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The “Central Dogma” of
Molecular Biology
DNA — RNA — Protein
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Non-coding RNA

* Messenger RNA - codes for proteins
* Non-coding RNA - all the rest

— Before, say, mid 1990’s, 1-2 dozen known
(critically important, but narrow roles: e.g.
ribosomal and transfer RNA, splicing, SRP)

* Since mid 90’s dramatic discoveries
* Regulation, transport, stability/degradation
* E.g. “microRNA”: hundreds in humans
* E.g. “riboswitches”: thousands in bacteria




DNA structure: dull
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RNA
Structure:
Rich

« RNA'’s fold,
and function

¢ Nature uses
what works
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http://www.rcsb.org/pdb/explore.do?structureld

RNA
Secondary
Structure:

Not everything,
but important,
easier than 3d




Why is structure important?

* For protein-coding, similarity in sequence is a
powerful tool for finding related sequences
— e.g. “hemoglobin” is easily recognized in all vertebrates
* For non-coding RNA, many different sequences
have the same structure, and structure is most
important for function.

— So, using structure plus sequence, can find related
sequences at much greater evolutionary distances

Q: What’s so hard?

A: Structure often more important than sequence
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“Central Dogma”

“Central Chicken & Egg’?

DNA — RNA — Protein
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Woas there once an “RNA World’?

6.5 RNA Secondary Structure

Nussinov’s Algorithm




RNA Secondary Structure

RNA. String B = b;b,...b, over alphabet { A, C, &, U }.

Secondary structure. RNA is usually single-stranded, and tends to loop
back and form base pairs with itself. This structure is essential for
understanding behavior of molecule.
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complementary base pairs: A-U, C-G

RNA Secondary Structure (somewhat oversimplified)

Secondary structure. A set of pairs S = { (b, b)) } that satisfy:
« [Watson-Crick.]
- Sis a matching , i.e. each base pairs with at most one other, and
- each pair in S is a Watson-Crick pair: A-U, U-A, C-G, or 6-C.
« [No sharp turns.] The ends of each pair are separated by at least 4
intervening bases. If (b, bj) €S, theni<j-4.
« [Non-crossing.] If (b;, bj) and (b,, b)) are two pairs in S, then we
cannot have i < k < j < |. (Violation of this is called a pseudoknot.)

Free energy. Usual hypothesis is that an RNA molecule will form the
secondary structure with the optimum fotal free energy.

approximate by number of base pairs

Goal. Given an RNA molecule B = b;b,...b,, find a secondary structure S
that maximizes the number of base pairs.

RNA Secondary Structure: Examples

Examples.
6—6 /G\ 6—6
/ \ 6 6 / \
c U c U
\, ./ X 7/ \, / S
c--6 C--6 c U
c
[ [ 1,°01 \
A--U A--U A6 c--
[ [ [ I
U--A U--A U--A A--
/[ \ s \ e \ |
U--
base pair /
UACCGGUGUA UACGGGEGUA UACCGGUUGA
PR S

ok Iisee===Ece

UACCBEG6UGUAAC
crossing

RNA Secondary Structure: Subproblems

First attempt. OPT[j] = maximum number of base pairs in a secondary
structure of the substring b;b,...b;.

match b; and b;

Difficulty. Results in fwo sub-problems.
« Finding secondary structure in: bb,...b, ;. «— OPT(-1)

» Finding secondary structure in: by, by.p...bj .« not OPT of anything:
need more sub-problems




Dynamic Programming Over Intervals: (R. Nussinov's algorithm)

Notation. OPT[i, j] = maximum number of base pairs in a secondary
structure of the substring bb,;...b;.

« Casel Ifi=j-4. Key point:
- OPTIi, j] = O by no-sharp turns condition. Either last base
is unpaired

« Case 2. Base b is not involved in a pair.
- OPTIi, 1= OPTIi, j-1] (case 1,2) or
paired (case 3)
» Case 3. Base b, pairs with b, for some i=<t«<j-4.
- non-crossing constraint decouples resulting sub-problems
- OPTIi, j1=1+max, { OPT[i, t-1] + OPT[1+1, j-1] }

take max over t such that i < t < j-4 and
b, and b; are Watson-Crick complements

Remark. Same core idea in CKY algorithm to parse context-free grammars.

Bottom Up Dynamic Programming Over Intervals

Q. What order to solve the sub-problems?
A. Do shortest intervals first.

RNA (by,..,b,) {
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j=i+k 210
Compute OPT[i, j] ! i
6 7 8 9
return OPT[1, n] using recurrence i —»
}
r —
I ¥ 6 9 2 8 6
. . R
Running time. O(n3). ! n 00 N
, 2 |o][o]o]o
L e [o][ofofofo \[*
olofofolo[~| S
v [o] )

CUCCGGUUGCAAUGUTC
(G P U NP W
0N0 0 0 0]1[ 1 1 22333

0N0 000O0O0T 22222 E.g.:

N0 000011171 2 — 4.
0000011111222\OPT[1’6] 1:
N0 0001111112

CUCCGG
0N 0000111 1[2] Tonoar
0N 00011111
ON0 0000001

ON0 000001
0N0 00000
E.g.:
0N0 0000
0 80 0 0 0 OPT[6,16] = 2:

0N0 0 0

0NO 0 GUUGCAAUGUC

0N\0 ((eeee)eas)
0

Computing one cell: OPT[2,18] = ?
AcGcGGlujuu

(e« ) ))

>

AAACC
)

Q
>
>

Case |:
2 = 18-42 no.

Case 2:
B, unpaired?
Always a possibility;
then OPT[2,18] = 3

GGAAAACCCAAAGGGGU

G
(
0
0
0
0
0
0
0
0
0 ((cooo))(oooo))oono
0

0

0

> O ©O O O O 0O 0 O O o oo~ g
> © © © © © © © © © oo ~ o

) O O 0O 0 000 © © © O O .
) O O 0 000 O O O K KB -
) O 0 000 © O © © F NN
) O 0O /0 O O O O O R N W
0o,/ O O O O O O N W
»O,/0 ©O O 0O O 0O O 0o R N W
) O OO R P KE RFE R KB NNDW
O O R F N NNNNNWW
O O F NN NNNNWWW
O O R NWW W W W W W W

b O O O O 0 000 O o o O .

> O O 0O O 0o o oo/ o o o .

N I RN AR SN S NS
SN NN W oo,

©,6 0c o oo o000 o0 r NW
AN W W WW s ! o

ifi=j—4

i OPTI[i,j-1] otherwise
1+ max, (OPT[i,t ~ 1]+ OPT[¢ +1,j 1]

[VERVERV] UUUUUUUUUUUWYWY UUVU
A

OPT(, j) =

CG— " > O O 0 OO0 0o oo o o .

A A A A




Computing one cell: OPT[2,18] = ?

Computing one cell: OPT[2,18] = ?
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Computing one cell: OPT[2,18] = ?
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Computing one
Another Trace Back Example
cell: OPT[2,18] = 4 P
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