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The presence of positively charged counterions is crucial for
the folding of polyanionic RNA molecules.1,2 Mono- and

divalent cations such as Naþ, Kþ, and Mg2þ are very effective at
screening the RNA backbone negative charge. Divalent ions may
also be completely or partially coordinated by RNA at specific
binding sites and can, therefore, be essential factors for the
formation of the proper RNA tertiary structure.3 Mg2þ ions are
especially important for the formation of complicated structural
features such as binding pockets and catalytic centers. Divalent
cations may also play crucial roles in the catalytic action of
ribozymes.4,5 Themore effective stabilization of tertiary structure
by some ions over others was recognized several decades ago,6�8

but quantitative thermodynamic descriptions of RNA�ion inter-
actions were attempted only recently.9�17

RNA folding typically includes a transition from an unfolded
state in the absence of ions to a counterion-mediated intermedi-
ate state that chiefly consists of elements of secondary structure
such as locally stable hairpin, bulge, and loop motifs. A second
transition to a collapsed folded state with multiple tertiary
contacts typically requires the presence of divalent cations.3

The concept of a funnel-shaped energy landscape (Figure 1A)
guiding the molecules toward a multitude of folded states, which
was originally introduced for proteins,18,19 has also been applied
to RNAs.20 However, unlike proteins, RNA forms very stable
secondary structure elements, giving rise to highly rugged energy
landscapes with deep local minima that correspond to misfolded
conformations.21�23 Conformational transitions involving such
metastable states are strongly affected by cations, especially mul-
tivalent cations.24 Therefore, a thorough understanding of the
RNA conformational landscape requires a detailed investigation
of the structural, dynamic, and energetic aspects of folding, with
special emphasis on the effect of polyvalent cations.

Among RNAs with well-defined three-dimensional structures,
tRNA is arguably among the best-studied examples. Its canonical
three-dimensional “L” shape is based on a secondary structure
arrangement in the form of a cloverleaf. Typically, tRNAs
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ABSTRACT: The folding energy landscape of RNA is greatly
affected by interactions between the RNA and counterions that
neutralize the backbone negative charges and may also partici-
pate in tertiary contacts. Valence, size, coordination number,
and electron shell structure can all contribute to the energetic
stabilization of specific RNA conformations. Using single-
molecule fluorescence resonance energy transfer (smFRET),
we have examined the folding properties of the RNA transcript
of human mitochondrial tRNALys, which possesses two differ-
ent folded states in addition to the unfolded one under
conditions of thermodynamic equilibrium. We have quantitatively analyzed the degree of RNA tertiary structure stabilization for
different types of cations based on a thermodynamic model that accounts for multiple conformational states and RNA�ion
interactions within each state. We have observed that small monovalent ions stabilize the tRNA tertiary structure more efficiently
than larger ones. More ions were found in close vicinity of compact RNA structures, independent of the type of ion. The largest
conformation-dependent binding specificity of ions of the same charge was found for divalent ions, for which the ionic radii and
coordination properties were responsible for shaping the folding free energy.
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spontaneously fold into their functional conformation right after
transcription. A notable exception to this rule is human mito-
chondrial lysine tRNA (mt tRNALys), which requires multiple
post-transcriptional modifications for proper folding under phy-
siological conditions.25�27 It carries altogether six modifications;
one of them, methylation ofN1 of adenosine 9 (m1A9), is known
to strongly affect the relative free energies of three structurally
distinct conformations (Figure 1A and Figure S1)—the unfolded
(U), extended hairpin (E), and cloverleaf-based L-shape (C)
states—the structural properties of which have been thoroughly
discussed.15 The changing fractions of multiple subpopulations
at different ion concentrations complicate a quantitative analysis
on the ensemble level. By contrast, single-molecule fluorescence
experiments, which can distinguish between these states, may
afford unprecedented insights into the structure and dynamics of
biopolymers including RNA.28 For human mt tRNALys, single-
molecule fluorescence (F€orster) resonance energy transfer
(smFRET) measurements allowed the separation of structural
contributions (i.e., base modifications) and RNA�ion inter-
actions to the energetics of each individual conformational
state.15

The binding of ions to RNA may occur either as a nonspecific
accumulation of a diffuse counterion cloud or as a complexation
at specific RNA sites, which may involve removal of water ligands
from the ion’s first hydration shell; an intermediate case of so-
called “surface ions” has also been discussed.29 Ion coordination,
especially of Mg2þ, at specific sites is often involved in catalytic
function,4,5 but for (catalytically inactive) tRNA chelation of
cations has been questioned.1 Highly specific and effective
cleavage of the D-loop by Pb2þ ions has been reported for yeast
tRNAPhe both in solution and in crystals, and ions occupying the
binding pocket in the D-TΨC region have been detected by
X-ray crystallography.30 Some other tRNAs containing the same
canonical structural motif were also found to be cleaved in the

D-loop by different divalent ions at elevated concentrations.31,32

So, it has been assumed by conjecture that the same binding
pocket also specifically accommodates Mg2þ ions. However, for
many tRNAs including tRNALys investigated here, ion-induced
cleavage was observed to be rather unspecific if the classical
features of tertiary structure mentioned above are not present.33

Thus, binding of Mg2þ ions to these tRNAs under physiologi-
cally relevant conditions can be assumed to be rather nonspecific,
and the affinity is primarily governed by electrostatic interac-
tions.10,34,35 In addition to cation charge, the stability of compact
folded RNAs with high local charge density may be sensitive to
ion size even if the ions are not directly complexed.16 Moreover,
because of their preference for certain ligands, transitionmetal ions
tend to bind more strongly to particular nucleotides, especially
guanine.36�39

To examine the effects of ion valence, size, and electronic shell
structure on the folding of tRNA, we have chosen a set of ions of
different types, namely, Kþ, Naþ, Mg2þ, Ca2þ, Mn2þ, Zn2þ,
Tb3þ, and Eu3þ. We have taken the unmodified transcript of
humanmt tRNALys as a model RNA because of its delicate equili-
brium between two folded conformations that makes it a
sensitive probe of free energy perturbations. The first four types
of ions are the physiologically most abundant monovalent and
divalent ions; the latter four are frequently used in investigations
of RNA folding pathways. Mn2þ and Zn2þ are transition metal
ions that also play important roles in biology.40�42Mn2þ, with its
charge/volume ratio similar toMg2þ, is often employed in lieu of
Mg2þ in various biochemical investigations. Likewise, the lantha-
nide ions Tb3þ and Eu3þ have been used as counterions to replace
Mg2þ and also as probes of high-affinity metal binding sites in
footprinting experiments.43 Moreover, their luminescent properties
can be exploited for monitoring conformational changes.44�46

Altogether, the array of metal ions investigated here have allowed
us to study the effects of positively charged ions on RNA folding by
varying the coordination properties as well as the charge-to-volume
ratio. Indeed, both of these properties were found to significantly
affect tRNA stabilization.

’EXPERIMENTAL PROCEDURES

tRNA Sample Preparation and Chemicals. Dye-labeled
construct of the unmodified transcript of human mt tRNALys

was prepared as described previously, except that Alexa647 was
taken as FRET acceptor instead of Cy5.15,27 Briefly, RNA frag-
ments were purchased from IBA (G€ottingen, Germany); Cy3
and Alexa647 were introduced into separate oligos by postsyn-
thetic NHS coupling to aminolinker-carrying deoxythymidine
nucleotides corresponding to positions 4 and 41, respectively, in
the full length tRNA.27 Finally, the tRNA construct was as-
sembled from the RNA fragments by splint ligation.47,48

All chloride metal salts of the highest available purity were
purchased from Sigma-Aldrich (Germany) as powder and dis-
solved in distilled water (Fluka, Taufkirchen, Germany). Except
for lanthanide ions, 50 mMTris-HCl buffer, pH 7.4, was used for
tRNA sample dilution down to concentrations of ∼100 pM.
100 mM stock solutions of lanthanide ions, TbCl3 and EuCl3,
were prepared in MES-HCl buffer (50 mM, pH 3.0) to avoid
aggregation. MES buffer at pH 6.5 was used for fluorescence
measurements with highly diluted lanthanide ions. The tRNA
solutions were heated to 60 �C for 3 min and then slowly cooled
to room temperature prior to the measurements. Metal salt

Figure 1. (A) Schematic depiction of the free energy landscape of
unmodified (Kwt) tRNALys, with unfolded (U), extended hairpin (E),
and cloverleaf-based L-shape (C) conformations. (B) Thermodynamic
scheme describing the equilibrium between the ion-free and ion-bound
states within the U, E, and C conformations.
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solutions were added afterward in the appropriate amounts to
achieve the desired ion concentrations.
Single-Molecule FRET Measurements. Single-molecule

fluorescence measurements were performed on freely diffusing
tRNA using a home-built confocal microscope based on an Zeiss
Axiovert 135 TV frame with two-channel detection.14,15,49 Probe
solutions were placed in sandwich cells consisting of two glass
cover slides spaced apart by ∼150 μm thick double-sided adhe-
sive tape. Alternating excitation of Cy3 (donor) and Alexa647
(acceptor) dyes with 532 nm (green) and 633 nm (red) laser
lines, correspondingly, was achieved with an acousto-optical
tunable filter (AOTF, AA Opto-Electronic, Orsay, France).
The repetition rate was set to 10 kHz with a duty cycle of
70:30 for green and red excitation, respectively; data acquisition
was blocked for 5 μs during color switching to avoid temporal
cross-talk. The fluorescence emission was collected by a water-
immersion objective (Zeiss C-Apochromat 63�/1.2w, Zeiss,
Oberkochen, Germany), passed through a pinhole 100 μm in
diameter and separated into donor (550�610 nm) and acceptor
(650�750 nm) channels. Photons were detected with avalanche
photodiodes (SPCM-CD 3017, PerkinElmer, Boston, MA) and
counted within the appropriate excitation periods using a multi-
functional data acquisition card (NI PCI-6229, National Instru-
ments, M€unchen, Germany).
Data analysis was performed with in-house developed software

using Matlab (MathWorks, Natick, MA) and Cþþ (Borland,
Cupertino, CA). Donor and acceptor photons were assigned based
on the arrival time within each 100 μs excitation cycle and binned
into photon numbers corresponding to the donor and acceptor
intensities under green excitation, ID

Gr and IA
Gr, and red excitation,

ID
Rd and IA

Rd. All intensities were corrected for background, spectral
cross-talk, and detection efficiency. Bursts with durations between
0.2 and 2 ms and more than 50 photon counts were selected for
FRET analysis. FRET efficiency values, E, were calculated according
to the expression E = IA

Gr/(ID
Gr þ IA

Gr). Rejection of improper-
labeled or bleached RNAmolecules was accomplished based on the
stoichiometry parameter S = (ID

Grþ IA
Gr)/(ID

Grþ IA
Grþ IA

Rd).50

’RESULTS

Thermodynamic Model of Ion-Induced Stabilization of
tRNALys.We investigated conformational changes of the unmo-
dified transcript of human mt tRNALys, denoted as Kwt, upon
titration with different cations. By using a fluorescence micro-
scope with single-molecule sensitivity,49 we measured the donor
and acceptor intensities of dye-labeled Kwt molecules upon
donor excitation while they diffused through the confocal spot
within typically less than 1ms. From these several thousand short
bursts of intensity, we calculated FRET efficiencies of each Kwt
molecule separately and compiled them in FRET efficiency
histograms, in which the number of molecules found within a
range of FRET values is plotted against the FRET value itself
(Figure 2). Such histograms were determined with excellent
statistical accuracy for up to 10 different cation concentrations
and fitted by superpositions of theU, E, andC state distributions
at low, intermediate, and high FRET efficiency values, respec-
tively. Although the three subpopulations are largely overlapping,
their existence is evident from comparing the FRET efficiency
histograms at different ion concentrations. The structural prop-
erties of the three states have been thoroughly discussed in
previous papers.15,27 Typical examples of FRET efficiency histo-
grams of the unmodified tRNALys construct Kwt are presented in
Figure 2 for selected concentrations of Kþ, Ca2þ, and Tb3þ ions;
FRET efficiency histograms for the other ions are given in the
Supporting Information. To compute the fractional populations
of the three different conformations from the FRET histograms,
we modeled their FRET distributions as in our previous
work,14,15 namely, by log�normal functions for the low-FRET
U and high-FRET C states and a normal Gaussian function for
the E state at the intermediate FRET efficiencies. Because of
broad and overlapping subpopulations, the following constraints
on the distribution parameters have been used in a global fit in
order to decrease the fit errors: On the basis of the experimental
observations that the average FRET efficiencies and widths of the
distributions of U, E, and C did not change noticeably with ion

Figure 2. FRET efficiency histograms of freely diffusing Kwt tRNALys molecules at six different concentrations of Kþ, Ca2þ, and Tb3þ ions. Green,
yellow, and red lines represent the best-fit model distributions of the U, E, and C states, respectively; the solid lines show the sums of all three
distributions. The approximate average FRET efficiency values are 0.25, 0.43, and 0.7 for theU,E, andC states, respectively: the exact values for each type
of ion are given in the Supporting Information.
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concentration, they were kept constant in global fits at all concen-
trations of a particular cation, so that only the areas and,
consequently, the relative populations were allowed to vary.
Excellent agreement was obtained between the model fits
(lines in Figure 2 and Figures S2�S8 in the Supporting Informa-
tion) and the experimental data for all concentrations of different
ions. The global fit parameters of the averaged FRET efficiencies
and full widths at half-maxima (fwhm) of the respective model
functions are given in the Supporting Information. These gen-
erally agree with our previous work;15,27 however, some varia-
tions of the peak position of the rather flexible E state can be
noticed for different types of cations. The widths of the E and C
subpopulations are quite broad due to dye photophysics, sample
static heterogeneity, or conformational changes on the time scale
of molecule diffusion in addition to photon shot noise. The
physical origins of this broadening require careful further in-
vestigations, which is not the focus of the present work, however.
Most prominent changes in response to different cations were
observed for the areas of the distributions, from which we
calculated the fractional populations of the U, E, and C states.
In Figure 3, the fractional populations of theU, E, andC states of
Kwt are plotted as a function of ion concentrations for different
types of cations.
In the quantitative analysis of the free energy changes, we

employed a thermodynamic framework presented earlier.15 It
includes altogether six states because it is assumed that the three
conformations, U, E, and C, can be described as a sum of “ion-
free” (U0, E0, and C0) and “ion-bound” (denoted as Uion, Eion,
and Cion) states (Figure 1B). Notably, the terms “ion-free” or
“ion-bound” refer only to the absence or presence of those ions

with which the RNA was titrated but not to the buffer ions (here
Trisþ) that were kept at a constant concentration. Intuitively, we
expect that the ion-free states are populated at low ion concen-
tration, whereas the ion-bound states dominate at higher ion
concentrations. However, it is important to note that, in our
smFRET experiments, we cannot independently distinguish bet-
ween the structurally similar ion-free and ion-bound states; so,
only their sum is measured for each conformation in the form of
fractional populations. The free energy difference between the
ion-free states accounts for the intrinsic stability change due to
structural compaction in the absence of ion stabilization. The
equilibria between the statesU, E, andC are governed by the free
energy differences between the ion-free conformations, ΔG0

ij,
and the free energy changes of ion-induced folding of each state,
ΔGi(ion). Here, i and j are labels referring to theU, E, orC states,
respectively. The populations, [i], are governed by Boltzmann
statistics

½i0�
½j0� ¼ exp �ΔG0

ij

RT

 !
ð1Þ

½i0�
½iion� ¼ exp �ΔGiðionÞ

RT

� �
ð2Þ

where R and T represent the gas constant and the absolute
temperature, respectively. To model the free energy changes of
the RNA conformational states upon ion binding, we employed
the widely used Hill equation

ΔGiðionÞ ¼ ΔG0
i þ niRT ln½ion� ð3Þ

Figure 3. Kwt tRNALys fractional populations of theU, E, andC states as a function of alkali (A), alkaline earth (B), transition (C), and lanthanide (D)
metal ions. Lines represent results from fitting the data with the thermodynamic model discussed in the text.
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Recently, Leipply and Draper have thoroughly discussed the
applicability and interpretation of the Hill equation and
coefficient.17 Typically, theHill equation is applied tomodel con-
formational transitions, [i0 þ iion] T [j0 þ jion], represented by
the horizontal arrows in Figure 1A. Here, we use eq 3 as an
empirical relationship to describe the change of the ion-bound
states only, Uion, Eion, and Cion, as a function of ion concentra-
tion. Specifically, the ni parameter is not interpreted as a
stoichiometric coefficient representing the number of ions bind-
ing to the RNA; the meaning of this parameter will be explained
in the Discussion section. While only the fractional populations
are calculated, reference energy levels for the ion-free and ion-
bound states have to be defined by hand. Thus, ΔGU

0 and ΔGU-
(ion) were set equal to zero, and the free energy changes of theEion
and Cion states were calculated relative to the unfolded state:

ΔGE ¼ ΔG0
UE þΔG0

E þ nERT ln½ion�,
ΔGC ¼ ΔG0

UC þΔG0
C þ nCRT ln½ion� ð4Þ

By using eqs 1�4, a set of equations for the fractional populations
Ki = [i0 þ iion]/∑[i0 þ iion] of the U, E, and C states (see
Supporting Information for mathematical details) was expressed as
a function of ion concentration with only six parameters, namely,
nE, nC,ΔGE

0,ΔGC
0 ,ΔGUE

0 , andΔGUC
0 , varied in the fit for each set of

ion concentration dependent data. Moreover, the last two param-
eters, i.e., the free energy differences between the ion-free states, are
independent of the type of ion (but dependent on the other buffer
conditions, such as pH, for example). So, these two param-
eters were determined in a global fit of all titration sets obtained
at the same pH. The remaining four parameters were individually
fitted for each type of ion. The fit results are shown in Figure 3 as
lines, and the values of nE, nC,ΔGE

0, andΔGC
0 are given in Table 1.

The fit curves nicely follow the experimental data for different types
of ions in the full range of concentrations, which gives confidence to
the applicability of our thermodynamic model.
Interaction of RNA with Naþ and Kþ. Alkali ions Naþ and

Kþ are of key importance for biological organisms. Many RNA
structures fold into their native conformations even if only these
ions are present.16,51 However, concentrations of several hun-
dredmillimolar are typically required for the functional folding of
tRNAs in the absence of divalent cations, which by far exceeds
physiological concentrations.10 In Figure 3A, the fractions of the
U, E, and C states of Kwt tRNALys are plotted as a function of
Naþ andKþ ion concentrations. The unfolded state dominates at
low cation concentration. Only above 10 mM, the E state
increases at the expense of the U state; the functional C state
appears only above 100 mM but still does not exceed the E state

in the studied range of monovalent cation concentrations. From
the nonlinear least-squares fit of the thermodynamic model to
the data, shown as lines in the Figure 3A, we determined free
energy differences between the ion-free states U0, E0, and C0,
ΔGUE

0 , and ΔGUC
0 , as 0.46 ( 0.01 and 1.50 ( 0.06 kcal/mol,

respectively. To evaluate the effect of monovalent buffer ions to
the free energy changes, we have also titrated the Trisþ con-
centration from 10 to 250mM; the FRET histograms and fractio-
nal populations as a function of Trisþ concentration are shown in
Figure S10 of the Supporting Information. There, significant
stabilization of the E state by Trisþ ions alone starts at higher
concentrations (>100 mM) than by Kþ or Naþ (>10 mM) in the
presence of 50 mM Trisþ.
Interaction of RNA with Mg2þ and Ca2þ. Divalent ions are

known to stabilize RNA tertiary folds more efficiently than
monovalent ones. Indeed, the E state becomes the dominant
species already at concentrations above∼0.2 mM and theC state
above ∼500 mM for either Mg2þ or Ca2þ (Figure 3B). The
analysis of the titration behavior revealed some minor prefer-
ences for Ca2þ ions at intermediate ion concentrations, while the
preference inverts toward Mg2þ ions at higher ion concentra-
tions (Figure 3B). This observation is difficult to explain just by
the difference in ionic radii of divalent ions (1.00 Å for Ca2þ

versus 0.72 Å for Mg2þ). The total number of ions necessary to
compensate the negative charges of the RNA backbone is by a
factor of 2 smaller for divalent than for monovalent ions. Conse-
quently, the entropic penalty due to binding to the RNA is
reduced by a factor of 2. Therefore, because of the alleviated
space constraints, the effect of ion size might be less pronounced
for divalent ions. However, weak specific binding sites or kinetic
traps may, in principle, exist for divalent ions, especially in the
deep grooves of the RNA and at helical junctions. In those cases,
the interaction may occur via hydrogen bonding between the
RNA and first hydration layer around the ions. While Mg2þ

coordinates up to six water molecules, the coordination number
of Ca2þ ranges from 6 to 9, which could explain the small prefe-
rence for their binding to the C state at intermediate ion
concentrations and slightly narrower FRET distributions (see
Table S1 in Supporting Information).
Interaction of RNA with Transition Metal Cations. For

smFRET studies of the effect of transition metal cations on
RNA stability, we chose Mn2þ and Zn2þ, for which abundant
data exist to which our results can be compared.34,35,52,53 Because
these ions cause significant dynamic fluorescence quenching,
FRET efficiency measurements were only possible up to 1 mM
for Zn2þ ions and up to 40 mM for Mn2þ ions. The fractional
populations of the correspondingU, E, andC states as a function
of ion concentration perfectly coincide for both counterions
(Figure 3C). We note that quenching influences both fluoro-
phores, donor and acceptor, equally, so the quenching effect
cancels in the calculation of FRET efficiency values, and the
FRET efficiency histograms are not affected (Figure S6 in
Supporting Information). Compared to the divalent earth alka-
line ions Mg2þ and Ca2þ, a clear difference of the folding
properties of the U, E, and C states is apparent for the transition
metals: the E state significantly increases at the expense of the U
state and levels off at high concentrations (Figure 3C), whereas
the C state does not exceed a fraction of 10% even at the highest
ion concentrations used (40 mM). This behavior indicates that
Mn2þ ions may interact specifically with the non-native E
conformation, which is somewhat unexpected because Mn2þ

ions are often considered as good substitutes for Mg2þ ions and

Table 1. Parameters ni and ΔGi
0 (in kcal/mol at 1 M

Concentration of the Titrated Ion) Were Obtained from the
Analysis of smFRET Fractional Populations Using the
Thermodynamic Model Described in the Text

nE nC ΔGE
0 (kcal/mol) ΔGC

0 (kcal/mol)

Kþ 1.4( 0.1 2.0 ( 0.1 3.0( 0.2 5.5( 0.3

Naþ 1.2( 0.1 2.0( 0.1 3.0( 0.1 6.4 ( 0.5

Mg2þ 0.79( 0.01 0.99( 0.01 5.1 ( 0.1 7.3( 0.2

Ca2þ 0.68( 0.02 0.78( 0.02 4.7( 0.1 6.6( 0.3

Mn2þ 0.65( 0.02 0.75( 0.02 4.6( 0.4 5.0( 0.3

Tb3þ 1.7( 0.1 4.0( 0.2 8.8( 2.0 19.8( 3.3

Eu3þ 1.3( 0.1 3.1( 0.1 7.5( 1.4 16.3( 2.1
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widely used as paramagnetic probes in EPR- and NMR-based
spectroscopic studies of RNA binding.54,55 With the same coor-
dination number of 6 and a similar ionic radius (∼0.81 Å) as
Mg2þ, Mn2þ has a higher preference for coordination with nitro-
gen instead of oxygen ligands than magnesium. Zn2þ ions, too,
preferentially bind to nitrogenous ligands, with coordination
numbers ranging from 4 to 6.56 Up to 4 of 6 water molecules in
the inner sphere of Mn2þ are easily replaced by other ligands.56

Quantum-chemical calculations on different pentahydrated di-
valent ions, in particular Mg2þ andMn2þ, bound to theN7 atom
of guanine,39 revealed that the replacement of water molecules by
guanine was more favorable for Mn2þ than for Mg2þ. This effect
was attributed to an enhanced electron density in the 3d orbitals
due to back-donation from the guanine aromatic ring.
Interaction of RNA with Trivalent Cations. Lanthanide ions

are used in RNA chemistry as versatile probes of RNA secondary
and tertiary structure and to identify high-affinity metal ion
binding sites. We have compared Tb3þ and Eu3þ ions to the
monovalent and divalent ions for their ability to fold human mt
tRNALys. Because Tb3þ accelerates hydrolysis of the RNA
backbone at neutral pH,57 single-molecule FRET experiments
were carried out in MES buffer at pH 6.5. Under these condi-
tions, we found that the thermodynamic equilibrium was shifted
slightly toward the folded conformations; the parameters
ΔGUE

0 and ΔGUC
0 are different from measurements in standard

RNA buffer. Otherwise, a similar folding behavior was observed
as for titrating the tRNA molecule with Ca2þ ions (data not
shown). The binding of Tb3þ and Eu3þ ions was studied in the
range from 0.01 up to 4 μM; selected FRET efficiency histograms
are shown in Figure 2C. From the resulting fractional popula-
tions of U, E, and C in Figure 3D it is evident that the trivalent
ions are even more effective than the divalent ones in stabilizing
compact RNA folds: the transition fromU to E toC states occurs
in the sub-micromolar range, as was also observed for other
RNAs titrated with trivalent cations.58 Notably, the transition,
which starts at ∼0.1 μM, is much sharper than for the other
studied ions, and above 5 μM, the Kwt tRNALys is completely
folded into theC state. The fit of fractional state populations with
the thermodynamic model revealed values of ΔGUE

0 and ΔGUC
0

equal to 0.28( 0.01 and 0.79( 0.01 kcal/mol, respectively. The
observed small deviations in the Tb3þ or Eu3þ titration behavior
are within the experimental error.

’DISCUSSION

RNA molecules possess very rugged free energy landscapes
because they often form alternative stable secondary structure
elements, giving rise to multiple metastable conformations of
similar free energy. The tRNA molecule studied here possesses
two thermodynamically stable folded conformations, the ratio of
which can be altered by post-transcriptional modifications or
mutations.26,59 Notably, one of these conformations is not an on-
pathway intermediate en route to the other one, so folding from
the U state may generate either the E or the C state. Which
conformational state is better stabilized by ions is, thus, deter-
mined by the interplay between structural rearrangements and
ion binding. The thermodynamic model presented in this paper
describes the equilibrium between all three states and dissects the
complicated response of RNA with counterions into the inter-
action of ions with each particular conformation, which is again
separated into an ion-free and an ion-bound state. Both states are
assumed to be structurally similar; however, a certain compaction

of a given state with increasing ion concentration is entirely
possible.60�64 Indeed, we have observed such an effect in smFRET
measurements on the intermediate state of a Diels�Alderase
ribozyme.14 For Kwt tRNALys, a shift of the mean FRET efficien-
cies of the E andC states is not apparent in our FRET histograms,
probably because the effect is relatively small compared to the
widths of the distributions. A hint of a compaction of conforma-
tions may only be observed at the highest ion concentrations. In
any case, the free energy difference, ΔGUE

0 and ΔGUC
0 , of compac-

tion from theU0 toE0 and toC0 states in the presence of buffer ions
is smaller than the energy of the cation-mediatedRNA stabilization.
Consequently, the free energy changes due to compaction within
the E or C states will be even smaller.

The excellent fits of our model to all experimental data provide
confidence on the thermodynamic model, but a proper inter-
pretation of the extracted parameters is required. An important
quantity in this context is the relative change of the free energy
difference between two conformational states i and j,ΔΔGij, caused
by changing counterion concentrations, which is calculated as

ΔΔGij � � RT lnðKj=KiÞ ð5Þ
where Ki is the fractional population of state i. In Figure 4 (upper
panel), we have plotted the free energy changes,ΔΔG, for the two
folded conformations E and C for different type of ions as a
function of their concentration. A monotonic decrease of ΔΔG is
observed with increasing ion concentration. The intersection with
the zero line corresponding to the concentration at state E or C is
equally populated asU, while the crossing ofΔΔGUC andΔΔGUE

marks the concentration above which the C state becomes the
dominant population. Next, we discuss the meaning of the param-
eter ni in the thermodynamic model. Spectroscopic measurements
do not resolve the transition from ion-free to ion-bound state
directly, so the interpretation of the ni parameter as aHill coefficient
or cooperativity parameter is not appropriate. Rather, the free
energy changes in the thermodynamic cycle depicted in Figure 1B
ought to be interpreted in terms of preferential interaction
coefficients, Γ, which represent an excess number of cations in
close proximity to the RNA molecule over the bulk value.65

However, only the difference, ΔΓij, between Γi of different con-
formations is observed in experiments in which the relative change
in the populations of RNA conformations (in our case we have
referred all changes to the unfolded state) is measured. According
to Grilley et al.,60 ΔΓ can be expressed as

ΔΓ � � 1
RT

D ln Kobs

D ln½ion� ¼
DΔGobs

D ln½ion� ð6Þ

So, taking advantage of single-molecule measurements to resolve
individual subpopulations, we can calculate conformationally pure
ΔΓij coefficients based on the semiempirically determined frac-
tional populations. The resulting dependencies ofΔΓUE andΔΓUC
on the ion concentrations are presented in Figure 4 (lower panel)
for monovalent, divalent, and trivalent ions. It is obvious from the
observed saturation of the ΔΓij parameter that the nj parameters
correspond to the maximum values of ΔΓij in the limit of high ion
concentration. However, as noted in ref 60, the analysis in terms of
preferential interaction coefficients is applicable only in the pre-
sence of excess monovalent ions over multivalent ones. So, at very
high concentrations of titrated ions (>10 mM), the realΔΓijmight
deviate from the curves shown in Figure 4. Indeed, as soon as the
number of excess ions in close proximity to the RNA molecule
reaches saturation, a further increase in bulk ion concentration
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should lead to a decrease of the values of ΔΓij. Unfortunately, at
those concentrations, the unfolded state is practically not popu-
lated, and therefore, an accurate extraction ofΔΔGUE andΔΔGUC

is not feasible. At low concentrations, the values of ΔΓij approach
zero, as expected.17

A comprehensive analysis of RNA�ion energetics is exceed-
ingly difficult; yet, the difference between monovalent and
multivalent ion stabilization is rather well explained by simple
counterion condensation theory.66,67 For tRNAs, the sophisti-
cated tertiary structure gives rise to regions with locally high
charge density, where coordination of ions with the RNA back-
bone and bases is possible via water molecules. Assuming rather
unspecific interaction of ions with the unfolded state of RNA,
specific ion binding to only one of the two folded conformations
E and C of tRNALys should result in their dissimilar behavior
upon titration with ions of the same charge. A common obser-
vation for all types of ions in Figure 4 is that the net ion uptake is
larger and steeper for conformation C, which has the highest
charge density. While we do not observe much variation among
different monovalent and trivalent ions, divalent ions show a
more interesting behavior, especially upon binding to theC state.
Thus, the largest and steepest net ion uptake is observed for
Mg2þ ions, likely because of their small size. According to
entropic considerations, ions with a smaller radius may approach
the RNA surface more closely and, thereby, screen the negative
charge more effectively.16 Moreover, Mg2þ uptake starts practi-
cally at the same concentration for both the E and C conforma-
tion. With the exception of Ca2þ ions, this behavior was not
observed for any other type of ions studied, for which the E state
appears to be surrounded by ions starting at lower concentrations
than for the C state. In the presence of Ca2þ ions, both folded
conformations started to become stabilized at lower concentra-
tions than for Mg2þ, although the C state takes up Ca2þ ions at
lower concentrations than the E state. The larger coordination
number of Ca2þ ions may be responsible for this effect. However,
stabilization is not as efficient as for Mg2þ ions at higher concentra-
tions. The smallest difference of the ion-mediated stabilization of

RNA conformations was observed for Mn2þ ions. There, the final
net ion uptake and steepness were practically identical for both E
and C conformations. Presumably, Mn2þ ions bind to nitrogen
atoms on the bases and, apart from electrostatic screening, do not
participate in tertiary interactions.

In conclusion, we have applied a thermodynamic model to
smFRET data to quantitatively analyze the conformation-depen-
dent stabilization of the unmodified transcript of human mt
tRNALys by counterions. In agreement with previous ensemble
measurements,6,13,16,68 we have observed that the ion’s valence
state is the primary parameter for tRNA stabilization. Also,
secondary effects such as ion size and coordination properties
to specific ligand were noticed for ions of the same charge,
especially for divalent ions. However, in contrast to the two-state
RNA transitions typically studied on the ensemble level, we have
studied a system that can assume three well-distinguishable
conformations, namely the unfolded and two differently folded
states. This property allowed us to directly compare the free
energy changes of the cation-governed tertiary stabilization
between the two folded states of different compactness. The
analysis presented here may be generally applicable to studies of
counterion effects on RNA folding equilibria.
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