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ABSTRACT

The I-AniI maturase facilitates self-splicing of a mitochondrial group I intron in Aspergillus nidulans. Binding occurs in at least
two steps: first, a specific but labile encounter complex rapidly forms and then this intermediate is slowly resolved into a native,
catalytically active RNA/protein complex. Here we probe the structure of the RNA throughout the assembly pathway. Although
inherently unstable, the intron core, when bound by I-AniI, undergoes rapid folding to a near-native state in the encounter
complex. The next transition includes the slow destabilization and docking into the core of the peripheral stacked helix that
contains the 59 splice site. Mutational analyses confirm that both transitions are important for native complex formation. We
propose that protein-driven destabilization and docking of the peripheral stacked helix lead to subtle changes in the I-AniI
binding site that facilitate native complex formation. These results support an allosteric-feedback mechanism of RNA–protein
recognition in which proteins engaged in an intermediate complex can influence RNA structure far from their binding sites. The
linkage of these changes to stable binding ensures that the protein and RNA do not get sequestered in nonfunctional complexes.
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INTRODUCTION

RNA/protein complexes are essential for many aspects of
post-transcriptional gene regulation; however, the mecha-
nisms that govern their assembly are, for the most part,
undefined. It is clear that recognition of RNA by proteins is
a complex process that can include conformational changes
in one or both partners. For some proteins (e.g., U1A
protein), separate domains adopt a defined orientation
only when bound to their substrate RNAs (Allain et al.
1996; Avis et al. 1996), whereas other proteins undergo a
disorder-to-order transition upon RNA binding (e.g., L5
ribosomal protein from Xenopus) (DiNitto and Huber
2003). In many cases, RNAs also change conformation in
subtle ways such as flipping out of bases from a loop (U1A

RNA) (Gubser and Varani 1996), or more dramatically,
such as the reorientation of helices in a three-way junction
(Batey and Williamson 1998). This structural ‘‘flexibility’’
has been hypothesized to allow optimal juxtaposition of
interacting groups through conformational adaptation
(Leulliot and Varani 2001). The existence of conforma-
tional changes suggests that RNA/protein complex forma-
tion is a multistep assembly process populated with
intermediates. However, the pathways by which RNA and
protein partners bind one another are not well understood,
since intermediates have been difficult to isolate and study
experimentally. Moreover, how such intermediates con-
tribute to the structure and thermodynamic stability of the
final, native complex is largely unexplored.

Group I introns are self-splicing RNAs that, in some
cases, require proteins for proper folding. Group I introns
contain a conserved catalytic core composed of two
extended helical domains. The P4–P6 domain includes
the P5, P4, P6, and P6a helices and the P3–P9 domain is
made from the P3, P7, P8, and P9 helices. The P4–P6
domain is engaged in multiple tertiary interactions with the
catalytic P3–P9 domain to facilitate its proper folding
(Woodson 2005). The 59 and 39 splice sites (SS) are present
on another domain called P1–P2 that docks into the folded
catalytic core prior to splicing. In general, protein cofactors
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facilitate RNA folding required for catalytic activity, but do
not participate in the chemistry of the splicing reaction.
Some cofactors bind with high specificity and only promote
splicing of a single group I intron (Lambowitz et al. 1999).
One member of this group is the I-AniI maturase that is
required for splicing the A.n. COB group I intron in the
mitochondrial (mt) cytochrome b (COB) gene from
Aspergillus nidulans (Ho et al. 1997). I-AniI binds to the
A.n. COB pre-RNA with picomolar affinity, but does not
bind tightly to or promote splicing of other group I introns
in vitro (Solem et al. 2002).

I-AniI appears to bind the A.n. COB intron through at
least one on-pathway intermediate. The kinetics of complex
formation and splicing are consistent with the formation of
a relatively weak encounter complex that is resolved into a
native, splicing–competent complex (Solem et al. 2002).
The equilibrium constant defining the encounter complex
(z13 nM) is z1000 times less than that for nonspecific
binding (1 mM) (Chatterjee et al. 2003), which suggests
that this intermediate may contain some native RNA/
protein contacts. We had hypothesized that the intermedi-
ate functioned to facilitate structure formation of both the
catalytic core and the remainder of the I-AniI binding site
by resolving misfolded RNA structure(s) (Solem et al. 2002).

In order to define the I-AniI/A.n. COB pre-RNA assem-
bly pathway more precisely, we have employed chemical
and enzymatic probing, oligonucleotide accessibility, inter-
ference mapping, and mutagenesis experiments. We find
that the secondary structure of the free RNA is largely
formed with the exception of two stacked helices (P4/6 and
P3/7) that make up the intron core. I-AniI binding results
in rapid folding of the helices and intron core. This
transition is followed by destabilization and docking of
the P1–P2 stacked helices. Mutations that impede the rapid
folding of the core or deletion of the P1–P2 helices
negatively affect binding, suggesting that both transitions
are required for native complex formation. These data sug-
gest a novel mechanism of RNA/protein assembly in which
high-affinity protein binding is achieved via RNA remodel-
ing promoted by a specifically, but weakly, bound protein
in an intermediate complex.

RESULTS

Experimental strategy for probing the structure of
A.n. COB intron

Chemical structure mapping and oligonucleotide hybrid-
ization were used to assess the secondary and tertiary
structure of the A.n. COB pre-RNA. In these experiments
splicing was prevented by withholding the essential group I
intron splicing cofactor guanosine. The RNA was probed
with diethyl pyrocarbonate (DEPC), which modifies the N7
of adenines that are accessible (i.e., not protected by base
pairing, stacking, or tertiary interactions) (Ehresmann et al.

1987). Oligonucleotide hybridization followed by RNase H
cleavage was used to monitor the accessibility of specific
sequences throughout the RNA (Zarrinkar and Williamson
1994). Finally, iodine cleavage of phosphorothioate-
substituted RNA was used to identify regions of A.n.
COB pre-RNA that are solvent inaccessible due to inter-
actions with the I-AniI protein or higher-order RNA
folding (Caprara et al. 1996). The RNA was probed under
various conditions that reflect different functional states of
the intron. At 0 mM MgCl2, the intron does not self-splice
and cannot bind I-AniI. At 5 mM MgCl2, the intron also
does not self-splice but is competent to bind I-AniI. At
75 mM MgCl2 or 5 mM MgCl2 plus I-AniI protein, the
intron undergoes self-splicing (i.e., the RNA is in an active
conformation under both conditions) (Solem et al. 2002).
The data were quantified and any position that showed a
twofold or greater reduction in intensity relative to the
absence of Mg2+ was scored as ‘‘protected’’ (see Material
and Methods). The mapping data were evaluated based on
similar biochemical data and crystal structures of related
self-splicing group I introns. In this regard, the A.n. COB
intron is classified as an IB4 intron containing an extra,
peripheral subdomain, P5ab, that associates with the P4–P6
domain (Michel and Westhof 1990; Cate et al. 1996).

The A.n. COB catalytic core is unfolded at
physiological conditions

Adenines in the helices of peripheral stem–loops (P1, P2,
and P5b) of A.n. COB were protected from DEPC treat-
ment in 5 mM Mg2+, providing evidence that the helices
were base-paired (Fig. 1A,C). The lack of significant RNase
H digestion with oligonucleotides that anneal to sequences
throughout the peripheral P5ab extended helix, P5, and P2,
was also consistent with stable secondary structure in these
regions (Fig. 2, and see Fig. 5 below).

The mapping data also showed that the central core of
the intron was unstable or misfolded in the absence of
protein. All of the adenines that could be surveyed in the
P7 and P3 helices were modified by DEPC suggesting that
these coaxially stacked helices were unstable. Instability
of P3, P7 as well as the stacked P4/P6 helices was also
supported by strong RNaseH digestion with oligonucleo-
tides that anneal in these regions (Fig. 2). Previously, the
P7 and P3 helices were judged to be unfolded by their
susceptibility to cleavage by the single-stranded specific
Ribonuclease 1 (Downing et al. 2005). Thus, the four
central helices that define the group I intron core are
unstable in A.n. COB pre-RNA.

The DEPC modification patterns provided evidence that
many tertiary interactions, which serve to correctly align
the four extended helical domains, P3–P9, P4–P6, P5ab,
and the splice sites containing P1–P2, were unstable. Based
on strong conservation among group I introns, adenines in
single-stranded regions within these domains are expected
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to engage in interactions that serve to orient the four
domains in a catalytically active conformation (see legend
to Fig. 1; Woodson 2005). Remarkably, adenines within
almost all of these single-stranded regions were accessible
to DEPC modification, suggesting that most of the pre-
dicted tertiary interactions were not formed at 5 mM Mg2+.
Consistent with this interpretation, iodine cleavage of phos-
phorothioate-substituted A.n. COB pre-RNA occurred
within regions expected to be within the solvent-inaccessible
intron core (Fig. 3). Taken together, the probing data were
consistent with a generally unfolded intron core for A.n.
COB pre-RNA in the absence of protein.

I-Ani I binding stabilizes secondary and
tertiary structure

Binding of the I-AniI protein or high Mg2+ concentrations
drove the folding of the A.n. COB intron into an active
structure. Both DEPC modification and iodine cleavage
patterns changed dramatically under splicing permissive
conditions. Adenines in P3, P4, P6a, and P7 became
protected in the presence of either 75 mM Mg2+ or I-AniI,
which is consistent with formation and/or stabilization of
these helices (Fig. 1). Furthermore, protection of adenines
within those regions expected to form critical tertiary
interactions (see above) is consistent with a folded intron
structure. Phosphate backbone positions expected to be
solvent inaccessible (see above) were also protected from
iodine cleavage under both conditions (Fig. 3). Thus, the
chemical protection data were consistent with the intron
folding into an active structure.

Outlining the I-Ani I binding site in A.n. COB pre-RNA

Differences between the modification patterns of A.n. COB
pre-RNA in the presence of protein versus high Mg2+

concentrations reflect differences in RNA folding and
protein contacts. In Figures 1C and 3C, these differences
are shown schematically. Significantly, most of the idio-
syncratic protein protections fell in one of two places
(shown as red shading). One set of iodine protections
was within the L5/5a loop and most likely reflected the
formation of a specific RNA structure. By analogy with a
similar region of the Tetrahymena self-splicing intron, P5a
and P4 are expected to come in close contact via a sharp
(z150°) bend in the J5/5a region. The adenine-rich bulge
in P5a makes hydrogen bond contacts with the minor
groove of P4 to facilitate packing of the two helices (Cate
et al. 1996). Other protein-specific protections were located
in P4, P5a, P6, P6a, P9 (Fig. 3C), and J6a/6 (Fig. 1C),
and most of which likely represent RNA binding sites (see
below). Interestingly, enhanced iodine cleavage was
observed adjacent to two assigned binding sites in P4 and
P6, and this may reflect increased accessibility or strain
introduced by protein binding. When mapped on the most
recent three-dimensional structure of the Tetrahymena

intron (Guo et al. 2004), the majority of I-AniI’s phosphate
backbone contacts form a wedge with the edges defined by
residues in P4 (G54), P5a (G123, A124, and A125), and in
P6 (G254, G253) and the tip by the loop in P9 (G248;
Fig. 3D). Thus, I-AniI appears to contact three extended
helical domains in the intron that are brought into close
proximity by higher-order RNA folding.

Three I-AniI-dependent protections in P4 (C149) and
J4/5 (A59, A60) lie on the side of P4 opposite the binding
site described above (see blue shading in Fig. 3D). These
protections are most likely due to docking of the 59 SS
containing P1 helix (Adams et al. 2004).

There are also a number of phosphate backbone protec-
tions observed only in 75 mM Mg2+ in P2, J2/3, P3, and P8
(Fig. 3C). Although not found in the Tetrahymena struc-
ture, the P2 and J2/3 elements are similar in size and
structure to those in the bacteriophage Twort orf142–12
group I intron for which a crystal structure exists (Golden
et al. 2005). When analogous sites in all four regions are
mapped onto the three-dimensional structure, they cluster
in a relatively small interface (data not shown). These
protections may reflect an alternative structure of the intron
in high Mg2+ or that binding of I-AniI may destabilize this
region relative to high Mg2+ concentrations (see below).

Folding of the P7/P3 stacked helix is important for
I-Ani I binding

The structure probing experiments showed that binding of
I-AniI is associated with extensive changes throughout the
A.n. COB intron RNA that lead to a catalytically active
structure. However, not all of these changes are necessarily
important for encounter or native complex formation. One
of the most dramatic changes outside of the I-AniI binding
site involves folding of the P3 and P7 helices (Figs. 1, 2). To
assess the effects of disrupting P7 and P3 on I-AniI binding,
we created an intron RNA (P-7/3) containing mutations in
both P7 (C192G) and P3 (G201C; Fig. 4A). To test if P7/P3
nucleotide changes affected I-AniI binding to the full-
length A.n. COB pre-RNA, we separately measured the
rates of association and dissociation. For two-step binding
by I-AniI, the association rate for complex formation is
described by the equation: kobs = K1k2[I-AniI]/(K1[I-AniI] +1),
where K1 is the equilibrium constant describing the for-
mation of the encounter complex and k2 is the rate
constant that describes the transition from the encounter
to the native complex (Solem et al. 2002). The encounter
complex equilibrium constant (1/K1) for the full-length
RNA is z13 nM. Negative effects on binding such as an
increase in 1/K1 and/or decrease in k2 can be determined by
measuring the rate of complex formation at concentrations
of I-AniI below 1/K1. Therefore, we performed these
experiments at 4 nM protein (Fig. 4B). The kobs for
association at 4 nM I-AniI was around twofold slower for
P-7/3 relative to A.n. COB pre-RNA (0.31 6 0.1 versus
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FIGURE 1. Chemical structure mapping of the A.n. COB pre-RNA. (A) DEPC modification of end-labeled RNA. End-labeled A.n. COB was
treated with DEPC in various concentrations of Mg2+ as well as in the presence of I-AniI. Sites of modification were cleaved by treatment with
aniline and the products separated by denaturing gel electrophoresis. Lane 1, hydrolysis ladder; lane 2, G sequencing by partial T1 digestion; lanes
3–5, mock-treated RNA; lanes 6–9, DEPC-treated RNAs; lane 6, 0 mM Mg2+, lanes 3 and 7, 5 mM Mg2+; lanes 4 and 8, 75 mM Mg2+; lanes 5 and
9, 5 mM Mg2+ plus I-AniI. (B) Quantification of the DEPC mapping data encompassing the P7–P8 region. PhosophorImager counts in each lane
were normalized and expressed as a ratio relative to 0 mM Mg2+. The histogram shows averaged ratios with the error bars representing standard
deviations. (C) Secondary structure model of A.n. COB pre-RNA showing positions of DEPC modification or protection. Open arrows point to
splice sites. Two independent DEPC mapping experiments were performed, and positions were scored as protected on the secondary structure
model if a twofold or greater reduction in modification level relative to 0 mM Mg2+ was observed in both experiments. The state of modification
for unmarked positions could not be assigned because of inconsistencies between experiments, degradation, or poor resolution in the gel. For the
A.n. COB intron, adenines in single-stranded regions expected to make specific contacts to orient the four domains in a catalytically active
conformation include (a) the A-rich bulge in P5a with the P4 helix; (b) the J3/4 and J6/7 junctions with P6 and P4 helices, respectively; (c) the P9
loop with the P5 helix; (d) the J4/5, J5/4, and J8/7 junctions with the 59 SS containing P1 helix; and (e) the P2 loop with P8 helix.
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0.66 6 0.2). The slower association rate of P-7/3 could reflect
a change in the equilibrium constant for the encounter
complex and/or in the isomerization rate of the encounter
to the native complex (Solem et al. 2002). The amplitude of
binding was also reduced for P-7/3 relative to A.n. COB
pre-RNA (0.04 6 0.03 versus 0.07 6 0.03), but it is difficult
to interpret the significance of this difference due to the
large error associated with this measurement for the P-7/3
mutant. This considerable variability in amplitude between
different preparations of P-7/3 RNAs may reflect a
propensity for this mutant to mis-fold into a conformation
that is unable to bind I-AniI. Compensatory mutations
(AltP-7/3) restored the association rate and amplitude of
RNA bound to that of the wild-type full-length A.n. COB
pre-RNA (Fig. 4B). Interestingly, we observed no effect on
the stability of the native complex as judged by rates of
dissociation with the P-7/3 mutation (data not shown).
Thus, it appears that the mutations primarily affect
formation of the complex. In the following section we
show that folding of both P7 and P3 precedes native
complex formation providing evidence that the mutations
most likely affect encounter complex formation.

Defining the encounter to native complex transition
in the I-AniI/A.n. COB binding pathway

The structure mapping experiments defined the folded
states of the A.n. COB pre-RNA prior to and after native
complex formation. In order to further characterize the
encounter complex and gain insight into the assembly
pathway, we used a kinetic oligonucleotide hybridization

technique (Zarrinkar and Williamson 1994). In these
experiments, complex formation was initiated by the
addition of I-AniI and the fraction of RNA accessible to
oligonucleotide binding was determined by rapid (10 sec)
RNase H cleavage of the RNA/oligonucleotide complex. By
sampling the I-AniI/A.n. COB pre-RNA complex at various
times after mixing, intermediate states along the binding
pathway were defined. The assays were carried out with
sufficient concentrations of protein to drive all of the RNA
into the encounter complex. Thus, structural changes
associated with the encounter complex are expected to
occur rapidly while those associated with the transition to
the native complex are expected to occur with a rate greater
than or equal to that measured previously [2.7 min�1

(60.2)] (Solem et al. 2002).
We tested a battery of oligonucleotides that hybridize

along the length of the A.n. COB pre-RNA including the
39 end of the pre-RNA, P7, P5ab, P5, P4/6, P3, P2, and P1
(Fig. 2). We observed no change in oligonucleotide
hybridization in the 39 end (accessible), P5ab, and P5 (both
inaccessible) when I-AniI was added (data not shown, but
see Fig. 2). In contrast, for P3, P4/6, and P7, oligonucle-
otide accessibility was reduced rapidly and dramatically
after addition of I-AniI, suggesting that binding induced or
stabilized helix formation in these elements (Fig. 5A, data
not shown). The rapid formation of P3, P4/6, and P7
suggested that the A.n. COB pre-RNA in the encounter
complex had undergone significant structural changes.

The transition to the native complex was reflected by
changes in accessibility to the P1–P2 stacked helix. As
shown in Figure 5A, P2 was minimally accessible to

FIGURE 2. Oligonucleotide accessibility of the A.n. COB pre-RNA. (A) Locations of DNA oligonucleotide complementarity on a secondary
structure of A.n. COB pre-RNA. (B) Accessibility experiments. Internally labeled RNAs were incubated in buffer containing 5 mM Mg2+ for
10 min and then a mixture of oligonucleotide and RNase H was added. After 1 min, the reaction was quenched and the products separated
by denaturing gel electrophoresis. The region where each DNA oligonucleotide hybridizes is listed at the top of each lane in the gel image. 3E,
DNA oligonucleotide targeted to the 39 exon.
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FIGURE 3. (Legend on next page)
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oligonucleotide hybridization in the absence of I-AniI
(z15% cleaved). However, addition of the protein induced
a (relatively) slow increase in accessibility. A plot of the
fraction RNA cleaved versus time revealed that the rate of
induced accessibility was 3.0 (60.4) min�1, which was very
close to the rate for the transition from the encounter to the
stable complex measured previously (Fig. 5B; Solem et al.
2002). We also observed increased accessibility to P1,
although this helix was partially accessible in the absence
of protein (z25% cleaved; Fig. 5A,B). Again, the rate of
increased accessibility was 3.0 (60.3) min�1, which was
close to the transition from the encounter to the stable
complex. Accessibility to both P1 and P2 peaks after 1 min
and then decreases.

In order to more accurately assess the fraction of I-AniI/
RNA complexes with accessible P1 and P2 helices, we have
probed the pre-RNA using a 1-min RNase H incubation
time after binding proceeded for 10, 20, and 40 sec (Fig.
5C). These data show that a significant fraction of P1 and
P2 is accessible in a time-dependent manner: specifically
over 70% of RNA is cleaved at P2 and over 80% cleaved at
P1 after binding is allowed to proceed for 40 sec. Thus,
these observations support the idea that a pre-RNA with
destabilized P1 and P2 helices likely represents an ‘‘on-
pathway’’ intermediate in the binding pathway.

To address RNA folding on a more global scale, we used
a kinetic iodine cleavage method. Complex formation with
RNA substituted with guanosine phosphorothioates was
initiated by the addition of I-AniI and accessible regions to
iodine cleavage were assessed at various times after mixing.
All of these changes occurred rapidly after the addition of
I-AniI (Fig. 5D, data not shown). For example, protection
from iodine cleavage in P3, P5a, and P5b occurred prior
to the first time point (20 sec). Collectively, these data
suggested that much of the A.n. COB pre-RNA folds
rapidly after protein binding.

DISCUSSION

Binding of the I-AniI maturase to its cognate group I intron
results in a hierarchical RNA folding pathway that ulti-

mately leads to native complex formation and self-splicing
activity. There are at least two folding transitions that occur
upon addition of protein: one involving the formation of
four central helices in the catalytic core, and another
associated with destabilization of the splice site containing
stacked helices. The finding that impeding or eliminating
one of the folding steps by mutation negatively affects
binding reveals the strong interdependence between RNA
folding and I-AniI binding. When compared to other group
I intron cofactors, folding of the intron by both stabiliza-
tion and destabilization of specific RNA structures appears
to be a unique feature of the I-AniI maturase.

Assembly of I-AniI/A.n. COB pre-RNA complex

Prior to binding of the protein, the A.n. COB intron is
incompletely folded, since only helices peripheral to the
catalytic core appear to be stable. The two stacked helices
that make up the ribozyme’s central core, P4/P6 and P3/
P7, are unstable and as a result the intron RNA appears
to lack significant tertiary structure. However, as shown
for other group I intron RNAs, under our experimental
conditions (5 mM Mg2+), interactions between metal ions
and the polynucleotide chain likely drive the A.n. COB
pre-RNA into a collapsed state that globally resembles the
native state but lacks some secondary structure and stable
tertiary structure (Buchmueller et al. 2000; Russell et al.
2000; Woodson 2000). Indeed, in 5 mM Mg2+, most of
the intron peripheral helices are not accessible to various
probes, suggesting a partially folded structure (Figs. 1, 2).
However, although the intron is likely compact, it is still
largely accessible to solvent (Fig. 3), as expected for
collapsed, fluid RNA structures (Buchmueller et al. 2000).

Two RNA folding transitions result as I-AniI engages the
collapsed A.n. COB intron (Fig. 5). In the first, the P4/6
and P3/7 stacked helices are rapidly stabilized and much
of the global tertiary structure appears to be established
(Fig. 5). These events occur on the time scale of encounter
complex formation as measured previously (>10 sec)
(Solem et al. 2002). This intermediate is not active in splic-
ing, although the iodine cleavage patterns are consistent

FIGURE 3. Phosphate backbone probing of A.n. COB pre-RNA. (A) Portion of a gel showing iodine cleavage of phosphorothioate substituted
RNAs. A.n. COB pre-RNA was transcribed in the presence of one phosphorothioate analog and its 59 end labeled. A.n. COB RNAs were incubated
in various concentrations of Mg2+ as well as in the presence of I-AniI and then subjected to cleavage with iodine. The products were separated by
denaturing gel electrophoresis and quantified. Nucleotide numbers are indicated at the side of the gel and the identity of the phosophorothioate
substitution at the top. Lanes 1, 6, 11, and 16, mock-treated RNA; lanes 2, 7, 12, and 17, 0 mM Mg2+; lanes 3, 8, 13, and 18, 5 mM Mg2+; lanes 4, 9,
14, and 19, 75 mM Mg2+; lanes 5, 10, 15, and 20, 5 mM Mg2+ plus I-AniI. (B) Example of the quantification of the iodine mapping data. The
histogram shows PhosophorImager counts in each lane that were normalized and expressed as a ratio relative to 0 mM Mg2+. (C) Summary of
iodine cleavage data on the secondary structure of A.n. COB pre-RNA. Colored shading shows condition-specific protections, and positions that
are cleaved under all conditions are demarcated by a gray oval. Three independent experiments were performed, and positions were scored as
protected if a twofold or greater reduction in iodine cleavage relative to 0 mM Mg2+ was observed in each experiment. The relative amount of
cleavage for unmarked positions could not be assigned because of inconsistencies between experiments, degradation, or poor resolution in the gel.
Regions expected to be within a solvent inaccessible core include J3/4, J4/5, J5/4, J6/7, J8/7, the A-rich bulge in P5a, and the P7 helix. A portion of
the P9.1 helix is shown schematically. (D) Position of putative I-AniI binding sites on the three-dimensional structure of the Tetrahymena intron.
Red shading includes protected phosphate residues that lie on one side of the intron core. Other I-AniI-specific protections (blue shading) are on
the opposite side of this surface and are likely due to interactions with the P1 helix.
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with tertiary structure formation (Fig. 5D; Solem et al. 2002).
Presumably more subtle rearrangements in the catalytic
core, not accessible by our current experiments, must occur
prior to splicing activation and native complex formation
(see below). Nonetheless, this transition is important for
binding since mutations that destabilize P3 and P7 nega-
tively affect binding (Fig. 4).

The second RNA folding transition is characterized by
weakening of the P1 and P2 helices. Accessibility to oligo-
nucleotide probes occurs at a rate of 3 min�1, which is
essentially the same rate as the transition from encounter to
native splicing active complex measured previously (Solem
et al. 2002). These changes likely precede or are a part of
this transition. The increase in accessibility presumably
reflects a more dynamic structure of both P1 and P2. The
importance of both helices to I-AniI binding is supported
by the observation that deletion of P1/P2 decreases binding
affinity by 4700-fold (Solem et al. 2002).

Stabilization of RNA structure is a hallmark of all group I
intron splicing cofactors. High-affinity cofactors bind to
correctly folded RNAs to stabilize structure, whereas RNA
chaperones destabilize misfolded RNA structures to facil-
itate splicing (Lambowitz et al. 1999). I-AniI is the first
high-affinity splicing cofactor to show both stabilizing and
destabilizing effects on specific intron structures. I-AniI
appears to stabilize intron core structure by binding
directly to P5a, P4/P6, and P9 that are brought into close
proximity by higher-order RNA folding.

It is more difficult to understand how binding of I-AniI in
the encounter complex destabilizes P1 and P2 structure. One
possibility is that I-AniI transiently interacts with P1 and P2
and thereby promotes destabilization. Protein-induced helix

destabilization has been demonstrated in
the case of the human pancreatic ribo-
nuclease, the Cbp2p group I intron
splicing cofactor, as well as many RNA
chaperones (Sorrentino et al. 2003; Raj-
kowitsch et al. 2005; Bokinsky et al.
2006). Nonspecific, electrostatic interac-
tions with the stacked helix may cause
destabilization and subsequent refolding.

Protein-induced intron RNA folding
events could also ‘‘force’’ a weakening
of P1 and P2. Support for such a
scenario comes from the observation
that Mg2+-dependent tertiary interac-
tions facilitate substantial rearrange-
ments of secondary structure in the
P5abc subdomain of the Tetrahymena
intron (Wu and Tinoco 1998). It may
be that the rapid folding of the intron
core or binding itself generates torsional
stress that is relieved by destabilization
of P1 and P2. Another possible mecha-
nism for weakening P1 and P2 comes

from the observation that ligand-induced protein confor-
mational changes have been implicated in transiently
destabilizing RNA structure (Tompa and Csermely 2004).
In this regard we have detected a specific conformational
change in the C-terminal region of I-AniI upon binding the
A.n. COB pre-RNA (A. Shumaker and M.G. Caprara, in
prep.). The functional significance of this change with
regard to RNA folding is currently under investigation.

RNA folding dynamics in an RNP intermediate

What is the functional relevance of destabilizing P1 and P2
to I-AniI binding? It was previously noted that deletion of
P1 or P1 and P2 together significantly reduced the fraction
of RNA in the native complex, suggesting that these
elements were important for formation of the I-AniI
binding site (Solem et al. 2002). The P1–P2 stacked helix
and I-AniI bind on opposite surfaces of P4/P6/P6a, and
therefore, the P1–P2 contribution to protein binding is
most likely indirect (see Fig. 3D). Given the importance of
these elements to native I-AniI binding, the changes we
observe upon protein association likely reflect conforma-
tional changes that are necessary for native complex
formation.

Destabilization of P1–P2 may facilitate docking of the
domain that leads to further structural rearrangements in
the core. In this regard, it is important to note that the rates
of protein-dependent splicing, destabilization of P1 and P2,
as well as the formation of the native complex, are similar,
and thus report the same ‘‘slow’’ step in assembly. Since
docking of P1–P2 must precede splicing, the similarity in
rates suggests that docking occurs rapidly after these

FIGURE 4. Mutations in P7 and P3 negatively affect binding. (A) Location of the mutations.
Only the P7/3 helix is shown. P-7/3 has changes in P7 (C192G) and P3 (G201C) that disrupt
base-pairing in the middle of both stems. Compensatory mutations in AltP-7/3 restore base-
pairing in both helices. (B) Association kinetics for A.n. COB pre-RNA, P-7/3 and AltP-7/3.
Internally labeled RNA was incubated with 4 nM protein, and at various times a molar excess
of unlabeled A.n. COB pre-RNA was added to stop binding and the reactions filtered on
nitrocellulose. The data were fit to a single exponential to obtain kobs. For three independent
experiments, the kobs were: A.n. COB pre-RNA: 0.66 (60.17) min�1, P-7/3: 0.31 (60.1) min�1,
and AltP-7/3: 0.56 (60.17) min�1. The kobs at 4 nM I-AniI is essentially the same as measured
previously [0.63 (60.03) min�1; Solem et al. 2002].
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changes in P1–P2 are introduced. One model takes into
account the finding that P1 and P2 are moderately stable in
the absence of protein. Once the first folding transition has
occurred, P1 and P2 may become trapped in inappropriate
positions along the catalytic core in the encounter complex
(Fig. 6). Misfolded intermediates in group I introns and

other RNAs are very common, and their resolution can be
rate limiting for folding (for review, see Thirumalai and
Hyeon 2005). Increased flexibility of the P1 and P2,
possibly stimulated by torsional stress incurred by protein
binding and/or intron core folding, may be important to
properly position the helix in the catalytic core. Consistent
with this hypothesis is the finding that decreasing the
thermostability and increasing the degrees of freedom
between P1 and the Tetrahymena intron core increases
the rate of docking z10-fold (Bartley et al. 2003). Further-
more, it has been shown that docking of P1 requires, and
may facilitate, conformational changes in the structure of
the P4 helix that contains part of the I-AniI binding site
(Bartley et al. 2003; Adams et al. 2004). Therefore, in this
model, the initial binding of I-AniI propagates changes
through the RNA that ultimately ‘‘feedback’’ to facilitate
formation of its specific binding site (Fig. 6).

Since it appears that protein binding is linked to P1–P2
association with the core, this allosteric-feedback model
assures that protein binding is tightly coupled to RNA
splicing. I-AniI appears unique in this regard, as other
group I intron protein cofactors do not require P1–P2
structures for high-affinity binding, and in such cases
splicing can be slow relative to the rate of protein binding
(Saldanha et al. 1995; Webb and Weeks 2001; Longo et al.
2005). For example, binding by the Neurospora crassa mt
tyrosyl tRNA synthetase protein results in stable, nonnative
complexes that require an RNA helicase protein for native
complex formation in vivo (Mohr et al. 2002).

FIGURE 6. Model for A.n. COB pre-RNA/I-AniI assembly. Although
important for binding, the P3–P7 domain is not shown for simplicity.
Dashed lines indicate single-stranded or destabilized double-stranded
regions and the cylinders represent helices. Prior to binding, the P4
and P6 helices in the core are unstable and, as a consequence, P1 and
P2 are not properly positioned in the core. In the first step of binding,
I-AniI associates with the intron RNA in a weak complex and
promotes folding of the catalytic core. Within this complex, P1 and
P2 become destabilized and subsequently dock into its intron’s
catalytic site that leads to the first step in splicing. The P1/P2 docked
structure is inferred, since I-AniI binding results in splicing activation
(see Discussion). This docking event may cause subtle rearrangements
in the I-AniI binding site in P4, resulting in tighter binding and
formation of the native complex. The relative orientation of the
helices in the free RNA and intermediate complexes is not intended to
reflect a specific conformation. I-AniI may dissociate from the RNA in
the encounter complexes because of their short half-lives, but once in
the native complex, binding is essentially irreversible (Solem et al.
2002).

FIGURE 5. Time-resolved mapping of I-AniI binding of A.n. COB
pre-RNA. (A) Oligonucleotide accessibility. Internally labeled RNA
was incubated with I-AniI for 10–300 sec and then probed by the
addition of a DNA oligonucleotide and RNase H. Digestion occurred
for 10 sec, the reaction quenched and products separated by
denaturing polyacrylamide gel electrophoresis. The position of the
oligonucleotide binding site is shown in Figure 2. SM, starting
material; 0, no protein added. (B) Time-dependent RNA changes.
The folding times for each region of the RNA were measured by
plotting the fraction of RNA cleaved versus time. The time for RNase
H digestion (10 sec) was added to each point. The data were fit to a
single exponential. Folding of P7 and P4/6 were faster than the first
time point (17 sec). Note that P1 and P2 become less accessible to the
respective oligonucleotide probes at 10 min. This reproducible effect
presumably reflects that P1 and P2 become stabilized in the native
complex. (C) Accessibility of P1 and P2 using extended RNase H
digestion. The data show that a significant fraction of RNA is cleaved
at early (10–40 sec) times after protein addition when the pre-RNA
was probed using a 1-min RNase H incubation time. (D) Iodine
cleavage of GaS substituted A.n. COB RNA as a function of time.
End-labeled RNA was incubated with I-AniI for 10–300 sec and
then cleaved with iodine for 10 sec and the reaction quench with
b-mercaptoethanol. The products were separated by denaturing gel
electrophoresis. The regions of A.n. COB pre-RNA cleaved by iodine
shown to the side of the gel image. All of the changes upon addition of
I-AniI happened before the first time point (20 sec), and therefore
were assigned a rate of >50 min�1. A similar rate of overall folding was
also observed with RNase 1 and V1 (data not shown).
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An essential feature of the allosteric feedback mechanism
proposed here is that proteins can influence RNA folding
events far from their binding sites. Although local changes
in RNA structure near protein binding sites have been
routinely documented, distant effects are now becoming
appreciated. For example, the bacterial L36 and yeast L3
ribosomal proteins affect RNA structure 60–100 Å away
from their respective binding sites (Petrov et al. 2004;
Maeder and Draper 2005). In both cases these changes are
important for ribosomal function. Also, the signal recog-
nition particle SRP19 protein changes the folding of 7S
RNA 40 Å from its binding site (Kuglstatter et al. 2002;
Hainzl et al. 2005). This conformational change is essential
for the subsequent binding of SRP54 protein and SRP
function. Thus, it seems likely that propagation of a protein
binding ‘‘signal’’ throughout RNA is a common feature of
many complex RNA/protein assemblies, and this property
can be tightly coupled to biological function.

Not all maturases are alike

Finally, group I intron maturases are derived from homing
DNA endonucleases, which adapted to function in splicing
introns that encode them (Caprara and Waring 2005). It
was recently shown that a close relative of I-AniI, the bi3
maturase from yeast, binds an RNA containing only the
P4–P6 and P5ab domains of the mt COB gene (Longo et al.
2005). In contrast, I-AniI is incapable of binding the
comparable, isolated A.n. COB structure (data not shown;
Solem et al. 2002). The intron-binding site for the yeast
maturase was mapped in the P5b stem–loop, whose
sequence and structure are quite different from that of
A.n. COB intron. In fact, deletion of this structure from the
A.n. COB intron does not affect protein-dependent splicing
(Geese and Waring 2001). These observations are con-
sistent with the idea that the mechanisms of maturase
recognition and facilitation of RNA folding can differ sig-
nificantly even among closely related maturases (Downing
et al. 2005). This most likely is a reflection of the differ-
ent evolutionary paths that each intron/maturase pair
follows during the process of adaptation to protein-assisted
splicing.

MATERIALS AND METHODS

DNA templates, RNA transcription, and
protein purification

A.n. COB intron containing pre-RNAs were transcribed from
BamHI digested pT7AnCOBme (Solem et al. 2002). The P-7/3
template was constructed by overlapping PCR (Ho et al. 1989)
using two overlapping mutagenic primers that simultaneously
replace P7 C192 with a G and P3 G201 with a C (P-7AGAA
GCCTCTCAGAGAGTAGTACATGCACGAGATCTTATGTC; P-
3ARGACATAAGATCTCGTGCATGTACTCTCTGAGAGGCTTC;

substitutions are underlined) and COB5E and COB3E, which
hybridize to the ends of the A.n. COB gene in pT7AnCOBme.
PCR and cloning were done as described by Solem et al. (2002).
AltP-7/3 was constructed using two mutagenic oligonucleotides
that change P3 C46 to a G and P7 G234 to a C as well as COB5E
and COB3E using the P-7/3 plasmid as a template. Mutant RNAs
were transcribed from plasmid digested with BamHI.

Transcription and purification of 32P-internally labeled and
end-labeled RNAs were carried out as described by Solem et al.
(2002) and Downing et al. (2005). For iodine structure mapping
experiments, RNAs were prepared by adding NTPaS to the
transcription reaction. All NTPaS analogs were purchased from
Glen Research.

RNA structure-mapping experiments

For DEPC modification reactions, 59-end-labeled full-length
A.n. COB pre-RNA (80 nM) was incubated in the presence of
25 mM HEPES, pH7.5, 100 mM NaCl, and supplemented with 5 or
75 mM Mg2+ in the absence of protein at 37°C for 20 min. Protein
was added (160 nM) to the appropriate reactions and incubated
for 5 min followed by addition of 1 mL DEPC. The modification
reactions were terminated by addition of 50 mM EDTA and 10 mg
of Escherichia coli tRNA. The RNAs were extracted with phenol-
chloroform-isoamyl alcohol (PCI; 25:24:1 v/v/v), ethanol pre-
cipitated twice and dried. The samples were treated with aniline/
acetate buffer, pH 4.5, and incubated at 60°C for 15 min to cleave
at the modified positions, and ethanol precipitated twice before
being resuspended in water (Peattie 1979). The reaction products
were separated on a series of denaturing 6% polyacrylamide/7 M
urea gel, and the dried gels were quantified with a Phosphor-
Imager (Molecular Dynamics). The data were analyzed by sub-
tracting background (based on mock control samples) and band
intensities were normalized for each lane with respect to the
precursor RNA to account for any loading differences in each lane.
Residues were scored protected if the band intensity was <50% of
those under the 0 mM Mg2+ condition (Caprara et al. 1996).

For iodine footprinting experiments, 59-end-labeled
phosphorothioate-containing A.n. COB pre-RNA (30 nM) was
incubated in the presence of 25 mM Tris-HCl, pH 7.5, 100 mM
NaCl (TN), and supplemented with 5 or 75 mM Mg2+ in the
absence of protein at 37°C for 10 min. Protein was added (150 nM)
to the appropriate reactions and incubated for 5 min followed
by addition of 2 mL of 1 mM iodine (Sigma Chemical Company)
in ethanol. After 5 min, the cleavage reaction was stopped by
adding 2 mL of b-mercaptoethanol and 10 mg of E. coli tRNA
followed by organic extraction and ethanol precipitation. The
reaction products were separated on a series of denaturing 6%
polyacrylamide/7 M urea gels and the dried gels were quantified
with a PhosphorImager. The data were analyzed as described
above for the DEPC experiments.

For oligonucleotide accessibility experiments, internally labeled
RNA (0.5 nM) was incubated in 15 mL TN containing 5 mM
MgCl2 for 10 min 37°C. A mixture containing 1 mL of oligonu-
cleotide (50 mM) and 0.5 mL of RNase H (5 U; USB Corporation)
was added and the reaction incubated for 1 min. Aurin tricarboxylic
acid (2 mL of a 5 mg/mL) was added to stop the reaction, and the
reaction products were separated on a denaturing 6% polyacryl-
amide/7 M urea gel and visualized with a PhosphorImager.

Caprara et al.

220 RNA, Vol. 13, No. 2

JOBNAME: RNA 13#2 2007 PAGE: 10 OUTPUT: Wednesday January 3 15:05:13 2007

csh/RNA/127816/rna3079



Time-resolved structure mapping

Oligonucleotide accessibility time courses were performed with
0.5 nM internally labeled RNA incubated in 13.5 mL TN contain-
ing 5 mM MgCl2 for 10 min at 37°C. Reactions were initiated by
mixing 13.5 mL of the RNA mixture with 1.5 mL of a 5 mM
concentration of I-AniI prewarmed at 37°C. The reaction was
incubated for 10–300 sec at 37°C. At each time point, 1 mL of
oligonucleotide (50 mM) and 2 mL of RNase H (5 U) were added
and the reaction incubated for 10 sec. Aurin tricarboxylic acid
(2 mL of a 5 mg/mL solution) was added to stop the reaction, and
the reaction products were separated on a denaturing 6% poly-
acrylamide/7 M urea gel and the dried gels were quantified with a
PhosphorImager.

For time-resolved iodine cleavage experiments, 25 nM 59-end-
labeled GaS containing RNA was incubated in 13.5 mL TN
containing 5 mM MgCl2 for 10 min at 37°C. Reactions were
initiated by mixing 13.5 mL of the RNA mixture with 1.5 mL of a
2.6 mM concentration of I-AniI prewarmed at 37°C. The reaction
was incubated for 10–300 sec at 37°C. At each time point, 2 mL of
1 mM iodine in ethanol was added and the reaction incubated for
10 sec. b-Mercaptoethanol (2 mL of a 100% solution) was added
to stop the reaction, and the reaction products were separated on
a denaturing 6% polyacrylamide/7 M urea gel and the dried gels
were quantified with a PhosphorImager.

RNA binding experiments

Dissociation kinetics were performed and analyzed as described by
Solem et al. (2002) and Downing et al. (2005). The association
kinetic experiments were performed by preincubating 50 pM 32P-
labeled RNA in 50 mM Tris-HCl, pH-7.5, 100 mM NaCl, 5 mM
Mg2+, 10 mM DTT, 10% glycerol, and 0.1 mg/mL BSA at 37°C for
20 min. Reactions were initiated by mixing 100 mL of the RNA
mixture with 2 mL of a 200 nM concentration of I-AniI
prewarmed at 37°C. The reaction was incubated for 10–900 sec
at 37°C. Complex formation was stopped by the addition of
unlabeled A.n. COB pre-RNA to a concentration of 100 nM and
subsequently filtered through nitrocellulose. The filters were
washed with 3 mL of TN, dried, and counted using a scintillation
counter. The data were fit to a first-order equation: fraction RNA
bound = A(1 � e�kt), where A is the amplitude of RNA bound
and k represents kobs for association.
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