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ABSTRACT

Previously it was shown that the Aspergillus nidulans (A.n.) mitochondrial COB intron maturase, I-Ani I, facilitates
splicing of the COB intron in vitro. In this study, we apply kinetic analysis of binding and splicing along with RNA
deletion analysis to gain insight into the mechanism of I-Ani I facilitated splicing. Our results are consistent with I-Ani I
and A.n. COB pre-RNA forming a specific but labile encounter complex that is resolved into the native, splicing-
competent complex. Significantly, kinetic analysis of splicing shows that the resolution step is rate limiting for
splicing. RNA deletion studies show that I-Ani I requires most of the A.n. COB intron for binding suggesting that the
integrity of the I-Ani I-binding site depends on overall RNA tertiary structure. These results, taken together with the
observation that A.n. COB intron lacks significant stable tertiary structure in the absence of protein, support a model
in which I-Ani I preassociates with an unfolded COB intron via a “labile” interaction that facilitates correct folding of
the intron catalytic core, perhaps by resolving misfolded RNAs or narrowing the number of conformations sampled
by the intron during its search for native structure. The active intron conformation is then “locked in” by specific
binding of I-Ani I to its intron interaction site.

Keywords: catalytic RNA; ribonucleoprotein assembly; RNA–protein interactions; RNA splicing

INTRODUCTION

Group I introns are a class of large RNAs that catalyze
their own excision from precursor RNA (pre-RNA) in a
process called self-splicing+ Through base pairing and
multiple long-range tertiary interactions, group I introns
fold into a conserved, compact structure required for
catalysis+ Studies in vitro have shown that group I in-
trons face numerous kinetic and thermodynamic barri-
ers that can slow overall folding to biologically irrelevant
time scales (reviewed in Woodson, 2000; Thirumalai
et al+, 2001; Treiber & Williamson, 2001)+ In addition,
many group I introns only self-splice under nonphysi-
ological conditions such as elevated temperature and
high divalent metal ion concentrations suggesting the
requirement for cofactors that facilitate RNA folding in
vivo (see Coetzee et al+, 1994)+ Indeed, group I introns,
like many other functional RNAs, are associated with

specific proteins that function to promote active RNA
structure (Lambowitz & Perlman, 1990; Lambowitz et al+,
1999)+ However, the mechanisms by which proteins
recognize “unfolded” RNA ligands and induce a de-
fined three-dimensional RNA conformation are not well
understood+ The studies of protein-assisted group I in-
tron splicing continue to provide a framework from which
to address these challenging questions+

The key to group I introns’ catalytic function lies in
their tertiary structure, which, for the group I intron con-
served core, is known at fairly high resolution+ The 59
and 39 splice sites (SS) are defined by pairing to an
intron structure called the internal guide sequence, form-
ing the P1 and P10 helices, respectively (see Fig+ 1B)+
The catalytic core is made up of two extended helices
called domains; the P4–P6 domain is formed by the
stacking of P5, P4, P6, and P6a helices whereas the
P3–P9 domain is formed by the stacking of P8, P3, P7,
and P9 (Michel & Westhof, 1990; Golden et al+, 1998)+
Precise packing of these two domains via tertiary inter-
actions forms the intron catalytic center that is capable
of binding an exogenous guanosine (used as a nucleo-
phile in the first splicing step) and the splice-site con-
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taining P1 and P10 helices (Michel & Westhof, 1990;
Golden et al+, 1998)+ Interconnecting peripheral struc-
tures surround the catalytic core and function to stabi-
lize the active conformation, although their presence
does not ensure self-splicing activity (Lehnert et al+,
1996; Pan & Woodson, 1999; Engelhardt et al+, 2000)+

The identification of group I intron splicing cofactors
has largely been through mitochondrial (mt) genetic
analysis in fungi+ These studies have shown that splic-
ing cofactors include proteins either encoded by the
introns themselves (“maturases”) or various nuclear-
encoded factors that often have an additional, RNA-
related function in the cell (Lambowitz et al+, 1999)+

Two recombinant, nuclear-encoded proteins have
been extensively studied in vitro; the yeast CBP2 pro-
tein that specifically promotes splicing of the fifth intron
(bI5) in the mt cytochrome b (COB) gene (McGraw &
Tzagoloff, 1983) and the Neurospora mt tyrosyl tRNA
synthetase (CYT-18 protein) that promotes splicing of
a variety of group I introns (Mannella et al+, 1979;Wall-

weber et al+, 1997)+ Importantly, these two unrelated
proteins use fundamentally different mechanisms to fa-
cilitate splicing of similar group I introns+

CBP2 promotes bI5 splicing by a tertiary capture
mechanism+ Here, the secondary structure of the RNA
is largely formed, but the RNA is otherwise unfolded+ In
the presence of low concentrations of Mg2�, the cata-
lytic core slowly folds, forming part of the CBP2 binding
site in the P3–P9 domain and a peripheral structure,
P7+1 (Shaw & Lewin, 1995; Weeks & Cech, 1995b)+
This is not a stable intron structure in low Mg2�, but
CBP2 binds strongly to “capture” the catalytically ac-
tive intron (Weeks & Cech, 1995a, 1995b, 1996)+ A key
biochemical signature in this mechanism is that the
association rate of protein binding is limited by the equi-
librium between the unfolded and folded states of the
bI5 intron (Weeks & Cech, 1996)+

In contrast, CYT-18-assisted splicing uses a
scaffolding-like mechanism+ Here the secondary struc-
ture of the P4–P6 domain is largely formed, but the rest
of the intron structure is not stable+ CYT-18 binds to the
P4–P6 region, stabilizing the correct triple helical ge-
ometry at the junction of the P4 and P6 helices+ This
RNA/protein complex is thought to provide a scaffold
for assembly of the P3–P9 domain that contains addi-
tional protein contact sites (Saldanha et al+, 1995, 1996;
Caprara et al+, 1996a, 1996b, 2001)+A key biochemical
signature in this mechanism is stable protein binding to
a single, folded intron domain that exists as an inter-
mediate in the RNA/protein assembly process+

Compared to the CBP2 and CYT-18 examples,
much less is known about the mechanism of maturase-
assisted splicing+ All identified maturases belong to a
single family and promote splicing of the intron encod-
ing them and, in one case, a very close relative (Lam-
bowitz et al+, 1999)+ For example, in the yeast mt cob
gene, three group I introns encode maturases that are
required for their own splicing (Lambowitz & Perlman,
1990)+ Introns that require maturases do not share ob-
vious sequence or predicted structural similarities, sug-
gesting that maturases recognize idiosyncratic features
of their own unspliced RNAs+

All group I intron maturases known to date contain
two copies of the amino acid motif LAGLIDADG+ Other
proteins that contain this motif are site-specific DNA
endonucleases (Belfort & Roberts, 1997)+ The DNA
endonucleases are located in group I and archeal in-
trons, self-splicing protein introns (“inteins”) and exist
as freestanding nuclear encoded proteins (Dalgaard
et al+, 1997)+ Proteins in this class cleave long DNA
target sites in a homologous allele that lacks the intron
or intein and promote lateral transfer of their encoding
intron or intein to these sites by a process called “hom-
ing” (Jurica & Stoddard, 1999; Chevalier & Stoddard,
2001)+ Some proteins possess maturase and DNA en-
donuclease activity, suggesting that the two activities
are very closely associated and, furthermore, that ma-

FIGURE 1. Schematic of I-Ani I and the secondary structure of A.n+
COB pre-RNA+ A: I-Ani I+ The black boxes denote the conserved
LAGLIDADG motifs+ A vector tag of six histidines (His6) at the
N-terminus is used for purification+ The protein schematic is drawn to
scale; a marker with a length of 50 amino acids is shown+ B: A.n.
COB pre-RNA+ Upper and lower case letters indicate intron and exon
sequences, respectively+ Arrows point to the splice sites+ Predicted
loop to helix tertiary interactions are shown by boxes connected by
dashed lines (Michel & Westhof, 1990; Cate et al+, 1996; Lehnert
et al+, 1996)+
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turase function may be a secondary adaptation of these
DNA endonucleases (see Lambowitz, 1989)+

The first in vitro maturase system was developed
only recently+ Purified recombinant maturase protein
encoded by the Aspergillus nidulans (A.n+) mt COB
group I intron (I-Ani I) promoted splicing of the A.n+COB
intron as well as exhibited site-specific DNA endonu-
clease activity (Ho et al+, 1997)+ Kinetic measurements
of splicing suggested that I-Ani I binds the COB intron
tightly with an equilibrium constant (Kd) in the picomo-
lar range (Ho et al+, 1997; Ho & Waring, 1999)+ RNase
T1 footprinting experiments provided evidence that I-Ani I
facilitates folding of the A.n. COB intron, which has
limited, if any, tertiary structure in the absence of pro-
tein (Ho & Waring, 1999)+ Intriguingly, A.n+ COB periph-
eral domains that function to stabilize intron tertiary
structure could not be deleted or truncated without sig-
nificant decreases in protein-assisted splicing activity,
suggesting that extensive RNA folding is required for
protein recognition (Geese & Waring, 2001)+

These observations raise the question of how I-Ani I
recognizes the “unfolded” or “misfolded” COB intron
and how binding is translated into conformational re-
arrangements that lead to a final native RNA structure+
In this study, we apply kinetic analysis of binding and
splicing along with RNA deletion analysis to gain in-
sight into the mechanism of I-Ani I-facilitated splicing+
Our results are consistent with I-Ani I and A.n+ COB
pre-RNA forming an initial, specific but labile encounter
complex that is resolved into the native, splicing-
competent complex+ Kinetic analysis of splicing shows
that the resolution step is rate limiting for splicing at
neutral pH+ RNA deletion studies show that I-Ani I bind-
ing requires most of the A.n. COB pre-RNA, suggest-
ing that integrity of the I-Ani I binding site depends on
the overall RNA tertiary structure+ These results, taken
together with the observation that the tertiary structure
of A.n. COB intron is incomplete in the absence of
protein, are incorporated in a model for I-Ani I function+
First, I-Ani I preassociates with an unfolded COB intron
producing a “labile” interaction that likely facilitates cor-
rect folding of the intron catalytic core, perhaps by re-
solving misfolded intermediates or narrowing the number
of conformations sampled in the search for native RNA
structure+ The active intron conformation is then “locked
in” by specific interaction of I-Ani I to its intron binding
site+

RESULTS

Improved method for expression and
purification of I-Ani I and construction of a
suitable pre-RNA for structural analysis

Methods originally described for expression and puri-
fication of the recombinant N-terminal His-tagged I-Ani I
from Escherichia coli yields a modest ;1 mg/L culture

resulting in very dilute and unstable protein prepara-
tions (Ho et al+, 1997 and M+G+ Caprara, unpubl+ ob-
servations)+ Because larger amounts of protein would
expand the range of approaches that could be used to
address fundamental questions in this system, we op-
timized the production of I-Ani I resulting in a final yield
of ;10 mg protein/L culture (see Materials and Meth-
ods)+ The purified protein is active in A.n+ COB pre-
RNAsplicing (see below) and site-specific DNAcleavage
(P+ Chatterjee, A+ Solem, & M+G+ Caprara, in prep+)+

The original A.n. COB precursor RNA contains 112 nt
of 59 exon, 311 nt of intron, and 209 nt of 39 exon+ The
large exon sizes create a cumbersome substrate for
insightful in vitro structural analysis such as chemical
structure and interference mapping+ With this in mind,
we constructed and characterized a pre-RNA with 59
and 39 exon sequences shortened to 22 and 19 nt,
respectively+As shown below, the splicing properties of
the mini-exon derivative (denoted A.n+ COBme pre-
RNA) are similar to those of the original construct (A.n.
COB RNA;Ho & Waring, 1999;Geese & Waring, 2001)+

I-Ani I-mediated group I intron splicing

All group I introns require divalent metal ions and a
guanosine cofactor for splicing+ The A.n. COB intron is
able to self-splice providing that the Mg2� concentra-
tion is at least 15 mM Mg2� whereas the protein stim-
ulates splicing at Mg2� concentrations as low as 2 mM
(Hur et al+, 1997; Ho & Waring, 1999)+ We have found
that 150 mM Mg2� is optimal for self-splicing of A.n.
COBme pre-RNA whereas protein-dependent splicing
is relatively insensitive to Mg2� between 5 and 25 mM
Mg2� (less than a twofold difference; data not shown)+
The self-splicing reaction at 150 mM Mg2� for A.n+
COBme pre-RNA shows that ;75% of the RNA under-
goes the first step in splicing at a rate of 0+07 (60+01)
min�1 whereas the remainder is inactive (Fig+ 2)+ In the
presence of saturating concentrations of I-Ani I, at 5 mM
Mg2�, ;90% of the A.n+ COBme pre-RNA splices at a
rate of 2+1 (60+48) min�1 and ;5% splices at ;0+003
min�1 (Fig+ 2)+ The slow reacting species may repre-
sent a population of RNA that undergoes a slow folding
step required for protein binding or RNA catalysis+These
data show that I-Ani I binding causes a 30-fold rate
enhancement of splicing relative to optimal self-splicing
conditions+

The nature of the rate-limiting step for A.n+ COBme
pre-RNA splicing was investigated by pH titration ex-
periments+ As shown for a number of group I introns,
pH dependence of the splicing reaction has revealed
apparent pKas close to neutrality (e+g+Herschlag & Kho-
sla, 1994; Weeks & Cech, 1995a)+ Above pH 7–8, the
reactions become independent of pH, consistent with
the proposal that RNA conformational changes rather
than the chemical steps of phosphodiester bond cleav-
age are rate limiting for splicing+ To determine the pH
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dependence for A.n. COBme pre-RNA, splicing rates
were measured under both protein-assisted and self-
splicing conditions (Fig+ 2D)+ Under both conditions,
the apparent pKa of the reaction is ;6+5+ Importantly,

both protein-assisted and self-splicing reactions are pH
independent above pH 6+8, as was found for the orig-
inal A.n. COB construct at 25 mM Mg2� and under
protein-assisted conditions (Ho & Waring, 1999)+ These

FIGURE 2. Protein-dependent and self-splicing of A.n+ COBme pre-RNA+ A: Time course of protein-assisted splicing+
Internally 32P-labeled A.n+ COBme pre-RNA (7 nM) was preincubated in splicing buffer (50 mM Tris-HCl, pH 7+5, 100 mM
NaCl; TN) supplemented with 5 mM MgCl2 and 1 mM guanosine at 37 8C for 20 min and the reaction initiated by the addition
of I-Ani I (14 nM final concentration)+ Aliquots were withdrawn at the indicated times and the products separated by
denaturing gel electrophoresis+ Control experiments showed that increasing I-Ani I concentration by twofold did not result in
a rate increase, confirming that the protein is saturating under these conditions+ Cir: circular form of the excised intron
produced by attack of the intron’s terminal guanosine to an intron residue near the 59 end (the identity of this nucleotide has
not yet been determined); Pre: precursor; I3E: splicing intermediate after 59 SS cleavage with the 39 exon still linked to the
intron; I: free intron; LE: ligated exon+ Note that the ligated exons appear as multiple bands due to 39 end heterogeneity
caused by in vitro transcription+ B: Time course of A.n+ COBme pre-RNA self-splicing+ A.n+ COBme pre-RNA (7 nM) was
preincubated in 2� TN buffer supplemented with 300 mM MgCl2 and at 37 8C for 20 min and the reaction initiated by the
addition of an equal volume of guanosine (1 mM final concentration) yielding a final reaction mix of 1� TN buffer and
150 mM MgCl2+ C: Plot of the fraction of A.n+ COBme pre-RNA spliced versus time+ The data from A and B were quantified
with a phosphorimager+ The data for the protein-dependent reaction were fit to a double exponential with the fast phase
describing 90% of the reactive RNA+ The self-splicing reactions were fit to a single exponential+ The average splicing rates
for at least four independent determinations are 2+1 (60+48) and 0+07 (60+01) min�1 for I-Ani I-dependent and self-splicing,
respectively+ D: pH dependence of protein-facilitated and self-splicing reactions+ Splicing reactions were carried out as for
A and B and quantified as in C+ The rate of self-splicing at pH 8+8 could not be determined due to extensive RNA hydrolysis
at 150 mM Mg2�+ The data represent averages of at least two independent determinations+ The error was less than 20%
in all but one case (protein-dependent, pH 6+1, error was 30%)+ The data were fit to the equation, kobs � kmax/1 � 10(pKa�pH)

(Campbell et al+, 2002)+
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data suggest that both protein-assisted and self-splicing
of the A.n. COBme pre-RNA at neutral pH are limited
by changes in RNA conformation and thus the different
splicing rates between the two conditions report vari-
ations in RNA folding+

Stoichiometry and stability of the
I-Ani I/A.n. COBme pre-RNA complex

The mechanism of I-Ani I-facilitated A.n. COBme pre-
RNA splicing is directly related to how the protein and
RNA assemble into an active ribonucleoprotein (RNP)
complex+ As a first step to understand the assembly
process, the stoichiometry of the complex as well as
the kinetic constants for dissociation (koff) and asso-
ciation (kon) were determined by nitrocellulose filter
binding assays+To determine binding stoichiometry, 32P-
labeled A.n. COBme pre-RNA (30 nM) was incubated
with increasing concentrations of I-Ani I (2+5–75 nM)
and filtered+ A plot of the complex formed versus pro-
tein concentration was linear between 2+5 and 30 nM
protein, yielding a slope of ;1, consistent with I-Ani I
binding as a monomer in a 1:1 stoichiometry with the
A.n+ COBme pre-RNA (Fig+ 3A)+

To measure koff, I-Ani I/A.n. COBme pre-RNA com-
plexes were diluted in buffer containing an 800-fold
excess of unlabeled (relative to labeled) A.n+ COBme
pre-RNA that functioned to bind unassociated protein+
Control experiments showed that dilution and addition
of unlabeled RNA simultaneously with protein was suf-

ficient to reduce binding to undetectable levels through-
out the experiment+ The rate of dissociation best fit a
double exponential with ;20% of the complexes dis-
sociating quickly (;0+4 min�1) whereas the vast ma-
jority dissociated with a slow rate of 0+012 (60+003)
min�1 (Table 1; Fig+ 3B)+ The slow rate is within twofold
of the I-Ani I turnover rate (;0+02 min�1) measured in
multiple turnover splicing reactions consistent with dis-
sociation being quite slow (data not shown; see also
Ho et al+, 1997)+ The RNA species in the initial fast rate
presumably represents a fraction of misfolded RNA that
does not strongly associate with I-Ani I+

Evidence for a multistep mechanism
for I-Ani I/A.n. COBme pre-RNA
complex formation

To measure the association rate, trace amounts of 32P-
labeled RNA (50 pM) were mixed with several different
concentrations of I-Ani I (2–32 nM) and complex for-
mation was quenched at different times by addition of
a 1,000-fold excess of unlabeled (relative to labeled)
A.n+COBme pre-RNA followed by filtration (Riggs et al+,
1970)+ At all protein concentrations, the data best fit a
single exponential, demonstrating that binding showed
good pseudo-first-order behavior (Fig+ 4A)+ For a sim-
ple bimolecular association, a plot of the measured
association rate versus I-Ani I concentration is expected
to be linear with the slope related to kon+ However, the
data clearly show a hyperbolic relationship (Fig+ 4B)+

FIGURE 3. I-Ani I binding to A.n+ COBme pre-RNA+ A: Binding stoichiometry+ Stoichiometry of the complex was determined
by incubating increasing concentrations of I-Ani I (2+5–75 nM) with 32 nM 32P-labeled A.n+ COBme pre-RNA for 5 min prior
to filtration+ The data were corrected for the efficiency of nitrocellulose detection (30%, see Materials and Methods and Yarus
& Berg, 1970)+ The slope of the solid line is 0+8+ The average slope in three independent experiments is 0+9 (60+1) indicating
that I-Ani I binds A.n+ COBme pre-RNA in a 1:1 stoichiometry+ B: koff determination+ Dissociation of the A.n. COBme
pre-RNA/I-Ani I complex was initiated by dilution in RNA-binding buffer containing an 800-fold molar excess of unlabeled to
labeled A.n. COBme pre-RNAs followed by filtration at the times indicated+ The data were fit to a double exponential with
20% of the complexes dissociating quickly and the remainder much more slowly+ The fast rate presumably represents an
RNA population that does not bind I-Ani I tightly (see text for details)+ The koff, determined from the slow phase of four
independent experiments, is 0+012 (60+003) min�1+
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The behavior of the association kinetics is consistent
with binding occurring in at least two steps+ In one
model, I-Ani I, free RNA, and an initial (“encounter”)
complex come to a rapid equilibrium that is followed by
a relatively slow conformational change:

I-Ani I � tRNA
K1

b I-Ani I/RNA
k2

u I-Ani I/RNA*+

In this model, the second (or native) complex, I-Ani I/
RNA*, represents the species detected by nitrocellu-
lose filter binding+ The “encounter” complex, I-Ani I/
RNA, is a labile complex that is either retained at a low
efficiency on the filter or is not detected by filter binding
due to its rapid dissociation and binding of free protein
by the unlabeled RNA in the reaction+ The concentra-
tion dependence of the reaction to form the second
complex reflects saturation of the initial complex; at the
upper limit the rate approaches an isomerization con-
stant k2 (Johnson, 1992; Fierke & Hammes, 1995;
Sullivan et al+, 1997)+ The data were an excellent fit
(R value 0+99) to the equation that describes this model:
kobs � K1k2[I-Ani I]/(K1[I-Ani I] � 1), where K1 equals
7+7 � 107 M�1, k2 is equal to 2+7 min�1, and kon, which
equals K1k2, is 2+2 � 108 M�1 min�1+ In contrast, the
data were a relatively poor fit (R value 0+89) to an
equation that describes an alternative model in which a
conformational change in the RNA is required prior to
protein binding (data not shown; Fersht & Requena,
1971)+ The Kd for the native complex determined by
dividing koff/kon is ;50 pM+

The rate of conversion from intermediate to stable
complex, k2, is equal to ;3 min�1, which is very near
the rate measured for the protein-assisted splicing re-
actions under saturating protein concentrations (2+1
min�1 (60+48); see above)+ Because the pH profile of
the protein-assisted splicing reactions suggested that
the observed splicing rate represents a conformational
change rather than a chemical step in splicing, we in-
vestigated whether these two measured values repre-
sent the same step in RNA/protein assembly (i+e+, does
k2 � ksplice?)+ If splicing reports the same step, then a

plot of reaction rate as a function of I-Ani I concentra-
tion should be similar to the plot of association rates+
Again, using trace amounts of 32P-labeled RNA (50 pM),
splicing reactions were initiated by addition of I-Ani I at
the same concentrations used in the binding experi-
ments (2–32 nM; Fig+ 4C,D)+ As for the association
kinetics, under these conditions the splicing rate showed
good pseudo-first-order behavior with respect to I-Ani I
concentration+ As expected from our earlier analysis,
the data from individual reactions fit a double exponen-
tial with ;90% of the active RNA reacting in a fast
phase+ A plot of these data versus I-Ani I concentration
again showed a clear hyperbolic relationship+ The splic-
ing data were also an excellent fit to the equation kobs �
K1k2[I-Ani I]/(K1[I-Ani I] � 1) and revealed a K1 of 6+0
(61+1) � 107 M�1, a k2 of 2+4 (60+14) min�1 and kon of
1+4 (60+16) � 108 M�1 min�1, the same values, within
error, for those determined for binding (see Table 2
for comparison)+1 Taken together, the kinetic data sug-
gest that the splicing reaction reports the rate of con-
version for the I-Ani I/A.n+COBme pre-RNA encounter
complex to a native, splicing-competent complex, I-Ani I/
A.n+COBme pre-RNA*+

The existence of an intermediate ribonucleoprotein
in the assembly of I-Ani I and A.n+COBme pre-RNA
raises the question of whether this complex consists
entirely of nonspecific interactions+ The Kd of the en-
counter complex is quite low (Kd � 1/K1 � 13 nM)
relative to I-Ani I’s nonspecific RNA affinity as mea-
sured for other non-self-splicing group I introns and an
RNA hairpin (Kds in the micromolar range; data not
shown)+ The more tightly bound RNA in the encounter
complex may be the result of I-Ani I making a subset of
specific interactions with A.n+ COBme pre-RNA that
are present in the native complex+

I-Ani I recognition requires the catalytic core
and peripheral structures for binding
A.n. COBme pre-RNA

The specificity and mechanism with which I-Ani I binds
A.n+ COBme pre-RNA suggests that I-Ani I may recog-
nize idiosyncratic features of the A.n+ COBme pre-
RNA+ To determine the RNA requirements for binding,
a series of 59 and 39 truncations of the A.n. COBme
pre-RNA were constructed and binding affinities mea-
sured kinetically+ The location of each truncation is
shown schematically in Figure 5A+ The effect on bind-
ing for each construct is discussed first in terms of their

1Earlier estimates of kon using splicing as an assay were ;20-fold
faster and the hyperbolic nature of the curve was not considered in
the analysis (Ho & Waring, 1999; R+B+ Waring, pers+ comm+)+ The
faster kon estimate relative to the one reported here is most likely
due, in part, to the imprecision in measuring fast reactions rates, the
analysis of a small range of protein concentrations that excluded the
hyperbolic nature of the splicing behavior, and the possibility that,
under the previous conditions used, the isomerization step may be
;10-fold faster (R+B+ Waring, pers+ comm+)+

TABLE 1+ Dissociation kinetics of A.n+ COBme and mutant pre-
RNAs

RNA Fraction Rate (min�1)

A.n+ COBme 0+8 (60+1) 0+012 (60+003)
�5E 0+8 (60+3) 0+023 (60+016)
� P1 0+3 (60+2) 0+090 (60+012)
� P2 0+5 (60+3) 0+23 (60+15)
� 3E 0+8 (60+1) 0+040 (60+028)

Dissociation of the protein/RNA complexes in all cases showed
two phases+ The fraction in the slow (specific) phase and the corre-
sponding dissociation rates (koff) are shown+ The values represent
averages from at least three independent experiments and the stan-
dard deviations are shown in parentheses+
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dissociation rates and the fraction of specifically bound
RNA (Table 1; Fig+ 5B)+ Starting from the 59 end, dele-
tion of the 59 exon (�5E) increased koff by 2-fold,
whereas removal of the remainder of the P1 helix (�P1)
decreased the fraction of specifically bound RNA to
30% and increased koff by ;8-fold+ A further truncation
that deleted the adjacent P2 helix (�P1/P2) also de-
creased the fraction of RNA that was specifically bound
and dramatically increased koff by ;20-fold+ Further
deletion of the 59 strand of P3 (�P1–P3) eliminated

detectable binding+ From the 39 end, deleting the 39
exon (�3E) increased koff by ;3-fold, whereas elimi-
nation of the 39 strand of the peripheral P9+1 helix abol-
ished binding+ Taken together, these data suggest that
I-Ani I requires the entire catalytic core (i+e+, P3–P9)
and some peripheral structures for specific intron
binding+

The effect on kon for each mutant is shown in Fig-
ure 5C with values reported in Table 2+ No complex
formation for mutant �P1/P2 was detected under these

FIGURE 4. Monitoring the assembly of I-Ani I with A.n. COBme pre-RNA by association and splicing kinetics+ A: Association
kinetics+ Trace amounts of 32P-labeled RNA (50 pM) were incubated with a range of I-Ani I concentrations and, at the times
indicated, the reactions were stopped by the addition of a ;1000-fold excess of unlabeled to labeled A.n. COBme pre-RNA
and immediately filtered+ The data were fit to a single exponential to obtain the pseudo-first-order rate constant, kobs+ B: Plot
of the observed association rates as a function of I-Ani I concentration+ The data are averages from three independent
experiments and the error bars represent the standard deviation from the mean+ The data are consistent with a model in
which binding occurs in two steps: first an equilibrium (K1) between the free RNA, protein, and an “encounter complex” is
rapidly established followed by a slower unimolecular isomerization (k2) of the complex to the native complex+ The data were
fit to the following equation that describes this model: kobs � K1k2[I-Ani I]/(K1[I-Ani I] � 1) where K1 equals 7+7 (62+6) � 107

M�1, k2 is equal to 2+7 (60+23) min�1 and kon, which equals K1k2, is 2+2 (60+62) � 108 M�1 min�1+ C: A.n. COBme pre-RNA
splicing kinetics at various I-Ani I concentrations+ Trace amounts of 32P-labeled pre-RNA (50 pM) were incubated with 1 mM
guanosine cofactor and splicing initiated by addition of I-Ani I (concentrations ranged from 2–32 nM)+ D: Plot of A.n+ COBme
pre-RNA splicing rate as a function of I-Ani I concentration+ The data are averages from three independent experiments and
the error bars represent the standard deviation from the mean+ The curve is essentially the same as that observed in the
binding experiments in B and the data were fit to the same equation+ For the splicing experiments, K1 equals 6+0 (6 1+1) �
107 M�1, k 92 is equal to 2+4 min�1 (6 0+12), kon, which equals K1k2, is 1+4 (6 0+17) � 108 M�1 min�1+ For B and D, errors
for the constants are based on variations of fits to the data excluding any single point (see McConnell & Cech, 1995)+
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conditions except at the highest protein concentration
and after long incubation times consistent with the
results of koff experiments that showed I-Ani I does
not bind this RNA tightly+ The remaining mutants
showed the same hyperbolic concentration depen-
dence for binding as the wild-type A.n+ COBme pre-
RNA (Fig+ 5C)+ The values for K1 and k 92 and kon are
shown in Table 2 and are essentially the same, within
error, as the wild-type+

DISCUSSION

The goal of the current work was to develop a versatile
experimental model system to study how group I intron-
encoded maturases recognize their cognate intron and
facilitate splicing+ Our work began with the in vitro sys-
tem first developed by Waring and colleagues who
showed that the Aspergillus mt COB intron encodes an
RNA maturase (I-Ani I) that is required for its splicing at
physiological concentrations of Mg2�+We have adapted
the in vitro system to be more accessible to structural
studies that will be implemented in the future+ In work
presented here, we have shown that the protein binds
to the COB pre-RNA in a 1:1 stoichiometry, that the
complex is extremely stable, and that the protein readily
discriminates against noncognate RNAs+ Association
kinetics of protein/RNA complex formation and splic-
ing revealed that I-Ani I binding is a multistep process
that includes an intermediate “encounter” complex that
is relatively slowly resolved into a native, splicing-
competent complex+ Deletion analysis shows that pro-
tein does not bind to an independently folded domain(s)
of the A.n+ COB intron but instead requires most of the
A.n+ COB catalytic core and peripheral domains for
binding+

I-Ani I maturase activity

We have optimized the overexpression and purification
of recombinant I-Ani I to facilitate in vitro structural stud-

ies+ In particular, the yield of pure protein is now suffi-
cient for such widely used and informative spectral
approaches such as CD and fluorescence spectros-
copy as well as structural approaches such as X-ray
crystallography+ We have also generated a shortened
form of the COB pre-RNA that should facilitate these
studies as well as the use of chemical cleavage as a
probe for RNA structure+

The splicing activity of A.n+ COBme pre-RNA resem-
bles that of the original construct+ Self-splicing is de-
tected only at Mg2� concentrations of 15 mM or greater
and the rate of splicing at 150 mM Mg2� is ;6-fold
slower than that reported for the original construct
(Ho & Waring, 1999)+ The protein-dependent splicing
rate at 5 mM Mg2� is ;10-fold slower than that esti-
mated for the original construct using 1 mM guanosine
(;20 min�1 ; Geese & Waring, 2001)+ Importantly,
pH titration experiments show that both constructs in
protein-dependent and self-splicing reactions are pH
independent above pH 7, presumably reflecting that
conformational changes, not chemistry, are rate limit-
ing for activity under these conditions+

The differences in rate between the two constructs
may be due to a stimulatory effect of longer exon se-
quences on intron splicing+ Precedent for this possibil-
ity has been found for the self-splicing Tetrahymena
LSU intron in which structures within the natural 59
exon have been found to positively influence the fold-
ing rate of the catalytic core (Pan & Woodson, 1998)+
Although this may be the case, the splicing rate of the
I-Ani I/A.n. COBme pre-RNA complex is 2- and 14-fold
faster than the CBP2 and CYT-18-assisted intron splic-
ing reactions, respectively, providing evidence that the
maturase remains a very efficient cofactor for group I
intron splicing (Saldanha et al+, 1995; Weeks & Cech,
1995a)+

Properties of the I-Ani I/A.n. COBme
pre-RNA complex

Stoichiometry binding experiments show that I-Ani I
binds in a 1:1 molar ratio with the A.n+ COBme pre-
RNA, demonstrating that the protein functions as a
monomer+ This result is consistent with active-site
titration splicing experiments that showed the same
stoichiometry (data not shown; Ho et al+, 1997)+ The
functional quaternary structure of RNA maturases is
therefore similar to that of the related LAGLIDADG hom-
ing endonucleases+ The DNA endonucleases that con-
tain two copies of the LAGLIDADG motif are monomers
whereas proteins with a single copy of the motif are
dimers (Jurica & Stoddard, 1999; Chevalier & Stod-
dard, 2001)+2 I-Ani I, which has two copies of the motif,

2One exception is I-SceII, encoded by yeast mt aI4a intron that
contains two copies of the motif but exists as a dimer+ It is not known
if the dimer cleaves one or two substrates (Wernette et al+, 1990)+

TABLE 2+ Association kinetics of A.n. COBme and mutant pre-
RNAs

RNA
K1

(� 107 M�1)
k 92

(min�1)
kon

(�108 M�1 min�1)

A.n. COBme 7+7 (62+6) 2+7 (60+23) 2+2 (60+62)
�5E 8+4 (62+3) 3+0 (60+29) 2+5 (60+89)
� P1 11 (60+70) 2+6 (60+23) 2+9 (60+23)
� P2 n+d+ n+d+ n+d+
� 3E 8+1 (63+3) 3+3 (60+20) 2+7 (60+84)

Plots of association rate versus protein concentration were fit to an
equation that describes a two-step binding process+ K1 represents a
rapid equilibrium between free protein, RNA, and the first complex+ k2
is the first-order rate constant describing the conformational change
from the first to the second complex+ The association rate, kon, is
equal to K1k2+ Errors are based on variations of the fit to the data
excluding any single point+ n+d+: not determined due to complex
instability+
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fits this trend well as it functions as a monomer when
binding to or cleaving its DNA substrate (P+ Chatterjee,
A+ Solem, & M+G+ Caprara, in prep+)+ Taken together,
the RNA and DNA substrate data provide evidence that
the functional quaternary structure of I-Ani I is not
changed when carrying out either of its unrelated
activities+

The I-Ani I/AnCOB pre-RNA complex is very stable,
characterized by a half-life of approximately 1 h+ Slow
dissociation of group I intron cofactors is a common
theme with both CBP2 and CYT-18 having half-lives of
;75 min and 100 h, respectively (Saldanha et al+, 1995;
Weeks & Cech, 1996)+ Such tight binding is apparently
required to stabilize active RNAconformations over com-
peting, presumably near isoenergetic structures (Weeks,
1997)+ Despite this similarity, CBP2, CYT-18, and, as
we show here, I-Ani I use different mechanisms to fa-
cilitate intron splicing+

Mechanism of I-Ani I association with
A.n. COBme pre-RNA

The kinetic analysis of binding shows that I-Ani I intron
recognition proceeds through a fundamentally different
mechanism than either CBP2 or CYT-18+ CYT-18 binds
strongly to the P4–P6 domain structure at a diffusion-
controlled rate (Saldanha et al+, 1995, 1996; Caprara
et al+, 2001)+ Once bound to this structure, the P3–P9
domain folds and associates with other protein and
RNA interaction sites+ On the other hand, the associa-
tion rate of CBP2 is limited by the formation of a tran-
sient bI5 intron tertiary structure that must occur prior
to protein binding (Weeks & Cech, 1996; Webb &
Weeks, 2001)+ I-Ani I, by contrast, appears to bind
through an initial, labile, encounter complex that is re-
solved into a stable “native” complex+ The finding that
the Kd for the encounter complex is much lower than

FIGURE 5. Binding of I-Ani I to 59 and 39 deletions
of A.n. COBme pre-RNA+ A: Location of the trun-
cations on a secondary structure schematic of A.n+
COBme pre-RNA+ Filled rectangles represent exon
sequences and filled arrows indicate boundaries
of 59 and 39 truncations+ B: Dissociation kinetics of
mutant constructs+ The koffs were measured as de-
scribed in Materials and Methods and Figure 3+ De-
letion of the 59 strand of P3 (�P1–P3) or the 39
strand of P9+1 (�P9+1) failed to bind I-Ani I in these
experiments and were not analyzed further (data
not shown)+ WT: wild-type A.n. COBme pre-RNA+
Inset: a close-up of the initial time points (0–50 min)+
C: Association kinetics of mutant constructs+ The
kons were measured as described in Materials and
Methods and Figure 4+ The RNA construct, �P1/P2,
did not bind at I-Ani I concentrations less than 32 nM+
At 32 nM, complex formation was detected only
after 8 min of incubation+ The mutant data are the
averages of two independent experiments and in all
cases the error was less than 40%+ The data for the
wild-type pre-RNA were taken from Figure 4+
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the Kd of I-Ani I for nonspecific RNAs suggests that this
complex may be structurally specific+A structurally spe-
cific, but unstable intermediate has also been detected
in the assembly of the human signal recognition parti-
cle by time-resolved RNA footprinting techniques (Rose
& Weeks, 2001)+ The finding that protein-dependent
splicing of A.n. COBme pre-RNA is limited by the rate
of transition from the encounter to native complex shows
that this process is a key step in the protein activation
of splicing+

The mechanism of I-Ani I binding raises a question
about the nature of the conformational changes that
occur in the RNP+ In principle, these could reflect
changes in the protein, RNA, or both+ RNA-structure-
mapping experiments with RNase T1 showed that sec-
ondary structure in the substrate P1 helix, the core
elements P3, P7, P9, and peripheral helices P5a and
P9+1 are not stable in 5 mM Mg2�, but become pro-
tected in the presence of 25 mM Mg2� or by binding of
I-Ani I (Ho & Waring, 1999)+ Structural instability of these
critical folding elements at 5 mM Mg2� may indicate
that little tertiary structure exists in the COB pre-RNA in
the absence of protein+ Consistent with this possibility,
the use of hydroxyl radical cleavage as a probe for
RNA tertiary structure has failed to reveal higher order
folding of A.n+ COBme pre-RNA at 5 mM Mg2� (A+
Solem & M+G+ Caprara, in prep+)+ The finding that bind-
ing of I-Ani I induces structural rearrangements in COB
pre-RNA suggests that RNA folding is an integral com-
ponent of the conformational changes detected in the
binding experiments+

The truncation experiments indicate that I-Ani I re-
quires most of the intact COB intron for binding+ Trun-
cation of the intron that deletes the 59 strand of P3
(�P1-P3) or within the P9+1 (�P9+1) peripheral helix
abolished detectable binding+ In contrast, deletion of all
P1 or the 39 exon resulted in a slightly higher rate of
dissociation relative to the wild type but had no effect
on RNA/protein assembly+ These data suggest that
these elements make only a modest contribution to
binding affinity+ A further truncation of sequence that
deleted the P2 helix (�P1/P2) reduced kon and koff con-
siderably, which may indicate that P2 forms part of the
I-Ani I binding site+ However, the presence of P2 does
not ensure binding as the �P9+1 mutation, which con-
tains P2, failed to bind I-Ani I+ Previous analysis of the
effect of internal deletions on protein-dependent splic-
ing also showed that the RNA was extremely sensitive
to mutation, leading to the suggestion that the protein
requires an intact intron for recognition (Geese & War-
ing, 2001)+ Taken together, these observations suggest
that I-Ani I binds to regions of the COB pre-RNA that
are far apart in primary sequence but brought together
in close proximity in the folded core+Thus, unlike CYT-18
that binds specifically to the intron’s P4–P6 domain,
I-Ani I does not bind to an independently folded domain
in the catalytic core+ Additionally, the finding that dele-

tion of Pl either alone or in combination with P2 de-
creases the fraction of RNAthat can bind protein suggest
that these elements may play a key role in intron fold-
ing events required for I-Ani I recognition+ Both P1 and
P2 are expected to associate with the intron core dur-
ing 59SS docking (Costa & Michel, 1995), and it is tempt-
ing to speculate that this step facilitates RNA folding
events required for I-Ani I binding+

A “preassociation” model
for I-Ani I facilitation

The current observations can be integrated in a model
for I-Ani I function+ The RNA deletion analysis shows
that protein binding is extremely sensitive to RNA al-
terations, suggesting that the integrity of the I-Ani I-
binding site depends on overall intron tertiary structure+
Because structure-mapping experiments have shown
that the core is not completely folded in the absence of
protein, an important question is raised: how is the
I-Ani I complex binding site formed? Association and
splicing kinetics were inconsistent with a unimolecular
conformational change occurring in the RNA prior to
binding, as is the case for CBP2+ One hypothesis for
RNA folding takes into account the encounter complex
that is in rapid equilibrium between the free protein and
RNA prior to consolidation to the native complex (see
Fig+ 6)+ In this view, I-Ani I may initially bind the RNA via
nonspecific or a subset of specific interactions to form
this labile collision complex+A consequence of this inter-
action may be to facilitate correct folding of COB pre-
RNA, perhaps by destabilizing misfolded conformations
of the RNA or by restricting the number of conforma-
tions sampled by the intron during folding+ Thus, the
RNA in the complex undergoes conformational re-
arrangements that lead to its native structure (and for-
mation of the I-Ani I binding site) that is then “locked in”
by specific interactions with the protein+ This “preasso-
ciation” binding mechanism was originally proposed by
Herschlag (1995) as a mechanism by which specific
RNA-binding proteins could stabilize RNA folding by
both facilitating correct folding and stabilizing tertiary
structure+ Future work will be focused on establishing
the RNA structure in both the encounter and native
complexes+

MATERIALS and METHODS

Plasmids and oligonucleotides

The plasmid pEC was used to express the I-Ani I protein and
contains the 880-nt open reading frame cloned into the BamHI/
HindIII sites of the expression vector pET28b (Novagen,Mad-
ison, Wisconsin) under the control of a T7 RNA polymerase
promoter (Ho et al+, 1997)+ This construct produces a protein
with a 6� histidine tag at the N-terminus that is used for
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affinity chromatography+ Plasmid pT7AnCOBme was used to
generate A.n. mt �ORF COBme intron-containing precursor
RNA+ This construct contains a T7 RNA polymerase pro-
moter, 22 nt of 59 exon, 311 nt of intron, and 15 nt of 39 exon
cloned into the EcoRI and BamHI sites of pUC19 (New
England Biolabs, Beverly,Massachusetts)+ This construct was
made by amplification of the plasmid pCOBMEsal (Hur et al+,
1997), which contains the �ORF COB intron and flanking
exon using the polymerase chain reactions (PCR) and oligo-
nucleotides COB5E and COB3E (see below)+ The final clone
was sequenced completely+

Oligonucleotides used to generate the A.n+ COBme pre-
RNA clone (pT7AnCOBme) and deletion mutants from
this plasmid were as follows+ In all cases, a copy of the
bacteriophage T7 RNA polymerase promoter was included in
the design of the 59-oligonucleotides and an extra two gua-
nosines were added to the 59 end of the RNA to facilitate
transcription+ In addition, the 39-oligonucleotides were de-
signed to contain a BamHI restriction enzyme site that, upon
digestion and RNA transcription, added four non-A.n+COBme
sequences to the 39 end of each construct+ The wild-type
substrate was generated with COB5E (59-GCGGAATTCG
CTGCAGTAATACGACTCACTATAGGGAGTTTATTTGAGG
AG) and COB3E (59-GCGTAAGGATTCGCATTATTTACAG
AGCATTTATG) that creates a full-length �ORF A.n+ COBme
intron+ For truncations in the 59 end of the precursor, COB�5E
(59-GCGGAATTCGCTGCAGTAATACGACTCACTATAGGGC
ACAGATGAACCACA) combined with COB3E generates a
product that deletes the 59 exon+ COB�P1 (59-GCGGAATT
CGCTGCAGTAATACGACTCACTATAGGGACAATGCGGTG
ACGT) combined with COB3E generates a product that
deletes all of the P1 helix+ COB�P2 (59-GCGGAATTCGCT
GCAGTAATACGACTCACTATAGGGTAAAAATCCTGCTTA)
combined with COB3E generates a product that deletes
through the P2 helix+ COB�P3 (59-GCGGAATTCGCTGCAG
TAATACGACTCACTATAGGGTTAATGCTGGAAAAT) com-

bined with COB3E generates a product that deletes the 59
strand of P3+

The first truncation in the 39 end of the precursor used
primer COB�3E (59-GCGTAAGGATCCCATTTTATGTTGAT
AGTTACAGA) combined with COB5E to generate a product
that deletes the 39 exon+ To delete the 39 strand of P9+1, this
product was digested with SspI, which truncates at position
280 within the P9+1 loop (see Fig+ 1)+

Expression and purification of I-Ani I

The I-Ani I protein was expressed from the plasmid pEC that
was grown in either BL21(DE3) or HMS174(DE3) cells (Nova-
gen Inc+, Madison, Wisconsin) in 4 mL of SOB media (Sam-
brook et al+, 1989) containing 40 mg/mL kanamycin overnight
at 37 8C+One milliliter of this culture was added to into 500 mL
SOB media supplemented with 40 mg/mL kanamycin and
grown at 37 8C until an O+D+600 of ;0+7–0+9, at which point
5 mL of 100 mM IPTG was added to induce expression and
the culture was grown at 30 8C for 18–20 h+

The cells were harvested at 4 8C and resuspended in 10 mL
of 20 mM Tris-HCl, pH 7+9, 500 mM NaCl (TN) supplemented
with 5 mM imidazole to which 10 mL of 10 mg/mL lysozyme
were added+ The cells were lysed by three freeze/thaw cy-
cles at �70 and 25 8C followed by sonication on ice three
times+ The insoluble material was removed by spinning the
lysate at 16,000 � g for 15 min at 4 8C+ The I-Ani I protein in
the cleared lysate was chelated with 2+5 mL Ni-NTA agarose
resin (Qiagen, Valencia, California) per 500 mL culture and
mixed at 4 8C for 1 h+

The mixture was loaded onto a 2 � 10 cm column and the
resin washed with 30 mL of TN buffer supplemented with
5 mM imidazole+ The column was then washed with 20 mL of
TN supplemented with 15 mM imidazole+ Finally, the protein
was eluted by three successive 3 mL washes of TN supple-
mented with 60, 100, and 1,000 mM imidazole+ Fractions

FIGURE 6. Model for I-Ani I facilitation of A.n+COBme pre-RNA splic-
ing by induction and stabilization of proper RNA folding+ Nonspecific
or a subset of specific interactions are shown by charge–charge
interactions and specific interaction is shown by shape complemen-
tarily+ The tertiary fold of A.n. COB intron recognized by I-Ani I is
represented by a loop–loop interaction between two helices+ In this
model, the protein and unfolded RNA enter an encounter complex
that may prevent misfolding of the RNA (indicated by the question
mark)+While within the encounter complex (or via partial or complete
dissociations), the RNA undergoes conformational changes (i+e+, isom-
erization) leading to a specific structure that is then bound by the
protein+
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containing the pure protein were combined and dialyzed
against 2 L of TN buffer containing 10% glycerol, for 8–10 h
at 4 8C and concentrated by a second dialysis, for 12–18 h,
against 2 L of TN buffer with 50% glycerol+ The protein was
stored at �20 8C+ Protein concentration was determined by
absorption at 279 nm in 6 M guanidine-HCL, 20 mM Na-
phosphate buffer, pH 6+5, using the calculated extinction co-
efficient of 35,530 M�1cm�1+ The amount of active protein
was measured by stoichiometric RNA splicing and DNA en-
donuclease assays+ In general, the protein preparations were
90–95% active+

Synthesis of in vitro transcripts

In vitro transcription reactions were in 50 or 100 mL of reac-
tion medium containing 2–5 mg of plasmid or PCR generated
DNA (for the mutant RNAs), 5 U/mL phage T7 RNA polymer-
ase, 25 mM NaCl, 8 mM MgCl2, 40 mM Tris-HCl, pH 8+0,
2 mM spermidine, 10 mM dithiothreitol (DTT), 0+5–1 mM NTPs,
and 1 U/mL RNasin (Promega, Madison, Wisconsin) for 60–
120 min at 37 8C+ 32P-labeled transcripts used in splicing and
binding stoichiometry measurements were synthesized by
adding 1 mCi/mL [a-32P]UTP (3,000 Ci/mmol; ICN Biomedi-
cals, Irvine,California) to a transcription mix containing 0+5 mM
UTP and 1 mM of each remaining NTP+ For higher specific
activity transcripts used in koff, kon, and Kd measurements,
the 25- or 50-mL transcription mix contained 3 mCi/mL
[a-32P]UTP with 0+5 mM ATP, CTP, and GTP, and 10 mM UTP+
After transcription, the DNA template was digested with
DNase I (0+5 U/mL; FPLC-purified; Pharmacia Biotech Inc,
Piscataway, New Jersey) for 20 min at 37 8C+ Transcripts
were extracted with phenol-chloroform-isoamyl alcohol
(phenol-CIA; 25:24:1 v/v/v), centrifuged through a Sephadex
G-50 (Sigma Chemical Co+, St+ Louis, Missouri) spun column
and purified by denaturing gel electrophoresis+ Prior to use,
precursor RNA was heated to 90 8C in H2O for 20 s and
placed on ice+ This was found to be important for consistent
behavior between different RNA preparations+

RNA splicing reactions

For protein-facilitated splicing reactions, precursor RNA was
preincubated at 37 8C in 50 mM Tris-HCl, pH 7+5, and 100 mM
NaCl (TN) supplemented with 5 mM MgCl2 in the presence of
1 mM guanosine for 20 min, after which I-Ani I was added to
initiate splicing+ Self-splicing reactions were preincubated in
2� TN and 300 mM MgCl2, at 37 8C for 20 min in the absence
of guanosine+ The splicing reaction was initiated by the ad-
dition of an equal volume of guanosine (1 mM, final concen-
tration) to make a final reaction mixture of 1� TN and 150 mM
MgCl2+ The final concentrations of RNA and protein are indi-
cated in each experiment shown (see legends for Figs+ 2
and 4)+ The following buffers, at a concentration of 50 mM,
were used in the pH titration experiments:MES, pH 5+7,PIPES,
pH 6+18, Tris-HCl for pH 6+8, 7+5, 8+0, and 8+8+ All splicing
reactions were stopped by the addition of EDTA to a final
concentration of 100 mM and extraction with phenol-CIA+ The
reaction products were separated on a denaturing 6% poly-
acrylamide/7 M urea gel and the dried gels were quantified
with a phosphorimager (Molecular Dynamics, Sunnyvale,Cal-
ifornia)+ The self-splicing data were fit to a first-order equation

with a single exponential: Fraction pre-RNA spliced � A(e�kt)
where A is the amplitude of RNA and k represents the first-
order rate constant+ The protein-dependent data were fit to a
first-order equation with a double exponential: Fraction RNA
spliced � A(e�kt) � B(e�kt) where A and B are the amplitude
of RNA in each phase and k represents the first order rate
constants for each phase+ The pH dependence of the splicing
reactions were fit to the equation: kobs � kmax/1 � 10(pKa�pH)

where kobs is the observed rate constant at a particular pH,
kmax is the activity of the deprotonated species and it is as-
sumed that protonated species are inactive (Campbell et al+,
2002)+

RNA binding assays

For koff measurements, 1 nM 32P-labeled RNA was preincu-
bated in 50 mL of TN supplemented with 5 mM MgCl2, 10%
glycerol, 0+1 mg/mL BSA, and 10 mM DTT (TNMGBD) at
37 8C for 20 min+Complexes were formed by addition of I-Ani I
to 30 nM and further incubation for 5 min+ The reaction mix-
ture was then mixed with 1 mL of TNMGBD containing 100 nM
unlabeled A.n. COBme pre-RNA to bind unassociated I-Ani I
protein+ At different times after mixing, 90 mL were filtered
through nitrocellulose, washed with 3 mL of TN, dried, and
counted using a scintillation counter+ The data were fit to a
first-order equation with a double exponential: Fraction RNA
bound � A(e�kt) � B(e�kt) where A and B are the amplitude
of RNA in each phase and k represents the first-order rate
constants for each phase+

To measure kon, 50 pM 32P-labeled RNA was preincubated
in TNMGBD at 37 8C for 20 min+ Reactions were performed
by mixing 100 mL of the RNA mixture with 2 mL of a 50�
concentration of I-Ani I prewarmed at 37 8C+ The reaction was
incubated for 10–900 s at 37 8C+ Complex formation was
stopped by the addition of unlabeled A.n. COBme pre-RNA to
a concentration of 60 nM and subsequently filtered through
nitrocellulose and processed as above+ The data were fit to a
first-order equation: Fraction RNA bound � A(1 � e�kt) where
A is the amplitude of RNA and k represents the pseudo-first-
order rate constant, kobs+

The stoichiometry of the complex was measured by incu-
bating 32 nM 32P-RNA with different concentrations of I-Ani I
(2+5–75 nM) in 50 mL of TNMGBD at 37 8C for 5 min+ The
complexes were filtered and processed as above+ The data
were corrected for the efficiency of nitrocellulose detection by
first measuring the amount of RNA bound with a large excess
of I-Ani I and then correcting the raw data by this factor (30%
efficiency; see Yarus & Berg, 1970)+
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