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For RNA to fold into compact, ordered structures, it must overcome
electrostatic repulsion between negatively charged phosphate groups by
counterion recruitment. A physical understanding of the counterion-assisted
folding process requires addressing how cations kinetically and thermody-
namically control the folding equilibrium for each tertiary interaction in a
full‐length RNA. In thiswork, single-molecule FRET (fluorescence resonance
energy transfer) techniques are exploited to isolate and explore the cation-
concentration‐dependent kinetics for formation of a ubiquitous RNA tertiary
interaction, that is, the docking/undocking of a GAAA tetraloop with its 11‐
nt receptor. Rate constants for docking (kdock) and undocking (kundock) are
obtained as a function of cation concentration, size, and valence, specifically
for the series Na+, K+, Mg2+, Ca2+, Co(NH3)6

3+, and spermidine3+.
Increasing cation concentration accelerates kdock dramatically but achieves
only a slight decrease in kundock. These results can be kineticallymodeled using
parallel cation-dependent and cation‐independent docking pathways, which
allows for isolation of the folding kinetics from the interaction energetics of
the cations with the undocked and docked states, respectively. This analysis
reveals a preferential interaction of the cations with the transition state and
docked state as compared to the undocked RNA, with the ion–RNA
interaction strength growing with cation valence. However, the correspond-
ing number of cations that are taken up by the RNA upon folding decreases
with charge density of the cation. The only exception to these behaviors is
spermidine3+, whose weaker influence on the docking equilibria with
respect to Co(NH3)6

3+ can be ascribed to steric effects preventing complete
neutralization of the RNA phosphate groups.
Published by Elsevier Ltd.
Introduction

The ability of RNA molecules to assemble into
compact, functional structures depends explicitly on
neutralization of the negatively charged phosphate
backbone by counter-cations.1,2 The intracellular
ress:

ear Poisson–
tetraacetic acid.

d by Elsevier Ltd.
environment is composed of a wide variety of
cations that can promote folding, for example, K+

and Mg2+ are present in concentrations of ~150 mM
and ~0.5–1 mM, respectively.3–5 Organic cations,
such as polyamines, are also abundant and impli-
cated in a number of cellular folding processes.6–8

Metal cations can interact with RNA through both
specific coordination and nonspecific delocalized
interactions, and thus, the relative efficacy of
monovalent versus multivalent ions in aiding RNA
folding is only beginning to be understood.1,2,9–17

The most common type of RNA–ion interactions are
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199Counterion-Dependent Tetraloop-Receptor Docking
nonspecific and delocalized, that is, interactions
with “diffuse”, fully hydrated, mobile yet still
localized (“condensed”) cations.14 Polyamine in-
teractions with nucleic acids are also predominantly
nonspecific and electrostatic.18–21 Unfortunately, a
truly quantitative, first principles' prediction of the
dependence of RNA tertiary folding on cation
concentration is challenging due to the nonperiodi-
cally varying electrostatic potential along an irreg-
ular RNA structure.8 Though much progress has
been made using nonlinear Poisson–Boltzmann
(NLPB) theory to describe nucleic acid electrostatic
potentials and the corresponding spatial distribu-
tions of cations,22–25 these models still fail to
accurately predict the “ion atmosphere” for multi-
valent cations around even well-defined DNA
Fig. 1. GAAA tetraloop–receptor docking/undocking intera
an RNA construct isolating the tetraloop–receptor interaction,
in FRET efficiency between Cy3 and Cy5 allow monitoring o
immobilized on glass surfaces with biotin–streptavidin bindi
salmon, G shown in magenta, and closing base pair shown in
Tetrahymena ribozyme's P4–P6 domain. Ten hydrogen bonds fo
as black broken lines. Blue, nitrogen; red, oxygen (hydrogens
tetraloop–receptor docking/undocking by FRET as seen by th
and corresponding EFRET (gray lines) trajectory with hidde
distribution of the EFRET traces reveals well-resolved docked an
50 mM Hepes, and 0.1 mM EDTA at pH 7.5 and 21 °C.
helices.22,26 Clear theoretical deficiencies are also
noted when using NLPB to characterize the role
of multivalent ions in nucleic acid folding
transitions,26,27 necessitating treatments that con-
sider ion–ion correlation effects (e.g., the tightly
bound ion model) to quantify salt contributions to
RNA folding.28,29 Furthermore, current theories are
still limited in describing the folding dependence on
cation size.22,30–32 For all of the above reasons,
simpler models, such as Manning counterion con-
densation theory, have proven useful in describing
the cation dependence of Tetrahymena ribozyme
folding rates and equilibrium.33,34 An even more
complicated task is describing mixed cationic envi-
ronments, which can lead to both cation competition
and synergy.35,36
ction. (a) Schematic of the observable folding transition in
characterized by rate constants kdock and kundock. Changes
f GAAA tetraloop docking with the receptor. The RNA is
ng. (b) Structure of the GAAA tetraloop (AAA shown in
light pink) and its canonical 11‐nt receptor (green) in the
rm between the tetraloop and the receptor regions, shown
not shown) (Protein Data Bank ID 1HR2). (c) Monitoring
e anti-correlated donor and acceptor fluorescence signals
n Markov two-state fit shown in red. The probability
d undocked states. The conditions shown are 100 mMKCl,
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Adding to these challenges is the fact that the
structure of RNA is often quite dynamic, that is, with
non-negligible rate constants for folding/unfolding
and thus charge distributions necessarily varying as
the molecule changes conformation.1 Folding in-
creases the negative charge density of RNA,
strengthening RNA–ion interactions; as a result,
even RNA nominally “at equilibrium” experiences a
dynamic uptake/expulsion of counterions.35,37,38

Thus, knowledge of the differential counterion
affinity for native versus unfolded conformations is
obviously critical to address cation-mediated fold-
ing. A further theoretical challenge in describing
cation–RNA interactions is that the unfolded state
exists as an ensemble of possible configurations,
sampling of which can be altered by the local ion
atmosphere.39

Though much work has been performed on the
cation concentration dependence of equilibrium
distributions, it is less well understood how cation-
induced stabilization correlates with kinetic rate
constants for RNA folding and unfolding. In princi-
ple, although accessible via stop-flow methods,
counterion effects on folding/unfolding kinetics in
RNA have been challenging to obtain from ensemble
studies, which, to date, have precluded a mechanis-
tic identification of the role of cations. In single-
molecule FRET (fluorescence resonance energy
transfer) studies, on the other hand, folding and
unfolding rates can be extracted under equilibrium
conditions, based on how folding of a fluorescently
labeled RNA changes dye-pair proximity. From the
FRET efficiency, EFRET(R)=R0

6/(R0
6 +R6), this trans-

lates into readily measurable real-time changes in
EFRET, where R0 is the Förster radius for 50% energy
transfer probability and R is the inter-dye distance.
Indeed, single-molecule FRET studies of RNA have
revealed particularly rich [cation]-dependent folding
kinetics. The RNA folding picture has been signifi-
cantly advanced by the folding/unfolding kinetic
studies of the hairpin ribozyme,35,40,41 RNase P,42

the Tetrahymena ribozyme,43–45 three‐ and four-helix
junctions,46,47 and a group II intron.48 Furthermore,
single-molecule techniques have revealed that
unique structural subpopulations may exist in the
presence of different cations, for example, Ca2+

versus Mg2+.49

RNA folding proceeds hierarchically, with a three‐
dimensional structure proceeding from association
of well-defined secondary elements17,50,51; thus,
tertiary interaction “motifs” have emerged as a
common theme in RNA folding.52,53 As a corollary,
it is interesting to approach such a complex issue
from a more reductionist perspective, that is,
investigating the counterion-dependent kinetics for
formation of an isolated tertiary interaction. Toward
this end, we have explored the kinetics of the
ubiquitous GAAA tetraloop–receptor tertiary inter-
action (Fig. 1a and b), which contributes to the
proper folding and activity of a variety of structured
RNAs, including group I and II introns and
RNase P.54–57 Also of background relevance is
that both structures of the free and bound forms
of the tetraloop and receptor have been
determined.11,58–60 The tetraloop is structurally
unaltered by binding, but the receptor undergoes
significant rearrangement.11,58–60 The tetraloop–
receptor interaction can form outside the context
of large RNAs60,61 and under a wide range of
ionic conditions,62 making it an ideal tertiary
motif for study at the single-molecule level. To
isolate this tertiary interaction, we have developed
a single-molecule construct for characterization of
intramolecular docking, based on a GAAA tetra-
loop with its 11‐nt canonical receptor connected
by an A7 single-stranded linker (Fig. 1a). In previous
ensemble FRETmeasurements, this tetraloop–recep-
tor interaction has been shown to be enabled by
many different cations.63 Although such studies did
reveal an equilibrium shift that favors docking with
increasing cation concentration, theywere not able to
identify the kinetic origin of this shift. In contrast,
single-molecule FRET studies of this construct have
permitted the underlying kinetics to be studied,
which reveal that both undocking and docking rate
constants are affected by [Mg2+].64 Moreover, recent
calorimetric and single-molecule studies have eluci-
dated fundamental differences in the underlying
thermodynamics of the tetraloop–receptor inter-
action in monovalent versus divalent cationic
environments,65–67 highlighting the need to further
understand the role of cation identity in RNA–ion
interactions.
In the present work, we substantially expand our

single-molecule FRET exploration of counterion
effects on GAAA tetraloop–receptor folding/
unfolding kinetics, with investigation of monova-
lents (Na+ and K+), divalents (Mg2+ and Ca2+) , and
trivalents [Co(NH3)6

3+ and spermidine3+] as a
systematic function of cationic size and charge.
Although the magnitude of the binding affinities
differs by 3 orders of magnitude as a function of
cation charge, the results can be simply summa-
rized. Each of these ions affects the folding free‐
energy landscape remarkably similarly, by a com-
bination of (i) dramatically increasing the docking
rate constant, kdock, while (ii) reducing the undock-
ing rate constant, kundock. Spermidine3+, however,
promotes folding to a lesser extent under saturating
conditions than the other cations investigated. We
find that cation charge provides the major distinction
between the ion–RNA binding affinities. These
observations are all consistent with a kinetic
mechanism of RNA folding facilitated by counterion
condensation. Furthermore, the origin of a cation-
induced enhancement for RNA folding follows the
same mechanism for each cation, that is, the overall
thermodynamic stability of the docked form
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(−ΔGºdock) increases more rapidly than the corre-
sponding transition‐state barrier free energy for
docking (ΔG‡

dock) decreases. Finally, a simple statis-
tical mechanical analysis of the preferential interac-
tion coefficient for RNA reveals that the number of
cations taken up with folding changes dramatically
as a function of cation identity and concentration.
Results

Tetraloop–receptor docking promoted by
monovalent, divalent, and trivalent cations

Intramolecular docking of the GAAA tetraloop into
the tetraloop–receptor (Fig. 1a and b) is monitored as
a function of cationic conditions to investigate the
importance of counterion valence and size for tertiary
RNA folding. Specifically, we examine the effect of
[Na+], [K+], [Mg2+], [Ca2+], [Co(NH3)6

3+], and
[spermidine3+] on the tetraloop–receptor docking/
undocking kinetics. Tetraloop–receptor docking and
undocking are monitored by single-molecule FRET,
which reveals well-resolved docked/undocked states
in real time (Fig. 1c).64 At low monovalent concen-
tration (100 mM KCl; Fig. 1c), the RNA spends the
majority of its time undocked, with increased
concentration of monovalent cation (e.g., 300 mM)
systematically shifting the tetraloop–receptor equilib-
rium to favor docking (Fig. 2). Interestingly, a
comparable distribution of docked/undocked states
can be achieved under conditions with just 1 mM
divalent or 0.1 mM trivalent cations, as shown in the
EFRET trajectories displayed in Fig. 2 [see Materials
Fig. 2. Sample FRET efficiency trajectories and probability d
concentrations of 300 mM monovalent (Na+ or K+), 1 mM div
spermidine3+ (Spd3+)] concentrations. The RNA fluctuates be
with hidden Markov fits overlaid in color. Positively charged a
in spermidine3+ (lower right panel).
and Methods and Supplementary Information (Sup-
plementary Text and Fig. S1) regarding experimental
determination of EFRET]. Thus, docking of the tetra-
loop and receptor appears to be effectively promoted
by cations with a variety of sizes and valences and
over a wide dynamic range of concentrations.
As apparent in these sample trajectories, the RNA

constructs fluctuate between undocked and docked
states (low EFRET and high EFRET, respectively), with
distributions well described by a sum of Gaussians
centered at 〈EFRET〉=0.26±0.02 and 0.69±0.01,
respectively. These mean FRET values are consistent
both from cation to cation and for other ranges of
concentration conditions observed, as well as with
quantitative predictions of donor–acceptor distances
anticipated from the RNA construct design.36,64

Trajectories for Na+ and K+ ions reveal essentially
indistinguishable FRET distributions at 300 mM,
indicating no dependence on cation size among
monovalents (Fig. 2). The FRET distributions for
divalent Ca2+ and Mg2+ appear similar at 1 mM,
though further analysis reveals a subtle difference
between these cations (see the next section). Con-
tinuing this trend, differences are most apparent for
the two trivalent ions investigated, with cobalt(III)
hexamine achieving a considerably higher equilib-
rium constant for docking than spermidine3+ at
100 μM. In contrast to these smaller effects, howev-
er, the cation concentration necessary to promote
docking is extremely dependent on ion valence. The
data in Fig. 2 indicate a trend in the range of ion
concentrations required for docking promotion
characterized by [monovalent]N [divalents]N [triva-
lents], consistent with ensemble and freely diffusing
single‐molecule measurements but, here, obtained
istributions for tetraloop–receptor docking/undocking in
alent (Mg2+ or Ca2+), or 100 μM trivalent [Co(NH3)6

3+ or
tween high and low EFRET states. Data are shown in gray
mino groups are covalently linked by hydrocarbon chains

image of Fig.�2


Fig. 3. Cumulative normalized probability densities for tetraloop–receptor dwell time (τ) in the docked (open triangles,
△) and undocked (filled circles, ●) states at 300 mM monovalent (Na+ and K+), 1 mM divalent (Mg2+ and Ca2+), and
100 μM trivalent [Co(NH3)6

3+ and spermidine3+ (Spd3+)] concentrations. Each probability density plot is compiled from
N10 molecules and least squares fit to a single-exponential function, yielding the rate constants for docking (kdock, black
lines), undocking (kundock, colored lines), and the corresponding uncertainties.
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at the single-molecule kinetic level (bulk ensemble
fluorometry data are shown for spermidine3+ in
Supplementary Information and Fig. S2).36,63

Cation dependence of kdock and kundock

Although the equilibrium FRET distributions in
Fig. 2 are already quite revealing, a much more
quantitative comparison of the relative cation-
induced stability can be obtained by extraction of
the kdock and kundock rate constants for docking and
undocking from the single-molecule trajectories.
Sample probability densities for the dwell times in
the undocked and docked states (see Materials and
Methods) are shown in Fig. 3 for the same series of
monovalent, divalent, and trivalent ions displayed
in Fig. 2. These semi-log plots are linear over nearly
3 orders of magnitude, corresponding to a single-
exponential decay of the dwell-time probabilities
and consistent with a simple first-order kinetic
process. Single-exponential fits of the probability
densities from compilations of many molecules
(typically ~10–30 molecules, comprising 200–2000
events) yield kdock and kundock from the undocked
and docked dwell-time distributions, respectively.
As anticipated from the EFRET distributions (Fig. 2),
these plots (Fig. 3) reveal that the rate constants are
nearly indistinguishable for K+ versus Na+ at
300 mM, with subtle differences between 1 mM
divalents (kdock is 2.3±0.1‐fold faster for Mg2+
versus Ca2+) and larger differences for 100 μM
trivalents [kdock is 4.6±0.2‐fold faster for Co(NH3)6

3+

versus sperimidine3+].
The large dynamic range in these plots is rather

remarkable (Fig. 3), spanning up to 3 orders of
magnitude, and a tribute to the method for extrac-
tion of probability densities from the data. On more
careful inspection, it is worth noting that such large
dynamic range also permits subtle deviations from
single-exponential behavior to be observed at very
long event durations in each of the dwell‐time
distributions, as we previously described.64 Such
deviation from pure single-exponential behavior
arises naturally from a more complex kinetic
model framework.64 However, the excellent line-
arity observed over 2 to 3 orders of magnitude
indicates the kinetics to be overwhelmingly first
order, with additional kinetic effects due to non-
first‐order behavior safely neglected in our analy-
sis. Other than a minor subpopulation of molecules
that lack docking/undocking events during a time
trace (Materials and Methods), 64 significant
molecule-to-molecule kinetic deviation has not
been noted. This observation is important to
emphasize because dynamic heterogeneity is
commonly reported in single-molecule RNA fold-
ing studies.35,40,41,43,68

The titration results for first-order rate constants
kdock and kundock on cation identity and concentra-
tion are summarized in Fig. 4 and reveal several

image of Fig.�3
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notable points. First of all, the relevant concentration
axes differ dramatically with ionic charge, with 3
orders of magnitude higher monovalent than
trivalent cation concentrations needed to achieve a
given change in folding/unfolding rate constant.
Second, these data do reveal a substantial similarity
in shape, with (i) a steep increase in kdock and (ii) a
less dramatic but quite notable decrease in kundock
with increasing [cation]. Finally, both docking/
undocking rate constants exhibit a clear saturation
under high [cation] conditions, with asymptotic
values corresponding to roughly a 12-fold increase in
kdock and a 3-fold decrease in kundock for each
combination of cation and charge state with the
exception of spermidine3+.
We note that the divalent and trivalent titrations

are performed with 100 mM NaCl as a baseline
because it (i) provides a physiologically relevant
Fig. 4. [Cation] dependence of tetraloop–receptor dock-
ing/undocking kinetics. The rate constants for docking,
kdock (filled circles), and undocking, kundock (open tri-
angles), are plotted versus [cation]. Monovalents affect
docking on the molar range, divalents affect docking on
the 10‐mM range, and trivalents affect docking on the
100‐ μM range. The dependence of kdock and kundock are fit
to a four-state kinetic model (Fig. 6b), as summarized in
Table 1. Note that the Spd3+ titration is fit to data that
extend to 1.9 mM.

Fig. 5. Fraction of time the tetraloop–receptor construct
spends in the docked state (fraction docked) as a function
of cation concentration [Eq. (1)], with fits (continuous line)
to the four-state kinetic model in Fig. 6b.
background ionic strength, (ii) more closely main-
tains conditions of constant ionic strength/activity
conditions (due to excess Cl− anion), and (iii)
therefore enables cleaner interpretation of the
multivalent cation effects on folding.69 Furthermore,
a 100‐mM monovalent background permits electro-
static relaxation of any rigid helix secondary
structure without contributing dramatically to ter-
tiary structure formation.36,70 The monovalent
titrations, on the other hand, necessarily extend
from a baseline buffer level (50 mM hemisodium
Hepes) on upwards. As a result, the dynamic range
of values for kdock and kundock are greatest for the
monovalents (Fig. 4), with strong sigmoidal in-
dications of ion cooperativity evident at the lowest
monovalent concentrations. Unlike in the multiva-
lent titrations, where ion thermodynamic activity
(“effective concentration”) increases proportionally
to salt concentration, the effects of activity on the
monovalent titrations must be considered. At
N500 mM monovalent, the increase in activity with
concentration is softened,71 which slightly exagger-
ates the abruptness of the asymptotic saturation
(Fig. 4). This effect is of minor consequence to the

image of Fig.�4
image of Fig.�5


Fig. 6. Kinetic schemes for the tetraloop–receptor
docking/undocking equilibrium. (a) Observed two-state
kinetics for docking/undocking, where both undocked
(U) and docked (D) states are affected by the ion
atmosphere; thus, kdock and kundock are dependent on
[cation]. (b) A four-state kinetic model for describing the
observed [cation] dependence of kdock and kundock, where
KM and K′M are the dissociation constants for the cation
(M) and k1, k2, k−1, and k−2 are the rate constants for
docking and undocking in the cation‐dependent and
cation‐independent pathways. The free‐energy changes
associated with each transition are labeled. With the use of
this four-state scheme, the observed kdock or kundock
titration is modeled as a combination of the M‐dependent
and M‐independent pathways, the relative contributions
of which are controlled by [M].
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trends presented here, as will be discussed in a
following section.
Once again, the clear exception in the titration

trends is spermidine3+, for which there is only a 4-
fold increase in kdock and a 1.7-fold decrease in
kundock. In terms of the equilibrium constant
(Kdock = kdock/kundock), this would imply that
spermidine3+ can only shift Kdock by ≈7-fold as
opposed to ≈36-fold for the other cations. These
cation-dependent differences in the equilibrium
constant behavior are most clearly illustrated by
the fraction of time the molecules spend docked,
that is,

fd =
kdock

kdock + kundock
ð1Þ

as summarized in Fig. 5. Even under saturating
[spermidine3+] conditions, the RNA construct
spends only ≈80% of its time docked, differing
noticeably from the N95% fraction docked in the
presence of all other cations investigated. There is
also a steeper saturation curve for fd compared to
kdock or kundock alone, which requires discussion of
the underlying kinetic model.

Cation-facilitated tetraloop–receptor docking:
A kinetic model

Interpretation of the unusual cation concentration
dependence of kdock and kundock, in particular, with
the undocking rate constant decreasing with cation
concentration, requires going beyond a simple two-
state ion binding scheme. Such kinetics requires
pathways that are dependent on and independent of
the titrated cation, as shown in Fig. 6b. In this model
first presented by Kim et al., cation exchange is
assumed to occur much faster than docking or
undocking transitions, which is characterized by an
apparent Hill coefficient, n, with dissociation con-
stants KM and K′M for the undocked and docked
species, respectively (Fig. 6b).47 Furthermore, if we
assume EFRET for the cation-bound and cation-free
forms of the docked (similarly for the undocked)
states to be experimentally indistinguishable, the
kinetics readily predicts single-exponential decay
rates for dwell‐time probabilities (Fig. 2) that
depend on both k1 and k2 for docking, as well as
k−1 and k−2 for undocking,

47,64 that is,

kdock =
k1 KMð Þn + k2 M½ �n

KMð Þn + M½ �n ð2Þ
kundock =
k−1 K

0
M

� �n
+ k−2 M½ �n

K0
M

� �n + M½ �n ð3Þ

where M is the cation of interest. The experimental
observation that kdock increases with [M] simply
requires k2Nk1, while the empirically noted decrease
in kundock with [M] mandates that k−2bk−1. Such a
model has been previously applied to conformational
changes in an RNA three-helix junction.47 The
thermodynamic cycle described in Fig. 6b has also
been employed to theoretically link Mg2+ binding
with RNA folding in yeast tRNAPhe and a ribosomal
RNA fragment.37 This scheme can be energetically
described by ΔGºM and ΔGºM′, the free energies for
cation binding, and ΔGºdock,0 and ΔGºdock,M, the
docking free energies in the absence and presence of
cation, which allows for different cation affinities of
the folded versus unfolded conformers.24,37 The vari-
ables of the model, ΔGºM, ΔGºM′, ΔGºdock,0, and
ΔGºdock,M, are obtained from fitting the [cation]
dependence of kdock and kundock (Figs. 4 and 6) and
correspond to the observed [cation]-dependent dock-
ing free energy (ΔGºdock). Most importantly, since
docking proceeds via some combination of the two
pathways, the net uptake of cationsupondockingwill
vary with cation concentration, as discussed later.
In the framework of this four-state kinetic model,

the titrations in Fig. 4 can now be analyzed with
least squares methods and explicitly compared as a
function of cation charge and identity. For simplic-
ity, the Hill coefficient in this model, n, is con-
strained to be common to both kundock and kdock.
Also, kundock and kdock are fit simultaneously with a
free‐energy constraint consistent with detailed
balance considerations, that is, ΔGºM+ΔGºdock,M=
ΔGºdock,0+ΔGºM′, or, equivalently, K′M=(k1k− 2/
(k−1 k2))

1/nKM. The resulting weighted-least squares
fits for each cation are shown along with the data in

image of Fig.�6


Table 1. Cation dependence of tetraloop–receptor docking/undocking from a four-state kinetic model (Fig. 6b)

k1 (s
−1) k−1 (s

−1) k2 (s
−1) k−2 (s

−1) KM (mM) K′M (mM) n

Na+a 5±1 22±9 67±11 3.8±0.3 357±53 82±28 2.9±0.5
K+a 5±1 18±14 70±6 3.1±0.4 371±17 102±37 3.4±0.7
Mg2+b,c 7±2 12±3 60±11 4.5±0.5 1.5±0.7 0.24±0.18 1.7±0.5
Ca2+c 7±2 11±3 67±12 5.8±0.5 1.8±0.4 0.53±0.24 2.4±0.7
Co(NH3)6

3+c 8±1 12±2 60±6 4.4±0.4 0.08±0.01 0.02±0.01 1.9±0.4
Spd3+c 5±1 10±2 22±6 5.3±0.5 0.34±0.26 0.05±0.05 1.1±0.4
Mg2+ (U7)

c,d 13±1 9±1 156±23 5.4±0.2 1.3±0.3 0.25±0.08 1.8±0.2

Parameters are determined from fits of the cation titration to a four-statemodel (Fig. 6b) with a detailed balance constraint of K′M=(k1k−2/
(k−1k2))

1/nKM.
a Titrations performed in 50 mM hemisodium Hepes (pH 7.5) and 100 μM EDTA. Fits of the Na+ and K+ titrations give independent

measurements of the docking/undocking rate constants in the absence of added cation (k1 and k−1) at these buffer conditions.
b Data refit from Ref. 64 with the detailed balance constraint.
c Titrations performed in 50 mMhemisodiumHepes (pH 7.5), 100 μMEDTA, and 100 mMNaCl. Each titration fit at these conditions is

an independent measurement of k1 and k−1, the docking and undocking rate constants in the absence of added cation.
d The A7 linker in the RNA construct (Fig. 1a) is replaced with a U7 linker.

65
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Fig. 4, with the fitted parameters k1, k−1, k2, k−2, KM,
K′M, and n summarized in Table 1. The most striking
observation from this table is that the individual rate
constants in the model remain identical, within
experimental error, from cation to cation! The only
exception to this trend is, again, spermidine3+,
which we consider later. Given the enormously
larger 1000-fold variations observed in the individ-
ual cation binding affinities, this is really quite a
remarkable result. Indeed, these data suggest a
surprising but elegantly simple interpretation—each
cation, when bound in sufficient quantity to the
construct, has an equivalent ability to promote
tetraloop–receptor docking, independent of identity
or charge. In the context of this model, the sensitivity
to cation arises entirely from the dissociation
constants themselves (KM and K′M), which exhibit
a N1000-fold affinity range from the trivalents to
monovalents. Indeed, even the modest deviations
observed in k1 (20% faster) and k−1 (70% slower)
between multivalent and monovalent cations can be
qualitatively rationalized. Specifically, the fitted k1
and k−1 values represent docking/undocking rates
in the absence of added cation concentration.
However, these conditions are never sampled for
the multivalent titrations due to the added 100 mM
NaCl background but that, in good agreement with
Table 1, would tend to further increase the docking
and decrease the undocking rates.
In the context of such a kinetic model, it is the

binding affinity (KM or K′M) that is responsible for the
wide dynamic range of the [cation] docking sensitiv-
ity. Furthermore, from inspection of Table 1, it is clear
that the cation valence rather than the cation size is the
most important factor, at least for the isolated
tetraloop–receptor tertiary interaction. Interestingly,
the cation affinities are also systematically greater for
the docked versus undocked conformation, that is,
KMNK′M. At a more subtle level, there also appears to
be an increase in the cooperativity of ion binding (n)
with size of the cation, for example, Ca2+ appears
slightly more cooperative thanMg2+. Once again, the
exception to this trend is spermidine3+, where the
three negative charges are separated by covalent
bonds, and thus, size is not the only factor distinguish-
ing it from the other cations. The substitution of theA7
linker (Fig. 1a) with a U7 alternative has essentially no
effect on KM, K′M, or n (Table 1).65 This suggests that
cation uptake is intrinsic to the tetraloop–receptor
docking interaction, rather than the specific linker in
the construct design. Byway of contrast, however, the
docking rate constants (i.e., k1 and k2) are nearly 2-fold
faster for the U7 linker construct. This is consistent
with prior expectation that the A7 linker, which is
slightly more rigid than U7 due to base-stacking
interactions, can weakly interfere with achieving the
correct transition-state configuration.65
Discussion

The folding scheme in our isolated tetraloop–
receptor construct is significantly simplified to
minimize the potential for kinetic traps and folding
intermediates often observed for the rugged RNA
folding landscape.45,72–74 As a result, explicit dock-
ing and undocking kinetics of a GAAA tetraloop
and its receptor can offer new insight into the role of
diffuse cation interactions in RNA tertiary structure
formation.62,63,66 The cations surveyed in this work
all accelerate/decelerate tetraloop–receptor dock-
ing/undocking, respectively, though cation size and
valence clearly play additional roles in promoting
folding.

Role of valence and size in cation
binding affinities

The apparent binding affinities (KM or KM′) for the
various cations explored in this work are highly
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dependent on the cation valence. For cations of the
same charge, there is no discernible effect of ion size
on the ion–RNA attraction strength [e.g., KM(Na+)
~KM(K

+)] (Table 1 and Fig. 7a and b). According to
Manning condensation theory, increasing counter-
ion charge increases a cation's ability to condense on
polyanionic species such as RNA.80 Specifically,
small ions, like Mg2+, can condense on the RNA at
much lower concentrations than monovalents and,
thereby, neutralize phosphate charges with little
effect on the solution's ionic strength.2,22,25,36,37,81

This effect is immediately evident in the data (Fig. 4)
by the near‐linear increase in folding rate constant
with monovalent concentration versus a more
abrupt achievement of asymptotic rate behavior
for low concentrations of multivalent ions. From the
counterion condensation theory of spherical poly-
electrolytes, the effective residual charge per RNA
phosphate after condensation (υ) can be derived as:

υ = − lnΦð Þ RG

lbN
1
Z

ð4Þ

where N is the number of nucleotides in the RNA,
RG is the radius of gyration of the polymer, lb is the
Bjerrum length (~7.1 Å in water), Z is the counterion
charge, and Φ is the volume fraction of counterions
(Φ=NACVC, where NA is Avogadro's number, C is
the concentration of the cation, and VC is the volume
per counterion).34,80

Thus, for the same charge neutralization (i.e.,
υ≈constant) to be achieved, lnΦmust scale linearly
with Z. Since Φ is proportional to counterion
concentration, ln C must also scale with Z to
maintain the same reduction in net charge. From
Eq. (4), one might expect a linear correlation of both
ln (KM) and ln (KM′) with Z because the dissociation
Fig. 7. Trends in apparent cation dissociation constants an
density determined from the four-state kinetic model for tetralo
Na+ (black), K+ (red), Ca2+ (green), Co(NH3)6

3+ (purple), and s
cations for a given charge are shown as triangles and squares,
with 1/Z. (c) The Hill coefficient (n) decreases a function of cha
as a polymer with distributed charges, its charge density is no
guide the eye. For charge density determinations, see Table 2
constants correspond to the same degree of folding
(Fig. 4). Indeed, a near‐linear decrease of ln (KM) and
ln (KM′) with Z is observed (Fig. 7a and b). This
trend implies that the free energy of ion–RNA
interaction (ΔGºM/n andΔGºM′/n) becomes linearly
more favorable with increasing Z (Table 2). A
similar valence dependence of the midpoint of a
folding titration in the Tetrahymena ribozyme was
also observed.34 Valence was also reported to be the
primary determinant in the efficacy of folding
stabilization in tRNA.82 Thus, with knowledge of a
single titration, one can independently estimate the
dissociation constants (binding energies) for cations
with the docked and undocked states as a function
of valence. Though more complicated theories, such
as NLPB, are needed to capture an accurate
description of the ion atmosphere around the
RNA,26 counterion condensation theory offers
physical insight into the observed trends.
The apparent Hill coefficient or ion binding

cooperativity (n in Fig. 6b) shows sensitivity to ion
size and valence, that is, it depends on charge density
rather than valence alone. Specifically, n decreases
with charge density, as shown in Fig. 7c. Such an
observation is also anticipated from counterion
condensation theory, in that fewer multivalent than
monovalent cations must condense to achieve
similar charge neutralization.33,34,80,83 Furthermore,
the greater the charge density, the more effectively
cations screen negative charges. For example, in the
absence of divalents, it would be expected that more
monovalents would be required to satisfy the same
charge neutralization of these regions of negative
electrostatic potential. The ~1.7‐fold increase in n
from Mg2+ to Na+ is in agreement with Poisson–
Boltzmann calculations that Mg2+ can replace 1.9
Na+ ions.37 Interestingly, two distinct cation binding
d Hill coefficients for cations with charge (Z) and charge
op–receptor docking (Fig. 6b). Symbols are color coded as
permidine3+ (Spd3+, dark red), and the larger and smaller
respectively. (a and b) The ln KM and ln K′M vary linearly
rge density. Data for spermidine3+ are not shown because,
t a comparable parameter. An exponential fit is shown to
.



Fig. 8. Free energy for tetraloop–receptor docking and
net uptake of cation with increasing [cation]. (a) A plot of
ΔGºdock versus ln [cation] as calculated from the fits of kdock
and kundock (Fig. 4) as a function of [cation], where
Kdock=kdock/kundock andΔGºdock=−RTlnKdock. (b) The net
ion pair or cation uptake (ΔΓ) as a function of [cation],
calculated from Eq. (5). The error bars (shown in gray) are
propagated from the uncertainties in the fitted parameters
(Table 1).
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sites have been identified in the tetraloop–receptor
interaction,11,62 which may be reflected in a Hill
coefficient of ~2 for the multivalent cations.
Spermidine3+ is again the exception to this trend,
as it exhibits the smallest n (Table 1). This effect may
be due to the fact that spermidine3+ is simply too
large a molecule to localize in small pockets of high
negative charge density.

Accumulation of cations on the docked versus
undocked RNA (ΔΓ)

Though under certain conditions, the Hill coeffi-
cient (n) may provide a good estimate for net
uptake of cations with folding, ion uptake and n are
in fact distinct paramaters.69 In the kinetic model
used to describe folding of the tetraloop–receptor
interaction, the RNA can fold via two pathways,
with both undocked and docked states accumulat-
ing cations with increasing cation concentration
(Fig. 6b). The “preferential interaction coefficient”
(Γ) quantifies the excess counterions around the
RNA relative to the bulk solution as a function of
salt concentration.69,71,84,85 It has been shown that,
under conditions where Cl− concentration remains
roughly constant with the addition of MgCl2, that
is, in a N30‐fold excess of monovalent salt, the net
Mg2+ uptake (ΔΓ2+) with folding can be expressed
in terms of the observed [salt]-dependent standard-
state free energy of docking (ΔGºdock),

ΔΓ2+ =
∂ln Kdock

∂ln aMgCl2
≈

∂ln Kdock

∂ln Mg2þ
� � = −

1
RT

∂ΔGo
dock

∂ln Mg2þ
� �

ð5Þ
where Kdock is the observed equilibrium constant
for the docking transition and aMgCl2 is the molal
activity of the salt.69,85 Thus, determination of the
instantaneous slope of ΔGºdock versus ln [Mg2+]
(Fig. 8a) is directly proportional to Mg2+ uptake
(Fig. 8b). The plot of ΔGºdock versus ln [Mg2+] is
calculated from the fits of kdock and kundock as a
function of [cation] (Fig. 4), using Kdock=kdock/
kundock and ΔGºdock=−RTlnKdock. Similarly, this
analysis [Eq. (5)] can be applied to all of the
multivalent cations explored in this work, yielding
the cation uptake of divalents and trivalents (ΔΓ2+
and ΔΓ3+; Fig. 8b).
Without an excess of Cl−, the monovalent activity

coefficient varies appreciably with salt concentra-
tion, and a slightly modified analysis is performed
for assessing the monovalent ion uptake. At
moderate monovalent concentrations (0–0.5 molal),
the activity coefficient can be treated as a constant,
and a small correction factor can be applied to the
concentration‐dependent salt activity when deter-
mining the slope of theΔGºdock versus ln [M] plots to
yield 2ΔΓ± or the ion pair uptake, representing the
sum of Cl− depletion and cation accumulation
(Fig. 8).71,86 Outside of this range, higher‐order
correction is necessary; thus, for simplicity in
comparing with multivalents in Fig. 8a, we truncate
the monovalent analysis to the 0- to 0.5‐M range, as
all trends presented in this work are still apparent.
Note that this analysis assumes a constant solution

image of Fig.�8


Table 2. Dependence of tetraloop–receptor docking cycle (Fig. 6b) on cations of varying charge density

Radius (Å) Charge density (Z/Å3) ΔGºM/n
a ΔGºM′/n

a ΔGºdock,0
a ΔGºdock,M

a

Na+b 2.5 0.0153 −0.60±0.08 −1.5±0.2 0.8±0.3 −1.7±0.1
K+b 2.7 0.0121 −0.58±0.03 −1.3±0.2 0.7±0.5 −1.8±0.1
Mg2+b 2.07 0.0538 −3.8±0.3 −4.9±0.4 0.3±0.2 −1.5±0.1
Ca2+b 2.33 0.0377 −3.7±0.1 −4.4±0.3 0.3±0.2 −1.4±0.1
Co(NH3)6

3+c 1.97 0.0937 −5.51±0.08 −6.3±0.3 0.3±0.1 −1.5±0.1
Spd3+d — 0.0089 −4.7±0.4 −4.8±0.1 0.4±0.1 −0.8±0.2

ΔGºdock,0=−RTlnk1/k−1 and ΔGºdock,M=−RTlnk2/k−2.
a The free energy for one metal binding,ΔGºM/n=−RTln([M]/KM) andΔGºM′/n=−RTln([M]/K′M), where [M]=1 M at standard-state

conditions and T is room temperature (294 K).
b Radius is defined as the metal–oxygen distance for hydrated cations.75–77
c Radius is defined as the Co–N bond length.78
d Density calculated using van der Waals volume of 337 Å3.79

Table 3. Maximum ion uptake (ΔΓ‡ and ΔΓ) and
counterion stabilization of the docked state and
transition state with respect to the undocked state

ΔΓ‡ ΔΓ ΔΔG‡
dock ΔΔGºdock

Na+ 1.6±0.5 2.3±0.6 −1.5±0.2 −2.5±0.3
K+ 2.2±0.3 2.7±0.9 −1.5±0.2 −2.6±0.5
Mg2+ 0.8±0.6 1.1±0.6 −1.3±0.2 −1.8±0.2
Ca2+ 1.2±0.5 1.5±0.8 −1.3±0.2 −1.7±0.2
Co(NH3)6

3+ 0.9±0.1 1.1±0.5 −1.2±0.1 −1.8±0.1
Spd3+ 0.4±0.4 0.53±0.48 −0.8±0.2 −1.2±0.2
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density with added monovalent salt; indeed, the
density only varies ~1% over the concentration
range explored, which is less than the measurement
uncertainty.71

At low [cation] concentrations, the uptake is ~0,
followed by a steep rise that reaches a maximum at a
value near the Hill coefficient (Fig. 8b). At high
[cation], the uptake decreases with concentrations,
since the addition of salt minimally affects the
docking equilibrium constant as the ion atmosphere
of the undocked RNA saturates. As expected from
the Hill coefficients (Fig. 7c), the uptake correlates
with charge density. Measurements of ΔΓ for a
series of group I monovalent cations (e.g., Na+ and
K+) for the bimolecular dual tetraloop–receptor
complex also support that charge density (or ion
size) alters ion uptake.86 Similarly, valence and size
effects are also noted in single-molecule measure-
ments of tRNA folding.82 Our observation that the
net cation uptake is dependent on concentration is
consistent with explicit measurements of excess
Mg2+ on unfolded and folded RNAs.69 To facilitate
comparison with literature, we determine the peak
value of ion uptake plots (Fig. 8b), as this parameter
appropriately describes the commonly reported
concentration region over which the ΔGºdock versus
ln [M] curve decreases with a maximum, constant
slope (Fig. 8a and Table 3). Indeed, these results
compare remarkably well with the ≈2-fold higher
Mg2+, K+, and Na+ values observed in bimolecular
studies of a dual tetraloop–receptor construct, as
would be expected for simple superposition of two
identical tertiary interactions.66,86

In summary, analysis of the tetraloop–receptor
docking process in terms of the four-state kinetic
model, facilitated by knowledge of both kdock and
kundock, reveals a critical feature of RNA–ion in-
teractions; specifically, cation uptake can vary as a
function of ion concentration and charge density,
even for cations of the same valence (Fig. 8b).69,86
This observation supports that RNA–ion interaction
theories must incorporate size effects to explain the
curvature of a cation titration.26,32 Furthermore,
these results emphasize that cation uptake with
folding can be significant, and therefore, both
unfolded and folded states must be considered to
correctly predict the thermodynamics of folding as a
function of salt concentration.

Effect of cations on the docking reaction
coordinate

As illustrated in Fig. 4, the behavior of kdock and
kundock is well characterized by a kinetic model with
cation-dependent and cation-independent contribu-
tions (Fig. 6b). It is important to stress that this model
neither implies nor requires dual transition states for
every docking “reaction” but, rather, a single
transition state for the observed two-state docking
process that is itself a function of cation concentration
(Fig. 6a). The detailed impact of cation-induced
changes in this single transition state can be well
represented by a kinetic model with two extreme rate
pathways (k1 without cations and k2 under saturating
cation conditions), though clearly all folding events
take place at one intermediate cation concentration.
The net effect is docking described by an effective
unimolecular rate constant, expressed in Eqs. (2) and
(3) in terms of ion concentration ([M]), ion dissocia-
tion constants (KM and KM′), k1, and k2.

47,64,65 Such a
four-state model is particularly informative in that it
allows quantitative extraction of preferential cation
interactions with the transition state and the docked
state versus the undocked state. The previous section
(Fig. 8b) demonstrated a net accumulation of cations
in the docking process, indicating that the docked



209Counterion-Dependent Tetraloop-Receptor Docking
state has a higher affinity for cations than the
undocked state, attributable to an increase in
negative charge density. This fact is also simply
revealed from the kinetic model analysis in the
observation that KMNKM′. This analysis [Eq. (5)] can
also be used to characterize the transition state (via
kdock) by quantifying again the ion uptake parameter
ΔΓ‡ from ∂lnkdock/∂lnasalt, where asalt is the activity
of the salt.
To illustrate features common to all of the cations,

we show an example of the resulting Mg2+ uptake
(ΔΓ‡

2+) for the transition state versus ΔΓ2+ of the
docked state (Fig. 9a). The cation uptake is steeper
and rises to a larger value for the overall docking
process than for formation of the transition state.
Fig. 9. Cation dependence of the tetraloop–receptor
docking reaction. (a) Cation uptake for the transition state
(ΔΓ‡=∂lnkdock/ln[Mg2+]) and docked state (∂lnkdock/ln
[Mg2+]), plotted as a function of [Mg2+]. The curves are
calculated from the fits of kdock and Kdock versus [Mg2+].
(b) Change in free energy (kcal/mol) for tetraloop–
receptor docking/undocking in the absence of and at
saturating [Mg2+] in a background of 100 mM NaCl. The
barrier and overall free‐energy changes in the presence
and absence of Mg2+ are estimated from the fit parameters
(Table 1), as ΔGºdock,0 =−RTln(k1/k− 1), ΔGºdock,M=
−RTln(k2/k−2), ΔG‡

dock,0=−RTln(k1/ν), and ΔG‡
dock,M=

−RTln(k2/ν) with an estimate of ν≈1013.
This observation implies that though both the
docked state and the transition state are stabilized
by counterions, the docked state has a steeper salt
dependence than the transition state and thus must
be preferentially stabilized. The transition state
systematically acquires 70–80% of the ion uptake
required by the docked state (Fig. 9a, Fig. S3, and
Table 3), suggesting similar transition‐state struc-
tures in the presence of each cation. The large
accumulation of cations in the transition state
supports the notion that the transition state is
compact and, therefore, requires uptake of counter-
ions to screen helical repulsions.35,65–67 We have
previously suggested that the transition state for
docking is early, that is, lacking the hydrogen-
bonded tertiary interaction (Fig. 1b).65 The marked
additional uptake of ions from the transition state to
the docked state may also suggest other unique
structural differences between the transition state
and the docked state, such as additional compaction
or receptor rearrangement. Based on linker control
of accessible volume and therefore relative concen-
tration of tetraloop and receptor, our measurements
of the unimolecular docking rate constant and cation
uptake are also in excellent agreement with bimolec-
ular association values measured for Mg2+ and K+

for a dual tetraloop–receptor construct (J. L. Fiore
and D. J. Nesbitt, unpublished results).66

The net result of the higher affinity for cations in
the docked and transition state versus the undocked
state is that both the barrier height for docking and
the overall all free energy for docking decrease with
counterion concentration. In other words, kdock
increases with [cation], but since the reverse barrier
height for undocking increases, there is also a
corresponding decrease in kundock, as shown in
Fig. 4. To illustrate this point in terms of a reaction
coordinate, we calculate the overall ΔGºdock for
docking under saturating [Mg2+] and in the absence
of Mg2+ (Fig. 9b). In an analogous fashion, the
barrier height for docking ΔG‡

dock can be estimated
from generalized transition-state theory, kdock as:

kdock = νe −ΔG‡
dock =RTð Þ ð6Þ

where ΔG‡
dock is the activation free energy and ν is

the attempt frequency for barrier crossing.65,67,87,88

Absolute determination of ΔG‡
dock requires knowl-

edge of ν; an estimate of ν≈1013 s−1 is sufficient
for our current purposes, since the dependence of
the reaction rate on this parameter is only
logarithmic.65,67,89,90 It is important to emphasize,
however, that all reported experimental changes in
the barrier height (i.e., ΔΔG‡

dock) are rigorously
independent of this choice of ν [Eq. (6)]. The net
effect of Mg2+ on the free‐energy reaction coordi-
nate is shown in Fig. 9b.
The effects of each cation on the reaction coordi-

nate are summarized in Table 3. Rather remarkably,

image of Fig.�9
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the same maximum docking frequency (Fig. 4) is
quite similar for all cations investigated, with the
exception of spermidine3+, which we discuss at the
end of this section. Thus, the ~12-fold increase in
docking rate with increasing concentration of these
cations (Fig. 4) translates into a universal ~1 kcal/
mol decrease in the activation barrier, whereas the
docked state appears to be stabilized by about twice
that amount (Table 3). Free‐energy folding barriers
on the order of the ≈15 kcal/mol values observed
herein are common for RNA tertiary folding. For
example, the barrier height for folding of the P4–P6
domain is ≈16 kcal/mol at 35 °C at 10 mM Mg2+.91

The only exception to this trend is spermidine3+,
which, despite KM values comparable with
Co(NH3)6

3+, exhibits a diminished effect on kdock
and kundock. Specifically, there is now only an ~4‐fold
versus ~12-fold increase in docking rate and,
therefore, a notably smaller decrease in the overall
favorability (i.e., ΔΔGºdock) for the docking event
(Table 3). The origin of this decreased ability of
spermidine3+ to enable docking can be rationalized
in terms of its structure. In contrast with atomic
cations, spermidine3+ is a large flexible molecule
with charges distributed along a chain (Fig. 2).
Therefore, when such polyatomic counterions con-
dense on the RNA, steric hindrance may prevent
proper localization in regions of high negative
charge density, preventing full screening of electro-
static repulsions. With its large size, repulsions
between spermidine3+ ions can also become impor-
tant and prevent further condensation of additional
cations. In such a kinetic picture, the RNA molecule
may still be “saturated”with spermidine3+ yet fully
screened. As a result, kdock and kundock can saturate
with a lower dynamic range than for the smaller
cations. This effect is not unprecedented; for exam-
ple, spermidine3+ was shown to stabilize the folded
Tetrahymena ribozyme less effectively and induce
less compact structures than Co(NH3)6

3+.33,34 Addi-
tionally, in studying the role of polyamines on the
folding of the Tetrahymena ribozyme, it was observed
that when excluded volumes become significant,
folding does not go to completion,79 similar to what
is seen here for tetraloop–receptor folding. In related
ensemble investigations of the Tetrahymena ribo-
zyme, it was also shown that the transition states75

become broader and less compact as the polyamine
cation chain becomes increasingly larger. We thus
postulate similar dynamics as the origin of the
reduced effects of spermidine3+ on lowering barrier
heights for the isolated tetraloop–receptor tertiary
interaction when compared to the atomic cations.

Mechanisms of cation-facilitated
tetraloop–receptor docking

We have recently shown that both [Mg2+]‐ and
[monovalent]-facilitated tetraloop–receptor docking
are primarily entropic in origin.65,67 However,
though the overall thermodynamic stabilization is
similar for Mg2+ versus monovalent cations (Fig. 4),
the underlying entropic and enthalpic contributions
are strikingly different.65–67 Specifically, we showed
that monovalent cations such as Na+ and K+

decrease the overall entropic cost of docking much
more significantly than Mg2+.65,67 We can now offer
the cation uptake curves in Fig. 8 to provide insight
into entropic mechanisms of [cation]-facilitated
docking. One putative mechanism would be a
reduction in the entropic penalty of counterion
uptake,83,84 which is required to combat electrostatic
repulsion as the RNA folds and creates pockets of
negative electrostatic potential.65

Such an entropic benefit can be rationalized
from analysis of the net cation uptake curves in
Figs. 8 and 9a (and Fig. S3). Consider, for example,
the multivalent titrations, which begin at 100 mM
NaCl (Fig. 8b). Mg2+ uptake is constant over the
steepest part of the [Mg2+]-dependent docking
curve in Fig. 8; thus, addition of Mg2+ to the bulk
solution lowers the entropic cost of Mg2+ uptake,
as previously described using thermodynamic data
and arguments.65 Similarly, Mg2+ may reduce the
number of Na+ ions required to fold, since RNA
has the option to preferentially take up the more
strongly interacting divalent ions. Mg2+ can also
satisfy the necessary screening with fewer ions
than Na+, as seen by the maximum uptake, where
the net accumulation of Mg2+ is ~1.1 Mg2+ ions
versus ~2.3 Na+ ions (Table 3). Therefore, increas-
ing multivalent [cation] may aid folding both by
decreasing the entropic cost of localizing cations
and/or by decreasing the number of cations
needed to fold.65

In the case of monovalent species, however,
more cations are taken up as concentration is
increased, an effect that reduces any net entropic
benefit to counterion reorganization. Thus, other
factors may play a more significant role in
promoting docking, as discussed elsewhere.67 For
example, increasing monovalent [cation] can
change the unfolded structures of the RNA, for
example, by organizing the receptor structure or
increasing base stacking in the poly(A) linker,
which can alter RNA folding thermodynamics by
reducing the conformational entropy of the
undocked state.65–67,92,93 Effects of hydration may
also play a role.66 Thus, though the net saturation
effect of adding monovalent and multivalent
cations on the overall single‐molecule docking
kinetics is strikingly similar, clearly, one must
take into account more subtle aspects of the ion–
RNA interactions to appropriately deconstruct the
underlying thermodynamic contributions.
Due to the hierarchical nature of RNA folding,

flexible junctions can enable unpaired nucleotides to
act as beacons between helical regions.17,50,51 In this
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regard, the building blocks of RNA structural
assembly are helix–junction–helix motifs, with
folding mediated by tertiary interactions.39,94 The
tetraloop–receptor tertiary interaction is exception-
ally common54–57 and even more generally catego-
rized as the A-minor motif—adenosine insertion
into a distal minor groove.11,52,95,96 However, it is
also relevant to note that the A7 linker (Fig. 1) used
in this construct may contribute to the folding
thermodynamics and kinetics.63,65 Junctions such
as the A7 linker limit the conformations of unfolded
states94,97,98 and can be affected by cation-induced
stiffening.65,92,93 One particularly important obser-
vation is that the tetraloop–receptor interaction
apparently dictates the ion–RNA interactions of
docking, as shown by the indistinguishable KM and
K′M values for Mg2+ in the A7 versus U7 linked
constructs (Table 1). In further support of this notion
is the remarkable similarity between the cation
uptake (Table 3) reported in this work and that
observed in the bimolecular association of modular
tetraloop–receptor constructs, as mentioned
above.66 Therefore, a clear conclusion would be
that studies of the tetraloop–receptor construct
report on trends of cation-mediated helical
packing more generally applicable to other tertiary
interactions.

Summary and Conclusion

A two-state ion binding scheme is insufficient to
explain the origin of [cation]-dependent kdock and
kundock rate constants for the tetraloop–receptor
interaction. However, a four-state kinetic model is
able to accurately recapitulate the experimentally
observed increase in kdock and decrease in kundock
with [cation], whereby the cations are more
attracted to the docked than undocked RNA. With
this model, we can separate the free energies of
cation–RNA interactions from the kinetics of dock-
ing/undocking. Furthermore, this model allows for
quantitation of the differential affinities for cations
in the folded and unfolded conformations of the
RNA. In addition, we have determined the effective
cation uptake with folding by way of the preferen-
tial interaction coefficient. The results indicate that
both ion charge density and valence affect the
preferential cationic interaction with the docked
versus undocked RNA, which should provide useful
benchmark data for testing theoretical models for
ion–RNA interactions.1 However, cation valence
plays the major role in determining the cation
concentration range required for promotion of
folding. Quite remarkably, monovalent, divalent,
and trivalent cations under saturating conditions
achieve the same asymptotic folding rate. The
notable exception to this trend is polycationic
spermidine3+, which is 3-fold less effective at
promoting docking than trivalent Co(NH3)

3+ and
for which the extended size likely prevents the
localization of charge needed to properly screen
negative charge and thereby fully enhance the
folding rate. Finally, utilization of a four-state
kinetic model reveals a possible physical origin of
the cation dependence in terms of the decreased
entropic penalty of cation uptake with folding.
Materials and Methods

RNA preparation

Cy3-labeled and Cy5‐labeled tetraloop–receptor con-
structs (Fig. 1a) are prepared as previously described.63,64

Briefly, synthetic 5′ three carbon amino-modified RNA
oligomers (Dharmacon, Lafayette, CO)† are labeled with
Cy3 and Cy5 N-succinimidyl esters (Amersham Bio-
sciences, Piscataway, NJ) and HPLC purified. We anneal
the Cy3 (1 μM) and Cy5 (1.5 μM) RNA oligomers with
2 μM biotinylated DNA oligomer (Integrated DNA
Technologies, Coralville, IA) by heating to 70 °C and
cooling slowly to room temperature in a buffer of 50 mM
hemisodium Hepes, 100 mM NaCl, and 100 μM ethyle-
nediaminetetraacetic acid (EDTA) at pH 7.5, which forms
the complete construct (Fig. 1a). The secondary structure
of the Cy3 strand forms the tetraloop with an A7 linker
connecting it to the receptor domain created by the
hybridized Cy3 and Cy5 strands. Molecules are tethered
to streptavidin-coated glass surfaces with the biotiny-
lated extension formed by the hybridized DNA and Cy5
strands.

Single-molecule FRET measurements

To enable single‐molecule FRET studies of immobilized
RNA, we have exploited a scanning confocal microscope
system, as previously described.36,64 Excitation of the donor
Cy3 chromophore is obtained via a 532‐nm mode-locked
pulsed-laser operating at 82 MHz (Model 3800; Spectra
Physics), with donor and acceptor emission discriminated
by dichroic beamsplitters and bandpass filters and detected
on single-photon counting avalanche photodiodes (SPCM-
AQR-14; Perkin-Elmer Optoelectronics, Fremont, CA).64

Fluorescence trajectories are acquired for individual RNA
constructs located on the cover glass by an intensity search
algorithm,with time traces acquired using a time-correlated
single-photon counting module (SPC-134; Becker & Hickl,
Berlin).
RNA constructs are immobilized on a cover glass in a

microfluidic flow-cell assembly36,64 and observed in the
diffraction-limited laser focus (objective numerical aperture,
1.2) at 1‐ to 1.7‐μW laser powersmeasured at the back plane
of the microscope. A protocatechuic acid/protocatechuate-
3,4-dioxygenase enzymatic oxygen scavenging solution
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(5 mM protocatechuic acid and 60 nM protocatechuate‐3,4‐
dioxygenase) with 2 mM Trolox is added for fluorophore
photostability.99,100 Divalent (Mg2+ and Ca2+) and trivalent
[Co(NH3)

3+ and spermidine3+] titrations are performed in a
standard buffer containing 50 mM hemisodium Hepes
(pH 7.5 at 25 °C), 100 mM NaCl, and 0.1 mM EDTA, with
varying concentrations of MgCl2, CaCl2, hexamine cobalt
trichloride, and spermidine trihydrochloride. Freshly pre-
pared spermidine stock solutions are aliquoted and kept
frozen to avoid deamination, as suggested by the manufac-
turer. At pH 7.5, spermidine has a nominally +3 charge
(pKa1=8.6, pKa2=10.0, and pKa3=11.1; thus, 93% of the time
the amino groups are deprotonated).101 Monovalent (K+

and Na+) studies of the tetraloop–receptor motif are
performed in 50 mM hemisodium Hepes (pH 7.5) and
0.1 mM EDTA, with [NaCl] and [KCl] varied. We note,
however, that this buffer already contains 25 mM Na+ in
the absence of any added NaCl; therefore, the reported
cation concentrations refer to added amounts of the
respective salt. All buffers are 0.2 μm sterile filtered and
prepared using liquid chromatography–mass spectrometry
Chromosolv H2O. After flushing in solutions, data are
collected under static conditions, with entrance and exit
holes covered by tape. All experiments are performed at
21 °C.

Single-molecule trajectory analysis

The FRET efficiency, EFRET, is calculated ratiometrically
from the donor and acceptor signals for time trajectories
binned at 5–10 ms, which clearly resolves the undocked
and docked states.36,64 The corrected intensity-based
FRET efficiency (EFRET) is calculated from the background
subtracted signals on the two channels, ΔI1 and ΔI2,
designed primarily for donor and acceptor detection,
respectively. Corrections are implemented for (i) collection
efficiencies and cross talk of the donor and acceptor
emission on channels 1 and 2 (β1

A, β2
A, β1

D, β2
D), (ii)

differential quantum yields of the donor and acceptor (QD
and QA), and (iii) direct laser excitation of the donor and
acceptor (αD,αA, where αD+αA=1),

EFRET =
βD
1 ΔI2−βD

2 ΔI1− αA
αD

QA
QD

βA
2 ΔI1−βA

1 ΔI2
� �

βD
1 ΔI2−βD

2 ΔI1 + QA
QD

βA
2 ΔI1−βA

1 ΔI2
� � ð7Þ

where the relevant quantum yield ratios and collection
efficiencies are determined from independent
measurements.36 Relative direct laser excitation of the
acceptor versus donor is calculated from extinction co-
efficients at 532 nm.36 Donor-only species, clearly identifi-
able by the absence of acceptor emission, are observed with
a low frequency (b15%) and can bedisregarded.Day-to-day
reproducibility of the center EFRET values is ±0.02. The
quantum yield ratio (QA/QD) is independent of the cation
concentration, as assessed byfluorescence lifetimemeasure-
ments of singly labeled constructs (see Supplementary
Information: Supplementary Text and Fig. S1). Cy3 andCy5
are weakly quenched by cobalt hexamine. However, the
degree of quenching for both fluorophores is equal within
uncertainty, such that the quantum yield ratio in Eq. (7) is
maintained. Furthermore, the Förster radius (R0) remains
constant (see Supplementary Information and Fig. S1).102

Thus, the low and high EFRET states correspond to the
undocked and docked RNAs at varying cation
concentrations.

Docking and undocking rate constants from
single-molecule trajectories

To determine docking and undocking rate constants at
each cation concentration, we define dwell times of the
tetraloop–receptor construct in the docked and undocked
conformations by the crossing of a threshold set at the
minimum of the bimodal EFRET distribution in the real-
time trajectory. As shown elsewhere, histograms of the
dwell times in the docked and undocked states at a given
cation concentration can be converted into probability
densities, P(τi)=H(τi)/[0.5(τi+1−τi− 1)], where H(τi) is the
standard histogram value and τi represents an ordered list
of nonzero time bins, significantly enhancing the dynamic
range of observable timescales.64,103 The resulting dwell‐
time histograms and normalized probability densities
[P(τ)/P(0)] are well described by single-exponential
decays for both docking and undocking events, with
least squares single‐exponential fits yielding rate con-
stants, kdock and kundock. Data sets contain a minimum of
200 (but more typically 500) events. By way of validation,
hidden Markov modeling is also pursued as an alternative
method for determining rate constants; the results yield
identical rate constants within experimental uncertainties,
as expected for a system with two well-resolved fluores-
cent states.104

Tetraloop–receptor folding is known to be kinetically
heterogeneous, yielding three subset populations: (i) a
majority population (68%) that actively switches between
the docked and undocked conformations, (ii) a minority
population (32%) that does not dock on the timescale of
observation, and (iii) an extremely small population (~1%)
of molecules remaining in a high EFRET state.64 As
discussed elsewhere, the origin of this heterogeneity is
not well understood36,105 but is observed to remain at a
constant 32% fraction over the 4 orders of magnitude
range of cationic environments explored here. Since the
two minority populations provide no docking/undocking
information on the timescale of the experiment, they can
be cleanly separated and excluded from the analysis.
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