D3IL is as highly internalized as D5 (Swisher et al. 2001),

suggesting that it is located within the
catalytic core. In this study, we use a
combination of NAIS and site-directed
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FIGURE 1. A secondary structure schematic of the ai5y group II intron. Catalytically
important regions of domain 3 (the internal loop (D3IL) and the pentaloop are highlighted
in green and red, respectively. The interaction between the D3IL and e-¢’ is denoted by solid
green lines; the possible interaction between the D3IL and the bulge of D5 is denoted by a

dotted purple line.

into either D1 or D5. Choosing appro-
priate mutations for the internal loop
was challenging because we wished to
retain its local architecture while dis-
rupting long-range tertiary interactions.
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FIGURE 2. (A) A trans-branching reaction used as a selection step in NAIS experiments. (B) Adenosine residues of the D3 bulge form tandem
sheared trans-Hoogsteen-sugar edge base pairs. Mutations in these base-pairs (C) significantly reduce catalytic activity (D).

Previous work has demonstrated that trans-Hoogsteen-
sugar edge pairs such as the ones in the D3IL can tolerate
certain forms of base substitution (Lescoute et al. 2005).
For example, the geometric configuration of tandem trans-
Hoogsteen-sugar edge A-A pairs is likely to be retained if
these are substituted with C-A pairs (Leontis and Westhof
1998a; Lescoute et al. 2005). We therefore incorporated A:C
mutations at positions 599 or 662, thereby converting the
sheared A-A pairs to C-A pairs (Fig. 2C). We also created a
double mutant A599:C, A662:C, in which both A-A pairs
were changed to C-A pairs (Fig. 2C). In addition, since we
previously observed a strong 2,6-diaminopurine inter-
ference at residue A596, near the internal loop (Fig. 2C;
Fedorova and Pyle 2005), we created an A596:G mutant.

In order to determine whether the resulting exD123
mutants were suitable for NAIS experiments, we tested
their activity in the trans-branching reaction. This reaction
is kinetically well characterized (Chin and Pyle 1995), and
it has been successfully used as a selection step in many
previous NAIM studies (Boudvillain and Pyle 1998;
Boudvillain et al. 2000; Fedorova and Pyle 2005). All
mutants exhibited reduced reaction rate compared with
the wild-type RNAs (Fig. 2D). Mutation of individual
sheared A-A pairs to C-A resulted in threefold losses of
activity, whereas the double mutant was 15 times less active
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than the wild type. These levels of reactivity make the mu-
tants particularly applicable for NAIS experiments, because
despite the overall reductions in their activity, it is still
possible to generate sufficient amounts of the branched
product for iodine sequencing.

NAIS suggests a functional contact between
the D3 and D1

In order to determine whether the internal loop of D3
interacts with D1, we transcribed the wild-type and mutant
exD123 RNAs in the presence of various nucleotide analogs
and reacted these pools with wild-type D56 RNA. NAIS
effects were not observed with mutants A596:G, A599:C,
and A662:C. However, when the double mutant (A599:C,
A662:C) was transcribed in the presence of a dCaS analog,
partial suppression of deoxynucleotide interference was
observed at C117 in D1 (Fig. 3). The full suppression of
interference could not be observed because of phosphoro-
thioate interference that also occurs at this position
(Boudvillain and Pyle 1998). This result suggests that a
functional group within the D3IL interacts with the 2'-OH
of C117 in DI. The mutation of another catalytically
important region of D3, the pentaloop (GUAAU to
UUCG), did not suppress deoxynucleotide interference at
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FIGURE 3. Double mutation in the tandem sheared base-pair motif
in the bulge of D3 causes partial suppression of dCaS interference at
C117 in D1. (Top) The autoradiograph of a representative sequencing
gel after iodine cleavage of unreacted exD123 RNAs and branched
products. Selection step (branching reaction) was carried out in the
presence of wild-type 5'-end labeled D56 RNA and unlabeled wild-
type and mutant exD123 RNAs transcribed in the presence of 2'-
deoxycytidine phosphorothioate. Numbers on the left indicate cyti-
dine positions in exD123. (Bottorn) A diagram comparing relative
intensity of bands corresponding to C117 in precursor (0) and
branched products. The results represent average values obtained
from at least three independent experiments, the error did not exceed
15%.

C117 (Fig. 3), indicating that this suppression is specific
to the internal loop of D3. These results are significant
because nucleotide C117 is part of the essential e-g’ sub-
structure, which is composed of tandem Watson—Crick
G-C base pairs.

Site-directed cross-linking confirms proximity
between the D3IL and &-¢’

In an effort to obtain independent information on the
proximity between residues in D3 and D1, we implemented
site-specific photo-cross-linking experiments on a ribo-
zyme construct in which D3 is added as a separate
molecule. Previous work has established that catalytic
activity of intronic constructs lacking D3 can be restored
when D3 is provided in-trans (Podar et al. 1995; Fedorova
et al. 2003). For cross-linking studies, we used construct
exD15, which contains the 5’-exon, D1, and D5 (Fig. 4B;
Fedorova et al. 2003). In this construct, D3 is cleanly
deleted, all interdomain joiners are preserved, and short
hairpins replace the other intron domains (Fig. 4B; Fedorova
et al. 2003). We have previously shown that this construct
is catalytically active and undergoes the first step of splicing
when separate D3 molecules are added in trans. This
reaction exhibits single exponential kinetic behavior, sug-

gesting structural homogeneity of the system (Fedorova
et al. 2003). For cross-linking experiments, exD15 RNA
was added to D3 RNA, which was chemically synthesized
in two halves that were subsequently joined using enzy-
matic ligation. This strategy enabled us to incorporate
single 6-thio-dG moieties at various positions throughout
the D3 molecule (Fig. 4A). When 6-thio-dG was incorpo-
rated within the D3IL (where it maintains proper confor-
mation of the sheared pairing), specific cross-links were
mapped to D1 nucleotides that comprise the g-¢’ element
(nucleotides G3, C4, and G116) (Fig. 4C). These data
provide strong evidence that the D3IL is spatially proximal
to the e-¢' motif, and they are in a good agreement with the
NALIS results indicating that the D3IL participates in func-
tional interactions with the backbone of C117 (Fig. 3).
Importantly, the D3 construct containing 6-thio-dG at
pentaloop nucleotide G615 did not cross-link to e-&¢’ (Fig.
4C), confirming that our results are specific to the D3IL.

NAIS experiments suggest a functional connection
between D3 and D5

To this point, our studies have indicated that the internal
loop of D3 interacts with the e-&¢’ motif in D1. This is
particularly significant because €-¢’ is adjacent to the A-\'
interaction that connects D1 and D5. Furthermore, intron
nucleotides C4 (a component of €) and G5 (a component
of \) are known to cross-link specifically to the catalytically
essential bulge region of D5 (de Lencastre et al. 2005).
These data raise the possibility that the internal loop of
D3 also interacts with D5. To screen for D5-D3 tertiary
interactions, we carried out NAIS experiments in which
phosphorothioate-modified D56 RNAs were reacted with
exD123 constructs that contain mutations within the D3IL
(Fig. 2C).

When the trans-branching reaction was conducted for
long times (4 h, in which ~20% of branched product was
formed), interference suppressions at G840 were observed
for the A662:C mutant and the A598:C, A662:C double
mutant (Fig. 5). These data suggest functional interactions
between the internal loop of D3 and G840 in the bulge of
D5. Notably, when mutations were introduced in the
pentaloop of D3, which does not interact with G840, dG
interference at this position was not suppressed (Fedorova
and Pyle 2005), indicating that this effect is specific to the
internal loop of D3. However, when the trans-branching
reactions were carried out for shorter times (2 h, in which
~10% of the branched product is formed), interference
suppressions were no longer observed at G840 (Fig. 5). In
NAIS studies, the suppression of a nucleotide analog
interference is generally attributed to the loss of a hydrogen
bond between the nucleotide that has been mutated and
the site of interference. However, any NAIS effect attribut-
able to a hydrogen bond should be independent of the
reaction time. The fact that deoxynucleotide interference at
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FIGURE 4. UV-cross-linking experiments suggest close proximity of the D3 bulge to ¢-¢’
contact in D1. (A) D3 molecules containing a single 6-thio-dG substitution at A 615, A 599, or
A 662 (highlighted by green circles) were obtained by enzymatic ligation of two chemically
synthesized oligonucleotides at the site indicated by an arrow. (B) A schematic of the exD15
construct used in these studies. (C) Autoradiographs of representative sequencing gels showing
specific cross-links of bulge nucleotides 599 and 662 to the residues forming the e-g’ contact in
D1 (red circles). RT indicates lanes corresponding to the RT analysis of uncross-linked exD15
RNA (control for natural RT stops), X-RT analysis of the exD15 RNA after UV-cross-linking
to D3 molecules containing single 6-thio-dG substitutions. Positions of 6-thio-dG substitu-
tions are shown on fop. Data represent the results of at least five independent experiments. A
figure showing a primary cross-linking gel with indicated cross-linking efficiencies and a larger
portion of the sequencing gel is available as supplementary material upon request (please send

strate the existence of specific interac-
tion partners between D3 and elements
of the core.

Identification of structural links
between conserved structures
in D3 and D1

We have established the existence of a
long-range tertiary interaction between
D3 and D1 using two entirely different
methods:  site-directed photo-cross-
linking, which identifies residues in
close proximity to a photoreactive
probe nucleotide, and NAIS, which
reveals functionally important molecu-
lar interactions between nucleotides.

In the cross-linking experiments,
purine residues within the D3 internal
loop were individually substituted with
the photoreactive 6-thio-deoxyguanosine
moiety, which provides a probe of the
local structure surrounding D3 without
compromising reactivity of the molecule.
When the highly conserved A599 and
A662 residues were substituted with 6-
thio-dG, irradiation resulted in highly
efficient cross-links between the D3IL
and nucleotides that comprise the e-€’
motif in D1. The e-g¢’ structure is a
highly significant site of interaction
because this short duplex is critical for

an e-mail message to anna.pyle@yale.edu).

G840 was observed at short reaction times, while sup-
pression was observed at long reaction times suggests that
other interpretations are possible and that interactions
between the D3IL and D5 may not be direct. However,
the results are consistent with energetic communication
between the D3IL and the bulge of D5 through a complex
network of interactions that contribute to active-site
stabilization.

DISCUSSION

The D3IL is one of the most conserved elements of group II
intron secondary structure. Enzymological investigations
indicate that the D3IL stimulates chemical reactivity of the
intron and chemical probing studies indicate that it is
deeply buried within the catalytic core. Despite the central
importance of the D3IL in function of the intron, its
relative architectural location has remained obscure. Here
we provide the first structural insights into the position of
the D3IL relative to other intronic motifs, and we demon-
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two processes: selection of the 5'-splice
site and chemical catalysis (Jacquier and
Michel 1990). Given that 6-thio-dG and
4-thioU form cross-links only with molecules at short range
(less than 5A) (Hanna 1989), the results suggest that the
D3IL and e-¢" are within hydrogen bonding distance of one
another. Direct tertiary interaction between these elements
was confirmed by NAIS experiments, which revealed that a
D3IL mutant can suppress dC interference at C117 in g'.
Notably, this suppression was observed when only 5%-10%
of the branched product was formed, which is consistent
with hydrogen bonding between the D3IL and C117 and
is different from NAIS effects observed in the bulge of D5
(see Results). Taken together, these findings indicate that
e-¢’ and the D3IL are spatially close and functionally
connected, forming part of a catalytically important network
of tertiary interactions.

Significance and architectural form
of the D3IL-D1 interaction

A contact between the D3IL and e-g¢' is particularly
significant in light of recent studies demonstrating that
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IID introns € is located within a small
asymmetric loop, whereas in group IIA
and IIC introns, it is imbedded in a
much larger loop substructure (Toor
et al. 2001). These local differences
suggest that e-¢’ may not form identical
networks of D3 interactions in all group
II intron families.

It is interesting to combine all of the
available data and thereby project a
likely molecular architecture for the
D3IL—e-¢' interaction within group IIB
intron ai5y. Previous NAIM analysis has
suggested that both A599 and A662
form tandem sheared trans-Hoogsteen-
sugar edge A-A pairs (Fedorova and Pyle
2005). This motif has been structurally
and functionally well characterized in
other systems, where the purine bases
have been observed to form an unusual
cross-strand  stacking  arrangement

(Correll et al. 1997). Indeed, crystallo-

graphic studies of the ribosome have
revealed a strikingly similar array of a
tandem sheared purine—purine pairs
interacting with consecutive G-C pairs

via trans-sugar edge-sugar edge pairing
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FIGURE 5. Mutations in noncanonical A598-A662 base pair cause partial suppression of dG
interference at position 840 in D5. (A) Autoradiographs of sequencing gels after iodine
cleavage of precursor (pre) and branched (br) RNAs. Selection step (branching reaction) was
carried out in the presence of wild-type 5'-end labeled D56 RNA transcribed in the presence of
dG phosphorothioate and unlabeled wild-type and mutant exD123 RNAs. Numbers on the left
indicate guanosine positions in D5. (B) A diagram comparing relative intensity of bands
corresponding to G840 in precursor and branched products. The results represent average
values obtained from at least three independent experiments; the error did not exceed 15%.

e-¢' is arranged in close proximity to the bulge of D5 and
the J23 linker (de Lencastre et al. 2005; de Lencastre and
Pyle 2008), which are two of the most important active-
site components in a group II intron. By extension, an
interaction between the internal loop of D3 and &-&’ would
be expected to play an important role in stabilizing the
active-site structure, which is consistent with the fact that
the D3IL stimulates the chemical rate constant for catalysis
(Bachl and Schmelzer 1990; Boudvillain and Pyle 1998).
Both the e-¢’ pairing and the tandem sheared pairs in the
D3IL are conserved elements of group II intron structure
that are observed in almost all classes of group II introns
(Toor et al. 2001). Although this implies structural con-
servation for the D3IL-e-¢’ interaction among intron
families, substantial differences in the local architecture
surrounding e-&’ suggest that there may be considerable
variation in its function. For example, in the group IIB and

AG62:C,4h  AB8:C,AG62:C, A58:C, A662:C,
2h 4h

that involves contacts to the 2'-OH
groups of cytosine (Fig. 6A; Ban et al.
2000; Klein et al. 2001). An almost
identical set of molecular interactions
between the D3IL and e-&¢’ would be
consistent with our NAIS results. In
addition, since the proposed interaction
involves hydrogen bonding between
02 of C and H2 of A (Fig. 6B), the
structural motif visualized within the
ribosome is also consistent with our pre-
vious NAIM data, which shows strong 2,6-diaminopurine
interference at both A599 and A662 (Fedorova and Pyle
2005). Importantly, hydrogen bonding of the nucleobase
with the 2’'-OH of C is preserved upon A:C mutation in the
sheared pair, although resulting interaction between the
C-A and G-C pairs is expected to be weaker due to a loss
of one hydrogen bond (Fig. 6C).

D3 supports a complex network
of essential interactions

D3 does not interact exclusively with residues in D1; it also
communicates with catalytically essential regions of D5,
such as k-k’" (which helps align the active-site, (Fedorova
and Pyle 2005) and the D5 bulge. The NAIS experiments
presented here clearly indicate some type of energetic
communication between the D3IL and the D5 bulge, which
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FIGURE 6. (A) A long-range tertiary interaction between tandem sheared purine—purine
pairs and consecutive G-C pairs observed in the structure of the 23S rRNA (Ban et al. 2000).
Dashed line denotes a hydrogen bond between H1 of A and 2'-OH of C. (B) A schematic of
tertiary interaction involving one of sheared A-A pairs in the internal loop of D3 and the
Watson—Crick pair G3-C117 in D1. (C) A schematic of the same interaction upon a mutation

of an A-A pair to a C-A.

is consistent with early DEPC footprinting studies that
suggested molecular contacts between the D5 bulge and
elements of D3 (Jestin et al. 1997). The data also explain the
striking solvent inaccessibility of the D3IL during hydroxyl
radical footprinting experiments (Swisher et al. 2001).

While temporal sensitivity of the interference suppres-
sion in D5 precludes strict interpretation as a direct tertiary
interaction, the data suggest that the D3IL and the D5 bulge
may be part of a shared network of contacts that contrib-
utes to chemical catalysis.

This notion is supported by site-directed cross-linking
studies that place D5 bulge nucleotide C839 in close
proximity to a nucleotide G588, which is located within
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the J2/3 linker (adjacent to the D3IL).
The same studies show that D5 bulge
nucleotide A838 interacts with C4 of
the e-&' motif (de Lencastre et al. 2005;
de Lencastre and Pyle 2008). This is re-
markable in light of the present study,
in which the same motif is implicated
through cross-linking and NAIS meth-
ods to interact with the D3IL. Taken
together, the data indicate that e-¢’, the
D3IL, J2/3, and the D5 bulge are spa-
tially proximal motifs that form com-
plex hub of molecular interactions
within the group II intron core.

The role of D3 in the group Il
intron catalysis

H

~ H
N

The data on molecular interactions of
D3 are consistent with an important,
but supporting role for D3 in catalysis
by group II introns. Earlier work has
shown that the pentaloop of D3 in IIB
introns helps buttress the k—«' interac-
tion between D1 and the back, or
“binding face,” of D5. In this way, it is
expected to stabilize the docking of D5
in a proper register or conformation.
Here we show that the D3IL interacts
with, and potentially stabilizes, the tiny
¢-¢' motif, which contains atoms that
have been demonstrated to play a more
direct role in chemical reactivity.
Finally, our NAIS results are not strictly
consistent with a direct form of molec-
ular interaction between D5 and the
D3IL, suggesting instead a form of
energetic coupling that may involve
other nucleotides or intervening struc-
tures. Taken together, these results sup-
port the original designation of D3 as
a “catalytic effector” that enhances the
inherent catalytic power of the ribozyme (Qin and Pyle
1998). This model originally arose from domain deletion
studies showing that only D1 and D5 were strictly required
for minimal chemical reactivity, although the chemical rate
constant was strongly stimulated by the addition of D3, in
cis or in trans (Koch et al. 1992; Podar et al. 1995; Fedorova
et al. 2003). The effector model is also consistent with
recent work on the hierarchical folding pathway for intron
ai5y, which indicates that D1 folds completely before
subsequent docking of D5, and completion of the native
structure through docking of D3 (Fedorova et al. 2007;
Waldsich and Pyle 2007). The structural data provided
herein are consistent with this model, indicating that D3

o~
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optimizes the active site by helping to correctly position
D5 with respect to the splice sites and other active site
elements in D1 and D6.

MATERIALS AND METHODS

DNA templates, RNA transcription, and synthesis

The exD123 plasmid (pJDI3’-673) and full splicing construct
(pJD20) were kindly provided by Dr. P.S. Perlman (Howard
Hughes Medical Institute, Chevy Chase, MD). ExD123 plasmids
with mutations in the bulge and pentaloop of D3 (pQL 38
[G615UAAU619:UUCG], pGD 7 [A599:C], pGD8 [A662:C],
pGD 9 [A599:C;A662:C], pGD 10 [A598:C;A662:C], pGD 55
[A599:C;A661:C]) and exD15 (pQL) plasmid were created by
site-directed mutagenesis (Kunkel et al. 1991) of the wild-type
exD123 or the pJD20 construct, respectively. Construct pT7-D56 is
described elsewhere (Chin and Pyle 1995).

Wild-type and mutant exD123 plasmids were digested with
BamHI, and the pT7-D56 construct was linearized with EcoRV.
All RNA transcriptions were carried out as previously described
(Pyle and Green 1994; Chin and Pyle 1995). For NAIS experi-
ments, RNAs with randomly incorporated phosphorothioate ana-
logs were prepared by adding NTPasS to the transcription mixture
(Gish and Eckstein 1988; Ortoleva-Donnelly et al. 1998). All
NTPaS analogs tested in NAIS experiments (CTPaS, GTPasS,
dCTPaS, dGTPaS, ITPaS, ATPaS, dATPaS, 7-deaza-ATPaS)
were purchased from Glen Research. Of all analogs tested, only
those resulting in NAIS effects are discussed in the manuscript.

D56 RNAs (wild-type and containing single-atom substitutions
dG840 or 1840) used in NAIS experiments and D3 RNAs with a
single 6-thio dG substitution at positions 599, 615, or 662 used in
photo cross-linking experiments were prepared by enzymatic
ligation of two chemically synthesized oligonucleotides as pre-
viously described (Fedorova et al. 2005).

All RNAs were gel-purified and resuspended in 10 mM MOPS
(pH 6.0), 1 mM EDTA for storage.

Branching kinetics

Kinetic experiments were carried out essentially as described
(Chin and Pyle 1995; Fedorova and Pyle 2005). Unlabeled wild-
type and mutant exD123 RNAs (1.5 pM final concentration)
and 5'-end labeled D56 RNA (10 nM) were denatured separately
in MOPS (pH 7.5; 40 mM final concentration) for 1 min at 95°C
and then cooled to 42°C. Both RNA solutions were then com-
bined with the simultaneous addition of MgCl, and NH,CI (final
concentrations, 100 mM and 0.5 M, respectively). Reactions were
carried out at 42°C as previously described. Aliquots were taken
at specific time points, quenched with denaturing dye solution,
chilled, and analyzed as previously described (Chin and Pyle 1995;
Boudpvillain and Pyle 1998).

NAIS experiments

Branching reactions for NAIS experiments were performed as
previously described (Boudvillain and Pyle 1998; Boudvillain
et al. 2000; Fedorova and Pyle 2005). In order to screen for NAIS
effects in D1, wild-type and mutant exD123 RNAs (1.5 uM final
concentration) were transcribed in the presence of NTPaS and

reacted with 5'-end labeled wild-type D56 (10 nM final concen-
tration) under splicing conditions [40 mM MOPS at pH 6.8, 100
mM MgCl,, IM (NH,),SO4]. The reaction time was adjusted so
that only 10%-20% of the branched product was formed. The
branched products were purified on a 5% denaturing polyacryl-
amide gel, eluted from the gel, and ethanol precipitated. For
an unreacted control, precursor exD123 RNA was cleaved by a
DNAzyme after between nucleotides 97 and 98 in the 5'-exon, so
that its size would be comparable to the size of the branched pro-
duct. The precursor was then 5'-end labeled and, along with the
branched products, subjected to iodine sequencing as described.
In NAIS experiments designed to screen for interference
suppression in D5, wild-type D56 RNA (10 nM final concentra-
tion) was transcribed in the presence of NTPasS, 5'-end labeled
and reacted with wild-type and mutant exD123 RNAs (1.5 pM
final concentration) under the conditions described above. The
unreacted D56 and the branched product were separated on a 5%
denaturing polyacrylamide gel, eluted, and ethanol precipitated.
Sequencing by iodine cleavage was carried out as described.

Site-directed photo-cross-linking experiments

Photo-cross-linking experiments were carried out as previously
described (de Lencastre et al. 2005). Unlabeled exD15 RNA (5 puM
final concentration) and 5'-end labeled D3 RNA containing a
single 6-thio dG substitution (20 nM final concentration) were
separately denatured in 40 mM MOPS (pH 7.5). The two RNAs
were cooled to 42°C before combining them and adding MgCl,
and KClI to final concentrations of 100 mM and 1 M, respectively,
prior to incubation for 20 min at 42°C to form a complex. This
solution was then transferred to a covered polystyrene plate and
irradiated at 366 nm for 30 min. The positions of the resulting
cross-links were determined by reverse transcription as described.
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