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ABSTRACT

Binding of monovalent and divalent cations to two
adenine–adenine platform structures from the
Tetrahymena group I intron ribozyme has been
studied using continuum solvent models based on
the generalised Born and the finite-difference
Poisson–Boltzmann approaches. The adenine–
adenine platform RNA motif forms an experimentally
characterised monovalent ion binding site important
for ribozyme folding and function. Qualitative agree-
ment between calculated and experimental ion place-
ments and binding selectivity was obtained. The
inclusion of solvation effects turned out to be important
to obtain low energy structures and ion binding
placements in agreement with the experiment. The
calculations indicate that differences in solvation of
the isolated ions contribute to the calculated ion
binding preference. However, Coulomb attraction
and van der Waals interactions due to ion size differ-
ences and RNA conformational adaptation also influ-
ence the calculated ion binding affinity. The
calculated alkali ion binding selectivity for both plat-
forms followed the order K+ > Na+ > Rb+ > Cs+ > Li+

(Eisenman series VI) in the case of allowing RNA
conformational relaxation during docking. With rigid
RNA an Eisenman series V was obtained (K+ > Rb+ >
Na+ > Cs+ > Li+). Systematic energy minimisation
docking simulations starting from several hundred
initial placements of potassium ions on the surface
of platform containing RNA fragments identified a
coordination geometry in agreement with the experi-
ment as the lowest energy binding site. The approach
could be helpful to identify putative ion binding sites
in nucleic acid structures determined at low reso-
lution or with experimental methods that do not allow
identification of ion binding sites.

INTRODUCTION

Folding of nucleic acid molecules into complex three-
dimensional structures requires the association of counter ions

to compensate for the electrostatic repulsion between negatively
charged phosphate groups. Apart from non-specific accumula-
tion of a diffuse counter ion atmosphere, site-specific divalent
and monovalent metal ion binding can be required for the function
and stability of folded nucleic acids (1–11). Over the past few
years a rapidly growing number of experimental nucleic acid
structures and complexes with proteins and other ligands have
been determined by NMR spectroscopy and X-ray crystallog-
raphy (9,12,13). In a number of high resolution crystallo-
graphic studies, ion binding positions could also be identified.
Examples of crystallographically characterised monovalent
metal ion binding sites are adenine–adenine (AA) platform
motifs in the Tetrahymena group I intron (5–8). These motifs
contain a non-canonical pseudo-base pair formed by two
consecutive adenine nucleotides in one strand. Formation of
one of these pseudo-base pairs creates an interface (in the RNA
minor groove) that interacts with a GAAA tetraloop (G,
guanine; A, adenine) at the end of another helix (the P4 helix)
to stabilise the three-dimensional fold of the P4-P6 ribozyme
domain (5,6). Biochemical and X-ray crystallographic studies
(8) indicate that potassium ions are preferentially bound at a
binding pocket near the AA pseudo-base pairs. In the case of
the AA platform, which is part of the tetraloop acceptor, the
ion binding site does not participate in direct tertiary contacts.
Instead, it is located at a side of the RNA helix facing away
from the region in contact with the tetraloop (5–8). Presumably,
its function is to stabilise the AA platform structure such that it
allows optimal contact with the GAAA tetraloop. The ion
binding properties of AA platform structures in the P4-P6
ribozyme domain have been elucidated by comparing electron
density maps in the presence of potassium (K+) and thallium
(Tl+), a cation of similar size and hydration properties as
potassium. These studies revealed three binding sites that
corresponded to the known AA platform motifs in the P4-P6
domain (8). Caesium instead of Tl+ produced weaker difference
electron density peaks at these sites indicating weaker ion
binding and soaking experiments with divalent ions such as
Mn2+ did not yield any additional electron density at the platform
motif (8). The monovalent ion binding site near the tetraloop
acceptor and its importance for proper RNA folding was also
confirmed biochemically using nucleotide analogue interference
mapping (8).

Structural information on specific ion binding to nucleic
acids does not allow a direct insight into the driving forces and
energetic contributions that determine ion binding affinity and
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specificity to structural motifs. However, such an under-
standing of why certain structural motifs in nucleic acids are
specific ion binding sites could be helpful to better understand
the mechanism of RNA structure formation and function.
Computational approaches such as molecular dynamics
simulations on ions in complex with nucleic acids including
explicit water molecules are useful to study nucleic acid
dynamics and how it is influenced by the type and concentra-
tion of ions (14–21). However, due to the computational
demand such studies are limited to small time scales (nano-
seconds), allowing only limited motions of associated ions.
The evaluation of relative ion binding free energies requires
determination of a thermodynamic average over solute and all
solvent degrees of freedom during thermodynamic integration
or perturbation calculations for which convergence is difficult
to achieve (22,23).

In the present study a computational approach using a gener-
alised Born (GB) solvation model (24–29) and including RNA
conformational flexibility has been employed to investigate the
binding of various ions to experimentally determined AA
platform structures. The GB method allows an approximate
calculation of the average solvent polarisation due to solute
charges. It has recently been successfully applied in systematic
conformational search studies on trinucleotide loops in DNA
(30), molecular dynamics simulations of hairpin loops in RNA
(31–33) and on regular double-stranded DNA and RNA
resulting in trajectories in good agreement with simulations in
the presence of explicit solvent (34). In the present ion–RNA
docking study the energy minimised ion–RNA complexes
were further evaluated with a non-linear finite-difference
Poisson–Boltzmann approach (35). The calculations reproduce
the experimentally known preference for monovalent ions,
especially potassium, to AA platform motifs. Furthermore,
systematic multi-start energy minimisations from positions at
the surface of AA platform containing RNA fragments
revealed positions close to experiment as lowest energy
binding sites. A decomposition of the calculated binding ener-
gies allows elucidation of various energetic and solvation
contributions as well as the influence of RNA conformational
relaxation on ion binding preference.

Besides better understanding of the energetics of ion–RNA
binding, the present approach might also be useful to identify
putative binding sites in experimental structures determined
only at low resolution or with methods that do not allow easy
determination of ion binding positions (e.g. NMR spectroscopy).

MATERIALS AND METHODS

Energy minimisation and docking of ions to RNA

Energy minimisation (EM) and ion docking calculations were
performed using a modified version of the Jumna (Junction
minimisation of nucleic acids) program (36) and the Amber4.1
force field (37). The Lennard–Jones parameters for ions are
from Aqvist (38). In the Jumna program, helicoidal coord-
inates (three translational variables: Xdisp, Ydisp and Rise;
and three rotational variables: Inclination, Tip and Twist) are
used to place 3′-monophosphate nucleotides in space. In addi-
tion, single bond torsion and valence angles are used to
describe the internal nucleotide flexibility. Except for the
connection between each nucleotide, all bond lengths are

assumed to be fixed at their optimum values. This description
of nucleic acid conformation allows a very efficient energy
minimisation down to small residual gradients (energy changes
<10–7 kcal mol–1 per step) in less than ∼2000 EM steps. Such
calculations can require many more EM steps and are much
more time consuming when using, for example, Cartesian
coordinates. The energy function for energy minimisation
consists of valence angle and dihedral angle contributions
(∆EAT) and non-bonded Lennard–Jones (∆ELJ) and electro-
static terms. No cutoff was used for the non-bonded interac-
tions.
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–6)
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During EM electrostatic contributions were calculated using
the GB model (24–26). In the GB model electrostatic solvation
or reaction field contributions (∆EreGB) due to differences in the
assigned dielectric constants for the molecule (ε = 1.0) and
surrounding aqueous solvent (εw = 78.0) are calculated from
the charge and atom distribution in the molecule. An interior
dielectric of ε = 1.0 was used since flexible degrees of freedom
of the RNA have been included explicitly. The αij were calculated
using the pairwise descreening approximation described by
Hawkins et al. (25,26). A set of atomic radii close to the Parse
set (39) was used with hydrogen radius (in Å) of RH = 1.0,
RC = 1.7, RN = 1.6, RO = 1.5 and RP = 2.0, respectively. The
descreening parameters were SH = 0.82, SC = 0.77, SN = 0.77,
SO = 0.83 and SP = 0.84, respectively, using a radius offset
parameter of –0.12 Å. For RNA and RNA in complex with
monovalent ions these parameters give a very reasonable
correlation to reaction field energies calculated with a finite-
difference solution of the Poisson equation (FDPB) using the
UHBD program (40) and the same set of atomic radii. To
check the effect of an alternative choice of GB parameters for
some calculations, a set of modified Bondi parameters (41)
used by Tsui and Case (34) in MD simulations of RNA and
DNA has also been applied. The Born radii used for each ion
during docking to calculate solvation free energies are not
identical to the ion van der Waals radii in the present model but
have been chosen such that the experimental free energies of
hydration are reproduced including a surface area dependent
non-polar cavity term. In order to reduce grid errors in the
calculation of relative ion binding energies with the FDPB
approach, ion solvation energies obtained under the same grid
conditions as for the calculations on RNA–ion complexes
served as reference [experimental hydration free energies are
given in parentheses according to Burgess (42), in kcal mol–1]:
K+, –80.3 (–80.5); Na+, –98.1 (–98.2); Rb+, –75.6 (–75.5); Cs+,
–67.8 (67.8); Li+, –122.1 (–122.1); Mg2+, –455.1 (–455.5);
Ca2+, –380.7 (–380.8).

Surface area dependent non-polar solvation contributions
(∆ESASA) were evaluated from the accessible surface area with
γ = 0.0055 kcal mol–1 Å–2 (39). This term was only calculated
for the final energy minimised structures since it varies very
little between the EM position and an initial placement of the
ion at the surface of the RNA close to the binding site (less than
∼0.1 kcal mol–1). The total energy of a conformer (∆EtotPB or
∆EtotGB) is given as a sum of Coulomb (∆ECoul), Lennard–Jones
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(∆ELJ), valence and torsion angle (∆ETA), electrostatic solvation
(∆ErePB or ∆EreGB) and non-polar solvation contributions
(∆ESASA).

Generation of adenine–adenine platform start structures

A systematic analysis of ion binding to the complete P4-P6
ribozyme domain including energy minimisation of the RNA
coordinates and many different ion types and initial ion place-
ments is computationally not feasible. Therefore, in the present
computational studies two RNA fragments containing either
the so-called J6a/6b or the J6/6a AA platform motifs [nomen-
clature according to Basu et al. (8)] were cut out of the P4-P6
domain X-ray structure (5,6) and served as start structures for
energy minimisation and docking studies. In the case of the
J6a/6b platform the RNA fragment contained nucleotides
221–229 (first strand: 5′-UCCUAAGUC) and 245–252
(second strand: 5′-GAUAUGGA) according to the numbering
in the P4-P6 domain structure (5,6). The AA platform pseudo-
base pair is formed by nucleotides A225 and A226. A fragment of
similar size was used in the case of the J6/6a motif consisting
of nucleotides 215–223 (first strand: 5′-GCCAAGUCC, with
A218 and A219 forming the AA platform), nucleotides 103–105
(second strand: 5′-GAA, pairing with nucleotides 215–217)
and nucleotides 250–253 (third strand: 5′-GGAU, Watson–
Crick pairing with nucleotides 220–223 of the first strand). For
simplicity, in the following, the two AA platforms are termed
AA1 (J6a/6b) and AA2 (J6/6a) platform motifs, respectively.

Ion docking was performed by placing the selected ion at a
position close to the experimentally described coordination site
(8) followed by energy minimisation including solvation
within the GB approach and either rigid or fully flexible RNA.
For systematic docking studies starting from various positions
at the surface of the RNA molecule a modification of the
Shrake and Rupley solvent accessible surface algorithm (43)
was used with a probe radius corresponding to the potassium
ion radius generating ∼800 accessible surface start sites.
Subsequent energy minimisation keeping the RNA rigid
identified a number of putative ion binding sites within an
energy threshold of the lowest energy site. A subset of low
energy ion binding sites were further minimised including
conformational flexibility of the RNA.

RESULTS

Docking monovalent and divalent cations to AA platform
structures

Energy minimisation of cations (K+, Na+, Rb+, Cs+, Li+, Ca2+

and Mg2+) placed approximately at the known AA platform
binding sites (8) resulted in geometries compatible with the
experimentally observed ion coordination. This coordination is
characterised by ion contacts (distance <3.5 Å) to O6 and N7
of G227 (AA1 platform) or G220 (AA2 platform), ribose O2′ of
A225 (AA1) or A218 (AA2) and the phosphate group of A226
(AA1) or A219 in the case of the AA2 platform (8). The energy
minimised flexible RNA structures stayed for all ion
complexes close to the experimental start structures (Fig. 1)
with heavy atom root mean square deviations (r.m.s.d.) of
<1.6 Å from the corresponding RNA start structures, respec-
tively. In the absence of ions EM structures showed an r.m.s.d.
of 1.0 and 2.3 Å for AA1 and AA2 platforms, respectively.

Docking of Mg2+ required the inclusion of distance constraints
to keep the ion at the binding site (Table 1 legend). The
distance constraints approximately represent the ion–RNA
contacts found experimentally (see above and 8). Without
these constraints the Mg2+ ion moves to the nearest phosphate
oxygen a few angstroms apart from the potassium binding site.
The inclusion of the same distance constraints was necessary
in the case of both Mg2+ and Ca2+ docked to rigid RNA. For all
monovalent ions docked to rigid RNA the resulting energy
minimised positions deviated from those obtained using flexible
RNA by <1 Å (after best superposition of the RNAs). The largest
differences in ion placement between rigid and flexible
docking were found in the case of Li+ and Cs+ ions.

Calculation of relative ion binding energies

Ion binding energies were calculated by subtracting the calculated
energies for the unbound energy minimised RNA and the

Figure 1. Stereo views of the superposition of AA platform containing RNA
fragments (continuous line) energy minimised with a bound K+ ion (indicated
as a sphere) at a position compatible with the experimentally observed coordina-
tion geometry (8) onto the corresponding crystallographic Tetrahymena
ribozyme P4-P6 domain structure (PDB accession no. 1gid, reference 5,
dashed line). (A) RNA fragment with the AA1 platform corresponding to
nucleotides 221–229 (first strand) and 245–252 (second strand), respectively.
(B) AA platform 2 (AA2) containing fragment (continuous line) with a bound
K+ superimposed on nucleotides 215–223 (first strand), nucleotides 103–105
(second strand pairing with nucleotides 215–217) and nucleotides 250–253 (third
strand, pairing with nucleotides 220–223 of the first strand) from the crystal
structure (dashed line).
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calculated solvation free energies of the isolated ions from the
energy of the energy minimised complex. The unbound reference
states for the binding energy calculations are the AA1- and
AA2-containing RNA fragments, respectively, that were
energy minimised in the absence of ions starting from the AA
platform conformation found in the X-ray structure (5–7). The
possibility that the RNA adopts a different conformation in the
absence of a monovalent ion that is separated by an energy
barrier from the form in the crystal structure as suggested by
NMR spectroscopy of the isolated platform motif (44) is not
accounted for. Under the assumption that the stability of such a
‘free’ RNA structure is not affected by ion type it should not
influence the relative ranking of ion binding to the platform
motif. In this sense the calculated ion binding energies are rela-
tive binding energies with respect to a reference conformation
close to the form observed in the crystal structure. Other
contributions that are not included and that may also influence
absolute ion binding energies (but much less so relative
binding energies) are the reduction in RNA conformational
flexibility and ion translational degrees of freedom that both
disfavour ion binding.

For both AA platform motifs and for rigid and flexible
docking the calculated monovalent cation binding energies
were negative (Table 1). The results for both GB and FDPB
approaches are similar although in the case of the AA1 struc-
ture the GB model predicts Na+ to bind slightly better than K+.

Using an alternative set of GB parameters and atomic radii
derived by Tsui and Case (34) based on the set by Bondi (41)
resulted in qualitatively similar ranking for ion binding. For
divalent ions, especially Mg2+, the calculated binding energies
were much less favourable or positive compared to monovalent
ions. In addition, the agreement of GB and FDPB results was
worse compared to binding energies for monovalent ions.

For docking to rigid RNA (energy minimised in the absence
of ions) calculated monovalent ion binding energies were still
negative but ∼2–9 kcal mol–1 less favourable than for docking
to fully flexible RNA. The influence of conformational adaptation
during ion binding calculations was larger for smaller monovalent
(Li+ and Na+) ions and divalent ions than for larger monovalent
ions such as K+, Rb+ and Cs+.

Except for the AA1 platform and evaluation with the GB
model the calculations on both rigid and flexible RNA platforms
predict binding of potassium as more favourable than other
ions (the predicted potassium selectivity is slightly larger in the
case of docking to rigid RNA; Table 1). Although no quantitative
experimental data on the relative ion binding preference to AA
platforms is available, the predicted preference of monovalent,
especially potassium, ions is in qualitative agreement with
experiments by Basu et al. (8). Inspection of the energetic
contributions in Table 2 indicates that the calculated negative
binding energies at the platform sites for monovalent ions are
primarily due to electrostatic interactions. For all monovalent

Table 1. Calculated ranking of ion binding to AA platform motifs

Calculated relative ion binding energies are given in kcal mol–1 (see text for details). ∆EbindPB and ∆EbindGB correspond to the
binding energies using the FDPB or GB methods, respectively, to calculate electrostatic solvation contributions for binding
to flexible RNA (columns 2 and 3) and rigid RNA (columns 5 and 6). Values in parentheses are calculated binding energies
obtained using the modified Bondi (41) atom radii and screening parameters described by Tsui and Case (34). Column 4
gives the change in calculated ion binding energy for binding to flexible RNA at 150 mM bulk salt concentration (relative to
0 mM) solving the non-linear finite-difference PB equation.
aFor docking Mg2+ and Ca2+ to rigid RNA the inclusion of distance constraints (range 2.5–3.5 Å) between ion and O2′ of
A225 (A218 in the case of AA2) and between ion and O6/N7, respectively, of G227 (G220 in the case of AA2) was necessary to
keep the ion close to the experimentally observed coordination site.

Ion ∆EbindPB ∆EbindGB ∆EbindPB ∆EbindGB

Flexible docking ∆∆Esalt Rigid docking

AAP1 complex

K+ –20.3 (–18.2) –21.1 (–16.6) 3.9 –16.3 –18.9

Na+ –19.6 (–18.0) –21.4 (–17.5) 3.5 –13.7 –16.3

Rb+ –17.9 (–15.3) –19.8 (–15.2) 3.9 –15.3 –18.7

Cs+ –14.6 (–12.1) –18.0 (–13.3) 4.7 –13.5 –17.0

Li+ –14.5 (–10.2) –18.0 (–15.4) 3.5 –2.3 –11.0

Mg2+ 14.1 (19.8) –2.4 (2.3) 8.4 57.8a 18.0a

Ca2+ 2.9 (3.6) –10.7 (–3.9) 8.6 20.8a 3.3a

AAP2 complex

K+ –20.9 –18.7 4.1 –14.3 –17.7

Na+ –19.6 –18.4 3.8 –10.7 –14.7

Rb+ –18.4 –17.6 4.2 –13.7 –17.6

Cs+ –12.3 –17.2 4.6 –12.2 –16.4

Li+ –10.1 –14.2 3.7 –2.0 –9.8

Mg2+ 21.4a 2.4a 8.5 52.8a 17.6a

Ca2+ –3.7 –8.0 8.0 21.9a 4.9a
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ions the attractive Coulomb contribution at the binding site was
found to outbalance the (positive) ion and RNA desolvation
penalty. In the case of divalent ions the total electrostatic
contributions only slightly favour (Ca2+) or overall disfavour
binding (Mg2+). The calculated differences in electrostatic
solvation between the various RNA–ion complexes were
smaller than the differences in solvation of the isolated ions
(see Materials and Methods for the ion solvation free energies).
This tendency is more strongly reflected in the case of rigid
RNA–ion docking complexes which contribute to overall

slightly smaller ion binding energy differences if one accounts
for conformational adaptation during docking. No rule such
that, for example, the calculated differential ion binding prop-
erties are simply determined by the hydration properties of the
isolated ion was observed (such a rule would always favour
less well hydrated ions such as Rb+ and Cs+ compared to K+ or
Na+). According to Eisenman (45,46) selective binding of
alkali cations to binding sites, for example in glass electrodes
or membranes, is due to an asymmetry between ion–site
and ion–water interactions. Specifically, for ion selective

Table 2. Calculated contributions to ion–AA platform binding

Energetic contributions are given in kcal mol–1. Changes in energetic contributions were obtained by subtracting the energies of the isolated components from the
energy of ion–RNA complexes. ∆EElecPB and ∆EElecGB, change of total electrostatic energy using FDPB or GB approaches, respectively. ∆ErePB and ∆EreGB, change
of electrostatic solvation; ∆ECoul, coulomb contribution to binding energy; ∆∆ETA, change in valence and torsion angle contributions of the platform structures
upon complex formation. ∆ELJ, ∆ESASA, ∆ELJLN and ∆ECoulLN, change in total Lennard–Jones, surface area dependent cavity contribution, ion–RNA Lennard–
Jones interaction and ion–RNA coulomb interaction, respectively, upon complex formation.

Ion ∆EElecPB ∆EElecGB ∆ErePB ∆EreGB ∆ECoul ∆ETA ∆ELJ ∆ESASA ∆ELJLN ∆ECoulLN

Docking to flexible AA1-RNA

K+ –25.6 –26.4 549.3 548.5 –574.9 –0.1 7.4 –2.1 8.6 –586.8

Na+ –22.4 –24.2 560.3 558.6 –582.8 0.1 4.4 –1.7 7.2 –613.6

Rb+ –23.6 –25.6 547.5 545.5 –571.1 –0.1 8.0 –2.2 8.6 –577.1

Cs+ –20.9 –24.3 542.0 538.6 –562.8 0.0 8.7 –2.4 8.2 –563.1

Li+ –13.5 –17.2 578.1 574.4 –591.6 –1.0 1.5 –1.5 5.3 –631.3

Mg2+ 4.8 –11.8 1179.7 1163.1 –1175.9 1.5 8.8 –0.9 10.0 –1214.1

Ca2+ –7.6 –21.1 1187.6 1174.0 –1195.2 1.4 10.4 –1.4 9.7 –1232.9

Docking to rigid AA1-RNA

K+ –19.3 –22.0 551.0 548.3 –570.3 0.0 5.0 –2.0 5.0 –570.3

Na+ –15.4 –18.0 566.9 564.3 –582.3 0.0 3.2 –1.6 3.2 –582.4

Rb+ –19.5 –22.9 547.1 543.7 –566.6 0.0 6.3 –2.1 6.3 –566.6

Cs+ –21.7 –25.1 540.7 537.2 –562.3 0.0 10.6 –2.4 10.6 –562.3

Li+ –3.1 –11.8 587.7 579.0 –590.9 0.0 2.1 –1.3 2.1 –590.9

Mg2+ 60.8 20.9 1166.7 1126.9 –1105.9 0.0 –2.0 –0.9 –2.0 –1105.9

Ca2+ 23.8 6.3 1149.1 1131.6 –1125.2 0.0 –1.7 –1.4 –1.7 –1125.3

Docking to flexible AA2-RNA

K+ –30.6 –28.4 493.7 495.9 –524.3 –0.7 12.3 –1.8 8.2 –564.5

Na+ –27.8 –26.6 495.7 496.9 –523.5 –0.1 9.7 –1.5 6.4 –590.1

Rb+ –28.2 –27.4 494.7 495.5 –522.9 –0.8 12.6 –1.8 8.1 –555.2

Cs+ –17.6 –22.6 512.9 508.0 –530.5 0.2 7.5 –2.4 7.5 –539.3

Li+ –16.4 –20.6 503.7 499.6 –520.1 –1.4 8.9 –1.2 4.2 –603.7

Mg2+ 14.4 –4.7 1135.7 1116.6 –1121.3 3.2 4.7 –0.8 6.1 –1146.6

Ca2+ –18.5 –22.8 1094.0 1089.8 –1112.5 1.1 14.8 –1.2 9.2 –1185.8

Docking to rigid AA2-RNA

K+ –16.8 –20.3 526.9 523.4 –543.7 0.0 4.5 –2.0 4.6 –543.7

Na+ –11.6 –15.6 539.4 535.4 –551.0 0.0 2.4 –1.6 2.4 –551.0

Rb+ –17.1 –21.1 523.7 519.7 –540.8 0.0 5.6 –2.1 5.6 –540.8

Cs+ –18.3 –22.6 518.3 514.0 –536.7 0.0 8.5 –2.4 8.5 –536.7

Li+ –2.9 –10.7 557.1 549.4 –560.1 0.0 2.2 –1.3 2.2 –560.1

Mg2+ 55.5 20.3 1109.1 1073.9 –1053.6 0.0 –1.7 –0.9 –1.7 –1053.6

Ca2+ 25.1 8.1 1106.8 1089.8 –1081.7 0.0 –1.8 –1.4 –1.8 –1081.7
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site-specific binding the ion–site interactions must fall off as a
lower power of ion radius than the ion hydration properties,
(46) giving rise to a convex shape of the ion binding energies
plotted versus ion radius (or the reciprocal ion radius). Such a
shape was also found for the calculated energies of monovalent
ion binding to the AA platform structures versus the reciprocal
ion radius (Fig. 2). The predicted maxima of ion binding for a
hypothetical ion with a radius between potassium and sodium
ion radii were similar for both AA platforms (Fig. 2). The plots
also illustrate that inclusion of RNA flexibility during ion
docking makes a favourable contribution to ion binding and, in
addition, shifts the predicted ion selectivity for both platforms
from an Eisenman series V (relative binding energies follow
the order K+ > Rb+ > Na+ > Cs+ > Li+) to VI (K+ > Na+ > Rb+ >
Cs+ > Li+).

For the less well hydrated larger monovalent ions such as
Rb+ and Cs+, the overall change in reaction field energy upon
complex formation is less positive than for K+. However,
compared to Rb+ and Cs+, more negative Coulomb contribu-
tions favour binding of K+ at the platform binding site. The
electrostatic favouritism of potassium over other ions is due to
a balance between ion–RNA Coulomb attraction, small
changes in RNA internal interactions and changes in solvation.
Beside electrostatic contributions, Lennard–Jones (van der
Waals) interactions disfavour ion binding. This positive van
der Waals contribution is due to the strong electrostatic attraction
of the ions that leads to a small increase in the Lennard–Jones

term. For hard ions (e.g. K+) this contribution appears to be
more positive than for softer ions (e.g. Na+) reducing the
overall preference for potassium. Calculated changes in bond
angle and torsion angle terms as well as surface area dependent
non-polar solvation contributions add ∼1 kcal mol–1 to the relative
binding preference. This result is compatible with the rela-
tively small conformational changes in the RNA observed
during flexible docking.

Comparison of calculated binding energies for rigid and
flexible docking indicates that inclusion of flexibility results in
more negative ion binding energies. Inclusion of RNA conform-
ational adaptation significantly enhances the Coulomb attrac-
tion between ion and RNA which is, however, partially
compensated by an increase in RNA internal energy (Table 2).
The largest conformational as well as energetic changes were
observed for divalent and smaller alkali ions such as Li+ and
Na+. Inclusion of RNA conformational flexibility had a greater
effect in the case of the AA2 platform. Presumably because
this RNA fragment consisted of three strands it also had a
greater capacity for conformational adaptation than the AA1
platform fragment. Inclusion of RNA flexibility partially
compensates for the calculated repulsion (due to desolvation)
of divalent ions at the platform sites.

During energy minimisation, non-specific effects of the
surrounding ion atmosphere have not been included because
docking studies using, for example, the non-linear FDPB
method to account for non-specific salt effects are computa-
tionally not feasible. However, under the assumption that the
energy minimum position does not depend significantly on the
salt concentration, the salt dependence can be calculated by
solving the non-linear FDPB for the final energy minimised
complexes at various bulk salt concentrations. Control calcula-
tions using the non-linear FDPB and small ion displacements
from the position at the energy minimum resulted in very
similar salt dependencies (data not shown). This result indi-
cates that the energy minimum (ion) placement does not
change dramatically upon changing the salt concentration and
that the calculated dependence on the non-specific salt atmos-
phere is relatively insensitive to small misplacements of site
specific bound ions. For all monovalent ions a similar reduc-
tion in ion binding energies upon increasing the bulk salt
concentration was found (∼3.5–4.5 kcal mol–1 upon addition of
150 mM bulk salt; see Table 1). This means that one needs a
higher salt concentration to ‘salt out’ potassium compared to,
for example, Cs+ because potassium is predicted to bind more
strongly at zero salt than Cs+. A larger salt dependence was
found for the binding of divalent cations (∼8.5 kcal mol–1 upon
addition of 150 mM salt) indicating that non-specific salt
screening reduces divalent ion binding more dramatically than
monovalent ion binding.

Energy minimisation starting from multiple positions at
the RNA surface

Uniformly distributed docking start positions at the surface of
the energy minimised unbound (apo-) AA1 and AA2 RNA
fragments were systematically generated using the Shrake and
Rupley method (43) with a probe radius that corresponded to
the van der Waals radius of potassium (∼800 positions on the
surface of each molecule). Energy minimisation was
performed with rigid RNA and yielded in both cases ∼50
distinct energy minima. The large ratio between start positions

Figure 2. Plot of the calculated relative ion binding energy versus the reciprocal
ion (van der Waals) radius for the (A) AA1- and the (B) AA2-containing RNA
fragments with various alkali ions bound at the experimentally observed
coordination site. The reciprocal ions radii (x-axis) follow the order Cs+, Rb+,
K+, Na+ and Li+, with results for docking to fully flexible RNA represented by
dots and for rigid RNA (energy minimised before ion docking in the absence
of a bound ion) represented by triangles.
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and energy minima (∼10:1; all minima were obtained several
times starting form different start positions) indicates that the
search is likely to cover most ion binding minima at the surface
of both RNA molecules (the search took ∼8 h on a SGI R12000
workstation). Most of the minima corresponded to ion place-
ments close to a phosphate oxygen (Fig. 3). Some minima
showed the potassium ion located near partially negatively
charged (e.g. oxygen) atoms of nucleo-bases in the RNA
grooves. The lowest energy minimum, however, was for both
RNA molecules identical to the rigid RNA potassium complex
obtained starting from a position close to the experimentally
observed binding position (see above). Energy minimisation of
the complexes with fully flexible RNA resulted in complexes
identical to the docked complex obtained using flexible RNA
described in the previous paragraphs. Interestingly, a signifi-
cantly larger energy gap between first and second lowest
energy ion binding position of ∼5 kcal mol–1 (Fig. 4) than
energy differences between higher ranked ion binding
positions (mostly located at equivalent sites close to phosphate
oxygens) was found. The observation that a relatively modest
number of ion start positions is sufficient to find most putative
ion binding energy minima on the RNA surface and the
relatively large energy difference between the lowest energy

binding positions (equivalent to the experimentally found ion
binding sites) and alternative binding sites indicates that the
approach could be useful for studies on other larger RNA
molecules with specific but unknown binding sites.

DISCUSSION

The association of monovalent and divalent cations is essential
for the proper folding and function of nucleic acids (4,7,10).
Using NMR spectroscopy or X-ray crystallography at low
resolution it is often difficult to determine the identity and
exact localisation of ions bound to RNA and DNA structures.
In addition, the physical basis for ion binding affinity and
specificity, e.g. which interactions or energetic contributions
determine ion binding preferences and how it is influenced by
conformational adaptation, is not completely understood. The
aim of the current study was to test the ability of an implicit
solvation model based on the GB and FDPB approaches
combined with an atomic resolution representation of the RNA
to predict experimentally observed trends for ion binding at
AA platform structures. The analysis of energetic contribu-
tions offers some insight into the mechanism of ion binding
affinity and selectivity. In the present model the ion is
represented as a Born sphere embedded in a continuum

Figure 3. (A) Stereo view of the AA1 platform containing RNA fragment and
18 low energy ion binding sites (indicated by crosses) obtained after systematic
docking by energy minimisation of ∼800 evenly distributed K+ ions at the
surface of the RNA fragment. The three most favourable ion binding positions
are indicated by an increased cross thickness. (B) Stereo view of the AA2
platform containing RNA fragment with the 18 most favourable calculated K+

binding sites.

Figure 4. Calculated relative K+ binding energies of the 18 most favourable
ion binding positions obtained from systematic docking studies to RNA
fragments containing the AA1 platform (A) and the AA2 platform (B), respec-
tively. The most favourable binding energy (left most bar) was obtained for
binding to the experimentally observed coordination site for both platform
motifs. Binding energies were calculated by subtracting the ion–RNA complex
energy from the energy of the isolated ion and the RNA (rigid RNA, non-polar
solvation term not included). Electrostatic solvation contributions were calcu-
lated by solving the non-linear FDPB in the absence (continuous lines) and
presence of 150 mM bulk salt (dashed lines).
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solvent. The Born radii of the ions are adjusted such that
calculated solvation free energies agree with experimentally
observed free energies of ion hydration. The ion–RNA inter-
action consists of contributions given by the desolvation of ion
(and RNA) upon complex formation and Coulomb interactions
as well as Lennard–Jones interactions between ion and RNA.
Additional indirect contributions are due to the inclusion of
RNA conformational flexibility or adaptation upon ion binding
that influences the RNA conformational energy. The hard or
soft character of the ions is determined by the Lennard–Jones
parameters. Although the model completely neglects the
discrete nature of water molecules and more complex ion–RNA
interaction (e.g. ion-specific electronic contributions that can
not be described using a classical force field but require a
quantum chemical treatment) the ion placements after energy
minimisation and the calculated preference for monovalent,
especially potassium, ion binding was in qualitative agreement
with the experiment. The experimental data on ion binding to
AA platform structures in the Tetrahymena group I intron
ribozyme come from nucleotide analogue interference
mapping and ribozyme activity measurements in the presence
of various monovalent ions and analysis of difference electron
densities for different RNA–ion complexes (8). These experi-
ments allow only a qualitative comparison of experimentally
observed ion preferences and calculated relative ion binding
affinities. A convex shape for the calculated ion binding
selectivity as a function of ion radius was found that is typical
for an Eisenman selectivity series seen experimentally for
alkali ion binding to glass electrodes and other alkali cation
complexing agents (reviewed in 46).

Compared to explicit solvent methods the present approach
is fast enough to allow systematic studies with several ions and
many ion start placements, and at the same time to extract
estimates for relative ion binding preferences. It is important to
emphasise that although GB or FDPB approaches offer only an
approximate description of aqueous solvation effects its inclu-
sion during ion docking is, nevertheless, of critical importance
for realistic ion binding predictions. For example, simple pair-
wise electrostatic models, i.e. with a distance dependent effec-
tive dielectric constant, would always favour divalent metal
ion binding over monovalent cation binding at any site with a
negative electrostatic potential and do not give a convex shape
for binding as a function of ion radius. This holds also for
approaches that treat the ion as test charge in a pre-calculated
electrostatic potential around a nucleic acid molecule that are,
for example, applied in brownian dynamics calculations of ion
diffusion (47). In addition, neglect of solvation during docking
can result in binding energies that are much too negative and
energy minimisation with a pair-wise electrostatic model can
lead to unrealistic deformations of the nucleic acid structure
(48,49). In contrast, inclusion of electrostatic solvation effects
during EM of fully flexible RNA–ion complexes within the
GB model resulted in structures close to the experimental start
structure.

The calculated binding energies for divalent cations
constraint to the binding pocket are considerably more positive
than for monovalent ions. This result is in qualitative agree-
ment with the experimental observation of specific monovalent
metal ion binding to the AA platform motif (8). However, the
large calculated difference between monovalent and divalent
cation binding might also be due to the fact that in the case of

divalent ions (in particular Mg2+) the continuum solvent
description is a more severe approximation than in the case of
monovalent cations with a much weaker bound hydration shell.
A possible extension of the present continuum solvent
approach is to treat the first hydration shell of divalent cations
explicitly during docking.

In the present analysis the unbound RNA platform reference
structure for calculating binding energies corresponded to an
energy minimum close to the conformation observed in the
X-ray structure of the P4-P6 ribozyme domain (5–7).
Structural studies on RNA fragments with the isolated ‘free’
AA platform motif indicate a conformation that differs from
the form observed in the folded P4-P6 domain (44). It is likely
that such a conformational transition affects the absolute ion
binding affinity to the platform target motif. However, under
the assumption that such an isolated platform structure is not
differentially affected by different ion types, it does not
influence the ranking of ion binding to the AA platform motif
in the conformation found in the crystal structure. Additional
contributions that are likely to affect absolute ion binding free
energies and that have not been considered in the present study
come from possible changes of RNA conformational
flexibility upon ion binding and changes of translational
degrees of freedom of bound versus free ions.

The present calculations indicate that monovalent ion
binding to the AA platform motif is driven by electrostatic
Coulomb attraction that is not completely balanced by an
opposing desolvation penalty. Binding affinity and specificity
is, however, also influenced by packing interactions that
disfavour the binding especially of harder ions (e.g. K+). In the
case of divalent cations the desolvation penalty for binding to
the binding pocket is much larger and either almost offsets the
strong electrostatic attraction or results in an overall electro-
static repulsion at the particular site. Divalent cation binding
can, however, still occur at other non-specific sites or pockets
with a different geometry and smaller desolvation penalty.

Inclusion of conformational flexibility of the RNA upon ion
binding leads to modest conformational changes and makes a
favourable ion specific contribution if one uses platform struc-
tures energy minimised in the absence of ions as reference
structure. The calculations indicate that inclusion of conform-
ational relaxation can shift the alkali ion selectivity from an
Eisenman series V in the case of rigid RNA to VI in the case of
flexible RNA. Note that this computational result demonstrates
the possible effect of RNA flexibility on ion binding affinity
and specificity. Since real RNA is inherently flexible the
calculated Eisenman series, in particular for rigid ion–RNA
docking, may not be of biological relevance. The calculated
conformational changes of the RNA upon ion docking are rela-
tively modest (change in heavy atom r.m.s.d. ∼1–1.5 Å). It is
likely that for more flexible putative ion binding sites in
nucleic acids conformational adaptation may have an even
more significant effect on ion binding affinity and specificity.

In the majority of cases structural studies on nucleic acids
using NMR spectroscopy do not allow determination of the
location of bound cations. Similarly, the electron density
obtained from crystallographic studies can be insufficient to
unambiguously define type and location of ions bound to
nucleic acids. The present study indicates that docking studies
with a GB/FDPB continuum solvent approach allow systematic
exploration of putative ion binding positions and are fast
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enough to account for conformational changes during docking.
Systematic applications to identify putative binding sites in
various known structural motifs and large nucleic acid struc-
tures are possible.
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