Why study RNA?

To understand what RNA does

To predict what RNA can dc

To control RNA



Definitions

Primary structure: Sequence
Secondary structure: Base pairin

Tertiary structure: 3D structure
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E. coli Ribosome



RNAs Can Have Catalytic Functions



RNAs Can Have Catalytic Functions

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.



The Central Dogma

DNA --> pre mRNA --> mRNA --> Protein
(to produce 30,000 - 40,000 human proteins)

DNA ------------- > Noncoding RNAs

61 transfer RNAs (tRNA)

3 ribosomal RNAs (rRNA(catalyz:
peptide bond formation)

~ 100 small nuclear RNAs (snRNA)
(spliceRNA in nucleus)

~ 100 snoRNAs (snoRNAmodify
ribosomal RNASs in nucleolus)

microRNAs (microRNA, siRNA, RNAI)
(interfere with RNA or silence mRNA)



Some RNAs are genomes, bad genomes.

HIV (10 kb) is an RNA retrovirudt replicates
by first being reverse transcribed into DNA.
The DNA replicates along with the host DNA,
then the viral DNA is transcribed into RN

Hepatitis C virus (10 khis a plus-strand RNA virus.
It replicates as RNA-dependent RNA polymerase
first makes the minus strand then the plus strand



Sequencing Is easy, structure Is hard

Sequencing 1000 nucleotides takes 1 day

Determining the atomic resolution structure
of 1000 nucleotides takes years



The RNA Folding Problem

Given thesequenc®f an RNA,predict its 3D
structure.

Thenpredict its chemical capabilitie what
molecules it can bind, what reactions It can
catalyze.

Deduce itdiological functionsand how to
controlthem.



The RNA Folding Problem

Structure prediction in proteins is difficult because:

- It takes 20 aa to make a protelnarge number of different ints.
that depend not only on their character (polar, hydrophobic, charged
etc, but also on their detailed structures.

- Because the stablility of the various secondary structures in pr
(alpha helices, beta sheets, cadsjontextuali.e., it depends on the
tertiary context in which they are found. This is becausenbegy
functionof proteins can be written as:

HTot:H2ry+|_I +H

3ry 2ry- 3ry coupling

and all three terms in the expansion are of comparable magnitude.



The RNA Folding Problem

By comparison, the RNA folding is simpler:

- Only 4 nucleotides are used as building blocks. With simple Ints.
either by H-bonding or stacking interactions. More over these
bases have well-defined and strong rules of engagement As with
Ts and Gs with C

- There are only four basic secondary structure elements in RNA
(helices, loops, bulges, and junctions), and their stability is not
contextual to their location in the tertiary structure of the molecule

That Is, secondary structure ints. Dominate over tertiary structure
Ints. and the mix term is largely negligible. Result, the energies of
2ry and 3ry ints. are separable.



The RNA Folding Problem

In a sense, we can think that the difference lies in the diversenway |
the information encoded in the sequence flows into the structure. In
proteins, the information bifurcates into 2ry and 3ry structures and
also flowing between these elements in both directions.

In RNA, the information in the sequence flows linearly and lar
In one direction, first to the 2ry structure and then to the 3ry.

An RNA molecule can be thought as possesing a hierarchical struct.
In which the 1ry sequence determines the 2ry structure which in turn
detemines its 3ry folding.

A folding algorithm is then simply the decription of the information
flow from 1ry to tertiary structure.



The RNA Folding Problem

The algorithm can then be constructed as follows:
Use the sequence to predict the 2ry structure,
Use the 2ry structure to predict the 3ry struc

In other words, aaufbaualgorithm.



Prediction of Secondary Structure

Assume that the structure adopted by the molecule
IS that whichminimizes the free energy.

Use empirical datdo predict the contributions of

base pairing corresponding to all possible by
the molecule.

Assume that th&ee energies of 2ndary structural
elements are approximately additive.

Base pair¢ead to free energies < 0 whitellges
and loopdo free energies > 0.



Prediction of Secondary Structure

Considerall possible base paitBat can be formed
In the molecule. Initially consider only structare
that arenested

This Is a very feasible calculation since there are
< N(N-1)/2possible base pairs for N nucleotides



Prediction of Secondary Structure

There are secondary structure determination
programs that can be used to predict the lowest

energy 2ry structure schemes. One of these Is
M-fold (Michael Zucker).

Mfold and similar programs get
about 85% of the secondary
structure right



Prediction of Secondary Structure

Each base pair divides the secondary structure
Into two thermodynamically independent parts.

An RNA with compositiorN,, N, Ng, N
bases can formil,*N , + N;*N - base pairs.

Michael Zuker (Mfold)



-0.90to -3.4

Single strand Double strand

+3.2
+3.8 +5.7

1-base bulge 3-base bulg Hairpin loop

+0.4 +1.6
+2.0

Internal loops

Free energy increments (kcal/mol at 37 C)
relative to single strand

Douglas Turner



Prediction of Secondary Structure

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.



Prediction of Secondary Structure

Percent of correctly predicted base pairs

Total bp Optimal Sub optimal

E. Coli 16 S rRNA 443 7% 94%

tRNAs (~ 10 of them) 860 89% 95%



Comparison of Viral Sequences Yield Bio-
logically Important Regions

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.



Comparison of Viral Sequences Yield
Biologically Important Regions

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.






Comparison of Thermo and Phylo Results



Small Subunit Ribosomal RNA (1500 nts) Secondary Structure

“road Kill” map



Tertiary
structures

Loop-bulge interactions



Watson-Crick

Watson-Crick

Wobble



Other Possible Base Pairing Schemes



KISS

psuedoknot



Science 273,
1678 (199¢€

Importance of Mg++ in the attainment of 3ry struetl






What does RNA do?

Messenger RNA (1kb-10kb) is translated into protein

Ribosomal RNA (1kb-3kb) in the ribosome
catalyzes the formation of the peptide bonds.

Transfer RNA (75 bases) is the adapter that reads
the three-letter genetic code and places
the correct amino acid in the sequence.

Micro RNAs (20-25 bases) target mMRNAS
for degradation, and silence gene expression.



Experimental results

The Gibbs free energies of secondary structural
elements are approximately additive.



Units

1 kcal/mol =4.18 kJ/mol
= 1.75 kT/molecule at 310 K



Prediction of Secondary Structure

Assume secondary structure is
at a minimum in Gibbs free energy, G
(G =H-TS; H = enthalpy; S = entropy)

A system at constant T, P Is at thermodynamic
equilibrium when G is a minimum



Large ribosomal subunit at 0.24 nm resolution



