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Bioinformatics Examples

Some of the images in these lectures are from several sources
that have welcomed instructors to use them for educational
purposes (Felsenstein, Moran, Gerstein, Yang, Arkin, Leibler,
Batzoglou, Pevzner, Nussinov).



Gap

penalty=-1;
match=+2;
mismatch=-1

0

Ol D | W N | -




ﬁﬁ
A

0« -1




0 1 2 3 i} 5 6

0+ -1+ -2+ -3+ -4+ -54--6
P
ACGCTG
- Y

Ol D | W N | -




0+ -1+ 24— -3« -4+~ -54--6




_
A

_

-1Y

0t -1+ 24— -3« -4+~ -54--6

t

-1
¢
-2

1




et 0 1 2 3 4 | 5 5
0 Q&= -1 2= -3¢—-4+— -5 -6
4 S
1 -1 -1 1§\( ~
) 12 | AC
4 =C
3 -3 g
4
4| -4
¢
5 -5




0 1/ 2 3| 4] 5
0« -1+ -2« 3+ -4+ -5« -6
PN
1| -1 | -1 1<+=0_1
t ACG
15 C
3 | -3 -
4
4| -4
4
5 | -5




¢

S

L\

-] = 2= -3 -4€ ACGC




0| 1|2 3| 4
0+ -1+ -2« -3+~ -4+~ -5+ -6

1 *1\ 1\1 0\1 2 +--3
- - = () &= -1 &= -D & -
RN BN

2| 2| 1«0 | 0
t i)

3 | -3 i
0 AC

il By -CA

5 | -5




A+ 2+ -3+ -4+~ -5+--6
\ \










N = D

0 4 | 5| 6

0 ++ - h

B ACGCTG-
1 1‘—0\/5 -ATGT |
2
3 \1
L\

4
5




N = D

0 3 4 5 6
0 ++ - h
L ACGCTG-
1 L\ /C/A TGT ‘
2 0 <« -1
3 o 1
L\l

4
5




0 4 | 5| 6

3 (;ACGCTG_
1| -1 _
; \NE (CﬁI‘G -T- |
. ™K
4 \2 1

P
L\l

5 3« 2




Local Alignment Example

X A T C T A A
y\ 1 2 3 4 5 6
000 0 0 00 0 O

= TAATA
4 T 1

X=TACTAA
A2

A3
T 4

Ad

o O O O O OO



Local Alignment Example

y = TAATA
X = TACTAA

N T A C T A A
y\123456
0 0 0 00 0 O
T 1 1 0 01 0 O
~\

A2 0 2 0 0 2 1

A3
T 4

AdS

o O O O O oo



Local Alignment Example
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Local Alignment Example

T A C T A A
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Local Alignment Example
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X
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RNA Secondary Structure

Secondary Structure :

— Set of paired positions on interval [i,/]

— This tells which bases are paired in the subsequence from x; to x;
Every optimal structure can be built by extending optimal substructures.
Suppose we know all optimal substructures of length less than j-i+1.
The optimal substructure for [i,j/] must be formed in one of four ways:

1. i,j paired

2. i unpaired

3. j unpaired

4. combining two substructures

Note that each of these consists of extending or joining substructures of
length less than j-i+1.

O,

N N AL N
O\O A A\ A\ A\
o O o o
5 l> 5 5 5
i+1 6 6j-1 b J -1 fi ti
i ! =)
=~ +
e o . H
I,j pair i unpaired jzuSnpalred bifurcation



The Nussinov Folding Algorithm

Example:  GGGAAAUCC ™
v(i,j) is the maximum number A A
of base pairs in segment [i,j] N/

Initialisation y(i,i-1) = 0 & y(i,1) = 0 1y
Starting with all subsequences of /G|-C
length 2, to length L: G

j ——

y(1,]) =
f o GG G AAA UCC
y(i+1,])
y(i,j-1) 0
max:. 0 0

ya+1,j-1)+0(,))

max; [y (1K) +y(k+1,7)]

Where 6(i,j) = 1 if x; and x;
are a complementary base pair,

ONVVVOODO

«—

and o(i,j) = 0, otherwise.




Nussinov Folding Algorithm:
After scores for subsequences of length 2
y(,j) =

] ——

yi+1,j)

max.J , J/(_i’j_l) o G G G A A A U C C
yi+1,7-1)+6(,))
max, @0y @ [0 O
®|o |o
® 0
™ > o |0 |o
A A P 0
\_/ i > . :
2_9 JC o |0 |o
;'s-c @) 0 0
G 0
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Nussinov Folding Algorithm:
After scores for subsequences of length 3

y(1,]) = j —

o GGG AAA UCC
max-. . . .o
y(i+1,j-1)+0(,)) o |0 (0 |0
(max; [y (Lk) +y(k+1, )] Olo To o |o
@ o [0 |0 |o
[ > o |0 [0 |o
Al A i)> o o o |4
_ > o (o |1 o
?l;_lﬂ lc o [0 |o |o
G=C o o [0 |o
G 0 |0
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Nussinov Folding Algorithm
After scores for subsequences of length 4

] ——

y(,)) =

e GGG AAA UCC
"
s y(i+ly§1-’i)+)6(i i) g S S A
max,_, [y (1L, k)+y(k+1, )] @]o 0 10 |0 0
‘ Q) 0o |0 [0 |0 |0
> o o [0 o [
0 0 1
— > ®
A A > 0 |0 1 1 1
N/ lc o o [0 o
%_‘1’ '®) 0 [0 |0
F_C 0 0
G Two optimal substructures for same subsequence
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Nussinov Folding Algorithm
After scores for subsequences of length 5

] ——

y(,)) =

y(i+1,j) GG G A AA UCC
r@I-h o [o |o [0 |o
T +1,j-1)+8G. ) @
max,, [y (i, k) +y(k+1, )] @|o |0 jo |o |0 o
() o (o [0 |o |0 |1
> o o (o |0 [1 [1
[ )
A A - » 0 |o |o |1 [1 |1
N/ > o |0 |1 [1 [1
2"‘1’ JC o o o |o
| 0o |0 |o
g ©
0 |0
G
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Nussinov Folding Algorithm
After scores for subsequences of length 6

}/(1:.]) =

y(i+1,j) G G G A A A U C C
o V(i+1y§i-’i;r)5(i ) Qi e e e
max,, [y (,k) +y(k+1,))] @ [0 0 0 0 0 0 1
‘ @ o |0 |0 |0 [0 |1 |2
> o lo o o [1 [1 |4
[ > o |o o |1 |1 |1
A\ /A I:(> 0O (0 |1 1 1
A=Y l C o o [0 |o
cls- (@) 0 |0 |0
= 0 |0
G
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Nussinov Folding Algorithm
After scores for subsequences of length 7

y(,]) = j ——
y(+1,j)
VD) GG G A AA UCC
T e 1,j-1)+6G, j) olo |0 [o |o o |0 |1
kmaxkkﬂ-[V (Lk)+yk+1,))] olo 0 0 lo 0 0 1 2
() o (o |0 |0 [0 |1 |2 |2
™ > o o |o |o [1 |1 |1
A A P o |0 |0 |1 |1 |1
N > o [o [1 [1 |4
2_9 l C o |0 |0 |0
|
G '®) 0 |0 |0
G 0 |0
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Nussinov Folding Algorithm
After scores for subsequences of length 8

y(a+1,j)

- y(i,j-1) GG G AAA UCC
| r(+1j-D+086)) o o |o o [o o [1 |2
max, [y (1, k) +y(k+1,j)] @

‘ ®lo |0 |o o |o |o [1 |2 |3
@) o (0o [0 |o [0 [1 |2 |2
> o o (o (o [1 [1 |1

[ > o |o (o |1 |1 |1
A A i

\ / > o |o [1 |1 |1
A-U lc o |0 |0 |0
8 o s To o
e 0 |0
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Nussinov Folding Algorithm
After scores for subsequences of length 9

y(,])) =

y(i+1,]j)

- y(,j-1) GG G AAA UCC
| rG+1Lj-D+6G.j) o [0 [0 [0 |o o [1 |2 |3
max, [y (1, k) +y(k+1,j)] @

‘ ®lo o [o |o o |o [1 |2 |3
@ o |0 (0 |0 [0 [1 |2 |2

Aq > o o |o [0 |1 |1 |1
. i> o |o [0 [1 |1 |1
A=y > o |o [1 [1 |1
G- l C o |0 [0 |o
G=C o 0 |0 |0

G 0 |0
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Nussinov Folding Algorithm

Traceback

j —

GGG AAAUCC

o

o

o

o

GGGAAAUC

—
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BLAST
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BLAST



Original BLAST: Example

ACGAAGTAAGGT CCA G

w=4

Exact keyword

match of GGTC

Extend diagonals

with mismatches

until score is

under 50%

Output result

GTAAGGTCC

CTGATCCTGGATTGCGA

GTTAGGTCC




BLAST finds a “hit” and then extends

GCNTACACGTCACCATCTGTGCCACCACNCATGTCTCTAGTGATCCCTCATAAGTTCCAACAAAGTTTGC

Lererrr et el |l ceeerrrreerrrrrerr e rererrer r bt
GCCTACACACCGCCAGTTGTG-TTCCTGCTATGTCTCTAGTGATCCCTGAAAAGTTCCAGCGTATTTTGC

GAGTACTCAACACCAACATTGATGGGCAATGGAAAATAGCCTTCGCCATCACACCATTAAGGGTGA-——--

Lereerereer reeert v et T T Y Y O O
GAATACTCAACAGCAACATCAACGGGCAGCAGAAAATAGGCTTTGCCATCACTGCCATTAAGGATGTGGG

—————————————————— TGTTGAGGAAAGCAGACATTGACCTCACCGAGAGGGCAGGCGAGCTCAGGTA

Leererrerrerr ree reeeeererrr re reererr e v I
TTGACAGTACACTCATAGTGTTGAGGAAAGCTGACGTTGACCTCACCAAGTGGGCAGGAGAACTCACTGA

GGATGAGGTGGAGCATATGATCACCATCATACAGAACTCAC——-——-—-—- CAAGATTCCAGACTGGTTCTTG

I T I I I O N I O A R O O LEEEEE Trerrrrr et
GGATGAGATGGAACGTGTGATGACCATTATGCAGAATCCATGCCAGTACAAGATCCCAGACTGGTTCTTG

Seed match = hit



BLAST

Query Sequence

“‘words” (subsequences of the query sequence)

|

Query words are compared to the

database (target sequences) and exact
matches identified

|

For each word match, alignment is
extended in both directions to find
alignments that score greater than
some threshold



BLAST: example of missing a target

* Fail:
GAGTACTCAACACCAACATTAGTGGGCAATGGAAAAT
L Pt rerrer ot AR
GAATACTCAACAGCAACATCAATGGGCAGCAGAAAAT
* Dilemma
— Sensitivity — needs shorter seeds
 the success rate of finding a homology

— Speed — needs longer seeds
 Mega-BLAST uses seeds of length 28.



PatternHunter uses “spaced

b}
seeds
« 111010010100110111 (called a model)

— Eleven required matches (weight=11)
— Seven “don’t care” positions

GAGTACTCAACACCAACATTAGTGGCAATGGAAAAT...

L reeer re rerd BERRN
GAATACTCAACAGCAACACTAATGGCAGCAGAAAAT...

111010010100110111
« Hit = all the required matches are satisfied.

 BLAST seed model = 11111111111



prababiiy of o leas=i 1 Hi

Simulated sensitivity curves

a3 r

a3
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a2
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Q.5 a8 Q.7
=mllarty averlengh 64
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PH2:

(homology identity = 0.7, homology length=64)
111011001011010111,
111000100010011010111,
1100110100101000110111,
110100011110010001101,




Hbb Human.pep
Hbb Horse.pep
Hba Human.pep
Hba Horse.pep
Myg Phyca.pep
Glb5 Petma.pep
Lgb2 Luplu.pep

Hbb Human.pep
Hbb Horse.pep
Hba Human.pep
Hba Horse.pep
Myg Phyca.pep
Glb5 Petma.pep
Lgb2 Luplu.pep

Hbb Human.pep
Hbb Horse.pep
Hba Human.pep
Hba Horse.pep
Myg Phyca.pep
Glb5 Petma.pep
Lgb2 Luplu.pep

A multiple alignment

10 20 30 40 50 60

———————— VHLTPEEKSAVTALWGKVN--VDEVGGEALGRLLVVYPWTOQRFFESFGDLST
———————— VOLSGEEKAAVLALWDKVN--EEEVGGEALGRLLVVYPWTQRFFDSFGDLSN
————————— VLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHFDLS -~
————————— VLSAADKTNVKAAWSKVGGHAGEYGAEALERMFLGFPTTKTYFPHFDLS--
————————— VLSEGEWQLVLHVWAKVEADVAGHGODILIRLFKSHPETLEKFDRFKHLKT
PIVDTGSVAPLSAAEKTKIRSAWAPVYSTYETSGVDILVKFFTSTPAAQEFFPKFKGLTT
———————— GALTESQAALVKSSWEEFNANIPKHTHRFFILVLETIAPAAKDLFSFLKGTSE

* . * * *
PDAVMGNPKVKAHGKKVLGAFSDGLAHLD-———— NLKGTFATLSELHCDKLHVDPENFRL
PGAVMGNPKVKAHGKKVLHSFGEGVHHLD-——-- NLKGTFAALSELHCDKLHVDPENFRL
-—-—--HGSAQVKGHGKKVADALTNAVAHVD—-———-— DMPNALSALSDLHAHKLRVDPVNFKL
-—-—--HGSAQVKAHGKKVGDALTLAVGHLD=——=~-— DLPGALSNLSDLHAHKLRVDPVNFKL
EAEMKASEDLKKHGVTVLTALGAILKKKG-—-—-- HHEAELKPLAQSHATKHKIPIKYLEF

ADQLKKSADVRWHAERIINAVNDAVASMDDT--EKMSMKLRDLSGKHAKSFQVDPQYFKV
VP--ONNPELQAHAGKVFKLVYEAATQLOQVTGVVVTDATLKNLGSVHVSKG-VADAHFPV

* * *

LGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH-==———-
LGNVLVVVLARHFGKDFTPELQASYQKVVAGVANALAHKYH-==——-—
LSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR-==———
LSHCLLSTLAVHLPNDFTPAVHASLDKFLSSVSTVLTSKYR-==———
ISEAITIHVLHSRHPGDFGADAQGAMNKALELFRKDIAAKYKELGYQG
LAAVIADTVAAG-—===———— DAGFEKLMSMICILLRSAY-=—————
VKEAILKTIKEVVGAKWSEELNSAWTIAYDELAIVIKKEMNDAA--- 44



Progressive Alignment

Principle:
Pairwise Alignment Guide Tree lterative Multiple Alignment
______________________________ 1+2 |
............... 1+3 2
........................ 1+4 —_ 2 3

.............................. oty - Q4
-3
2+4 L
1

........................... 344 _4




Step 1-pairwise alignments

Compare each sequence with each
other and calculate a Similarity matrix.

Al -
Different < Each number represents the number
sequences\ B| 87 - of exact matches divided by the
sequence length (ignoring gaps).
C| 59 60 - Thus, the higher the number the more
A B C closely related the two sequences are.

In this similarity (distance) matrix sequence A 1s 87% 1dentical to sequence B




Step 2-Create Guide Tree

Use the Similarity Matrix to create a Guide Tree to
determine the “order” of the sequences.

0.87 (0.13)
Al - — A
Different< |
sequences\B 87 - /
C
C| .59 .60 - 0.60 (0.40)
A B :
¢ Guide Tree

Branch length proportional
to estimated divergence
between A and B (0.13)




Step 3-Progressive Alignment

—A
—B Align A and B first. Then add sequence C to the
previous alignment. In the closely aligned sequences
C and gaps are given a heavier weight than more diver-
gent sequences.

Guide Tree



How does it work?

« Starting with a
group of 7
sequences from
different species

* Do pairwise
alignments
between all 7
sequences

« Score given for
similarity, higher
score indicates
more similar

HAHU

HBHU

HAHO

HBHO

MYWHP

P1LHB

LGHB

HAHU

HBHU

21.1

HAHO

329

19.7

HBHO

20.7

39.0

204

MYWHP

11.0

9.8

10.3

9.7

P1LHB

9.3

8.6

9.6

8.4

7.0

LGHB

7.1

7.3

7.5

7.4

7.3

4.3




LGHB

P1LHB

MYWHP

HAHU

HAHO

r—HBHU

L'HBHO

Increasing Similarity

» Cluster the sequences by similarity to create a guide
tree

« Branch length is proportional to estimated divergence
between the two sequences



HBHO

HAHO

Progressive Alignment

HBHU

HAHU

HBHU
HBHO

mm HAHU
m— HAHO



Progressive Alignment

HBHU
HBHO
HAHU
HAHO



MYWHP

Progressive Alignment

HBHU
HBHO
HAHU
HAHO

New gaps



BWT of ‘tatatatatad’

t a t at at a t a 3 $ ¢t a t a t a t a t A
a t a t at a t a $ t a S t a t a t a t a t
t a t at at a $ t a a t a §$ t a t a t a t
a t at a t a $ t a t a t a t a §$ t a t a t
t a t at a $t a t a a ot oa t o a t a S t a t
a t a t a $ t a t a t a t a t a t a t a S t
tba t a $ t at at a t a S t n t H t i t 0
a t a $ t a t a t a t a t a S t a t a t a
t as$ tatatat a t a t a t a $ t a t a
a $ t atatata t t a t a ot oa S ot a
$ a t atata t a t a t a t a t A t a b

=

In A the word ‘tatatatata$’ undergoes cyclic shift andit is sorted in B

Note that the BWT (tatatatata$) is a word, pointed by the arrow (atttttaaaa$) with good
clustering of T's and A’s so that it can be written in a more compact way. The DNA is
from an alphabet of 4 symbols (a,c,g,t) so this clustering happens very often.



More Burrows-\Wheeler

Input SIX.MIXED.PIXIES.SIFT.SIXTY.PIXIE.DUST.BOXES

Burrows-Wheeler Output TEXYDST.E.IXIXIXXSSMPPS.B..E.S.EUSFXDIIONIT

Repeated characters mean that it is easier to compress



More Burrows-\Wheeler

Reference

BWT( Reference )

Query:
AATGATACGGCGACCACCGAGATCTA



More Burrows-\Wheeler

Reference

BWT( Reference )

Query:
AATGATACGGCGACCACCGAGATCT@



More Burrows-\Wheeler

Reference

BWT( Reference )

Query:
AATGATACGGCGACCACCGAGATC



More Burrows-\Wheeler

Reference

BWT( Reference )

Query:
AATGATACGGCGACCACCGAGAT@



More Burrows-\Wheeler

Reference

g

BWT( Reference )

Query:

AATGATACGGCGACEACCCAGATCTA




More Burrows-\Wheeler

Reference

S iH

BWT( Reference )

ery:
AATGATACGECGACCACCGAGATCTA



More Burrows-\Wheeler

Reference

BWT( Reference )

u
AATGATACGGCGACCACCGAGATCTA



More Burrows-\Wheeler

Reference

ESSSSSTTLTLTLTTTEBSSHHHHHHHHL L«

BWT( Reference )

ery:
AATGTACGECGACCACCGAGATCTA



More Burrows-\Wheeler

Reference

.

BWT( Reference )

Query:

[EATCTTACCCCCACCACCCACATCTA




UPGMA




3.5

3.5



AC |0

M apcpp = Mup + Mpp + Mp)/3 = (12+14+11)/3



ABC




Neighbor Joining

 If A and B are joined:

z(d +d. \

S 2N -2)



Vector clustering (K means) Graph clustering (Markov Clustering algorithm)

T . . .
-"'x§<‘x"§§ . BEachpointhas | .~ .. Each vertex is
X X . e,
X xXx Xx i@ Vector, 1.e. . connected to
XX % ; . others by
X XXX . .
Cx ¥ 7 ex coordinate * (weighted or
x. %X X . . .
g *y coordinate unweighted)
Hxx X % e color edges.
XX X B
XX X :
X X XX
XX X
XXX X
XX .







MCL animation

* Found at
www.micans.org/mcl/ani/mcl-animation.html



© 2002 Oxford University Press Nucleic Acids Research, 2002, Vol. 30, No. 7 1575-1584

An efficient algorithm for large-scale detection of
protein families

A. J. Enright*, S. Van Dongen' and C. A. Ouzounis

Computational Genomics Group, The European Bioinformatics Institute, EMBL Cambridge Outstation,
Cambridge CB10 1SD, UK and '"Centrum voor Wiskunde en Informatica, Kruislaan 413, NL-1098 SJ Amsterdam,
The Netherlands
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Applications of HMM

acceptor D

3 .~ exon



Applications of HMM: Identify protein
families in the genomes

protein families

4



Applications of HMM: |Identify domains and
protein families in the genomes

&
SE




The Probability that they are
all Fair die rolls

Let the sequence of rolls be:

Then. what is the likelihood of

n=F,F,...,F?

(say 1nitial probs agrair = ¥2. aoLoaded = ¥2)

¥ x P(1 | Fair) P(Fair | Fair) P(2 | Fair) P(Fair | Fair) ... P(4 | Fair) =
Y X (1/’6)10 X (0.95)9 = .00000000521158647211 ~= 0.5 x 10”

The %> comes from the initial probability. Each value has an emission probability of (1/6). There
9 transitions from Fair to Fair each with a probability of .95.



Sequence of rolls have many 6’s

Let the sequence of Tolls be:

Now. what 1s the likelihood t=F. F. .... F?
i 10 o -9 .
Y2 x (1/6) x(0.95)" =0.5 x 10", same as before

What 1s the likelihood

n=L.L.....L?

Y5 x (1/10)* % (1/2)° (0.95)° = .00000049238235134735 ~= 0.5 x 107’

There are 4 non-6 values with a emission probability of 1/10 and 6 values of 6 each with an
emission probability of (1/2) thus (1/2)"6. There are 9 state transitions of loaded die with a

probability of .95 per transition.

So. 1t 1s 100 times more likely the die 1s loaded. However. this 1s not the only possible parse
because some could be fair and some could be loaded.



Decoding Problem vs. Alignment Problem

A

Valid directions in the Valid directions in the
alignment problem. decoding problem.



Viterbi gets it right more often than

Rolls
Die
Viterbi

not

315116246446644245321131631164152133625144543631656€625566666
FFFFFFFFFFFFFFPFFFFFFFFFFFPFFFFFFFFFFFFFFPFFFFLLLLLLLLLLLLLLL
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFPFFFFFFFLLLLLLLLLLLL

Rolls
Die

Viterbi

651166453132651245636664631636663162326455235266666625151631
LLLLLLFFFFFFFFFFFFLLLLLLLLLLLLLLLLFFFLLLLLLLLLLLLLLFFFFFFFFF

LLLLLLFFFFFFFFFFFFLLLLLLILLLLLLLLLLLLLLLLLLLLLLLLLLLFFFFFFFF

Rolls
Die
Viterbi

222555441666566563564324364131513465146353411126414€26253356
FPPPPFFFLLLLLLLLLLLLLFFPFPPPPPPPFFFFFFPPPPEFFFFFPPPPPFFFFFFPL
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFPFFFFFFFFFFFFFFFFFFL

Rolls
Die

Viterbi

3661653666466232534413661661163252562462255265252266435353336
LLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFPFRFFFFFFFFFFRFFFFFF
LLLLLLLLLLLLFFFFFFFFFFFFFFFFFFFFFFFFFFFFPFFFFFFFFFFFFFFFFFFF

Rolls
Die

Viterbi

2331216253644144323351632436336655624666625632666612255245242
FFFFFFFFFFFFFFFFFFFFFFFFFFFLLLLLLLLLLLLLLLLLLLLLLFFFFFEFFFFF

FFPFFFFFFFFFFFFPFFFFFFFFFFFFPFFPLLLLLLLLLLLLLLLLLLLFFFFFFFFFFF



Viterbi Example

Let x be a long sequence with a porti:m of ~1/6 6's,
followed by a portion of ~ %2 6s._ .

x =123456123456...12345 6626364656...1626364656

Then. 1t 1s not hard to show that optimal parse 1s (exercise):

The optimal parse 1s a set of Fairs in the beginning and a set of Loads at the end and the optimal
cutting position will be at a non-6 followed by a 6. You would prefer to go one step forward and
take a non-6 with a Fair state than a 6. And similarly, you would prefer to go one step back and
take a 6 with a loaded die rather than a Fair state die because of the transition probabilities.

6 characters “123456" parsed as F, contribute .956><(l/6)6 =16x10°
parsed as L. contribute .95x(1/2)'x(1/10)° = 0.4x10°

“162636” parsed as F, contribute .95°x(1/6)° =1.6x107
parsed as L. contribute -956><(1/2)3><(l/ 10)3 = 9.0x10”



Underflows and Logs

Underflows are a significant problem

P[ xi,...., Xi, M1, ..., Wi | = aoxl axlx2......ax exl(X1)...... eni(xi)
These numbers become extremely small probabilities and underflows the computer stored value.

Solution: Take the logs of all values

Vi(i) = log ex(xi) + maxk [ Vi(i-1) + log an ]
Should initial V0(0) to 0 instead of 1.
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Example for TMHMM
www.cbs.dtu.dk/services/ TMHMM/

>@i|218694017|ref|[YP_002401684.1| membrane protein; channel [Escherichia
coli 55989]
MQDLISQVEDLAGIEIDHTTSMVMIFGIIFLTAVVVHIILHWVVLRTFEKRAIASS
RLWLQIITQNKLFH
RLAFTLQGIIVNIQAVFWLQKGTEAADILTTCAQLWIMMYALLSVFSLLDVILNL
AQKFPAASQLPLKGI
FQGIKLIGAILVGILMISLLIGQSPAILISGLGAMAAVLMLVFKDPILGLVAGIQLS
ANDMLKLGDWLEM
PKYGADGAVIDIGLTTVKVRNWDNTITTIPTWSLVSDSFKNWSGMSASGGRR
IKRSISIDVTSIRFLDED
EMQRLNKAHLLKPYLTSRHQEINEWNRQQGSTESILNLRRMTNIGTFRAYLN
EYLRNHPRIRKDMTLMVR
QLAPGDNGLPLEIYAFTNTVVWLEYESIQADIFDHIFAIVEEFGLRLHQSPTGN
DIRSLAGAFKQ



Gibbs Sampling server

http://bayesweb.wadsworth.org/cgi-bin/gibbs.8.pl?data_type=DNA



-150

Examples of regulatory sites

GTTGTCATGGTGAC
GTTTCCATGGAAAC
GCTACCATGGCAAC
GTTACCATAGTAAC
GTTTCCATGGTAAC

- — Che-2

= — daf-19

= m— 0SM-1

- == 0SM-6

- ~—> F02D8.3



The Cell is a Computer in
Soup

RNA transcript

Cell Type
Cell Type
Start Signal

bY4 (]
()] (@)
<

b @
A < &
Q.Q.QQ. Keratin - a hair component
DNA

Promoter (control) Region Protein Coding Region (i.e a gene)

|dealized promoter for a gene involved in making hair.
Proteins that bind to specific DNA sequences in the
promoter region together turn a gene on or off. These
proteins are themselves regulated by their own promoters
leading to a gene regulatory network with many of the
same properties as a neural network.

88



Regulation of Genes
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Regulatory Gene
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Regulation of Genes

Transcription
Factor

(Proteins)
\ RNA polymerase

+ (reads the information of the
gene)
| e
DNA D

~ I

Regulatory Gene
Element 90




Regulation of Genes

New protein

Transcripti RNA
,_-gﬁ‘fr‘o,f"'P on . polymerase

\

DNA

~ |

Regulatory Gene
Element 91



Random Sample

atgaccgggatactgataccgtatttggcctaggcgtacacattagataaacgtatgaagtacgttagactcggcgccgecg
acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaatactgggcataaggtaca
tgagtatccctgggatgacttttgggaacactatagtgctctcccgatttttgaatatgtaggatcattcgccagggtccga
gctgagaattggatgaccttgtaagtgttttccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga
tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatggcccacttagtccacttatag
gtcaatcatgttcttgtgaatggatttttaactgagggcatagaccgcttggcgcacccaaattcagtgtgggcgagcgcaa
cggttttggcccttgttagaggcccccgtactgatggaaactttcaattatgagagagctaatctatcgegtgegtgttcat
aacttgagttggtttcgaaaatgctctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta
ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatttcaacgtatgccgaaccgaaagggaag

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttctgggtactgatagca



Implanting Motif AAAAAAAGGGGGGG

atgaccgggatactgatPAAAAAAAGGGGGGGHgCcgtacacattagataaacgtatgaagtacgttagactcggcgeccgecg

acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaatapAAAAAAAGGGGGGGA

tgagtatccctgggatgacttpAAAAAAAGGGGGGGEgctctcccgatttttgaatatgtaggatcattcgccagggtccga

gctgagaattggatgphAAAAAAAGGGGGGGItccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga

tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatpAAAAAAAGGGGGGGLttatag

gtcaatcatgttcttgtgaatggattthAAAAAAAAGGGGGGGPaccgcttggcgcacccaaattcagtgtgggcgagecgcaa

cggttttggcccttgttagaggcccccgtpAAAAAAAGGGGGGGCaattatgagagagctaatctatcgegtgegtgttcat

aacttgagttpAAAAAAAAGGGGGGGLtggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta

ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatpPAAAAAAAGGGGGGGACCgaaagggaag

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttpAAAAAAAGGGGGGGA




Where is the Implanted Motif?

atgaccgggatactgataaaaaaaagggggggggcgtacacattagataaacgtatgaagtacgttagactcggcgccgecg
acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaataaaaaaaaaggggggga
tgagtatccctgggatgacttaaaaaaaagggggggtgctctcccgatttttgaatatgtaggatcattcgccagggtccga
gctgagaattggatgaaaaaaaagggggggtccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga
tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaataaaaaaaagggggggcttatag
gtcaatcatgttcttgtgaatggatttaaaaaaaaggggggggaccgcttggcgcacccaaattcagtgtgggcgagcgcaa
cggttttggcccttgttagaggcccccgtaaaaaaaagggggggcaattatgagagagctaatctatcgegtgegtgttcat
aacttgagttaaaaaaaagggggggctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta
ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcataaaaaaaagggggggaccgaaagggaag

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttaaaaaaaaggggggga



Implanting Motif AAAAAAGGGGGGG
with Four Mutations

atgaccgggatactgatAgAAgAAAGGLtGGGPgcgtacacattagataaacgtatgaagtacgttagactcggcgeccgecg

acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaatafAATAAAACGGCGGGA

tgagtatccctgggatgacttpAAALAALGGaGLGGtgctctcccgatttttgaatatgtaggatcattcgccagggtccga

gctgagaattggatglAAAAAAAGGGattGitccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga

tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatptAAtAAAGGaaGGGLttatag

gtcaatcatgttcttgtgaatggattthAACAATAAGGGCtGGgaccgcttggcgcacccaaattcagtgtgggcgagecgcaa

cggttttggcccttgttagaggcccccgtptAAACAAGGAGGGCcaattatgagagagctaatctatcgecgtgegtgttcat

aacttgagttpAAAAATAGGGaGccctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta

ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatpctAAAAAGGAGCGGACCgaaagggaag

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttACtAAAAAGGAGCGGA




Where is the Motif???

atgaccgggatactgatagaagaaaggttgggggcgtacacattagataaacgtatgaagtacgttagactcggcgccgecg
acccctattttttgagcagatttagtgacctggaaaaaaaatttgagtacaaaacttttccgaatacaataaaacggcggga
tgagtatccctgggatgacttaaaataatggagtggtgctctcccgatttttgaatatgtaggatcattcgccagggtccga
gctgagaattggatgcaaaaaaagggattgtccacgcaatcgcgaaccaacgcggacccaaaggcaagaccgataaaggaga
tcccttttgcggtaatgtgccgggaggctggttacgtagggaagccctaacggacttaatataataaaggaagggcttatag
gtcaatcatgttcttgtgaatggatttaacaataagggctgggaccgcttggcgcacccaaattcagtgtgggcgagcgcaa
cggttttggcccttgttagaggcccccgtataaacaaggagggccaattatgagagagctaatctatcgegtgegtgttcat
aacttgagttaaaaaatagggagccctggggcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta
ttggcccattggctaaaagcccaacttgacaaatggaagatagaatccttgcatactaaaaaggagcggaccgaaagggaag

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttactaaaaaggagcgga



Why Finding (15,4) Motif is Difficult?

atgaccgggatactgatAgAAgAAAGGLtGGGPgcgtacacattagataaacgtatgaagtacgttagactcggcgeccgecg

acccctattttttgagcagatk%agtgacctggaaaaaaaatttgagtacaaaacttttccgaatacAAtAAAAcGGcGGGa

tgagtatccctgggatgacttAAkAtAAtGGaGtGGtgctctcccgatttttgaatatgtaggatcattcgcc gggtccga
\

gctgagaattggatgcAAAAAAAG&FattGtccacgcaatcgcgaaccaacgcggacccaaaggcaagac ataaaggaga

cttatag

tcccttttgcggtaatgtgccgggaégftggttacgtagggaagccctaacggacttaat

gtcaatcatgttcttgtgaatggatttpACAATAAGGGCTGGPaccgcttggcgcacccaaattcagtgtgggcgagegceaa

cggttttggcccttgttagaggcccccgtptAAACAAGGaGGGCcaattatgagagagctaatctatcgegtgegtgttcat
aacttgagttpAAAAALAGGGaGecctggdgcacatacaagaggagtcttccttatcagttaatgctgtatgacactatgta
ttggcccattggctaaaagcccaacttgaca atggaagatagaatccttgcatAcpaéAAAGGaGcGGaccgaaagggaag

ctggtgagcaacgacagattcttacgtgcattagctcgcttccggggatctaatagcacgaagcttACtAAAAAGGAGCGGA
AQAAGAAAGG GGG

oo LT LT
CAATAAAACGGCGGG
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NICOTINATE METHYL-

S~ TRANSFERASE

SERINE ACETYL. -~ and other methyltransferases

af Netwiorks ™~

defictent in homocystinuria
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acetyl CoA

.ﬁ.lthon_lgt‘l citrate is a

atrate symmetrical molecule,
S, SCo nt Thelleri precursors are
[BOLQELO gw@, i"l%é gy clegioneccan:
(present only in CHy C CH2 stage, because citrate
f I t) 1 i Q- binds asymmetrically to
== ’””0'”'“'/C 0 e citrate C C OH - aconitase.
O/ \C// -O | O
NADH ) CHoy~ C .
malateo The coloured boxes showy - aconitase
+ that each acetyl CoA must '\
NAD gehydrogenase complete at least one turn pe
CH2—C// of the cycle before any CO» (|3H2 C
- IS lost from that molecule. Q
malate Q| = \,\ —CH isocitrate
C—CHOH O | 0
- 4
O CH—C
fumarase Isocitrate O 0
H0 COy NAD*
2 /,O Fumarate and succinate are defydrogenase Mg++
0 H(lf— \ symmetric molecules, and Q NADH
fumarate \b—CH - the two ends cannot _ L-CHy o
o 2 be distinguished. NAD* (EH2-&I}-C/: oxoglutarate
FAD inat Q"
succinate dehydrogenase O fh%gilir;g:e NADH
in the inner mitochondrial CHo-C CoASH  oyoglutarate
membrane (part of the Q, | oGP GDP Qg dehydrogenase
respiratory chain) ~ C-CHg Mg*™ _O/C—C|)H2 COsp
: pe
succinate CHy- C succinyl
CoASH Pi SCoa  COA



Stochastic versus Deterministic

(Y]

Deterministic
; " r" I" [Y1] ‘I
w ) \ v T
- : ‘l \‘ 'l |I : W == [YZ]II “
' ' \ ! \ | ' | N
¢ ' \ ' \ ; \ '
! ' ' l \ ' 1 '
9 - ’ \ ' \ ] \ 1
, \ 2 \ 1l \ '
' \ ] Y ! \ 1
N ' \ I \ ' \ P
- Y \\,’ ‘\" \\‘I
o —
| | | | | |
0 20 40 60 80 100
Time
Stochastic
'\
T

\

(Y3

Y2

777777

7L

o -
N -

1]

300
1




