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ABSTRACT: Reverse kink-turn is a recurrent elbow-like RNA building block occurring in the ribosome and in the group I intron.
Its sequence signature almost matches that of the conventional kink-turn. However, the reverse and conventional kink-turns have
opposite directions of bending. The reverse kink-turn lacks basically any tertiary interaction between its stems. We report
unrestrained, explicit solvent molecular dynamics simulations of ribosomal and intron reverse kink-turns (54 simulations with 7.4 μs
of data in total) with different variants (ff94, ff99, ff99bsc0, ff99χOL, and ff99bsc0χOL) of the Cornell et al. force field. We test several
ion conditions and two water models. The simulations characterize the directional intrinsic flexibility of reverse kink-turns pertinent
to their folded functional geometries. The reverse kink-turns are the most flexible RNA motifs studied so far by explicit solvent
simulations which are capable at the present simulation time scale to spontaneously and reversibly sample a wide range of geometries
from tightly kinked ones through flexible intermediates up to extended, unkinked structures. A possible biochemical role of the
flexibility is discussed. Among the tested force fields, the latest χOL variant is essential to obtaining stable trajectories while all force
field versions lacking the χ correction are prone to a swift degradation toward senseless ladder-like structures of stems, characterized
by high-anti glycosidic torsions. The type of explicit water model affects the simulations considerably more than concentration and
the type of ions.

’ INTRODUCTION

Kink-turn (K-turn) is a recurrent RNA structural motif
occurring in the ribosome,1�3mRNA,4,5 riboswitches,6,7 snoRNAs,8

and the human U4 snRNA.9,10 K-turn plays an important role in
RNA structure; for instance, it is involved in ribosome inter-
subunit bridges11 and specific binding of ribosomal proteins.12

Some K-turns are also localized in flexible segments of the ribo-
some which play a prominent role in the elongation. The X-ray
data identified the K-turn motif as a well structured 3D RNA
building block mediating a sharp bend (∼120�) of phosphodie-
ster backbone between consecutive RNA helices. Solution
experiments conducted for isolated K-turns suggested that free
in solution K-turn possesses two (kinked and open) states which
are in a dynamic equilibrium. The ratio of kinked/open states
depends on the concentration of metal ions. At a high concen-
tration of divalent metal ions, K-turn prefers the kinked con-
formation, while at low concentrations, K-turn favors the open
geometry.13�15 Besides metal ions, proteins are also able to
stabilize the kinked structures.12,16 Molecular dynamics (MD)
simulations of free K-turns in their folded (kinked) topology
show that K-turns are anisotropic and nonharmonic flexible
structures displaying hinge-like dynamics around the folded
geometry on a fast nanosecond time scale.17�22

Considering structural features of K-turn, a single-stranded
internal bulge of K-turn forms a sharp kink between the helical

axes of two consecutive RNA helices. The bulge usually contains
three nucleotides, while the middle base is unstacked and flipped
out. The RNA helix at the 50 site of the bulge is a canonical stem
(C-stem) consisting of Watson�Crick (WC) CdG base pairs.
The second helix at the 30 site of the bulge is a noncanonical stem
(NC-stem) with two or three tandem trans-Hoogsteen/sugar-
edge (tHS) A/G base pairs flanking the bulge.23,24 Two of these
tHS A/G base pairs neighboring the bulge are highly conserved.
The structure of K-turn is stabilized by two tertiary interac-
tions involving these two conserved tHS A/G base pairs of the
NC-stem (see, e.g., Figure 1 in ref 16 for the annotation of
the K-turn structure). The first tertiary interaction is trans-sugar-
edge/sugar-edge (tSS) base pair comprising a hydrogen bond
(H-bond) between the 20-OH hydroxyl group of the 50-most
nucleotide of the bulge and N1 nitrogen of adenine of the tHS
A/G base pair of the NC-stem adjacent to the 30 site of the bulge.
This interaction is essential for the folding of K-turns.25,26 The
second tertiary interaction is the A-minor interaction27 between
adenine of the second tHS A/G base pair in the NC-stem and
the terminal base pair of the C-stem adjacent to the bulge. The
A-minor interaction significantly contributes to the topology of
K-turn and is essential for its internal structural dynamics.20
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These two tertiary interactions bring together minor-groove sites
of the two RNA stems.

The X-ray structure of the Azoarcus group I intron28 revealed
that the segment consisting of helices P9 and P9.0 (hereafter,
revKt-P9/9.0) with almost the consensus K-turn sequence also
adopts a bent conformation (the helices are mutually bent by
∼90� in this particular case). The bending, however, goes in the
opposite direction in comparison to the conventional K-turns
(Figure 1A and C). It means that the major grooves of P9 and
P9.0 stems are juxtaposed. Considering similarities to and dif-
ferences from conventional K-turn (discussed below), the revKt-
P9/9.0 motif is named as the reverse kink-turn (reverse K-turn).
Similarly to the conventional K-turns, the bulge region is single-
stranded and comprises three unpaired nucleotides: one helix is
canonical (P9) containing mainly GdC WC base pairs, and the
other is noncanonical (P9.0). In contrast to conventional K-turns
that have a strictly conserved tHS A/G base pair in NC-stem
adjacent to the bulge, revKt-P9/9.0 contains the trans-Hoogs-
teen/Hoogsteen (tHH) A201/A183 base pair at this position.29

The second base pair of NC-stem is similar to the conventional
K-turns tHS A202/G182 base pair (Figure 2A). The A201G
mutant, having the K-turn consensual sequence, still retains the
reverse K-turn fold in context of the intron structure.29 This
indicates that the fold is determined by external interactions (the
overall context) rather than by local interactions and the primary
sequence.Obviously, revKt-P9/9.0 lacks the A-minor interaction.30

There is no flipped out base in the bulge between the stems, while

all unpaired bases are stacked (Figure 2A). The base phosphate
interactions between A198 and G180 and between C199 and
G180 together with Mg2+ coordinated to G181 and G182 may
stabilize the kinked conformation of revKt-P9/9.0 (Figure 2A).31

There is a tertiary tetraloop�tetraloop receptor contact formed
between theGNRA tetraloop adjacent to the revKt-P9/9.0C-stem
and bases of the intron P5/5a segment. The tetraloop�tetraloop
receptor contact was suggested to be the leading factor in the
bending of revKt-P9/9.0 toward the major groove.29

Another reverse K-turn was identified in the 23S rRNA
of Haloarcula marismortui (H.m.).31�33 This motif (hereafter,
revKt-54) comprises helices 54 and 55 of 23S rRNA and bends
again toward the major groove. The internal bulge, which bridges
the helices, consists of five nucleotides, of which all are unpaired
and stacked, and none is flipped out (Figures 1B,D and 2B). Helix
55 (NC-stem) contains tHH A1527/A1664 and tHS A1528/
G1663 base pairs, being basically identical with the corresponding
base pairs of the revKt-P9/9.0 NC-stem (cf. Figure 2A,B). Very
recent automatic identification of RNA structural motifs using
secondary structural alignment found another reverse K-turnmotif
comprising helices 55 and 56 of H.m. 23S rRNA.34

This study explores the intrinsic flexibility of two reverse
K-turns (revKt-P9/9.0 and revKt-54) using an extensive set of
conventional MD simulations in explicit solvent. We carried out
altogether 54 simulations (typically on a 150 ns time scale) with a
total simulation time of 7.4 μs (see Table 1 and Table S3, Sup-
porting Information) under various conditions. Five variants of
the Cornell et al. AMBER force field, several ionic conditions,
and two explicit water models were considered. The basic pur-
pose of this paper is two-fold. Besides characterizing the struc-
tural dynamics of reverse K-turns, we also investigate the perfor-
mance and limitations of the simulation methods.

Figure 1. (A and B) The three-dimensional structures of the studied
revKt-P9/9.0 (in blue) and revKt-54 (in red), respectively. Bulge regions
are in gray. (C and D) The depiction of the opposite direction of revKt-
P9/9.0 (blue) and revKt-54 (red) bends, respectively, in comparison to
the nearly consensus ribosomal K-turn Kt-7 structure (green) fromH.m.
23S rRNA. All systems are superimposed over their C-stems.

Figure 2. Secondary structures of revKt-P9/9.0 (A) and revKt-54
(B) annotated by standard classification23,81 according to the X-ray
structures (revKt-54, PDB 1S72; revKt-P9/9.0, PDB 1U6B). The dotted
lines with stars in their centers highlight stacking interaction between the
respective bases. Note that the coordination sphere of the Mg2+ is not
complete in the X-ray structure due to resolution. Gray letters in panel A
depict the GNRA tetraloop attached to the revKt-P9/9.0 C-stem
(nucleotides 189�192; not included in MD simulations) and bases of
the P5/5a intron segment (residues 61, 62, 83, and 84, not included in
the simulations). In the pink squares of panel A are bases of the revKt-
P9/9.0 C-stem and the GNRA tetraloop, which interact with bases of the
P5/5a segment (highlighted in violet squares). Pink squares in panel B
mark bases of revKt-54 NC-stem (four adenines), which interact with
Helix 52 residues 1455�1457, 1485, and 1489�1490 (marked with
violet rectangle). All bases colored in gray in panel B are not included in
the simulations.
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Table 1. List of MD Simulationsa

simulated system

(simulation label)b water model + force field ions simulation length (ns)

time of “ladder like”

transition (ns)c RMSD (Å)d

revKt-P9/9.0 (INT-1) TIP3P+ff99 19 Na+, 1 Mg2+ 150 no transition 2.0( 0.6

revKt-P9/9.0 (INT-2) TIP3P+ff99 19 Na+, 1 Mg2+ 150 31 2.4( 0.6

revKt-P9/9.0 (INT-3) SPC/E+ff99bsc0 40 K+, 21 Cl�, 1 Mg2+ 150 20 1.8( 0.3

revKt-P9/9.0 (INT-4) SPC/E+ff99bsc0 40 K+, 21 Cl�, 1 Mg2+ 150 35 1.9( 0.3

revKt-P9/9.0 (INT-5) TIP3P+ff99 21 Na+ 150 no transition 5.5( 1.0

revKt-P9/9.0 (INT-6) TIP3P+ff99 21 Na+ 150 no transition 7.1( 1.5

revKt-P9/9.0 (INT-7) TIP3P+ff99 21 Na+ 150 no transition 5.5( 2.3

revKt-P9/9.0 (INT-8) TIP3P+ff99 21 Na+ 150 20 6.9( 1.5

revKt-P9/9.0 (INT-9) TIP3P+ff99 21 Na+ 150 30 4.3( 1.5

revKt-P9/9.0 (INT-10) TIP3P+ff99 21 Na+ 150 no transition 7.6( 1.5

revKt-P9/9.0 (INT-11) SPC/E+ff99bsc0 42 K+, 21 Cl� 150 25 2.3( 0.8

revKt-P9/9.0 (INT-12) SPC/E+ff99bsc0 42 K+, 21 Cl� 150 53 2.0( 0.6

revKt-P9/9.0 (INT-13) SPC/E+ff99bsc0 42 K+, 21 Cl� 150 1.5 1.3( 0.3

revKt-P9/9.0 (INT-14) SPC/E+ff99bsc0 42 K+, 21 Cl� 150 133 2.1( 0.7

revKt-P9/9.0 (INT-15) SPC/E+ff99bsc0 42 K+, 21 Cl� 150 no transition 3.0( 1.1

revKt-P9/9.0 (INT-16) SPC/E+ff99bsc0 42 K+, 21 Cl� 150 no transition 3.3 ( 1.2

revKt-P9/9.0 (INT-17) TIP3P+ff94 21 Na+ 150 no transition 6.0( 1.9

revKt-P9/9.0 (INT-18) TIP3P+ff94 19 Na+, 1 Mg2+ 150 138 2.0( 0.6

revKt-P9/9.0 (INT-19) TIP3P+ff99χOL 19 Na+, 1 Mg2+ 150 no transition 4.8( 3.0

revKt-P9/9.0 (INT-20) SPC/E+ff99bsc0χOL 40 K+, 21 Cl�, 1 Mg2+ 150 no transition 1.6( 0.3

revKt-P9/9.0 (INT-21) TIP3P+ff99χOL 21 Na+ 150 no transition 7.7 ( 1.3

revKt-P9/9.0 (INT-22) TIP3P+ff99χOL 21 Na+ 150 no transition 5.3( 2.4

revKt-P9/9.0 (INT-23) TIP3P+ff99bsc0χOL 21 Na+ 150 no transition 5.7( 2.8

revKt-P9/9.0 (INT-24) TIP3P+ff99bsc0χOL 21 Na+ 150 no transition 2.1( 0.8

revKt-P9/9.0 (INT-25) SPC/E+ff99χOL 42 K+, 21 Cl� 150 no transition 2.3 ( 1.3

revKt-P9/9.0 (INT-26) SPC/E+ff99bsc0χOL 42 K+, 21 Cl� 150 no transition 1.8( 0.5

revKt-54 (RIB-1) TIP3P+ff94 25 Na+ 69 no transition 2.5( 0.9

revKt-54 (RIB-2) TIP3P+ff94 12 Mg2+, 1 Na+ 57 no transition 3.8( 0.7

revKt-54 (RIB-3) TIP3P+ff99 25 Na+ 200 no transition 2.4( 0.7

revKt-54 (RIB-4) TIP3P+ff99 25 Na+ 74 39 3.1( 0.8

revKt-54 (RIB-5) TIP3P+ff99 12 Mg2+, 1 Na+ 150 no transition 2.5 ( 0.7

revKt-54 (RIB-6) TIP3P+ff99 12 Mg2+, 1 Na+ 98 48 2.6( 0.7

revKt-54 (RIB-7) TIP3P+ff99 23 Na+ 67 12 3.3( 0.9

revKt-54 (RIB-8) TIP3P+ff99 23 Na+ 150 no transition 4.4( 0.8

revKt-54 (RIB-9) SPC/E+ff99 46 K+, 23 Cl� 147 45 2.5( 0.7

revKt-54 (RIB-10) SPC/E+ff99 46 K+, 23 Cl� 150 no transition 2.4( 0.5

revKt-54 (RIB-11) TIP3P+ff99bsc0 23 Na+ 150 80 3.5( 1.0

revKt-54 (RIB-12) TIP3P+ff99bsc0 23 Na+ 40 2 2.0( 0.5

revKt-54 (RIB-13) SPC/E+ff99bsc0 46 K+, 23 Cl� 150 no transition 2.0( 0.7

revKt-54 (RIB-14) SPC/E+ff99bsc0 46 K+, 23 Cl� 65 55 3.2( 1.4

revKt-54 (RIB-15)e TIP3P+ff99 1 Mg2+, 21 Na+ 150 20 2.5( 0.5

revKt-54 (RIB-16) TIP3P+ff99bsc0χOL 23 Na+ 150 no transition 2.2( 0.7

revKt-54 (RIB-17) TIP3P+ff99bsc0χOL 23 Na+ 150 no transition 1.9( 0.4

revKt-54 (RIB-18) SPC/E+ff99bsc0χOL 46 K+, 23 Cl� 150 no transition 1.8( 0.4

revKt-54 (RIB-19) SPC/E+ff99bsc0χOL 46 K+, 23 Cl� 150 no transition 2.8( 1.4
a Some additional MD simulations are listed in Table S3 in the Supporting Information. bThe initial revKt-P9/9.0 structure in the simulations INT-9,
INT-10, INT-15, and INT-16 was taken from the tenth nanosecond of the INT-18 simulation. The initial revKt-54 structure in the simulations RIB-1 to
RIB-6 was taken from theH.m. 23S rRNA deposited under the code 1S72 while the simulations RIB-7 to RIB-19 were started from the structure taken
from the H.m. 23S rRNA available under the code 3CC2. cTime at which a distorted “ladder-like” conformation of reverse K-turn occurs. dThe mean
RMSD of coordinates with respect to the X-ray structure (see the Methods section for more details concerning the RMSD calculation). The 3CC2
structure is used for revKt-54. The RMSD is strictly calculated over the trajectory portion not affected by the “ladder-like” conformations. eOneMg2+ ion
was included. Its initial position was modeled via replacing the crystal water under ID 7209 in the original 3CC2 23S rRNA withMg2+. See theMethods
section for discussion of the limitations of modeling Mg2+ by simple force fields.
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Reverse K-turn substantially differs from RNA molecules
studied so far by all-atom MD simulations.35�43 Most RNA
MD simulations reported to date studied molecules whose
starting structures corresponded to 3D arrangements that are
stable per se.44 Representative examples are established autono-
mous RNA motifs that adopt their structures irrespective of the
structural context45�47 as well as medium-sized noncoding
RNAs such as ribozymes,35,48�51 riboswitches,39,52 and many
other RNAs.53,54 These molecules stay locked in the starting
structures in simulations. They show just local dynamics some-
times accompanied with modest rearrangements of molecular
interactions. In some cases, the initial structures are trivially
deformed by the surrounding elements that are not included in
simulations (for example, bending of helix 44 of the small
ribosomal subunit or the GTP-ase associated center RNA of
the large subunit).18,55,56 In such cases, the molecules undergo
initial relaxation in simulations, which, however, does not change
base pairing and tertiary interactions. Much less frequent are
simulations of RNA molecules that should be intrinsically un-
stable since their functional 3D shapes are induced by their
context. One example is the recurrent ribosomal UAA/GAN
internal loop, whose 3D structure is completely remodeled by the
ribosomal context.57 This molecule is visibly locally destabilized
in simulations but does not spontaneously rearrange anywhere
close to the solution structure on a submicrosecond time scale.58

Similarly, the conventional K-turns are also intrinsically unstable
and unfold (unkink) in experiments with an absence of proteins
or divalent ions. Nevertheless, the K-turn functional geometry is
still locally stable enough so that plain simulations on a 100+ ns
time scale so far did not result in any extensive K-turn perturba-
tions or unfolding.17�22 Considering the sequence, structure,
and context of the reverse K-turns, it is obvious that functional
(native) reverse K-turn structures also do not correspond to
global minima of the respective isolated RNA segments. How-
ever, since reverse K-turns are less structured than the conven-
tional K-turns, wemight expect visible signs of reversible unfolding
and refolding already on the presently affordable simulation time
scale. This allows an analysis of force field performance during
large-scale RNA rearrangements. Still, the simulations are able to
characterize the flexibility of reverse K-turns pertinent to the
folded structure, similarly to conventional K-turns. The simula-
tions nevertheless also sample unfolded (or unkinked) and inter-
mediate structures.

’METHODS

Studied Systems. Two reverse K-turns were investigated.
The initial geometry of revKt-P9/9.0 was taken from the X-ray
structure of the Azoarcus group I intron with a resolution of
3.1 Å (PDB ID: 1U6B).28 RevKt-P9/9.0 contains nucleotides
179�188 and 193�205 (23 bases in total; numbering according to
the intron X-ray structure). The starting structure of revKt-54 was
taken from the 50S ribosomal subunit crystal structures of Haloar-
cula marismortui (H.m.) deposited under the PDB codes 1S72 and
3CC2 (both determined at a resolution of 2.4 Å).32,33 RevKt-54
from 1S72 comprises nucleotides 1516�1531 and 1660�1670 (27
bases), while that of the 3CC2 contains residues 1517�1531 and
1660�1669 (25 bases). The more recent (presumably corrected)
3CC2 structure containsG1669dC1517 andA1670�U1516while
1S72 contains A1669�U1517 andG1670dC1516 base pairs in the
C-stem.Wedecided to terminate theC-stemwithCdGbase pair to
avoid terminal A�Ubase-pair fraying,59 so the terminalC-stembase

pair is G1669dC1517 in the case of the 3CC2 system and
G1670dC1516 in the case of 1S72. We did not observe any
differences between revKt-54 simulations starting from the 1S72
and 3CC2 X-ray structures, and thus we will further discuss all of
these simulations as a one-simulation set of revKt-54.
The eubacterial ribosomes reveal that at positions equivalent

to revKt-54 of H.m., there are situated segments that bend
similarly to the reverse K-turn but with a completely different
sequence (hereafter, abbreviated as revKt-54-analogs; Figure S4,
Supporting Information). We have carried out one 100-ns MD
simulation with the revKt-54-analog from Escherichia coli (E.c.).
The revKt-54-analog starting structure was taken from the X-ray
structure (resolution of 3.46 Å) of the E.c. 50S large ribosome
subunit deposited under the PDB 2AW4, while nucleotides
1405�1424 and 1574�1597 (44 bases in total) were included
in the simulation (Figure S5, Supporting Information).2

Simulation Setup and Force Field Choice. All MD simula-
tions were carried out using the AMBER60 suite of programs with
several force fields. The ff94 and ff99 (also known as parm94
and parm99, respectively)61,62 can be considered as the original
parametrizations which slightly differ in sugar pucker and χ tor-
sion parameters. The ff99bsc0 (parmbsc0) force field is based on
ff99 but contains a critical reparameterization of the R/γ torsion
parameters, which is essential for stable simulations of DNA
molecules63 and which was recently shown to also modestly
improve RNA simulations.59,64 Until recently, all three force
fields were assumed to perform equivalently for RNA systems
and provide enough stable simulations on a subhundreds nano-
second time scale.44,59 However, it has been shown that these
force fields do not provide a stable minimum for A-RNA due to
imbalanced description of the glycosidic torsion, which tends to
adopt a high-anti conformation with the subsequent entire degra-
dation of A-RNA systems on a long time scale.50,64 In fact, some
earlier simulation studies including those attempting folding of
small RNAs such as stem-loop hairpins are affected by this force
field artifact. Thus, complete reparameterization of the glycosidic
torsion profile χOL

64 (parameters are available online at http://
fch.upol.cz/en/rna_chi_ol/ (accessed Jan 25, 2010) and have
also been included in the most recent ff10 AMBER force field as
the recommended force field for RNA simulations and released
in AmberTools 1.5, the parameterization procedure is in detail
described in ref 103) was recently prepared and carefully tested.
It prevents the ladder degradation of A-RNA by modifying the
anti to high-anti balance and also improves the syn region descrip-
tion.64 Therefore, in later stages of this reverse K-turn project, we
applied the χOLmodification in combination with ff99 (labeled as
ff99χOL) and ff99bsc0 (labeled as ff99bsc0χOL) force fields. In
fact, the inclusion of the χOL correction was entirely critical to
adopting the stable trajectories of the present system. Note that
although the bsc0 (R/γ) and χOL parametrizations are indepen-
dent variants of the force field, our study of RNA tetraloops and
short A-RNA stems strongly indicates that χOL should be com-
bined with ff99bsc0 to get the optimal force field behavior.64

IonandSolventConditions.Twodifferent ionic (and solvent)
conditions were used: the combination of Na+ counterions (with
radius 1.868 Å and well depth 0.0028 kcal/mol)65 with the TIP3P
watermodel,66modelingminimal salt conditions (c(Na+) of∼0.25M)
and a higher ionic strength of potassium (c(K+) of∼0.5 M, radius
1.870 Å and well depth 0.100 kcal/mol)67 and chloride ions
(c(Cl�)∼0.25M, radius 2.470Å andwell depth 0.100 kcal/mol)68

in combination with the SPC/E water model69 to simulate KCl
salt excess (Table 1). The monovalent counterions were placed
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using the tLEaP program according to the solute electrostatic
potential. In addition, some simulations (Table 1 and Table S3,
Supporting Information) comprise also divalent magnesium ion/
ions coordinated to the reverse K-turn, and the following para-
meters for Mg2+ (radius 0.7926 Å and well depth 0.8947
kcal/mol)65 were utilized. The rectangular box of explicit water
solvent was set, so that a minimum distance between the box wall
and the solute was 10 Å. It is to be noted that we did not have any
specific reason to systematically combine TIP3P with Na+ and
SPC/E with KCl. We wanted to investigate as broad a set of
conditions as possible. Obviously, the limited computer power
does not allow us to investigate all possible combinations of
parameters while having a statistically significant set of multiple
simulations and enough robust sampling. See the Supporting
Information for analyses of four simulations (600 ns in total)
combining minimal salt conditions of K+ ions with the SPC/E
water model decomposing effects of the water model and salt
conditions. Further studies of RNA systems with other ion and
water parameters70,71 are under way. It should, however, be noted
that in general the ion/water parameters and conditions do not
have a decisive effect on nucleic acids simulations, as their outcome
is primarily determined by the solute force field. The present
system, due to its flexibility, is assumed to be potentially more
sensitive to ion/water conditions than other nucleic acids systems.
Prior to the production phase of the MD simulation, each

system was minimized and subsequently warmed up to 298 K as
follows. The RNA molecule was constrained, and the solvent
molecules with counterions were allowed tomove during a 1000-
step minimization followed by 10-ps-longMD runs under [NpT]
conditions (p = 1 atm, T = 298.15 K). The solute was then
relaxed through several minimization steps, with decreasing force
constants applied to the backbone atoms. After the relaxation,
each system was heated to 298.15 K within 100 ps. The particle-
mesh Ewald (PME) method72,73 was used for treating electro-
static interactions, and all simulations were performed under
periodic boundary conditions in the [NpT] ensemble at 298.15 K
and 1 atm using a 2 fs integration step. The SHAKE algorithm
with a tolerance of 10�5 Å was used to fix positions of all
hydrogen atoms. A 10.0 Å cutoff was applied to nonbonding
interactions, and coordinates were stored every picosecond.
Together, 30 independent simulations (Table 1 and Table S3,
Supporting Information), each 150-ns-long, were carried out
with revKt-P9/9.0, and 19 simulations (Table 1) on the 40+ ns
time scale were carried out with revKt-54. In addition, four
independent 150 nsMD simulations were carried out with revKt-
P9/9.0-A201G (revKt-P9/9.0 with A201G mutation), and one
100 ns simulation was conducted with the 23S rRNA E.c. revKt-
54-analog (Table S3, Supporting Information). The cumulative
production time amounts to ∼7.4 μs.
Data Analysis and Description of Topology. MD trajec-

tories were analyzed with the Ptraj module of the AMBER
package. PyMOL74 and VMD75 programs were used for visua-
lization and preparation of figures.
The RMSD vs Rg density plots were calculated using an

in-house script. An array of 150 � 150 bins was used. The scale
on the right-hand side of the density plots indicates the relative
occurrence of structures in the corresponding bin. The RMSD
was mass-weighted and computed over all atoms of nucleotides
180�188 and 193�204 in the case of revKt-P9/9.0 and nucleo-
tides 1518�1530 and 1661�1668 in the case of revKt-54. The
X-ray structure of revKt-P9/9.0 was used as a reference structure
for the RMSD calculations. However, the simulations of revKt-54

revealed a more compact conformational substate in comparison
with its X-ray structure, whichmay be a consequence of removing
the motif from its structural context. Thus, the average structure
of this more compact substate (labeled as B0 in the text, see the
Results section) was used for the RMSD analysis in the case of
revKt-54 (see Supporting Information, Figure S1B for the den-
sity plot in which the RMSD is calculated with respect to the
X-ray structure).
The compactness of the reverse K-turns structure was de-

scribed using the end-to-end distance. The end-to-end distance
equals the distance between the centers of mass of selected C-
stem and NC-stem terminal nucleotides of the respective reverse
K-turn (Figure S2, Supporting Information). The center of mass
of the revKt-P9/9.0 C-stem terminus included nucleotides G186,
G187, C194, and C195, while that of the NC-stem included
G180, G181, C203, and C204. The revKt-54 C-stem terminus
center of mass included A1518, U1519, A1667, andU1668, while
the NC-stem terminus involved G1529, U1530, A1661, and
C1662. For each reverse K-turn, the lowest end-to-end distance
corresponds to a highly kinked structure, while the largest value
denotes an unkinked (extended) structure.
In addition, we attempted to describe the global molecule

topology using two additional structural parameters: the inter-
helical angle and the interhelical dihedral calculated using a
recently proposed algorithm.76 The mathematical definition of
both structural parameters is given in the Supporting Informa-
tion (see Supporting Information, Figure S2 and Table S2).
However, the opening of reverse K-turns is a rather complex
structural rearrangement that cannot be fully described by these
two parameters modeling the system as two (almost) rigid stems
connected by a hinge. Instead, all six degrees of freedom des-
cribingmutual orientation of stems in space seem to be crucial for
the description of global structural dynamics of reverse K-turns
(see Supporting Information).
Qualitative analysis of energy differences among reverse K-

turns substates was carried out using the MM-PBSA (Molecular-
Mechanics, Poisson�Boltzmann Surface Area) module of AM-
BER 11.60,77 The Gibbs energy of solvation was calculated by
both Poisson�Boltzmann78 and generalized Born79 implicit sol-
vent models, while the entropy contribution was estimated from
normal-mode analysis. MM-PBSA allows one to estimate free
energies by postprocessing explicit-solvent simulation trajectories.
The energy differences should be interpreted with care, because
the validity of the MM-PBSA method for RNA is compromised
by the inaccuracy of implicit solvent models for the polyanionic
chain of RNA, as was, e.g., demonstrated by rapid degradation
of the glmS riboswitch in implicit solvent MD simulations.51

The essential dynamic analysis (EDA) was carried out using
the GROMACS program.80 All atoms of revKt-P9/9.0 residues
180�188 and 193�204 and revKt-54 residues 1518�1530 and
1661�1668 were included in the EDA calculations. The projec-
tions onto the first five essential modes were computed and
subsequently visualized in the PyMOL program.

’RESULTS

Starting Structures. The reverse K-turns consist of an inter-
nal bulge of unpaired bases (kink region, nucleotides 198�200
for revKt-P9/9.0 and 1522�1526 for revKt-54) flanked by ca-
nonical C-stem and noncanonical NC-stem (Figures 1 and 2).
The overall fold of both studied reverse K-turns is bent resem-
bling an “L”- or “V”-shaped structural motif of K-turns.1
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However, reverse K-turns are bent in the opposite direction of
K-turns, i.e., toward major grooves (Figure 1). Furthermore,
while the topology of conventional K-turns is roughly uni-
form, the X-ray structures of reverse K-turns substantially differ
(Figure 1). The structure of revKt-P9/9.0 is more compact,
showing a smaller end-to-end distance (Table 2) and base-
phosphate (BPh)81 interactions between the bulge and NC-
stem (Figure 2) in comparison to the more extended revKt-54
structure.
There is one magnesium ion resolved in the revKt-P9/9.0

X-ray structure coordinated to G181 (by inner-shell contact) and
G182 (an outer-shell interaction) bases, additionally forming an
inner-shell contact with one water molecule (Figure 2A). Al-
though a Mg2+ ion is not present directly in the kink region, it is
close enough to potentially provide some electrostatic stabiliza-
tion, which could compensate for the repulsion between C- and
NC-stems’ phosphates. In contrast, no divalent cation was re-
solved in the revKt-54 crystal structure, although it still does not
rule out the presence of a cation in this region, since cations can
be disordered and elude detection.49,82,83

The revKt-P9/9.0 contains four 6BPh interactions (6BPh
interaction is a hydrogen bond between the amino group of
either adenine (N6) or cytosine (N4) and the phosphate oxygen81).
Two 6BPh contacts are formed by revKt-P9/9.0 internal bulge
bases A198 and C199 with the G180 phosphate of the NC-stem
(henceforth, named the bulge-helix BPh contacts), while the next
two 6BPh interactions are literally cementing the tHH A201/
A183 base pair of the NC-stem (Figure 2A). In contrast, only
one 6BPh interaction occurs in the revKt-54 system, being
formed between the bases A1527 and A1664 of the NC-stem
(Figure 2B), i.e., again stabilizing the tHH base pair flanking the
internal bulge.
RNA�RNA Tertiary Interactions and Structural Context of

Reverse K-Turns. Neither of the studied reverse K-turns binds
any proteins,31 but both of them are affected by RNA�RNA
interactions. The revKt-P9/9.0 is accompanied by the forma-
tion of a tetraloop�tetraloop receptor (TL-TLR) interaction
between atoms of the GNRA tetraloop (nucleobases 189�192)
flanking the revKt-P9/9.0 C-stem and the P5/5a segment of the
group I intron (Figure 2A). This contact is assumed to be
responsible for the bending of this reverse K-turn.29 The 23SH.
m. revKt-54 is not associated with any TL-TLR contact but
is stabilized by the interaction between four adenines A1656�
A1659 of the revKt-54 NC-stem and the minor groove of the
A-RNA duplex (part of helix 52 between the UAA/GAA
internal loop and adjacent four-way junction; residues 1455�
1457, 1485, and 1489�1490; Figure 3). Interestingly, equiva-
lent regions of eubacterial revKt-54-analogs show the same
RNA�RNA interaction (Figure S6, Supporting Information)
despite the reverse K-turn not being conserved. The sequence
and the 3D structure of this tertiary interaction are strictly
evolutionarily conserved in the ribosome (Figures 4A�D).
This tertiary contact can play an important role in revKt-54

Table 2. End-to-End Distance of Reverse K-Turn Crystal
Structures and Average Structures of the Relevant Substates
Obtained from MD Simulations (See Figure 5)

end-to-end distance (Å)

structure type revKt-P9/9.0 revKt-54

crystal structure 20.2 26.9

substate A/A0 19.4 19.8

substate B/B0 22.9 23.0

substate C/C0 28.6 26.6

substate D/D0 31.2 29.8

Figure 3. The tertiary RNA�RNA contact formed between the four adenines (A1656�A1659) of the revKt-54 NC-stem and part of helix 52 (base
pairs tHW A1485/U1457, cWW G1489dC1456, and cWW G1490dC1455).
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bending similarly to the TL-TLR interaction in revKt-P9/9.0
bending.
Transition of Reverse K-Turns’ Helices into Senseless

“Ladder-Like” Conformation with ff94, ff99, and ff99bsc0
Force Fields. MD simulations carried out with the common
AMBER family force fields ff94, ff99, and ff99bsc0 show that both
helices of each reverse K-turn undergo irreversible rearrange-
ment to a “ladder-like” conformation (Figure S7, Supporting
Information). The “ladder-like” structure was first identified as a
force field artifact in extensive MD simulations of the hairpin
ribozyme.50 It was subsequently detected in simulations of short
A-RNA stems and stem-loop systems.64 The degraded “ladder-
like” stem has in comparison with the A-RNA duplex a reduced
twist from ∼33� to ∼10�, a base pair slide shifted from ∼�2 to
∼4 Å, and glycosidic torsions χ fluctuating around or even
outside the high-anti region (i.e., ∼�90� while typical A-RNA
χ value is∼�165�). The shift of glycosidic torsion to a high-anti
region is the most evident feature of the “ladder-like” structure.
Considering these data and our previous simulations,50,64 we can
conclude that this artifact may be rather widespread in long ff94,
ff99, and ff99bsc0 simulations of RNA molecules with exposed

terminal stems. In fact, our unpublished simulations indicate that
even folded RNAmolecules sooner or later degrade toward high-
anti structures if the simulations are long enough. The formation
of “ladder-like” structures occurred stochastically, generally on
a time scale of tens of nanoseconds (Table 1), and was entirely
irreversible.
We did not observe any effect of ionic condition (net-

neutralizing Na+, K+, and KCl salt excess) or the used water
model (TIP3P and SPC/E) on the formation of the “ladder-like”
structure, so this artifact seems to be solely a consequence of
solute force field parameters. As noted above, although water/
ion/salt parameters and conditions may sometimes influenceNA
simulations, the outcome of the simulations is overwhelmingly
determined by the solute force field.
In contrast, no formation of “ladder-like” structure was ob-

served with the new χOL parametrization of glycosidic torsion
parameters, i.e., when applying the ff99χOL and ff99bsc0χOL
force fields.64 The density plot RMSD vs Rg calculated from all
ff99χOL and ff99bsc0χOL productions (cumulative time of 1.1 μs
for revKt-P9/9.0 and 0.6 μs for revKt-54) almost perfectly
matches the RMSD vs Rg plot computed over ff94, ff99, and
ff99bsc0 trajectory portions before the “ladder-like” degradation
occurs (1.4 μs for revKt-P9/9.0 and 1.2 μs for revKt-54; Figure
S8, Supporting Information). Thus, when using MD simulations
carried out with ff94, ff99, and ff99bsc0 force fields, only trajec-
tory portions before the “ladder-like” formation events were
considered relevant for analysis of the conformational properties
of reverse K-turns. Fortunately, we have accumulated enough
data without this major artifact to characterize flexibility of the
studied system. The “ladder-like” stem distortions are easily detec-
table as artificial substates in the RMSD vs Rg plots (Figure 5).
In summary, reverse K-turn simulations with corrected glyco-

sidic torsion parameters agree with ff94, ff99, and ff99bsc0 simu-
lations before the later simulations degrade, while the new para-
meters entirely prevent the “ladder-like” structure degradation.
Thus, the reverse K-turn structures could finally be analyzed
using 4.3 μs of “healthy” data.
Structures of revKt-P9/9.0 and Their Evolution over MD

Simulations. The RMSD vs Rg density plot (Figure 5A) calcu-
lated from all of the 150 ns revKt-P9/9.0 simulations (2.7 μs in
total) shows seven significantly populated structural substates.
Yellow boxes highlight those revKt-P9/9.0 substates that are free
of the “ladder-like” conformations (A�D) and which are there-
fore relevant for further analyses. The gray boxes mark the revKt-
P9/9.0 substates with the NC-stem (substates E and G) or the
C-stem (substate F) in the distorted “ladder-like” conformation.
Figure 6A illustrates the overall shape (“topology”) of the ave-

rage structures for the relevant substates A�D. The topology of
the most compact substate A is nearly identical to that of the
X-ray structure (Figure 6A and Figure S9, Supporting Infor-
mation). On the other hand, substate D corresponds to a fully
unfolded (unkinked) revKt-P9/9.0 (cf. Figure 6A and Table 2).
The other substates B and C represent intermediate states
between the native-like kinked and fully unkinked conformations
(Table 2). In particular, substates B and C exhibit high flexibility
corresponding to a bending movement, which is responsible for
the elongated ellipsoidal shape of the corresponding regions in
the density plot (see Figure 5A). Two BPh interactions support-
ing the tHH A/A base pairs remain stable during the whole
simulations in all substates. In contrast, the other two bulge�
helix BPh interactions observed in the X-ray structure and in
substate A are much less populated in substate B and disappear in

Figure 4. Three-dimensional (left) and secondary structures (right) of
the new unclassified RNA interaction motif from 23S rRNAs of
Haloarcula marismortui (PDB 3CC2) (A), Deinoccocus radiodurans
(PDB 1NKW) (B), Escherichia coli (PDB 2AW4) (C), and Thermus
thermophilus (PDB 2J01) (D). (E) Depicts the motif isosteric to the
rRNA motifs located in the glmS riboswitch (PDB 2HO7).
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the more unkinked structures of substates C and D (Table 3).
Besides that, the X-ray stacking pattern of bases C199 and A200
is reasonably well preserved in substates A and B, while in the
substates C and D, the respective bases favor various non-native
geometries (not shown).
The fully unfolded substate D almost vanishes in the MD

simulations carried out with the excess KCl salt and SPC/E water
model except for one MD run, INT-25, in which a reversible
transition to substate D occurs, with substate D persisting for
several nanoseconds (cf. Figure 7A for the time evolution of sub-
states in all MD simulations). On the other hand, almost all MD
simulations conducted with the net-neutralizing Na+ ions and
TIP3P water model sample all conformational substates A�D.
This is most likely the consequence of the different viscosities
of the TIP3P and SPC/E water model rather than being caused
by the different ion parameters and concentrations (see the discus-
sion about the effect of water models below). The transitions

from the fully kinked substate A to the fully unkinked substate D
(and vice versa) usually pass through substates B and C. The
transitions between substates usually occur on the time scale of
several nanoseconds. Notably, revKt-P9/9.0 fully unfolds also in
the presence of Mg2+.
Structures of revKt-54 and Their Evolution over MD Simu-

lations. Seven densely populated regions were identified in
the revKt-54 density plot (Figure 5B). Three of them contain
“ladder-like” artificial conformations (substates E0�G0) and are
not further discussed. The remaining four substates (A0�D0)
exhibit relevant structures without the “ladder-like” distortion.
Substates A0 and D0 represent the most compact (kinked) and

the most extended (unfolded/unkinked) revKt-54 structures,
respectively (Table 2; Figures 5B and 6B). Just as for substates B
and C of revKt-P9/9.0, substates B0 and C0 correspond to inter-
mediates between the kinked and unkinked states (Figure 6B).
Similarly to intermediate substates B and C of revKt-P9/9.0,

Figure 5. The upper parts of panels A and B show RMSD vs Rg density plots calculated over the entire trajectories of all revKt-P9/9.0 and revKt-54
simulations listed in Table 1, respectively. The yellow frames show densely occupied “healthy” regions of the RMSD vs Rg plots and the corresponding
structure representatives (substates A�D and A0�D0). Gray boxes show substates and their representative structures bearing the degraded “ladder-like”
conformation (substates E�G and E0�G0, nucleotides within the “ladder-like” conformation are colored in gray). The C-stems of each structure
representative are superimposed over the C-stem of the starting structure of revKt-P9/9.0 in blue and revKt-54 in red, respectively (except of substates F
and E0�G0). The vertical dashed red line highlights the radius of gyration of the crystal revKt-P9/9.0 and revKt-54 structures. In the lower part of panels
A and B are the same density plots for revKt-P9/9.0 and revKt-54, respectively, but visualized without the trajectory portions affected by the “ladder-like”
reverse K-turn conformations.
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substate C0 of revKt-54 reveals intrinsic bending movement
represented by an ellipsoidal, elongated population in the den-
sity plot (Figure 5B). The average structure of substate C0

resembles the X-ray revKt-54 topology (Figure 6B and Figure
S10, Supporting Information). Similar to revKt-P9/9.0, the 6BPh
interaction supporting the tHH A/A base pair is present in all
structural substates (26%, 63%, 47%, and 73% population of
direct H-bonding in substates A0, B0, C0, and D0, respectively).
Substate C0 maintained well the native stacking pattern of the
kink region bases, with only U1524 occasionally flipping out
(data not shown), while the native conformation of kink region
bases is distorted in other substates, A0, B0, and D0.
Substate C0, resembling the X-ray topology, is significantly

populated over the entire time scale of most revKt-54 MD simu-
lations (Figure 7B). In contrast, the fully kinked substate A0 is
only negligibly populated in our simulations; namely, it is propa-
gated for only several nanoseconds in theMD runRIB-19 (excess
KCl salt and SPC/E water). The only substantial occupancy of
substate B0 was observed in the simulation with 12Mg2+ ions and
TIP3P water (RIB-2). Unfolding of revKt-54 to substate D0 was
detected in two simulations with Na+ ions and the TIP3P water

Figure 6. Average structures of revKt-P9/9.0 substates A�D (left) and revKt-54 substates A0�D0 (right) visualized using the surface representation.
Blue mesh representation on the right represents revKt-P9/9.0 substates superimposed over the C-stem and NC-stem backbone atoms with
corresponding revKt-54 substates. In addition, gray mesh structures superimposed over substates A and C0 of revKt-P9/9.0 and revKt-54, respectively,
correspond to their X-ray structures.

Table 3. Stability of revKt-P9/9.0 BPh81 Interactions in
Substates Calculated As a Relative Population of H Bonds
Involved in the BPh Interaction with a 4.0 Å for Cutoff
Distance between Heavy Atoms (in %)a

substate

A198(N6)�
G180(O1P)

C199(N4)�
G180(O2P)

A201(O2P)�
A183(N6)

A183(O1P)�
A201(N6)

A 34.5 35.1 97.9 60.5

B 10.0 9.7 89.5 68.7

C 0.0 0.0 31.2 72.2

D 0.0 0.0 67.2 71.1

X-ray (Å) 3.3 2.9 2.7 3.2
aThe X-ray H-bond distances are in the last line.
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model (RIB-8 and RIB-11; see Figure 7B). The refolding of
revKt-54 from substate D0 through C0 toward B0 was observed in
the RIB-8 simulation. Thus, similar to revKt-P9/9.0 simulations,
the transition of revKt-54 toward more extended structures
represents a fully reversible process on our simulation time scale.
Topological Similarity among the revKt-P9/9.0 and revKt-

54 Substates. Although the sequence and topology in the X-ray
structure of both studied reverse K-turns differ substantially, the
simulations reveal profound similarity in large-scale dynamics of
these motifs when they are removed from their structural con-
text. This can be considered as a flexibility signature of the reverse
K-turn. We found that both reverse K-turns share very similar
structural substates (A�D and A0�D0 for revKt-P9/9.0 and
revKt-54, respectively) sampled in MD simulations (Figure 6).
Although the simulations of each system started from a different
conformational substate due to differences between their X-ray
structures (the X-ray structures of revKt-P9/9.0 and revKt-54
correspond to substates A and C0, respectively), both systems
finally sample all four substates (Figure 7). Figure 6 summarizes
structural similarities between conformational substates of both
reverse K-turns. The most compact substates (A and A0) have
small values of the end-to-end distance, while unfolded (unkinked)
substates (D and D0) are characterized by the largest end-to-end
distance (Table 2). The intermediate substates (substate B and C
of revKt-P9/9.0 and substate C0 of revKt-54) correspond to a

rather broad range of geometries with high hinge-like flexibility
(see Figures 5 and 8 and the next paragraph), while the most
compact or the most extended substates reveal only minor dyn-
amics corresponding to local fluctuations around energy minimal
conformation.
Both Reverse K-Turns Have Overall Hinge-Like Flexibility

Similar to K-Turns. The essential dynamics analysis (EDA)
reveals that the first essential motions of substates B and C of
revKt-P9/9.0 and substate C0 of revKt-54 resemble the hinge-
like dynamics observed in MD simulations of conventional
K-turns17�20 (Figure 8). The first essential motions dominate
over the other modes, and they contribute 25.0, 34.4, and 28.5%
of essential dynamics of revKt-P9/9.0 substates B and C and
revKt-54 substate C0, respectively. The contributions of the
subsequent essential motions progressively decrease (Table S4,
Supporting Information). The hinge-likemotion can be qualitatively
described as a motion of two rather rigid helical arms caused by
the flexible kink region. The observed motion of reverse K-turns
substates B, C, and C0 exhibits anisotropic dynamics. The hinge-
like dynamics of these substates is also coupled with the local
dynamics of kink region bases (bases C199 and A200 in sub-
state B, A198 in substate C, and U1524 in substate C0, see
Figure 8). Substate C hinge-like dynamics is additionally coupled
with cWW G184dC197 base pair propeller twist fluctuation.
The ellipsoidal, elongated population region of these substates

Figure 7. Time evolution of revKt-P9/9.0 (A) and revKt-54 (B) substates in individual MD simulations. The ends of individual simulations are marked
by the simulation labels that correspond to Table 1.
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(Figure 5) is likely caused by this hinge-like dynamics identified
by EDA. In other words, in this particular case, we were capable
of identifying the movement revealed by the EDA also in the full
simulation, which is not always possible due to approximations
inherent to EDA.56 A very similar hinge-like dynamics was also
observed in the simulation of the E.c. revKt-54-analog (nucleo-
tides 1407�1422 and 1576�1595 of 2AW4 PDB). This suggests
that although the reverse K-turn is not conserved in eubacteria,
the equivalentRNA segments in eubacteria still show conservation

of basic RNA topological and dynamical features (Figure S11,
Supporting Information).
Substates B and C of revKt-P9/9.0 and C0 of revKt-54 are

similar from the flexibility point of view. However, while substate
C0

fluctuates around the X-ray geometry of revKt-54, neither sub-
state B nor substateC is the native state of revKt-P9/9.0 (Figure 8).
The X-ray conformation of revKt-P9/9.0 corresponds rather to
the structurally more compact substate A, which does not show
much bending flexibility. Instead, there are some “side-to-side”
fluctuations of revKt-P9/9.0 substate A coupled to the forma-
tion/loss of the bulge�helix BPh interactions (Figure 8A). Simi-
larly to substate A of revKt-P9/9.0, a low flexibility was identified
for structurally compact substates A0 and B0 of revKt-54, albeit
they are only marginally sampled in our study (see Figure 7B).
This may reflect the difference in compactness of the starting
structures of both reverse K-turns, which obviously still affects
sampling on the present simulation time scale. Consistent with
the analogy between substates A and A0 of both reverse K-turns,
we noticed a 4BPh interaction in poorly populated substate A0 of
revKt-54, which is formed between the G1523 (situated in the
kink region) and A1661 phosphate of the NC-stem. Thus,
substate A0 reveals an internal revKt tertiary contact which seems
to be analogous to the native bulge�helix BPh contacts visible in
revKt-P9/9.0.
In summary, the results show that the conformational space of

reverse K-turns consists of four substates ranging from compact
closed to open unkinked geometries. Interestingly, while the
intron molecule captures or utilizes the reverse K-turn in its most
closed geometry, the ribosome utilizes the semiclosed structure,
which is intrinsically the most flexible one. The archaeal riboso-
mal revKt-54 is replaced in eubacteria by seemingly unrelated
sequences, which nevertheless adopt a similar shape and share
the anisotropic flexibility.
Water Model Affects revKt-P9/9.0 Conformational Beha-

vior. RevKt-P9/9.0 generally fully unfolds (occupies more fre-
quently the substate D topology) in simulations carried out with
TIP3P water model and net-neutralizing Na+ ions (c(Na+)
∼0.25 M; Figure 7A and Figure S12, Supporting Information).
In contrast, all MD simulations carried out with the SPC/E water
model and the KCl excess salt (c(K+)∼0.5 M; c(Cl�)∼0.25 M)
conditions maintain the kinked conformation of revKt-P9/9.0.
Thus, we performed an additional set of MD simulations carried
out in net-neutralizing K+ ions (c(K+) ∼0.25 M and SPC/E
water model, listed in Table S3 in the Supporting Information).
We observe the same behavior in these simulations as for SPC/E
KCl salt excess simulations (Figure S12, Supporting Information),
explicitly suggesting that the differences in behavior are not due
to different ionic conditions (K+ net neutralizing and KCl salt
excess). Further, although we have taken the Na+ and K+ para-
meters from different sets of cation parameters (see Methods),
we observed that the Na+ and K+ ions occur at identical
binding sites and with the same occupancy in the net-neutralizing
(∼0.25 M) Na+ and K+ simulations (Figure S13, Supporting
Information). This suggests that differences in behavior among
revKt-P9/9.0 simulations most likely do not originate in the type
of ions (Na+ vs K+ ions) but are driven by water models (TIP3P
vs SPC/E). We can hypothesize that the effect of solvent model
on the reverse K-turn flexibility can have two reasons, kinetic and
thermodynamic. The TIP3Pmodel has an approximately 2 times
larger self-diffusion constant than SPC/E,84 so the unfolding
of revKt-P9/9.0 can be accelerated in TIP3P in comparison with
SPC/E simulations.

Figure 8. Essential dynamics analysis. The first essential modes of
revKt-P9/9.0 substates A, B, andC (panels A, B, andC, respectively) and
revKt-54 substate C0 (panel D). Figures on the left illustrate magnitudes
of the hinge-like oscillations for the respective substate. The panels show
superposition (over the C-stem) of the two extremes of essential mode
(in orange and light-orange) with the average (surface representation)
and initial reverse K-turn structure (cartoon representation). The initial
and average revKt-P9/9.0 structures are colored in blue, while the initial
and average structures of revKt-54 are in red. Figures on the right
illustrate the coupling between the hinge-like fluctuations and local
motions of bulge bases (as highlighted by the black arrows).
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Qualitative analysis of free energy differences among the sub-
states carried out using the standard implicit solvent MM-PBSA
free energy method shows that the compact states (A, B, A0, and
B0) differ from the open states (C, D, C0, and D0) in Gibbs energy
of solvation and the electrostatic term (Table S5, Supporting
Information). The compact states are destabilized by the elec-
trostatic term, due to repulsion of the phosphates, which is
compensated by amore favorable Gibbs energy of solvation. This
might indirectly support the idea that the observed differences in
populations of reverse K-turn substates in explicit solvent simu-
lations could also be caused by a different Gibbs energy of solva-
tion between the TIP3P and SPC/E explicit water models. None-
theless, larger time scale simulations with the SPC/E water
model would be required to verify this hypothesis. Work is in
progress to provide further insights into this issue. Nevertheless,
it is so far apparent that selection of the water model has a much
larger impact on these simulations than selection of the type and
concentration of ions.
Divalent Mg2+ Ions Do Not Stabilize Reverse K-Turns’

Kinked Topology. We carried out a set of simulations of both
reverse K-turns with Mg2+ ions to test the influence of divalents
on the flexibility of reverse K-turns. Six simulations of revKt-P9/
9.0 were carried out with the TIP3P model and one Mg2+ ion
settled near the kink region. In three out of these six simulations
(INT-18, INT-19, and INT-S8), we observed unfolding of the
system to substate D, i.e., similar behavior as observed in simu-
lations with monovalent ions. The unfolding occurred on a 10 ns
time scale and was entirely irreversible. Similarly, only one of four
MD simulations of revKt-54 carried out with divalents revealed a
stabilizing effect in the B0 substate (Figure 7B). Taken together,
we did not observed any statistically relevant effect of divalent
ions on the dynamic behavior of reverse K-turns. Nonetheless, it
should be noted that these conclusions are limited, as classical
empirical nonpolarizable force fields describe divalents inaccu-
rately and divalents sample poorly in simulations. Thus, we
generally do not recommend to include divalents in nucleic
acids simulations, unless absolutely critical due to structural
reasons.44,49,55,85 The total amount of polarization and charge-
transfer nonadditivities in the first ligand shell of a divalent cation
(contributions entirely lacking appropriate terms in common
biomolecular force fields) is about 70 kcal/mol. These effects
obviously further propagate far beyond the first ligand shell,
dramatically affecting the neighborhood of the divalent cation. In
other words, for divalent cations such as Mg2+, the force field
approximation essentially breaks down completely.86�91

’DISCUSSION AND CONCLUSIONS

Reverse K-turns are RNA motifs that possess significant
sequence similarity to the conventional K-turns but have a very
different mutual arrangement of the A-RNA duplexes (stems).
The stems of conventional K-turns are aligned in such a way that
their minor grooves are juxtaposed. The reverse K-turns display
an opposite stem bending with juxtaposition of the major grooves
(Figure 1). There is no significant H-bonding between stems of
reverse K-turns, in contrast to K-turns that are stabilized by
signature interactions.1 To date, three unique reverse K-turns
have been found in the available RNA structural data.31,34 We
studied the reverse K-turn occurring in the Azoarcus group I
intron (revKt-P9/9.0)28 and the reverse K-turn of helix 54 in the
23S rRNA of H.m. (revKt-54).31

We present an extensive set (7.4 μs) of explicit solvent
MD simulations carried out for isolated reverse K-turns.

Such simulations capture the internal flexibility of the studied
RNA motifs pertinent to their starting structures, which corre-
spond to the native folded arrangement.44 The simulations were
conducted with the traditional AMBER Cornell et al. force fields
ff94, ff99, and ff99bsc0. Additional simulations were conducted
with the recently reparameterized nucleotide N-glycosidic tor-
sion profiles (χOL), which became available in the course of the
project.64 These simulations are labeled as either ff99χOL or
ff99bsc0χOL, depending on whether the bsc0 correction is used
or not (Table 1 and Table S3, Supporting Information). The
simulations also compare different ion conditions (minimal
concentration of Na+ or K+, Na+ ions combined with Mg2+

divalents, and, finally, KCl excess salt). Two different explicit
water models (TIP3P and SPC/E) are utilized in this study.
Thus, besides the initial aim to examine the intrinsic stability and
flexibility of reverse K-turns, our study also provides valuable
insights into the force field dependence of RNA simulations. Due
to the unique propensity of reverse K-turns to show structural
transitions on the short time scale of simulations, these RNA
systems are useful in such force field studies.
The Effect of the Solute Force Field on Stability of Trajec-

tories.Without using the χOL parametrization, the stems of both
reverse K-turns structurally degrade by adopting a distorted
“ladder-like” conformation (Figure 5 and Figure S7, Supporting
Information). The “ladder-like” conformation was recently iden-
tified as a major force field artifact which is associated with
transition of the glycosidic torsion from anti to high-anti
region.50,64 The “ladder-like” transition is an irreversible process,
which occurs for reverse K-turns on 10 ns time scales in ff94, ff99,
and ff99bsc0 force fields (see Figure 7). The “toxicity” of artificial
“ladder-like” rearrangement is similar to R/γ flips that were
found to systematically degrade DNA simulations in ff94 and ff99
force fields.63 However, the formation of “ladder-like” structures
in RNA simulations is apparent on longer time scales, which
might be the reason why the A-RNA “ladder-like” artifact has
been identified almost three years after the “γ-trans” flips degra-
dation of B-DNA.63 Similar to R/γ flips in DNA, the “ladder-
like” structure is ultimately more stable than the native A-RNA
form. The transition is a textbook example of structures where
the force field (without the appropriate χ reparameterization)
does not provide the correct global minimum of the simulated
molecule (or its part), which then sooner or later (depending on
the barrier) degrades.44,63,92,93 This degradation is entirely elimi-
nated in simulations applying the modified χ profiles, i.e., in
ff99χOL and ff99bsc0χOL force fields.

64

It is possible (and not unlikely) that a simple force field with
simple analytic function and a limited set of parameters provides
a less complex (less flexible) description of structure/energy
relations compared to real molecules. Then, refining the force
field to reproduce the native conformations may somewhat bias
sampling of less populated but still relevant regions of the
conformational space. However, at the same time, any force field
which has amajor pathology is likely not better in sampling of less
populated relevant regions. It is because it shares the same
function and most parameters with the refined force field but is
biased to sample completely unrealistic states as global minima.
Therefore, removal of a substantial pathology as done by χOL
should not be accompanied with any systematic bias of less
populated nonpathological regions. In addition, the force field
has not been primarily fitted to come closer to the native geo-
metry but to reproduce reference QM data. The improvement
of the simulation behavior has been achieved indirectly as a
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byproduct of the genuine QM fit. The issue of biasing dynamics
of less populated relevant states may be, however, a substantial
concern when attempting further more subtle changes, i.e., when
trying to achieve a perfect reproduction of target structures that
would go beyond the principal accuracy limits of a given force
field form.
Only trajectories and trajectory portions lacking any sign of

the “ladder-like” structure (4.3 μs) are used to assess the dyn-
amics of the reverse K-turns presented here. For these trajectory
portions, all solute force fields provide very similar results.
The Effect of Ion and Water Treatment. Compared to the

large effect of the RNA force field, the results are considerably
less affected by the treatment of the ions and water. However,
unkinking of the reverse K-turns is more pronounced in TIP3P in
comparison with SPC/E simulations. In contrast, the type and
concentration of ions do not appear to substantially affect the
reverse K-turn simulations. Consistently with the present results,
our earlier reference simulations of A-RNA duplexes comparing
the net-neutralizing Na+ ion (c(Na+) ∼ 0.2 M) conditions with
the TIP3P water model and KCl excess-salt (c(K+) ∼ 0.4 M))
with the SPC/E water model revealed that in SPC/E salt excess
the A-RNA structures were more compact, especially for some
sequences.59 Considering the present results, we suggest that the
earlier reported differences in A-RNA simulations59 were caused
primarily by the water models rather than by the ionic strength or
choice of counterions. Our preliminary data from additional
extended MD simulations of A-RNA duplexes under various
ionic strengths (data not shown) and solvent models confirm
that and will be published elsewhere once completed. Thus,
when the simulation conditions are ordered according to their
impact on the simulated RNA structures, it appears that the most
pronounced effect has the RNA force field. Considerably smaller
differences are caused by the used explicit water model (the same
applies also for proteins, see refs 84 and 94). Finally, the type and
concentration of ions appear to be, so far, less important. This
supports the view that most RNA simulations under net-neu-
tralizing conditions are valid, of course provided that the periodic
water box size is not too large to dilute the net-neutralizing ions.
Further investigations of these issues are under way. It is to be
noted that the above considerations are relevant for simulations
executed at the presently affordable simulation time scales and
with the usual box sizes used in contemporary simulations.
Reverse K-Turns Belong to theMost Flexible Nucleic Acids

Molecules Simulated So Far.The X-ray structures of revKt-P9/
9.0 and revKt-54 significantly differ (Figures 1 and 6); however,
when removed from their structural contexts, both reverse K-turns
sample similar structural substates, albeit the sampling at the
present simulation time scale is still inevitably affected by the
starting structures. Both reverse K-turns sample a wide variety of
conformations ranging from fully kinked to fully unkinked states.
We observe three types of conformational clusters (substates):
(i) the compact fully kinked conformation, (ii) the fully unkinked
state, and (iii) the highly flexible intermediate states that reveal
hinge-like flexibility correlated with bulge region local dynamics
(Figures 6 and 8). While the ribosome utilizes the revKt-54
within its structural context in a geometry corresponding to the
flexible intermediate substate, the intron reverse K-turn is locked
in the compact fully kinked state.
The fact that reverse K-turns are able to rearrange from fully

kinked to fully unkinked substates and vice versa within a
relatively short time scale of hundreds of nanoseconds indicates
that these motifs are intrinsically metastable in their native

conformations and that the barriers between their substates are
relatively low (lower than ∼7 kcal/mol, which represents the
critical free energy barrier for an observable event on the 100 ns
time scale). The reverse K-turn is the most flexible recurrent
RNA motif studied by MD simulations until now.
Comparison of Simulation Dynamics of K-Turns and

Reverse K-Turns. To date, no spontaneous unfolding of con-
ventional K-turns has been observed on tens of nanoseconds
time scales ofMD simulations.18,19When starting from the native
folded (tightly kinked) K-turn structures, the simulations reveal
hinge-like fluctuations around the native structure similar to what
was observed for the intermediate substates of the reverse
K-turns. On the other hand, the experimental studies show that
the conventional K-turns unfold (unkink) in the absence of
proteins or stabilizing divalent cations.13 Also, the recent NMR
structure reveals an extended shape of an isolated K-turn.95 In
contrast to MD simulations, these experimental techniques ob-
serve conventional K-turns on much longer time scales and in
thermodynamic equilibrium. Unfortunately, experimental data
assessing the stability of free reverse K-turns in solution are not
currently available. However, taking into account the reverse
K-turn simulation data together with the current experimental as
well as theoretical knowledge about the stability of conventional
K-turns, we can expect that both conventional K-turns and
reverse K-turns are most likely able to sample kinked and un-
kinked substates. The substates of conventional K-turns, how-
ever, are separated by higher free energy barriers in comparison
to the reverse K-turns. In fact, taking into account the sequence
similarity between K-turns and reverse K-turns, we assume that
they could both prefer similar unkinked geometries in solution.
We expect that both systems could in principle spontaneously
attempt transitions between conventional and reverse K-turn
bending, albeit this would require unstacking, flipping over, and
restacking of terminal NC-stem adenine belonging to the shorter
strand (see below), which is most likely a much slower process
than the local dynamics of reverse and conventional K-turns.
What Might Be the Role of Reverse K-Turns? We have

suggested in earlier studies that, besides their role in protein�
RNA interactions, some K-turns can act as flexible molecular
elbows involved in functional RNA dynamics during the elonga-
tion cycle.17,19,20 A sufficiently long lifetime of the kinked and
unkinked states (originating in the relatively high free energy
barrier between both conformational states) can be important for
the molecular elbow function of the K-turns, which would utilize
the conformational spaces of the kinked state. In contrast, the
present simulations show that the reverse K-turns are even more
flexible than the conventional K-turns, with a negligible barrier
between kinked and unkinked states. Their exact structure is
considerably less strictly defined due to the lack of tertiary
interstem interactions. Owing to this, the reverse K-turn is also
much more versatile in its folded structure (disregarding its con-
text, i.e., intrinsically). We do not have any evidence to suggest
that the pronounced elbow-like flexibility of reverse K-turns
contributes to large-scale RNA dynamics. Rather, the large flexi-
bility of the reverse K-turns is utilized in RNA folding to build
up static RNA 3D topologies based on RNA�RNA interactions.
In contrast to conventional K-turns, reverse K-turns do not seem
to interact with proteins. This again may be related to the fact
that when kinked into reverse K-turn topology, the RNA
molecule is still too versatile (less structured) compared to the
conventional K-turn topology, due to the lack of tertiary inter-
stem interactions.
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Is There a Salient Tertiary Interaction in the Ribosome
Responsible for the Reverse K-Turn Bending? The biochem-
ical experiments for the intron revKt-P9/9.0 revealed that a
remote tertiary contact is responsible for revKt-P9/9.0 bending.29

The tertiary contact is formed between the GNRA tetraloop
attached to the revKt-P9/9.0 C-stem and receptor atoms situated
in the P5/5a intron part (TL-TLR contact). A part of the revKt-
54 NC-stem also forms a tertiary interaction, specifically with the
minor groove of helix 52. The RNA�RNA interaction does not
resemble the intron TL-TLR interface and seems to be a new,
as yet unclassified RNA motif or interaction pattern, since the
nucleotides as well as the overall 3D topology of this motif
are evolutionarily conserved in the ribosome (Figures 4A�D).
Furthermore, we have identified an isosteric arrangement in
the glmS riboswitch.51,96,97 This motif (see Figure 4E) is the
oblique stack interaction between stacked purines (four adenines
in the ribosome or the AAGA stack in the glmS riboswitch) and
the minor groove of the A-RNA stem. In glmS riboswitch, this
motif includes the P2.1 stem and purine stacking module
between P4 and P4.1 stems. It represents a very rigid motif in
MD simulations and stabilizes conformation of the pseudoknot
carrying the ligand binding site.51

We suggest that such an RNA motif stabilizes the kinked
conformation of revKt-54 similarly to the intron TL-TLR inter-
face. These interactions, which are localized in outer parts of the
reverse K-turns, are most likely responsible for the bending of
reverse K-turns, because without this tertiary RNA�RNA inter-
action both reverse K-turns easily relax to more extended
structures. As the bending is imposed by external interactions
with respect to the reverse K-turns, there is no direct evolutionary
pressure for reverse K-turns’ primary sequence conservation
around the bulge. Other RNA sequences with appropriate
bending capability could replace the reverse K-turn. This actually
happens in the course of evolution since our simulations show
that the revKt-54 structural analog from E.c., which has a very
different sequence in comparison to revKt-54, exhibits the same
flexibility (see the Supporting Information). This strikingly
resembles the evolutionary variability of the elbow segment at
the base of the dynamical A-site finger of the large ribosomal
subunit.17 Also, in that case, a structured RNAmotif inH.m. is, in
bacteria, replaced by at first sight unrelated RNA segments which
nevertheless adopt an identical global topology and have strik-
ingly similar simulation behavior. Thus, evolution is capable of
replacing one RNA element with another one, which looks un-
related at the level of sequence, 2D structure, as well as molecular
interactions but still conserves key physical-chemistry properties
(such as topology and directional flexibility) required for proper
function.17,98 These observations illustrate the modular nature of
large RNA molecules, where distinct medium-sized recurrent
RNAmolecular building blocks are used to create large functional
RNA structures. Computations can in such cases provide useful
insights complementing the structural and bioinformatics data.
Why Is the First tHSG/ABase Pair of theNC-Stemof K-Turn

Replaced by the tHH A/A Base Pair in Reverse K-Turn? The
only significant sequence difference between K-turn and reverse
K-turn structures is the (first, terminal) base pair of the NC-stem
adjacent to the bulge. This base pair is critical for the bending
direction, which is driven by the bend of the shorter strand,
while the longer “bulge” strand passively follows (Figure 9 and
Figure S14, Supporting Information). In conventional K-turns,
the terminal base pair of the NC-stem must have adenine in
the short strand and must be a tHS base pair.30 It is due to its

adenine-specific N1 acceptor signature interaction with the bulge
50-most nucleotide which firmly stacks on the C-stem.1,30 Once
this interaction is formed, only the Hoogsteen-edge of the short-
strand adenine remains available (Figure S15A, Supporting
Information). The first NC-stem base pair is then completed
by a nucleotide from the longer strand to adopt the tHS arrange-
ment (see Supporting Information for further details). The tHS
arrangement is needed to insert the immediately following
longer-strand adenine (belonging to the second base pair in
the NC-stem) through its sugar edge to the minor groove of the
C-stem to form the A-minor interaction between the NC- and
C-stems (Figure S15B, Supporting Information). This finally
fixes the overall K-turn topology (Figure S15C, Supporting Infor-
mation). Among the tHS base pairs, the A/G base pair is
energetically the most stable99 and the most frequently realized
in the naturally occurring RNAs.100 The isosteric tHS A/A base
pair would also be geometrically entirely compatible with the
topology of conventional the K-turn but is energetically less
stable99 and also less frequent in RNAs.100 Sequence alignments
reveal that the A/A combination indeed is sometimes realized in
K-turns.14,30

In contrast, the tHS base pair is incompatible with the
topology of reverse K-turns. Similarly to conventional K-turns,
the first nucleotide of the shorter strand in NC-stem is adenine
and offers only its Hoogsteen-edge for pairing (Figure S14,
Supporting Information). However, this adenine is flipped over
and stacked to the NC-stem by the opposite stacking face in
comparison with K-turn (and stacking in A-form RNA). Then,
the shorter strand is bent in the opposite direction to that in
K-turn motif (Figure 9). This rearrangement of shorter strand
flips its terminal adenine of NC-stem toward the Hoogsteen-
edge of the second nucleotide in the corresponding base pair, and
thus the terminal base pair of NC-stem is paired in a tHHmanner

Figure 9. Scheme of the role of the flipped-over adenine (red) in
reverse K-turn and the corresponding opposite bending of the K-turn
(blue) and reverse K-turn (red). Both systems are superimposed over
their NC-stems (the shared parts are in violet). The thick and thin lines
highlight the short and long strands, respectively. The terminal base pair
of NC-stem adjacent to the bulge is represented in a triangle abstrac-
tion.102 Note that the red and blue triangles are flipped-over with respect
to each other, so that they stack on the NC-stem by different nucleobase
faces. The green dashed line shows the signature interactions of K-turn.
The Supporting Information presents an analogical superposition of
reverse K-turn revKt-54 and consensual K-turn Kt-7 structures over their
NC-stem backbone atoms (Figure S14, Supporting Information).
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in reverse K-turn (Figure 9). Such flip reverting strand direction
was also observed in the S-turn motif of the sarcin�ricin loop,
where two consequent flips form the S-shaped appearance of this
motif.101 Similarly to the sarcin�ricin loop, the flipped over
adenine offers its 20-hydroxyl group to the major groove of NC-
stem forming a sugar�phosphate interaction with the pro-RP

nonbridging oxygen of its upstream nucleotide, in contrast to
A-RNA where 20-hydroxyl groups are exposed to the minor
groove. The A/A is the most frequent tHH base pair in known
RNAs,100 since it is supported by the adenine-specific base�pho-
sphate interaction. The tHH A/G base pair is basically absent in
natural RNAs, as it does not offer a favorable combination of
donors and acceptors. Thus, the difference in topology between
reverse and conventional K-turns together with energetics of
molecular interactions dictate the replacement of the tHS A/G
K-turn combination with the tHH A/A reverse K-turn combina-
tion. While the tHS A/G base pair can covary with A/A, the
covariation of the tHH A/A base pair with A/G is less likely.
Despite this, the X-ray structure of the A201Gmutant shows that
the tHH A/G can be stable within the structural context of
reverse K-turn within the group I intron.29 Such covariation,
however, is not expected in naturally occurring sequences.100

Overall, the conservation of the tHH A/A base pair terminating
theNC-stemwith flipped over adenine is rather a consequence of
evolutionarily conserved outlaying tertiary RNA�RNA interac-
tions determining the direction of the reverse K-turn bend. More
detailed explanation can be found in the Supporting Information.
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