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Abstract

Functional RNA molecules such as ribosomal RNAs frequently contain highly conserved internal
loops with a 5’-UAA/5’-GAN (UAA/GAN) consensus sequence. The UAA/GAN internal loops
adopt distinctive structure inconsistent with secondary structure predictions. The structure has a
narrow major groove and forms a trans Hoogsteen/Sugar edge (tHS) A/G base pair followed by an
unpaired stacked adenine, a trans Watson-Crick/Hoogsteen (tWH) U/A base pair and finally by a
bulged nucleotide (N). The structure is further stabilized by a three-adenine stack and base-
phosphate interaction. In the ribosome, the UAA/GAN internal loops are involved in extensive
tertiary contacts, mainly as donors of A-minor interactions. Further, this sequence can adopt an
alternative 2D/3D pattern stabilized by a four-adenine stack involved in a smaller number of
tertiary interactions. The solution structure of an isolated UAA/GAA internal loop shows
substantially rearranged base pairing with three consecutive non-Watson-Crick base pairs. Its A/U
base pair adopts an incomplete cis Watson-Crick/Sugar edge (cWS) A/U conformation instead of
the expected Watson-Crick arrangement. We performed 3.1 ps of explicit solvent molecular
dynamics (MD) simulations of the X-ray and NMR UAA/GAN structures, supplemented by MM-
PBSA free energy calculations, locally enhanced sampling (LES) runs, targeted MD (TMD) and
nudged elastic band (NEB) analysis. We compared parm99 and parmbsc0 force fields and net-
neutralizing Na* vs. excess salt KCI ion environments. Both force fields provide a similar
description of the simulated structures, with the parmbsc0 leading to modest narrowing of the
major groove. The excess salt simulations also cause a similar effect. While the NMR structure is
entirely stable in simulations, the simulated X-ray structure shows considerable widening of the
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major groove, loss of base-phosphate interaction and other instabilities. The alternative X-ray
geometry even undergoes conformational transition towards the solution 2D structure. Free energy
calculations confirm that the X-ray arrangement is less stable than the solution structure. LES,
TMD and NEB provide a rather consistent pathway for interconversion between the X-ray and
NMR structures. In simulations, the incomplete cWS A/U base pair of the NMR structure is water
mediated and alternates with the canonical A-U base pair, which is not indicated by the NMR
data. Completion of full c WS A/U base pair is prevented by the overall internal loop arrangement.
In summary, the simulations confirm that the UAA/GAN internal loop is a molecular switch RNA
module that adopts its functional geometry upon specific tertiary contexts.
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INTRODUCTION

RNA secondary structures comprise four basic elements such as helices, external loops
(hairpin loops), internal loops and junction loops. First crystallographic structures of the
ribosomel~3 determined in this decade have revealed that the internal loops are structured
by amazingly variable non-Watson-Crick base pairs and many of them form recurrent
structural motifs with distinct shapes.4 (By internal loops we mean short series of nominally
unpaired bases within a longer paired helix, i.e., bases that do not form canonical Watson-
Crick base pairs). Thus, the RNA structures can be considered as fascinating combinations
of short canonical helices responsible for major part of the thermodynamics stability and
various non-canonical (non-Watson-Crick) functional elements with diverse sequences,
shapes and flexibilities. Some of the recurrent motifs are autonomous, i.e. their structures are
within the ribosome independent of context, while others have arrangements affected by
surrounding structures, i.e. exhibit induced fit binding. In the present work, we investigate
one of the most salient recurrent non-autonomous RNA structural motifs that adopt their
functional shape only in very specific tertiary contexts. The aim is to complement the
existing structural data by analyses utilizing the available computational methods based on
classical atomistic explicit solvent simulations and to establish what kind of information can
in principle be gathered using modern computations for such RNA structural elements.
Typical example of this element occurs in Helix 40 (H40) of the large ribosomal subunit.
H40 contains a highly conserved internal loop in all three domains of life with 5’-UAA/5’-
GAN (UAA/GAN) consensus sequence (Figure 1A).°

This motif is present in seven internal loops of 23S rRNA and in other RNAs such as the
RNase P RNAs and group | and Il introns with different degrees of conservation.® Despite
different locations and tertiary interactions, the majority of the UAA/GAN internal loops
adopt a distinctive structure with an unpaired stacked adenine, and a bulged nucleotide (N).
The three conserved adenines create a characteristic cross-strand AAA stack (Figure 1A).
An alternative secondary structure of the loop was seen in the crystal structures of the H68
of Escherichia coli (E.c.) 23S rRNA? (Figure 1B) and the intact RNase P RNA from
Bacillus stearothermophilusl? indicating structural plasticity of this motif.

Considering the structural data, spatial arrangement of this loop is likely to be dictated by
surrounding ribosomal segments. In the ribosome, the H40 loop forms contacts with the
hairpin structure between H39 and H40 by the adenines of the AAA stack via A-minor
interactions.>11 A-minor interactions represent the most numerous and highly conserved
tertiary interactions in large structured RNAs and ribonucleoproteins. The bulged nucleotide
is involved in tertiary contacts as well. The bacterial H40 internal loop is additionally a part
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of the binding site of the ribosomal protein L20.12 Recently, the boxed motif in Figure 1A
was classified as an UA_handle submotif, which is a highly versatile non-autonomous
common RNA building block.®

The structure of the UAA/GAA motif flanked by Watson-Crick base pairs was determined
in solution by NMR spectroscopy.13 There are striking differences between the X-ray
ribosomal H40 and the solution structure (Figure 1A, 1C). The pairing is restructured so that
there are no unpaired or bulged bases. The solution structure is much more consistent with
the arrangement expected based on 2D thermodynamics prediction, except that the standard
2D predictions would propose a canonical A-U base pair instead of the observed A/U base
pair. The solution structure has a considerably wider (more open) major groove compared to
the X-ray H40 UAA/GAA segment, which has a narrow (closed) major groove and wide
minor groove (Figure 1). However, this feature may be a trivial consequence of the NMR
structure refinement utilizing force field calculations. Thus, the functional structure seen in
the crystals differs from the presumably intrinsically preferred arrangement seen in solution
and is likely stabilized by tertiary and quaternary interactions.13

X-ray and NMR studies of RNAs can be complemented by molecular dynamics (MD),
which provides dynamic data and additional insight into structure.14=30 For instance, MD
simulations can characterize isolated RNA building blocks independent of their structural
context. The simulations capture intrinsic stochastic fluctuations of geometries and reveal
intrinsic elastic properties that are important for function.31734 In addition, simulations can
disclose whether an RNA building block is entirely internally relaxed or is deformed due to
its interactions with the surroundings. In the latter case, simulations can reveal rapid
structural relaxation towards low energy conformations.3%:36 These insights are unique and
they would be hard to obtain by other methods. Thus, despite being limited by force field
approximations and timescale, MD simulations provide valuable data that can complement
experiments.3742

In the present study, we run explicit solvent MD simulations on isolated internal loops of
H40 starting with solution structure determined by NMR and the structure in ribosomes as
determined by X-ray diffraction (Figure 1A, 1C). The study is complemented by MD
simulation of the X-ray loop of H68 from the ribosome (Figure 1B). The main aim was to
characterize base pairing and local arrangement of the loop on the nanosecond time scale to
better understand its structural plasticity. The simulations were supplemented by free energy
calculations that extract free energy directly from the trajectories. We also utilized Locally
Enhanced Sampling (LES), nudged elastic band (NEB) and targeted MD (TMD) to
investigate the pathway for the conformational change between the NMR and X-ray
structures. Standard net-neutralizing Na* simulations with parm99 AMBER force field*3
were compared with parmbsc0*4 force field and excess salt KCI simulations. This study had
two purposes. First, to investigate an important RNA modular block stabilized by tertiary
contacts that appears to act as a flexible RNA structural switch. Second, to test capability of
explicit solvent simulations and some auxiliary techniques to describe structural dynamics of
RNA. The combination of methods provides interesting qualitative insights into the intricate
properties of the UAA/GAN RNA internal loop.

Our standard simulations show relaxation of the ribosomal H40 loop. The X-ray
conformation opens significantly and adopts an arrangement that resembles the solution
structure. However, the X-ray secondary structure of the loop was maintained on the 200-
300 ns time scale despite numerous local disturbances evidenced by the simulations. Thus,
spontaneous transition of the H40 loop to the solution structure (presumably the global free
energy minimum conformation) was not achieved. Disruption of the H40 X-ray secondary
structure was detected in the LES simulations, where the NMR-like secondary structure was
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sampled, albeit not dominantly. In contrast, almost perfect transition was observed in the
standard simulation of the H68 loop, which is probably not as deformed as the ribosomal
H40 loop due to reduced number of tertiary contacts. The free energy calculations clearly
show that the solution structure of the UAA/GAA internal loop is more stable compared to
its ribosomal geometries and reveal free energy change of the conformational transition
between the H68 and NMR structures. Finally, LES, NEB and TMD calculations allowed us
to propose a plausible mechanism by which the solution conformation could rearrange into
“ribosomal” H40 X-ray geometry. Both parmbsc0 and KCI simulations are qualitatively in
agreement with standard net-neutralizing Na* parm99 simulations. The major groove
opening is, however, reduced compared to the Na* parm99 simulations.

MATERIALS AND METHODS

Starting structures

The H40 X-ray structure was taken from the available 50S subunits, i.e. from archaeal
subunit of Haloarcula marismortui (H.m.) (pdb code 1S72)%5 and from bacterial subunits of
E.c. (2AW4),° Deinoccocus radiodurans (D.r.) (INKW)2 and Thermus thermophilus (T.t.)
(2J01)*6 (Figure 1A and Figure S1). We have compared conformations of 23S rRNA H40
from the recent structures of Ramakrishnan that include EF-G47 and EF-Tu*® to T.t. X-ray
structure used in the present study. No visible structural differences were detected among
the structures. RMSd between X-ray structure used in the present study and the newly
released structures were below 1 A, so they are identical. The H40 NMR structure was taken
from pdb 2H49 (we utilized model 1)13 (Figure 1C). Both X-ray and NMR structures have a
UAA/GAA internal loop (only the H.m. helix contains UAA/GAG sequence) flanked by
various Watson-Crick base pairs (Figure 1). In our study, the Watson-Crick base pairs in the
X-ray structures (Figure S2) were mutated to match the NMR structure (Figure 1C), with an
additional UAA/GAG->A substitution introduced for the H.m. structure. Thus all systems
have the same sequence which allowed us to compare free energies in the studied systems
(see below). Although all simulated structures have identical sequences, the starting
structures still reflect some local structural differences of the X-ray structures. Moreover, we
used the NMR nucleotide numbering (1-18) for X-ray H40s throughout the text to unify
description of the systems (Figure 1). Original X-ray numbers are indicated in Figure 1 and
Figure S2 and Table 1.

All the X-ray H40s have the same secondary structure and almost identical local geometry
(Figure 1, Figures S1 and S2).

The X-ray internal loop comprises a sheared A6/G13 pair and rH U4/A14 pair, bulging A15
base and A5 base stacked within the stem without a base pairing partner on the other strand
(Figure 1A). A5 forms an intrastrand stack with A6 base and an interstrand “cross”-strand
stack with Al14 base resulting in the characteristic AAA stack (Figure 1A). These
interactions shape the internal loop into a specific arrangement exhibiting a broadened minor
groove and narrow major groove (~6-8 A) stabilized by base-phosphate (BPh) interaction.4®
E.c. X-ray structure of H40 exhibits bifurcated binding mode (peculiar alternative of base
phosphate interaction type 4BPh) in which N2 and N1 of G13 bind to the same anionic
oxygen of the phosphate group.#® In particular there are G13(N1)-A5(02P) and G13(N2)-
A5(02P) H-bonds (Figure 2). In contrast, H.m., D.r. and T.t. X-ray structures exhibit base
phosphate interaction type 5BPh including only G13(N1)-A5(02P) H-bond (Figure 2).4°

The NMR internal loop also shows the sheared A6/G13 base pair seen in the H40 X-ray
structures; however, the loop contains two additional single hydrogen bonded non-canonical
base pairs: a sheared A14/A5 and cWS A15/U4 base pair (Figure 1C). The latter base pair is
classified as a cWS8 although it contains only one direct A(N6)-U(02) H-bond. The
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simulations reveal that the other interaction characteristic for cWS A/U base pairs, the
A(N1)-U(O2") interaction, is in fact water-mediated. The major groove of the NMR
structure is wide (open) (~17 A) (Figure 1C) and it does not have any base-phosphate
contacts across the groove.13 The NMR structure reveals another AAA stack (Figure 1C)
with a cross-strand A6/A14 and intrastrand A14/15 interactions.

The X-ray UAA/GAA loop of H68 was taken from the E.c. 50S (2AW4)? (Figure 1B). Base
pairs above and below the loop were mutated according to the Watson-Crick base pairs of
the NMR structure (Figure 1). The internal loop of H68 consists of unpaired G13 and A6
bases (Figure 1B) where the G13 base is in syn conformation. In the ribosomal H40 and in
the solution structure the G13 is in anti orientation and in both these structures it forms a
sheared A6/G13 pair (see Figure 1). Furthermore, the loop of H68 comprises stacked middle
adenines A5 and A14 and imperfect cWS A15/U4 base pair stabilized by a single H-bond
(A(N6)-U(02)) (Figure 1B). In addition, the A5 and A14 bases form intrastrand stacks with
adjacent adenines A6 and A15, respectively, resulting in a four-adenine stack (Figure 1B).
The major groove is a little wider (~9-10 A) compared with the H40 geometry.

Ribosomal contacts of H40

The studied UAA/GAN H40 internal loops are involved in identical A-minor interactions in
all four 50S subunits. The three adenines of the cross-strand AAA stack interact with two
consecutive highly conserved C=G base pairs of the hairpin between H39 and H40. In
particular, the adenine of the sheared A/G pair forms a type | A-minor interaction with one
C=G pair while the A5 adenine forms a type Il A-minor interaction with the next C=G pair
(G=C in T.t.). Finally, the adenine of the rH U/A base pair forms a tilted variant of A-minor
type | also with the second G=C base pair (Figure 3).5

In bacterial ribosomes, the minor groove side of the UAA/GAN motif interacts with the
hairpin between H39 and H40 while the major groove side interacts with ribosomal protein
L20 (Figure 3). In contrast, in the archaeal H.m. 50S the ribosomal protein L20 is substituted
by ribosomal protein L30, which interacts with the minor groove side of the UAA/GAN
internal loop (Figure 3). Moreover, the H.m. UAA/GAN has contact with H25 (Figure 3).
Apparently, the UAA/GAN internal loop of H40 exhibits different interactions on its minor
groove side in bacteria and archaea.

As noted by Lee et al.,> the UAA/GAN motifs in other helices adopting the same 2D/3D
arrangement are also involved in extensive molecular contacts resembling those of H40
UAA/GAN. The alternative 2D/3D UAA/GAN conformation (H68 of E.c. 23S rRNA and in
intact RNase P RNA) contacts just one RNA helix (Figure 3). This is another indication that
structural context may alter geometry of the UAA/GAN motif.

Standard MD simulations

Standard explicit solvent simulations were carried out (at 300 K) using the pmemd module
of AMBER 9.0°0:51 and force field parm9943 version of the Cornell et al. force field52 on a
time scale of 200+ ns each. Control simulations of 100 ns were run with parmbsc0.44
ParmbscO is the latest reparametrization of the Cornell et al. force field aimed to stabilize B-
DNA simulations by penalizing substates with y-trans backbone topologies. While parmbscO
achieves a considerably improved performance at predicting DNA backbone conformations
as compared to parm99, no systematic comparative testing was done for RNA with both
parm99 and parmbsc0 until now. This work supports the viability of both force fields for
RNA simulations. An overview of all simulations is given in Table 1. The total length of
performed simulations was 3.1 ps. The simulated molecules were neutralized by standard
AMBER Na* monovalent cations (radius 1.868 A and well depth 0.00277 kcal/mol),>3
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initially placed using the xleap module of AMBER at the most negative sites around the
solute. RNA molecules were solvated by a TIP3P water box to a depth of 10 A. Net-
neutralization corresponds to a cation concentration of ~0.15-0.2 M. Some control
simulations were carried out in KCI with ~0.2 M excess salt concentration (Table 1). For
this purpose we used either modified parameters for K* (radius 1.705 A and well depth
0.1936829 kcal/mol) and CI~ (radius 2.513 A and well depth 0.0355910 kcal/mol), which
prevents salt crystallization at low to medium salt concentrations,>* or Dang’s parameters
for K* (radius 1.87 A and well depth 0.1 kcal/mol)°® and CI~ (radius 2.47 A and well depth
0.1 kcal/mol)56 together with SPC/E water box.57:58 The simulations were carried out
using the particle mesh Ewald (PME) technique with a 9 A nonbonded cutoff and a 2 fs
integration time step. Trajectory was saved once a picosecond. Equilibration and production
phases were carried using standard protocols.20 Trajectories were analyzed using the ptraj
module of AMBER and structures were visualized using the VMD molecular visualization
program, http://www.ks.uiuc.edu/Research/vmd/.>® The figures were prepared using VMD.
The stability of stacking interactions within the AAA stack of H40 was monitored by
calculating the van der Waals interaction energies between A5 and Al4, A5 and A6, and A5
and G13 bases utilizing the anal module of AMBER.

To enhance sampling of H40, two simulations were carried out at an elevated temperature
(400 K) (Table 1). The system was gradually heated from 300 K to 400 K during the first
100 ps using NPT conditions (constant pressure ensemble). The production runs were
continued at 400 K using both NPT and NVT (constant volume ensemble). There are no
clear guidelines whether NVT or NPT simulations should be preferred, and, in fact, both
approaches have drawbacks.®0 Elevated temperature simulations were previously
successfully applied to studies of a base substitution in an RNA frameshifting pseudoknot.61
Additionally, a “no-salt” simulation of H40 in which cations were omitted from the
simulation box was carried out (Table 1). The missing counterions were substituted by a net-
neutralizing plasma representing a uniform neutralizing charge distribution over the box.
This feature is implemented in the AMBER program package for use with the PME method
and guarantees the neutrality of the system.%2 The aim of the no-salt simulation was to
destabilize the simulated structure.

Locally enhanced sampling (LES) simulations

LES simulations3—65 were carried out using the sander program of AMBER 9.0°0:51 to
enlarge sampling of the internal loop started from the X-ray structures of H40 UAA/GAA
internal loops. The addles module of AMBER was used to split the internal loop region into
five independent copies, i.e. residues 4-6 and 13-15 were copied five times. Force field
parameters for the copies were scaled, which lowered the energy barriers on the potential
energy surface and increased the flexibility of the given region. Equilibration and production
phase were carried out using standard protocols.2? Heating during the equilibration phase
was continued up to 300 K. The LES method along with explicit solvent simulations were
successfully utilized in studies of several nucleic acids systems,20,66—68

Free energy calculations

The MM-PBSA method (Molecular Mechanics, Poisson-Boltzmann, and Surface Area)®?:70
implemented in AMBER 9.050'51 was used for free energy analysis of the explicit solvent
MD trajectories. This method is based on a continuum solvent approach that replaces the
explicit solvent and utilizes snapshots directly from the simulation. Here it was employed to
estimate total free energy of H40 along MD_Ec_99, MD_Hm_99, MD_Dr_99, and
MD_Tt 99 simulations and of H68 along MD_H68 simulation (see Table 1). Total free
energy of the solution structure along MD_NMR_99 simulation was also obtained. The
calculations of MM-PBSA energy included calculations of Molecular Mechanics energy
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(EMM) and solvation energy (EPBSA). EMM was calculated by the sander module of
AMBER (explicit solvent and ions were not included) with parm99.43 EPBSA is composed
of two types of contributions, electrostatic (EPB) and nonpolar (ESA). The electrostatic part
was calculated with a numerical solver with the Poisson-Boltzmann method implemented in
the PBSA program.71 The nonpolar part depends on solvent accessible surface area, which
was calculated by the molsurf program implemented in AMBER.72 Conformational entropy
was obtained using the nmode module of AMBER 9.0,50:51 which performs normal mode
analysis’® to predict the conformational entropy. The program provides a total solute
entropic term as a sum of translational, rotational and vibrational entropic contributions. All
free energy terms were derived using each consecutive 20th snapshot.

Nudged elastic band (NEB) method

The NEB method was employed to investigate conformational change pathway for the
transformation between the NMR and X-ray structures. The original NMR and X-ray
structures wre energy minimized using standard methods with AMBER 10.074 and
parm99.43 The potential energy for the minimized NMR structure was —4087.4 kcal/mol,
and for the X-ray structure —4000.1 kcal/mol. These structures were used as end points in
NEB calculations.”~’7 The initial NEB pathway consisted of 16 NMR structures followed
by 16 X-ray structures. 21 NEB trajectories were calculated using a simulated annealing
protocol and varying the random number seed. The simulated annealing protocol (Table
S1)78 involved quickly heating the system to 1000 K, followed by slow cooling and finally
quenched dynamics to remove any remaining kinetic energy from the system.

Targeted MD (TMD)

TMD was used as implemented in AMBER 9.050-51 to perform a forced conformational
transition between the NMR and X-ray structures. The NMR structure was equilibrated
using standard protocol2? and then it was used as a starting point (reactant structure) and the
equilibrated E.c. X-ray structure of H40 was used as end point (target structure). The
reaction coordinate was defined as RMSD of internal loop (residues: 4-6, 13-15) between
the instantaneous reactant structure and the fixed target (product) structure. Since the RMSD
is dependent on group of atoms, which are used for the best-fit to the target structure, we run
two TMD simulations with different initial setting. In the MD_TMD_1 simulation, modest
positional restraints (0.01 kcal/mol.A2) were applied to terminal WC base pairs (residues: 1,
2,8-11, 17, 18), which were simultaneously used for the best-fit. Simulation was carried out
in twenty 1 ns long windows. In each window the molecule was forced to target RMSD,
which gradually decreased (in each window about ~0.4 A increment) (Figure S3). In the
MD_TMD_2 simulation, the positional restraints were not used and the best-fit was carried
out over the whole structure (i.e. over residues 1-18). This simulation included only ten 1 ns
windows where target RMSD gradually decreased by ~0.4 A increments (Figure S3). Both
simulations were run in explicit solvent at 300 K using NPT conditions. Control simulations
for both MD_TMD_1 and MD_TMD_2 were run with different random number seeds. The
force constant was set to 0.1 kcal/mol.A2 in both simulations. Apart from tracking the
conformational transition we employed the Weighted Histogram Analysis Method
(WHAM)® (version 1.0) to estimate the free energy profile of the conversion. Note that
targeted MD is substantially affected by the imposed path80 such that any large-scale
conformational changes like those in ref.22:81 as well as in the present study should always
be reviewed carefully and only viewed as crude estimates of the real transitions.
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Geometry of the ribosomal H40 relaxes in parm99 MD simulations—Definitely
the most striking feature in the 350 ns MD_Ec_99 simulation was considerable opening of
the structure due to widening of the major groove (Figure 1A right and Figure 4A).

In the course of the simulation the major groove width was monitored by two inter-
phosphate distances (11P-4P and 12P-3P) (Figure 4A). In the time period from 0 to 30 ns,
the major groove width oscillated around 9 A (Figure 4B), then it rapidly increased up to
~16 A and oscillated around this value until ~100 ns (Figure 4B). In the 100 to 300 ns time
period the major groove width fluctuated around 20 A (Figure 4B). The opening, which was
also seen in other simulations of X-ray H40, was coupled with the disruption of the BPh
interaction.4® The two non-canonical base pairs of the internal loop showed instabilities
during the simulation. Particularly, opening events of both H-bonds of the sheared A/G pair
were detected (Table 2).

Disruption of this pair was seen in the 133-297 ns time period, during which the A6 base
flipped out of the helix. Changes were also detected for the rH U/A base pair. An opening
event and eventual disruption was seen for the U(N3)-A(N7) H-bond (Table 2). The cross-
strand A5A14 stack exhibited fluctuations in the 0-100 ns time period; however, in the rest
of the simulation it was essentially stable (Figure 5).

Larger changes were found for the ASAG intrastrand stack. In the 0-100 ns time period the
Ab5 base alternatively stacked between A6 and G13, and afterwards established stable
stacking with G13 (Figure 5). The A15 bulge fluctuated outside the helix over the whole
simulation. Its insertion into the stem was obstructed by A14, which was involved in cross-
strand stacking. The MD_Ec_99 simulation was extended up to 350 ns. However, the
canonical segment (residues 7-12) including the sheared A6/G13 base pair was disrupted at
~300 ns (Figure S4). Thus the simulated structure was ultimately lost and the 300 to 350 ns
time period was not considered in our analyses.

The MD_Hm_99 and MD_Dr_99 simulations showed picture similar to the MD_Ec_99
simulation, i.e. marked opening of the major groove (Figure 4B), fluctuation of the A15 base
outside the helix, instability of the two non-Watson-Crick base pairs (Table 2) and changes
in base stacking (Figure 5). Hence full description of these simulations is given in
Supporting Information. In the MD_Tt_99 simulation the major groove did not convert into
a permanently open conformation in contrast to the previous simulations. The major groove
width oscillated and it was stabilized by temporarily formed X-ray G13(N1)-A5(02P) H-
bond (Figure 2). Apart from this contact additional H-bond formed between G13(N2) and
A5(02P), which however oscillated in larger range compared to the G13(N1)-A5(02P).
This binding mode in which N2 and N1 of G bind to the same anionic oxygen of the
phosphate group represents base phosphate interaction type 4BPh, which can be seen in the
E.c. X-ray structure of H40 (Figure 2). In the course of the MD_Tt_99 simulation, the
original 5BPh interaction thus alternated with the 4BPh interaction. Both the intrastrand and
cross-strand stack fluctuated but replacement of the A5AG6 stack by the A5G13 stack was not
seen. Similarly to the previous simulations, instabilities of the two non-canonical base pairs
were detected (Table 2). Details of this simulation are also indicated in Supporting
Information.

MD simulations of the ribosomal H40 with mutated residues—The A5A14 cross-

strand stack is likely key for maintaining the stability of the X-ray loop. Thus we carried out
the MD_A5U simulation with an A5U mutation aimed at destabilizing this stack (Table 1).
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The simulation showed expulsion of the uracil out of the stem and subsequent stacking of
the sheared pair and the rH pair. This caused shortening of the helix by one base pair level
and formation of a more compact and presumably more stable structure. This substitution
apparently destabilizes the functional structure of the UAA/GAN internal loop. Two
additional simulations, including the MD_A14U simulation with A14U substitution and the
MD_A14G_U4C simulation with A14G and U4C substitutions (Table 1), did not show
disturbance of the cross-strand stacking, although instabilities of substituted base pairs were
detected (data not shown). In the later simulation we initially attempted to introduce a
canonical G14C4 base pair but this base pairing was not stable in this context.

Elevated temperature and no-salt simulations of H40—Both simulations performed
at 400 K led to disruption of the whole structure within the first 10 ns (data not shown).
During the first 5 ns of the no-salt simulation the major groove rapidly widened to 18 A and
changes occurred in the internal loop. In particular, the sheared A/G pair and the rH pairs
disrupted after 120 ns and 95 ns, respectively; however, the A5A14 cross-strand stack
remained stable indicating this stack has considerable stability.

Geometry of the solution structure is stable in MD simulations—The
MD_NMR_99 simulation of the NMR solution structure is significantly more stable than
that of the X-ray structure (see low RMSD value in Table 1). The major groove remained as
wide as in the experimental structure and the inter-phosphate distances oscillated around the
starting values (Figure 4C). The sheared A/G and A/A pairs were stable. It must be admitted
that the experimental structure was refined with the same force field, albeit using 500 K in
vacuo annealing instead of using explicit solvent at 300 K.

The peculiar cWS A/U base pair that is incomplete in the NMR structure exhibits interesting
behavior. Its presence conflicts with secondary structure predictions that would place a
Watson-Crick base pair there. In addition, the Watson-Crick A-U base pair would be
achievable from the incomplete cWS starting geometry by a modest rearrangement. This
base pair may be essential to understanding the internal loop. The simulation reveals that the
incomplete cWS base pair is in fact water-bridged, as its sugar-base A15(N1)-U4(02")
interaction is mediated by water, a substate not apparent from the classification by Leontis
and Westhof.® The bridging water molecules do not show anomalously long residency
times82 and exchange typically on the time scale of hundreds of picoseconds. Further
development of the trajectory revealed two alternative geometries. In the 0-47 ns and 130-
160 ns time periods, it was seen in the starting geometry, but it assumed standard Watson-
Crick (cWW) conformation in the rest of the simulation. It never sampled geometry with a
fully completed cWS base pair with direct A15(N1)-U4(02"). Therefore, the simulation
appears to be consistent with the unusual experimental structure, albeit perhaps subtly biased
towards canonical pairing. Note that very small bias of the force field (in terms of free
energy) would be sufficient to change the balance between these two substates if they are
close in energy. Thus, the simulation behavior does not indicate any large imbalance of the
force field.

In the MD_NMR_restr simulation, we imposed a direct A15(N1)-U4(02") H-bond in the
cWS A/U base pair via a restraint. At 10 ns, the restraint was released after which the H-
bond changed immediately to the water mediated bond. This is another indication of the
overall (qualitative) correctness of the force field, which clearly eliminates the fully paired
cWS structure, in line with the experiments. This reflects very good balance of the AMBER
force field for stacking interactions and non-canonical RNA base pairing.83:84 At 17 ns the
base pair adopted standard cWW geometry, which was stable until the end of the simulation.
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MD simulations of H40 with parmbscO are similar to the simulations with
parm99—The 100 ns control simulations of the ribosomal H40 run with parmbscO force
field** (Table 1) showed similar albeit reduced widening of the groove as the corresponding
parm99 simulations (cf. Figure 4B). However, the A5SA6 and A5A14 stacks were not
disrupted in three out of four simulations (cf. Figure 4B top). Full details are given in
Supporting Information. The control simulation of the solution structure with parmbsc0
(MD_NMR_bscO0, see Table 1) provided an identical picture as the MD_NMR_99
simulation (Supporting Information and Figure 4C).

MD simulations of H40 in excess of KCI—In the simulations carried out with excess
of KCI (MD_Ec_K1-3, Table 1), instabilities in base pairing were mostly seen for the
U(N3)-A(N7) H-bond of the rH pair in agreement with the parm99 Na* simulations (Table
2). However, the two stacks (A5A6 and A5A14) were stable similarly to the parmbsc0 force
field simulations.

In the MD_Ec_K1 simulation, (KCI, Dang’s parameters and parm99, see Table 1), the
opening of the major groove was reduced by ~4 A compared to the parm99 Na* simulation
(Figure S5). In the MD_K2 simulation (KCI, Dang’s parameters, parmbsc0) and in the
MD_K3 simulation (KCI, Joung’s parameters and parm99), the widening of the major
groove coupled with disruption of the BPh G13(N1)-A5(O2P) contact was only seen during
the first 18 and 30 ns, respectively, (Figure S5). After that we observed narrowing of the
major groove and restoration of the X-ray BPh H-bond, in a form of the bifurcated G13(N1,
N2)-A5(02P) 4BPh interaction. This H-bond was seen in the MD_Tt_99 simulation (see
above). In addition, in the MD_Ec_K3 simulation, the structure expelled the unpaired A5
base from the stem at 23 ns, which was accompanied by subsequent stacking of the sheared
pair and the rH pair. A similar event has been detected in the net-neutralizing Na*
simulation with A5U mutation (see above).

The MD_NMR_K simulation provided a picture close to identical to the MD_NMR_99
simulation. Similarly to the MD_NMR_bscO0, subtle compaction of the major groove by ~1
A compared to the parm99 result was detected (Figure S5). The sheared A/G and A/A base
pairs were stable. The A/U base pair showed the starting geometry till 70 ns while after 70
ns it converted to the canonical cWW conformation.

MD simulation of the H68 X-ray structure converts to the solution structure—
In the simulation of the ribosomal H68 (MD_H68), the widening of the major groove was
also detected (Figure 1B right and Figure 6A) similarly to the H40 simulations (see above
and Figure 4).

The inter-phosphate distances quickly increased up to 20 A and then fluctuated around this
value (Figure 6B). At the beginning of the simulation, single H-bond (A(N6)-G(N7)) formed
between A6 and G13 bases and it was stable till the end of the simulation. This pairing does
not correspond to any established base pair family.6 Around 30 ns the middle stacking
adenines Al14 and A5 formed a sheared pair and the A15 and U4 bases formed a cWS pair
with one direct bond (A(N6)-U(02)) and one water-mediated bond (A(N1)-U(02")) (Figure
6C). Both these pairs occur in the solution structure (Figure 1C). The sheared pair was stable
by the end of the simulation, while the cWS pair alternated with the cWW geometry,
similarly to the simulations of the solution structure (see above). The cWS geometry was
seen in the time periods of 30-45 and 52-57 ns, and the c(WW geometry in the time periods
of 45-52 and 57-100 ns. Importantly, the final transformed H68 geometry is very close to
the solution structure, with RMSd of only 1.6 A (Figure S6). The solution structure A6/G13
base pair was, however, not formed. This is due to the fact that G13 in the X-ray structure is
in unusual syn conformation. The simulation was not long enough to flip the G13 to the anti
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conformation, which would lead to entire agreement with the NMR structure. In fact, it
cannot be ruled out that the initial G13 syn conformation is an experimental refinement
error. In the RNase P RNA X-ray structure, the equivalent guanine is indeed in anti
orientation. We have attempted three 150 ns simulations (two with parm99 and one with
parmbscO, data not shown) where the G13 was initially flipped to anti. These simulations,
however, did not reveal larger transitions towards the solution structure. It may reflect both
stabilizing effect of the initial G13 anti conformation as well as sampling limitations.
Despite this, we still consider the above-analyzed MD_H68 simulation as a solid piece of
evidence of the tendency of the X-ray structure to convert spontaneously to the solution
structure, which is also supported by the free energy computations (see below).

LES simulations of the ribosomal H40

The aim of the LES simulations was to achieve transition from the X-ray H40 structure to
the NMR structure, which did not occur in multiple standard simulations. The solution
structure internal loop arrangement was sampled only in two LES simulations, which are
described below. Other LES simulations are presented in Supporting Information.

In the first 12 ns of the LES_Ec simulation (Table 1) the original X-ray base pairing of the
internal loop was disrupted and the major groove width increased to ~20 A. In the 12-40 ns
time period, the “multiplied” bases of the internal loop (nucleotides involved in LES)
adopted various rapidly changing arrangements and did not form stable base pairs. At 41 ns,
G13 and A6, Al14 and A5, and A15 and U4 became coplanar (Figure 7), which markedly
resembled the solution structure (Figure 1C).

However, the LES bases failed to establish stable pairs. This “NMR-like” arrangement was
maintained in the rest of the simulation except for several short disruptions. We started
standard MD simulation from this “NMR-like” geometry (see Table 1). After 40 ns, single
H-bonds formed between G13 and A6, and between Al4 and A5, however, the A15 and U4
bases were expelled from the stem. After 70 ns the internal loop was disrupted resulting in
disturbing of the whole structure (data not shown).

During the first 5 ns of the LES_Dr simulation (Table 1) internal loop base pairs were
disrupted and the width of the major groove increased to ~20 A, similar to the LES_Ec
simulation. At 7 ns, the bulging A15 base flipped into the stem and during the 10-12 ns time
period the LES bases formed an arrangement where G13 and A6, A14 and A5, and Al5 and
U4 were coplanar, like in the LES_Ec simulation (Figure 7). In the 12—40 ns time period the
LES bases sampled various unstable arrangements (data not shown). Thus, in summary, LES
may show some signs of the transition but no complete transition was achieved.

Free energy calculations

Figure 8 summarizes the MM-PBSA free energy calculations for the parm99 simulations of
the UAA/GAN internal loop X-ray and NMR structures.

For H40 simulations, the initial rapid expansion of the major groove (Figure 4) is
accompanied by free energy drop by about 3-6 kcal/mol (Figure 8). Total free energy time
course of the H68 loop revealed two marked decreases of free energy. The first one (by ~10
kcal/mol) can be seen after the first 5 ns and it corresponds to the rapid expansion of the
major groove (Figure 6B), similarly to the H40 total free energy time courses. The second
one (by ~12 kcal/mol) can be seen around 30 ns and it corresponds to the transition of the
2D structure (i.e. formation of the sheared A/A and cWS A/U base pairs, see above).

Comparing the averaged total free energies for the 1-100 ns time periods, the NMR
structure is predicted to be more stable than the X-ray H40 structure by about 17 kcal/mol
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(E.c. H40 simulation), 19 kcal/mol (H.m. H40), 11 kcal/mol (D.r. H40) and 18 kcal/mol (T.t.
H40). The solute entropic term favors the X-ray structure by ~4-5 kcal/mol which is
consistent with the expectation that the X-ray structure is intrinsically less rigid in isolation.
The H68 after the transition (since ~30 ns) is on average by ~5 kcal/mol more stable than the
NMR structure. With exclusion of the entropic term the averaged free energies of final H68
and NMR structures would be identical. In summary, the free energy computations give a
clear hint that the NMR structure of the UAA/GAN internal loop is indeed intrinsically more
stable than the X-ray H40 and H68 structures, albeit the energy difference is probably over-
estimated as usual with this kind of highly approximate free energy calculations. Note that
the free energy computations should in no case be taken quantitatively, despite abundant
such attempts in contemporary literature.

We have further tested an alternative potential of mean force method of free energy
computations which was recently used for 16S ribosomal decoding bases 1492 and 1493.85
We could not use it for the transition between X-ray and solution structures, as we did not
see a full transition. However, we used the method to investigate the free energy basin
around the H40 X-ray structure while comparing sampling with the parmbsc0 and parm99
force fields. The results are in full detail in Supporting Information.

NEB and TMD reveal a possible pathway for the transformation between the NMR and X-
ray H40 structures

The NEB calculations provide a 32 image pathway where the end points are fixed
conformations, with the first image being the energy-minimized NMR structure (Figure 9A)
and the final structure being the X-ray structure.

Observations of all pathways reveal they pass through similar intermediates. Potential
energy profiles for the pathways also are similar (Figure S7). The pathways involve a
particular order of structural events. First, A14 breaks its pairing with A5 and moves away
from being stacked with A6 and A15 (Figure 9B). A15 slides rapidly out of the helix to
become the bulged A15 observed in the X-ray structure. A14 moves to pair with U4 as soon
as A15 is out of the way and stacks with G16 (Figure 9C). A5 is left unpaired, and loses its
stacking interaction with U4 to end up hovering over the pairing region of the U4-A14 pair.
Ab5 also shifts further from G13 to become stacked with A6 (Figure 9D) and forms a
hydrogen bond with the backbone of the opposite strand as it is no longer base paired.

The potential energy profile is a plot of the potential energy for each of the 32 images along
the pathway (Figure S7). The potential energy difference between the product and reactant
structure, 87 kcal/mol, is large compared to the above-noted free energy differences. Note
that the NEB potential energy does not include the entropic effect of conformational
freedom, and it would require a sampling method such as umbrella sampling to relate the
NEB potential energy to free energy.

The NEB calculations were run from the NMR structure, which turned out to have the
lowest potential energy, to the high energy X-ray structure. All pathways start with a slight
increase in potential energy to about —4060 kcal/mol and remain there until the last few
images, where there is a sudden increase in energy to the X-ray structure. There is variation
in the slight peaks and valleys throughout the region where the potential energy is about
—4060 kcal/mol, but no clear or consistent transition states or intermediates are observed for
the 21 NEB pathways. In summary, the limited variation between NEB trials suggests that
the conformational change occurs using a single predominant pathway (Figure 9). There is
some minor energetic variation as the balance of molecular forces is slightly different for the
different pathways as indicated by the occasional and inconsistent energy minima and
maxima in the potential energy profile.
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The conformational transitions between NMR and X-ray structures obtained from the TMD
simulations are basically identical to the NEB data (Figure 9). In the 20 ns long
MD_TMD_1 simulation, the conversion started at 11 ns (Figure S3) with disruption of the
sheared A14/A5 pair, similar to the NEB result, followed by disruption of the cWS A15/U4
pair. Then, the A15 base bulged out of the helix and the A14 base moved by one base in the
strand and created a pair with U4. The A5 base remained unpaired and formed a stack first
with G13 and then it moved and stacked with A6. In the MD_TMD_2 simulation, the
transition started directly with disruption of the A15/U4 base pair. Otherwise the transition
was identical to the MD_TMD_1 simulation. Additional control simulations revealed
identical pictures as the MD_TMD_1 and MD_TMD_2 simulations (data not shown). The
energy profiles extracted from the MD_TMD_1 and MD_TMD_2 simulations indicate that
the X-ray geometry of the H40 UAA/GAN internal loop has about 30 kcal/mol higher free
energy than the NMR structure (Figure S3). However, the extracted energies must be taken
with care because step changes in the RMSD profiles (mainly in the MD_TMD_2
simulation) can be seen (Figure S3). This indicates insufficient overlap between windows in
these regions, which may bias the potential 8¢ The trend in the free energy is, however,
entirely consistent with the MM-PBSA and NEB data.

DISCUSSION AND CONCLUSIONS

We employed MD methods to investigate the highly conserved UAA/GAN internal loop of
23S rRNA H40 (Figure 1)® which also occurs in six other 23S rRNA helices and in other
RNAs.? It consists of rH U4/A14 and sheared A6/G13 base pairs interconnected via an
unpaired A5 base by two stacks, the A5A14 cross-strand stack and the A5A6 intrastrand
stack, as well as a bulged N15 base (Figure 1). The UAA/GAN internal loop in the
ribosomal structure has a narrow major groove and wide minor groove (Figure 1). This
functional conformation is involved in tertiary contacts with surrounding ribosomal
elements that drastically rearrange the base pairing and stacking of the loop compared to its
solution structure.13 These contacts include involvement of conserved adenines in A-minor
interactions (Figure 3).

The solution structure contains three non-canonical base pairs (the A6/G13 sheared pair, the
A14/A5 sheared pair, and the cWS A15/U4 pair) with no unpaired base. The cWS A15/U4
base pair observed in the NMR structure is surprising because secondary structure
predictions posit a canonical A-U base pair at this position. In addition, the cWS A15/U4
pair is incompletely paired.

We studied the H40 UAA/GAN internal loop taken from available X-ray bacterial and
archaeal 50S subunits along with the NMR solution structurel3 (Table 1 and Figure 1,
Figures S1 and S2). Furthermore, we investigated the less frequent UAA/GAN geometry
from 23S rRNA H68 which adopts yet another (alternative) 2D/3D arrangement (Figure 1).
Therefore, the UAA/GAN internal loop is an RNA molecular switch that has functional
geometry in folded RNAs that differs from its optimal geometry in isolation.

H40 UAA/GAN basic simulations

Unrestrained explicit solvent MD simulations revealed relaxation of the X-ray H40 UAA/
GAN internal loop on a scale of tens of nanoseconds. In particular, considerable expansion
of the major groove width from the original value of 6-8 A up to 16-22 A was detected,
coupled with disruption of the X-ray base-phosphate interaction across the major groove
(Figure 2 and Figure 4). Further, widening of the major groove was accompanied by
replacement of the X-ray A5AG6 intrastrand stack by a new A5G13 stack (Figure 5). The
newly formed stack was probably more compatible with the wide major groove than the
original X-ray one. The relaxed X-ray geometry (Figure 4A) partially resembles the solution
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structure with its wide major groove with a width of ~17 A (Figure 1 and Figure 4).
However, the open conformation of the solution structure may be a result of the NMR
refinement procedure, which utilizes NMR-restrained molecular dynamics and energy
minimization!® because the NMR experiment does not provide precise structural
information about the sugar phosphate backbone. Further, all standard simulations of the X-
ray H40 UAA/GAN exhibited opening events and fluctuations of base pairs in the internal
loop (Table 2). Irreversible disruptions of H-bonds were also detected in these pairs (Table
2). The increased dynamics of the sheared A/G pairs can be because of the large number of
potential hydrogen bonds which cannot all be made simultaneously, which was proposed in
an NMR study of GNRA hairpin loops.8” Despite such dynamics and changes, the overall
X-ray H40 secondary structure of the internal loop was maintained in the simulations, i.e.
the base pairing does not spontaneously rearrange towards the solution structure.
Occasionally, in some long simulations, the structure was ultimately disrupted.

The cross-strand A5A14 stack shows only modest fluctuations in our simulations in
comparison with the intrastrand A5A6 stack and may be one of the key stabilizing elements
of the X-ray secondary structure. It has been suggested!3 that the cross-strand stack allows
base pairing of A14 and U4 and additionally compensates for H-bonds lost between A15
and U4 and between Al4 and A5. We attempted to disrupt the cross-strand stack in the
simulations with several mutations (A5U, A14U, and A14G together with U4C, Table 1).
The first substitution led to expulsion of the U5 from the stack and subsequent substantial
rearrangements, hinting at the key role of A5 not only for the tertiary interactions but also
for the stability of the functional X-ray structure of the UAA/GAN loop. The other
substitutions had an inconclusive impact on the simulations. Likewise, simulations at
elevated temperature and assuming no-salt condition did not provide any insights into the
properties of the UAA/GAN internal loop.

H68 simulations

In the standard simulation of the ribosomal H68 UAA/GAA loop, we observed a large
spontaneous transition clearly towards the solution structure (Figure S6), except that the A6
and G13 bases did not form any classified base pair, which probably relates with initial syn
orientation of the G13 base. The simulation was not able to overcome this initial syn
orientation.

Solution structure

Simulations of the solution UAA/GAN loop structure were stable (Table 1). The wide major
groove remained unchanged and the base pairs of the loop were stable except for
fluctuations of the A15/U4 base pair. In particular, the experimental cWS A15/U4 base pair
is stabilized by only one direct H-bond, despite that two direct bonds are assumed by
standard classification.® The simulations reveal that there is an additional stabilizing
interaction in this base pair, namely a sugar-base water-bridge. In the simulations, this
partially paired base pair alternates with the canonical (cWW) geometry expected from
thermodynamic considerations,88:89 but not indicated by the NMR experiment.12 On the
other hand, a fully paired cWS A15/U4 base pair never formed in the simulations and was
immediately disrupted even when initially imposed by restraints, entirely in agreement with
NMR. Thus, simulations of the NMR structure of the UAA/GAN internal loop indicate a
satisfactory performance of the simulation force field, albeit the balance of the simulation
might be subtly shifted towards formation of the canonical A15-U4 base pair. We suggest
that the solution structure of the UAA/GAN internal loop represents an interesting test
molecule for verification of simulation methods and force fields.
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Structural plasticity of the UAA/GAA internal loop

To obtain additional insights we applied a range of auxiliary methods that can enhance the
capabilities of standard simulations. Note, however, that all these methods necessarily
introduce additional approximations and are thus inherently less reliable than standard
simulations. The LES technique was applied to enhance sampling of bases in the X-ray H40
loop. All the LES simulations revealed widening of the major groove and disruption of the
internal loop. The internal loop adopted various arrangements where bases involved in the
LES region mutually stacked or formed temporary contacts. However, LES was not robust
enough to converge into a stable prevalent conformation. Occasionally, the bases formed a
secondary structure arrangement similar to the solution conformation (Figure 1 and Figure
7), although no stable base pairing was established.

Total free energies were extracted from the standard simulations utilizing the MM-PBSA
method. Free energy time courses along the UAA/GAN H40 X-ray loop trajectories showed
an ~3-6 kcal/mol free energy improvement during the significant 10-15 A increases in the
major groove width (see Figure 4 and Figure 8). Furthermore, MM-PBSA data predicted the
free energy of the X-ray H40 UAA/GAN internal loop structure to be ~10-20 kcal/mol less
favorable compared to the NMR structure. A previous experimental study3 predicted the
internal loop of the NMR structure to be favorable by ~5 kcal/mol when compared to the X-
ray H40 functional structure. This estimate was based on an experimental measurement of
free energy of the internal loop in the solution structure and a prediction of free energy of
the X-ray ribosomal internal loop utilizing a nearest neighbor model.89:90 Thus, the free
energy calculations identify the correct trend but do not reach quantitative accuracy.

The conformational transition between NMR and H40 X-ray structures was investigated by
the NEB and TMD methods. Results are mutually consistent. The conversion could start
with breaking the sheared A14/A5 pair. This is in accord with the NMR study,3 which
suggested structural dynamics of the A5 base and proposed that the dynamics may provide a
pathway for conformational conversion. The transition continues with disruption of the cWS
A15/U4 pair and bulging out of A15 base, and eventually formation of rH U5/A14 pair, the
AB5AG stack and the cross-strand A5A14 stack (Figure 9). Calculations thus predict a likely
mechanism for rearrangement of the solution conformation into the functional “ribosomal”
X-ray geometry. In the ribosome, the conversion could be induced by an adjacent rRNA
(hairpin structure between H39 and H40) and ribosomal protein L20, which binds E.c. 23S
rRNA at an early stage of ribosomal assembly.%1 The presence of two single H-bond pairs,
sheared A/A and cWS A/U pair, in the internal loop of the solution structure suggests that
the loop structure may be internally weak and easily disrupted by external forces. The
weakness of the pairing in the solution structure, which is the global minimum of the UAA/
GAN internal loop, may be one of the important pre-requisites for its smooth transition to
the functionally important substate. This may contribute to determination of the consensus
sequence of the UAA/GAN internal loop whose sequence signature is otherwise primarily
determined by the X-ray architecture and the tertiary interactions it is involved in.

Force field choice

We see a modest difference between the parm99 and parmbc0 force fields, but this does not
affect any key conclusions of the paper. Overall, the control MD simulations carried out
with parmbscO force field44 provided a similar picture as the simulations run with parm9943
(400 ns of comparable trajectories for the H40 initial structure). Nevertheless, in simulations
of the ribosomal H40, the major groove width was reduced by 2—4 A when using parmbscO
compared to parm99 simulations (Figure 4). In the simulation of the solution structure, the
major groove width was reduced only by 1 A. There are two competing a/y backbone
substates, canonical geometry and t/t conformation (two established A-RNA families 20 and
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24).92 During 100 ns portion of the E.c. parm99 simulation we detected 17 % population of
nucleotides in the a/y t/t conformation while the t/t flips are reversible. This is comparable
with 10-15 % population reported in the MD study of 16S rRNA H44 and canonical A-
RNA. 36 In contrast, the y-trans states are fully suppressed using the parmbsc0 force field.
The suppression of the y-trans substates allows the major groove narrowing. As the a/y t/t
substate occurs occasionally also in experimental structures and is compatible with overall
A-RNA topology, both force fields have satisfactory performance, despite the above-noted
difference. The actual propensity of A-RNA to populate the a/y t/t substates is likely in
between the parm99 and parmbscO propensities while the overall difference between the two
force fields is for the present RNA system small.

In the excess salt KCI simulations, the major groove width was also reduced compared to
the net-neutralizing Na* simulations (by ~2—4 A for the H40 structure). In addition, in some
KCI simulations the major groove after the initial widening returned back to closed X-ray
conformation stabilized by the BPh interaction. We suggest that the results are explained by
better screening of phosphates with higher ionic strength which allows their closer approach
across the groove. Thus the stability of the functional H40 conformation may be affected by
ionic conditions or other interactions reducing the inter-phosphate repulsion.

Which of the force field options is better? The answer is not unambiguous. The simulations
clearly show a tendency of the major groove to widen for the UAA/GAA internal loop when
it is taken out of its ribosomal context. We have earlier reported widening of the major
groove width for the 55 rRNA Loop E in parm99 Na* simulations. Loop E is an internal
loop with seven consecutive non-canonical RNA base pairs. Shorter, ~10 ns, trajectories
gave increases in the P-P distances for the 5S rRNA Loop E system by only a few
Angstroms compared to the X-ray structure.82 In contrast to H40, however, loop E is in its
global minimum in its X-ray structure. All these results may give an impression that
simulations tend to overshoot the RNA major groove width. This effect is larger with
parm99 than with parmbsc0 and can be reduced by using excess salt condition instead of
net-neutralization. Our very recent reference simulations on canonical A-RNA,%3 however,
show that the picture is more complex. These reference simulations also usually show
tendency for widening of the major groove in simulations compared to the X-ray structures,
which is larger with the parm99 than with the parmbscO force field. These simulations,
however, also show that the A-RNA major groove width and its relaxation depend on the
base sequence and are different for different X-ray structures. Therefore, there is no
unambiguous experimental target value of the major groove width, as the experimental
values depend on the sequence and crystallization conditions. In some cases parm99 with
net-neutralization can remain closest to the experimental structures. Therefore, the right
interpretation is that the RNA major groove width is sensitive to the sequence, environment
and molecular interactions and the simulations reflect this groove width plasticity. We
suggest that all force field options utilized in the present study are justified for RNA
simulations. Nevertheless, RNA simulations can perhaps indirectly profit from the parmbscO
force field choice, since its tendency to keep the major groove more closed may reduce
likelihood of irreversible structural disruptions during some large temporary major groove
width fluctuation events. On the other hand, the parmbsc0 force field appears to somewhat
rigidify the simulated structures compared to parm99, as evidenced by less frequent changes
of the adenine stacks (see above). We cannot tell, however, whether this behavior is
improvement or not compared with the parm99 force field.

The H40 UAA/GAA simulations further show some local instabilities and some long
simulations result in entire loss of the X-ray structure topology for the UAA/GAA internal
loop without approaching closer to the solution structure. Development of the simulations on
a much longer time scale is thus uncertain. The perturbation may reflect either the genuine

J Chem Theory Comput. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Réblova et al.

Page 17

internal instability of the functional (ribosomal) structure of UAA/GAA when considered in
isolation, or it may be accumulation of force field imbalances in our long simulations. Most
likely, both factors contribute.

Concluding remarks

The simulations provide atomistic characterization of the structural dynamics of UAA/GAA
internal loop in three distinct experimental topologies. The simulations appear to be
consistent with experimental data and give new insights. Our study is probably the first
simulation study of a recurrent RNA non-Watson-Crick element that is not autonomous, i.e.,
it folds only in specific contexts. The H40 simulations do not spontaneously transform to the
solution (ground state) structure and such transition is probably beyond the limits of
contemporary computational chemistry. However, almost complete transformation was seen
for the alternative H68 X-ray structure. Methods like TMD of NEB can achieve
transformation between the H40 and solution UAA/GAA topologies, however, they impose
artificially selected path and require a priori knowledge of both starting and final structures.
Free energy computations can provide some very crude estimates of the free energy trends
but are probably far from reaching even qualitative accuracy.

The results suggest that the H40 and H68 internal loops are under stress due to tertiary and
quaternary interactions, and that H68 can relax to its conformation in isolation much faster
than H40 if the interactions with its surroundings are relieved or altered. Thus the MD
results suggest that the different structures induced by tertiary and quaternary interactions
may also have implications for temporal control of events. Both the MD and NMR results
indicate there is no significant population of higher free energy structures in isolated RNA.
This suggests that approach of other parts of the ribosomal RNA or of protein induce a
conformational change rather than trapping a minor species. This type of conformational
switch may be important for assembly and/or movement in molecular machines such as the
ribosome. We demonstrate that despite the above-explained limitations, modern MD-based
computations can complement experimental techniques and provide insights into the role of
molecular interactions in shaping RNA building blocks.
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Figure 1.

2D structures (Left) and 3D stereo views (Right) of studied segments including non-Watson-
Cricks base pairs in the internal UAA/GAA loop (Middle). A. Left: 2D X-ray structure of
H40 with unified sequence flanking the internal loop (see Materials and Methods). Middle:
sheared A/G and rH U/A base pairs. Right: Stereo view of E.c. H40 X-ray structure. B. Left:
2D X-ray structure of E.c. 23S rRNA H68 exhibiting an alternative conformation of UAA/
GAA motif with unified canonical flanking sequence. Black dashed line indicates single H-
bond. Middle: unpaired G and A bases, stacking middle adenines and single bonded A/U
base pair. Right: Stereo view of this structure. C. Left: 2D NMR structure. Middle: sheared
AJG, sheared A/A and incomplete cWS A/U base pairs. Right: Stereo view of the NMR
structure. In all Figures, bases of the UAA/GAA internal loop are in red, 3D structures are
colored accordingly, hydrogens are not shown in the X-ray structures, bases in yellow boxes
in the 2D structures are involved in stacking and the marks between the bases indicate base
paring family according to the Leontis & Westhof classification (tHS = trans Hoogsteen/
Sugar edge A/G or A/A, known also as “sheared” base pairs, tWH = trans Watson-Crick/
Hoogsteen U/A, known also as reverse Hoogsteen (rH) base pair, and cWS = cis Watson-
Crick/Sugar edge A/U).5:7 X-ray nucleotide numbers are in blue, NMR numbers are in
black. The green rectangular trapezium for H40 structure marks bases forming the
UA_handle submotif.®
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Figure 2.

Base phosphate interactions observed in the ribosomal X-ray structures of H40. E.c.
structure exhibits bifurcated binding mode (base phosphate interaction type 4BPh) in which
N2 and N1 of G13 bind to the same anionic oxygen of the phosphate group A5(02P). H.m.,
D.r. and T.t. structures exhibit only G13(N1)-A5(02P) H-bond, which represents base
phosphate interaction type 5BPh. The differences might reflect limits of the resolution of the
experimental structures.
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Figure 3.

A. Stereo view of three adenines of the UAA/GAA motif from E.c. H40 forming an AAA
stack which interacts with two C=G base pairs from the hairpin between H39 and H40 via
A-minor interactions. C=G pair and the corresponding interacting adenine(s) are highlighted
with the same color. Details of these interactions are visualized below the stereo view in
corresponding green and red boxes, including a description of the A-minor interaction type.
B. Stereo view of bacterial E.c. H40 interacting with hairpin between H39 (in green) and
H40 and ribosomal protein L20 (in magenta). C. Stereo view of archaeal H.m. H40
interacting with the hairpin between H39 (in green) and H40, ribosomal protein L30 (in
yellow) and H25 (in grey). D. Stereo view of bacterial E.c. H68 (exhibiting the alternative
conformation of UAA/GAN internal loop) interacting with H75 (in grey).
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Figure 4.

A. Stereo view of the averaged 55-57 ns MD structure of the simulated X-ray H40 UAA/
GAA internal loop from the MD_Ec_99 simulation. The structure exhibits wider (more
open) major groove compared to the original geometry (see Figure 1A). Monitored inter-
phosphate distances across the major groove are indicated by black (12P-3P) and red arrows
(11P-4P) in blue transparent boxes. B. Time courses of two inter-phosphate distances
(12P-3P in black and 11P-4P in red) in standard MD simulations of X-ray H40 run with the
parm99 force field and in control simulations run with the parmbscO force field, all with net-
neutralizing Na* (Table 1). The x-axis stands for time (in nanoseconds) while y-axis stands
for inter-phosphate distance (in A). Horizontal lines show experimental distances. C. Time
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course of two inter-phosphate distances (12P-3P in black and 11P-4P in red) in standard MD

simulation of NMR structure run with the parm99 force field and in control simulation run
with the parmbscO force field.
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Figure 5.

A. Time courses of the van der Waals interaction energy calculated between bases forming
A5AB, A5A14 and A5G13 stacks in the standard simulations of X-ray H40 run with parm99
force field. B. Stereo views of X-ray H40 UAA/GAA internal loop with colored bases
forming stacks. Top — the original stacking pattern highlighted by the black oval, i.e. A5
forms an intrastrand stack with A6, and simultaneously cross-strand stack with Al4. Bottom
— the stacking pattern formed in the course of the simulations (highlighted by the black oval)
where A5 stacks with G13 and also with A14.
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Figure 6.

A. Stereo view of the snapshot structure of the H68 UAA/GAA internal loop from the
MD_68 simulation at 5 ns. The structure exhibits a wider (more open) major groove
compared to the original geometry (see Figure 1B) B. Time courses of two inter-phosphate
distances (12P-3P in black and 11P-4P in red) along the MD_68 simulation. C. Stereo view
of the snapshot structure of the H68 UAA/GAA internal loop from the MD_68 simulation at
40 ns with formed sheared A14/A5 and cWS A15/U4 pairs, which are highlighted in the
color transparent boxes. This structure closely resembles the NMR structure.
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Figure 7.

3D stereo view of a snapshot of the UAA/GAA structure from the LES_Ec simulation with
multiple copies of nucleotides in the internal loop (LES region). The structure resembles the
solution structure (Figure 1C), i.e. it has wide major groove and coplanar A6 and G13 (red),
A5 and Al4 (blue) and U4 and A15 (green) bases.
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Figure 8.

Total free energy time courses in standard net-neutralizing Na* simulations with parm99
force field. The x-axes stand for time (in nanoseconds) while y-axes stand for total free
energy (in kcal/mol). The grey vertical dashed lines mark the time period when initial
opening of the major groove was observed. In the MD_Tt_99 simulation the major groove
oscillated back and forth with the grey lines indicating the first opening. In the time course
of the MD_H®68 simulation the vertical black dashed lines indicate the time period when the
sheared A/A and cWS A/U pairs formed.
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Figure 9.

3D stereo view of structures showing the conformational transition between NMR and X-ray
structures predicted by NEB calculations. G13 is highlighted in red, A6 in green, Al4 in
blue, A5 in yellow, A15 in magenta and U4 in cyan. A) Starting NMR structure. B)
Intermediate structure where the A14/A5 pair breaks and moves away from being stacked
with A6 and A15. C) Intermediate structure where A15 slides out of the helix to become
bulged out. D) Final structure where A14 pairs with U4 while A5 is unpaired and stacks
with A6. This structure corresponds to the arrangement of the H40 X-ray structure.
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Table 2

Base pairing changes detected in the standard simulations performed with the X-ray H40 UAA/GAA
structure.

Simulation sheared A/G pair reverse Hoogsteen U/A pair
name
A(N7)-G(N2) A(N6)-G(N3)  U(02)-A(N6)  U(N3)-A(NT)
H-bond H-bond H-bond H-bond
MD_Ec_99 75-78 ns 08 33-40ns0e  stable 89.2-90.1 ns %8
133-297 ns 65-78 ns 08 at101d
133-297 ns @
MD_Ec_bscO  f Stable stable 18.5-23.2 ns 0¢

41.3-46.8 ns ¢

at 65 ns d
MD_Hm_ 99 4150 ns d 39-45ns0e  stable 56-81 ns %€
45-97f
97-109 %€
150 ns d
MD_Hm_bsc0  1_g 508 f stable 5-15 ns ns %€
90-94 ns 08 26-37ns ¢
75-96 ns 0¢
MD_Dr_99 stable f stable at7nsd
MD_Dr_bscO  stable f stable At 30 ns @
MD_Tt_99 63-65 ns 0¢ 63-65ns08  stable 70-122 ns 0€
MD_Tt bscO 5869 ns %€ 58-69ns 08 stable 13-17 ns ns %€
24-32ns 0¢
60-78 ns 0¢
83-96 ns ¢
MD_Ec_K1 f stable 77-80 ns € 4-22 ns 08
77-80 ns %€
96-98 ns 0€
MD_Ec_K2 stable f stable 11-28 ns 0€
MD_Ec_K3 stable stable stable 8-9 ns 0€
16-20 ns ©®

“oe”, “d” and “f” marks stand for temporary opening, disruption (till the end of the simulation) and considerable fluctuations, respectively.
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