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Introduction to Bioinformatics
Lecture 13




Outline

* RNA secondary structure

Reading:

* Topics are not in Jones and Pevzner book but in lecture notes and slides
[Based on Chapter 10 in “Biological sequence analysis” by Durbin et al.]



Central Dogma of Molecular Biology

Three fundamental molecules:

1.

DNA
Information storage.

RNA

Old view: Mostly a “messenger”.
New view: Performs many important
functions, through 3-D structure!

Protein
Perform most cellular functions
(biochemistry, signaling, control, etc.)

DNA = RNA = Protein

First proposed by Francis Crick in 1956.
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* Single-stranded
* A (adenine)
* C(cytosine)
e U (uracil)
* G (guanine)

e Can fold into structures due to
nucleotide complementarity.
A<-->U, C<-->G

e Comes in many flavors:

MRNA, rRNA, tRNA, tmRNA, snRNA,

snoRNA, scaRNA, aRNA, asRNA,
piwiRNA, etc.




RNA — Nucleotide Complementarity

RNA can fold into structures due to

nucleotide complementarity:
A<-->Uand G<-->C

A <-->U (2 hydrogen
is slightly weaker t
G <--> C (3 hydrogen

oonds)
nan

oonds)

G <--> U also observed but not as stable
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tRNA (oo
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Redundancy In the genetic CH,y
code plus whatis called the 3’ A('a':::::)'d
"wobble base” decreases 5
the required number Acceptor stem
from 61 to 31. l I

Anticodon
The code for alanine

| (inosine), rather than
G (guanine) is in the first |7 |

position of the anticodon. Codon
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. ’ Alanine

There are 64 codons in G CU
the genetic code, 61 of G CC
which code for an G CA
amino acid. G C G|

First base

http://hyperphysics.phy-astr.gsu.edu/hbase/Organic/trna.html#c3

Second base

transfer RNA (tRNA) Secondary Structure
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RNA Secondary Structure Elements

Each base/nucleotide
participates in at most
one pairing

Secondary structure is
determined by a set of
non-overlapping
base/nucleotide pairs

L1111

Single-Stranded /i\

Interior Loop

Pseudoknot
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Bulge Loop

Hairpin loop
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Junction (Multiloop)
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Nesting and Pseudoknot

Base pairs (i,j) and (i, j") are nested
provided
i<i'<j'<j or i"'<i<j<j'

i < i’ < j' < J
§ 6 o o
i’ < i < j < j'

Base pairs (i,j) and (i’,j") form a
pseudoknot provided
i<i'<j<j ori'<i<j <j

¢ ¢ s

< j'

Most RNA molecules consist of nested base pairs




Nesting and Pseudoknot — Examples

Nesting Pseudoknot

5-GCGGAUUCUGCCCCAAUUCGCACCA-7% 55-UUCCGAAGCUCAACGGGAAAAUGAGCU-%¥
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Nesting and Pseudoknot — Examples

Nesting Pseudoknot

5-GCGGAUUCUGCCCCAA UUCGCACCA-3 5-UUCCGAAGCUCAACGGGAAAAUGAGCU-3
(Ceeee------- )))))))- - (CCeC-0ce0ece-))))yr---111)>)>)
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| AC TN y—uucce///—
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CeG A\“\\ ( o0 o 00 o ’
GecC A A\_—A/A/UGAGCU—3
GeU GeC
AU CeG
UeA CeG
UeA UeG SRS
C U*ANAAUGAGCU-3
U C |
G.C 5/

(@)
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Nussinov Algorithm

RNA can fold into structures due to nucleotide complementarity:
A<-->Uand G<-->C

Secondary structure is determined by a set of non-overlapping complimentary base pairs




Nussinov Algorithm

RNA can fold into structures due to nucleotide complementarity:
A<-->Uand G<-->C

Secondary structure is determined by a set of non-overlapping complimentary base pairs

Question: How to find maximum
number of such pairs?

5-GCGGAUUCUGCCCCAAUUCGCACCA-%




Nussinov Algorithm

RNA can fold into structures due to nucleotide complementarity:
A<-->Uand G<-->C

Secondary structure is determined by a set of non-overlapping complimentary base pairs

Question: How to find maximum Need to constrain space of
number of such pairs? feasible solutions!




Nussinov Algorithm

RNA can fold into structures due to nucleotide complementarity:
A<-->Uand G<-->C

Secondary structure is determined by a set of non-overlapping complimentary base pairs

Question: How to find maximum Need to constrain space of
number of such pairs? feasible solutions!
SIAM J. APPL, MATH. © Society for Industrial and Applied Mathematics

Vol. 35, No. 1, July 1978 0036-1399/78/3501-0006 $01.00/0

ALGORITHMS FOR LOOP MATCHINGS*

RUTH NUSSINOV,i GEORGE PIECZENIK,# JERROLD R. GRIGGSY
AND DANIEL J. KLEITMAN§

— ;
&‘ JrE—

Problem: Given RNA sequence v € {A, U, C, G}", find a pseudoknot-free secondary structure
with the maximum number of complementary base pairings

14




Nussinov Algorithm — Dynamic Programming

Problem: Given RNA sequence v € {A, U, C, G}", find a pseudoknot-free secondary structure
with the maximum number of complementary base pairings

5-GCGGAUUCUGCCCCAAUUCGCACCA-Y




Nussinov Algorithm — Dynamic Programming

Problem: Given RNA sequence v € {A, U, C, G}", find a pseudoknot-free secondary structure
with the maximum number of complementary base pairings

Let s[i, j] denote the maximum
number of pseudoknot-free
complementary base pairings in
subsequence vy, ..., V;




Nussinov Algorithm — Dynamic Programming

Problem: Given RNA sequence v € {A, U, C, G}", find a pseudoknot-free secondary structure
with the maximum number of complementary base pairings

(1) (2) (3)

Let s[i, j] denote the maximum
number of pseudoknot-free
complementary base pairings in

subsequence v;, ey Uj P

i Elul

I,j pair i unpaired j unpaired bifurcation




Nussinov Algorithm — Dynamic Programming

Problem: Given RNA sequence v € {A, U, C, G}", find a pseudoknot-free secondary structure
with the maximum number of complementary base pairings

(1) (2) (3)

Let s[i, j] denote the maximum
number of pseudoknot-free
complementary base pairings in

subsequence v;, ..., V; e ik el
I,j pair i unpaired j unpaired bifurcation
(0, if i > 7,
sli+1,7 — 1]+ 1, if i < jand (v;,v;) €T, (1)
. sli + 1,7 — 1], if i < j and (v;,v;) €T, (1%)

sli, j] = max < , e
sli + 1, 7], if i <7, (2)
s[i,j — 1], if § < 7, (3)
|\ max;<r<;{sl, k| +slk+1,j]}, ifi<y, (4)




Nussinov Algorithm — Dynamic Programming

Problem: Given RNA sequence v € {A, U, C, G}", find a pseudoknot-free secondary structure
with the maximum number of complementary base pairings

(1) (2) (3) (4)

Let s[i, j] denote the maximum
number of pseudoknot-free
complementary base pairings in

subsequence v;, ..., V; P i kil
I,j pair i unpaired j unpaired bifurcation

(0, if § > 7,

sli+1,7 — 1]+ 1, if i < jand (v;,v;) €T, (1)
sli. j] = max 4 SZ + 1,]: — 1], 1f2 <]: and (v;,v;) €T, (1%) Q?jestion;.

sli 4+ 1, 5], if i < 7, (2) Which case is
s[i,j — 1], if § < 7, (3) redundant?

|\ max;<r<;{sl, k| +slk+1,j]}, ifi<y, (4)
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Nussinov Algorithm — Traceback Step

j unpaired

i J

i,j pair

i kol

bifurcation

Push (1, n) onto stack
Repeat until stack is empty:
pop (/,))
if i > j continue
else if s[i+1,j] = s[i,j]
push (i+1,))
else if s[i,j-1] = S[i,j]
push (i,j-1)
else if s[i+1,j-1] + 1 = s]i,j]
record (i,j) base pair
push (i+1,j-1)
else for k= i+1 toj-1
if s[i,k]+s[k+1,j] = s[i,j]
push (k+1,j)
push (i,k)
break (for loop)

Question: Will this return one
alignment? Or all alignments?

Question: Can we do this
recursively?

We only need to
know matches.




Nussinov Algorithm — Example

(4)

Eﬂﬂﬂﬂﬂﬂﬂ
0

Ko o

o oo ek k]

“ 0 0 0O i  unpaired j unpaired bifurcation

“ alalalale I,j pair { unpaire J unp

BNoooooo 0, if i > 7,

uo 0 0 00O 0 O sli+1,5 —1]+ 1, if i < j and (vs,v;) € I, (1)

0 00 0O0O OGO OO i 7] = max o Zﬁi J] 1], izzj and (v;,v;) ¢ T, g;‘)

0 00 0O0O0GOO0 O i 7]7 " <j 3)
| maxicpe;{sli, k] + s[k + 1,5]}, ifi <7, (4)
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Nussinov Algorithm — Example

(4)

Eﬂﬂﬂﬂﬂﬂﬂ
0

Ko oo

Bloooo Lk P

“ SN | i pai ' ired  unpaired bifurcation

“ Lolollala I,j pair { unpaire J unp

Yo ooo0o0o01 0, if i > 7,

uo 0O 00O 0OO O O sli+1,5 —1]+ 1, if i < j and (vs,v;) € I, (1)

0 00 000 00 0 gfiil=max Zgi J] 1], izzj and (v;,v;) ¢ T, g;‘)

0 00 0O0OTG OTG OO i 7]’ " <j 3)
| maxicpe;{sli, k] + s[k + 1,5]}, ifi <7, (4)
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Nussinov Algorithm — Example

(4)

Eﬂﬂﬂﬂﬂﬂﬂ
0

Ko o o o

B o o o0 0o pREO9RCHE)

“ SN N N R | i pai ' ired  unpaired bifurcation

“ N i,j pair i unpaire junp

Yo ooo0o0o0 11 0, if i > 7,

uo O 0 0O0O0O O O O sli+1,5 —1]+ 1, if i < j and (vs,v;) € I, (1)

0 00 000 00 0 gfiil=max Zgi J] 1], izzj and (v;,v;) ¢ T, g;‘)

0 00 0O0OTG OTG OO i 7]’ " <j 3)
| maxicpe;{sli, k] + s[k + 1,5]}, ifi <7, (4)
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Nussinov Algorithm — Example

olnlcl>> > 0la

0
0

o

o O O O O O

o O O O O o o o

o O O O O o o o

0

o O O O O O O o

o O O O O O O O

o O O O O O O

© O O L B B

o O O R+~ Bk

lﬂﬂﬂﬂﬂﬂﬂﬂﬂ

o o o -

sli, j] = max

I, pair { unpaired
KO,
sli+1,7 — 1]+ 1,
sli+1,7 —1],
8[%+ 1,41,
sli,J

—1],

| max;<k<;{sli, k] + sk + 1, 5]},

(4)

" Pl

bifurcation

j unpaired

if i > .

if i < j and (v;,v;) €T, (1)
if i < jand (vs,v;) €T, (1*)
if § < j, (2)
if i < 7, (3)
if © < 7, (4)
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Nussinov Algorithm — Example

olnlcl>> > 0la

0
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0
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0
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0

o O O O O O O O

1

O O O R R R R R

2

o O O R P = NN

| [6l6lGlalalaluiclc
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sli, j] = max

I, pair { unpaired
KO,
sli+1,7 — 1]+ 1,
sli+1,7 —1],
8[%+ 1,41,
sli,J

—1],

| max;<k<;{sli, k] + sk + 1, 5]},

(4)

i bl

bifurcation

j unpaired

if i > .

if i < j and (v;,v;) €T, (1)
if i < jand (vs,v;) €T, (1*)
if § < j, (2)
if i < 7, (3)
if © < 7, (4)
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Nussinov Algorithm — Example

olnlcl>> > 0la

0
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0
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0

O O O O ©o O o o

0
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1

O O O B KB B KRB BB

2

o O O R P = NN
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s[, j] = max <

I,j pair { unpaired
KO,
sli+1,7 — 1]+ 1,
sli+1,7 —1],
8[%+ 1,41,
sli,J

—1],

| max;<k<;{sli, k] + sk + 1, 5]},

(4)

i Pl

bifurcation

j unpaired

if i > 7,

if i < j and (v;,v;) €T, (1)
if i < jand (vs,v;) €T, (1*)
if § < §, 2)
if i < 7, (3)
if © < 7, (4)
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Nussinov Algorithm — Example With Bifurcation

Where did we
1 23456 7 8 comefromtoget (1) (2) (3) (4)

here?
GCACGACG ¢

0(100)1 2 2 2(3) 6 1
0)0001112\c2 . .
bk g
0 001112(/A3 ; S
i,j pair i unpaired j unpaired bifurcation
00111(2) c 4
(0, if 1 > 7,
o - 01 G 2 sli +1,7 —1] 4+ 1, if i < j and (vs,v;) € I, (1)
0@o1{as lisni-u i< and (0;,0) €7, (1%)
0oo01lc7 sfi+ 1,1, if i < j, 2)
sli, j — 1], if i < 7, (3)
00l GS8 max;cpe; (i k] + slk+1,5]}, ifi <, (4)
GCACGACG

()-CCe))
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Does this make sense?
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Does this make sense?

2

o O O O O o o o
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- 0O
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V
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Extension: Hairpin Loops with Minimum Length £

Uracil (U)

HO. o ‘ i ( \5 \
0 OH «I‘LNH n’m N=/N "

NH,
O...0 OH (gN C ,H
R A O----H-N
OO0 N0 (
° N-H-----N )
o R N= )—N
O. O OH HN | U N-H----- O R
00 )\ H'

4 \
O0” "N
w Guanine (G) Cytosine (C)
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Extension: Hairpin Loops with Minimum Length £
(1)

si, j] = max

(2)

I,j pair i unpaired

0

sli+1,5—1]+1,
sli+ 1,5 — 1],
sli + 1, 7],
sli, j — 1],

\maxi+€<k<j{8[i7 k] T S[k + 17]]}7

(3)

j unpaired

(4)

i el

bifurcation
ifi+0> 7,
if i +¢ < jand (v;,v;) €T, (1)
if i +¢ < jand (v;,v;) €T, (1%)
if i+ 0 < j, (2)
if i+ ¢ < j, (3)
if §+ 0 < 7, (4)
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RNA Secondary Structure Prediction in Practice

Rather than maximize number of compl. base pairs, minimize free energy (FE)

Zuker’s algorithm: Dynamic programming w/ three matrices similar to affine gap penalties

Pseudoknot

* \/(i,j): FE of optimal structure of
s[i..j] assumingi,j form a base
pair

* VBI(i,j): FE of optimal structure Buige Loop Vi Micop)
of s[i..j] assumingi,j closes a Hairp loop
bulge or internal loop

* VM(i,j): FE of optimal structure

Interior Loop

Single-Stranded

i

of s[i..j] assumingi,j closes a FE minimization with pseudoknots is NP-hard
multibranch loop [Lyngso and Pedersen, RECOMB 2000]




summary

* RNA is a sequence of four bases/nucleotides {A, U, C, G}

* RNA folds into structures due to base/nucleotide complementarity
e A<-->Uand C<-->G

* RNA secondary structure is defined by a set of non-overlapping
complementary nucleotide pairs

* Pseudoknot-free structures have no “crossing” pairs

* Nussinov Algorithm: Dynamic programming to find pseudoknot-free
structure with maximum number of complementary nucleotide pairs

Reading:

* Topics are not in Jones and Pevzner book but in lecture notes and slides
[Based on Chapter 10 in “Biological sequence analysis” by Durbin et al.]



