ELASTIC ROD MODEL OF RNA 3D STRUCTURE

E.E.Kozyreva

State Research Institute of Genetics and Selection of Industrial Microorganisms, Moscow

E.l.Kugushev, E.L.Starostin*

M.V.Keldysh Institute of Applied Mathematics, Russian Academy of Sciences, Moscow

*Current address: Swiss Federal Institute of Technology, Lausanne

INTRODUCTION

The spatial shape of biological moleculesis known to be one of the important deter minants of their biochemical properties|[6]. Therefore, the
specification and prediction of three-dimensional folding of biological macromolecules is one of the most challenging and fundamental
problems of molecular biology. Thiswork is devoted to the search of the proper technique for solution of thisproblem for an important class
of biopolymers: ribonucleic acids. Three-dimensional structure of large RNAs s currently understood not so well asthat of other biological
macr omolecules[8], though one can observe a significant progressin thisarea [1].
A problem of prediction of approximate large-scale 3D structure of an RNA molecule from its secondary structure is considered. Both a
mathematical model and its computer implementation are presented. An RNA molecule Is treated as a system of linked basic structural
elements (stems and single-stranded fragments including loops of varioustypes) modeled by elastic rods. A numerical procedure is developed
for computation of shapes of the RNA elements and for assembling the whole molecule.

MODEL DESCRIPTION

An approach is proposed for investigation and analysis of RNA spatial shape. It is
based on the theoretical methods well adapted to the description of the large-scale
structure of DNA [2,5,10]. The 3D structure of aRNA molecule is described as a set
of linked basic structural elements with known spatial configuration.

Every loop is modeled as a closed contour consisting of a number of thin curvilinear
elastic rods linked at their ends by absolutely rigid cross-bonds simulating \Watson-
Crick interactions. The number of the rods is equal to the number of the branches of
the loop. With adequate choice of the elastic and geometrical parameters of the
model rod, its shape approximates the large-scale 3D structure of the structural
element of the RNA molecule. In particular, we can assume that, when unstressed,
al the rods constitute the single-stranded helix structure of the RNA in A-form.

We consider (i) dangling ends, (ii) single-stranded fragments that only join two
stems and (iii) two-stranded parts (stems) as fixed curved and twisted rods which are
in the unstressed state and which are represented by single ((i) and (ii)) or double
(iii) RNA regular helices. The other single-stranded parts of the molecule (loops of
various type) are treated as stressed. The forces and moments are applied only at the
ends of afragment. A spatial equilibrium shape of aloop is determined by finding
the solution of the system of the boundary value problems (BVP) corresponding t
the rod fragments which satisfy the geometrical constraints at their ends. The
application of the continuous elastic rod model to the single-stranded fragments
might be justified by a consideration that the elasticity can effectively mimic the
actual properties of the chain of nucleotides arising due to base stacking interactions
[11]. The 3D configuration of the rod fragment is defined by the system of the
equilibrium equations [7]:

F'=0
M'+tx F=0

where F is the force and M the moment, t is the tangent to the centreline of the rod|
and the prime denotes a derivative with respect to the arclength parameter s,
measured along the centreline. The above equations are written in the laboratory
reference frame. It is assumed that the moment and the Darboux vector are related|
by the generalized Hooke law, i.e., the components of the moment in the material
reference frame are represented by the following constitutive relation:

Mi1=A(p-po), M2=B(0-0o), Ms=C(r-rq)

Here A, B are bending stiffness coefficients of the rod and C is the torsiona
stiffness; p(s), q(s), r(s) and po, o, o are the projections of the curvature and the
twist of the centreline of the rod on the principal axes of the strain tensor in the
actual and relaxed state, respectively. In order to find the shape of the centreline in
the space, it is necessary to solve an additional vector equation

r'=t
for r=r(s), the radius vector of points on the centreline.

The configuration of the rod depends on six parameters. A, B, C, po, Qo, ro. Given|
these parameters, a solution to the BVP for a fragment of the rod may be found.
Thus, a spatial shape of a single-stranded basic structural element is determined by
finding the solution satisfying the geometrical constraints at its ends. Self-
interactions of remote parts of the loop as well as of the whole molecule (tertiary
interactions) are not taken into account.

The corresponding BVP is solved numerically by the shooting method. As the
boundary conditions we consider the position and the orientation of the principal
trinedral in the initial (3') and terminal (5) points of the strands of the double-
stranded fragment of the A-form RNA in that place where the last Watson-Crick
bond passes before the loop. These constraints are applied to the corresponding ends
of the rods modeling the loop. A central point is defined for each. Further, we accept
a simplification that the Watson-Crick bond may be represented as arigid constraint
connecting the central points of the complementary nucleotides.

Fig. 1. Boundary value problem for the hairpin loop.

COMPUTATION OF FINAL 3D SHAPE

The procedure of computation of 3D structure hastwo stages.

At the first stage the 3D shapes of basic elements (stems, loops and dangling ends)
should be calculated. Only elements that are present in the secondary structure of
given RNA are processed. The shape of any loop is a result of the solution of the
corresponding BVP. Stems and dangling ends are fixed. The stem may be
considered as a pair of interwound cross-bound rods in a relaxed state while the loop
rods are in a stressed state.

At the second stage the whole structure of the molecule is assembled by means of
sequential addition of the basic elements. Since the boundary conditions correspond
to A-form and the double helices of stems are also in A-form, the elements are glued
smoothly to the first approximation. Therefore, all stem rods and loop rods constitute
one continuous smooth rod. The ends of this composite rod correspond to the 3' and
5' ends of the molecule. As it has been aready mentioned above, the cross-bonds are
treated as absolutely rigid and their position and orientation with respect to the rod
are fixed. Hence, the shape of the composite rod is completely identical to the shape
that is taken on by one continuous rod of the same length which gives a solution of a
multiple BVP. The latter consists of all constraints that arise due to the cross-bonds.
Another important characteristic of a loop is (the excess of) linking number.
Loosely defined, it may be thought of as the number of turns to which the rod is
twisted when its centreline takes on a planar shape. If we gradually rotate the right
(5") end of the elastic rod by one complete turn around the tangent vector then the
linking number changes to +1 or -1 depending on the direction of the rotation.
Although it may be suggested that the linking number of the loop significantly
affects the biological functions of the RNA and other complex biopolymers, we have
found no data on the linking numbers for real loops. Hence, we choose the loop
shape that has the minimal energy among all the solutions of the same BVP with
different linking numbers. This particular problem deserves further investigation.

RESULTS

3D structures of RNA molecules of different types were computed by means of this technique, in particular, Yeast Phenylalanine
Transfer RNA (Fig. 2a,b); itstertiary structure was determined by X-ray analysis (Fig. 2c) and described in detail in [4]. In thefigures
the view direction is chosen approximately perpendicular to the “plane”’ of the molecule.

Fig. 2. Yeast Phenylalanine Transfer RNA.

The comparison of this RNA with the result of the computation showsthat even such a smple model allows one to get some qualitative
resemblance of the overall conformation. Namely, the computed shape catches the following important features of the polynucleotide
chain:

- the molecule as a whole is somewhat flattened;

- it hasan L -shape confor mation;

- the acceptor stem isat an approximately right angleto the anticodon stem,;

- thetwo other stemsarein the position that facilitatesthetertiary interactions between nucleotides of their hairpin loops.

The secondary structures of RNAsin Figs. 3-6 aretaken from [9,3].
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Fig. 5. tRNA : Leucine Eugelna Gracilis.
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Fig. 6. 5SrRNA of human.

CONCLUDING REMARKS

The elastic rod model can be applied to prediction
of an approximate 3D shape of not only DNAS,
but RNAs aswell.

It should be noted that the secondary structure
may be affected by tertiary interactions [12]. In|
this respect, a means for the fast computation of a
three-dimensional configuration may be possibly
used in the iterative procedure for the search of
the optimal secondary and tertiary structures. It
Is our belief, that the approach described may,
eventually provide such a means. Besides, the
presented elastic rod model may serve as an initial
approximation for a more elaborated procedure
of the shape computation at the base (or even|
atomic) level.
The significant advantage of the model suggested|
is a small number of the parameters defining the
structure of the molecule. At the sametimeitisa
priori clear that this model may produce only,
lar ge-scale approximation of real polynucleotide
chains because, among other things, it does not
take into account effects of tertiary interactions
between distantly located bases, in particular, in|
fixed stems and dangling ends[11].

Now we are working on further development of

the model by taking into account the

heterogeneity of nucleotide chains and on
verification of the results against input data and
testing the robustness of the model relative to

uncertainty of the parameter values.
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