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A series of 3-beads-per-nucleotide mesoscopic models is being developed for the study of the RNA nanostructures
via a Molecular Dynamics simulation. Such coarse-grained treatment allows us to reach the microsecond time scale
that is by three orders of magnitude larger than that achieved in the full atomistic computer simulations, and thus, to
study the slowest conformational motions of the RNA, as well as to enable simulations of the larger RNA structures
in the context of bionanotechnology. We find that the variant of the model described by a set of just a few universal
parameters is able to describe different RNA conformations and is comparable in structural precision to the model
variant where the detailed values of the backbone P-C4’ dihedrals taken from a reference structure are included. Our
findings demonstrate the importance of the RNA conformation classes based on these dihedrals.

1. INTRODUCTION

The development of coarse-grained description of
RNA is of paramount importance, in view of its
prominent role in Nature, as well as its promising fu-
ture applications in bionanotechnology ' 2. To date,
the most detailed and informative method for the
in silico study of RNA and other biomolecules re-
mains the full-atom Molecular Dynamics (MD) sim-
ulation 3. Unfortunately, time scales that can be
achieved in the present-day MD amount to a few
(tens) nanoseconds only, which is by many orders of
magnitude less than the duration of the processes
occuring in biolomecules (where the evolution times
span from micro- to milliseconds). In order to reach
such scales in the simulations, one needs to consider
a coarse-grained (CG) treatment, where, typically,
the groups of neighbouring atoms are represented by
the CG interaction centres - "beads”, and effective
interactions between such beads are tweaked in the

way to fit the molecule’s atomic connectivity, ther-

mal and mechanical properties etc. Two sources of
data are often used in the fitting process: (i) the ex-
perimentally available structural information as well
as other known properties of interest (which can be
limited and/or incomplete), and (ii) a host of very
detailed atomistic data obtained in the full MD sim-
ulations. Namely, the parameters for a CG model
can be derived from both experimental and full-atom
MD data by Boltzmann Inversion (BI) # of the Ra-
dial Distribution Functions (RDFs), or, in the case
of full MD simulation only, with the 'force matching’
method ° (for some recent approaches see e.g. % 7).
Finally, the behaviour of such a CG model is further
investigated using the coarse-grained Molecular Dy-
namics (CGMD), which now allows to reach much
longer time scales (although the dynamics of such a
model does not always represent the dynamics of the
original system sufficiently well ©).

Meanwhile, most recently RNAs has attracted
the attention of bionanotechnologists in the con-
text of so-called "RNA architectonics” — a set of



recipes for self-assembly of the RNA nanostructures
of the arbitrary size and shape ! 2. Smallest RNA
building blocks, such as "right angle motif” !, "kink-
turn motif’ 2 8 or "RNAIi/RNAIIi complex” ? were
manipulated (either experimentally ! 2 or via com-
puter modelling ?) into the desired 2D or 3D nanos-
tructures (squares, hexagons, cubes, tetrahedrons
etc) that can be further assembled into periodic
or quasiperiodic lattices (an intersting example is a
RNA nanotube ?).

Compared to the DNA, the RNA as a nano-
engineering material brings some additional chal-
lenges. For example, due to the specificity of the
interactions in RNA (e.g. noticeable presence of the
non-Watson-Crick base pairing) it shows much larger
structural modularity and diversity of the tertiary
building blocks, ~ 200 versus ~ 20 for DNA 2. Its
structural diversity makes it more difficult to model
the RNA on a coarse-grained level as well. Along
this direction, a review '° and some recent attempts
11713, 15, 14 can be mentioned. The main challenge
is to represent the RNA on a coarse-grained level
sufficiently accurately with just a few ”universal”
parameters, thus adopting the strategy of a "CG
forcefield”. This proved to be a difficult task. In-
stead, typically, a lot of detailed structural informa-
tion (such as equilibrium values of bonds, angles, di-
hedrals, nonbonded interatomic distances from the
experimently resolved structures) is supplied to the
CG model, thus providing its precision in describ-
ing a given structure only. Such structurally biased
approach is often termed Self Organized Polymer
(SOP) L. In the present paper we make an initial
comparison of the ”SOP” approach to a "RNA CG
forcefield” approach and attempt to explore the pos-
sible avenues from the former to the latter.

2. THE CG MODEL

We use the following full MD data sources to fit the
parameters of the presented CG model: first, a 6 ns
300 K trajectory of a simple RNA double A-helix
dodecamer (GCGCUUAAGCGC) modelled with the

21 ysing Cornell force-field 22; sec-

Amber software
ond, a more complex and bigger RNA nanostructure
(13 nm in characteristic size) — hexagon-shaped RNA
ring ¥ (termed "nanoring” in what follows), that is

composed of 6 RNAIi/RNAIIi complexes, joined by

the "kissing loop” motifs (Fig. 1). The corners of the
hexagon are made with two such interacting ”septa-
loops” (e.g. AACCAUC loop is paired with UUG-
GUAG loop). A sample configuration of one double
helix ending with a loop is shown in Fig. 1. In a re-
cent study !7 we generated the full MD trajectories
for this structure in the NAMD/VMD package 18 20
using the CHARMMZ27 9 force field. Visualisation
and data processing of both full MD and CG simula-
tions is carried with VMD, using in-house developed
scripts. The Molecular Dynamics for the CG model
is implemented via the DL_POLY 2.19 package 23.

Fig. 1. (color online): Left: The ”ribbons” representation
of the RNA nanoring in VMD. Right: Detailed view of a part
of the double helix and a septa-loop of the RNA nanoring.
Phosphate groups are shown with spheres. Layout of the in-
teractions between base pairs in the CG model is shown with
white solid lines.

The development of a CG model consists of two
major stages: (i) choice of the groups of atoms to
be combined in a single CG bead, and (ii) selection
of the functional forms and fitting of the parameters
for the effective interactions between the beads.

In the case of nucleic acids, the simplest (and
the most common up to now) choice for the stage (i)
is "one bead per nuclieotide”, the beads being nor-
mally placed on the phosphate groups. Such a choice
allows one to use a host of experimentally available
structural data, and at the same time it keeps the
model reasonably simple. However, such represen-
tation (as our data indicate) may not be sufficiently
flexible to represent more complex conformations be-
yond the simplest double helix (e.g. the "kissing
loops”). Furthermore, it has been recently pointed
out in ! that at least two pseudo-torsional angles are
required to describe all the available RNA conforma-
tions, namely those between the beads placed on the
sites of P and C4’ atoms (such description is reminis-



cent of the well-known Ramachandran plots for pro-
teins). These findings led us to consider also a two-
bead representation. However, the placement of an
extra bead at the C4’ atomic site turned out to be not
particularly suitable in terms of the geometry of base
pair bonds drawn between such beads. Instead, a
representation with three beads per nucleotide, that
correspond to the (P)hosphate, (S)ugar, and nucleic
(B)ase, seems to be one of the most natural choices
for nucleic acids. That is why we concentrate on
the three-beads variant of the model in the present
study.

The sample configuration of the RNA nanor-
ing for the three-beads representations of the CG
model is depicted in the Fig. 2. First two beads
(P) and (S) are placed on P and C4’ atoms, while a
number of plausible choices is possible for the place-
ment of the third (B) bead (note that for the sake
of simplicity we prefer to place beads on the ex-
istiting atoms rather then on centres of masses of
groups of atoms). We found the following variant
to be most convenient: N9 atoms of purines and N1
atoms of pyrimidines. The masses of the beads are
taken as m) = 109 am.u. , m(®) = 120 a.m.u.,
m(B) =925 a.m.u.

In our model, the beads are organised into sev-
eral (6 in the case of the nanoring from Fig. 1) back-
bone chains, which correspond to the basic building
blocks of the studied RNA structures. The connec-
tivity inside these units is never broken in the course
of simulation (Fig. 2). Besides, all beads interact
with each other via the base pair bonding terms (that
also maintain the connectivity between the pairs, and
thus the secondary structure, during the simulation)
as well as via a 'univeral glue’ pair potential, which
should stabilise the overall structure of the system.
The total interaction energy has the following form:

V= ‘/c(mn + ‘/bp + ‘/nln (1)

where V,onn is the energy term that maintains the
connectivity within the chains. It is chosen to be of
the standard form:

Veonn = Zf:l (Zbonds %(7” - T(U))
+ Zangles Va (9 - 9(0)) + Zdihedrals Vd(¢ - ¢(O)))2)

where C' is the total number of backbone chains in

the nanostructure, and Vy(r), V,(0), Va(¢) are intra-
chain terms that correspond to the energies of bonds,
angles and dihedrals, respectively, while r(© ()
#9) are the equilibrium values for bonds, angles, and
dihedrals. These contributions can include both har-
monic and anharmonic (up to quartic) terms.

Fig. 2. (color online): Left: 3-beads-per-nucleotide variants
of the CG model for the RNA nanoring shown in Fig.1. Right:
Zoomed view of one ”kissing loop”. The phosphate (P) beads
are shown in brown, the sugar (S) beads - in cyan, the base
beads (B) - in green. The bonding scheme of the backbone
and between the bases is shown with the lines.

The energy term Vp, accounts for the interac-

tions between the base pairs. In the case of the



nanoring, these include the contributions from the
base pairs found inside a single chain, as well as be-
tween those septuplets of the base pairs belonging to
different chains, that form the kissing loop” units.
It has the following form:

Vip = Zi,je(basepairs) wi j(rij — Tz(,oj))

i1, (Tit1,5 — Tgi)l,j) + Uita,j(Tive,; — r;?&j)(?’)
where all the functions u(r) can include both har-
monic and anharmonic terms (corresponding bonds
are shown in Fig. 2 with green lines). Following the
idea of 7, we express the base pair interaction with
three bonds per base pair instead of one (see Fig. 1),
which brings enhanced structural accuracy and sta-
bility, because such treatment allows us to take into
account both the hydrogen bonding between bases i
and j, as well as the stacking interaction.

The remaining energy contribution V,; corre-
sponds to the interactions between all bead pairs not
involved in the bonded interactions described above.
It has the following form:

Vb = Z

,j€(nonbonded)

v(rij). (4)

In the current version of the model we restrict our-
selves only with the simplest repulsive (WCA) an-
alytical form of the nonbonded potential v(r;;), ex-
pressing the steric repulsion between the beads via
an energy ¢ and the bead radius o.
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Fig. 3. (color online): Distributions for PSPS and SPSP
dihedrals from full atom MD runs. The data for the RNA
nanoring are shown with symbols, while those for the RNA
dodecamer are shown with thin lines.

3. FITTING THE PARAMETERS OF
THE CG MODEL

The total energy of the CG model, Eq. (1) thus con-
tains a number of parameters such as the strengths of
the bond, angular, dihedral, base pair terms, as well
as those describing the nonbonded interactions. Our
general approach to the fitting of these parameteres
is based on two sorts of information that is extracted
from the full MD runs: (i) distributions of the values
of bonds, angles and dihedrals, as well as the RDFs
between various sorts of atom pairs are used to fit the
CG model parameters via BI method 4; (ii) atomistic
forces are used for the ”force matching method” °.
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Fig. 4. (color online): Radial Distribution Functions for
nonbonded interactions (PP, PS, SS pairs) from full MD runs.
The data for the RNA nanoring are shown with symbols, while
those for the RNA dodecamer are shown with thin lines.

BI method consists of the following: given the
probablity distribution function P(q) for a degree of
freedom ¢ it determines the corresponding potential
of mean force (PMF) V.s;(q) via the following for-
mula:

Vers(q) = —kpT In(P(q)). (5)

However, thus obtained V.s¢(g) coincides with the
true potential energy only for the case of a single de-
gree of freedom ¢, and generally it can serve only as
a first approximation used in a subsequent iterative



procedure, e.g. of the following kind:

. . (4

V5@ = v -kt (S2)
where P()(q) is the distribution for the variable g ob-
tained in the coarse-grained simulation with V;(;)f(q),
and the corrections are introduced until the target
P(q) is reproduced sufficiently well in CG simulation.
This method may not always be successfull, because
many variables have to be fitted this way simultane-
ously, but fortunately usually the fitted energy pa-
rameters show certain hierarchy, which allows their
refinement in succession, in order of their decreasing
strength. Typically ¢, such hierachy shows up in the
following way Viona — Vangle — Vodw — Vdihedral,
though in the case of RNA CG model the order of
the terms is not so evident. Therefore, for further
refinement of the model, we plan to resort also to
a more systematic fitting procedure, involving the
force matching method, in particular.
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Fig. 5. (color online): The SPSP dihedral angles along the
RNA nanoring.

4. RESULTS

The full list of different energy terms for the CG
model thus includes the following (the layout of the
bonding terms is shown in Fig. 2). (i) Along the nu-
cleic backbone the (PS), (SP), (SB) bonds between
the nearest neighbours, as well as (PSP), (SPS),
(PSB), (BSP) angles, and (PSPS) and (SPSP) dihe-
drals are included. (ii) Along the base-paired parts

of double helices and kissing loops the (BB);; ,
(BB)i+1,; , and (BB);12; bonds are included. Be-
sides, due to the topology of the 3-beads nucleic
backbone, we introduce the dummy ”zero energy”
bonds between the next-nearest (SB) neighbours and
the nearest (BB) neigbours along the backbone in
order to exclude them from the nonbonded inter-
actions, since these bonds are already fixed by the
above-mentioned set of backbone terms. The his-
tograms of a few representative degrees of freedom
from the full set (namely the PSPS ands SPSP di-
hedrals) extracted from the full MD runs are plotted
in Fig. 3 for both the RNA nanoring and the RNA
dodecamer in comparison.

Our model also includes 6 different non-bonded
bead pairings (PP), (PS), (PB), (SS), (SB), and
(BB). The RDFs (normalized to the ideal gas den-
sity) for some of these pairs are shown in Fig. 4, also
for both studied systems.

Two important observations can be made based
on Figures 3 and 4. The distributions for the RNA
nanoring are in general broader, they contain ex-
tended tails, that reflect the existence of the impor-
tant fraction of nonhelical regions. For example, the
(PSPS) dihedrals contain two shoulders beside the
main peak (at &~ —150 deg) consistent with two RNA
conformational classes found in '®. Besides, as more
careful examination of the dihedral histograms re-
veals, there exist some dihedral values (mainly in the
"kissing loops”), that deviate strongly from the cen-
tres of the distributions. Their fraction is not high,
and that is why they are not clearly visible in Fig. 3,
however they have to be taken into account in a CG
model to make the RNA nanoring stable. The de-
tailed dependence of the (SPSP) dihedrals along the
ring (versus the dihedral index) is shown in Fig. 5.
The strongly deviating dihedrals are clustered in 12
groups that correspond to 12 parts of the nucleic
backbones participating in 6 kissing loops. The re-
markable fact that one can also observe in Fig. 5 is
that in total about 4 dihedrals per ”kissing loop”
have strongest deviation from the distribution cen-
tres, of the order of 180 degrees.
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Fig. 6. (color online): Top: RMSD for different variants of
the parameter sets of the CG model in the equilibration CG
runs. The data for the nanoring are plotted with lines and
open circles, while those for the dodecamer are plotted with
dots. Bottom: The final snapshots of the RNA nanoring after
7500 ns equilibration in the CG model with the ”SOP dihe-
drals” (left) and ”FF cosine dihedrals” (right) parameter sets.

The nonbonded interactions for the RNA nanor-
ing show well pronounced tails in the interval be-
tween 5 A and 10 A | which are absent in the case
of the dodecamer. These features are caused by
closely spaced phosphates in the kissing loop regions.
This feature dictates that the nonbonded interac-
tion potential should not discriminate such small
interbead spacings energetically. That is why we
have taken a rather small value of o = 5.0 A (and
e = 0.1 kcal/mol) for the nonbonded WCA parame-
ters.

We use the distributions from Fig. 3 to get the
effective CG potentials for bonded degrees of free-
dom via BI method, Eq. 5, namely an equilibrium
value of a degree of freedom ¢ (denoted with the su-
perscript (9 in Eqgs. 2 and 3), and the coefficient k
for the corresponding harmonic potential V. ¢f(q) are

thus obtained:

Vers(a) = g —a0)” @

It is important to stress that these degrees of
freedom for the RNA nanoring described just above
are not distributed according to Boltzmann statistics
only, but their distributions also reflect the spatial
inhomogeneity of the RNA nanoring. Therefore an
attempt to represent such a degree of freedom via a
single potential function (as per BI method) would
lead to instability of the desired structure in the CG
model, because such a degree of freedom would be
discriminated energetically in certain regions. In-
stead, one has to introduce some sort of local mod-
ifications to the potential functions for bond, angle,
dihedral terms, and the base pairs interactions. The
ultimate strategy of this sort is the SOP approach,
where each instance of such a degree of freedom has
its own equilibrium value depending on its location
in the molecule.

Therefore, we decided to start from the CG pa-
rameters extracted from the histograms for the do-
decamer, and to consider three different parameter
sets: (i) ”SOP” parameter set, where the coefficients
k are uniform throughout the system, while the equi-
librium values are unique for each instance of the
bond/angle/dihedral etc. (ii) ”SOP-dihedrals”,
where the SOP approach (i) is applied only to the
PSPS and SPSP dihedrals along the nucleic back-
bone, but not to all other degrees of freedom, and
(iii) " forcefield” (FF) parameter set where each de-
gree of freedom is described by uniform parameters
(including its equilibrium value) throughout the ring.
The current working sets of parameters are avaialble
upon request.

In the FF variant of the model, where all the di-
hedrals of the same type have the same unique equi-
librium value (we term such variant ”FF harmonic”),
the dihedrals deviating far from the distribution cen-
tres (see Fig. 5) would be discriminated energetically
very strongly by a harmonic or quartic effective po-
tential of the sort of Eq. 7, and this would strongly
distort the equilibrium structure of the kissing loops.
However, another simple form of the dihedral poten-
tial function, that has an alternative minimum sep-
arated from the main minimum by ~ 180 deg might
help to stabilize the kissing loops by accommodat-



ing such strongly deviating dihedrals. We tested the
following dihedral function:

Verr(6) = 51— cos(2(6— o), (8)

that has two minima at ¢ = ¢y and ¢ = ¢g + 180,
both with the stiffness k. It turns out that this sim-
ple function provides an excellent performance of the
"FF cosine dihedrals” variant of the model in de-
scribing the RNA nanoring.

Using DL_POLY 2.19 program, we relax the re-
sulting CG representations of both the nanoring and
the dodecamer and subject them to up to 750 ns
equilibration at T" = 300 K. The Root Mean Square
Deviations (RMSDs) from the initial structures dur-
ing these runs are plotted in Fig. 6.

Typical values of RMSD are ~ 10 = 15 A in the
case of SOP or SOP-dihedrals variants, and RMSD
is also about the same (~ 12 < 17 A ) for the "FF
cosine dihedrals” variant. These values are to be
compared to the typical values of ~ 3 =4 A for the
dodecamer (also plotted in Fig. 6) and to ~ 30+40 A
for the ”FF harmonic” variant (not plotted) where
the overall shape of the nanoring is not preserved.

The final snapshot of the nanoring for the ”SOP
dihedrals” and "FF cosine dihedrals” variants are de-
picted in the same figure, attesting the preservation
of the helical segments, kissing loops structure and
the overall shape. We conclude thus, that overall
the CG model provides an excellent performance in
describing the structurally inhomogeneous RNA ag-
gregate - the nanoring.

Further inquiry into the behavior of all consid-
ered CG models variants is provided by the his-
tograms and RDFs for the CG degrees of freedom
obtained in the end of the CG runs. Some of them
are shown in Figures 7 and 8 in comparison to similar
distributions from full MD. Most of the histograms
of the bonded terms show reasonable agreement with
those for full MD simulations, so no further refine-
ment of these parameters is needed. The dihedral
distributions show the required extended tails in all
cases except, obviously, ”FF harmonic”.

What is even more remarkable, all the variants
of CG model (except the "FF harmonic”) are able
to capture the fine features of the nonbonded RDF's.
The most important of them is the 5 A peak for
the (PP) pairs, followed by a minimum (Fig. 8). As

attested by the corresponding RDFSs, this peak is
fairly well reproduced, and it is even slightly over-
emphasized by the "FF cosine dihedrals” variant.
Overall, agreement of the CG RDFs with those from
the full MD is very good.
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Fig. 7. (color online): Distributions for PSPS and SPSP for
RNA nanoring from full atom MD and from CGMD runs in
comparison.

5. DISCUSSION AND CONCLUSION

We thus considered a series of four simple variants
of the RNA CG model, all of them based on a set of
"pure helical” parametres extracted from the RNA
dodecamer, and containing a controlled amount of
”nonhelicity” included either via SOP approach or
via a modification of the diheral functions. Three of
these variants allow one to represent the structure
of such complicated macromolecule as RNA nanor-
ing reasonably well and are all comparable in perfor-
mance (namely "SOP”, ”SOP-dihedrals” and "FF
However, the ”"SOP”
variants include a lot (of the order of the number

cosine dihedrals” variants).

of beads in the model) of specific structural informa-
tion, namely, all the equilibrium values of the CG
degrees of freedom. One can reduce the amount
of such information based on an important finding
from the previous section - that the inclusion of de-
tails about P-C4’ dihedral degrees of freedom only
is needed for a good representation of the structure
of the considered system. This is consistent with
a more general observation, that all possible RNA



conformations can be described by just a few regions
("classes”) of the P-C4’ dihedral space 6, similarly
to the famous ¢—1 Ramachandran plots for proteins.
In our opinion this opens up a promising avenue to-
wards the ultimate goal of RNA CG modelling - to
make a CG model with just a minimum number of
universal parameters (a ”forcefield”) transferrable to
other structures without any modification, and still
being able to describe the inhomogeneous nonhelical
conformations with a satisfactory precision. While
this task is very ambitious in general, and we are
not aware of any current advances in this direction
(one-bead models seem to be not flexible enough), we
believe that our layout of the model (3 beads per nu-
cleiotide and sufficiently flexible interaction scheme)
is potentially capable of accomplishing this task.
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Fig. 8. (color online): Radial Distribution Functions for
nonbonded interactions (PP pairs only) for RNA nanoring
from full atom MD and from CGMD runs in comparison.

As a first step towards the above-mentioned ul-
timate goal, another important finding of the cur-
rent study is that a simple modification of the dihe-
dral potential function Eq. 8 allowed us to reach the
SOP precision in describing the RNA nanoring by
properly accommodating the distortions of the dihe-
dral angles in the kissing loops. While in the present
shape, the function defined by Eq. 8 has only one ad-
ditional dihedral minimum separated from the origi-
nal one by 180 degrees, this function can be made

more complex (e.g. to contain multiple minima)

as dictated by the concrete conformation classes '6

that the structures one aims to describe belong to.
What’s important to stress again, is that in light of
our findings such function [more exactly, a pair of
such functions - for both (PSPS) and (SPSP) dihe-
drals] seem to be the only parts of a CG model re-
quiring an adjustment when the model is transferred
to describe other structures.

The simple WCA nonbonded interactions v(r)
mimicking just the steric repulsion between the
beads in the current version of the model proved to
be sufficient to give a fairly good match between the
full MD and the CGMD RDFs (Fig. 8). For further
improvement, a more complex analytical functional
form of v(r;;) may be justified by some theoretical
arguments, for example, they can be chosen as the
functions of the ”well-barrier-tail” shape 7, where
the attractive part of the interaction describes the
hydrophobic interactions between the beads, while
the repulsive part serves the electrostatics. Alterna-
tively, following ¢ one may represent these functions
with cubic splines (this allows for much greater flex-
ibility in fitting the data), and use an automated
procedure for optimisation. Our work along these
lines is in progress.

Besides, a number of further useful extensions of
the model is anticipated. (i) In the current version
of the model no distinction is made between different
base pairs. However, it is easy to introduce sequence-
specificity, that can be important to represent even
better the structure of RNA nano-assemblies. (ii)
Electrostatic interactions between the negatively
charged phosphate groups are to be included ex-
plicitely in the future. It has been shown, that coun-
terions concentrate strongly at certain places inside
the nanoring (in the ”hairpin loops”), and there-
fore some sort of nonhomogeneous description of the
electrostatics may be required, including a coarse-
grained representation of the the counter-ions to-
gether with their solvation spheres. (iii) Reactivity.
If the interaction between base pairs were treated
in a non-bonding manner, this would allow one to
study the association/dissociation reactions between
the RNA nanoring building blocks. This feature of
the model is important in order to answer the most
interesting experimental question: how the character
of the self-assebly of the nanostructures depends on



the specifc sequences of the constituents.
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