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Abstract

Like many structured RNAs, the Tetrahymena group | intron ribozyme folds through multiple
pathways and intermediates. Under standard conditions in vitro, a small fraction reaches the native
state (N) with kqps ~ 0.6 min~L, while the remainder forms a long-lived misfolded conformation
(M) thought to differ in topology. These alternative outcomes reflect a pathway that branches late
in folding, after disruption of a trapped intermediate (lyap). Here, we use catalytic activity to probe
the folding transitions from Iy, to the native and misfolded states. We show that mutations
predicted to weaken the core helix P3 do not increase the rate of folding from I, but they
increase the fraction that reaches the native state rather than forming the misfolded state. Thus, P3
is disrupted during folding to the native state but not to the misfolded state, and P3 disruption
occurs after the rate-limiting step. Interestingly, P3-strengthening mutants also increase native
folding. Additional experiments show that these mutants are rapidly committed to folding to the
native state, although they reach the native state with approximately the same rate constant as the
wild-type ribozyme (~1 min~1). Thus, the P3-strengthening mutants populate a distinct pathway
that includes at least one intermediate but avoids the M state, most likely because P3 and the
correct topology are formed early. Our results highlight multiple pathways in RNA folding and
illustrate how Kinetic competitions between rapid events can have long-lasting effects because the
‘choice’ is enforced by energy barriers that grow larger as folding progresses.
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Introduction

Structured biopolymers face the difficult task of folding to a functional native conformation
from the vast collection of non-functional conformations. For RNA, the energetics of
specifying a native state may be simplified, at least conceptually, by the prevalence and
independent stability of its local secondary structure.! Local helices can form easily and
persist even in the absence of tertiary structure, creating a hierarchy in which most of the
secondary structure is determined locally and by relatively simple base-pairing rules, while
the overall architecture is determined by the orientations of the helical elements and fixed by
tertiary contacts between them.2 3 On the other hand, the stability of local structure may
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amplify the challenge of finding the native structure rapidly.4 Non-native secondary
structures can be long-lived, like their native counterparts,>8 and even native contacts can
slow folding if they form prematurely and must be disrupted to allow resolution of non-
native structure elsewhere.®-1% In light of these properties, it is perhaps not surprising that
RNA folding is found experimentally to be rife with kinetically trapped folding
intermediates.6: 17 Still, relatively little is known about the folding pathways that lead to the
formation and resolution of these intermediates or the non-native structural features of the
intermediates.

The Tetrahymena thermophila group | intron and its ribozyme derivative have provided a
powerful system to study a complex folding process (Fig. 1a). Early work using the
ribozyme demonstrated multiple folding pathways, with the dominant pathways including
two kinetically trapped intermediates (Scheme 1).18-22 Under standard conditions in vitro,
essentially the entire population folds in seconds to the first intermediate, lirp.% 18 2% From
ltrap, @ small fraction folds along a pathway to the native state, N, on the time scale of 1 min,
while the remainder forms a long-lived misfolded intermediate termed M, from which
refolding to N occurs on the timescale of hours.12: 13,19

Further work has probed these two intermediates and their folding transitions to the native
state. The misfolded state M closely resembles the native state,12: 24 yet extensive native
structure is disrupted during its refolding to the native state, including all five long-range
peripheral tertiary contacts and a native core helix named P3.11: 12 To explain why the M
state must unfold to reach the native state even though it is structurally similar to the native
state, the M state was proposed to differ in topology, such that extensive unfolding of the
periphery and the P3 helix would be required for exchange to the native topology.1! 12 The
lrap intermediate is also compact?4-27 and features extensive native secondary and tertiary
structure, 13 22 26 including the P3 helix.:® The folding transition from I, to the native
state requires unfolding of peripheral structure,® 13 but it is not known whether core
unfolding is required in this transition and specific physical models have not been
constructed.

Here we test whether the folding transitions from I,y to the native and misfolded states
require the transient disruption of the P3 helix. By using catalytic activity to monitor folding
from lyap for a series of P3 mutants, we show that P3 is indeed disrupted during folding to
the native state, whereas P3 remains intact during the folding transition from Iy, to the M
state. This result extends the known similarities of lyp and M and suggests that the non-
native topology is established early in folding along this pathway, exchanging to the native
topology while P3 is disrupted during folding from Iy to N. We also show that mutations
that strengthen P3 increase the fraction of ribozyme that avoids the M state by promoting
folding along a pathway that is rapidly committed to native folding, most likely by forming
the native topology at the outset of folding. While the commitment to the pathway is made
in seconds or faster, the native state is reached along this pathway on the timescale of
minutes, with a rate constant comparable to that of the wild-type ribozyme. Our results
underscore a competition between rapid processes of structure formation and disruption that,
when mistimed relative to one another, can lead to alternative folded states that are separated
by large energy barriers.

J Mol Biol. Author manuscript; available in PMC 2014 December 12.
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We used catalytic activity to measure formation of the native state by the ribozyme,
exploiting the fact that upon folding to the native state, the ribozyme cleaves its
oligonucleotide substrate rapidly. Because substrate cleavage is fast, when Mg?* is added to
the unfolded ribozyme in the presence of the substrate, the progress of native state
accumulation can be monitored over time from the amount of radiolabeled substrate that has
been cleaved to the shorter product oligonucleotide (Fig. 2a; Fig. S1; see Methods).18: 28 For
the wild-type ribozyme, the rate constant of an initial ‘burst” phase of product accumulation
reflects the rate constant for native state formation from lyap and the amplitude of the burst
reflects the probability of folding from Iy, to the native state rather than to the M state.18

To determine whether the P3 helix is transiently disrupted during folding from ly,p, we
measured folding of sixteen ribozyme mutants that are predicted to weaken or strengthen P3
(Fig. 1b—c).1! The folding data were interpreted in the context of Scheme 1. From ltrap, @
rate-limiting step involving partial unfolding generates an intermediate termed | .ommitment:
which then folds rapidly to the native and misfolded states.!3 2% If P3 is formed in lirap, as
suggested previously,2 and is disrupted transiently during the subsequent folding steps,
modulating its stability by mutation is likely to affect the progress of native ribozyme
accumulation. If P3 is disrupted in the rate-limiting transition for escape from lyap,
weakening P3 should increase the observed rate constant. If P3 is disrupted along only one
of the two pathways after they diverge, weakening P3 should increase the fraction of the
ribozyme population that folds along that pathway, changing the fraction that reaches the
native state without changing the observed rate constant. If P3 is disrupted along both
pathways after they diverge, weakening P3 would have no observed effect because it would
increase the rates of the fast steps along both pathways equally, leaving the fraction of
ribozyme that folds to the native state unchanged. For any effect of weakening P3,
strengthening P3 would be most simply expected to have the opposite effect.

P3 disruption is required for folding from lyap to N but not to M

We first measured folding of the twelve P3-weakening mutants and obtained rate constants
for ten of them.™ Most of these mutants folded slightly slower than the wild-type ribozyme,
and none were more than 3-fold faster at either 25 °C or 37 °C (Fig. 2b—d and Table 1).
There was no systematic dependence of Mg2* concentration (10 — 200 mM Mg?*, Table
S2), as observed previously for the wild-type ribozyme folding along this pathway.1®
Overall, these results indicate that P3 is not disrupted during the rate-limiting transition from
ltrap- If P3 is formed in the lyop intermediate as suggested previously,13 it is apparently
maintained in the rate-limiting transition state between lyrap and Icommitment (Scheme 1).

*Two of the mutations, A97C and C102G, were shown previously to decrease the substrate cleavage rate, such that folding from ltrap
would not be rate limiting for substrate cleavage and the observed rate constant would not reflect native state formation.** By
measuring the dissociation rate constant for the oligonucleotide product, we found that these mutants are compromised for tertiary
docking of the P1 helix, which is required for substrate cleavage (Table S1). This effect presumably accounts at least in part for the
reduced rates of substrate cleavage. We attempted to use a discontinuous assay in which folding from lyrap was quenched at 0 °C prior
to substrate addition, as this assay does not require substrate cleavage to be faster than folding under the tested set of conditions.23:
However, both mutants failed to cleave the substrate detectably at 0 °C (data not shown), preventing the use of this assay to measure

their folding.

J Mol Biol. Author manuscript; available in PMC 2014 December 12.
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We also used these experiments to test whether P3 is disrupted along one of the pathways
after they diverge. For all ten mutants whose folding could be measured, the bursts of
product formation were significantly larger than for the wild-type ribozyme, indicating
increased fractions of native ribozyme for the mutants (Fig. 2c, Fig 2e and Table 1). For
eight of the ten mutants, flux through the M state remained detectable, allowing the effects
of the mutations to be quantitated (Table 1). The other two mutants, G96C and C278G,
which disrupt a terminal base pair in P3, folded to the native state predominantly in a single
kinetic phase (Fig. S2a and Table 1), suggesting that these mutations give larger effects and
that the M state is avoided within the limits of detection.™™

The results that most or all of the P3-weakening mutations increase the fraction of the
ribozyme that folds to the native state indicate that P3 is disrupted along this pathway
specifically. The lack of a consistent effect on the observed rate constant indicates that P3 is
not disrupted in the earlier, rate-limiting step from lyap t0 lcommitment- TOgether, the results
support the model in which P3 is formed in the intermediate lisp, - and they indicate that P3
remains formed during the rate-limiting transition to l.ommitment. Subsequently, P3 is
disrupted transiently during the folding transition to the native state, whereas it remains
intact during the folding transition from lgommitment t0 the misfolded state (Scheme 1).

P3-strengthening mutants also increase folding to N

Based on the result that weakening P3 increases the fraction of native folding from lgp, a
simple prediction for the strengthening mutants would be that they would decrease the
fraction of ribozyme that folds to the native state. However, previous work indicated that
one strengthening mutant, U273A, dramatically increased native folding.19: 29-31 Thus, we
used the set of four P3-strengthening mutants to test more broadly the effects of
strengthening P3 on the folding outcome. We found that all four mutations increased the
fraction of the ribozyme that folded to the native state rather than folding to the M state (Fig.
3 and Table 1). The P3-strengthening mutations also increased the rate constant for native
folding modestly (<3-fold, Table 1). Analogous to the P3-weakening mutants, there was no
systematic effect of increasing Mg2* concentration on the rate constant (10 — 100 mM Mg?™,
Table S2).

P3-strengthening mutants increase flux along a pathway that avoids long-lived misfolding

Both the P3-weakening and P3-strengthening mutations increase the fraction of ribozyme
that avoids the M state and folds to the native state, a surprising result at face value.
However, previous work hinted at a resolution by suggesting that early formation of P3,
either by the U273A mutation or by increased Na* concentration, favored folding to the
native state along an alternative pathway in which lyap and M are avoided.2 2% 31 Thus, the
effects of weakening P3 and strengthening P3 would be exerted at different points in
folding, both resulting in increased native folding but via different mechanisms. We tested

**A discontinuous folding assay also indicated essentially complete native folding for C278G with a rate constant that did not depend
on Mgz"' concentration. The absence of a decrease in rate constant with increasing Mg2+ concentration indicates that the experiment
monitored folding from Itrap rather than from the M state (Fig. S2b-d). Thus, C278G either avoided forming the M state or it refolded
rapidly, such that the M state did not accumulate. Although reduced catalytic activity at low temperature prevented use of the
discontinuous assay for G96C, because the same base pair is disrupted in both mutants, the basic features of folding of the two
mutants are likely to be the same.

J Mol Biol. Author manuscript; available in PMC 2014 December 12.
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this model by using catalytic activity to probe when during folding the ribozyme mutants
become committed to folding to the native or misfolded states. A prediction from this model
is that the P3-weakening mutants would exhibit a ‘late” commitment to native folding, at or
after the rate-limiting transition state, as observed previously for the wild-type ribozyme
(Scheme 2, lower pathway).19 In contrast, the P3-strengthening mutants would fold along
the alternate pathway and thus commit ‘early’ to native folding (Scheme 2, upper pathway).

To measure the commitment point, we used a two-stage assay in which the ribozyme was
initially folded in the presence of Mg2* for varying amounts of time at 37 °C (Fig. 4a, t;).1°
The temperature was then reduced to 25 °C and the ribozyme was incubated further for a
total of 30 min, enough time to fold to the native and misfolded states (Table 1). The key
point is that a smaller fraction of the ribozyme folds to the native state at 25 °C than at 37 °C
(Fig. 2c and Table 1). Thus, the fraction of the ribozyme that had not yet committed to
native folding at the time of the temperature shift would give the smaller fraction of native
ribozyme associated with the lower temperature, allowing us to monitor the time
dependence of the commitment to native folding at 37 °C.19

We used this assay to test six of the twelve P3-weakening mutants, while properties of the
other six mutants prevented their use in the assay (Figure $2)."* For the six mutants that
could be measured, the rate constants for the commitment to native folding were similar to
the overall rate constants for native folding at 37 °C, indicating that the commitment occurs
late in folding (Fig. 4c and Table 2). For most of the mutants, the data were best described
by two exponential curves, with the slower phase reflecting increased refolding from the M
state with more time at 37 °C and correspondingly less time at 25 °C. This phase was also
detectable for the wild-type ribozyme but was less prominent, presumably because refolding
from the M state is slow enough that little additional native ribozyme would be expected
within the 30 min of the experiment. To confirm the interpretations of the fast and slow
phases, we simulated the reactions using folding parameters determined in independent
experiments (Table 1).11 When the simulated results were scaled to account for the lower
apparent fractions of native ribozyme in the experimental data, a difference that arises from
the use of trace substrate in the experiment (see Methods),1? the simulated results were in
good overall agreement with the experimental results (Fig. 4b, ¢ and Fig. S4). Overall, our
results show that the P3-weakening mutants fold along the same pathway as the wild-type
ribozyme, with the commitment to fold to the native or misfolded states being made late in
folding, after lyqp is formed and resolved (lower pathway in Scheme 2).

We used the same assay to monitor folding of the P3-strengthening mutants, again
monitoring progression past the commitment point at 37 °C. Here we used a lower
temperature of 15 °C for the temperature downshift to increase the difference in the amount
of native folding between the high and low temperatures. Consistent with the model above,
for all four mutants we observed a rapid increase in the fraction of native ribozyme with
increased time at 37 °C, with rate constants of 4.1 min~ to >7 min~! (Fig. 5). These rate

***The mutants G96C, A97C, C102G, and C278G were excluded for the reasons noted in the previous sections. G275A was excluded
because it showed complex behavior in control assays used to set up this experiment (Fig. S3). We attempted to use G276A but there
was no detectable change in the fraction of native ribozyme, presumably because this mutant folds to the same fraction of native
ribozyme within error at 25 °C and 37 °C (Table 1).

J Mol Biol. Author manuscript; available in PMC 2014 December 12.
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constants are much larger than those for the wild-type ribozyme and the P3-weakening
mutants, and they are also much larger than the rate constants for overall folding of the P3-
stengthening mutants (Table 1). Thus, these mutants are committed to fold primarily to the
native state early in their folding process at 37 °C (upper pathway in Scheme 2). For the
U101C:U273G mutant, there was also a slower phase, suggesting that a small fraction of
this ribozyme folds via a pathway with a late commitment point, perhaps the pathway
populated by the wild-type ribozyme and P3-weakening mutants. Taken together, the results
in this section indicate that the P3-weakening mutants fold predominantly through the same
pathway as the wild-type ribozyme but with a larger fraction that reaches the native state
from the ly,p intermediate rather than forming the M state, whereas the P3-strengthening
mutants fold predominantly along a pathway that avoids both Iy, and the M state and is
rapidly committed to native folding.

Discussion

While structured RNAs are known to misfold in vitro and in vivo, the molecular origins of
misfolding and the pathways that generate and resolve misfolded conformations remain
largely unknown. Here we aimed to examine how modulating the stability of the long-range
helix P3 impacts the lifetime of a kinetically-trapped folding intermediate and the
subsequent flux through different folding pathways for the Tetrahymena ribozyme. As
described below, the results increase our understanding of key folding steps and the
connections between folding pathways (Fig. 6). A general theme is that the choices of
folding pathways are governed by kinetic competitions that can occur rapidly but then be
enforced by the formation of additional structure, such that the choice has a long-lasting
impact on the folding process.

P3is disrupted transiently during the transition from k,p to the native structure

The results of the P3-weakening mutants extend our understanding of how the structured
intermediate ly,p is resolved to the native and misfolded states. First, there is a rate-limiting
transition from ly,p to another intermediate, lcommitment- > Weakening P3 does not
accelerate the transition, indicating that P3 does not break as lygp rearranges to the transition
state for the step. Because prior footprinting experiments suggested that P3 is formed in Iy
intermediate, 13 we infer that P3 likely remains formed throughout the transition and is
retained in leommitment- Mutations of the long-range tertiary contacts accelerate the transition
from Itrap,13 leading to a model with two substeps (Fig. 6). Disruption of tertiary contacts
occurs first, most likely reversibly, facilitating resolution of the non-native structure in lyy,p
in the second substep. The identity of this non-native structure in Iy remains unknown, but
when it is present it apparently allows formation of the peripheral tertiary contacts but limits
the overall stability of Iy, relative to the M state, perhaps by weakening some contacts or
by limiting cooperativity. During the two substeps of this transition, the rate-limiting
transition state is reached for overall folding to both the native and misfolded states (Fig.
S5).

From the resulting intermediate l¢ommitment. folding continues rapidly to the native or
misfolded structures. Our finding that weakening P3 increases the flux to the native state

J Mol Biol. Author manuscript; available in PMC 2014 December 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mitchell and Russell

Page 7

indicates that P3 is disrupted during the transition to the native state but not to the misfolded
state. Because it is a long-range helix, disruption of P3 allows the core domains to move
relative to each other and to exchange topologies between the native topology and the
putative misfolded topology.1! Thus, the requirement for P3 disruption to reach the native
state suggests that a change in topology is required, while the lack of this requirement in the
transition to the misfolded state indicates that the misfolded topology is present in
lcommitment, @nd most likely also in lyap. This view is consistent with the structural similarity
of lyrap and the M state, as indicated by footprinting and small angle X-ray scattering
experiments.13: 24 Further, it establishes a strong parallel between the productive folding
transitions from ly,p and from the M state, suggesting that these two transitions may
converge to a common pathway. We suggest that the convergence may occur at the
intermediate lcommitment. Which has the misfolded topology and P3 formed but some or all of
the tertiary contacts broken (Fig. 6). From this intermediate, the ribozyme can fold toward
the N state by breaking P3 or it can fold to M by reforming tertiary contacts while
maintaining P3.11 This decision represents a kinetic competition during folding (see below).

P3-strengthening mutants fold along a distinct pathway

Instead of reducing the fraction of native ribozyme, as would be expected from the model
above, strengthening P3 increases the ribozyme fraction that avoids the M state to reach the
native state. Previous work demonstrated that one of these mutants, U273A, largely avoids
long-lived misfolding and instead folds predominantly to the native state.3% 31 Qur results
strongly support the interpretation that the increase in native folding results from increased
stability of P3,30: 31 a5 all four of the P3-strengthening mutants tested here displayed
increased native folding. Preincubation of the wild-type ribozyme in high Na* concentration
also increases native folding upon Mg2* addition, and footprinting experiments suggested
that the Na* incubation promotes formation of P3 as well as other contacts.2? Thus, we infer
that the P3 strengthening mutations allow P3 to form prior to Mg2* addition (giving the
intermediate 11N in Fig. 6), which biases folding by promoting a native arrangement of the
core domains and their connections to favor a native topology. Our finding that these
mutants display an early commitment to native folding indicates that the dominant pathway
for these mutants is separated by large energy barriers from the pathway that results in
misfolding and dominates folding of the wild-type ribozyme. Nevertheless, small fractions
of these P3-strengthened mutants do fold to M, perhaps because P3 formation is incomplete,
allowing formation of the misfolded topology, or because formation of the native topology
is incomplete even with P3 formed. For these mutants, any ribozyme that folds through the
‘standard’ pathway is presumably strongly biased to form the M state because of the
increased difficulty in disrupting P3 to allow topological exchange (Fig. S5).

Although the P3-strengthening mutants fold predominantly along the pathway that avoids
ltrap @nd M and is committed to native folding, they still reach the native state relatively
slowly, with rate constants of approximately 1 min~L. This rate constant is much lower than
would be expected in the absence of kinetic barriers, suggesting formation of at least one
folding intermediate. The results that these ribozyme mutants become committed to fold to
the native state much faster than they reach the native state support this interpretation and
indicate that this intermediate is committed to native folding. Although a previous study

J Mol Biol. Author manuscript; available in PMC 2014 December 12.
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suggested that the U273A mutant folds up to 50-fold faster than the wild-type ribozyme and
without populating intermediates, this conclusion relied on time-resolved footprinting and
native gel shift analysis, which may not distinguish the native state from highly structured
intermediates, and a catalytic activity assay with limited time resolution.3! In the current
work, the higher time resolution and the additional commitment point assay demonstrate the
intermediate and the moderate folding rate. Both the value of the folding rate constant and
the lack of Mg2* dependence on this value parallel the behavior of the wild type ribozyme
(see Fig. 3, Table 1, and Table S2), suggesting that the intermediate that limits folding of
these mutants may possess the non-native structural feature of lyqp, although it presumably
has the native topology (ItrapN in Fig. 6). When the non-native structure in this intermediate
is resolved, the bulk of the population apparently folds to the native state rather than
reversing the topology and misfolding.

Competition between rapid events influences RNA folding decisions

Our results highlight two points at which the duration and outcomes of ribozyme folding can
be strongly influenced by alternative events that happen rapidly. The first point is early in
folding, where two pathways arise and remain separate. If P3 is formed, folding is biased to
the native pathway. If it is not formed, global compaction and the formation of tertiary
structure rapidly lock in a non-native structural feature, most likely the non-native topology,
to give lygp With a lifetime >1 min. For the wild-type ribozyme and the P3-weakening
mutants, this competition strongly favors the pathway that includes lyap, and for the P3-
strengthening mutants the competition is avoided in our experiments because the mutants
form P3 prior to Mg2* addition. It will be interesting to determine whether the P3-
strengthening mutants can fold along the native pathway when folding is begun from
conditions that destabilize secondary structure, such as high temperature or urea
concentration.

After partial unfolding of ly4p, there is a competition from the intermediate lcommitment,
between P3 disruption, which allows folding to N, and alternative folding steps that result in
formation of the M state. The time scale for this choice is not known, but it occurs after the
rate-limiting step for folding from Iy, i.€. in seconds or faster. Once formed, the M state
persists for hours under standard in vitro conditions, or for minutes under conditions that
more closely mimic physiological conditions,12: 19 and the native state is even more stable.
Thus, a kinetic competition that takes place in seconds leads to divergent pathways that are
separated by very large energy barriers.

This behavior is most likely a consequence of the high stability of RNA structure, including
local structure. The kinetic competitions involve alternative events that happen fast, and then
the outcome of the competition is enforced by the formation of additional stable structure,
some or all of which must be disrupted to allow exchange of the structural differences.
Approximately half of the Azoarcus group | intron ribozyme misfolds, while the remainder
folds rapidly to the native state.32 Similar behavior was observed for pre-tRNA'€, which
harbors the intron, although it is not clear whether the origin of misfolding is the same.33
The glmSriboswitch also partitions between pathways to native and non-native structures.3*

J Mol Biol. Author manuscript; available in PMC 2014 December 12.
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In general, observations of misfolding by only a portion of an RNA population suggest a
kinetic competition and a bifurcation of pathways to the native and misfolded states.3®

Implications of P3 mutations for folding in vivo

Remarkably, both weakening P3 and strengthening P3 increase the amount of ribozyme that
folds to the native state while avoiding the M state. Although it is possible that the relative
flux through folding pathways is altered in vivo, it is also possible that the M state is formed
to some extent in nature and that sequence changes that strengthen or weaken P3 could
decrease the amount of M formed. However, each of these changes would have risks. First,
strengthening P3 would not necessarily decrease the amount of misfolded ribozyme, because
P3 formation would be in kinetic competition with events favoring formation of ly,p.
Further, because it is a long-range contact, P3 would presumably be disfavored in co-
transcriptional folding relative to the formation of local contacts. In addition, even if
strengthening P3 did decrease the amount of misfolded ribozyme formed, it would extend
the lifetime of the misfolded RNA that does form. Weakening P3 would decrease the
lifetime of the M state by decreasing its stability relative to the largely unfolded transition
state, but it might also decrease the stability of the structurally similar native state.
Therefore, nature may have struck a balance between folding efficiency and structural
stability, perhaps relying on cellular factors to ensure efficient resolution of the misfolded
structure.

Materials and Methods

Materials

The L-21/Scal Tetrahymena ribozyme was purified using Qiagen RNeasy columns as
described.38 The oligonucleotide substrate (CCCUCUAs, rSAs) (Dharmacon, Lafayette,
CO) was 5 -end-labeled with [y-32P] ATP by using T4 polynucleotide kinase and purified
by non-denaturing polyacrylamide gel electrophoresis as previously described.3” RNA
concentrations were determined spectrophotometrically using the following extinction
coefficients: wild-type and mutant ribozymes, 3.9 x 108 M~ cm1; rSAg, 1.09 x 10° M1
cm1,

Measuring formation of the native state

RNA folding reactions using the continuous assay were initiated by the simultaneous
addition of substrate (300 nM, including a trace amount of 5"-32P-labeled substrate) and
MgCl, to wild-type and mutant ribozymes (100 nM in 50 mM Na-MOPS, pH 7.0, and 1
mM guanosine). The Mg2* concentration was varied from 10 mM to 200 mM and the
temperature was 25 °C or 37 °C. At various times, aliquots were removed and quenched by
addition of formamide and ethylenediaminetetraacetic acid (EDTA). Radiolabeled product
(CCCUCU) was separated from uncleaved substrate on a 7 M urea/20% acrylamide gel.
Progress curves displayed a rapid burst of product formation, reflecting a single ribozyme
turnover that is rate limited by folding to the native state, followed by a slower linear phase
of product formation that is rate limited by release of the product.1® The burst amplitudes
were normalized by amplitudes from parallel reactions in which the ribozymes were
prefolded to the native state. Wild-type and P3-weakening mutants were prefolded by

J Mol Biol. Author manuscript; available in PMC 2014 December 12.
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incubation at 50 °C with 10 mM Mg?* for 30 — 45 min.18 38 P3-strengthening mutants were
prefolded by incubation at 50 °C with 10 mM Mg?2* and 50 mM Na* for 60 min, followed
by dilution into reaction conditions.11

For P3-weakening mutants G96C, A97C, C102G, and C278G, folding was also monitored
by using a discontinuous assay in which folding was initiated by addition of 10 mM or 50
mM MgCl, to 100 nM ribozyme at 25 °C (50 mM Na-MOPS, pH 7.0, and 1 mM
guanosine). At various times, aliquots were removed and shifted to 0 °C to inhibit further
folding from Itrap.39 A trace amount of radiolabeled substrate was added and the fraction of
native ribozyme was determined by catalytic activity as described previously.11

Measuring commitment points to native folding

The rate constant for commitment to folding to the misfolded vs. native states was measured
by catalytic activity.1® Folding of wild-type and mutant ribozymes (50 mM Na-MOPS, pH
7.0) was initiated by adding 10 mM Mg?2* at 37 °C. At various times, aliquots were shifted
to 25 °C by dilution into a solution containing 10 mM Mg?* and 1 mM guanosine and
further incubated at 25 °C for a total of 30 min (time at 37 °C + time at 25 °C = 30 min). A
trace amount of rSAs was added while maintaining buffer, Mg2*, and guanosine
concentrations, and the fraction of native ribozyme was determined from the fraction of the
substrate cleaved in the burst phase. For P3-strengthening mutants, aliquots were transferred
to 15 °C instead of 25 °C to increase the difference in the fraction of native ribozyme
between the temperatures.

Kinetic simulation of commitment to native folding

Kinetic simulations that modeled the commitment to native folding of wild-type and mutant
ribozymes were generated using Kinetic Explorer.40 The values for the rate constants for
folding from lp, the fraction of ribozyme folding to the native state, and the rate constants
for refolding of the M state were measured in independent experiments at 10 mM Mg?* and
25 °C or 37 °C.11 Rate constants for refolding from the M state at 100 mM Mg2* and 25 °C
or 37 °C, used in separate simulations, were calculated from the Mg?* dependences at lower
Mg?2* concentrations. The simulations used the simplified folding pathway shown in Scheme
1. Two “mixing’ steps were used, with the first mixing step to initiate folding and the second
mixing step to simulate the temperature shift. The fraction of native ribozyme after a total
folding time of 30 min was plotted as a function of time at 37 °C, in correspondence with
the experiment. To compare the simulations with the experiments (Fig. 4 and Fig. S4), the
simulated data were normalized to account for small differences in the burst amplitudes
between the simulations, which used parameters obtained from experiments with excess
substrate relative to ribozyme, and the commitment point experiments, which used trace
amounts of substrate. Smaller bursts are typically observed with trace substrate, most likely
because the M state binds the substrate slightly faster than the N state does, so that the M
state is slightly overrepresented when using trace substrate.1®
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Refer to Web version on PubMed Central for supplementary material.
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The Tetrahymena ribozyme and mutants used herein. (a) Ribozyme secondary structure. The
ribozyme contains five long-range contacts, as indicated by thick arrows. The ribozyme is
shown with substrate bound to form the P1 helix, and the red arrow indicates the substrate
cleavage site. The P3 helix is shaded in gray. (b—c) Point mutations are designed to weaken
the P3 helix by disrupting a single base pair (panel b) or to strengthen P3 by creating A-U,
U-A, or U-G pairs or a C-G pair (panel c).
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Figure 2.
Native folding of P3-weakening mutants. (a) Reaction scheme. Folding and catalysis are

initiated simultaneously with the addition of Mg2*, substrate and guanosine. Because
substrate cleavage is faster than folding, the exponential burst of product formation in the
rapid initial phase reveals both the rate constant for native state formation and, from its
amplitude, the extent of native state formation. Release of the product oligonucleotide is
slow, such that the data show a well-defined burst reflecting folding and the first round of
substrate cleavage, followed by a slow linear accumulation of the product that reflects

J Mol Biol. Author manuscript; available in PMC 2014 December 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mitchell and Russell

Page 16

subsequent rounds of substrate cleavage. The concentration values indicate final
concentrations after mixing. (b) Folding of the wild-type ribozyme with 10 mM Mg?2* at 25
°C (circles) or 37 °C (squares). (c) Folding of P3-weakening mutants with 10 mM Mg?2* at
25 °C (circles) or 37 °C (squares). Rate constants for the mutants are given in Table 1. The
y-axis values represent the concentration of product relative to the concentration of active
ribozyme, which was determined from the burst amplitude of a parallel reaction in which the
ribozyme was prefolded to the native state.1! Folding of G272A at 37 °C is not shown
because the results did not show a well-defined burst of product formation. (d) Rate
constants for folding of the P3-weakening mutants, relative to that of the wild-type
ribozyme, at 25 °C and 10 mM Mg?2*. Error bars show standard errors from at least three
independent measurements. (€) Fractions of the P3-weakening mutants that fold to the native
state, relative to the value for the wild-type ribozyme at 25 °C and 10 mM Mg?2*. Error bars
show standard errors from at least three independent measurements.
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Figure 3.

Native folding of P3-strengthening mutants with 10 mM Mg?* at 25 °C (circles) or 37 °C
(squares). Rate constants for the mutants are given in Table 1. The y-axis values represent
the concentration of product relative to the concentration of active ribozyme, as described in
the Fig. 2 legend.11
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Figure 4.

Commitment to native folding or misfolding by P3-weakening mutants monitored by
catalytic activity. (a) Reaction scheme. The ribozyme was incubated at 37 °C for various
times t1, and then aliquots were transferred to solution at 25 °C and further incubated such
that the total incubation time (37 °C + 25 °C) was 30 min. The fraction of native ribozyme
was then determined by catalytic activity (see Methods). (b—c) Representative plots (black
lines) and simulated folding curves (green lines) for folding of wild-type ribozyme (b) or
P3-weakening mutants (c). The result for the wild-type ribozyme was consistent with earlier
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published results.1® Data from both the wild-type and mutant ribozymes showed two kinetic
phases, and the simulations show that the first phase represents the rate constant for
commitment to folding to the M or N states, and the second phase reflects refolding from the
M state to the native state. A simulation could not be performed for G272A because there
was not a distinct burst in the continuous folding assay for this mutant at 37 °C (Fig. 2 and
Table 1).
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Commitment to point for native folding of P3-strengthening mutants. The ribozyme was
incubated at 37 °C for various times, and then aliquots were transferred to 15 °C and further
incubated such that the total incubation time (37 °C + 15 °C) was 30 min. The fraction of
native ribozyme was then determined by catalytic activity. The rate constants are U101A,
4.1 min~1; U273A, U273G, and U101C:U273G, >7 min~L. Data from the U101C:U273G
ribozyme included a second phase with a rate constant of 0.86 min~1.
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Figure 6.
Two dominant folding pathways of the Tetrahymena ribozyme. The wild-type ribozyme and

P3-weakening mutants fold primarily through the lower pathway (red) and the P3-
strengthening mutants fold primarily through the upper pathway (green). All of the
intermediates on the lower pathway are postulated to include the non-native topology, while
those on the upper pathway have the native topology (indicated for intermediates with a
superscript N). On the red pathway, the transition from lyyp to lcommitment (abbreviated
lcommit) is shown as occurring in two substeps, with native tertiary structure being disrupted
in the first substep and then non-native structure being resolved in the second substep. From
| commitment, folding can continue to the misfolded state (M) with the reformation of tertiary
contacts, or P3 can be disrupted to allow an exchange of topology, and reformation of P3
gives the intermediate 1p3N, which folds rapidly to the native state (N). The rate constants
for the transitions from leommitment are not known but a lower limit of X = 5 was established
from earlier work.19: 29 For the P3-strengthening mutants, incubation in buffer solution
allows formation of P3, which is proposed to be coupled to formation of the native topology,
giving the intermediate 11N (dashed box). Upon Mg?* addition, folding proceeds by tertiary
structure formation to an intermediate that has the non-native structural feature of Iy, but
the native topology (ItrapN). This intermediate is resolved in two substeps as described
above, and reformation of tertiary contacts leads to formation of the native state.
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Table 2

Rate constants for folding past the commitment point for P3-weakening ribozyme mutants.

Ribozyme k¢ q (Min~t) % Native (Initial) % Native (End)

Wild Type 1402 10.1+05 21.0+£04
Co8U 05+0.1 17.2+04 29+1
Co9uU 05%0.1 23+1 38+3
G100A 0.47 +£0.09 9+1 21+6
G272A 0.45 £ 0.05 22+2 32+3
C274G 14+04 23+2 371
uz277G 04+0.1 40+3 53+4

Uncertainties are shown as the standard errors from at least four experiments.
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