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RNA secondary structure

« Recall, unlike DNA, RNA molecule is single stranded
chain of nucleotides A, C, G, U.

* A nucleotide in one part of the molecule can base-pair
with a complementary nucleotide in another part.

« Therefore, RNA folds. The RNA sequence completely
determines the folding (in 3D).

* We would like to predict the secondary structure of the
RNA: Which bases pair with which?
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Representation

* RNA secondary structure is typically represented by a two-
dimensional picture (although folding is 3D).

* Example:
I = AACGGAACCAACAUGGAUUCACGCUUCGGCCCUGGUCGCG
Aa

c=6G
G=Cg,
c=6G
A=U
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Elements of the structure

unstructured
single strand\ m bulge loop
hairpin loop
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stem internal loop

helical region branching loop
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Pairs

The secondary structure for an RNAr =r,...r,
can be described as a set S of disjoint pairs
(, 1), where1<i<j<n
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Knots

* We exclude a configuration called knot.

 Aknot exists when r; is paired with r; and r, is paired with
r, such that:

i<k<j<lI
i.e. overlapping pairs.

* We consider only nested pairs because knots are not
frequent.
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Example knot
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Knots are not frequent
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Energy

* RNA folds into the minimum free-energy
structure.

* Each base pair (r;, r;) where r; and r; are
complementary contributes a negative energy
a(r, r;) <0, and a(r;, r) = 0 otherwise.

¢ We must find the minimum free-energy
structure.

Formulation

* Let E(S) be the total free-energy for a set of

pairs S:
E(S) = Zios a1y 1)

Assume a(r;, ;) is independent of all other pairs

» Then we can use solutions for smaller strings to
determine the solutions for larger strings.

* Let S;; be the minimum free-energy structure for

Foealye
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Dynamic programming

* S;; is the minimum free-energy structure for
fi...Ti.
J

» What can happen to r;?
— ryunpaired: E(S;)) = E(S; ;)
— r; paired with r;: E(S;)) = a(r;, 1;) + E(Siq 1)

— r; paired with r, (k # i): E(S;)) = E(S; 1) + E(Sy;) for
somei<k<j lZwe can do this because we assumed
no knots)
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lllustrations

i k-1 k

(i, j) pair j unpaired branching

Dynamic programming
(Nussinov algorithm)
E(Siipj) + 0, 1)
E(S;;) = min
E(Sika) + E(Syy) 1<ks]
k = j corresponds to the case of unmatched j (S;; = 0)
E(S,,) is the lowest free-energy

The actual structure must be obtained by tracing back
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Initialization

« E(S,)=0,i=1..n

« E(S;1)=0,i=2...n

Computation
(ik-1)
[o] []
0
— (i)
(i+1,-1)
(k)
running time: O(n?) entries
each requires O(n) time =>  O(n3)
Example

¢« r = GGGAAAUCC GGGAAAUCC
G [o]o]oJoJo]o]-1]-2[-3

G |o]olooo]o]1]-2]-3

— - _ G 0{0|0|0|0|-1]-2]-2
*a(CB)=a(GC)=-1 A 0/o0[o[o]-1]-1]-1
A 0/0/0]-1]-1|-1

A 0{0|-1]-1]-1

* a(AU)=a(UA)=-1 0lolo]o
c o0lo]o]

c 00|

Otherwise a(x, y) =0
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Tracing back

0O0C>»>»r»r000
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0
0
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0

The trace back takes linear time O(n) if we keep
back pointers.
The trace above is unbranched. In general we
need to keep track of multiple traces.
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trace (1,n)

trace (i,j)
ifi<j

then fork =

do

Tracing back
(no pointers)

i+1to]
If E(S,,p) + E(S,) = E(S,)
then trace (i,k-1)
trace (k,j)
return

1E(Siyy ) + a(r, 1) = E(S;)
/l'and a(r;, ) <0

pair (r;, ;)

trace (i+1, j-1)

return

The order is important
If a(r, r;) = 0 then we
might have many
options that result in
the same E(S;)), in
this case we should
not favor a pair

Same preference

should be made when
keeping pointers
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Illustration

What if a(r;, r) = 0 and E(S;,,.,) + a(r, 1)) is the best option?

— @)

O<m
If a(r;, ’1) =0,

then E(S;.,) is at least as good
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