THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 22, pp. 19872-19879, June 3, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Removal of Covalent Heterogeneity Reveals Simple Folding

Behavior for P4-P6 RNA™

Received for publication, February 28,2011, and in revised form, March 31,2011 Published, JBC Papers in Press, April 8, 2011, DOI 10.1074/jbc.M111.235465

Max Greenfeld™, Sergey V. Solomatin®, and Daniel Herschlag™®'
From the *Department of Chemical Engineering and SDepartment of Biochemistry, Stanford University, Stanford, California, 94305

RNA folding landscapes have been described alternately as
simple and as complex. The limited diversity of RNA residues
and the ability of RNA to form stable secondary structures prior
to adoption of a tertiary structure would appear to simplify fold-
ing relative to proteins. Nevertheless, there is considerable evi-
dence for long-lived misfolded RNA states, and these observa-
tions have suggested rugged energy landscapes. Recently, single
molecule fluorescence resonance energy transfer (smFRET)
studies have exposed heterogeneity in many RNAs, consistent
with deeply furrowed rugged landscapes. We turned to an RNA
of intermediate complexity, the P4-P6 domain from the Tetra-
hymena group I intron, to address basic questions in RNA fold-
ing. P4-P6 exhibited long-lived heterogeneity in smFRET exper-
iments, but the inability to observe exchange in the behavior of
individual molecules led us to probe whether there was a non-
conformational origin to this heterogeneity. We determined
that routine protocols in RNA preparation and purification,
including UV shadowing and heat annealing, cause covalent
modifications that alter folding behavior. By taking measures to
avoid these treatments and by purifying away damaged P4-P6
molecules, we obtained a population of P4-P6 that gave near-
uniform behavior in single molecule studies. Thus, the folding
landscape of P4-P6 lacks multiple deep furrows that would trap
different P4-P6 molecules in different conformations and con-
trasts with the molecular heterogeneity that has been seen in
many smFRET studies of structured RNAs. The simplicity of
P4-P6 allowed us to reliably determine the thermodynamic and
kinetic effects of metal ions on folding and to now begin to build
more detailed models for RNA folding behavior.

Highly structured RNAs such as the ribosome, spliceosome,
and riboswitches must fold to function and undergo conforma-
tional changes in the course of their function (1, 2). With the
majority of the transcriptome largely unexplored, it seems
likely that additional roles of RNA structure will emerge (3). Yet
the folding and conformational changes of structured RNAs
remain poorly understood.

Two general models for how RNAs fold have been widely
discussed. In one view, RNA folding is a simple process, partic-
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ularly in comparison to protein folding (4, 5). In a contrasting
view, RNA folding is complex, replete with numerous deep
kinetic traps on a rugged energy landscape (6, 7). The simple
view is derived from the limited diversity of RNA structural
components and the hierarchical nature of RNA folding. The
isolated RNA secondary structure is highly stable in contrast to
the marginal stability of isolated protein a-helices or B-sheets.
In transitioning from a secondary to a tertiary structure, junc-
tions that link RNA helices can favor particular orientations of
the helical elements that are then enforced by modular tertiary
motifs (8, 9). In contrast, globular proteins appear to have more
extensive and interconnected packing arrangements with less
distinct separation in the formation of the secondary and terti-
ary structure.

Despite this apparent simplicity, many RNAs fold slowly, on
the timescale of seconds, minutes, and even longer, and many
RNAs form long-lived misfolded states (10—18). The slow fold-
ing and propensity to fall into kinetic traps has led to the view
that RNA folding involves a complex, rugged energy landscape.
Indeed, single molecule fluorescence resonance energy transfer
(smFRET)? studies have strongly reinforced the idea of rugged
RNA folding landscapes (19-26). In these experiments, indi-
vidual molecules often show distinct folding behaviors that per-
sist over observation times of seconds to minutes.

Nevertheless, a critical limitation of the smFRET experi-
ments has been the difficulty in probing and even observing the
exchange between distinct folding behaviors. Indeed, we are
aware of only one RNA for which extensive exchange between
distinct folding states has been observed, and this RNA, the
Tetrahymena group I ribozyme (14), is a complex RNA that
renders further in-depth dissection difficult. Here we turn to
the 160-nucleotide P4-P6 domain of this ribozyme (27) (Fig. 1,
A and B). P4-P6 was the first RNA with a side-by-side arrange-
ment of helices to have its structure elucidated by x-ray crystal-
lography and has been the subject of numerous folding studies
(27-44). The knowledge provided by these prior studies along
with its relative simplicity, with only two long-range tertiary
interactions, render P4-P6 an attractive target for addressing
the general issue of complexity in RNA folding.

EXPERIMENTAL PROCEDURES

A full description of the methods is provided in the supple-
mental information. Initial smP4-P6 samples were prepared as

2The abbreviations used are: smFRET, single molecule fluorescence reso-
nance energy transfer; P4-P6, P4-P6 domain of the Tetrahymena group |
ribozyme; smP4-P6, single molecule P4-P6; MC/MCR, metal core/metal
core receptor; TL/TLR, tetraloop/tetraloop receptor.
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described previously using standard laboratory techniques
(45-49). Length homogeneity of in vitro transcribed pieces was
ensured by cleaving at the 3" end with a trans-acting DNAzyme.
For the two synthetic cy3- and cy5-labeled oligonucleotides,
single-nucleotide resolution was obtained via denaturing
PAGE purification. Prior to ligation, the five RNA pieces and
two DNA splints were annealed at 95 °C for 5 min in initial
preparations and for 1 min in non-UV-shadowed preparations.
Non-UV shadowed smP4-P6 RNA was made as in the initial
preparation, except the in vitro transcribed pieces were
DNAzyme treated immediately after transcription and were
purified using Sephadex PD-10 desalting columns (GE Health-
care), thereby eliminating two PAGE purification and UV shad-
owing steps. a->*P-labeled P4-P6 was transcribed from a PCR-
derived DNA template using standard in vitro transcription
conditions. Denaturing gels were 8 -20% polyacrylamide gel,
with 7 M urea and TBE (100 mM Tris, 83 mM boric acid, 1 mm
EDTA) running buffer. Native gels were 10% polyacrylamide, 1
mMm MgCl, and TB buffer (100 mm Tris, 83 mm boric acid) and
were run at 4 °C. Spin column purification was completed with
Microcon™ YM-30 (Millipore) ultrafiltration columns. UV
shadowing was performed with a 6-watt, 252 nm UV light
(UVP). When autoradiography was used, ~10,000 cpm of ana-
lyte was loaded in each gel lane, and gels were dried and exposed
to storage phosphor screens (GE Healthcare).

smFRET measurements were made on a custom-built prism-
based total internal reflection microscope (14, 37). Buffers used
in smFRET measurements contained 1-10 mm MgCl,, 5-50
mM BaCl,, or 700 mm additional NaCl, 50 mm sodium MOPS
(pH 7.0), 100 mm NaCl, 2 mg/ml glucose, 1.8 mm Trolox, 100
units/ml glucose oxidase, and 1000 units/ml catalase. smFRET
data were collected with 40-ms time resolution and analyzed
using software written in-house.

Simulated distributions of thermodynamic and kinetic
parameters were extracted from simulated single-molecule
time traces. Traces were simulated assuming a two-state kinetic
model. Each simulated trace has a length and donor/acceptor
channel signal with a mean and standard deviation correspond-
ing to that obtained from fits of actual traces.

RESULTS AND DISCUSSION

Construction of Dye-labeled P4-P6 and Initial Single Molecule
FRET Assays

P4-P6 for single molecule FRET studies, referred to as
smP4-P6 herein, was made with cy3 and cy5 fluorescent dyes
positioned to provide alarge FRET signal upon folding and with
a 26-nucleotide 3’ tail for surface immobilization (Fig. 1B).
smP4-P6 was assembled via splinted ligation from five RNA
pieces, two of which were synthetic and modified with cy3 or
cy5 and three of which were prepared via in vitro transcription.
DNA splints were used to position the ends to be ligated, and
the ligation was catalyzed by T4 DNA ligase. This methodology
is routinely used in RNA studies (45, 46, 49) and was used pre-
viously to make smP4-P6 to study tertiary folding (37, 38) (see
“Experimental Procedures”).

smFRET traces for individual smP4-P6 molecules were ste-
reotyped by well defined high and low FRET states with fast
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FIGURE 1. smP4-P6 for smFRET studies. A, rendering of the P4-P6 tertiary
structure (PDB code 1GID). The TL/TLR interaction is shown in red, and the
MC/MCR is shown in green. B, the secondary structure of smP4-P6 used
herein. Ligation junctions are denoted LJ, and the tertiary contacts are col-
ored as in A. C, smFRET trace of smP4-P6 in 2.5 mm Mg*" (left panel) and
cumulative FRET histogram for this trace (right panel). The histogram shows
distinct high and low FRET states, as indicated by the solid horizontal lines. The
dashed line indicates the position of the FRET threshold. The schematics on
the right represent the folded high FRET and unfolded low FRET states.

100

transitions between these states, as observed previously (37).
With the use of additives that stabilize the dyes (50), it is possi-
ble to routinely observe single RNA molecules for 100 s and
longer with high signal to noise and millisecond time resolution
(Fig. 1C). These long traces allow the precise determination of
equilibrium and rate parameters for individual molecules. To
obtain folding equilibrium constants (K,,) and free energies
(AG®(,,q) for each smP4-P6 molecule, we assigned threshold
FRET values for the unfolded and folded states and determined
the time spent in each state (Fig. 1C). The kinetics of each trace
were determined with a two-state hidden Markov model
(51-53).

Inspection of individual FRET traces revealed molecules that
appeared to exhibit a wide range of thermodynamic and kinetic
behaviors (Fig. 2A). The folding free energies for the > 500
individual molecules plotted in Fig. 2B exhibit values that span
arange of over 4 kcal/mol. The rate constants underlying these
individual equilibria spanned a similarly large range of 3 orders
of magnitude (Fig. 2C). Stochastic simulations indicate that
these distributions are much broader than expected from
experimental factors alone (Fig. 2B, red lines, and “Experimen-
tal Procedures”).

The spread in the data from individual smP4-P6 molecules
strongly suggests that there are differences between molecules
that result in a range of kinetic and equilibrium behaviors. Such
heterogeneity is commonly observed in single molecule exper-
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FIGURE 2. smP4-P6 shows heterogeneity. A, anecdotal traces of smP4-P6
showing a broad range of equilibrium constants. B, histogram of the free
energies of folding of individual P4-P6 molecules (n = 566) in 2.5 mm Mg>*
The predicted width of the distribution because of the inherent noise in the
measurement is overlaid in red. The peak center of the simulated distribution
is shifted to the right of the observed peak because of the large number of
mostly unfolded molecules on the right side of the observed distribution.
C, the folding and unfolding rate constants for 300 randomly chosen mole-
cules from the distribution in B. (See supplemental Fig. S7 for all data points.)

iments and has typically been interpreted in terms of long-lived
conformational differences between molecules (14, 19-26).
Below, we first describe probes of this potential origin of P4-P6
heterogeneity. We then describe tests of the alternative model
that considers if the differential behaviors arise from covalent
differences between smP4-P6 molecules within the population.

Testing the Conformational Exchange between
Thermodynamic States

Molecules on the same energy landscape can, in principle,
adopt all other conformations present on the landscape, given
sufficient time. To test whether smP4-P6 molecules that appear
different on the 1-2 min time scale of a typical smFRET meas-
urement can sample the other states, a discontinuous assay was
used. This approach established that heterogeneity observed in
the docking behavior of the P1 helix of the Tetrahymena group
I ribozyme arises from conformational differences among the
ribozyme molecules (14). We carried out these smP4-P6 exper-
iments in Ba®", as folding transitions are more frequent in Ba**
than in Mg>" at the folding midpoint, and more frequent tran-
sitions allow accurate determination of equilibrium constants
with shorter observation times.

Fig. 3A shows the initial AG’y4 distribution (determined
from 1 min of observation) of smP4-P6 in 15 mm Ba®>", and Fig.
3B shows the distribution for these same molecules after wait-
ing 60 min to provide time for reequilibration. A consistent
color coding is used in Fig. 3 to follow the fate of molecules
originally in the center and in the extremes of the free energy
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FIGURE 3. smP4-P6 states persist for more than 60 min. A, histogram of
folding free energies of smP4-P6 (n = 175)in 15 mm Ba®*. B, the same mole-
cules as in A, imaged after the laser was turned off for 60 min. Colors corre-
spond to the initial free energies of the molecules in A, and the black outline
demarcates the initial distribution.

distribution. The overwhelming majority of smP4-P6 mole-
cules return to their initial AG°;, value, with only 9 of 175
molecules separated by more than 0.5 kcal/mole from the ini-
tially determined folding free energy. Experiments conducted
with a 10-min wait or with unfolding via Ba>* removal to tem-
porarily unfold smP4-P6 showed similarly low levels of appar-
ent exchange (supplemental Fig. S1).

If the occasional examples of exchange were due to confor-
mational rearrangement, a reproducibly higher exchange
would be expected with increased observation time and with
unfolding. Our results suggest that we were at the sensitivity
limit of this assay and thus provide no evidence for the model in
which the heterogeneity of smP4-P6 molecules arises from con-
formationally distinct molecules. The remaining possibilities
were the presence of very deep energy wells that persist even in
unfolded states or covalent differences between the molecules.
As single molecule assays cannot readily be used to directly
probe covalent differences, we turned to bulk assays for these
tests.

Testing Whether P4-P6 Heterogeneity Originates from
Covalent Differences

P4-P6 folding has been studied extensively with bulk assays
(27-36, 39, 40). Among the most widely used techniques with
this and other RNAs is native gel electrophoresis, which allows
separation of molecules based on conformational differences.
Native gels have been used to monitor the thermodynamic
effects of P4-P6 mutations by measuring the relative mobility of
a P4-P6 mutant compared with the wild type (28-31). In a
simple extension of this approach, we used native gels to mon-
itor for multiple distinct species in P4-P6 (32-34).

Freshly transcribed P4-P6 runs predominantly as a single
band on a 1 mm Mg?* native gel, but a small amount of a slower
migrating band is also present (Fig. 4). This slower band
migrates the same as an unfolded mutant control (Fig. 4, Arl).
The mutant has one of the tertiary contacts ablated, resulting in
a [Mg**],, of 18 mm (37), 10-fold higher than WT P4-P6 (29,
30, 37) and thus is in a predominantly unfolded state in 1 mm
Mg>". In contrast to the small amount of transcribed P4-P6
that runs with the unfolded control, a sample of purified
smP4-P6 gave more than one-third of unfolded material. Side-
by-side comparisons of P4-P6 in bulk (determined using
hydroxyl radical footprinting) and smP4-P6 revealed no signif-
icant difference in overall folding stability (37). Nevertheless,

VOLUME 286+NUMBER 22+JUNE 3, 2011


http://www.jbc.org/cgi/content/full/M111.235465/DC1
http://www.jbc.org/cgi/content/full/M111.235465/DC1

Removal of Covalent Heterogeneity Reveals Simple RNA Folding

P4-P6 'smP4-P6
PUTRMSSS [ VT
Unfolded “ b —

Folded } : ““ i ”

% Unfolded 1.6x0.7% 37+4%

FIGURE 4. P4-P6 migrates as two bands on a native gel (1 mm Mg>*). ArU
is an unfolded control (see text). P4-P6 gel, RNA freshly transcribed with
[a-32P]ATP visualized using autoradiography; smP4-P6 gel, RNA visualized
using fluorescence from the incorporated cy3 dye. The amount of P4-P6
loaded per lane was either 1X or 3X.
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FIGURE 5. UV and heat treatment change P4-P6 RNA. A, 1 mm Mg?* native
gel of [a->?P]UTP-labeled P4-P6 prepared with different purifications and UV
and heat treatments. The control lanes have unfolded ArU RNA (see text).
B, quantification of experiments carried out as in A. Experiments were carried
out in duplicate for each of the four nucleoside triphosphates. This set of
experiments gave an average of 15-20% unfolded P4-P6 in the transcribed
and spin-column-treated material. In additional independent experiments
(Fig. 4 and data not shown), this amount varied from 1-20%. Most experi-
ments gave 1-3% unfolded material, and the origin of this variability was not
identified. Data from eight gels were combined to obtain the average results
in B. See supplemental Fig. S4 for the non-averaged results.

the differences observed in native gel assays introduce the pos-
sibility that damaged molecules within the smP4-P6 population
might be responsible for the heterogeneity observed in single
molecule experiments.

To further test the origin of the two populations observed by
native gel we first determined whether these populations were
exchangeable. Exchange was not observed in experiments using
native gel assays (supplemental Fig. S2), consistent with cova-
lent differences between the two populations. In the following
experiments, to directly test for covalent differences, we built
upon the observation that freshly prepared and unpurified
P4-P6 behaved as a nearly homogenous population, whereas
smP4-P6, which had been subject to several purification and
assembly steps, exhibited a large amount of unfolded material.

P4-P6 was transcribed with a-3?P-labeled XTP (where X =
A, G, C, or U) and then separated from low molecular weight
material by spin column treatment or purified by denaturing
PAGE or denaturing PAGE with UV shadowing. UV shadowing
was used to simulate purification conditions for non-radiola-
beled RNA (47-49). We also treated a sample of spin column
purified RNA at 95 °C, as heat treatments were used in our
sample preparation and are commonly used in RNA studies (45,
46, 49).

Each sample had the same mobility on a denaturing poly-
acrylamide gel (Fig. 54, top panel). This assay verified that the
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FIGURE 6. Testing for covalent damage in P4-P6 RNA. A, [a->?P]UTP-labeled
P4-P6 prepared with different purifications and UV and heat treatments were
digested using nuclease P1 to nucleoside monophosphates. For UV-treated
samples, indigestible RNA appears in significant quantities, indicating the
presence of covalently damaged bases. B, quantification of experiments car-
ried out as in A. Each experiment was carried out in duplicate for each of the
four labeled NTPs. The percent of total RNA running as the top (indigestible)
band is plotted. Significant indigestible RNA was not observed for GTP-
labeled samples. The horizontal line at 0.25% represents background error,
which can arise because of background subtraction.

P4-P6 RNA was of uniform length and suggested that if cova-
lent differences are present, they do not affect the RNA migra-
tion under denaturing conditions. In contrast, when these sam-
ples were run in parallel on a native gel, differences in
electrophoretic mobility arising from the purification treat-
ments became apparent (Fig. 54, bottom panel). The amount of
unfolded P4-P6 increased in a dose-dependent manner with
UV and heat treatment, as quantified for a series of experiments
in Fig. 5B.

These results indicated that UV and heat treatment alter
P4-P6 RNA. To more directly assay covalent damage, P4-P6
RNA subjected to the different treatments was digested to com-
pletion with P1 nuclease, and the digested samples were sepa-
rated using denaturing PAGE. P1 nuclease is a single-stranded
endonuclease that produces 5’-nucleotide monophosphate
products (54). Fig. 6A shows the result of P1 digestions of P4-P6
made by transcription with a-**P-labeled UTP. All samples
gave an identical major band, which was assigned as
[@-**P]UMP. The UV-treated samples showed a slower-run-
ning band, which increased with increased UV treatment and
was insensitive to increased nuclease P1 concentration and
digestion time (supplemental Fig. S3). This slower-running
band was absent in the heat-treated samples, suggesting that
the heat-induced modifications responsible for preventing
P4-P6 folding do not prevent P1 digestion. Reverse-phase
HPLC following P1 nuclease and shrimp alkaline phosphatase
treatment of a heat-treated 22-nucleotide RNA (data not
shown) revealed additional peaks not present in control sam-
ples, suggesting heat-induced damage to nucleotide bases.

The results of Figs. 5 and 6 indicate that UV and heat treat-
ment can damage RNA and affect its folding behavior.
Although the 30-s UV exposure and 5-min heat treatment are
longer than needed or as used in some protocols, the amount of
damage observed herein was extensive. For example, 30-s UV
exposure led to 1% indigestible residues when assayed just with
labeled uridine. Thus, essentially every P4-P6 RNA, which is
160 nucleotides in length, would be covalently modified, and
many would contain multiple modifications.
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It is not surprising that UV light could produce indigestible
RNA products, as UV cross-linking is a commonly used struc-
ture mapping technique, and UV-induced DNA damage is well
known. Nevertheless, some standard laboratory protocols
involve UV light in the preparation of RNA and could be affect-
ing the experimental results. In addition, heat treatment is typ-
ically used to renature RNAs but, as shown herein, can lead to
RNA damage even in the absence of strand cleavage events.
Although it is tempting to speculate on the chemical identity of
this damage, the evidence points to multiple and nonspecific
sources, arising from the UV and heat treatments, none of
which are intrinsic to P4-P6 RNA and hence did not warrant
further study. Rather, as our initial preparations of smP4-P6
included UV shadowing and heat annealing steps, we turned to
alternative protocols to remove these problems.

SMFRET with smP4-P6 Prepared via a New Purification
Procedure

We prepared RNA pieces for smP4-P6 assembly without UV
shadowing and then carried out ligations following a 1-min
heat-annealing step. Shortening this annealing time from the
5-min step used in previous protocols reduced the yield but
gave enough ligated material for the experiments herein. After
purification of the ligated material by denaturing gel electro-
phoresis, the full-length RNA was further purified by native gel.
On a 1 mm Mg>" native gel, 20—40% of the RNA comigrated
with the unfolded control, a higher percentage than that
observed directly following transcription of P4-P6 (supplemen-
tal Fig. S5). Thus, this unfolded RNA likely resulted because of
the ligation procedure or the 1-min heat-annealing step. To
separately assess the folded and unfolded smP4-P6 populations,
we excised the bands from a native gel, eluted the RNA, and
used these purified fractions in subsequent smFRET experi-
ments. This purification method does not guarantee a cova-
lently pure population of smP4-P6. A single band on a native gel
could still be composed of multiple covalently distinct species.

We refer to these purified populations as “smP4-P6”” and
“damaged smP4-P6” below. Individual smP4-P6 molecules
gave a narrow distribution of folding behaviors, as judged by
their folding free energies (Fig. 7A) and folding kinetics (C). In
contrast, damaged smP4-P6 molecules exhibited less favorable
folding and much broader equilibrium and kinetic behaviors
(Fig. 7, B and D). Thus, purification of smP4-P6 eliminates
many molecules with disparate folding behaviors.

Although purified smP4-P6 molecules were highly homoge-
neous, a fraction of molecules behaved as outliers: 20% had
folding free energies differing by > 0.5 kcal/mol from the mean
folding free energy and folding or unfolding rate constants dif-
fering by > 2-fold from their respective means (< 10% had both
rate constants beyond the 2-fold range) (Figs. 7, A and C). These
distributions are considerably narrower than those for unpuri-
fied ligated material (e.g. supplemental Fig. S6) but are still
broader than predicted from simulations using estimates of
the experimental noise (see Fig. 7A, red bars, and supple-
mental Fig. S8).

The extensive heterogeneity observed in previous RNA fold-
ing studies and prior to purification of P4-P6 implied complex
kinetic behavior. The inability to observe the exchange pre-
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FIGURE 7. Thermodynamic and kinetic analysis of individual smP4-P6
molecules prepared without UV shadowing and purified by native gel. A,
histogram of the free energies of folding for smP4-P6 in 2.5 mm Mg?" (n =
1953). The predicted width of the distribution because of the inherent noise
in the measurement is shown in red. B, same experiment as in A but with
damaged smP4-P6 (n = 338). Shown are a scatter plot of the folding and
unfolding rates of smP4-P6 (C) and damaged smP4-P6 (D). For C and D, 300
randomly selected data points were plotted. All data for C are shown in sup-
plemental Fig. S11.

vented the development of unifying kinetic models that could
account for this behavior or be used as the starting points for
further in-depth investigation. The much simpler behavior of
our purified P4-P6, with the majority of folding rate and equi-
librium constants of individual molecules falling within a 2-fold
range, now allows such fundamental studies to commence.

The Folding Properties of P4-P6 RNA

Simple versus Complex Folding Behavior for Structured RNAs—
Several single molecule studies with RNAs that form a tertiary
structure have revealed heterogeneous behavior of individual
molecules, consistent with rugged and complex landscapes for
folding (19-26). Our results with smP4-P6 RNA indicate that
much of its observed molecular heterogeneity arises from cova-
lent modifications introduced by standard preparative proto-
cols. The use of alternative protocols and native gel purification
revealed that smP4-P6 behaves in a highly uniform fashion.
There remains a modest amount of heterogeneity, which could
arise from unresolved covalent modifications, from an under-
estimate of the intrinsic uncertainty in our measurements
and/or from a limited degree of ruggedness of the folding land-
scape of this RNA.

We showed previously that the full-length Tetrahymena
group I ribozyme, which includes the P4-P6 independently
folding domain studied herein, does indeed exhibit a rugged
landscape, with folding occurring via parallel pathways and
with the formation of multiple native conformers that do not
exchange over many minutes and require unfolding to effi-
ciently equilibrate (12, 14, 55). The simple folding behavior of
smP4-P6 suggests that the ruggedness of the Tetrahymena
group I ribozyme folding landscape arises when the compo-
nents of the molecule are put together and is not an inherent
property of each structural unit of the more complex molecule.
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FIGURE 8. Comparison of smP4-P6 folding thermodynamics and kinetics
in Mg?* and Ba2™. Folding thermodynamics (A) and kinetics (B) of smP4-P6
asafunction of Mg®* (red) and Ba*" (blue). All buffers contained 100 mmNa™*.
Large circles represent the median of all molecules analyzed at the indicated
ion concentration, and smaller black circles represent 50 randomly chosen
molecules. (See supplemental information for all single molecule data.) Lines
in A are empirical Hill fits to the median data points, giving n,,;, = 4.1 forMg>*
and 1.9 for Ba®™.

Analysis of P4-P6 Folding Kinetics and Thermodynamics—
Folded P4-P6 has two tertiary interactions: the metal core/
metal core receptor (MC/MCR) interaction and tetraloop/te-
traloop receptor (TL/TLR) interaction (Fig. 1, A and B). Both
tertiary interactions can form in Mg>*, but as Ba>* cannot
occupy the metal ion binding sites in the metal core, only the
TL/TLR interaction forms in Ba®>* (35). The TL/TLR interac-
tion can form even in the absence of divalent metal ions, pro-
vided that sufficiently high concentrations of monovalent cat-
ions are present (39). To explore the effect of different
molecular features on folding and to begin to develop folding
models for P4-P6, we quantitatively compared the folding of
smP4-P6 as a function of Mg>*, Ba>*, and Na™.

Fig. 8 shows the dependence of the folding equilibrium and
folding and unfolding rate constants on the concentration of
Mg>* and Ba®>*. The midpoint for folding in Ba>* is 10-fold
higher than that for folding in Mg?", consistent with an addi-
tional stabilizing contribution from formation of the MC/MCR
interaction in Mg>" but not Ba>*. A difference in free energy
for folding in Mg>* versus Ba>* of 3.6—4.1 kcal/mol can be
directly determined by comparing the folding equilibrium at
5-10 mm metal ion (supplemental Fig. S10). This free energy
value is almost the same as the metal ion core contribution of
3.2 * 0.2 kcal/mol determined previously from mutant cycle
analysis in Mg®* (37) and indicates that folding stability is the
same or nearly the same in Mg®" and Ba®" if the Mg>* -depen-
dent metal ion core and its tertiary interaction are prevented
from forming (35). This result implies that there are no other
Mg>" sites that significantly contribute to the folding stability.

The above comparisons require the high sensitivity of single
molecule data to allow an accurate folding equilibrium and free
energies to be determined when nearly all of the RNA is either
folded or unfolded (Fig. 84). In the absence of single molecule
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FIGURE 9. Models for effects of Mg>*, Ba>*, and Na* on the folding of
P4-P6 RNA. A, Mg?™ (red dots) but not Ba®" can bind to the metal ion core
(35), and this binding can occur prior to tertiary folding (44). According to this
model, Mg>" binding lowers the barrier for folding (AGfg, > AG; ) by
increasing the probability of formation of the tetraloop/tetraloop receptor
interaction (red lines in folded state) via a conformational change or restric-
tion of available conformations in the unfolded state. In addition, unfolding is
slowed in Mg?* (AG}, 5, < AG}, wg) because an additional tertiary interaction
isformed (blue lines in folded state) that must be broken prior to the transition
state in the unfolding process. The free energy profiles are shown for 17.5 mm
metal ion, as this is near the folding midpoint in Ba*. B, near the folding
midpointin Ba* (orange circles) and Na™ (blue circles) (i.e. the fraction folded
was 0.39 and 0.45 in 17.5 mm Ba®" and 800 mm Na* respectively), the rate
constants for folding and unfolding are nearly identical (AG g, = AG}, and
AG{ 5, = AGY\,), consistent with a simple model of ion effects via electro-
static screening.

data, most free energy comparisons for RNA folding involve
extrapolations to common metal ion concentrations using a
Hill model for metal ion binding, an approach that is problem-
atic because of the non-two-state nature of ion atmosphere
effects and can give incorrect thermodynamic values (40, 56).

The slower unfolding rate constant for a given metal ion con-
centration in Mg>™ relative to Ba®>" (Fig. 8B, k,) suggests that
the MC/MCR tertiary interaction fully or partially breaks prior
to the rate-limiting transition state for unfolding (Fig. 94,
AG]; g > AG], g, In the model of Fig. 94, the bound Mg**
ions are depicted by the red dots, and the MC/MCR tertiary
interaction that can form in Mg>" but not Ba®" is depicted by
the blue lines. These interactions would be broken prior to the
unfolding transition state, according to the model.

The folding is faster in Mg>" relative to Ba®>"* (Fig. 8B, k),
suggesting that Mg>" also affects the unfolded state. We pro-
pose that Mg>* binds to the metal core in unfolded P4-P6 (Fig.
9A, red dots) and alters the conformation of the P5abc sub-
domain of P4-P6 so that formation of the TL/TLR interaction is
more probable, as depicted in the free energy profile of Fig. 94
(AG} \g < AGEg,). This model is consistent with data suggest-
ing that Mg>" ions bind the P5abc subdomain of P4-P6 at low
concentrations and in the absence of tertiary structure forma-
tion (33, 44).

As Ba®" does not bind to the metal core, the simplest model
for its effects on folding invokes charge screening via its
increasing presence in the ion atmosphere surrounding
unfolded and folded P4-P6 as the Ba>* concentration increases.
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To provide a first test of this model, we turned to monovalent
cation-dependent folding, as previous work has shown that
P4-P6 can fold via formation of the TL/TLR tertiary interaction
in Na™ in the absence of any divalent metal ions (39). Much
more Na™ than Ba®>" is required to achieve the folded state,
with a [Na*], , value of ~700 mm (39). Although ion atmo-
sphere theoretical treatments are not accurate enough to quan-
titatively predict the differences between the screening effects
of monovalent and divalent cations, divalent cations are
expected to be much more efficient in charge screening, and
numerous empirical studies support this expectation (39,
57-59).

The simplest prediction from the ion atmosphere model is as
follows. If charge screening dominates the effects of Ba>* and
Na*, then charge screening would be the same in Ba>* and Na™
at their respective folding midpoints, and the folding kinetics
would also be the same. We therefore determined smP4-P6
folding kinetics at the Na™ midpoint. At 800 mm Na™, which
gave 0.45 folded smP4-P6, values of kp and k; of 2.9 and 3.8 s *
were obtained (supplemental Fig. S13). These values are nearly
the same as the values of k; = 2.2s 'and k;, = 3.0s 'at 17.5
mm Ba®>*, which gives a similar fraction folded of 0.39 (Fig. 8, A
and B), supporting the view that simple charge screening effects
dominate both the kinetic and thermodynamic behavior of
P4-P6 in Ba®" and Na™. Thus, at the folding midpoint in Ba>"
and Na™, the barriers for folding and unfolding are virtually the
same, as depicted in the free energy profile of Fig. 9B (AGL, =
AGL,and AG}, ;, = AG}, ,)- These observations also suggest
that there are no significant contributions to the kinetic barri-
ers for folding and unfolding from the larger number of mon-
ovalent than divalent cations that must reposition themselves
as the RNA compacts to its folded state or expands to its
unfolded state.

Overall, the P4-P6 kinetic and thermodynamic constants
obtained by smFRET measurements agree well with those
obtained by multiple bulk approaches, including hydroxyl rad-
ical footprinting, stopped-flow fluorescence with a pyrene
label, and small angle x-ray scattering (41-44). Nevertheless,
although some of these approaches provide additional struc-
tural information, none can match smFRET for the range of
conditions that can be investigated, and the ease at which
reversible folding can be followed.

Further Implications

In the course of investigating the origins of complex folding
behavior of P4-P6 RNA revealed by single molecule experi-
ments, we discovered that standard RNA preparative protocols
damage this RNA. Although there is extensive precedent for
UV-induced damage, popular protocols nevertheless advocate
visualization by UV, typically without caution. Further, heat
steps, whereas recognized as potentially leading to strand scis-
sion, have been nearly universally employed to renature RNAs;
thus, our finding that heat treatment can lead to damage in the
absence of cleavage that is undetectable by denaturing gel elec-
trophoresis suggests that additional cautions and controls will
be needed.

Moreover, this damage results in heterogeneous behavior at
the level of single molecules. Thus, the folding of P4-P6 is sim-
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pler than it at first appeared, and is in contrast with the complex
kinetics and multiple long-lived alternative states for the full-
length Tetrahymena group I ribozyme (14, 55).

Evidence for kinetic traps in group I intron folding included
slower folding at higher concentrations of Mg> ™, a result attrib-
utable to stabilization of a long-lived kinetic trap (12,13, 15, 16).
In contrast, smP4-P6 folding rates increase as Mg>" or Ba>"
concentrations increase, giving no indication of long-lived
kinetic traps and such complex folding behavior (Fig. 8B).

Although our smP4-P6 data provide no indication of exten-
sive ruggedness and kinetic traps, the fastest observed rate con-
stants for P4-P6 folding are on the order of 10 s~ * (Fig. 8B),
much slower than formation of basic structures such as RNA
hairpins, which form on the microsecond timescale (60, 61).
Understanding the nature of the barriers for RNA folding and
the transition states that define these barriers remain important
challenges to be met by combining smFRET with other exper-
imental and computational approaches.
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