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An RNA internal loop acts as a hinge to
facilitate ribozyme folding and catalysis
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ABSTRACT

RNA molecules commonly consist of helical regions separated by internal loops, and in many cases these internal
loops have been found to assume stable structures. We have examined the function and dynamics of an internal loop,
J5/5a, that joins the two halves of the P4-P6 domain of the Tetrahymena self-splicing group | intron. P4-P6 RNAs with
mutations in the J5/5a region showed nondenaturing gel electrophoretic mobilities and levels of Fe(ll)-EDTA cleavage
protection intermediate between those of wild-type RNA and a mutant incapable of folding into the native P4-P6
tertiary structure. Mutants with the least structured J5/5a loops behaved the most like wild-type P4-P6, and required
smaller amounts of Mg?* to rescue folding. The activity of reconstituted introns containing mutant P4-P6 RNAs
correlated similarly with the nature of the J5/5a mutation. Our results suggest that, in solution, the P4-P6 RNA is in
a two-state equilibrium between folded and unfolded states. We conclude that this internal loop mainly acts as a
flexible hinge, allowing the coaxially stacked helical regions on either side of it to interact via specific tertiary
contacts. To a lesser extent, the specific bases within the loop contribute to folding. Furthermore, it is crucial that the
junction remain unstructured in the unfolded state. These conclusions cannot be derived from a simple examination
of the P4-P6 crystal structure (Cate JH et al., 1996, Science 273:1678-1685), showing once again that structure
determination must be supplemented with mutational and thermodynamic analysis to provide a complete picture of
a folded macromolecule.

Keywords: hydroxyl radical footprinting; native polyacrylamide gel electrophoresis; P4-P6 domain; RNA folding;
Tetrahymena group | intron

INTRODUCTION of allowing bending or flexibility. In contrast to that
expectation, most of the RNA structures solved to date
have loop regions that are highly structured. For ex-
ample, loop E from 55 rRNA is rather structured (Wim-
berly et al., 1993). Even RNAs with multiple loop
regions, such as the sarcin loop (Szewczak et al., 1993),
tRNAs (Kim et al., 1974; Robertus et al., 1974; Woo
et al., 1980; Westhof et al., 1985; Basavappa & Sigler,
1991), and the P4-P6 domain structure (Cate et al,,
1996a) [P denotes a paired region of the group I intron,
hence P4-P6 refers to the domain that includes helices
P4, P5, P5a, P5b, P5¢c, P6, P6a, and P6b] have been
found to be highly structured. Admittedly, structured
RNAs are more amenable to X-ray crystallographic
and NMR spectroscopic analysis, and it is still diffi-
cult, if not impossible, to predict the conformations of
most loop regions in large RNAs. The question re-
mains: What are the structural and dynamic roles of
loops? Do most in fact stabilize RNA folding or do
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In addition to its role as the genetic messenger, RNA
performs a wide variety of functions in nature, many
of which depend directly upon chemical reactions that
the RNA itself catalyzes (for review, see Atkins & Geste-
land, 1993). As is the case for proteins, the biological
functions of RNAs depend very much on their mac-
romolecular structures. In almost every instance, it is
the three-dimensional conformation of an RNA, spec-
ified by its sequence, which enables it to perform a
particular biological task. Clearly, in order to fully un-
derstand RNA biochemistry, it is imperative to under-
stand RNA folding.

Natural structured RNAs consist of rather short
duplex regions (typically one half to one full turn of
a helix) separated by internal loops. In secondary
structure diagrams, these loops give the appearance
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lography (which gives a largely static picture of a
macromolecule) is sufficient for study of a dynamic
process like RNA folding (Zarrinkar & Williamson,
1994, 1996; Downs & Cech, 1996) or even, at times,
RNA catalysis itself (e.g., McKay, 1996).

To further understand the structural and dynamic
properties of RNA loop regions, the roles they play in
stabilizing the three-dimensional structures of RNAs,
and how they facilitate catalysis, we have chosen the
P4-P6 domain as a model system. The P4-P6 domain
from the Tetrahymena self-splicing group I intron is a
160-nt region that forms a tertiary structure indepen-
dent of the rest of the intron, the folding of which can
be monitored using hydroxyl radical footprinting and
native PAGE (Murphy & Cech, 1993) (see Fig. 1). The
domain stabilizes the remainder of the intron (van der
Horst et al., 1991) and contains several highly con-
served secondary structure elements and residues that
have been modeled as being close to the site of catal-
ysis (Michel & Westhof, 1990). Recently, the P4-P6 do-
main was shown to reconstitute an active group I intron
when mixed with two other portions of the molecule
(Doudna & Cech, 1995).

Biochemical experiments and X-ray crystallography
have identified two levels of organization of the ter-
tiary structure of the P4-P6 domain, both of which
depend on MgCl, for formation (Murphy & Cech, 1993,
1994; Murphy et al., 1994; Cate et al., 1996a, 1996b).
In the absence of MgCl,, only the secondary structure
of the molecule forms. At approximately 0.5 mM Mg?*,
the P5abc extension of P4-P6 folds into a subdomain
structure that protects a small set of residues from
Fe(II)-EDTA free radical cleavage (see Fig. 1A, open
triangles). In addition, at 2 mM Mg?**, P4-Pé6 further
folds into the full domain tertiary structure, a more
global fold that produces Fe(II)-EDTA protections
throughout the molecule (Fig. 1A, closed triangles). As
illustrated in Figure 1B, this global fold involves co-
axial stacking of two sets of helices that in turn pack
together, in a configuration not unlike a clothespin.
Although interactions that are sufficient to stabilize
the P5abc subdomain structure are contained com-
pletely within the P5abc extension, residues through-
out the molecule are necessary for formation of the
whole domain structure. One important domain-stabil-
izing interaction is the docking of the GAAA tetraloop
in L5 of the P5abc extension into the tetraloop receptor
located in the J6a/6b internal loop (Murphy & Cech,
1994; Costa & Michel, 1995; Cate et al., 1996a). Another
tertiary interaction is the packing of the P5abc sub-
domain structure onto helices P4 and Pé6 (Cate et al.,
1996a).

We focus here on a set of P4-P6 molecules contain-
ing mutations in the junction between P5 and P5a,
J5/5a. Biochemical and crystallographic data show that
a bend at this junction allows the two coaxially stacked
halves of the molecule to pack together (Fig. 1B) (Mur-
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phy & Cech, 1993, 1994; Murphy et al.,, 1994; Cate
et al., 1996a). We now ask if the J5/5a region actually
directs the bending of the molecule by forming a spe-
cific structure or if it instead serves passively as a flex-
ible hinge. Comparative sequence analysis gives no
clear expectation, because the 5’ strand of J5/5a has a
preferred sequence, whereas the 3’ strand is much more
variable (Murphy & Cech, 1994). Our results suggest
that the P4-P6 domain exists in an equilibrium be-
tween folded and unfolded states. Furthermore, al-
though the bend contributes somewhat to the stability
of the final folded structure, it is most crucial that the
junction remain unstructured in the unfolded state.

RESULTS

Native gel mobility of J5/5a mutants

To examine the role of the ]J5/5a region in stabilization
of the P4-P6 domain tertiary fold, we changed the
wild-type sequence to residues that are likely to be
relatively unstructured in solution (see Fig. 1C). In mu-
tant Ul, the 5’ side of the J5/5a internal loop from
residue 122 to 127 was changed from 5'-AACAGC-3'
to 5'-UUUUUU-3'. In mutant U2, the sequence from
position 195 to 199, 5'-GACAU-3', was replaced with
5'-UUUUU-3'. The double mutant U1+U2 completely
replaced the J5/5a sequences on both strands with
uracil residues. As a negative control for folding, we
included the P4-P6 mutant BP 5/5a (Murphy & Cech,
1994), in which residues 122-127 are replaced with
nucleotides with Watson-Crick complementarity to res-
idues 195-199. This mutant is incapable of forming a
normal domain tertiary structure (Murphy & Cech,
1994).

To assess the ability of this set of mutant RNAs to
fold into a stable domain tertiary structure, we first
examined their mobility on native polyacrylamide gels.
Previous work had shown that properly folded P4-P6
migrates more quickly than BP 5/5a or other folding
mutants in native gels containing 13 mM MgCl, (Mur-
phy et al., 1994), presumably because a molecule with
only secondary structure is much more extended and
therefore retarded relative to the compact P4-P6 mol-
ecule.

In the absence of MgCl,, all five of the P4-P6 RINAs
migrated at the same rate, consistent with a lack of
tertiary structure and with the fact that these RNAs
are the same length (Fig. 2A). However, in the pres-
ence of 10 mM MgCl,, their mobilities were dramati-
cally different (Fig. 2B). As expected, P4-P6 migrated
the fastest, consistent with it being fully folded at
10 mM MgCl, (Murphy & Cech, 1993), and BP 5/5a
migrated the slowest, because it cannot fold to form
the domain structure. The three U-containing mutants
moved at intermediate rates, suggesting that their com-
pactness follows the trend P4-P6 > U1+U2 > Ul >
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FIGURE 1. Secondary and tertiary structure of the P4-P6 domain.
A: Schematic diagram of the secondary structure of the P4-P6 do-
main. Paired regions are labeled P4-P6 and the wild-type ]J5/5a
internal loop sequence is indicated. Residues protected in a Mg?*-
dependent fashion in the PSabc subdomain and full domain struc-
tures of P4-P6 (Murphy & Cech, 1993) are indicated by open and
closed triangles, respectively. B: Space-filling representation of the
P4-P6 domain as determined by X-ray crystallography (Cate et al.,
1996a). Internal loop regions J4/5, J6/6a, and J6a/6b are colored
dark gray. The J5/5a internal loop, also in dark gray, is at the top of
the molecule marked with an arrow. C: Sequences of the P4-P6
J5/5a internal loop mutants studied in this work. Wild-type P4-P6
has the naturally occurring Tetrahymena sequence. Ul and U2 mu-
tants were created by replacing the sequence of one strand of the
]J5/5a junction region with uracil residues. U1+U2 has a J5/5a se-
quence created by combining the U1 and U2 mutations and BP 5/5a
has a fully base paired internal loop.
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FIGURE 2. Native polyacrylamide gel analysis of the extent of folding of the P4-P6 mutants. A: The mobilities of P4-P6
J5/5a variants are identical in the absence of MgCl,. B: Native gel mobility of P4-P6 J5/5a internal loop mutants in the
presence of 10 mM MgCl, differentiates between the various RNAs based on their relative compactness. C: Relative
mobility of P4-P6 mutants plotted as a function of Mg?* concentration. Mobilities are normalized relative to wild-type

P4-P6 as described in Materials and Methods.

U2 > BP 5/5a. Thus, these mutations affect the folding
of P4-P6 to different extents, at least as judged by the
relative electrophoretic mobility of these RNAs on na-
tive gels.

To determine if increasing concentrations of Mg?*
would help recover folding of the mutants with desta-
bilized tertiary folds, we examined their electropho-
retic mobility as a function of MgCl, concentration. As
shown in Figure 2C, increasing the concentration of
Mg?" increased the mobility of each mutant relative to
wild-type P4-P6. The exception was BP 5/5a, which
always showed the same retardation relative to P4-P6
(data not shown). At 5 mM MgCl,, where wild-type
P4-P6 is fully folded (Murphy & Cech, 1993), the rel-
ative mobilities of the mutants were very low. How-
ever, the higher the Mg?* concentration was raised,
the more closely the mobility of each mutant approx-
imated that of the wild-type molecule. At 30 mM MgCl,,
the relative mobilities of both Ul and U1+U2 ap-
proached that of P4-P6, and the relative mobility of U2
also began to increase. Poor resolution at even higher
concentrations of MgCl, prevented us from determin-
ing unequivocally that the mobility of U2 also even-
tually equals that of wild-type P4-P6.

Ferguson plots (Ferguson, 1964) confirmed that the
electrophoretic mobility was really a measure of the
relative compactness of each RNA (Fig. 3). For a rap-
idly tumbling molecule, whose size is small relative to
the gel matrix, a plot of the logarithm of the mobility
of the molecule (log M) versus gel concentration gives

a line whose slope is a function of the effective radius
of the molecule (Rodbard & Chrambach, 1971). P4-P6
RNA mobilities were measured as described in Mate-
rials and Methods for all five RNAs as a function of gel
concentration, in the presence of 0 mM and 10 mM
MgCl,. Under both sets of conditions, all RNAs showed
linear plots of log M versus gel percentage. In the
absence of MgCl,, all RNAs migrated at exactly the
same rate at a given gel concentration (Fig. 3A). When
10 mM MgCl, was included in the gel running buffer
and the gel matrix, the relative mobilities of the mu-
tants diverged at every gel concentration, always fol-
lowing the order P4-P6 > U1+U2 > Ul > U2 > BP
5/5a (Fig. 3B). The fact that the mutant P4-P6 RNAs
had the same relative mobilities, independent of poly-
acrylamide concentration, supports the conclusion that
the gels give a true indication of relative compactness.

Fe(ll)-EDTA footprinting

To examine the local (P5abc subdomain) and global
(domain) folding of these RNAs in finer detail, we
probed their tertiary structure using free radical cleav-
age. Solvent-based Fe(II)-EDTA generates free radi-
cals, presumably hydroxyl radicals, that cleave the
backbone of nucleic acids (Hertzberg & Dervan, 1984;
Tullius & Dombrowski, 1985) in a manner insensitive
to secondary structure (Celander & Cech, 1990) and
dependent on the surface accessibility of each ribose
C4' atom (Latham & Cech, 1989; Cate et al., 1996a).
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FIGURE 3. Ferguson plot analysis of the electrophoretic mobility of
the mutant forms of P4-P6. Log M, where mobility, M, is defined as
the distance migrated (cm) divided by run time in seconds and
electric field strength (V/cm), is plotted as a function of gel percent-
age. A: Ferguson plots for mutant and wild-type P4-P6 RNAs in the
absence of MgCl,, where all RNAs behave identically. B: Ferguson
plots for P4-P6 RNAs in the presence of 10 mM MgCl, demonstrate
that the different RNA mobilities are a true indication of relative
compactness.

Variations in intensity of the resulting cleavage are
therefore an indication of tertiary structure.

Mutant and wild-type P4-P6 RNAs in 15 mM MgCl,
were probed with Fe(II)-EDTA under buffer condi-
tions similar to those used for native gel electropho-
resis. A sample plot of relative accessibility for residues
135-168 is shown in Figure 4. Residues marked with
open triangles (140, 141, as well as 163-165) show re-
duced accessibility to free radical cleavage associated
with the presence of the subdomain tertiary fold. All
mutant and wild-type P4-P6 RNAs show nearly iden-
tical protections here, as expected, because the sub-
domain requires less than 1 mM MgCl, for folding,
and the J5/5a mutations are not expected to disrupt
this structure. Solid triangles mark residues normally
protected by the whole domain tertiary structure (res-
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FIGURE 4. Fe(Il) cleavage accessibility for J5/5a mutants in 15 mM
MgCly. Open circle, wild-type P4-P6; open triangle, U1; closed tri-
angle, U2; closed circle, BP 5/5a. U1+U2 Fe(Il) cleavage patterns
(not shown) closely matched those of P4-P6. Relative accessibility to
free radical cleavage, calculated by normalizing individual band
intensities to the averaged intensity of neighboring bands in the
same lane, is plotted for P4-P6 residues 133-166. Open triangles at
residues 140, 141, 163, 164, and 165 indicate protections associated
with the P5abc subdomain tertiary structure, and solid triangles at
residues 153, 154, and 155 mark protections associated with the
P4-P6 domain global fold (Murphy & Cech, 1993).

idues 153, 154, 155). Here mutant P4-P6 RNAs show
greater accessibility than is characteristic of the native
structure. Mutant U1 is less protected from cleavage
than wild-type P4-P6, and mutant BP 5/5a isn’t pro-
tected at all, whereas mutant U2 shows accessibilities
intermediate between Ul and BP 5/5a. Thus, the in-
accessibility (protection from cleavage) of residues nor-
mally protected in the domain structure follows the
order P4-P6 > Ul > U2 > BP 5/5a. The same relative
order is seen for tertiary protections over the entire
molecule (data not shown). Interestingly, there are also
regions over which accessibility is increased when the
P4-P6 domain folds (for example residues 144-149,
157-161 in Fig. 4). For these residues, the trend in ac-
cessibility follows P4-P6 > Ul > U2 > BP 5/5a. In
other words, the J5/5a mutations cause less of an en-
hancement in the reactivity associated with formation
of the domain structure.

Additional Fe(II) protection data for all five RNAs
were collected over the range of 0-150 mM MgCl,
(Table 1). U1+U2 appears to be half folded at about
5 mM Mg?*, whereas Ul and U2 have [Mg?*],,, val-
ues of 10 and 30 mM Mg?**, respectively. For BP 5/5a,
no domain tertiary protections were seen at Mg?* con-
centrations as high as 150 mM, consistent with its in-
ability to form the domain structure.

Reconstituted intron kinetics

To examine how the stability of the P4-P6 domain
affects the catalytic activity of the Tetrahymena group I
intron, we measured rates of 5' splice site cleavage in
the three-part intron system described originally by
Doudna and Cech (1995). The intron has been divided
into three component RNAs as follows: “P1-P3” in-
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TABLE 1. MgCl, concentration dependence of Fe(Il) protection of
P4-Pé6 J5/5a variants.

RNA [Mg?* 1,2 (mM)*
Wt P4-P6 1
Ul+u2 5
U1 10
u2 30
BP 5/5a >100

*The MgCl; concentration at which protection from Fe(II)-EDTA
cleavage is half-maximal, estimated from protections at the residues
marked with closed triangles in Figure 4.

cludes helices P1, P2, P2.1, and the 5’ half of P3; “P3-
P9” includes the 3’ half of P3, P7, P8, P9, P9.1, and
P9.2; the P4-P6 domain contributes the remainder of
the intron (Fig. 5A). In the presence of 35 mM Tris-
HCl, pH 7.5, 5 mM GTP, 80 mM MgCl,, and 5 mM
spermidine, the reassembled intron catalyzes attack by
GTP on the phosphate at the exon-intron junction
within helix P1. Hence, the P1-P3 RNA behaves as a
substrate, and reaction of 5’ **P-labeled P1-P3 can be
followed on gels by monitoring the conversion of the
111-nt P1-P3 band into the 8-nt product band.

Cleavage reactions were conducted using 100 nM of
each P4-P6 domain RNA. Representative experiments
are shown in Figure 5B, and time courses of the reac-
tion are shown for mutant and wild-type P4-P6 RNAs
in Figure 5C. The fraction of unreacted substrate (S)
was plotted as a function of time, and the resulting
graphs were fit to the first-order rate equation. RNase
T, and alkaline cleavage ladders confirmed that cleav-
age occurred at the expected site for all mutants (data
not shown). In the absence of GTP, the rate of cleavage
of each P4-P6 variant was reduced 25-fold, and, in the
absence of any one of the three RNA components,
absolutely no reaction could be detected. Thus, the
observed reactions and differences in activity demon-
strated for the J5/5a mutants are both GTP- and RNA-
dependent.

The rate we observed for wild-type P4-P6 was 0.35
min !, about eight times faster than the rate observed
previously with a similar system containing 20 nt of 5’
exon sequences (Doudna & Cech, 1995). All four mu-
tant P4-P6 RNAs exhibited significantly reduced ac-
tivity, their catalytic rates following the trend P4-P6 >
Ul+U2 =~ Ul > U2 > BP 5/5a (Table 2). The rate
constant for the U2 RNA was more that 25-fold slower
than wild-type, whereas U1 activity was reduced only
eightfold. U1+ U2 RNA reacted at about the same rate
as Ul RNA. Interestingly, even the fully base paired
mutant, BP 5/5a, showed some measurable activity,
although it reacted about 50-fold slower than wild-
type P4-P6. The order of reactivity of the P4-P6 mu-
tants was similar to the order of stability of their tertiary
folds (compare Tables 1 and 2).
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Experiments in which reactivity of the reconstituted
Tetrahymena intron was followed as a function of the
concentrations of the RNA components gave an ap-
parent Ky; of 4 nM for P3-P9, and about 30 nM for
wild-type P4-P6 (Doudna & Cech, 1995). Preliminary
results indicate that the 100 nM concentration used
here for P4-P6 RNAs is saturating for the U-containing
mutants as well (data not shown).

DISCUSSION

Short helices separated by internal loops are common
features of most structured RNA molecules. An inter-
nal loop in the self-cleaving hairpin RNA appears to
be a simple tether between functional domains (Feld-
stein & Bruening, 1993). However, in several cases that
have been investigated by NMR spectroscopy, internal
loops form specific non-Watson-Crick base paired struc-
tures either free in solution (Szewczak et al., 1993; Wim-
berly et al.,, 1993) or upon binding of a ligand (e.g.,
Puglisi et al., 1992; Aboul-ela et al., 1995; Dieckmann
etal., 1996; Jiang et al., 1996; Yang et al., 1996). Here we
investigated the function of an internal loop, J5/5a,
that joins the two halves of the P4-P6 domain of the
Tetrahymena ribozyme. We conclude that this internal
loop acts mainly as a flexible hinge, allowing the quasi-
helical regions on either side of it to interact via spe-
cific tertiary contacts. To a smaller extent, the specific
bases within the loop contribute to folding. These con-
clusions are compared to those that might be derived
from a simple examination of the P4-P6 crystal struc-
ture (Cate et al., 1996a).

Our investigation of the J5/5a internal loop involved
replacement of one or both sides of the loop with ura-
cil residues, which have the least propensity for stack-
ing interactions of the four bases. This replacement
should also disrupt interstrand base pairing. We found
that these mutations in the J5/5a junction destabilize
the global tertiary fold of the P4-P6 domain to varying
extents. As judged by native gel electrophoresis at con-
centrations of Mg>* below 20 mM, wild-type P4-P6
has the most compact time-averaged structure, fol-
lowed by U1+U2, Ul, and U2. All of these have a
more compact average structure than BP 5/5a RNA, in
which base pairing of the internal loop constrains the
molecule to stay unfolded. Additional information
about the way that mutations in ]J5/5a destabilize the
domain structure of P4-P6 comes from Fe(Il) probing
of the J5/5a mutants. In agreement with the native gel
experiments, hydroxyl radical domain protections at
15 mM MgCl, are strongest for P4-P6, somewhat less
so for U1+U2, and further decrease in intensity going
from U1 to U2. BP 5/5a shows no domain protections.
As the concentration of Mg*" is increased, the relative
compactness and the Fe(II) protections of the three
U-containing mutants smoothly approach those of wild-
type P4-P6. The MgCl, concentration required to re-
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TABLE 2. First-order rate constants for reconstituted Tefrahymena
group | introns with mutant P4-P6 domains in 80 mM MgCl,.?

Mutant kyps (min~1) Rel. rate
Wt P4-P6 0.35 (1.00)
Ul+u2 0.047 0.13
U1l 0.054 0.15
u2 0.014 0.040
BP 5/5a 0.010 0.029

*Reaction conditions as described in Materials and Methods.

cover folding is highest for U2, less so for U1, and least
for U1+U2 (see Table 1). Increased concentrations of
Mg?* can therefore rescue folding for these mutants,
consistent with their tertiary structures being destabi-
lized by base changes in the internal loop.

P4-P6 tertiary folding is an equilibrium
between folded and unfolded states

The mutant P4-P6 RNAs show intermediate electro-
phoretic mobilities on native gels and intermediate
levels of protection from free radical cleavage. Except
for BP 5/5a, which cannot form a stable tertiary struc-
ture even at very high MgCl, concentrations, we were
able to follow the Mg?*-dependence of folding. At
the other extreme from BP 5/5a is wild-type P4-P6,
which is fully folded at low MgCl, concentrations.
The U-containing mutants exhibit intermediate stabil-
ity. At an MgCl, concentration of 20 mM, U1+U2 lies
closest to the fully folded extreme, U1 less so, and U2
least of all (see Fig. 2C). However, with increasing
MgCl,, the mobility for each molecule is shifted more
toward the folded state. Mutants Ul and U1+U2 are
fully folded at 30 mM Mg** as observed by native gel
mobility experiments. Finally, above 70 mM MgCl,, all
three U-containing mutants appear to be fully folded
as measured by protections from Fe(II)-EDTA cleav-
age. Although the native gel experiments say nothing
about the details of the structure of the unfolded state,
it is presumed to have native secondary structure and,
based on the Fe(II)-EDTA cleavage results, the sub-
domain is properly folded.

These results suggest that, in solution, the P4-P6
RNA is in an Mg?*-dependent two-state equilibrium
between folded and unfolded states (see Fig. 6). This
equilibrium is rapid on the electrophoretic time scale,
as indicated by the presence of single bands with in-
termediate mobilities on native gels over a wide range
of MgCl, concentrations (Shen & Hagerman, 1994).
Also, the formation of the domain structure must be a
cooperative process because, for a given mutant at a
specific MgCl, concentration, the Fe(I[)-EDTA domain
protections match in relative intensity, irrespective of
their location in the molecule. These observations ar-
gue strongly against two alternative interpretations of
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J5/5a

Unfolded Folded
U1, U2, and BP 5/5a mutations U1+U2 mutation destabilizes slightly
stabilize

Mg2+ stabilizes

FIGURE 6. P4-P6 folding equilibrium. Schematic representation of
the folding equilibrium between the extended and compact forms of
the P4-P6 domain. Based on native gel and free radical protection
experiments, P4-P6 appears to be in rapid equilibrium between
folded and unfolded tertiary states in solution. Local unfolding of
the P4-P6 domain tertiary structure does not occur. Mutations in U1,
U2, and BP 5/5a primarily stabilize the unfolded form by forming
base pairs, whereas increasing Mg2+ stabilizes the folded form. Mu-
tations in U1+ U2 may also destabilize the folded form due to a lack
of purine stacking.

our data—that the mutant intermediate gel mobilities
are the result of varying bend angles, or that portions
of the mutant molecules might unfold locally. It seems
unlikely that the many intermediate gel mobilities such
as those seen in Figure 2C could all represent different
stable structures of the molecule. Furthermore, it is
hard to envision how molecules with a bend angle
other than 180° would show the domain tertiary struc-
ture Fe(IT)-EDTA protections that were observed.

Domain stability and the structure
of the J5/5a internal loop

How can the different stabilities of the U-containing
mutants be explained? In BP 5/5a, a complete Watson-
Crick duplex is sufficient to inhibit formation of the
tertiary structure. One difference between U1+U2, U1,
and U2 is their potential to form Watson-Crick pairs in
the J5/5a junction. Compared to the wild-type P4-P6
sequence shown in Figure 1C, U1 replaces a C-G pair
with a possible U-G pair and two possible A-U pairs.
In U2, there is the possibility of forming a total of three
A-U pairs and a G-U in the joining region, more strongly
inhibiting the formation of the bend. It is likely that
the formation of alternative secondary structures in
the loop stabilizes the unfolded form relative to the
folded form (see Fig. 6), and thus moves the equilib-
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rium toward the unfolded state. The Ul+U2 RNA,
with no possibility to form Watson-Crick pairs at all in
J5/5a, behaves similarly to wild-type, but not exactly
the same, requiring approximately 5-10 mM higher
concentration of MgCl, to stabilize its domain struc-
ture. Stacking within the junction could provide some
significant amount of stabilization of the wild-type
folded state. In the U-containing mutants, however,
with fewer purines, less favorable stacking interactions
would occur, resulting in a destabilization of the folded
structure, and a resulting increase in the Mg~ concen-
tration required to bring the structure together. This
effect would be strongest for U1+ U2, which has only
pyrimidines in the J5/5a junction.

While this work was in progress, the crystal struc-
ture of the P4-P6 RNA was solved (Cate et al., 1996a),
revealing a wealth of information about interactions
within this domain, including details about the con-
formation of the J5/5a junction in the folded molecule.
As shown in Figure 7, much of the J5/5a loop region
is in fact structured in the crystal. Beginning with the
P5a side of the junction, the bases C127, G126, and
C124 are paired with G195, A196, and C197, respec-
tively. A123 and A128 are somewhat far apart and at
best may form a weak A-A pair, but A122-U199 is
completely broken in this structure. Extensive stacking
occurs between nt 195, 196, and 197, and also between
residues 124, 126, and 127. Residue 125 is bulged out
of the helical stack. Thus, with the exception of A125,
most of the P5a side of the junction is stacked coaxi-
ally. The actual bend in P4-P6 only occurs at residues
122-123 and 198-199. Interestingly, the mutant U2, the
most destabilized RNA next to BP 5/5a, has the potential
to form two A-U pairs exactly where the bend occurs.

Because the ]J5/5a bend has a specific conformation
in the crystal structure, and individual stacking and
noncanonical base pairing interactions are observed,
one might have been led to conclude that these inter-
actions were essential for the bend. However, although
the J5/5a junction is well organized in the crystal struc-
ture, this is not required for domain folding and the
loop does not direct folding strongly. Even single-base
mutations in the GAAA tetraloop in L5 continue to
disrupt folding at MgCl, concentrations as high as 50-
100 mM (Murphy & Cech, 1994). In contrast, the U1+U2
mutant only requires 20 mM Mg*" to rescue folding
completely. In addition, crystallographic B-factors sug-
gest that the region may be dynamic (J. Doudna, pers.
comm.), as our folding model would indicate. Never-
theless, a small effect due to the lack of correct stacking
in the folded structure, along with a larger effect due to
the increase in Watson-Crick base pairing in the un-
folded structure, likely explains the destabilization of the
U-containing mutants. Thus, it is essential that the J5/5a
sequence not form stable structures incompatible with
the folded state. It appears to be of secondary impor-
tance that the junction be stabilizing in the folded state.
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The X-ray structure and our present mutational and
thermodynamic analysis can be reconciled easily for
two reasons. First, there is no reason to expect that
every interaction seen in a crystal structure will be
significant energetically. In addition, the crystal struc-
ture provides a view of the folded state, but the struc-
ture of the unfolded state also contributes to AG® for
folding. In the two other regions of contact between
the quasi-helical halves of P4-P6 (the tetraloop-receptor
interaction and the A-rich bulge-minor groove inter-
action), the interactions seen in the crystal structure
are essential for folding in solution (compare Cate
et al., 1996a with Murphy & Cech, 1993 and Murphy
et al., 1994).

Activity of the reconstituted intron and the
stability of the P4—P6 domain structure

The various P4-P6 mutants produce very different rates
of cleavage when included in the reconstituted intron
system, with the order of reactivity following the trend
P4-P6 > Ul+U2 =~ Ul > U2 > BP 5/5a. The relative
strengths of Fe(II)-EDTA tertiary protections follow the
trend P4-P6 > U1+U2 > Ul > U2 > BP 5/5a, as do
native gel mobilities. Clearly, the folding of the P4-P6
tertiary structure strongly affects the activity of the
reconstituted intron, and instability in P4-P6 cannot
be rescued completely by the remainder of the intron.
The Mg?" concentration in our cleavage assays is
80 mM, above the concentration needed to fold fully
all the J5/5a mutants except BP 5/5a. However, cleav-
age rates measured for the U-containing mutants are
still well below the wild-type rate.

It is possible that the entire three-part system itself is
rather destabilized, and is therefore especially sensi-
tive to the stability of the P4-P6 domain. Activity has
been measured for Tetrahymena splicing constructs lack-
ing the P5abc extension; adding back an RNA corre-
sponding to P5abc fully recovered wild-type splicing
activity in the presence of 5 mM MgCl, and 200 mM
NH,CI (van der Horst et al., 1991). In addition, only
15 mM MgCl, was required to regain full activity un-
der these conditions, even without the P5abc extension.

Based on native gel and Fe(II)-EDTA experiments,
the J5/5a mutants are destabilized but should never-
theless be fully folded at 80 mM Mg>*.- However, at
this Mg”* concentration, we still see lower than wild-
type cleavage rates for the J5/5a mutants. One inter-
pretation of the reduced cleavage rates we observed
even at a high Mg?" concentration is that the U-con-
taining P4-P6 mutants do not assemble into the opti-
mally reactive structure or are perturbed in their
interaction with the remainder of the intron relative to
the situation where P5abc is added in trans. Another
possibility we have considered is that there is a spe-
cific requirement for movement within the P4-P6
domain structure during catalysis, and either the fre-
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FIGURE 7. Crystal structure of the internal loop between 'S and PSa in the Tetraliymens P4-P6 domain (Cate et al., 19%6a).
Residues 122-127 and 195-1949 in the )5/5a internal loop are labeled, along with helices PS and P5a, The following bases
are paired: C127:G195, G126:A19%, and C12&:C197 (indicated by open circles, G-U wobble pairs are marked with closed
circles). A123 and AL28 form an A-A pair, whereas A122:U199 (marked with an x} is completely unpaired in this structure,
Extensive stacking oceurs between nt 195, 196, and 197, and also between residues 124, 126, and 127, Residue 125 is bulged
out of the helical stack. The actual bend in P4-P6 occurs at residues 122-123 and 198199,

quency or type of motion is perturbed in the P4-Pé
I5/5a mutants,

MATERIALS AND METHODS

Plasmids

Flasmids pP'1-F3 and pP3-P9 {Doudna & Cech, 1995), con-
taining portions of the Tetrahymena group 1 intron sequence

positioned behind a T7 RNA polymerase promoter, were
provided by |. Doudna. Plasmid pP1-P3 contains the wild-
6 to +103 (rela-
tive to the 5 splice site), with two Gs added at the 5' end for
efficient T7 transcription. A Bsa 1 restriction endonuclease
site follows position 103. Plasmid pP3-P9 contains the Tef
rakymena sequence from position 262 to 414, in which the
wild-type C262:(G312 pair has been changed to G262:C312. A
naturally occurring Sca 1 site is located 3' of position 409,

type Tetrahymena sequence from residues
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P4-P6 J5/5a internal loop mutants were created from plas-
mid pP4-P6 (Murphy & Cech, 1993) using Kunkel mutagen-
esis (Kunkel, 1985; Kunkel et al., 1987) and verified by dideoxy
sequencing of the plasmid DNA (Saenger et al., 1977).

RNA preparation

Plasmids pP1-P3, pP3-P9, and mutant and wild-type pP4-P6
were digested with the appropriate restriction enzymes and
transcribed using T7 RNA polymerase (generously provided
by Anne Gooding). Plasmid pP4-P6 was digested with Ear I
restriction endonuclease to give a 160-nt runoff transcript
that begins with two Gs 5’ of the naturally occurring nucle-
otide A104 and ends at A261. Plasmid pP1-P3 was digested
with Bsa I endonuclease to produce a 111-nt RNA that begins
with two Gs 5’ of C6 and ends at A103. Plasmid pP3-P9 was
digested with Sca I to give a 153-nt RNA extending from
G262 to U409. Transcription and gel purification of RNAs
were performed as described (Latham et al., 1990), except
that 8% polyacrylamide-7 M urea gels were used. RNA con-
centrations were measured by UV absorbance, assuming 1
Ao = 40 pg/mL RNA. P4-P6 and P1-P3 RNAs were 5’
end-labeled with 3P as described (Latham et al., 1990). Fol-
lowing labeling reactions, RNAs were again gel purified on
8% polyacrylamide-7 M urea gels.

Native gel electrophoresis

Native 6% polyacrylamide gels (19:1 acrylamide:bisacryla-
mide) contained 89 mM Tris-borate, pH 8.1, 0.1 mM EDTA
(TBE buffer), and varying concentrations of MgCl,, depend-
ing on the experiment. Mutant and wild-type P4-P6 RNA
samples were annealed by heating the RNA to 50 °C in TBE
buffer, along with 5% glycerol (for gel loading) and the ap-
propriate MgCl, concentration. The RNA samples were cooled
on the bench for 10 min and then loaded on the gel. Running
buffer contained 1X TBE and the corresponding concentra-
tion of MgCl,. Gels were run at constant temperature (25 °C)
and constant voltage (150 V) for 8 h, then dried and exposed
to film. RNA band positions were measured and relative
RNA mobilities were calculated as Mg = (Dpy_ps — Drnax)/
(Dps-re — Dgpssa), where Dy = the distance migrated for a
given RNA band.

Ferguson analysis

Native polyacrylamide gels with acrylamide concentrations
between 4% and 12% (19:1 acrylamide:bisacrylamide) were
used to generate Ferguson plots. These gels were poured
and allowed to stand overnight to ensure complete polymer-
ization. Samples were treated as for standard native gel ex-
periments. Gels were run at constant temperature (27 °C)
and at constant voltage (200 V) for 2-7 h, depending on gel
concentration, then dried and exposed.

For rapidly tumbling molecules traveling through a gel
matrix, logM = log My + KgT, where M, is the intrinsic
mobility of the molecule in the absence of gel material, M is
the observed mobility, Ky is the retardation coefficient, and T
is the total gel concentration (Rodbard & Chrambach, 1971).
Empirically, Kg is a linear function of molecular mass, Kp =
A + B(MW). M, is a function of mass, charge, and counter
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ions, but not of molecular geometry. For a gel composed of
a random meshwork of fibers, it can be shown that the re-
tardation coefficient K3/? = ¢(R + r), where R is the molec-
ular radius, r is the gel fiber radius, and c is a constant for a
given system that encompasses ionic strength, temperature,
pH, extent of crosslinking, degree of polymerization, etc.
(Rodbard & Chrambach, 1971).

For each mutant P4-P6 RNA band on native gel autoradio-
grams, mobility (M) was calculated by dividing the distance
migrated (cm) by run time (s) and field strength (V/cm).
Log M was then plotted as a function of gel concentration,
and the resulting family of curves were simultaneously fit to
determine ¢ and R using the program Elphofit (Tietz, 1991;
Tietz & Chrambach, 1993), assuming a fiber radius of 1 nm
and a dry fiber volume of 0.9 mL/g.

Free radical footprinting

Fe(IT)-EDTA reactions were performed as described (Latham
& Cech, 1989) with a few modifications. P4-P6 domain RNA
labeled at the 5’ end with *P was incubated at 50°C for
10 min in 8 uL of 44 mM Tris-HCI, pH 7.5, in the presence of
various concentrations of MgCl,, in order to ensure that the
RNA adopts the biologically active conformation (Herschlag
& Cech, 1990). Samples were then transferred to 42°C to
equilibrate for 5 min. Next, 1 uL of Fe(II)-EDTA reagent
[10 mM (NH,),Fe(SO4),, 20 mM Na,EDTA, pH 8.0] and then
1 uL of 50 mM DTT were added to a final sample volume of
10 pL. The final solution contained 35 mM Tris-HCI, pH 7.5,
1 mM (NH,),Fe(SO;),, 2 mM Na,EDTA, pH 8.0, 5 mM DTT,
and various concentrations of MgCl,, depending on the ex-
periment. Reactions were incubated at 42 °C for 80 min, then
quenched on ice with 1 gL of 100 mM thiourea. Reagents
were prepared immediately before use. After addition of an
equal volume of loading dye (95% formamide, 0.1% brom-
phenol blue, 0.1% xylene cyanol), reaction products were
analyzed on 8% and 20% polyacrylamide-7 M urea gels.
Enzymatic sequencing lanes were prepared using standard
protocols (Donis-Keller et al., 1977). The extent of protection
from cleavage by hydroxyl radicals generated by the Fe(II)-
EDTA was quantitated using a PhosphorImager and Im-
ageQuanNT 4.1 software (Molecular Dynamics).

Reconstituted intron kinetics

Cleavage reactions with reconstituted Tetrahymena group I
introns (Doudna & Cech, 1995) were conducted as follows. A
mixture of 1 nM 5’ ¥P-labeled P1-P3, 100 nM P4-P6, and
100 nM P3-P9 were annealed for 10 min at 50 °C in buffer
containing 30 mM Tris-HCI, pH 7.5, 5 mM MgCl,, and 5 mM
spermidine, then allowed to equilibrate at 40°C for 5 min.
Cleavage reactions were initiated by adjusting the MgCl,
and GTP concentrations to 80 mM and 5 mM, respectively,
using a pre-warmed 5X stock solution. Reactions were per-
formed at 40°C. Aliquots were removed at various times
and quenched on ice with an equal volume of 95% formam-
ide containing loading dyes. Reaction products were ana-
lyzed on 8% polyacrylamide gels containing 7 M urea and
the labeled substrate and product bands were quantitated on
dried gels using a PhosphorImager (Molecular Dynamics).
After correcting for background counts, the fraction un-
reacted substrate [Fraction S = substrate counts/(substrate
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counts + product counts)] remaining at each time point was
calculated and plotted as a function of time. First-order rate
constants were obtained by fitting the resulting plots to the
expression Fraction S, where m0 = time, m1 = first-order
rate constant, k,;,, and m2 = the unreactive substrate fraction.
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