_cture Determination

If tertiary structure is available, secondary structure is trivial to obtain:
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Comparative Structure Determination

Complementarity has to be preserved pr—EEmE—————— =

8 10 22 2627 32 49 56 73

(Artibews jamaicensis GTTGATG TA GCTT ATTAATA AAGC A AGGCA CTGAAAA TGCCT AGAT GAGIC [FTA ITGACT FATAAAC A
Balaenoptera musculus  GTTAATG TA GCTT AAGCACTCATA AAGC A AGACA CTGAAAA TGTCT AGAT GGGTT RAATT JAACCC FATTGGC A

. . . .
for b aJS e p alrlng p O S lt 10 nS 7 S O aJn Balaenoptera physaius ~ GTTGATG TA GCTT AAAGAGTTAGA AAGC A AGAGA CTGAAAA TGIGT AGAT GGGTG FAGCC JAACGC FATTGAG A

Bos taurus GTTGATG TA GCTT AACCCA AAGC A AGGCA CTGAAAA TGCCT AGAYGAGTC fccC  JAACTC FATAAAC A

o Canis femiliaris GTTAATG TA GCTT AATTAATA AAGC A AGGCA CTGAAAAATGECA AcAfcacr fccac |GacTc FATAAAC A
all gne d S et Of hO mO 10 go u S S e que nC e S Ceratotherium sinum ~ GITAATG TA GCTT AACAACTA  AAGC A GGGCATTGAAAA TGCGCC AGA GAGCCEACC  JAGCTC FATAAAC A
Dasypus novemeinctus  GTCAACGTA GCTT AAGTCTA AAGC G AGGCA CTGAAAA TGECT AAAQ GAATC ETAAT [JGATTC EGCAGACA

Didelphis virginiana GTTAATG TA GCTT AATTTA AAGC A AAGCA CTGAAAA TGGTT AGATY GGTIT RTATGTTJAAACC FATAAAC A

GTTAATG TA GCTT AATGATATCA AAGC A AGGCA CTGAAAA TGCCT AGAT GAGTA FTCC TACTC FATAAAC A

: e e Equus asinus
S h O u 1 d eXh 1 b lt C O m p e Il S aJt 1 Il g Equus caballus GTTAATG TA GCTT AATAATATA AAGC A AGGCA CTGAAAA TGGCOT AGAT GAGTA FTCT [TACTC FATAAAC A

Erinacsus europeus  GITAAGG TA GCTT AAAATTA AAGC A BAGEACTGAAAA TGETT Acaqccoccka TacCe FGTAAAC A

. Felis aatuis GITAATG TA GCTT AAACATATA AAGC A AGGEACTGAAAA TGEeT acaleacrc cca  feacte faraaac a

mut at ]_OHS . Gorilla gorilla GTITATG TAGCTT ACCTCCGCA AAGC A ATACA CTGAAAA TGTIT cGAQGGGeT fAcaT |cAccc FATAAAC A
Halichoerus grypus GITAATG TA GCTT AATAAACCA AAGC A AGBCACTGAAAA TGEeT acafcaccchras  Jescre fatasac a

Hippopotamus anphibius GTTAACG TA GCTC AAACACCCA  AAGC G AGGCA CTGAAAA TGECT AGAT GGGCT CACCC JAGCCC EGTAAAC A
St d d f 3 Homo sapiens GTITATG TA GCTT ACCTCCTCA  AAGC A ATACA CTGAAAA TGTTT AGAQ GGGCT CACAT JCACCC FATAAAC A

a"n a"r Wa’y O me a"S urlng Hylobates lar GTTTATG TA GCTT AACTACCCA  AAGC A AAACA CTGAAAA TGTCG AGAQ GGCTC pCC CGCCC FATAAAC A
Mamopus rebustus GTTAATG TA GCTT AATCCA AAGC A AAGCA CTGAAAA TGCTT AGAT| GGACT FCAATATIAGTCC FATAAAC A
Mus musculus GTTAATG TA GCTT AATAACA AAGC A AAGCA CTGAAAA TGETT AGAT GGATA RTTG ITATCC EATAAAC A

CO mp e n S at io n iS by mu tu al Myoxus glis GTTAATG TA GCTT ATAAT AAGC A AAGCA CTGAAAA TGCTT AGAWAGGTA IGCTA CACCC FATAAAC A

Cmithorhyneus anatinus GCACTCG TA GCTT AAACTCTTA  AAGC A ATACA CTGAAAA TGTIT AGAT GATTC FTAACT JGAACC EGAGCGC A

. . Oryetolagus euniculus ~ GTTAATG TA GCTT AACAACA  AAGC A AAGEA CTGAAAA TGETT|Acalcaccclrcce Jogerc FATAAAC A
Zn f 0 ,r-m atz On : Ovis aries GTTAATG TA GCTT AAACTTA AAGC A AGGEA CTGAAAA TGEET AGAY GAGTC FAcT  |GACTC FATGAAC A
Pen paniscus GTITATG TAGCTT ACCCCCTTA  AAGC A ATAGA CTGAAAA TGIIT coadGeerr Fatar foacce fatasac a
Pan troglodytes GTITATG TAGCTT ACCCCCTCA AAGC A ATACA CTGAAAA TGTIT cGAQGGGTT facar |cAccc FATAAAC A
Papio hamadryas GTTTATG TAGCTT AAAGATACGCAAAGC A AGAGAcTeAAAA TGeeT AcafccarT foca  Jogece fatanac A
Phoca vitulina GTTAATG TAGCTT AATAAACCA AAGC A AGGCACTGAAAA TGGCT AcAcaccchcaa |focere fatasac a
fx , Z . y ] Pongo pygmastis GTITATG TAGCTT ATTCCATCCA AAGC A ATAGA CTGAAAA TGTeT coalceecckaca |ocoac FATAAAC A
/‘ jz L= f . . 1 O ) I Rattus norve gicus GTTAATG TA GCTT ATAATA AAGC A AAGGACTGAAAA TGETT AGATGGATT fasa  Jaatce farasac a
1 j T ,’I, , y y j g 2 Rhinoceros unicornis  GTTAATG TA GCTT AATGATTA  AAGC A AGGCA TTGAAAA TGECT Acalcacackacc [ascTc FATAAAC A
fx 'L fy j Sus sarofa GITAATG TAGCTT AAATTATCA  AAGC A AGGGA CTGAAAA TGECT Acallcaeoclkc acace FATAAAG A
Y )

L,y

where f, ; is fraction of sequences having base

x in alignment column ¢ and f, ;., ; is fraction . .
8 fx’z’y’J Mutual information

of sequences simultaneously having base = in in T domain

column 2 and base y in column j.

Excellent if good alignment of many sequences is available.
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Notation

We will use a graphical notation to specifty structural parts. Zigzagged lines

indicates a definite base pairing, while dashed lines just delimits a region

where the flanking bases may, or may not, be paired, but where no base

inside the region forms a base pair with a base outside the region.

L SWW

// \\

/ \
', \ .
Z‘ 53
7 oj

Base pairing of bases ¢ and j
Bases ¢ and j not necessarily base paired

(Optimal) structure on substring between bases i and j
with bases ¢+ and j base paired

(Optimal) structure on substring between bases ¢ and j

Structure on substring between bases ¢ and j only con-

taining the base pair 7 - j

Empty structure on substring between bases ¢ and j
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Prediction by Maximum Number of Base Pairs

The hydrogen bonds formed by base pairs stabilise RNA structures — so a
first attempt at structure prediction would be a structure with a maximum

number of base pairs.

We might not know how such a structure looks, but for any structure either

First base is unpaired First base pairs with some other base

So for a sequence s = 5155 ...5, the maximum number of base pairs is
. . / _
e maximum number of base pairs for s’ = s5...5s, or

e 1 + max # of b.p. of / = s5...5,_1 + max # of b.p. for s” = sp11...5p,
for some k such that s; and s; can form a base pair
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Recursive Algorithm

Fact: Two bases separated by less than three bases cannot form a base pair.

With at most four bases, the maximum number of base pairs is thus zero.

Otherwise, we can use the recursive breakdown of the previous overhead.

maxbp(s, i, j)

( . . .
Oife>75—4
/,’—5\\\ TN
max 4 v , 1+ max A + /£ N
4 \ i+a<k<j | & .
1+ 1 ik 1+1k—-—1 k+1 J

if 2 > 5 — 4 then

m =20
else

m = maxbp(s,i+ 1, )
for k=144 to j do
if s; and s, can form a base pair then
m = max{m, 1 + maxbp(s,7+ 1,k — 1) + maxbp(s,k+1,7)}

return m

Secondary Structure Prediction — 11/42



Predicted Structure

True Structure




Counting Hydrogen Bonds

C - G base pairs are more stable than A - U base pairs as the former have three
hydrogen bonds and the latter only two. G - U base pairs are even less stable.

Scoring C - G base pairs 3, A - U base pairs 2, and G - U base pairs 1, the

highest scoring structure is
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‘Base Pair Stacking

You might already have noticed that
most of the base pairs for tRNA
clumped together as consecutive base
pairs.

An isolated base pair usually
destabilises a structure — several base
pairs stacking next to each other are

required for stability.




Base Pair Stacking

You might already have noticed that most of __ |
the base pairs for tRNA clumped together as P L@ P

consecutive base pairs.

An isolated base pair usually destabilises a

structure — several base pairs stacking next to

each other are required for stability.

(-, - )
Oife>75—14
/,’—-N\\ P
/ \ S /’ N P
\ —
b ) < max K N\ , max &—F [ M\
‘ : 4 L ifa<k<; | S —
i j i+ 1 j i kK k+1 )
\
( : :
—oo if s; and s; cannot form a base pair
— < /,’—§\\
max F N L 14 }
. : :
i ) i+ 1 j—1 i+ 1 j—1
\
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Base Pair Stacking Prediction for Yeast tRNAP™
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Loops

. Hairpin loop

Bulge

e Multibranched loop Hairpin loop

,/

"
Stacked pairs

/!
A Internal loop

External base

Over the last two and a half decades increasingly better data for the stability
of various loops (measured in free energy) has been obtained.

k>0
1<11<)1<...<1x.<Jk<J

k
Vi, j| = max {SCOI‘e(’i'j;’h'j1,---,’ikz'jk)JrZV[’iz,jl]}
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Energy Functions

o
@)
N\
._
: 3
._
N~
|

tabulated for all combinations of base pairs

eH <Q — size (O) +stacking ('\.Wv [ )
( W, ) Size (e— -+ Stacking ("\.Wv [ ) +

stacking (|| ) + Ninio ( , I)

., ({}) = a+b-3 (ewe)FC (o) + stackmg ’\. [
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Mfold Recursions

We can now formulate recursions for computing the minimum free energy of

any structure for a given sequence.

—e
~

20— () o £ g
- : k,l : ; k
) 7 ) 7 1k l g
: ) k J

v (i, j)

PN

// \\ . //"\\ //"\\ .
) y —min<g o, - , min ,-\M
¢ ¢ b S S r k ¢ .
7 J 7 7 1 7 1 i ) k 7
wzr(t,J)

Current energy parameters allows predictions that on average find between
56% and 70% of the base pairs in known structures.
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TLIEA RIS T a il T, WIHIKSW = Tlilw Dolels
18 A's, 18 C's, 23 G's, 17 U/T's and O N's.
10 20 30 40
GCGGAUUUAG CUCAGUUGGG AGAGCGCCAG
ACUGAAGAUGC UGGAGGUCCU
&0 70 80

Available at http://mfold.bioinfo.rpi.edu/cgi-bin/rna-forml.cgi



plt22ps by D. Stewart and M. Zuker
©2002 Washington University
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Yes, it is still that yeast tRNAFhe,
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Suboptimal Structures

Just as we can compute the minimum energy of any structure between
positions 2 and 7 and containing 7 - j, we can compute the minimum energy of

any structure ezcluding the positions between 7 and j and containing ¢ - j.

”——‘\

Note: Everything can still be handled in space O (nQ) and time O (nS)
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Boltzmann Distributions

For a system that can be in different states, the probability of it being in a
particular state with energy F is e™ ¥ [k T

Example: Assume two magnets that can each be in one of two alignments

I I L Ll

E/k-T =0 E/k-T=1In(2) E/k-T =In(2) E/k-T=0
Pr:% . Pr:% Prz% ) Pr:%
P'r:%

If we cannot distinguish between the magnets the two states with opposite
alignments merge to one superstate
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The Full Partition Function

Our energy model defines a probability distribution on secondary structures

The partition function is the sum of Boltzmann terms from all structures
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Base Pair Boltzmann Probability

The probability of observing a base pair is the probability of observing a

structure containing that base pair

Just as we can compute the full partition function for structures between
positions 2 and 7 and containing ¢ - 7, we can compute the full partition
function for structures excluding the positions between ¢ and j and

containing 7 - J.

R —
- ~~ - =~

7’ S /7 N
// \\ // \\
¢ \ / \
/ \ / \
/ \ = | \
| | % | g\ﬁ% |
> é d
1 ) J ) J 1 ) g n
v (J, 1) v (i, j)

Hence, Pr(i-j) = vx(i,7) - vx (g, 1) /wz(l,n)

Note: Everything can still be handled in space O (n2) and time O (n3)
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