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Like many structured RNAs, the Tetrahymena group I ribozyme is prone to
misfolding. Here we probe a long-lived misfolded species, referred to as M,
and uncover paradoxical aspects of its structure and folding. Previous work
indicated that a non-native local secondary structure, termed alt P3, led to
formation of M during folding in vitro. Surprisingly, hydroxyl radical
footprinting, fluorescence measurements with site-specifically incorporated
2-aminopurine, and functional assays indicate that the native P3, not alt P3,
is present in the M state. The paradoxical behavior of alt P3 presumably
arises because alt P3 biases folding toward M, but, after commitment to this
folding pathway and before formation of M, alt P3 is replaced by P3.
Further, structural and functional probes demonstrate that the misfolded
ribozyme contains extensive native structure, with only local differences
between the two states, and the misfolded structure even possesses partial
catalytic activity. Despite the similarity of these structures, re-folding of M
to the native state is very slow and is strongly accelerated by urea, Na*, and
increased temperature and strongly impeded by Mg?* and the presence of
native peripheral contacts. The paradoxical observations of extensive native
structure within the misfolded species but slow conversion of this species to
the native state are readily reconciled by a model in which the misfolded
state is a topological isomer of the native state, and computational results
support the feasibility of this model. We speculate that the complex
topology of RNA secondary structures and the inherent rigidity of RNA
helices render kinetic traps due to topological isomers considerably more
common for RNA than for proteins.
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Introduction

Beginning with studies of tRNA in the 1960s, it has
become clear that RNA folding is rife with kinetic
traps.' In the process of adopting specific three-
dimensional structures, RNAs have a strong ten-
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dency to form intermediates that include non-native
structure and must partially unfold to allow con-
tinued folding to the native state. Although these
non-native intermediates typically are not the most
thermodynamically favorable states, they can lie
deep in local energetic minima, giving slow unfold-
ing transitions that can be rate-limiting for the
overall folding process. Since the early days of RNA
folding studies, kinetically trapped folding inter-
mediates have been identified for nearly every RNA
whose folding has been studied.* "

Because the presence of kinetic traps can obscure
other folding processes, such as conformational
searches and secondary and tertiary structure for-
mation, there has been recent emphasis on identify-
ing and studying RNAs whose folding is not rate-
limited by re-folding from kinetic traps.'*'® These
efforts have yielded two RN As, a domain of RNase P
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and a group II intron, that appear to avoid kinetic
traps. The study of such RNAs is likely to continue to
provide insights into the manner in which RNA
forms complex three-dimensional structures.'®!”
Nevertheless, the challenge remains to obtain a
deep understanding of the RNA folding landscape
and the kinetic traps that are encountered. Interest in
the properties of kinetic traps arises from both
physical and biological perspectives. Because kinetic
traps are so prevalent in RNA folding, an under-
standing of the physical principles that govern RNA
folding processes must include understanding how

kinetic traps form during folding, what molecular
features are required for their maintenance, and how
they ultimately re-fold to their native structures.
Indeed, even the “trap-free” RNAs noted above may
transiently form misfolded species that are not
detected because emergence from them is not rate-
limiting or because the misfolded species does not
possess the properties that are diagnostic for the
presence of a kinetic trap.'® From a biological per-
spective, it appears that Nature has taken advantage
of the ability of RNA to adopt alternative structures
for control and regulation of processes like transla-
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(b) Figure 1. Secondary structure
and alternative base-pairs of the
Tetrahymena ribozyme. (a) Second-
ary structure. The region that can
308 J_A exchange between the P3 and alt P3
A p \\ U=~ structures is highlighted in gray.
UN - A-270 A Regions that were mutated to
J81{7 A U A 306-A — UA 270 . .
A oG ’ U-G abolish tertiary contacts are boxed
G U p3 A-U Alt P3 and the substituted residues are
A 100-G-C 100-G G-C shown adjacent to each box (see
A g:g —_ g A % Figure 4(b)). The five long-range
300-y A-U < A A contacts are indicated by arrows.
A 8-C g e g (b) Exchange of P3 and alt P3. The
0_8_280 %—GG- - strands that pair to form P3 are
‘ P shown in green, and J8/7, which is

unpaired when P3 is formed but is
paired in alt P3, is shown in red.
Residue 306 within J8/7, which
was substituted to 2AP for fluores-
cence experiments (see Figure 3), is
labeled and shown in blue.
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tion and plasmid maintenance,'®?° and these alter-

native structures may be akin to the kinetic traps
observed in folding. Further, while it has been
suggested that kinetic traps are avoided or resolved
in vivo by RNA chaperones,” * understanding how
they are avoided or resolved in the cellular milieu
will require a deeper understanding of the proper-
ties of these misfolded species.

The group I RNA from Tetrahymena thermophila has
been a valuable model of RNA folding, structure,
and function (Figure 1(a)). Early studies of its folding
provided clear evidence for the formation of one or
more kinetically trapped species.®”** Further work
demonstrated that the ability of the RNA to form a
non-native secondary structure, termed alt P3, which
replaces the long-range P3 base-pairs in the con-
served core, favored formation of a kinetic trap and
led to a model in which alt P3 was present in the
kinetic trap (Figure 1(b)).?*® Other work indicated
that native contacts within a separate folding domain
(P4-P6) are disrupted during continued folding of at
least one trapped intermediate, suggesting that
native structure stabilizes the alternative helix.*

Efforts to further probe the properties of folding
intermediates and steps suggested that changes in
nucleotide sequence and folding conditions pro-
foundly impacted which intermediates were formed
and which folding pathways were traversed.””*"!
Nevertheless, kinetic investigations using the onset
of catalytic activity defined a minimal kinetic frame-
work for folding under a defined set of conditions,
revealing a branched folding pathway and identi-
fying the positions of two distinct kinetically
trapped intermediates within the folding pathway
(Scheme 1).>® Under commonly used conditions,
essentially the entire population forms the first
intermediate, lirop, which then folds to a transient
intermediate from which folding partitions to give
native (N) and misfolded (M) ribozyme. M re-folds
slowly to N, on the timescale of hours under typical
in vitro conditions.

Elucidation of this folding pathway and the
resulting ability to selectively accumulate either of
these folding intermediates now allows the proper-
ties of the intermediates to be probed individually.
Here we probe M, the longer-lived of the two
kinetically trapped intermediates, using chemical
footprinting, fluorescence, mutagenesis, enzymatic
activity assays, and molecular mechanics modeling.
The results yield two paradoxes. First, although the
alternative secondary structure alt P3 causes mis-
folding, it is not present in the misfolded state;
apparently the presence of alt P3 biases folding to a
pathway that gives M, but alt P3 is exchanged during
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folding with the native P3 structure, and this
exchange occurs prior to formation of M. The second
paradox is that structural probes suggest only
limited, local differences between the misfolded
and native ribozyme species, but onset of enzymatic
activity assays show that the folding transition from
M to the native state involves extensive unfolding
that includes all of the native contacts on the
molecule's periphery; consideration of the structure
and interconnections of the native ribozyme leads to
a model in which the misfolded structure has a
distinct topology from the native fold so that a
topological barrier to rearrangement causes very
slow re-folding of M to the native state.

Results and Discussion

The misfolded species, M, is highly structured
and nearly identical to the native ribozyme

Global and local similarity between the misfolded
and native states

Using conditions established to give predomi-
nantly the long-lived misfolded state M (90%),?® we
accumulated this species and used chemical foot-
printing to probe its structure and to compare it with
the unfolded and native conformers. Hydroxyl
radicals cause strand scission at any residue with a
solvent-exposed sugar backbone;**** residues
within the interior of a structured RNA are pro-
tected.’**® Dimethyl sulfate (DMS) modification of
the base-pairing faces of A and C residues is detected
by reverse transcription and gives information about
the accessibility of these surfaces.””*

Extensive regions of the misfolded ribozyme were
protected from hydroxyl radical-mediated cleavage
(Figure 2(a); see also Figure S1), indicating the
presence of a well-defined interior. Importantly, all
of the regions known to form five long-range tertiary
contacts (arrows in Figure 1(a)) show the same
patterns of protections and enhancements in the
native and misfolded states relative to the unfolded
state (Figure 2(a) and (b)). These results suggest that
all of the native peripheral tertiary contacts are
formed in the M species. Further evidence for the
presence of all of the long range tertiary contacts
comes from analogous similarities in DMS accessi-
bility in the native and misfolded states and the large
effects of mutations within these contacts on the rate
of conversion of M to N (see Figure 4(b) below).

The overall hydroxyl radical protection patterns
that we observe for M and N are similar to those
obtained in previous experiments in which these
species were not distinguished.?”**! Regions of the
conserved core, including P4, P6, P6a, P3, P8, and
J8/7, are protected relative to the unfolded ribo-
zyme, as would be expected for segments that are
buried within the globular structure or closely
packed against its surface.***> In contrast, helices
that are expected to protrude from the globular
structure into solution are even more exposed in the
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Figure 2. Chemical footprinting of misfolded and native ribozyme. (a) Footprinting of the misfolded ribozyme
relative to the ribozyme in the absence of Mg”* (unfolded). (b) Footprinting of the native ribozyme relative to the unfolded
ribozyme. (c) Footprinting of the native ribozyme relative to the misfolded ribozyme. The boxes underneath the residue
labels depict results of hydroxyl radical footprinting and the boxes adjacent to the labels depict DMS footprinting results.
The color of each box corresponds to the difference in modification of the residue between the species of the comparison.
For example, a blue box in (a), corresponding to a negative intensity value, indicates that the boxed residue was modified
to a greater extent for the unfolded ribozyme than for the misfolded ribozyme. (d) Comparison of band intensities in
hydroxyl radical footprinting for the P3 region of the unfolded state (black), the misfolded state (red), and the native state
(blue). All results shown represent the averages of at least three independent determinations.

folded than unfolded species (P6b, P8, and P9.2),
presumably because these helices transiently adopt
positions in the unfolded ensemble that give at least
weak protection from solvent. Further, the quanti-

tative protection patterns of M and N are identical at
nearly all residues (Figure 2(c); for discussion of
local differences, see “A topological barrier to
folding” below). Although DMS modification
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Figure 3. P3 formation monitored by 2AP fluores-
cence. Fluorescence of the A306(2AP) ribozyme in the
unfolded state (U), the misfolded state (M), and the native
state (N). Relative fluorescence levels are also shown for
the 2AP-containing oligonucleotide used to construct the
ribozyme (residues 298-311) free in solution (ss), and the
same oligonucleotide upon duplex formation with a
complementary oligonucleotide (ds). All fluorescence
values are shown relative to that for the same concentra-
tion of free 2AP.

patterns are more difficult to interpret quantita-
tively, the patterns for the N and M species were also
highly similar (Figure 2(c)). These results strongly
suggest that most of the structure in the misfolded
species is the same as in the native ribozyme.

The first paradox: although an alternative secondary
structure (the alt P3 helix) promotes formation of the
misfolded state, this misfolded state contains the
native P3 helix

Woodson and colleagues provided strong evi-
dence for a link between the P3 helix and the
formation of a misfolded state (see Figure 1(b)).>*”
Modification interference assays, in which the pre-
cursor RNA was chemically modified prior to
initiating folding and then native and misfolded
conformers were separated by native gel electro-
phoresis, showed that modifications to residues that
form P3 promoted misfolding. Inspection of the
intron sequence led to the proposal that one of the P3
strands could pair with the J8 /7 strand to form a local
helix termed alt P3. Subsequent mutagenesis of
residues involved in P3 and alt P3 provided strong
evidence that alt P3 formation causes misfolding.
Nevertheless, alt P3 is not expected to form a highly
stable duplex, as it contains only three Watson—Crick
base-pairs and one wobble base-pair; this recogni-
tion and the observation by Williamson and Collea—
gues that native structure can slow folding® was
combined with the alt P3 results to give a model that
has been widely accepted: the misfolded form has the
alt P3 helix formed instead of P3, and this non-native
secondary structure is stabilized, at least in part, by
native interactions.''"**** To our surprise, the hydro-
xyl radical footprinting and additional fluorescence
experiments described below suggested that this
misfolded species has the normal P3 helix rather
than the alt P3 helix. These results are in full agree-
ment with the previous data but not the model; i.e.
the data showed that disruption of alt P3 or
stabilization of P3 prior to folding favored native
folding but did not show that alt P3 is present in the
misfolded state.

As noted above, hydroxyl radical footprinting
provides information about solvent accessible
regions of structured RNAs and is insensitive to
simple changes from unstructured single strands to
duplexes in solution. Nevertheless, rearrangement of
a segment of RNA from single-stranded to double-
stranded within the core of a structured RNA might
be expected to give changes in solvent exposure and
thus in hydroxyl radical cleavage. The exception to
this expectation would be for a region that is so
thoroughly buried that no cleavage above back-
ground is observed so that, in essence, no informa-
tion is provided about a rearrangement. Fortunately,
the P3/ alt P3 region of the Tetrahymena RNA exhibits
a “saw tooth” pattern of protection, suggesting that
some of the residues are partially solvent accessible
and that this accessibility varies from position to
position (Figure 2(d)). Further, molecular modeling
of a folded ribozyme with alt P3 replacing P3 gives
changes in exposed surface area for the residues
involved in the P3 and alt P3 helices, as well as
residues in other regions (Figure S2). While the
details of this model would not be expected to be
accurate, the observation of significant changes in
surface exposure suggests that hydroxyl radical
footprinting experiments would likely detect a
change from alt P3 to P3. However, the native and
misfolded conformers gave indistinguishable hydro-
xyl radical protection patterns within the P3 and alt
P3 regions (Figure 2(c); see also Figure S1). The
simplest interpretation of these results is that the
native P3, not alt P3, is present in the M state.
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Figure 4. Ribozyme re-folding from the rmsfolded
state to the native state monitored by enzymatic act1V1ty
(a) Dependence of the re-folding rate on urea concentra—
tion under standard conditions (37 °C, 10 mM Mg*",
50 mM Na-Mops (pH 7.0)). (b) Re-folding of r1bozyme
variants with abrogated tertiary contacts. Rate constants
for re-folding are shown relative to the wild-type ribo-
zyme (0.0018 min ! under standard conditions). As
indicated below each bar, a region was substituted to
prevent formation of a tertiary contact. The nucleotide
changes are shown in Figure 1(a).
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To test this interpretation via an independent assay,
we constructed a ribozyme with a single 2-amino-
purine (2AP) substitution within the P3/alt P3
region. 2AP is a fluorescent base analog of adenine,
and its fluorescence is highly sensitive to its
surrounding environment. Base stacking interac-
tions strongly quench its fluorescence, such that
2AP can fromde a sensitive probe for duplex
formation.

2AP was substituted for A306, as this residue is
base-paired in alt P3 but single-stranded when P3 is
formed (see Figure 1(b)). The modified ribozyme
behaved similarly to the wild-type ribozyme in
folding, giving a long-lived misfolded conformation
that ultimately re-folded to the native state (see
Folding of A306(2AP) ribozyme in Supplementary
Data). The unfolded ribozyme gave a fluorescence
value near background, only 1.3% of that for free
2AP (Figure 3). This value is similar to that of 2AP in
a model duplex formed by the same 2AP-containing
oligonucleotide used to construct the ribozyme
(2.2%), consistent with the presence of alt P3 in the
unfolded ribozyme. When the ribozyme was folded
to the native state, the relative fluorescence level
increased to 6.3%. This value is the same within
error as that of the single-stranded 2AP-containing
oligonucleotide free in solution, indicating that
residue 306 is unpaired in the native state, as
expected upon formation of P3. The fluorescence
of the misfolded state (5.3%) is similar to that for the
native state and is considerably higher than expected
for 2AP in a duplex, based on the fluorescence of this
and other 2AP-containing ohgonucleotldes in
duplexes (Figure 3 and data not shown).*”** Thus,
these results indicate that residue 306 is not stacked in
a duplex in the M state, providing further evidence
against the presence of alt P3.

Based on the fluorescence and hydroxyl radical
footprinting data we conclude that P3 is present in
the misfolded ribozyme. Indeed, recent oligonucleo-
tide hybridization experiments have been inter-
preted to suggest that P3 replaces alt P3 prior to
forming M.* Further strong support for this conclu-
sion comes from the result, described below, that the
misfolded state has catalytic activity.

We investigated whether the misfolded ribozyme
possesses any catalytic activity because we were
intrigued by the finding that it contains extensive
native structure. Although previous experiments had
shown that M does not significantly cleave the
standard ohgonucleotlde substrate that mimics the
5'-splice site region, 102528 it was possible that the
active site remains intact but that a local rearrange-
ment prevents docking of the P1 duplex, containing
this substrate, into the ribozyme's catalytic core.
Subsequent direct binding assays indeed showed
that the P1 duplex remains predominantly undocked,
and thus out of the active site, in the M state (P.
Tijerina, H. Bhaskaran & R.R., unpublished results).

We therefore measured cleavage of a 3’-splice site
mimic (equation (1)):

E + UCGAs—E + UCG + As (1)

a reaction in which the substrate binds in the
guanosine site and is cleaved in the absence of a
docked P1 duplex, presumably by hydrolysis with a
hydroxide ion taking the place of the 5-exon
nucleophile in a reactlon analogous to the second
step of self-splicing.”” While this reaction does not
require P1 duplex docking, it does require that the
active site be arranged appropriately for reaction.’

The misfolded ribozyme cleaved the 3’-splice site
mimic, reacting with essentially the same efficiency
as the native ribozyme. Misfolded r1bozyme gave a
second order rate constant of 550(x60) M ' min "
from three mde]i)endent determinations, compared
to 670(x60) M min ~ for the native ribozyme
(37 °C, 50 mM Mg*"). To confirm that the misfolded
ribozyme was not re-folding to N while the reaction
was being followed (4-5 h, <10% re-folding
expected), with the native ribozyme giving the
cleavage attributed to M, we determined the fraction
of native ribozyme at the end of the 3'-splice site
cleavage reaction by determining the fraction of
added 5'-splice site substrate that was rapidly cleaved
in the presence of guanosine. The fractions of
misfolded and native ribozyme were as expected,
with little re-folding occurring during the 3’-splice site
cleavage reaction (see Cleavage of 3'-splice site mimic
and Figure S3A in Supplemental Data).

We performed two additional sets of control
experiments to confirm that the guanosine binding
site is utilized in this reaction. We first compared the
rate constants for cleavage of two additional 3’-splice
site mimics (GAs and CUGA5), which are unable to
form the P9.0 base-pairs and would therefore be
expected to react less efficiently in the ribozyme
active site than UCGA;. Consistent with this
expectation, these oligonucleotides were cleaved
less efficiently than UCGA5 by both the native and
misfolded ribozyme (Figure S3B). The energetic
penalties resulting from the lack of P9.0 were the
same within error for the native and misfolded
species, underscoring the apparent similarity of the
active site between the native and misfolded species.

Second, we performed 3’-splice site cleavage
reactions using ribozyme variants. The ribozyme
variant lacking P5abc, which is severely compro-
mised for catalytic activity under these conditions,”
gave no detectable cleavage of UCGAs, indicating
that its cleavage reaction is at least 70-fold less
efficient than that of the wild-type ribozyme. We
then tested a ribozyme variant with an altered G-site
(G264A/C311U), which was shown previously to
exclude G from the active site but to accommodate 2-
aminopurine ribonucleoside efficiently.”® The wild-
type ribozyme reacted poorly with an oligonucleo-
tide in which G was replaced by 2AP, whereas this
specificity was reversed for the ribozyme variant,
with the 2AP-containing oligonucleotide reacting
much more efficiently than the standard UCGA5
(Figure S3C). The variant ribozyme cleaved each
oligonucleotide with rate constants that were the
same within error whether the ribozyme was folded
to the native or misfolded conformers. The finding
that the misfolded ribozyme changes its specificity
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upon mutation of residues that form the G site
indicates that this cleavage reaction takes place
within the active site. Apparently the active site for
phosphoryl transfer is intact in the misfolded species
despite nearby structural differences, including the
disruption of the binding site for the P1 duplex.

In addition to underscoring the structural similar-
ity of the native and misfolded species, the result
that the misfolded ribozyme possesses an intact
active site provides further strong evidence against
the presence of alt P3 in the misfolded ribozyme.
Two conserved adenosine residues within ]J8/7,
which would be severely constrained by base-
pairing as part of alt P3, adopt highly unusual
conformations in the native crystal structure and
serve as ligands for catalytic metal ions.”*”® Thus,
catalytic activity would appear to be unlikely with
alt P3 formed instead of the native P3.

A second folding paradox: Despite the
enormous structural similarities between M and
N, misfolded ribozyme converts to the native
state very slowly and with extensive unfolding

The results described above indicate that the
misfolded and native statesare highly similar. Despite
this similarity, the conversion of M to thenativestateis
very slow, with a half time of 7 h under standard
conditions of 37 °C and 10 mM Mg**+. *® In contrast,
the entire ribozyme can fold with a half time of a
second or less.*+5 The effects of solution conditions
and mutations on the rate of conversion from M to N,
described below, indicate that the ribozyme unfolds
extensively in the course of this reaction.

Conversion from M to N was followed by the gain of
enzymatic activity.”® We first folded the ribozyme under
defined conditions to give predominantly M and then
varied the conditions to determine the effects of the
changes in conditions on the re-folding rate. Previous
results had shown, in addition to slow re-folding to N,
that higher Mg®" concentration further slowed re-
folding, suggesting a requirement for disruption of
Mg**-stabilized structure.”® We probed the transition
further by measuring the dependence on urea and
monovalent ion concentration and on temperature.

Because urea destabilizes RNA secondary and
tertiary structure,””” an increase in the rate of a
folding step by urea provides strong evidence for
unfolding during the transition. We found that the
rate constant for re-folding from M increased sharply
with increasing urea concentration, giving an m-value
of —1.67 kcal mol ' M ! (Figure 4(a)). The increase in

tDespite the very slow folding transition from the
misfolded to the native state, the ultimate accumulation
of the native ribozyme in the absence of any input energy
indicates that the native conformation is more stable than
the misfolded conformation. Indeed, comparisons of the
binding affinity of the peripheral element P5abc for the
native and misfolded conformations of a P5abc-deleted
ribozyme suggest an energetic difference of ~6 kcal/mol
between the native and misfolded conformations of the
wild-type ribozyme under standard conditions.”

rate constant with increasing urea concentration
indicates that unfolding is required and the large
magnitude of the m-value suggests that the unfolding
is extensive. Measurements of RNA stability as a
function of urea concentration gave a rough empiri-
cal correlation of the energetic effect with exposed
surface area,”” and this correlation suggests that the
equivalent of 23 base-pairs become exposed to
solvent as the misfolded ribozyme unfolds to the
transition state for re-folding to N. This large degree of
unfolding is supported by an enormous solvent
isotope effect of 10-15 on the re-folding rate, sugges-
ting that many hydrogen bonds are broken or per-
turbed (S. Wang, R.R. & D.H., unpublished results).

The re-folding rate was also strongly dependent
on temperature, increasing more than 1000-fold
from 25 to 50 °C to give an apparent activation
enthalpy of 53 kcal mol ' (Figure S4A). Further, the
rate increased with increasing concentrations of Na*
and K" (Figure S4B and data not shown). Mono-
valent ions may facilitate displacement of specifi-
cally bound or delocalized Mg** ions from the
misfolded state or may interact preferentially with
less structured species, stabilizing the more open
transition state relative to the misfolded state.

To further probe the model of extensive unfolding,
we determined the effect of a series of mutations on
the rate constant for re-folding to N.* Strikingly,
mutation of any of the five long-range tertiary
contacts increased the ratet (Figure 4(b)). In each

T We infer that all of the variant ribozymes fold to the
same or closely related misfolded species for the following
reasons. First, all of the variant ribozyme gave quantita-
tively similar partitioning between the native and mis-
folded species, as well as similar dependences of re-folding
rate on changes in Mg”* concentration and temperature,
suggesting a common folding pathway. DMS footprinting
demonstrated that the misfolded species for one of the
variants, the L5b variant, is the same or closely related to
the M species of the wild-type ribozyme (R. R. and D. H,,
unpublished results), and the other variants were assumed
to form similar M species because of their similar folding
properties. Interestingly, the L5b variant ribozyme has
been studied previously and was reported to avoid M,
instead folding exclusively to N.”” Upon folding under the
conditions of this previous study (37 °C, 10 mM Tris-Cl (pH
8.0), 10 mM Mg2+), we also do not detect the accumulation
of M. However, M is readily formed and accumulated
when this variant folds in the presence of 10 mM Mops (pH
8.0) at either lower temperature or higher Mg** concentra-
tion (data herein and K. Travers and D. H., unpublished
results). Further, upon forming M at these conditions and
then changing the conditions to those of the previous
study, M re-folds rapidly to N (Figure 4(b)). Surprisingly,
the Tris buffer used in the previous experiments itself
increased the rate of re-folding by a factor of 50 (from
0.001 min " to 0.046 min ') relative to the same concentra-
tion of Mops buffer. Under the conditions of previous
work, re-folding from M is even faster than the initial
formation of N from unfolded ribozyme for the fraction
that avoids M. Thus, it is possible that M is also formed by
most of the ribozyme as a transient intermediate even
under conditions that do not allow its detection, as it
would be expected to re-fold to N with a larger rate
constant than it is formed.
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case the increase was substantial, with effects of 100-
200-fold for all mutations except one. The smaller
effect of ~tenfold with the L9 mutation may be a
consequence of that interaction not being fully
ablated by the mutation, that interaction not fully
dissociating in the transition state for re-folding of
the wild-type ribozyme, or that interaction contri-
buting less to the stability of the M state than the
other contacts. Remarkably, the results suggest that
all of the tertiary interactions are broken, or
weakened by at least 1-2 kcal/mol, in the re-folding
transition state.

A model to account for the paradoxically slow
transition from M to N: A topological barrier to
folding

The striking similarity of the M and N states raises
the question: how can such limited changes be so
slow and require such extensive and widespread
unfolding? The misfolded state appears to have all
of the native long-range tertiary interactions, and
chemical footprinting suggests that the structures
are identical in nearly all regions. Nevertheless,
there must also be differences, as the species are
functionally distinct. Indeed, local differences
between M and N were detected in our footprinting
experiments (Figure 2(c) and Figure S1). The major
difference observed by hydroxyl radical footprint-
ing is in the conserved core and is centered around
P7, where the misfolded species is less protected
than the native species. Further, the M species is less
protected from DMS modification within the junc-
tion between P4-P6 and P3-P8, and also in the
internal loop of P9.1, which packs against P7.
Considered together, the data suggest incomplete
or improper packing of P4-P6 and P9 against the
core element P7 in the misfolded species. Interest-
ingly, the radius of gyration (R,) of the M state is
approximately 10% larger than that of the native
state,” which could arise as a direct consequence of
incomplete packing and expansion of the misfolded
core, or because changes in packing redirect one or
more of the helices that extend out of the core in a
direction leading further from the molecule's center
of mass. As significant expansion of the core would
likely lead to reduced hydroxyl radical protection
throughout the core, rather than the highly localized
differences that are observed, we favor a model in
which one or more helices are redirected as a result
of changes in packing of structural elements within
the core.

What types of structural differences are possible
within the misfolded core and could account for the
data? As the secondary structure is apparently the
same in the two species, we are left to consider
changes that involve re-positioning of one strand or
structural element relative to another. One possible
type of re-positioning would be movement of one
strand or duplex along another, producing a change
in the register of a contact within the core. Such a
model could account for the slow re-folding of M,
provided that the contact was stabilized enough by

other contacts to exchange slowly, and the changes in
packing could re-orient a helix projecting from the
core to give the observed increased radius of
gyration. However, the model requires ad hoc
assumptions of a stable alternative “docking” of
tertiary contacts and what would be a surprising
requirement for global unfolding to re-orient local
interactions; the simplest expectation from such a
model would be that re-folding would be much more
sensitive to the disruption of nearby tertiary con-
tacts, instead of exhibiting near uniform effects from
disruption of the long range tertiary contacts.
Further, we might expect to observe a change in
register of certain regions of the hydroxyl radical
protection pattern, instead of the local, idiosyncratic
changes observed.

We suggest that a more likely model for the M
structure is that a component of the core, most
likely one of the single-stranded linker segments, is
moved “through” another strand or element
instead of along it to produce a topological isomer
of the native RNA. All of the observations obtained
with multiple experimental approaches can be
readily accounted for by such a model. It can easily
be seen why M would be long-lived: disruption of
the periphery and extensive unfolding would be
needed to “untangle” the topological isomer. Only
then could the strands that were improperly
crossed in the misfolded isomer re-cross correctly
to give N. Further, nearly all of the individual
contacts could be identical, whereas the altered core
topology could redirect peripheral helices to give
the observed increase in R;. Although we empha-
size that we have no direct evidence for a
topological isomer, we favor this model because it
can readily account for the seemingly paradoxical
results, whereas other models require ad hoc
assumptions and rationalizations. Further, as we
describe below, the model is sterically feasible, and
it can explain the first paradox as well: the finding
that alt P3 biases folding to give M, yet is not
present in M.

To determine whether the topological isomer
model is sterically reasonable, we generated four
topological isomers of the folded RNA computa-
tionally (Figure 5 and Figure S5A). The models were
evaluated based on two criteria: first, whether a
minimal structural rearrangement would allow the
isomerized structure to avoid steric overlap, and
second, whether the rearrangement could occur at a
sufficiently local level to be consistent with the
highly similar overall patterns of chemical protection
in the M and N states. All four topological isomers
were readily rearranged manually and then refined
to remove steric clashes, and in all cases it was
possible to relax the structure to a local minimum
similar in energy to that of the native topology.
Only small local differences were observed in
the predicted surface accessibilities and therefore
in the predicted hydroxyl radical footprinting
profiles (Figure S5B-E), indicating that extensive
rearrangements are not required to accommodate
any of the isomerizations.



Paradoxical Behavior of a Misfolded RNA

539

Figure 5. Molecular modeling of strand-crossings. Top
panel, native strand topology. Bottom panel, crossed
strand topology. The model represents the minimal
conformational change required to accommodate the
crossing of the strands at nucleotides C260 and U305
while satisfying all steric and molecular mechanics
constraints (see Supplementary Data).

Thus, topological isomers with each of the
strand crossings tested provide reasonable models
to account for the data. In none of the modeled
isomers are the changes in exposed surface area as
distributed in different structural regions as in the
experimental data (compare Figure S5B-E with
Figure 2(c)), nor is the radius of gyration increased
to the value of the M state (data not shown).
However, this difference likely reflects a limitation
of the modeling rather than a limitation of the
models themselves. Because of the limited time
scale of the simulations, there is a strong bias for
local rearrangements, and thus the minimization
protocol defines the smallest conformational
change needed to accommodate the isomerization.
The actual changes may be more distributed and
could diminish packing and change the angular
direction of some helices, thereby giving the
observed changes in chemical protection (Figure
2(c)) and the observed increase in the radius of
gyration.

The topological model also provides a reasonable
model to explain the first paradox: how the early
presence of alt P3 can bias folding to give misfolding
without itself remaining present in the M state
(Figure 6). In this model, early formation of the
native P3 favors adoption of the correct topology,
which gives folding to the native state. On the other
hand, the presence of alt P3 at the outset of folding
allows an incorrect topology to be formed, and this
incorrect topology is maintained even after alt P3 is
replaced later in folding with the native P3 base-

pairs. If the incorrect topology is indeed maintained
through folding to M, this implies that upon
reaching a partition point late in folding (abbre-
viated I. in Figure 6 2%4%), a small fraction of the
ribozyme changes its topology to give the native
state, while the rest maintains its topology and
continues folding to M.

Conclusions and Implications

The prevalence of misfolded intermediates in
RNA folding necessitates a thorough understand-
ing of the properties that govern their formation
and their stability. The misfolded species of
the Tetrahymena ribozyme is especially tractable
because it is formed by a large fraction of the
population and is very long-lived.'”*® Here we
have probed the structural properties of the mis-
folded species and its folding transition to the
native state.

Hydroxyl radical and DMS protections showed
that the misfolded state is highly similar to the
native state. These results, combined with fluores-
cence intensity measurements with a 2AP-substi-
tuted ribozyme and the partial enzymatic activity
of the misfolded state, provide strong evidence for
the presence of the native secondary structural
element P3 in M, even though the alternative
secondary structural element alt P3 is present in
the unfolded state and places the RNA in a folding
channel that leads to a partition point between M
and N 262844

_Iﬂia\\

Unfolded
Correct 2° structure

\‘1L b

Unfolded Misfolded
Incorrect 2° structure Correct 2° structure
Incorrect topology

Native

Incorrect 2° structure
Incorrect topology

Figure 6. Model for the influence of early secondary
structure on adoption of topology (see the text). The non-
native secondary structure alt P3 is highlighted with a
purple circle. The cartoon depicts the core elements of the
ribozyme and their connections, with the peripheral
elements simplified or omitted for clarity. The P4-P6
domain is blue, the P3-P8 domain is shown as black
strands, and the 5’-strand of P3 is red. Simplified versions
of the P2 and P9 domains are shown in orange and green,
respectively. The topological difference depicted repre-
sents one of several possibilities for the misfolded
ribozyme.
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Despite the small, localized differences between
the structures of M and N, experiments following re-
folding of the misfolded RNA to the native state
indicate that extensive unfolding is required. Mono-
valent ions, increased temperature, and urea give
large increases in the re-folding rate, and mutations
that disrupt the peripheral contacts greatly accel-
erate the re-folding transition, indicating that the
peripheral contacts are broken during re-folding. All
of the results can be accounted for by a difference in
topology for the native and misfolded states. With a
topological difference, the M and N states can be
nearly identical, yet interconvert slowly and with
extensive unfolding that includes the peripheral
tertiary contacts.

Although the folding processes and even the
types of energetic barriers encountered are certain
to vary from one RNA to another, considerations
of the properties of RNA suggest that topological
barriers may often be present during folding of
large RNAs and are likely to be more significant
than for proteins of similar size. The rapid and
stable formation of secondary structure makes
RNA effectively a branched chain, which increases
the topological complexity during folding. Further,
these stable secondary structure elements, RNA
duplexes, are very rigid compared with segments
of a folding protein chain, which can readily lose
and then re-form their secondary structures.
Because of this difference, it is probably more
difficult for RNA structural elements to change
their relative positions within a folding intermedi-
ate, i.e. to adopt a new topology during folding.
The formation of fortuitous contacts, which is com-
mon in RNA folding,'®® may further exacerbate
topological barriers by hindering internal motions.
In contrast, effects of non-native contact formation in
proteins are substantially reduced because local
structure is typically unstable in the absence of the
cooperativity that arises only in the globally folded
structure. The problems for RNA topology are
expected to be progressively greater with larger
RNAs because the greater structural complexity
presents more opportunities for incorrect topologies
to arise and for fortuitous or native contacts to
stabilize them. Indeed, it is difficult to imagine the
RNAs of the ribosome or spliceosome folding to their
native structures without adopting incorrect topo-
logies along the way.

Although there is no evidence for misfolding of
the Tetrahymena RNA in vivo, the involvement of
DExD/H-box proteins in folding and splicing of
several fungal group I and group II introns
strongly suggests that misfolded conformations
do arise in wvivo for these RNAs and can be
sufficiently long-lived to offer a selective advantage
for mechanisms that speed their re-folding.6!-63
More generally, it has been suggested that all or
nearly all structured RNAs may require chaperones
to fold efficiently and accurately in vivo.22.01.64 Tt
will be interesting to determine whether topologi-
cal barriers are often among the barriers encoun-
tered during RNA folding, and if so, to explore the

measures that nature has taken to avoid or resolve
them.

Materials and Methods

Materials

Ribozyme genes encoding tertiary contact variants were
prepared from the plasmid pT7L-21% using the Quik-
Change protocol (Stratagene) with oligonucleotide pri-
mers (Integrated DNA Technologies, Coralville, IA)
encoding the desired changes. Complete nucleotide
sequences of all ribozyme genes were confirmed by
sequencing. Wildtype and variant ribozymes were pre-
pared by runoff transcription from Scal-linearized plas-
mid and puriﬁed.]O The A306(2AP) ribozyme, containing
2-aminopurine at éaosition 306, was produced by splint-
mediated ligation.*® Oligonucleotide substrates (Dharma-
con, Lafayette, CO) and primers for reverse transcription
reactions were 5’-end-labeled with [y->*P]ATP using T4
polynucleotide kinase and purified by non-denaturing
polyacrylamide gel electrophoresis.

Hydroxyl radical footprinting with Fe(ll)-EDTA

The ribozyme was **P-labeled at the 5’ or 3’-end using

published protocols,®”*® purified by 6% (w/v) denaturing
polyacrylamide gel electrophoresis and exchanged into
water using a microconcentrator (Millipore). The ribo-
zyme was misfolded by performing a limited incubation
with Mg** (10-50 mM Mg**, 50 mM Na-Mes (pH 6.0),
30 min at 25 °C), or folded to the native state by incubation
at 50 °C for 30 min after addition of 10 mM Mg**".*” After
these initial folding procedures, the Mg®* concentration
was increased to 50 mM, if desired, or was maintained at
10 mM. (Cleavage patterns of native and misfolded
ribozyme were unaffected by Mg®* concentration from
10-50 mM; see Figure S1C.) Fenton reagents were added
to 2 mM (NH4) Fe(II)(SO4),, 2.5 mM Na-EDTA, 6 mM
ascorbic acid, and footprinting reactions were quenched
after 10 min at 25 °C by addition of a half volume of
30 mM thiourea. Cleavage products and a control sample
cleaved by ribonuclease T1 were separated by 8% and 20%
denaturing polyacrylamide gel electrophoresis with dif-
ferent running times to resolve different regions of the
RNA, imaged using a Phosphorimager (Amersham
Biosciences, Piscataway, NJ), and quantified using sin-
gle-band fitting program SAFA.”® Data shown in Figure 2
and Figure S1A and B represent the averages of at least
four independent determinations.

DMS footprinting

Misfolded and native ribozyme were prepared as above
except that misfolded ribozyme was prepared by incubat-
ing in the presence of 10 mM Mg”*, 50 mM Na-Mops (pH
7.0), for 15 min at 25 °C. Footprinting was performed using
2 uM ribozyme in 25 pl of standard buffer conditions
(50 mM Na-Mops (pH 7.0), 10 mM MgCl,) at 15 °C. DMS
(1 pl of 16% DMS in ethanol) was added to a final
concentration of 0.64% and allowed to react for 1 min.
Further reaction was blocked by addition of 475 ul of 4 M
B-mercaptoethanol, 0.3 M Na-acetate. Modified residues
within the ribozyme were detected by primer extension
using **P-labeled primers and AMV reverse transcriptase
(Amersham) essentially as described™ using five primers
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with 3’-ends complementary to residues 120, 200, 240, 311,
and 390 of the ribozyme. Reverse transcription products
were separated using 8% denaturing polyacrylamide gel
electrophoresis, imaged using a Phosphorimager, and
quantified by boxing each band by hand using Image-
Quant. Data shown represent the averages of at least three
independent determinations. Re-analysis of selected DMS
footprinting data using SAFA”” gave similar results.

Fluorescence measurements of a ribozyme
containing 2AP at nucleotide 306

To construct the dye-labeled ribozyme, RNAs corre-
sponding to nucleotides 22-297 and 312-409 of the
ribozyme were produced by in vitro transcription from
PCR-generated templates and ligated with an oligonu-
cleotide corresponding to nucleotides 298-311, with
2-aminopurine substituted at position 306. The oligonu-
cleotide (Dharmacon, Lafayette, CO) was checked for
homogeneity by gel electrophoresis and used without
further purification. Ligation reactions, which contained
this oligonucleotide (10 pM), RNA transcripts (10 uM),
and complementary DNA oligonucleotides (10 pM), were
annealed in the presence of 100 mM NaCl, 1 mM Tris-Cl
(pH 8.0), 0.1 mM EDTA, by heating to 95 °C for 5 min and
slowly cooling to room temperature. The annealed
complexes were diluted to 1 pM in the presence of
66 mM Tris-Cl (pH 7.6), 8 mM MgCl,, 10 mM DTT, 1.3 mM
ATP, and 0.004% TritonX-100, and incubated ~12 h with 8
units/ml RNasin and 1 uM T4 DNA ligase. Ligated
products were purified on denaturing polyacrylamide
gels and eluted with 10 mM Tris-Cl (pH 8.0), 1 mM EDTA.
The two large RNAs were ligated to the 2AP-containing
oligonucleotide sequentially. The first ligation was
between the 3’-fragment of the ribozyme and the
oligonucleotide and included a complementary oligonu-
cleotide of sequence 5'-CTAGCTCCCATTAAGGA-
GAGGTCCGACTATATCTTATG. The ligated product
was purified and then ligated to the 5’-fragment of the
ribozyme in a reaction that contained a complementary
oligonucleotide of sequence 5-GAGAGGTCCGACTA-
TATCTTATGAGAAGAATACATCTTCCCCGACCG.

Fluorescence measurements were made using a SPEX
fluorimeter (Jobin-Yvon). Excitation was at 310 nm (4 nm
slit width), and emission was measured at 372 nm (8 nm
slit width). All measurements were made at 10 °C in
50 mM K-Mops (pH 7.0). MgCl,, when present, was
10 mM. RNAs were pre-annealed by heating to 95 °C and
cooling to room temperature. The native and misfolded
species were produced by incubating the ribozyme with
10 mM Mg** for 30 min at 50 °C or 25 °C, respectively.

Activity measurements of folding

A population of ~90% misfolded ribozyme was gener-
ated by adding 10 mM Mg*" to the ribozyme at 25 °C and
incubating 10-20 min under standard conditions (50 mM
Na-Mops (pH 7.0), 10 mM Mg>"). Solution conditions and
temperature were then adjusted as desired to follow re-
folding to the native state. To monitor the reaction, trace
amounts of *?P-labeled oligonucleotide substrate
(CCCUCUA;5, S*) were added to aliquots of the re-folding
reaction at various times. For ribozyme re-folding reac-
tions under conditions that give rapid re-folding of
misfolded ribozyme, a modified procedure was used.
Aliquots of the re-folding reaction were first added to a
quench solution, raising the Mg”* concentration to 50 mM
and diluting urea or Na" if necessary to block further re-

folding, and then S* was added. For all conditions, the
fraction of ribozyme that was native was determined by
measuring the fraction of S* that was rapidly cleaved to the
shorter oligonucleotide product (within 1 min). Cleavage
reactions were quenched by addition of two volumes of
stop solution (90% formamide, 20 mM EDTA, 0.01% (w/v)
xylene cyanol, 0.01% (w/v) bromophenol blue), and
substrate and product were separated by 20% polyacryla-
mide/7M urea gel electrophoresis.

The fraction of substrate cleaved using this procedure is
a good measure of the fraction of native ribozyme because
(1) S* binds to native and misfolded ribozyme with similar
rate constants,”® so the fraction of S* that is bound by the
native ribozyme is approximately equal to the fraction of
ribozyme that is native and (2) S* is rapidly cleaved by
native ribozyme (10 min ') but is released slowly from
misfolded ribozyme (0.02 min 1), preventing significant
cleavage of S* that binds to the misfolded ribozyme within
the 1 min that was allowed for the cleavage reaction. We
confirmed that these conditions hold for all the ribozyme
variants (data not shown), such that their re-folding could
be followed using the same experimental protocol.

Determination of the urea m-value for re-folding of
misfolded ribozyme

Rate constants for re-folding to the native state in the
presence of various concentrations of urea were deter-
mined as described above. The dependence of the free
energy change for a folding transition on the concentration
for denaturant, termed the m-value, has been used exten-
sively as a diagnostic tool in studies of proteins”"”? and has
more recently been applied to RNA.*''%*”7> For both
RNA and protein, linear relationships have been observed
between the free energy changes of folding transitions and
the concentration of denaturants such as urea (equation
(2)), in which AGg represents the free energy change for the
folding transition in the absence of denaturant:

AG = AGy + m[urea] (2)

The rate constant for a folding transition can described
as an equilibrium between the ground and transition
states using transition-state theory, and can therefore be
related analogously to denaturant concentration (equation
(3)), where R is the gas constant (1.98 cal mol 'K ) and T
is absolute temperature. Thus, equation (3) was fit to the
re-folding data to determine the urea m-value for re-
folding of the misfolded ribozyme:

m

Ink = Inky — RT [urea] 3)

Cleavage of 3'-splice site mimic

Cleavage of trace concentrations of **P-labeled UCGAs5
by subsaturating concentrations of misfolded and native
ribozyme was measured to determine values of (kca:/Kwm).
After generating misfolded or native ribozyme as
described above, reactions were performed at 37 °C in
50 mM Na-Mops (pH 7.0), 50 mM Mg**.

Molecular modeling

Molecular models of topological isomers were gener-
ated with the CNS (Crystallographgl and NMR System)
molecular mechanics package’? using the 2.8 A
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crystal structure of the truncated Tetrahymena ribozyme
(PDB ID: 1GRZ) as initial atomic coordinates.*? Four
nucleotide pairs were identified (G100-A306, A105-C260,
C260-U305, A261-G313) as potential sites for strand
crossings based on two criteria. First, at least one backbone
atom was required to be within 6 A of a backbone atom
from the potential crossing partner in the native structure.
Second, the nucleotides were chosen from regions
expected to be outside of Watson—-Crick double helices in
the native structure. The ribozyme structure was manipu-
lated in the program PyMOL by rotating and translating
the nucleotides until the two strands were crossed.
Conjugated gradient minimization was used to relax any
resulting steric overlap. The accessible surface areas (ASA)
of the five sugar carbon atoms were computed and
summed at each nucleotide for the native and crossed
topologies. The ratio of the ASA values for the native and
crossed structures was used to predict the expected
relative change in hydroxyl radical footprinting given a
conformational rearrangement.35’75
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