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Abstract
As RNAs fold to functional structures, they traverse complex energy landscapes that include many
partially-folded and misfolded intermediates. For structured RNAs that possess catalytic activity,
this activity can provide a powerful means of monitoring folding that is complementary to other
biophysical approaches. RNA catalysis can be used to track accumulation of the native RNA
specifically and quantitatively, readily distinguishing the native structure from intermediates that
resemble it and may not be differentiated by other approaches. Here we outline how to design and
interpret experiments using catalytic activity to monitor RNA folding, and we summarize adaptations
of the method that have been used to probe aspects of folding well beyond determination of the
folding rates.

1. INTRODUCTION
The discovery in 1982 by Cech and co-workers that a group I intron from Tetrahymena
thermophila folds into a specific tertiary structure and catalyzes the chemical reactions
necessary to excise itself from a precursor rRNA (Kruger et al., 1982) ushered in a new age of
interest in understanding how RNAs fold to functional structures. Since then, interest in RNA
folding has continued to grow as structured RNAs have been implicated in a dizzying array of
cellular functions. In addition to performing self-splicing and cleavage reactions in a wide
variety of contexts (Fedor, 2009), RNAs process and translate messages as core components
of the spliceosome and ribosome (Moore et al., 2002; Noller, 2005; Wahl et al., 2009), process
tRNA precursors (Evans et al., 2006), protect chromosomal ends (Collins, 2006; Theimer and
Feigon, 2006), mediate protein trafficking events (Egea et al., 2005), and regulate gene
expression by a variety of mechanisms (Bartel, 2004; Carthew and Sontheimer, 2009).

In parallel, the known catalytic RNAs and the corresponding catalytic repertoire have increased
dramatically. The natural catalytic RNAs include group I and group II introns, RNase P, and
self-cleaving RNA elements including the hairpin, hammerhead, Varkud satellite, and hepatitis
delta virus (HDV) ribozymes, and most recently the GlmS riboswitch (Cech, 2002; Fedor,
2009). Self-cleaving elements have been found in the genomes of humans and other mammals
(Teixeira et al., 2004; Salehi-Ashtiani et al., 2006; Martick et al., 2008), and it seems likely
that many more remain undiscovered (Katayama et al., 2005; Carninci et al., 2005; Salehi-
Ashtiani et al., 2006). The catalytic capabilities of RNA have even been extended by in vitro
selection methods beyond the range identified in nature to include phosphorylation and ligation
reactions (Lorsch and Szostak, 1994; Lincoln and Joyce, 2009), and even more diverse
reactions such as alkylations and condensations (Chen et al., 2007).
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As described throughout this volume, a powerful arsenal of biophysical approaches has been
developed and applied to study the formation of specific structures by RNA. These approaches
have been used to probe questions such as what provides the energetic driving force for
formation of compact RNA structures? What features of the RNAs provide specificity to
stabilize the functional structures relative to others? How fast do RNAs form specific structures,
and what physical steps limit the folding rates? More generally, what do the energy landscapes
of RNA folding look like?

Beginning in the early 1990s, catalytic RNAs became prominent in studies of RNA folding,
and work using these RNAs has fundamentally advanced our understanding of folding
processes and landscapes. Two powerful time-resolved footprinting methods were developed
and first applied to the Tetrahymena group I ribozyme. One of them followed accessibility of
the RNA to complementary oligonucleotide probes (Zarrinkar and Williamson, 1994;
Zarrinkar and Williamson, 1996), and the other used hydroxyl radicals to monitor backbone
exposure of RNA within milliseconds after initiation of folding by addition of Mg2+ ions
(Sclavi et al., 1997; Sclavi et al., 1998).

The most general conclusion from these studies was that RNA folding involves multiple steps,
with highly structured intermediates being populated along the way. Since then, the presence
of intermediates has been shown to be a general feature of RNA folding (Pan and Sosnick,
1997; Treiber et al., 1998; Pan and Woodson, 1998; Russell and Herschlag, 1999; Chadalavada
et al., 2002; Chauhan and Woodson, 2008). The extensive formation of intermediates creates
a significant challenge for studying RNA folding. It is critical to know whether the RNA is
completely folded to the native, functional structure or instead is present as a folding
intermediate, but this can be exceedingly difficult for folding intermediates that are extensively
structured and bear a strong resemblance to the native structure.

Catalytic RNAs provide a unique window to view the folding process, because the onset of
catalytic activity can provide a powerful and specific readout for formation of the native
structure. This approach allows the native state to be distinguished from alternative long-lived
intermediates, regardless of their physical similarities, as only the native state is capable of
performing the catalytic reaction. In the most favorable cases, this method can provide an
unambiguous measure of the amount of native ribozyme as a function of time, which can then
be integrated with data from other approaches. It was used in early studies of ribosome
assembly (Traub and Nomura, 1969; Held and Nomura, 1973), and since then has been applied
to a broad range of RNAs [e.g. (Woodson and Cech, 1991; Emerick et al., 1996; Pan and
Sosnick, 1997; Russell and Herschlag, 1999; Chadalavada et al., 2002; Su et al., 2003; Xiao
et al., 2005; Brooks and Hampel, 2009)]. Catalytic activity has also been used to follow protein
folding (Kiefhaber et al., 1990; Kiefhaber, 1995), but it is uniquely well-suited to RNA because
the propensity of RNA to form kinetically-trapped intermediates causes folding of many RNAs
to be slower than their catalytic reactions (Treiber and Williamson, 1999).

Nevertheless, there are also limitations to the activity approach. Of course, it is limited to RNAs
that possess catalytic activity, and further, it can only be used for RNAs whose catalytic activity
is relatively robust. Also, the method provides limited information on steps in folding and the
structures of intermediates.

There are two general classes of catalytic activity assay, termed continuous and discontinuous
assays (Fig. 1). In the continuous assay, folding and catalysis are monitored together, and the
rate constant observed by monitoring the catalytic reaction reflects the folding process if
folding is rate-limiting. In the discontinuous assay, folding is separated from the chemical
reaction by performing the reaction in two stages, where the first stage allows folding but not
catalysis, and the second stage allows catalysis but not further formation of native RNA.
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In the sections below, we describe how to perform and interpret RNA folding experiments
using each of these assays. We and others have used catalytic activity extensively to study
ribozymes that cleave RNA, particularly group I introns (Zarrinkar and Williamson, 1994; Pan
and Woodson, 1998; Russell and Herschlag, 1999; Russell and Herschlag, 2001; Russell et
al., 2007). For simplicity we focus on these ribozymes in our descriptions, but the same methods
are applicable to ribozymes that perform other types of reactions. Also for simplicity, we
assume in the sections below that the reaction substrate is radiolabeled and is separated from
the reaction product using polyacrylamide gel electrophoresis, but any method that separates
reaction substrates and products quantitatively can be used. Our goal in the sections below is
not to list detailed protocols, as the details will differ for different RNAs and different methods
of labeling and detecting substrates, but rather to outline general strategies of experimental
design and interpretation that allow catalytic activity to be an effective monitor of RNA folding.

2. PRELIMINARY MEASUREMENTS OF CATALYTIC REACTION
The only absolute requirement for using catalytic activity to monitor folding is that conditions
exist under which the overall rate constant for the catalytic reaction, including all steps leading
up to detectable product formation, exceeds the rate constant for folding. The degree to which
catalysis must be faster than folding depends on a variety of factors, but as a general rule the
difference must be at least 3 – 5-fold. As a first step, it is important to measure the catalytic
reaction, independently from folding, and to survey conditions to maximize the fraction of
active ribozyme and the catalytic rate constant. In practice, these measurements may be
performed in parallel with trial folding measurements using the continuous assay described in
section 3 below.

2.1. How to measure the catalytic reaction and establish pre-folding conditions
The basic experiment for monitoring the catalytic reaction is described in Fig. 2A. First, the
RNA is pre-folded in the presence of Mg2+, typically at elevated temperature (10–50 mM
Mg2+, 37–60 °C, 10–60 min) and in the absence of a substrate or cofactor. In practice, the pre-
folding conditions will not yet be established for a new ribozyme, so the time and conditions
of this incubation should be varied. Next, samples are adjusted to a constant set of conditions
to measure the catalytic reaction rate, and the substrate is added. In an initial experiment, the
substrate should be present in modest excess of the ribozyme (2–5-fold) so that the first round
of the catalytic reaction can be observed and distinguished from subsequent rounds. Aliquots
are quenched at various times by adding formamide (50–90% final concentration) and EDTA
(≥2-fold in excess of Mg2+), and products are separated from substrate, typically by denaturing
polyacrylamide gel electrophoresis (Zaug et al., 1988;Herschlag and Cech, 1990). The fraction
of substrate converted to product is normalized by the substrate and the ribozyme
concentrations (as determined by UV absorbance) and plotted against reaction time.

A set of pre-incubation conditions should be selected that maximizes the fraction of active
ribozyme, as determined from the amount of product in a burst or from the steady-state rate
(see below). Once optimal pre-incubation conditions are established, this step is kept constant
while the reaction conditions are surveyed (section 2.3).

2.2. Interpreting results from catalytic rate measurements
The method used to analyze the progress curve depends on the shape of the curve, which in
turn depends on whether the reaction products are released faster or slower than they are
produced. For a ribozyme that cleaves a substrate to generate two products, there are three
regimes (Table 1; corresponding regimes for ribozymes that self-cleave or produce only one
reaction product are also shown). If both products are released substantially faster than the
substrate is cleaved (≥3–5-fold), a linear accumulation of product will be observed. Changes
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in the fraction of native ribozyme from different pre-folding conditions are reflected in
corresponding changes in the reaction rate. If dissociation of one product is faster than cleavage
and the other is slower, a rapid burst of product will be generated, which gives values both for
the cleavage rate and for the amount of active ribozyme. If both products are released slower,
a burst will be present, but the amplitude of the burst may correspond to less than the total
amount of active ribozyme (see below).

If the progress curve shows a burst of product formation, the normalized data are fit by Eq. 1,
in which A is the amplitude of the product burst, which reflects the amount of active ribozyme.
Pre-folding conditions should be chosen to maximize this value. kobs is the rate constant for
the catalytic reaction for steps leading up to product formation, s is the rate constant for the
slower steady-state reaction, and t is the reaction time.

(1)

A cleavage reaction of the Tetrahymena ribozyme, for which one product is released rapidly
and the other slowly (middle regime in Table 1, Herschlag and Cech, 1990), is shown in Fig.
2B. After folding (30 min, 50 °C, 10 mM Mg2+), the ribozyme rapidly performs a single round
of oligonucleotide substrate cleavage at 37 °C and 10 mM Mg2+ (Herschlag and Cech,
1990;Zarrinkar and Williamson, 1994;Russell and Herschlag, 1999). The burst amplitude
indicates that nearly all of the ribozyme is active. One of the products is then released slowly,
as is often observed for RNA products that bind by base-pairing interactions, producing a slow
steady-state phase.

If both products are released slowly, the burst amplitude may correspond to less than the total
amount of active ribozyme because the cleavage products can re-ligate on the ribozyme
(Scheme 1), reaching an internal equilibrium (Eq. 2) (Buzayan et al., 1986;Hegg and Fedor,
1995;Golden and Cech, 1996;Karbstein et al., 2002).

(2)

However, a small amplitude may indicate instead that the ribozyme is not fully folded to the
native state or that some of the ribozyme is damaged and therefore inactive.

Although it is not trivial to distinguish between these possibilities, a strong indicator can come
from the shape of the reaction progress curve. If the reaction is reversible and the products
dissociate with distinct rate constants, the progress curve will give a double exponential within
the first turnover, where the first phase, with amplitude A1, represents the approach to KInt and
the second phase, with amplitude A2, represents dissociation of the first product (Fig. 2C). In
contrast, the presence of inactive or misfolded ribozyme will lead to a single exponential
followed by a linear phase. The amplitudes of the two exponential phases allow calculation of
KInt (Eq. 3) and a correction factor, CF (Eq. 4). The measured burst amplitude is divided by
CF to obtain the fraction of native ribozyme.

(3)

(4)
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It should also be confirmed that one of the products is released with the rate constant of the
slower phase by measuring its dissociation directly using pulse-chase procedures (Rose et
al., 1974; Herschlag and Cech, 1990). To confirm the conclusion of an internal equilibrium,
the reverse reaction should also be probed directly by monitoring reaction beginning from
products (Hertel and Uhlenbeck, 1995; Karbstein et al., 2002).

2.3. Surveying conditions for use in folding experiments
After pre-incubation conditions are established, it is important to measure the catalytic rate
under various conditions. Conditions that should be varied include monovalent and divalent
cation concentrations, pH, and temperature. Substrate concentration should also be varied to
establish saturation. The main goals are to identify conditions under which the catalytic rate
exceeds the folding rate and to maximize this difference. Increases in pH and Mg2+

concentration increase the catalytic rates of many RNAs (Herschlag and Khosla, 1994; Hertel
and Uhlenbeck, 1995; Narlikar and Herschlag, 1997), and a decrease in temperature may be
advantageous because it may give a smaller decrease in the catalytic rate than the folding rate
(Russell et al., 2007).

For all reaction conditions, the ribozyme should be first pre-folded under the optimal set of
conditions established above. This allows changes in observed reaction rate to be interpreted
in terms of effects on the catalytic steps, not on the fraction of active ribozyme (assuming that
the reaction conditions do not give loss of native ribozyme). In practice, reactions in which the
ribozyme is not pre-folded are conveniently performed in parallel (section 3). This allows
scanning of conditions to find those under which the catalytic rate exceeds the folding rate,
allowing the continuous assay to be used. These conditions can also be used as the second stage
of a discontinuous assay (section 4), allowing folding to be measured even under first-stage
conditions that do not support robust activity, as well as allowing a broad set of applications
(section 5).

3. FOLLOWING RNA FOLDING BY CONTINUOUS ACTIVITY ASSAY
This section describes a simple assay for measuring RNA folding in which the adoption of the
native state is determined by onset of catalytic activity. RNA folding is initiated at the same
time as the catalytic reaction and, provided that folding is the rate-limiting step, the observed
rate constant for the catalytic activity reflects the rate constant for folding. The continuous
assay is very simple, so it is a good first choice for ribozymes whose catalytic reactions are
rapid. It is also useful for studying RNAs for which folding and cleavage steps cannot easily
be separated, such as self-processing RNAs that do not require cofactors. The main limitations
are that it cannot be used to follow folding under conditions where folding is faster than the
catalytic reaction, and it cannot generally be used to track unfolding processes, with the fraction
of native ribozyme decreasing over time.

3.1. How to perform experiments using the continuous assay
The overall technique for measuring the rate of RNA folding is very similar to that for
measuring the rate of substrate cleavage. The only difference is that the substrate, in small
excess relative to the ribozyme, is added as folding is initiated, typically by Mg2+ addition
(Fig. 3A). As in section 2, aliquots are removed at various times and quenched.

3.2. Interpreting results from the continuous assay
The results are interpreted in conjunction with catalytic rate measurements described in section
2. If the progress curves are the same with or without pre-folding of the ribozyme, folding is
more rapid than cleavage and only a lower limit on the folding rate is obtained. On the other
hand, if the reaction with co-initiation of folding and cleavage gives slower or less product
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formation, folding is limiting for at least a fraction of the population and further interpretation
of the data is warranted.

There are two general types of behavior that may be observed. If the rate constant for release
of at least one product is slower than folding and the catalytic reaction, product will be formed
in an initial burst. In this case, the data are normalized for substrate and ribozyme concentration
as in section 2 and fit by eq. 1. Here, kobs reflects the rate constant for folding (kfold), and the
amplitude gives the fraction of ribozyme that folds to the native state in this transition. If the
burst amplitude indicates less than stoichiometric formation of product, it suggests that some
of the ribozyme does not reach the native state on this time scale (or that the reaction reaches
an internal equiibrium before product dissociation, see Section 2.2). To rule out the possibility
that the low value results from damaged ribozyme, the amplitude should be compared to that
from a reaction with pre-folded ribozyme. Using this assay, it was shown that a small fraction
of the Tetrahymena ribozyme reaches the native state with a rate constant of 1 min–1 (Fig. 3B),
whereas the rest misfolds and remains non-native on the time scale of the experiment (Russell
and Herschlag, 1999;Russell and Herschlag, 2001). In principle, the continuous assay can also
reveal multiple folding pathways by the presence of additional exponential phases. However,
in practice it can be difficult to these phases from continued cleavage by native ribozyme
formed in the fastest phase of folding.

The second possible behavior is a steady-state accumulation of product without a burst, which
may be preceded by a lag. A lag appears if the folding process is slower than the entire catalytic
cycle, because the steady-state rate of product formation depends on the concentration of active
ribozyme, and this concentration increases slowly as the native state accumulates in folding.
An example of lag kinetics is shown in Fig. 3C (Russell and Herschlag, 1999). In this case, the
data are fit by Eq. 5, in which s represents the rate constant for the steady-state phase and
kobs is the rate constant for the lag, which is equal to the folding rate constant kfold. To maximize
the signal from a lag, a large excess of substrate should be used relative to the ribozyme (≥10-
fold) to increase the length and linearity of the steady-state phase.

(5)

To obtain a relative measure of the fraction of ribozyme present in the native state, the steady-
state rate is compared to that for the pre-folded RNA. If the rate is lower without pre-folding,
not all of the ribozyme has folded to the native state, whereas if they are the same, there is as
much native ribozyme as in the pre-folded control. However, it is important that this
comparison does not give an absolute measure of the fraction of native ribozyme, only a relative
one. For example, a Tetrahymena ribozyme variant that lacks the P5abc peripheral element
(EΔP5abc) gives the same steady-state rate with or without pre-folding (Fig. 3C, Russell and
Herschlag, 1999). Nevertheless, this ribozyme equilibrates between the native and misfolded
conformers, with the native state populated only by about 60% of the ribozyme even after pre-
folding (Johnson et al., 2005). This incomplete occupancy was not detectable using the
continuous assay.

4. FOLLOWING RNA FOLDING BY DISCONTINOUS ACTIVITY ASSAY
The essence of the discontinuous assay is that the reaction is performed in two stages (see Fig.
1). In the first stage, folding is allowed to proceed but the catalytic reaction is blocked. In the
second stage, the conditions are changed such that folding is arrested and the catalytic reaction
is initiated, allowing determination of the fraction of native ribozyme that accumulated during
the first stage. The discontinuous assay has several advantages over the continuous assay. By
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separating folding from the catalytic reaction, conditions can be chosen for stage 2 that
maximize the catalytic rate, increasing the robustness of the signal. Indeed, using this assay it
is even possible to measure the folding rate under conditions in stage one that do not give rapid
catalysis, such as low Mg2+ concentration. Further, decreases in the fraction of native ribozyme
can be determined, allowing unfolding processes to be followed.

There are also disadvantages and limitations to the discontinuous assay. It can only be used if
conditions exist that arrest folding. Minimally, folding must become much slower than
catalysis, and in practice it is valuable to establish conditions that arrest folding on the
experimental time scale (minutes for experiments performed by hand). Another limitation is
that the discontinuous assay requires more work than the continuous assay, because each
folding time course consists of a series of reaction time courses. This disadvantage can be
minimized by collecting only a small number of points during each cleavage reaction, which
can be sufficient to measure reliably the fraction of native ribozyme if the reaction kinetics are
well-understood.

4.1. How to design and perform experiments using the discontinuous assay
The key to using the discontinuous assay is to establish conditions for the two reaction stages
(Fig. 4A). In the first stage, the catalytic reaction must be inhibited, most commonly by omitting
the substrate or a necessary cofactor. In the second stage, folding must be arrested, or at least
slowed to a lower rate than the catalytic reaction. This goal has been achieved by using high
Mg2+ concentration (50–100 mM) and/or low temperature (Russell and Herschlag,
2001;Russell et al., 2006;Russell et al., 2007;Pan et al., 1999) (see section 2.3).

When conditions for the two stages are established, folding experiments can be performed.
Folding is typically initiated in stage 1 by adding divalent ions (Mg2+). Aliquots are removed
from the mixture at different times t1 and transferred to conditions for stage 2. This can be done
in a single step or, if the folding reaction is sufficiently slow under stage 2 conditions, it can
be performed in multiple steps. For example, the aliquot can first be transferred to low
temperature and/or high Mg2+ conditions, and then substrate can be added. Because aliquots
must be quenched at relatively defined times after substrate addition for a good determination
of the burst amplitude or reaction rate, it is helpful to ‘unlink’ this reaction from the stage 1
reaction by adding substrate separately. Quenched aliquots are processed as above.

4.2. Interpreting results from the discontinuous assay
For each folding time t1, the fraction of cleaved substrate is normalized by the substrate and
ribozyme concentrations and plotted against t2. Most commonly, the progress curve can be fit
to a single exponential phase of product formation followed by a linear increase (Fig. 4B, eq.
1). Here the rate constant kobs reflects the catalytic reaction, as in section 2. The burst amplitude
A reflects the fraction of native ribozyme at the time the aliquot was transferred from stage 1
to stage 2 (fN(t1)).

To obtain the folding rate, fN(t1) is plotted against folding time t1 (Fig. 4C). If a simple pathway
is traversed, this curve will give a single exponential curve in which the rate constant reflects
the observed folding process and the amplitude reflects the fraction of native ribozyme present
at the endpoint. The amplitude value will be less than one if the ribozyme is not completely
folded at equilibrium, if there are additional folding pathways that do not give native ribozyme
on the time scale observed, or if some of the ribozyme is damaged. It may be necessary to
include a constant term if additional folding pathways give rapid, unresolved phases of native
ribozyme formation or to include additional exponential terms if there are multiple pathways
that produce native ribozyme on the observed time scale (Russell et al., 2007).
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If, under the conditions of the stage 2 catalytic reaction, the first turnover is not faster than
subsequent turnovers, the product will not accumulate in a burst, but will instead accumulate
linearly (Fig. 4D). This rate can be used to provide a relative measure of the fraction of native
ribozyme, as it will be proportional to the fraction of active ribozyme. Therefore, the rate can
be plotted against folding time t1 to monitor the progress of folding. However, in this case the
fraction of native ribozyme cannot be determined absolutely, only relative to a pre-folded
control. This situation is analogous to that of lag kinetics in the continuous assay (section 3.2).

For certain applications of the discontinuous assay, the substrate cleavage reaction has been
performed under single turnover conditions, with ribozyme in excess of substrate (Pan et al.,
1999; Russell and Herschlag, 2001; Russell et al., 2006; Russell et al., 2007; see Fig. 6 and
Fig. 8). Here, trace substrate is added in stage 2, and either the observed rate constant (Pan et
al., 1999) or the fraction of the substrate cleaved rapidly (Russell and Herschlag, 2001) is taken
as a measure of the fraction of native ribozyme. This method has the advantage that the burst
amplitude does not depend on substrate concentration, or on ribozyme concentration in the
latter case, which can increase precision and reproducibility. However, the single turnover
assay has more extensive and specific requirements for the relative rate constants of substrate
binding, release, and catalysis, and it should only be used under well-defined circumstances.

5. OTHER APPLICATIONS OF CATALYTIC ACTIVITY AS A PROBE OF
FOLDING

The preceding sections describe how to use catalytic activity to follow folding of structured
RNAs. The same basic approach has been used in creative ways to gain additional information
about RNA folding processes. As described below, the continuous assay has been applied to
follow assembly of RNA-protein complexes. The discontinuous assay has been used to
measure the equilibrium of native RNA formation and to follow folding co-transcriptionally
or in the presence of chaperones.

5.1. Assembly of RNA-protein complexes
In addition to monitoring intramolecular folding events, the continuous activity assay has been
used to follow assembly of a catalytic RNA with protein (Webb et al., 2001) or an activating
RNA (Russell and Herschlag, 1999). The most general requirement here is that the catalytic
reaction must be faster than the assembly process, which can be modulated by changing the
concentrations of the interacting molecules.

Weeks and colleagues used this method to measure association and assembly of a group I intron
RNA with its cofactor protein Cbp2p (Webb et al., 2001). They first pre-incubated the intron
to allow formation of a near-native collapsed state and then added Cbp2p to allow assembly
and subsequent splicing (Fig. 5A). The observed rate constant was compared to that from a
reaction in which Cbp2p and the intron were pre-incubated to allow complex formation, and
then GMP was added to initiated splicing (analogous to pre-folded reactions of section 2). The
observed rate constant was smaller for the reaction initiated with Cbp2p, indicating that
complex assembly was rate-limiting for splicing under the experimental conditions (Fig. 5B).

5.2. Native folding at equilibrium
The discontinuous assay has been used to measure the Mg2+-dependent equilibrium for native
RNA folding of the Tetrahymena EΔP5abc ribozyme (Russell et al., 2007). In stage 1 the
ribozyme was incubated at various Mg2+ concentrations to allow equilibration between
intermediates and the native state, and then the fraction of native ribozyme was determined in
stage 2 by adding 50 mM Mg2+ and P5abc RNA and then substrate. These additions allowed
catalytic activity, while trapping most of the ribozyme that was non-native in stage 1 as a long-
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lived misfolded intermediate (Fig. 6A). A small fraction of the ribozyme did fold to the native
state during stage 2 prior to substrate addition (10%, Fig. 6B), as expected from earlier results
(Russell and Herschlag, 1999). Because this fraction was small and expected to be constant, it
could be subtracted to calculate the fraction of native ribozyme in the stage 1 incubation (not
shown).

5.3. Co-transcriptional folding
A discontinuous activity assay has been used by Pan, Sosnick and colleagues to follow folding
of the RNase P RNA during in vitro transcription (Pan et al., 1999; Wong et al., 2005; Wong
et al., 2007). In this work, stage 1 included a DNA template, T7 RNA polymerase, and NTPs
to allow transcription. At various times, aliquots were transferred to a stage 2 reaction that
included a tRNA precursor substrate and high ionic strength conditions (100 mM MgCl2 and
0.06 – 0.6 M KCl), permitting cleavage of the substrate but blocking transcription initiation
(Fig. 7). The activity assay was used to monitor active RNase P RNA formed over time in the
stage 1 reaction, and the amount of RNA synthesized was determined from incorporation of
radiolabeled nucleotide. The lag between the accumulation of large RNA and the appearance
of cleavage activity provided evidence for slow co-transcriptional folding of the RNase P RNA,
and further work showed that pausing of RNA polymerase during transcription accelerated
folding.

The use of RNA catalysis to follow co-transcriptional folding was taken a step further by Fedor
and colleagues, who studied the hairpin self-cleaving RNA in vivo using a continuous assay
(Mahen et al., 2005). Starting from a steady state of precursors and RNA cleavage products,
transcription was shut off using a glucose-sensitive promoter, and the rate of the subsequent
loss of precursor RNA was used to determine the efficiency of folding to the native state vs
alternative structures.

5.4. RNA chaperone-mediated folding and unfolding
Certain DEAD-box ‘RNA helicase’ proteins possess RNA chaperone activity and function
during folding of several group I introns (Mohr et al., 2002; Huang et al., 2005). Our group
has applied the discontinuous assay to study re-folding of the Tetrahymena ribozyme in the
presence of the CYT-19 DEAD-box protein (Tijerina et al., 2006; Bhaskaran and Russell,
2007). The ribozyme was first misfolded by incubation with Mg2+ (Fig. 8A). Then, CYT-19
and ATP were added in stage 1. In stage 2, Proteinase K was added to inactivate CYT-19, and
the Mg2+ concentration was increased to 50 mM to block further re-folding while allowing
robust catalytic activity. By this assay, CYT-19 was shown to accelerate re-folding in a
concentration-dependent manner (Fig. 8B).

The discontinuous assay was also used to determine whether CYT-19 mediates unfolding of
the native ribozyme (Bhaskaran and Russell, 2007). The motivation was to test whether
CYT-19 acts as a general chaperone without recognizing structural features of misfolded RNA.
Here, the ribozyme was first pre-folded to the native state, and the stage 1 reaction was designed
to destabilize the native structure, either with low Mg2+ concentration or with destabilizing
mutations in the RNA. In stage 2, Proteinase K and 50 mM Mg2+ were added and the assay
was performed exactly as described above.

Using this assay, cycles of folding and unfolding of the ribozyme were observed (Fig. 8C).
Initial folding gave native ribozyme formation, and then after addition of CYT-19, the cleavage
burst amplitude decreased, indicating loss of the native ribozyme. After CYT-19 proteolysis,
the ribozyme returned to the native state. Note that it would not be possible to use the continuous
assay to monitor the unfolding transition because the substrate would already be cleaved prior
to CYT-19 addition. However, it is straightforward with the discontinuous assay, requiring
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only that unfolding be faster than folding in stage 1, so that net unfolding occurs, and that the
stage 2 conditions permit catalytic activity and block re-folding of RNA that unfolded in stage
1.
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Scheme 1.
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Figure 1.
Schematics of continuous and discontinuous catalytic activity assays for folding. A,
Continuous assay. The reaction is performed in a single stage, in which both folding and
catalysis occur. Aliquots are quenched at various times t. B, Discontinuous assay. In the first
stage, folding is allowed but the catalytic reaction is blocked. At various times t1, aliquots are
transferred to stage 2. Here, the conditions allow robust catalysis while preventing further
accumulation of native ribozyme, allowing determination of the fraction of native ribozyme at
time t1.
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Figure 2.
Measurement of the catalytic reaction. A, Experimental scheme. RNA is pre-folded (typically
10–50 mM Mg2+, 37–60 °C, 10–60 min) and then mixed with substrate. B, Measurement of
substrate cleavage by the Tetrahymena ribozyme (Russell and Herschlag, 1999). The reaction
included 500 nM oligonucleotide substrate (with trace 5′-radiolabeled substrate) and 200 nM
pre-folded ribozyme and was performed at 37 °C, pH 7.0, 10 mM Mg2+, with 1 mM guanosine.
The cleavage reaction gave a burst of 0.8 product/ribozyme, indicating that most of the
ribozyme was catalytically active. The rate constant was ≥8 min–1, faster than folding under
these conditions. C, Simulated data showing biphasic kinetics from an internal equilibrium
(KInt) between substrate cleavage and ligation. The approach to equilibrium occurs rapidly
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(lower dashed line at 0.6), and then dissociation of one of the products drives the reaction
forward to a [product]/[ribozyme] value of 1 (upper dashed line, amplitude of 0.4 for the slow
phase). From eq. 3 and 4, KInt = 1.5 (0.6/0.4) and the correction factor CF = 0.6. Panel B
reprinted from Russell and Herschlag (1999) with permission from Elsevier.
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Figure 3.
Monitoring RNA folding using the continuous assay. A, Experimental scheme. Folding is
initiated in the presence of substrate, and folding and catalysis are quenched with formamide
and EDTA. B, Example of burst kinetics for the wild-type Tetrahymena ribozyme (Russell and
Herschlag, 1999). The observed rate constant reflects folding, and the slow, linear phase is
limited by product release. The burst amplitude (0.27) is lower than in an equivalent reaction
of pre-folded ribozyme (see Fig. 2B), indicating that most of the ribozyme did not reach the
native state on this time scale. C, Lag kinetics for the EΔP5abc Tetrahymena variant ribozyme.
The steady-state rate was the same as that for pre-folded ribozyme (see text). Panels B and C
adapted from Russell and Herschlag (1999), with permission from Elsevier.
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Figure 4.
Monitoring RNA folding by the discontinuous activity assay. A, Experimental design.
Unfolded RNA is first mixed with Mg2+ to initiate folding in stage 1. After various times t1,
aliquots are transferred to stage 2, blocking further native folding, and are mixed with substrate.
Aliquots from stage 2 are quenched at various times t2 by formamide and EDTA. B, Simulated
data for a ribozyme that gives burst kinetics. The four curves represent stage 2 reactions after
different folding times t1. Each curve has the same rate constant, which reflects the catalytic
reaction, followed by a steady-state increase that reflects subsequent turnovers. C, Simulated
folding curve. Plotting the burst amplitudes from panel B against folding time t1 gives an
exponential curve with rate constant kfold. D, Simulated product accumulation for four stage
2 reactions with a ribozyme that rapidly releases products. The slopes are also plotted in panel
C and give the same folding curve as the burst amplitudes from panel B, except that here the
amounts of native ribozyme are on a relative scale (alternate y-axis labels at right).
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Figure 5.
Continuous activity assay to follow RNA-protein complex assembly. A, Experimental design.
Radiolabeled precursor of the bI5 group I intron was mixed with protein Cbp2p and cofactor
GMP to initiate the folding and cleavage assay. B, This continuous assay gave a rate constant
of 0.5 min–1 (○). A control reaction in which the RNA was pre-incubated with Cbp2p to allow
complex formation and then mixed with GMP to initiate cleavage gave a larger rate constant,
1.6 min–1 (•). Panel B reprinted from Webb et al. (2001) with permission from Elsevier.
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Figure 6.
Mg2+ concentration dependence of native ribozyme formation. A, Reaction scheme. The
EΔP5abc Tetrahymena ribozyme was incubated in stage 1 with 0–20 mM Mg2+, allowing
equilibration of the native RNA and folding intermediates. Additional Mg2+ (50 mM final)
was then added, which induces folding predominantly to the long-lived misfolded form, and
substrate was added to initiate the catalytic reaction in stage 2. B, Burst amplitude vs Mg2+

concentration in stage 1. The amplitude does not reach one because this RNA equilibrates
between the native and misfolded conformations. Panel B adapted with permission from
Russell et al. (2007), copyright 2007 American Chemical Society.
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Figure 7.
Co-transcriptional folding of RNase P RNA monitored by a discontinuous activity assay. A,
Reaction scheme. In stage 1, T7 RNA polymerase was incubated with template DNA and NTPs
(including [α-32P]CTP) at 37 °C and pH 8.1 to initiate transcription and concurrent folding.
At various times t1, transcription was arrested by transferring aliquots to high ionic strength
conditions (stage 2), and the catalytic reaction was initiated by adding substrate, either a pre-
tRNA or an oligonucleotide substrate obtained by in vitro selection that is cleaved efficiently
by the catalytic domain of RNase P RNA (Pan and Jakacka, 1996). Stage 2 reactions were
quenched after 7-21 s, allowing determination of the relative amount of native RNase P RNA.
B, The amount of RNA synthesized (▲) was measured by incorporation of labeled CTP, while
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native folding was monitored by cleavage of the tRNA precursor substrate (△) or the selected
substrate for folding of the catalytic domain (◇). Panel B reprinted with permission from Pan
et al. (1999), copyright 1999 National Academy of Sciences, U.S.A.
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Figure 8.
Chaperone-mediated RNA folding monitored by a discontinuous activity assay. A, Reaction
scheme. In stage 1, CYT-19 protein was added with ATP to populations of native or misfolded
Tetrahymena ribozyme. At various times, further transitions between the native and misfolded
conformations were blocked by Proteinase K and 50 mM Mg2+, and the fraction of native
ribozyme was determined by adding substrate for 1 min (stage 2). B, Progress curves without
CYT-19 (○), with 500 nM CYT-19 without ATP (•), or with ATP and 100 nM (▽), 200 nM
(□), or 500 nM (◇) CYT-19. C, Unfolding of native ribozyme by CYT-19. Using a tertiary
contact mutant, the experiment monitored initial folding to the native state (○), unfolding of
native ribozyme by CYT-19 (◇) and subsequent re-folding after Proteinase K digestion of
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CYT-19 in stage 1 (△). Y-axis values are larger in panel C because data were normalized for
10-20% damaged ribozyme. Panel B adapted with permission from Tijerina et al. (2006),
copyright 2006 National Academy of Sciences, U.S.A. Panel C reprinted from Bhaskaran and
Russell (2007) with permission from Macmillan Publishers Ltd: Nature, copyright 2007.
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Table 1

Effects of product release rates on reaction and folding kinetics

Relative product release
rates†

Intramolecular cleavage Intermolecular reaction 1
product

Intermolecular reaction 2 products
(e.g. substrate cleavage)

Fast Burst kinetics, amplitude corresponds
to active ribozyme

Linear product
accumulation, no burst.
Rate-limiting folding

detectable by lag kinetics

Linear product accumulation, no burst.
Rate-limiting folding detectable by lag

kinetics

One product fast, one
product slow

N/A N/A Burst kinetics, amplitude corresponds to
active ribozyme

Slow Burst kinetics, amplitude may be
reduced by reverse reaction

Burst kinetics, amplitude
may be reduced by reverse

reaction

Burst kinetics, amplitude may be reduced
by reverse reaction

†
Rate constants for product release are considered relative to those for earlier steps of the catalytic reaction for reactions with pre-folded ribozyme,

and relative to the folding rate constant for experiments using the continuous activity assay (section 3).
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