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RNA is commonly believed to undergo a number of sequential
folding steps before reaching its functional fold, i.e., the global
minimum in the free energy landscape. However, there is accu-
mulating evidence that several functional conformations are often
in coexistence, corresponding to multiple (local) minima in the
folding landscape. Here we use the 5’-exon-intron recognition
duplex of a self-splicing ribozyme as a model system to study
the influence of Mg?* and Ca?* on RNA tertiary structure formation.
Bulk and single-molecule spectroscopy reveal that near-physiological
M?* concentrations strongly promote interstrand association. More-
over, the presence of M?* leads to pronounced kinetic heterogeneity,
suggesting the coexistence of multiple docked and undocked RNA
conformations. Heterogeneity is found to decrease at saturating
M?* concentrations. Using NMR, we locate specific Mg?* binding
pockets and quantify their affinity toward Mg?*. Mg?* pulse experi-
ments show that M>* exchange occurs on the timescale of seconds.
This unprecedented combination of NMR and single-molecule Forster
resonance energy transfer demonstrates for the first time to our
knowledge that a rugged free energy landscape coincides with in-
complete occupation of specific M?* binding sites at near-physiolog-
ical M?* concentrations. Unconventional kinetics in nucleic acid
folding frequently encountered in single-molecule experiments are
therefore likely to originate from a spectrum of conformations that
differ in the occupation of M?* binding sites.

RNA folding | metal ions | heterogeneity | smFRET | NMR

NA folding is a hierarchical process that depends on the
sequential formation of secondary and tertiary structures. As
the RNA phosphate-sugar backbone is negatively charged,
structural compaction creates electrostatic repulsion, which must
be overcome by positive charges. The majority of negative
charges are nonspecifically screened by the ion atmosphere,
typically a set of dynamically exchanging M* ions (1). An esti-
mated 10-20% of negative charge is, however, compensated by
M"* that bind site-specifically to the RNA molecule, in partic-
ular, Mg?* (2). One RNA molecule that is known to harbor
several specific M>* binding sites is the self-splicing group IT
intron Sc.aiSy from the yeast mitochondrial cox! (cytochrome
oxidase 1) gene (3). It is one of the largest known RNA enzymes,
and both its folding pathway and catalysis are strictly dependent
on Mg?*. In turn, the splicing reaction is inhibited by small
amounts of Ca®* (4). Site specificity of the two sequential trans-
esterfication reactions is ensured by proper base pairing between
distal exon-binding sites (5’ cleavage, EBS1 and 2; 3’ cleavage,
EBS3) and intron-binding sites (IBS1, 2, and 3) (5).
Single-molecule Forster resonance energy transfer (smFRET),
i.e., distance-dependent energy transfer between a single pair of
fluorophores, is ideally suited to study the cation-dependent
conformational dynamics of single RNA molecules (6, 7). If
different conformations lead to distinctly different transfer effi-
ciencies, snFRET unveils the entire folding pathway, reports on
the relative occurrence of all conformations present in the en-
semble, and provides detailed information on the rates at which
they interconvert (7). This is important because simple two-state
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folding is rarely observed in experimental data (8, 9). Rather, the
vast conformational space sampled by biomolecules often results
not only in folding intermediates but also in kinetic traps and/or
multiple native states. In an smFRET experiment, individual
molecules consequently display different behaviors that may or
may not persist over the observation period (10). Heterogeneity
has been precedented for a number of RNA molecules, including
group I introns (11, 12), the hairpin ribozyme (13-17), and RNase
P RNA (18). In addition, heterogeneity has been reported for
different DNA and protein systems (19-24). However, the molec-
ular basis of the phenomenon is often enigmatic, and its quan-
titative characterization is challenging (21).

Here we use the 5’-exon—intron recognition site of the Sc.ai5y
ribozyme to study Mg**- and Ca**-mediated RNA-RNA struc-
ture formation by smFRET. Additionally, NMR is applied to
characterize site-specific M>* binding. In the d3'EBSI1*/IBS1*
sequence pair used herein, two AUs are replaced by GCs for
proper duplex formation, a modification that does not affect
the first transesterification step (25, 26). For FRET experi-
ments, the 5’-ends of the d3’EBS1* hairpin and the seven-nucleo-
tide-long IBS1* are labeled with Cy3 and Cy5, respectively (Fig.
14). d3’EBS1* further carries a biotin at its 3’-end for surface
immobilization.

Results

Divalent Metal lons Enhance d3’EBS1*/IBS1* Affinity. The inter-
action of d3’EBS1* and IBS1* is strictly dependent on M**

Significance

RNAs are involved in numerous aspects of cellular metabolism,
and correct folding is crucial for their functionality. Folding of
single RNA molecules can be followed by single-molecule
spectroscopy. Surprisingly, it has been found that chemically
identical RNA molecules do often not behave identically. The
molecular origin of this heterogeneity is difficult to rationalize
and the subject of ongoing debate. By combining single-mol-
ecule spectroscopy with NMR, we show that heterogeneity is
likely to stem from a subset of microscopically different RNA
structures that differ with regard to the occupation of divalent
metal ion binding sites.
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Fig. 1. Studying d3’EBS1*/IBS1* interaction by smFRET and NMR. (A) Experimental design for single-molecule fluorescence experiments. Docking of IBS1*
onto single surface-immobilized d3'EBS1* molecules is characterized by a concomitant appearance of Cy5 emission due to FRET. (B) Representative apparent
FRET efficiency time traces revealing fluctuations between the docked state (high FRET) and the undocked state (zero FRET). Thresholding at FRET = 0.4
(dashed line) was used to extract dwell times in the zero FRET state (fero,, red) and the high FRET state (thigh,i, blue). (C and D) d3'EBS1* and d3'EBS1*/IBS1*
lowest energy solution structures, each from an ensemble of 200 structures. Yellow spheres indicate Mg?* ions for which the logK, values are given (26).

Structures were prepared using MOLMOL (pdb 2M24 and 2M23) (44).

concentration (25). Native PAGE with the Cy3-d3'EBS1*/Cy5-
IBS1* system shows that (i) the attached fluorophores do not
hamper strand association and (i) M>* further promotes their
interaction (SI Appendix, Fig. S1). For an in-depth charac-
terization, Cy3-d3’EBS1*/Cy5-IBS1* docking/undocking dy-
namics were monitored over several minutes, varying either
the M** or the IBS1* concentration. FRET time traces reveal
two well-separated FRET states centered around zero (undocked
d3’EBS1*) and ~0.7 (docked d3'EBS1*/IBS1*) (Fig. 1). Control
experiments confirmed 1:1 binding stoichiometry and the negli-
gible influence of bleaching and long-lived dark states under
the imaging conditions assessed herein (S Appendix, Figs. S2
and S3). Also, tethering fluorophores to RNA and the pres-
ence of M** does not significantly influence their fluorescence
spectra, quantum yields, and rotational freedom (SI Appendix,
Fig. S4). Trajectories were classified as dynamic (type I and IT) or
static (type IIla and IIIb) depending on whether interconversion
events between these states were present or absent during the
observation time of 400 s. Static undocked molecules (type IIla)
were excluded from normalized cumulated FRET histograms (S
Appendix, Figs. S5 and S6).

At 100 mM K", the docked state is populated on average
during 6% of the observation time, and >60% of all molecules
remain statically undocked (Fig. 24 and SI Appendix, Fig. S7).
Addition of 100 pM EDTA decreases the docked fraction to
<1% and increases the fraction of static undocked molecules to
97.5% (Fig. 2B). Upon addition of either 1 mM Mg** or Ca*",
the high FRET state becomes significantly more populated, and
the fraction of type IIIa molecules is reduced to ~40% (Fig. 2 D
and E). Further addition of up to 8 mM M?** shifts the ther-
modynamic equilibrium toward the docked state and further
decreases the fraction of type Illa molecules, an effect that is
slightly more pronounced for Ca** than for Mg** (Fig. 2 C-E).
Further increase of the M** concentration does not lead to
a further shift of the thermodynamic equilibrium. AG°® values at
physiological M?* concentrations were confirmed by UV spec-
troscopy, albeit considerable discrepancies were observed at
c(M?*) > 25 mM (Fig. 2 D and E). The higher propensity of Ca**
to stabilize the interaction of the d3’EBS1*/IBS* complex was
confirmed in smFRET experiments conducted at constant M>*
concentration: At 8 mM M>* and 40 nM IBS1*, the docked
fraction reaches ~70% (Mg**) and ~80% (Ca**), respectively
(SI Appendix, Fig. S6).

These data clearly show that 100 mM K* alone do not suffice
for d3’EBS1*/IBS1* recognition and that interstrand association
can be comfletely abrogated by EDTA-mediated removal of
residual M>* in purissimum grade KCI (Fig. 2). In turn, in-
creasingly stable interaction and a strong decrease of the fraction
of type 1lIa molecules are observed at 1 mM < ¢(M**) < 8 mM.
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Whether type IIla molecules have a much lower K or corre-
spond to a photophysical artifact was not assessed, but the fact
that the fraction of donor-only molecules never falls below ~20%
suggests that these molecules are inactive. This value is consis-
tent with previous reports (27). Prebleached Cy5 may also ex-
plain the discrepancies between smFRET and UV melting
experiments performed at ¢(M>*) > 25 mM (note that the
fraction of type IIla molecules never reaches 0; SI Appendix, Fig.
S7). Additionally, increasing background noise and uncorrelated
docking events in the IBS1* channel were observed at increasing
ionic strength, suggesting a local increase of ¢(IBS1*) in prox-
imity of negatively charged surface. It is likely that this local
crowding effect led to further differences between surface-
immobilized and freely diffusing molecules, i.e., different AG®
values. The results of the thermodynamic analysis are summa-
rized in SI Appendix.

Divalent Metal lons Render d3’EBS1*/IBS1* Interaction Kinetics
Multiexponential. To gain insights into the kinetics of docking
and undocking, we analyzed the distribution of dwell times
extracted from type I trajectories (Fig. 1B). The histogram of
dwell times in the undocked state recorded in the absence of
M?*, i.e., the ensemble-averaged docking process, is satisfactorily
described by a monoexponential decay (Fig. 3 and Eq. 9; M. = 1;
all equations refer to SI Appendix). The fit yields a decay con-
stant of T,er0 = 73.0' s (kgock = 0.55 pM’1~s’1; Eg. 10). In contrast,
the cumulative probabilities of dwell times in the docked state
can only be fitted to a multiexponential decay (Fig. 3 and Eq. 9;
Mmax = 2). The resulting decay constants Thigh 1 = 2.9 s (68%)
and Thigho = 7.6 s (32%) are rather small and reflect the fast
decay of the docked state in the absence of M**. As impurities in
the K* salt used for imaging buffer preparation significantly af-
fect the interaction of the two strands (vide supra), we performed
further experiments at 1,000 mM K* and 100 uM EDTA
(docked fraction = 30%; SI Appendix, Fig. S5). Increasing K*
concentration simultaneously accelerates docking and slows down
undocking (Kgock = 1.48 pM ™57, kynaosk = 0.061 s7'). Single-
exponential decay functions describe the experimental data with
negligible discrepancies (Fig. 3), suggesting that heterogeneity
observed in the absence of EDTA stems for the most part from
multivalent impurities. As a control, high-resolution electrospray
ionization mass spectrometry experiments were performed, indi-
cating that kinetic heterogeneity is not a result of chemical modi-
fication but encoded in the RNA fold (S7 Appendixé Fig. S8) (17).

In the presence of 100 mM K* and 1 mM Mg**, histograms
of dwell times both in the docked and in the undocked state
require biexponential fits to be described in a satisfactory
fashion (zFig. 3 and Eq. 9; myax = 2). The rate constants indicate
that Mg™" increases the docking rate [kgock1 = 2.40 pM_l-s_l
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Fig. 2. Analysis of normalized cumulated FRET histograms. (A-C) Repre-
sentative data recorded at 100 mM K*, 100 mM K* and 100 uM EDTA, and
100 mM K* and 8 mM Mg?*. B includes type llla molecule (290/295 static
undocked). Solid lines correspond to Gaussian fits, and dotted lines denote
the SD associated with the amplitude and the width (26p00tstrap) (6). (D and
E) Mg?*- and Ca®*-dependent thermodynamic stability of d3'EBS1*/IBS1* as
determined by threshold-based analysis of normalized cumulated FRET his-
tograms at FRET = 0.4 (filled circles) and UV thermal melting (open circles).
Values in parentheses take into account type llla molecules. Error bars as-
sociated with smFRET and UV data denote the SD (36po0tstrap: 16) (6).

(50%), kgoekr = 1.08 pM 57! (150%) ] and decreases the un-
docking rate [kyndock1 = 0.36 s~ (35%), kundockZ =0.053 s
(65%)] (28). Gradual increase of the Mg concentration to
8 mM renders the dwell time distributions in the docked and in
the undocked state triexponential (Fig. 3 and SI Appendix, Fig. S9
and Eq. 9; My = 3). Furthermore, the rate associated with
docking is increased, whereas undocklng is slowed down fur-
ther. Additional increase of ¢(Mg*") renders the distribution of
dwell times in the undocked state monoexponentlal and leads to
a higher docking rate (Fig. 3; kqock = 2.72 5~ pM "). In turn, the
multiexponentiality of dwell time distributions in the docked state
persists, and the averaged undocking rate decreases, suggesting
a destabilization of the docked state (Fig. 3). Little heterogeneity is
observed for dwell time histograms recorded at 10 mM K" and
25 mM Mg** (Fig. 3).

In summary, d3"EBS1*/IBS1* interaction occurs on a single
timescale for both the docking and the undocking reaction in the
absence of M>*. In turn, multlple tlmescales are observed at
physiological amounts of M>*. At higher M?* concentration, the
docking reaction occurs on a single timescale, whereas the
undocking reaction persistently occurs on multiple timescales.
Similar results were obtained for measurements performed in
the presence of 1-100 mM Ca**. The findings of the dwell time
analysis are summarized in SI Appendix.

Statistical Description of Intermolecular Heterogeneity. It has been
reported earlier that ensemble-averaged dwell time distributions
that can be fitted to (roughly) monoexponential decay functions
may in some cases erroneously suggest the presence of only two
macrostates because they do not take into account molecule-
to-molecule variations (21). It is therefore important to compare
the behavior of individual molecules. At physiological Mg?*

concentrations, we observe time traces with subsecond excur-
sions to the docked and the undocked state (Fig. 1B, Top),
molecules that dwell for several seconds or even minutes in
either state (Fig. 1B, Middle), and a mix between these two ex-
treme behaviors (Fig. 1B, Bottom). This suggests the presence of
kinetic subspecies that may display intermittent conversion on
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the timescale of the experiment (21, 23). Attempts to correlate
thermodynamic and kinetic heterogeneity failed, i.e., intermolecular
variations in the high FRET value, the docking/undocking rates, and
the averaged logKa (Fig. 1B and SI Appendix, S10).

The scatter plot shown in Fig. 44 illustrates combinations of
docking and undocking rates at 100 mM K* and 8 mM Mg**
(21). Bin-free representation of K, distributions as semilog-
arithmic cumulative probability functions P(logKa,) reveals
broad sigmoids covering several orders of magnitude (Fig. 4B).
As discussed in SI Appendix, logKa , values follow a beta type
distribution, whose width is directly related to the number of
dwell times per trace. A numerical approximation of similar
distributions has recently been described (12), although analyti-
cal solutions have been reported in other fields and can be used
to faithfully describe logK, ,, histograms (Eqs. 13 and 14). Fitting
the integral of Eq. 14b to P(logKy ,,) distributions is also possible
but in practice rather cumbersome. We therefore extended a
logistic-type function previously applied in NMR titrations to
describe an equilibrium of the type A + B = AB (Eq. 16a) by a
shape parameter p, which accounts for the number of dwell times
per time trace and is determined numerically (Eq. 15d) (29, 30).
Linear combination of s,,,x components yields (Eq. 17b)

Smax (1010g(KA.n) —log(KAJ.)>p
prom (100 (K _
( Og( A,n)> leasl + (1010g(KA,n)7log(KAJ)>p7

with > g = 1.

As shown in Fig. 4B, one-component fit (s, = 1) leads to
mlnor deV1at10ns from experlmental data recorded in the absence
of M** (p = 1.6 or 2.3; SI Appendix, Table S3 and Fig. S15).
Hence, the dispersion of logKa ,, values is in the range that is
expected for an ergodic system measured for a finite time. In turn,
addition of Mg®* leads to considerable discrepancies between
one-component fits and experimental P(logKy,) distributions
that cannot be due to finite observation times. Although P(logKA
,) distributions recorded at 10 mM K* and 25 mM Mg** are
well approx1mated using a two-component fit (Syax = 2; dotted
lme 1n Fig. 4B), data recorded at 100 mM K* and 8/100 mM
Mg”* require three-component fits (Spax = 3; dashed lines in
Fig. 4B). These results suggest that ergodicity is effectively
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Fig. 3. Dwell time histograms for M"*-dependent IBS1* docking (blue) and
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exponential decay models as indicated via the number of decay constants.
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the intrinsic width of the logKj,,, distribution was accounted for by N: = [£ (imax,n + jmax.n)/2n (S| Appendix, Fig. S15).

broken under these conditions (Fig. 4B) (21, 31). As a control,
heterogeneity of d3’EBS1*/IBS1* interaction in the presence
of M** was confirmed by titrating IBS1* to d3'EBS1* at 8 mM
Mg>*: Again, the fractions docked are more adequately rep-
resented when three logKa values (Eq. 17b) are taken into
account (SI Appendix, Fig. S11). Please note that the logK of
type IIIb molecules was approximated by a value of 10.

In summary, this section provides the statistical groundwork
to analytically describe Ky, distributions from single-molecule
experiments as well as a convenient approximation (Eq. 17b).
Hence, we demonstrate that limited observation time is the
prime culprit for molecule-to-molecule variations observed in
the absence of M?*. Finite observation time cannot, on the other
hand, entirely account for heterogeneity observed in the pres-
ence of M**, The fit results are summarized in SI Appendix.

Metal lon Binding Sites in d3’EBS1* and d3’EBS1*/IBS1*. To ratio-
nalize the observed heterogeneity, we examined the NMR so-
lution structures of d3’EBS1* and d3'EBS1*/IBS1*, each of
which contains several Mg>* binding sites that have been iden-
tified by chemical shift perturbation assays (26). In the absence
of IBS1*, the EBS1* loop is at least partly unstructured and
flexible (Fig. 1C). The Mg>" binding site located in the major
groove of the d3’ stem near the G4-C26 base pair remains un-
affected by the absence or presence of IBS1*. A second binding
site is present at the transition between the stem and the loop
(A10, A20, and U9-G21 wobble pair). Upon IBS1* docking,
EBS1* undergoes a substantial structural rearrangement to form
a rigid structure (Fig. 1D), thereby also altering M** binding.
The binding site at the loop-stem transition is slightly shifted
from the G-U wobble toward the 5’-end of IBS1*, and an ad-
ditional binding site forms between EBS1* and IBS1* near the
first two nucleotides of EBS1*, G13 and G14. We determined
the stability constants of Mg>* binding to each site in d3’EBS1*
and d3'EBS1#/IBS1* from chemical shift perturbations to be in
the low millimolar range (2.63 < logKa < 3.06; Fig. 1 C and D) (32).

To pinpoint the nature of the Mg**—-RNA interaction, we
carried out NMR titration studies with Mn** and [Co(NH3),]**.
Mn** has an ionic radius similar to Mg*" and can coordinate
directly (inner sphere) to RNA, causing line broadening of res-
onances from protons nearby. [Co(NH3)e]>* is a kinetically sta-
ble mimic of [Mg(H,0)s]*" (outer-sphere coordination) (33).
NOEs between the NH; and RNA protons directly reveal
binding. The combination of Mn** and [Co(NHs)e]>* binding
thus reveals differences in outer- and inner-sphere coordination
of M?*, We find that each site can be occupied by both species
(ST Appendix, Figs. S12 and S13) but that the two loop binding
sites show_preference for a specific type of coordination.
[Co(NH;)s]*" interacts very strongly with the closing G-U wobble
in the d3"EBS1* stem, but the interaction is less pronounced in the
presence of IBS1*, indicating that the M** ion docked here must
be partially dehydrated for binding when EBS1*/IBS1* is formed.
In the EBS1#/IBS1* duplex, both [Co(NH3)s]*" and Mn** interact
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with G13 and G14. U62-U64 on IBS1* are markedly more affected
by [Co(NH3)]** than by Mn?**. One reason for this may be that
the two species bind to EBS1*/IBS1* in a slightly different po-
sition because [Co(NH;)s]*" is considerably bulkier than Mn?*.
The kinked structure of the loop (Fig. 1E) may further restrict
the accessibility of the phosphate moieties in the EBS1*/IBS1*
major groove and of the 5’-end EBS1* nucleotides, which may be
regarded as the strongest M>* binding site (2). In conclusion,
two M*" are directly involved in EBS1*/IBS1* binding, and
M?**-RNA interactions involve (partial) dehydration of M**,

Estimation of Mg>* Exchange Rates. Ligand exchange in earth al-
kaline metal aquo complexes occurs at very high rates (10° Hz <
kex < 10° Hz) (34). On the other end of the spectrum, M** that
are site-specifically bound to RNA are believed to exchange on
a timescale of milliseconds because they are (partially) dehy-
drated and/or the cation makes two or more direct contacts to
the RNA (chelation) (2, 35). As discussed in the previous sec-
tion, the Mg”* ions in proximity to the EBS1*/IBS1* also make
multiple contacts. Because direct quantification of Mg®* ex-
change rates in RNA by Mg NMR is challenging (36, 37), we
indirectly estimated them by snFRET Mg>* pulse experiments.
Here the imaging buffer was depleted of Mg?" at ¢ = 400 s using
EDTA, followed by Mg?* replenishment at £ = 600 s (fo; = 1,000 s).
EDTA functions as a mild denaturing agent that disrupts RNA
tertiary structure by coordinating free Mg?* ions, whereas secondary
structure is left intact (Fig. 2B) (12). Although some time traces
revealed instant IBS1* undocking in response to Mg*" removal,
a large fraction of d3’'EBS1*/IBS1* complexes remained stably
docked for many seconds (Fig. 54). In a similar manner, IBS1*
docking upon Mg** readdition often occurred with a delay of
several seconds. To estimate the time required to reach the
equilibrium, a 2D surface contour plot was built from ~200
single-molecule time traces (Fig. 5B). Thresholding at FRET =
0.4 shows that the undocked fraction reaches steady-state upon
removal of Mg>* after ~200 s (z ~ 40 s; Fig. 5C). In turn,
equilibration upon readdition of Mg** requires ~50 s (z > 15 s).
Reequilibration is followed by a steady increase of the undocked
fraction, a phenomenon mostly likely due to gradual Cy5 pho-
tobleaching (SI Appendix, Fig. S3). As a consequence, equilibration
is consistently slower than the relevant steady-state reactions, i.e.,
IBS1* undocking in the absence of Mg®* (z < 0.1 s) and IBS1*
docking at 8 mM Mg** (dominant z = 13.8 s; Fig. 3).

Recent reports have shown the need to move beyond a static
view of biomolecules toward a dynamic description in terms of
conformational ensembles (38). In the context of this study, one
would expect the RNAs to almost instantaneously undergo a
conformational change to relieve the unfavorable electrostatic
repulsion created by the removal of a site-specifically bound
Mg** by EDTA. Assuming this behavior, the findings described
above could not be explained if Mg>* exchange occurred on a
millisecond timescale. Rather, Mg®* exchange is shifted to a time
regime resolvable in the smFRET experiment (1072 to 10* Hz),
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Fig. 5. Mg?* pulse experiments. (A) Representative apparent FRET trajec-
tory. (B) Two-dimensional surface contour plot of the time-dependent evo-
lution of apparent FRET upon removal and readdition of Mg?*. Graph built
from over 200 smFRET time traces. (C) Average undocked fraction de-
termined from the data shown in B. There was a delay of ~10 s between
buffer exchange and the subsequent data acquisition, which was omitted
for clarity. = values correspond to the averaged decay constants obtained by
exponential fits.

as the effect of Mg?* association and dissociation is indirectly
evidenced by decreased IBS* docking/undocking rates.

Discussion

This study combines smFRET and NMR to address the in-
fluence of Mg®* and Ca®* on the structural dynamics of the d3’
EBS1*%/IBS1* sequence pair derived from the group II intron
Sc.ai5y. The occurrence of the docked state is found to be strongly
M?**-dependent, confirming earlier reports (25). d3'EBSI*/
IBS1* interaction dynamics occur on a single timescale in the
absence of M?*, whereas multiple timescales and nonergodic
behavior are observed at 1-8 mM M?>*. Broken ergodicity is
persistent at higher M®* concentrations, although IBST* docking
occurs on a single timescale. NMR experiments show that two
specific M** binding sites are located in proximity to the d3’
EBS1*/IBS1* duplex, probably resulting in multidentate binding
and (partial) dehydration of the M** ions. Mg>* pulse experi-
ments further indicate that the exchange rates of these M>*
is likely to fall into the typical time resolution of an smFRET
experiment. Hence, this study not only addresses the M>*-depen-
dence of kinetic heterogeneity in RNA tertiary structure formation,
it also provides a rigorous characterization of specific M>* binding
to the RNA.

The simplest conceivable free energy landscape model is
a two-state reaction over a single transition state barrier. Here
the probability distribution of the dwell times is monoex-
ponential, and the rate of decay is determined by the height
of the energy barrier (39). The energy barrier associated with
d3’EBS1#/IBS1* docking and undocking in the absence of M**
depends to a large extent on how effectively the ion atmosphere
screens the electrostatic potential building up when the two
RNAs are close in space (1). In contrast, multiexponential ki-
netics and broken ergodicity in the presence of low millimolar
amounts of M** suggests a rugged energy landscape with more
than one thermodynamically stable d3’EBS1* and d3’'EBS1%/
IBS1* conformation £40). Heterogeneity is most pronounced
when site-specific M“* binding pockets are on average half
occupied, i.e., M?2* concentrations between 1 mM and 8 mM
(Figs. 3 and 4). Hence, we propose that the phenomenon is
largely due to differences in M** binding (Fig. 6). All sub-
structures display distinct docking/undocking kinetics and may
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interconvert at the cation exchange rates a,, and g, (m;n =
—4,...-1,1,...,4), which are likely to fall into a time regime re-
solvable by the CCD camera. In agreement with this model,
IBS1* docking becomes monoexponential at 100 mM M>*. On
the other hand, the heterogeneity associated with IBS1* undock-
ing and nonergodic behavior is persistent under these conditions,
seemingly contradicting this working model. One possible expla-
nation is the fact that high ionic strength is known to reduce the
affinity of Mg?" toward specific binding sites; that is, the latter
could, in fact, not be saturated at 100 mM M?* (1). However,
nonspecific interaction of IBS1* with the surface as well as dis-
crepancies between surface-immobilized (smFRET) and freely
diffusing molecules (UV) under these conditions su§gests that
persistent heterogeneity is most likely caused by M""-mediated
interaction of RNA with the surface and/or local crowding effects.
Control experiments further support this hypothesis: (i) Usual
levels of background noise and few nonspecific IBS1* binding
events are observed at 10 mM K* and 25 mM Mg>*, a concen-
tration that is expected to saturate the M*" binding sites. Even
though intermolecular heterogeneity is also present, it is consid-
erably less pronounced. (ii) Freely diffusing d3’EBS1* and IBS1*
molecules coencapsulated within surface-tethered lipid vesicles
almost exclusively populate the docked state and do not show any
sign of heterogeneity at 50 mM Mg?". It should be noted, how-
ever, that Cy3/Cy5 coblinking events and limited observation time
preclude rigorous kinetic analysis (SI Appendix, Fig. S16) (41). In
conclusion, our data suggest that the M**-induced kinetic het-
erogeneity associated with d3’EBS1*/IBS1* docking and undocking
is due to 2" structural permutations resulting from » incompletely
occupied M>* binding pockets.

Conclusion

Even though heterogeneity is frequently observed in single-
molecule studies addressing nucleic acid folding, discord persists
with regard to the origin of the phenomenon (11-18). Lee et al.
(42) have proposed a model that explains multiexponential
kinetics in the dissociation of an artificial triplex DNA by the
coexistence of metastable states that interconvert when ssDNA
slides along the major groove of dsDNA. A correlation between
heterogeneity and the availability of M"" has been reported for
several native nucleic acids, including RNase P RNA and the
human telomeric G-quadruplex (18, 22). It has been speculated
(but never been proven) that kinetic heterogeneity associated
with G-quadruplex conformational dynamics stems from incom-
plete occupation of M"* binding sites, leading to a pronounced

) §)

N @) 'N(@)

Fig. 6. Working model of M?**-dependent d3’EBS1*/IBS1* interaction ki-
netics. Several d3’EBS1* conformers differing in M?* occupancy coexist at
physiological Mg?* or Ca®* concentrations, and they interconvert at the
cation exchange rates (a, ). Conformers further differ with regard to IBS1*
docking and undocking kinetics (k;, k_4). The d3’-stem binding site (faint
circle near G4-C26) is assumed to have little influence on k; and k_;. M?*
binding sites are depicted as yellow spheres. Dashed lines indicate equilibria
that were not detected directly.
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memory effect (22). K* exchange in the bimolecular DNA
G-quadruplex d(G4T4G4); has been estimated to occur on a
timescale of seconds using 2Tl NMR, a timescale relevant for
most single-molecule experiments (43).

In this study, we provide direct evidence that kinetic hetero-
geneity in nucleic acid folding can be caused by incomplete
occupation of specific M"* binding sites. M"* ions have been
identified in numerous nucleic acid structures, and they typically
display millimolar affinities for their binding sites (34, 36, 37). As
a consequence, these sites are not fully occupied at physiological
M"* concentrations, providing a possible explanation for the
heterogeneity observed in the majority of single-molecule studies
addressing DNA and RNA folding.

Materials and Methods

RNA Preparation. RNA sequences for smFRET were purchased from Microsynth
AG and PAGE- and RP-HPLC-purified. Sequences used in NMR experiments
were transcribed in vitro (26).

Electrophoresis, UV, and Mass Spectrometry. Please refer to S/ Appendix.
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tored over 400 s using total internal reflection fluorescence microscopy and
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coil. Mg?* titrations are described in ref. (26). Mn®*-induced line broadening
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