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RNA Molecules

=RNA constitutes the bulk of nucleic
acid in the cells, being 5-10 times more
abundant than DNA

»Best known for itsrole in transferring
genetic information into proteins

= Serves many other important
functionsin the cell, especially in
relation to the regulation of gene
expression

Jaco de Ridder, 2004



RNA Function

Types of RNAs Function of RNA

ribosormal- tRNA mRNA translation

transfer -tRNA mRNA translation

messenger -mRNA protein translation/regulatory

heterogencous nuclear - nRNA intermediates of mRNAs

small cytoplasmic - scRNA signal recogmition particle, tRNA process
small nuelear - snoRNA mRNA processing, poly A, histone 3' process
small nueleolar- snoRNA tRNA processing/maturation/methylation
regulatory RNAs regulation of transcription and translation

L. Samaraweera, 2003




Why Study RNA Structure?

=*Major difference between DNA and RNA isthat sugar-
phosphate backbone part of each nucleotide in DNA lacks an
oxygen present on the RNA equivalent

»Difference has a profound effect on the structure and thus
potential functions of each type of nucleic acid

=Simple helix structure of DNA effectively limits the range of
biological capabilities of DNA

*RNA structure isfar more rich and complex, and thus more
challenging to solve than that of DNA

Jaco de Ridder, 2004



Three-Levels of RNA Structure

* Primary structure: sequence

e Secondary structure: intra strand base
pairing (Watson-Crick base pairing GC, AU
and Wobble base pairing GC) and loops

o Tertiary structure: 3D structure,
conformation



Typical transfer RNA structure

Anticoedon loop

Jaco de Ridder, 2004
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RNA Secondary Structure

Junction of Multi-Loop
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Tertiary structure e ements. Pseudoknots

Pseudoknot: interaction of bases inside aloop with bases outside the loop

1 <1, <[]1<],

Sacha Baginsky, 2005



RNA Secondary Structure Stability

Structure stability is dependent upon:
1) The number of GC versus AU and GU base pairs (Higher
energy bonds form more stable structures)

2) The number of base pairsin astem region (longer stems
results in more bonds)

3) The number of base pairsin ahairpin loop region (formation
of loops with more than 10 or less than 5 bases requires
more energy)

4) The number of unpaired bases, whether interior loops or
bulges (unpaired bases decrease the stability of the structure)

Jaco de Ridder, 2004



Energy Tablefor Secondary Structure

e Free-energy values (kcal/mole at 37°C ) are as follows:

Stacking Energies for base pairs

AU CiG GIC UIA GiU UiG

AfU 09 13 23 1.1 1.1 0.3
CiG 17 29 3.4 23 -2 14
GiC 2.1 20 29 18 1.9 1.2
UIA 0.9 17 21 09 1.0 05
GiU 05 1.2 14 08 04 0.2
UiG 1.0 1.9 21 1.1 15 0.4
Destabilizing Energies for Loops

Number of Bases 1 S 10 20 30
Internal -- 5.3 6.6 7.0 7.4
Bulge 3.9 4.8 55 6.3 6.7
Hairpin -- 4.4 5.3 6.1 6.5

O
Sacha Baginsky, 2005



RNA Secondary Structure Prediction
Approaches

 Minimum energy: Look for folds with the lowest free
energy (most stable) folds. The fold with more negative
free energy, is more stable. The free energy of afold isthe
addition of free energy of al motifs found in the structure.
Require estimation of energy terms.

 Comparative Method: uses multiple sequence alignments
of homologous sequences to find conserved regions and
covariant base pairs (most trusted if there is enough data)

* Most methods predict secondary structure. Not successful
for tertiary structure prediction, which is determined by X-
ray and NMR.



Prediction Assumption of Energy-
Based Method

 The most likely structure issimilar to the
energetically most stable structure

* Energy associated with any position in the
structure is only influenced by local sequence
and structure (previous pair, not next pair)

 No knots.
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Dynamic programming algorithm

» Recursive definition of the optimal score (Weuse a
simplified scoring function.)

e|nitialization of optimal scoring matrix

 Bottom-up approach to fill the scoring matrix (bottom-up
because smallest subproblems are solved first). Run from
diagonal to diagonal

 Traceback of the matrix to recover the global, optimal
solution



Dynamic programming approach
Let £(/,J)) = minimum energy for subchain starting at / and
ending at J
a(ri,rj) = energy of pair ri, rj (rj = base at position ))
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a) 1Jis paired E(1,)) = E(i+1,/-1) + aAri,r))
b) 1is unpaired E(i,)) = E(/+1,))
) jis unpaired E(i ) = E(i j-1)

c
d) bifurcation E(i,j) = E(i,k)+E(k+1j) Sacha Baginsky, 2005



Dynamic Programming Algorithm for
RNA Secondary Structure Prediction

« Given aRNA sequence: X;,X,,X,...,X, and ascoring function a(x,y)
o [Initialization: E[i,i-1] =0, E[i,i] =0
 Recurson:
ford=1,2,34,...,L-1
{
for(i=11+d<=L;i++)
{
j=i+d
Eli,j] = min{ E[i+1,],
E[i,)-1],
E[i+1,)-1] + a(r;,n)
min.; ( E[1,K] + E[k+1,j] )

}
}

Note: i isalways smaller than|.



Dynamic Programming Algorithm for
RNA Secondary Structure Prediction

« Given aRNA sequence: X;,X,,X,...,X, and ascoring function a(x,y)
o [Initialization: E[i,i-1] =0, E[i,i] =0
 Recurson:
ford=1,2,34,...,L-1
{
for(i=11+d<=L;i++)
{
j=i+d
Eli,j] = min{ E[i+1,],
E[i,)-1],
E[i+1,)-1] + a(r;,n)
min.; ( E[1,K] + E[k+1,j] )

}
} Time Complexity?
Note: i isalways smaller than|.



A Simple Example
Input: GGAAAUCC
Scoring Function: a(r;,r;) =-11if r; and r; form a Watson-Crick base pair.
Otherwise, O. j

123 4 56 7 8

G|G|A|A|A|U|C|C
116 |o
2[G |0 |0 Initialization
3|A 0 |0
41 il Efii-1] = 0, Eii] =0
5 | A 0 |0
6|V 0O (O
7/1C 0O |0
8|C 0 |0




Fill matrix from diagonal to diagonal

J
123 456 7 8 g12=min(

clclalalalulc]c E(1,2-1),
E(1+1,2),
G oo
1 L E[1+1,2-1]+a(1,2)
>1c [oTo'lo A AR Ek-1-2]
3 (A 0o lo |o )
4 |A 0 |0 |0 =0
| 5 [A 0 1 E[5,6] = min(
: _r (55,
6 E[6,5]+a(5,6),
7 lc 0o o |0 £16.6])
g|lc 0|0 — min (E[5k]+E[k.6D




0O NO O & WODN B

O|lo|lCc| > > 2 OO

E[1,3] = min(
E(1,2),
E(2,3),
E[2,2] + a(G,A)
)
=0
Any valid k?

E[4,6] = min (
4,9],
5,6],
5,5] + a(A,U)

I~ m M M

-1



0O NO O & WODN B

J

123 4 56 7 8

G A C |C
G [0 4
G |0
A
A -1

4

A -1—+-1
U 0O (O
C 0O (O
C 0O |0

E[3,6] = min(
3,9
4,6]
4,5
3,4

~ m m m M

=1

’+a(A,U),
+E[5,6]



0O NO O & WODN B

J

123 4 56 7 8

G A |U|C C
G [0 4 0
G |0
A
A
A
U O (0 [0 |O
C O (0 |0
C 0O |0

1 M. m m.m

N
[
|

=min(

[+a(G,U),
|+E[4,6],

+E[5,6]



J
123 456 7 8

G|G|A|A|A|U|C|C

040 |0 |0 |0 |1 E[2,7] = min (

2,6],

3,7],
3,6]+a(G,C),

2,3] + E[4,7],

2,4] + E[5,7],

2,5] + E[6,7]

I~ M MM M M M

-2

O|lo|lCc|>»| 2|2 OO

0O NO O & WODN B




0O NO O & WODN B

J
123 456 7 8

G|G|A|A|A|U|C|C

o0 (O |O |O |-1

O|lo|lCc|>»| 2|2 OO

E[1,7] = min(
E(1,6),

I~ m m m m M
w
+
m
»
\I'



0O NO O & WODN B

J
3456 7 8

N B\

ol ol O

O|lo|Cc| > > 2 OO

Best score:

E[1,8] = E[2,7] + &G,C)
=-3

Time Complexity?



0O NO O & WODN B

Trace Back
J
3 4 56 7 8

N B\

Best score: E[1,8] =-3

ol ol O

O|lo|Cc| > > 2 OO




Even more realistic energy

function
S(k) B
% _L_: Loops have destabilizing effect
< J i structure (d) should have lower

T ¥ energy that (b).
?—E _ i )
i) B {

Destabilizing contribution of
loops should depend on the
loop length (k).

S

"’I::" £ ° Stacking has additional
stabilizing contribution n.

=~ S0 1N reality, more realistic energy function that considers
i different loops are needed. But the basic idea of dynamic

programming is still applied.
Sacha Baginsky, 2005



Covariance method

In a correct multiple alignment RNAs, conserved
base pairs are often revealed by the presence
of frequent correlated compensatory

mutations.
GCICUUCGAEGC
GAICUUCGGEUC
GECUUCGECC

Two boxed positions are covarying to maintain Watson-

Crick complementary. This covariation implies a base pair
which may then be extended in both directions.

M or e infor mation: www.rna.icmb.utexas.edu/M ETHODS/menu.html



Representation of RNA secondary structures

50 100 1 ?ﬂ 2?0 2:&0 3?0 SIED

400

Bacilius subtilis RNase P RNA

Ve

M « multi-loop
I - interior loop

B = bulge loop
H = hairpin loop

210

7/

- 100

= 150

= 200

= 250

= 300

- 350

- 400



RNA Resources
Web: http://www.imb-jena.de/RNA .html

Leibniz Institute for Age Research

" Fritz Lipmann Institute (FLD)

(formerly known as Institute of Molecular Biotechnolagy - IMB)

The RNA World Website

Databases, Web Tools Software W Meetings Miscellaneous Search

Welcome to The RNA World Website at FLI Jena This web resource lists Internet links on RMA related topics

(Mote that as of Dotober 2005 the name of the IMB Jena was changed to Leibniz Institute for Age Research - Fritz Lipmann Institute - FLI.

® Have alook at a short atticle deseribing this site: I. Sthnel, Trends in Genefies 1997, 17 206-207, Views of RNA on the World Wide Web (teptint version in PDF format, Publled link).
# Read a WebWatch description of this website in Nafure Reviews: Molecular Cell Biology 2002, 3, 3-2. [WebWatch is onp. 4; FDF
* Read a Website Review in ChemBioChem 2003, 4 1107 [FDF].

20035: FEBSE Letters Bpecial Issue on RNAL [open access]

2005: Hature Reviews Focus on ENA interference  [freely available until October 2006]
ificlades an animation (requires Macromedia Flash Player for the animation or alternatively Apple Quicktime for the movies)

2003: Breakthrough of the Year (19 December 2003 issue of Science) [free]
Small RHA Iolecules Among the Bunners-Up [requires subscription]
2002: Brealthrough of the Veat (20 December 2002 issue of Bcience) [free]
D Ketnedy, Editorial, Science 208, 2223 (2002)

J. Couezin, Breakthrough of the Vear: Small RMAs Make Big Slash, Science 208, 2306 (2002 [requites subscription]

Databases, Weh Tools
| Three-dimensional structures (coordinates and images)

* The Nucleic Acid Database 5,
* The Protein Data Bank (PDE)



e Vienna

e MFold:

 AliFold:

 Genebee:

RNA Foldi ng Software

&

(use
aligned sequences)

(alignment)



Ten Topics

1. Introduction to Molecular Biology and Bioinformatics
2. Pairwise Sequence Alignment Using Dynamic Programming

3. Practical Sequence/Profile Alignment Using Fast Heuristic Methods
(BLAST and PSI-BLAST)

4. Multiple Sequence Alignment

5. Gene |dentification

6. Phylogenetic Analysis

7. Protein Structure Analysis and Prediction

8. RNA Secondary Structure Prediction

9. Clustering and Classification of Gene Expression Data

10. Search and Mining of Biological Databases, Databanks, and
Literature



