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* RNA Folding Problem

* Announcements

* D4 for RNA Folding.



Another problem from biology

RNA Sequences m = 5 A ,
u

,
C

,45
*

-

M = A uncGGAC99AA

KeyQuestion
.

What structure does the RNA molecule adopt ?
-



What structure does the RNA molecule adopt ?
-

↳ Base pairing

A- U 3 allowablepairings.
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What structure does the RNA molecule adopt ?
-

m = A uncGGAC99AA

↓ base pairing



What structure does the RNA molecule adopt ?
-

m = AUUCGGAC99AA

↓ base pairing
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Aven
.

RNA sequence me &A ,

U
,
C
, 63
*

Find Minimum "energy" structure

AguuacqungcAAUngAGGAACUAUUGGCACCCCAAC



Given RNA Sequence me &A ,

U
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C
, 63
*
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Find Minimum "energy" structure
-

AguuacqungcAAUngAGGAACUAUUGGCACCCCAAC
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Given RNA Sequence me &A ,

U
,
C
, 63
*

-

Compute Maximum Non-crossing matching E--
-

of preferred base pairs
within m .
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Aven
.

RNA sequence me &A ,

U
,
C
, 63
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Compute Maximum Non-crossing matching E--

of preferred base pairs
within m .
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Announcements
* HW2 ongoing

* HW] grades released after lecture.

* Prelim1 This Thursday 7 :30-9p.

* Statler 185

J See Ed for room

* Statler 196 assignment.

- Coverage through last Friday's lecture .

* Review
* Practice Exam on Canvas

.

* Review Session Thes 7-9p
↳ Gates G01.



Given RNA Sequence me &A ,

U
,
C
, 63
*

-

Compute Maximum Non-crossing matching E--
-

of preferred base pairs
within m .

BP = &(A , 4) ,

(c , 4) 3

&&&&Cacaunaczanugagazachaunggeaccocar& & && - &

What ave the cases/subproblems ?



Cases In optimal folding of M.
-

*

*

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mu

What happens to Mr ?



Cases In optimal folding of M.
-

* on base pairs wI some mi < n , OR

*

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu



TCases -n optimal folding of M.
-

* mn base pairs wI some mi i < n , OR

* Mu does Not base pair

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC
m

,
mu



Cases Mu does Not base pair-

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC
m

,
mu

Best up til Mn = Best up til Mn- >



Cases on base pairs wI some mi <n
-

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu

What base pairs are still legal ?



Cases Mn base pairs wI some mi <n
-

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu

What base pairs are still legal ?

* ALLOWED : from Ma -> Mi , & Mit -> Mn-i



Cases on base pairs wI some mi < n
-

crossing

Me Mr

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu

What base pairs are still legal ?

* ALLOWED : from Ma -> Mi , & Mit -> Mn-i

* NOT ALLOWED : Crossings !

from Me-> Mr

for Ri < v .



Cases on base pairs wI some mi <n
-

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu

Best for M

I

Best of left + Best of right



Sproblems = Substrings

M = UNGCAAMUGAGGAACHALUGGCACCOCAAC↑
Me

Mr

-

Best folding of substring from
left endpoint Me to right endpoint Mr

= Fold (e
, r)

=> RNA Folding solved by Fold (1
,
n)



Cases on base pairs wI some mi <n
-

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu

Fold (1
,
n) = 1 + Fold (1 , 2-1) + Fold (i+, n - 1)



Cases on base pairs wI some mi <n
-

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu

Fold (1
,
n) = 1 + Fold (1 , 2-1) + Fold (i+, n - 1)

M

Note : subproblem does NOT
I

start at l = 1



Cases Mu does Not base pair-

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC
m

,
mu

Fold (1 ,n) = Fold (1 , n
- 1)



M = UGCAAUUGAGGAACUAUUGGCACCCCAAC

M1 Mi Mu

M = UGCAAUUGAGGAACUAUUGGCACCCCAAC
m

,
mu

#ARecurrence

1 + max [Fold (1 , -1) + Fold Lit na

Fold (1 , n)
= Max E Sit

. (Mi
,
Mn) EBP

Fold (1 , n - 1)



M = ACAGU

Subproblems .

* For each width 1
,
2

,
3

,
4

,
5

* For each left endpoint
A

,
C

,
A
,
G,
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C CA CAG

A AG
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C CA CAG

A AG

E
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&
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E



&
A AC ACA ACAC ACAGU

= -

C CA CAG/A AG

E



-&-
A AQ ACA ACAD ACAGUX

->

C CAfa
A AG

E



M = ACAGU

Subproblems .

* For each width 1
,
2

,
3

,
4

,
5

* For each left endpoint
A

,
C

,
A
,
G,



&NA-Fom)
.

For 1 = 1 en : Fold (l
, 1) = 0 .

For width = 1 -n - 1

For 1 = 1 - n-width

v = l + width

no Pair <- Fold (l
,
r - 1)

bestPair

Find best legal base pair

I between Ma and Mr

for some 191v

Fold(l
, r) = max [noPair , best Pair



&NA-Fom)
.

For 1 = 1 en : Fold (l
, 1) = 0 .

For width = 1 -n - 1

For 1 = 1 - n-width

v = l + width

no Pair =-Fold (l
,
r - 1)

best Pair E O

For q
= 1 -> v - 1

if (Mg ,
Mr) -> BP -

I aPair = 1 + Fold (1 , 9-1) + Fold(q+, r+ )

bestPair max &gPair ,
best Pair 3

Fold(l
, r) = max [noPair , best Pair



A
Fold (1 , 1)

C

Fold (2 ,2)

A

Fold (3 ,3)

E
Fold (4,4)



A
&Ad

Fold (1 , 1) Fold (1 ,2)

C-A

Fold (2 ,2) Fold (2
,3)

A4A

Fold (3 ,3) Fold (3,4)

E
Fold (4,4)



& &
- XA 1 ⑫ ACA

Fold (1 , 1) Fold (1 ,2) Fold (1 ,3)

&

C-CA&CAG

Fold (2 ,2) Fold (2
,3) Fold (2 ,4)

I
A -A

Fold (3 ,3) Fold (3,4)

E
Fold (4,4)



& 2 & &AACAAC 1 XX
-CA

Fold (1 , 1) Fold (1 ,2) Fold (1 ,3) Fold (I
,+)

& & &

C CA CAGX/ X

Fold (2 ,2) Fold (2
,3) Fold (2 ,4)

↓
A -AQ

Fold (3 ,3) Fold (3,4)

E
Fold (4,4)



& 2 & & & &-ACAGUAuACAC &X X X XAC ACA

Fold (1 , 1) Fold (1 ,2) Fold (1 ,3) Fold (4)

L
Fold (1 , 5)

& &

C
&
CA CAGX X

Fold (2 ,2) Fold (2
,3) Fold (2 ,4)

d/
E

/& XA AG

Fold (3 ,3) Fold (3,4)

Fold (4,4)



&NA-Fom)
.

Running Time-

For 1 = 1 en : Fold (l
, 1) = 0 .

Entries for each

For width = 1 -n - 1
Fofill On

For 1 = 1 - n-width
entry

best Pair E O I
(t , r) = (n] x (n]

v = l + width ↳ Probe 9 S.

t-

no Pair =-Fold (l
,
r - 1) Rav
-

For q
= 1 -> v - 1 Fea=

if (Mg ,
Mr) -> BP -

I aPair = 1 + Fold (1 , 9-1) + Fold(q+, r+ )

bestPair max &gPair ,
best Pair 3

Fold(l
, r) = max [noPair , best Pair



&of of Correctness
.

For all neN
,
Fold (1 , n) returns max non-crossing match .



&of of Correctness
.

For all neN
,
Fold (1 , n) returns max non-crossing match .

S
For all widths WeN

, for all left endpoints &IM) -w

Fold(l
,
l +w) = max non-crossing match

~ / left endpoint Me

and right endpoint Metw .



&of of Correctness
.

For all neN
,
Fold (1 , n) returns max non-crossing match .

S
For all widths WeN

, for all left endpoints &IM) -w

Fold(l
,
l +w) = max non-crossing match

~ / left endpoint Me

and right endpoint Metw .

-

Base case w = 0 .

-

* No base pairing possible w/ single character

=> max match = 0

for all 0.
* Fold(e ,

l) = 0
~



ductiveHypothesis . Wo < W
,
for all legal &

Fold(e
,
l +wo) = best RNA fold from

Me to Metwo

Consider Me Men Mez--Metw , Mezw
.

Two cases
-

* Mexw not paired

Best fold from Me-> Metw

= Best fold from Me-> Metw-1) By It
= Fold (l

,
l+ w - 1)

d

width w-1 < w



ductiveHypothesis . Wo < W
,
for all legal &

Fold(e
,
l +wo) = best RNA fold from

Me to Metwo

Consider Me Men Mez--Metw , Mezw
.

Two cases Metw paired :
-

Best fold from Me-Metw

= Best & BP(Mg ,
Mr) +

Best fold from MetMg-1 + Best fold from Man + Metw--



ductiveHypothesis . Wo < W
,
for all legal &

Fold(e
,
l +wo) = best RNA fold from

Me to Metwo

Consider Me Men Mez--Metw , Mezw
.

Two cases Metw paired :
-

Best fold from Me-Metw Both of width

= BestaBPam+
w <w

↑
Best fold from Me+Mg-1 + Best fold from Maxi -> Me+w-1



ductiveHypothesis . Wo < W
,
for all legal &

Fold(e
,
l +wo) = best RNA fold from

Me to Metwo

Consider Me Men Mez--Metw , Mezw
.

Two cases Metw paired :
-

Best fold from Me-Metw Both of width

= BestaBPam+
w <w

↑
Best fold from MetMg-1 + Best fold from Man + Metw--

= 1 + Fold(e
, q
- 1) + Fold(gH ,

e+w -1)(Bu =H
E


