Multiple Sequence Alignment




Definition

Given N sequences x', x?,..., xN:
= Insert gaps (-) in each sequence x|, such that
- All sequences have the same length L
- Score of the global map is maximum
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Gene structure
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Gene Finding
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EXON EXON

« Classes of Gene predictors
Ab initio: Only look at the genomic DNA of target genome
De novo: Target genome + aligned informant genome(s)

EXON

EXON

EXON

Human
Macaque
Mouse
Rat
Rabbit
Dog

Cow
Armadillo
Elephant
Tenrec
Opossum
Chicken

tttcttagACTTTAAAGCTGTCAAGCCGTGTTCTAGATAAAATAAGTATTGGACAACTTGTTAGTCTCCTTTCCAACAACCTGAACAAATTTGATGAAgtatgtaccta
tttcttagACTTTAAAGCTGTCAAGCCGTGTTCTAGATAAAATAAGTATTGGACAACTTGTTAGTCTCCTTTCCAACAACCTGAACAAATTTGATGAAgtatgtaccta
ttgcttagACTTTAAAGTTGTCAAGCCGCGTTCTTGATAAAATAAGTATTGGACAACTTGTTAGTCTTCTTTCCAACAACCTGAACAAATTTGATGAAgtatgta-cca
ttgcttagACTTTAAAGTTGTCAAGCCGTGTTCTTGATAAAATAAGTATTGGACAACTTATTAGTCTTCTTTCCAACAACCTGAACAAATTTGATGAAgtatgtacecca
t--attagACTTTAAAGCTGTCAAGCCGTGTTCTAGATAAAATAAGTATTGGGCAACTTATTAGTCTCCTTTCCAACAACCTGAACAAATTTGATGAAgtatgtaccta
t-cattagACTTTAAAGCTGTCAAGCCGTGTTCTGGATAAAATAAGTATTGGACAACTTGTTAGTCTCCTTTCCAACAACCTGAACAAATTCGATGAAgtatgtaccta

t-cattagACTTTGAAGCTATCAAGCCGTGTTCTGGATAAAATAAGTATTGGA
gca--tagACCTTAAAACTGTCAAGCCGTGTTTTAGATAAAATAAGTATTGGAS
gct-ttagACTTTAAAACTGTCCAGCCGTGTTCTTGATAAAATAAGTATTGGAS
tc-cttagACTTTAAAACTTTCGAGCCGGGTTCTAGATAAAATAAGTATTGGA
---tttagACCTTAAAACTGTCAAGCCGTGTTCTAGATAAAATAAGCACTGGA!
----ttagACCTTAAAACTGTCAAGCAAAGTTCTAGATAAAATAAGTACTGGA!

RNA-seq based approaches

RNA-Seq reads
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Using Comparative Information
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Patterns of Conservation

Gene

Intergenic

;i

T I S
| Conserved Mutation Gap M Frameshift
Genes Intergenic Separation
Mutations 30% 58% > 2-fold
Gaps 1.3% 14% > 10-fold
B Frameshifts 0.14% 10.2% | > | 75-fold




Scoring Function: Sum Of Pairs o

Definition: Induced pairwise alignment
A pairwise alignment induced by the multiple alignment

Example:
x: AC-GCGG-C
y: AC-GC-GAG
z: GCCGC-GAG
Induces:

x: ACGCGG-C; x: AC-GCGG-C; y: AC-GCGAG
y: ACGC-GAC; z: GCCGC-GAG; z: GCCGCGAG



Sum Of Pairs

(cont'd)

* Heuristic way to incorporate evolution tree:

* Weighted SOP:

a =
Savanna elephant

(L. africana)

Forest elephant
(Loxodonta cyclotis)

M4
" Mammoth

M. primigenius
M25‘( primig )

Indian elephant
(E. maximus)

Time (Myr ago) Neanderthal
(Homo neanderthalensis)

Human
(Homo sapiens)

Chimpanzee
(Pan troglodytes)
Bono bo

(Pan paniscus)

Gorilla
(Gorilla gorilla)

S(m) = Z wy; s(m¥, mf)



A Profile Representation

A G G C T A T C A CC T G T A
A G G C T A T C A CCT G G A

T A G
C A G
C A G
C A G
T A G
C A G
C A G
C A G

C T A C C A

C T A C C A

G G C A
G G C

CcC T A T C A C
Cc T A T C G C
C T A C C A
CcC T A C C A
C T A T C A C
C T A T C G C

G G A
G G C A

G G T A

Replace each column m; with profile entry p,

Frequency of each letter, gap in 2

Optional: # gap openings, extensions, closings

Can think of this as a “likelihood” of each letter in each position



Multiple Sequence Alignments

Algorithms



Multidimensional DP

Generalization of Needleman-Wunsh:

S(m) = 2, S(m))

(sum of column scores)

F(iq,ip,...,IN): Optimal alignment up to (i, ..., iy)

Fiyip,...siN) = MaX 4 neighbors of cube)(F (NPF)+S(nbr))



Multidimensional DP

« Example: in 3D (three
sequences):

* 7 neighbors/cell

F(i,j,k) = max{

LU L B B B B

(
(
(
e
(
(
(

i—1,j-1,k=1)
i—1,j—1,k
i—1,]
1,
=1, k=1)+
-1,k

I—



Multidimensional DP

Running Time:
1. Size of matrix: LN;

Where L = length of each sequence
N = number of sequences

2. Neighbors/cell: 2N — 1

Therefore........cc.coviiiiiiii.l. O(2N LN




Progressive Alignment

Pxy y

pxyzw
Pzw

*  When evolutionary tree is known:

Align closest first, in the order of the tree

In each step, align two sequences X, y, or profiles p,, p,, to generate a new
alignment with associated profile p ..

Weighted version:
Tree edges have weights, proportional to the divergence in that edge
New profile is a weighted average of two old profiles



Progressive Alignment

X

Example

Profile: (A, C, G, T, -)
p, = (0.8,0.2,0, 0, 0)
p,=(0.6,0,0,0,0.4)

- When evolutionary tree is known: s(p,. py) = 0.8*0.6"s(A, A) + 0.2*0.6*s(C, A)
+0.870.4"s(A, -) + 0.270.4*s(C, -)
Align closest first, in the order of

In each step, align two sequence Result: p,, = (0.7, 0.1, 0, 0, 0.2)
alignment with associated profile g

,-) = 0.8*1.0%s(A, -) + 0.2*1.0%s(C, -
Weighted version: $(Py -) = 0.871.0"s(A, -) s(C, -)

Tree edges have weights, propo R ] iV
esult: =(04,0.1,0,0,0.5
New profile is a weighted averag Px. = )




Progressive Alignment T
X
y
?
) Z
W

* When evolutionary tree is unknown:

Perform all pairwise alignments

Define distance matrix D, where D(x, y) is a measure of evolutionary
distance, based on pairwise alignment

Construct a tree (UPGMA / Neighbor Joining / Other methods)
Align on the tree



Heuristics to improve alignments

lterative refinement schemes

A*-based search

Consistency

Simulated Annealing



lterative Refinement :°

One problem of progressive alignment:
« Initial alignments are “frozen” even when new evidence comes

Example:
X: GAAGTT::>> = |
y: GAC-TT rozen!
Z: GAACTG

Now clear correct y = GA-CTT
W: GTACTG



lterative Refinement

Algorithm (Barton-Stenberq):

1. Forj=1toN,

Remove X, and realign to x'... 27/ X
xI-d*1 | xN
2.  Repeat 4 until convergence y l

allow y to var'y/

x,z fixed projection




lterative Refinement

Example: align (x,y), (z,w), (xy, zw):

s N K X

After realigning v:

g NK ¥

GAAGTTA
GAC-TTA
GAACTGA
GTACTGA

GAAGTTA
G-ACTTA
GAACTGA
GTACTGA

+ 3 matches



lterative Refinement

Example not handled well:

VAR
Yo
Y3

GAAGTTA
GAC-TTA
GAC-TTA
GAC-TTA

GAACTGA
GTACTGA

Realigning any single y;
changes nothing



Consistency




Consistency s’
. k
X "
y
Yi Yj

Basic method for applying consistency
« Compute all pairs of alignments xy, xz, yz, ...

« When aligning x, y during progressive alignment,
For each (x;, y)), let s(x;, y;) = function_of(x;, y;, a,,, a,,)

Align x and y with DP using the modified s(.,.) function



Real-world protein aligners o

1.1 k-mer 1.2 1.3 progressive
counting UPGMA alignment
- MUSCLE = = ..
unaligned e
sequences k-mer distance TREE1
matrix D1 2.1 compute
I I = %ids from MSAT
Igh throughput p— [ Kimura distance
— - matrix D2
progre 2 GM,

EEEEE

One of the best in accuracy | | T =

* ProbCons e
High accuracy
Reasonable speed




(Y X
‘'YX X
'YX X
‘YY)
o0
°
MUSCLE at a glance
I_ _________________________________ . |
I
1, Fast measurement of all 11 kemer 1.3 progressive
I - Dpgaer(X, ) defined in counting UPGMA alignment
' __ MSA1
[ unaligned
I 2. Build tree Tpgarr based ¢ sequ'gnces k-mer distance TREE1
matrix D1 2.1 compute
I . . %ids from MSA1
I 3. Progressive alignment o
l — ' Kimura distance
. - ' . matrix D2
1 4. Measure new Kimura-bg 2.3 progressive o UPaAt
I MSA2 ahgnmenf TREE2 o
15. Build tree T based on D ——= — No,
16. Progressive alignment o - — i
I 3.3 re-align  jpaca ‘ = Yes
I W< 3.2 compute  profiles scos;: tfe’:t or? save
| 7. lterative refinement; for | \7\ subtree profiles " MSA3
| . Tree Partitioning: Split
: ' o 3.1 delete
I If new alignment M’ has edge from TREE2 repeat
| giving 2 subtrees




PROBCONS at a glance

1. Computation of all posterior matrices M, : M, (i, j) = Prob(x; ~ y;), using a HMM

2. Re-estimation of posterior matrices M',, with probabilistic consistency
M'(i, J) = 1/N 2sequence z 2k M,.(i, k) x My, (j, k); M’,, = Avg,(M,,M,,)

2, Compute for every pair x, y, the maximum expected accuracy alignment
A, alignment that maximizes 2 igned i, i) inA Mey(i: J)

Define E(x, y) = Zaligned (i, §) in Axy M'xy(i, J)

4. Build tree T with hierarchical clustering using similarity measure E(X, y)
S. Progressive alignment on T to maximize E(.,.)

6. lterative refinement; for many rounds, do:

sequence and realign the two resulting profiles

Randomized Partitioning: Split sequences in M in two subsets by flipping a coin for each



Mammalian alignments

a 1

2 rHuman
1 —-EChimpanzee
3 Rhesus macaque

Tarsier
Mouse lemur
Bushbaby
Tree shrew

Kangaroo rat
Guinea pig

A

Ancestor AA
Ancestor DNA
Human

Chimp
Rhesus
Tarsier
Mouse lemur
Bushbaby
TreeShrew
Mouse

Rat
Kangaroo rat
Guinea pig
Squirrel
Rabbit

Pika

Alpaca
Dolphin

Cow

Horse

Cat

Dog
Microbat
Megabat
Hedgehog
Shrew
Elephant
Rock hyrax
Tenrec
Armadillo
Sloth

ALDH2""

L N R L A D L I E
CTG AAC CGC CTG GCT GAT CTG ATT GAG
CTG AAC CGC CTG B8 GAT cTG Bl GAG

CTG AAC B8 CTG GCT GAT CTG Bl GAG
CTG AAC B8 TG B8E GAT CTG ATT GAG
CTG AAC CGC CTG B8 6aT cTc Bl cac
CTG AAC CGC CTG GCT GAT CTG ATT BN
c76 [l CGC CTG GCT GAT CTG ATT GAG

crc [l cec cTG B88 GaT cTc Bl GAG
88 Anc cce cTG B8H GaT BIE
B8 cTG GeT GAT cTG Bl GAG

crc [l cc cTG GeT Bl CTG ATT GAG
CTG AAC CGC CTG GCT GAT CTG ATT GAG
CTG AAC CGC CTG GCT GAT CTG ATT GAG
CTG AAC cGC [l GCT GAT cTG ATT GEE
CTG AAC CGC CTG GCT GAT CTG ATT GAG
CTG AAC CGC CTG B8H GAT CTG ATT GAG
CTG AAC CGC CTG 66 BHE cTG ATT GAG
CTG AAC B8 cTG 6C TG Bl GAG
CTG AAC CGC CTG GCT RS Bl ATT GAG

crG aac Bl cTe

ASme=11

BMP4®

L Q s G E E E E E
CTC CAG TCT GGG GAG GAG GAG GAA GAG
@ CAG TCT GGG GAG GAG GAG GAA GAG
B CAG TCT GGG GAG GAG GAG GAA GAG
B CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
88 caG TCT GGG BAH GAG [l GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GA- --A
B CAG TCT GGG GAG GAG GAG GG- -G
B CAG TCT GGG GAG GAG Bl GAA GAG
B8 CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG Bl GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA GAG
CTC CAG TCT GGG §lll GAG GAG GAA [Hll
CTC CAG TCT BEH GAG GAG GAG GAA GAG
CTC CAG TCT GGG GAG GAG GAG GAA - -~
CTC CAG TCT GGG GAG GAG GAG GAA -~
CTC CAG TCT GGG GAG GAG GAG GAA --~-
B8 CAG TCT GGG GAG GAG GAG GAA -=~

Aome =0.5

GRIA25%)

E S T N E F G I F
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TT-
GAA 86 AcT BBE GAA TTT BEBEATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GARA 66 B8 AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT
G-A TCA [l -AT GAA TTT GGG ATT TTT
GAA TCA ACT AAT GAA TTT GGG ATT TTT

GAA TCAACT AAT GAA TTT GGGATT TTT

ASme=0.1

° E nm e » e wwE =
idealized

Synonymous substitution rate
relative to genome (Agme)

o
|

g
©n
L

o
1=
1

9 codons. 9codons 9 codons.

first exon

middle exon

9 codons. 9 codons. 9codons

cassette exon

9 codons 9 codons

last exon Examples
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S5'end middle 3‘end

S'end middle 3‘end

5'end middle 3‘end

, . . Regions
Send middle 3'end GAON
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5 r3_‘ﬁ97 Elephant

| Rock hyrax
28 Tenrec
LR —
ik Sloth
b
g 35
o 30
@
& 25
o
o 20
2
s 15
®» 10
[=
8 5
0
Coding genes & & o‘é’
S R K o0 208 & &
7 ST
¢ o o 59 .\‘.@’@@ ¢ &®
Q &R
Annotation

References

 Lindblad-Toh et al. Nature
478:476-482, 2011

 Lin et al. Genome Research
21:1916-1928, 2011




Genome Evolutionary Rate

Profiling (GERP)

A. Average Position Conservation Score

Phylogenetic Tree

human
chimp
colobus monkey
baboon
macaque
dusky titi
owl monkey
marmoset
mouse lemur
galago

rat

mouse
rabbit

cow

dog

ribat
hedgehog
shrew

elephant
tenrec

| 1. Compute position-specfic RS scores |

f

-14 27 1913 36 -33 24 1.8 1.2 25 -1.7 1.3 24 39 25 3.1

| 2. Generate candidate elements |

f

3. Select final elements by p-value

f

Multiple Sequence Alignment

human

chimp
colobus monkey
baboon
macaque
dusky titi
owl monkey
marmoset
mouse lemur
galago

rat

nouse
rabbit

cow

dog

rfbat
hedgehog
shrew
armadillo
elephant
tenrec
monodelphis
platypus

AATACGG
AATATGG
AGTATGG
AGTATGG
AGTATGG
AGTATGG
AGTATGG
AGTATGG
AGTACGG
AGTACGG
AGTATGG
AGTATGG
AGTATGG
AGTATGG
AGTACGG
AGTATGG
AGTATGG
AGTATGG
AGTATGG
AGTATGG
AGTATGG
AGTATGG

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
G

A
Al
G
A

ACTTCATTCATT
ACTTCATTCATT
ACTTCATTCATT
ACTTCATTCATT
ACTTCATTCATT
ACTTCATTCATT
ACTTCATTCATT
ACTTCATTCATT
ACTTCATTCATT
ACTTCATTCATT
ACATCGTTCATT
ACATCTTTCATT
ACATCATTCATT
ACATCATTCATT
ACATCATTCATT
ACATCGTTCATT
ACATCATTCATT
ACATCCTTCATT

T
ACATCGTTCATT
ACATCTTTCATT
ACGTCATTCATT

ML Tree Scaling Factor r = 0.7

RS Score =1.14
(Neutral - Estimated)

o _
™~
@
e J
9 |
(=]
Q. — — - -
Human GERP++ Y
Go CEs CDS SUTR 3UTR Introns
B. Composition of Constrained Elements
Annotation % Coverage by CEs
Bom. BN
Introns 9%
UTRS 2™
UTRS’ 310%
IRRNA 10.1%

0oi:10.1371 Soumal pcti. 10010251001



