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Contact BCBB...

= NIH Users: Access a menu of BCBB services on the
NIAID Intranet:

* http://bioinformatics.niaid.nih.gov/
« Requires the use of your NIH login credentials

= Qutside of NIH —

« search “BCBB” on the NIAID Public Internet Page:
www.niaid.nih.gov

= Email us at:
* bioinformatics@niaid.nih.gov
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Why analyze
biological
sequences?
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* DNA contains the information basic to every process in a
cell

* Proteins (and RNA) are the machines performing cellular
processes

* Passed from one generation to the next
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Comparative Methods

Why analyze sequences
using comparative
methods?




Comparative Methods

* Sequences rel_ated by mon ancestry

* Analyzing samples wi

the trai}/against those
without it

* The Grail: Findingnucleotide X at site Y in gene
Z which correlates 'wi presence of the trait

* Correlation vs ausmn — requires the
underlying phylogeny




Hierarchy of Life
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Common Ancestry

* Charles Darwin (1809 - 1882)

* Artificial selection: crops and livestock
* Fossil record: change over time

* Biogeography: similarities across reg\'v .
differences within locales @
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Common Ancestry

“Naturalists try to arrange the species, genera,
and families in each class, on what is called

the Natural System. But what is meant o‘ / this
system?” p.413

hidden bond of connexion which natur
have sought under the tern‘ro&t’hw_:‘
System” p. 433 R
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Artificial Selection

National Institute of
Allergy and
Infectious Diseases




Artificial Selection
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Today...

Pairwise sequence alignment
* How does it work?

BLAST
* How does it work?
°* The many flavors of BLAST

Multiple Sequence Alignment
* How does it work?
* Inspect and correct your MSA

BLAST and Sequence Alighment Demo




PAIRWISE ALIGNMENT

and BLAST: Basic Local Alignment Search Tool

* Sequence Alignment: Assigning homology to
sites among a group of known sequences

* BLAST: Alignment of one sequence with many
unknown sequences




PAIRWISE ALIGNMENT

* Sequence Alignment: Assigning homology to
sites among a group of known sequences

* Alignment of single loci
o Clustal(W,X,0mega), MUSCLE, TCoffee, MAFFT

* Alignment of overlapping contigs
o Sequencher, Lasergene, Geneious

* Alignment of genomic reads
o BWA, Bowtie, SOAP, minimap, canu

National Institute of
Allergy and
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PAIRWISE ALIGNMENT

* Single locus

>GeneA_ Human
ATGGGCCTTATATGCGTGATGCTGAAAG
>GeneA _Gorilla
ATGGGACTTATCTGCGTGATGCTGACAG
>GeneA_ Macaque
ATGGGTCTCATATGTGTGATGCTTACAG
>GeneA Mouse
ATGGCCCTGATATGCGTGATGCTGAACG
>GeneA_ Sheep
ATGGCCCTAATATGC---AGGCTGAACG

National Institute of
Allergy and
Infectious Diseases




PAIRWISE ALIGNMENT

* Overlapping contigs

ATGGGCCTTATATGCGTGATGCTGAAAG
TTATATGCGTGATGCTGAAAGGGCTTAG
ATATGCGTGATGCTGAAAGGGCTTAGAAAT
TGCGTGATGCTGAAAGGGCTTAGAAATT
ATGCTGAAAGGGCTTAGAAATTCGG
AAAGGGCTTAGAAATTGCGGCTAGGCCTCC
CGGCTAGGCCTCCGAACGC
TACCCGGAATATACGCACTA
CACTACGACTTTCCCGAATCTTTAAGCC
CTTTCCCGAATCTTTAAGCCGATCCGGA

National Institute of
Allergy and
Infectious Diseases




PAIRWISE ALIGNMENT

* Genomic reads (short)
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HOMOLOGY vs. ANALOGY

common ancestry convergence

N University of Nebraska
D epartment of Entomology

National Institute of
Allergy and
Infectious Diseases




PAIRWISE ALIGNMENT

Pairing of sites based on an assessment of homology

Homology assessed using Substitution Matrices




PAIRWISE ALIGNMENT

HBA HUMAN GSAQVKGHGKKVADALTNAVAHVDDMPNALSALSDLHAHKL
G+ +VK+HGKKV A+++++AH+D++ +++++LS+LH KL
HBB HUMAN GNPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKL

HBA HUMAN GSAQVKGHGKKVADALTNAVAHV---D--DMPNALSALSDLHAHKL
++ ++++H+ KV + +A  ++ +L+ L+++H+ K
LGB2 LUPLU NNPELQAHAGKVFKLVYEAAIQLQVTGVVVTDATLKNLGSVHVSKG

HBA HUMAN GSAQVKGHGKKVADALTNAVAHVDDMPNALSALSD----LHAHKL
GS+ + G + +D L. ++ H+ D+ A +AL D ++AH+
F11G11.2 GSGYLVGDSLTFVDLL--VAQHTADLLAANAALLDEFPQFKAHOQE

National Institute of
Allergy and
Infectious Diseases




PAIRWISE ALIGNMENT

Substitution Matrices

* Derived mathematically
* Derived from data

“A substitution matrix (even one derived by arbitrarily
assigning probabilities to pairs) is a statement of the

probability of observing these pairs in real alignment.”




PAIRWISE ALIGNMENT

DNA Substitution Matrices

e Single parameter - Jukes-Cantor
- Equal base frequencies
- Uniform rates of change

e Two parameter - Kimura
- Equal base probabilities
- Two rates of change




PAIRWISE ALIGNMENT

DNA Substitution Matrices

 More (5) parameters - HKY
- Unequal base frequencies
- Two rates of change

e Fully (9) parameterized - GTR
- Unequal base probabillities
- Six rates of change




PAIRWISE ALIGNMENT

Jukes-Cantor Substitution Probabilities




PAIRWISE ALIGNMENT

Jukes-Cantor Substitution Probabilities

ut =0.25

A

C

G

0.5259

0.1580

0.1580

0.1580

0.1580

0.5259

0.1580

0.1580

0.1580

0.1580

0.5259

0.1580

0.1580

0.1580

0.1580

0.5259

Infectious Diseases




PAIRWISE ALIGNMENT

Kimura Two-Parameter Substitution Model

If the probability of transitions (A< G, C e T)is
different from the probability of transversions (A
T, GoT AeC, G «C), then there are two
relative rate parameters expressed as the
transition/transversion rate ratio kK




PAIRWISE ALIGNMENT

Kimura Two-Parameter Substitution Probabilities

-4 ut .

e "1# ], transversion

—4ur 1 =2(k+1)ut -

—e [ = ], transition

1.1
4 4
1.1,
1745 )

l l —4w 1 —2(K+1)utl-=j
4 PR




ut=0.25k = 2.0

PAIRWISE ALIGNMENT

Kimura Two-Parameter Substitution Probabilities

A

C

G

0.4535

0.1580

0.2304

0.1580

0.1580

0.4535

0.1580

0.2304

0.2304

0.1580

0.4535

0.1580

0.1580

0.2304

0.1580

0.4535

Infectious Diseases




PAIRWISE ALIGNMENT

HKY Substitution Probabilities

( )

1 (1, at (o
T+, f—le“’+ JH e (i=/)
> J < \ J
1 JT
=+, — -1 e'“’+(—J e (i = j,transition)
IT. I1,
)
th(l—e"“’) (i = j,transversion)




PAIRWISE ALIGNMENT

HKY Substitution Probabilities

I, =m,+7; if jis a purine

HJ. = 7T + 7T, if jis a pyrimidine
A=1+1 (x -1)




Substitution Models

Jukes-Cantor
(One substitution type, equal nucleotide frequencies)

Independent nucl. freq. Two substitution types
F81/TN82 Kimura 2-Parameter (K2P)
/
Two substitution types Indep. nucl. freq. Three substitution types
HKY85/F84/ Kimura 3 subst. type (K3ST)
Three substitution types Six substitution types
Tamura-Nei (TrN) Symmetric (SYM)

Allergy and

Infectious Diseases General time'reverSibIe (GTR)

Six substitutio& Andent nucl. freq.
m) National Institute of




PAIRWISE ALIGNMENT

Protein Score Matrices
Similarity of Amino Acids

No NH

aliphatic
helix breaker

B-branched
(rigid)

disulfide

nucleophile
tiny L 7 in proteases
(flexible) ~/— I\ polar
/ charged
hydrophobic |\
acid,
aromatic Ca?*, Mg?* binder
proton \ —
donor/acceptor in catalysis, DNA RN A’bin .

Fe?*, Zn?* binder

Loren Williams, Georgia Tech



PAIRWISE ALIGNMENT

Protein Score Matrices

e Derived from empirical data
e Account for depth of relationship among the data
e Expressed as log-odds ratio:

- Logarithm of the ratio of the probabilities of two
residues being aligned due to homology versus
random chance




PAIRWISE ALIGNMENT

Protein Score (Substitution) Matrices

The log-odds ratio:
s(a,b) = log(Pab/dadb)

g, = frequency of residue a in the data

P4, = Probability that residues a and b have been
derived from a common ancestor




PAIRWISE ALIGNMENT

Protein Substitution Matrices

e PAM250: Based on phylogenies where all sequences
differ by no more than 15%.

e BLOSUMG62: Based on clusters of sequences with
greater than 62% identical residues.




- R

S o X~
N - o~k
Q To) A
O 2 TTTT
| 8]
g M o oo TN
© x R
M 624207_.A_..M
AN N AN N <t on
n v T X
AN N AN <t <
O e L T T T
. A AN AN AN A on
wid o oo T ) e R
u — AN AN AN n <t O
i S = = 0 o <
- AN AN N AN n»n <t >~
—
vl R B R e
s — S S I
b e — o 0 T R
- I R R i R R
— AN ‘N AN N N <t — n own»n >~
S R T N T e B R R B R
n —_ N o= o= < on O
| 8]
— = = — N N &N — n wn O
e O = e e oy X
o mno—~ococooco T T T T e TTYw o
(o]
e 2
Lo A T R R TR R s 2
P (S BTN S BN T N Vo R VoSN VoSN CoNR - I Vo W VoSN o\ NS QN IR o e MMw
~ 8
T Y L S A R Y B I A I NI =
528
O KA TOZQARAT K X I~~~ n K ~» < <L =

NIHY



AN N
N = T
(&) 9 —~ =
" O T
-
ua B T o TN~
M R N NN
— N AN AN N AN on
n S O S
O — N AN N N AN on
u 52_______R
— N N N N o— (@\|
u o o TN T e
t N AN AN en — A
» nw o — — o g, Q
AN N &N AN N AN on
s RA e N N N
— N — N N <t N N on <t
b S e N T T B AN
nUa emoe -2 NTTTTYY =
— N N NN NS S N A
D T T T R B RN
= s e Y TTYTT T T TN TS
| 8]
e —_ AN AN~ = = NN — N NN ANt on <t
o S
whd T T T T e T R A H B
— e\l —_— o e O] v e e e e [e\ N o\l e\ “—
o S e e e e e e e
NN NN A HuUm
— — on = =
83
— — N N N N <t N eN N N = — — ANl AN A ny...d
o B L e R e e B D T T S A
S = =
2 £
O N A TOZ2QARAT XX S~ n k>~5&r

NIHY



Protein Substitution Matrices

National Institute of
Allergy and
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BLAST and Sequence Alignment

How do two sequences get “aligned”?

* Global alignment (Needleman-Wunsch)
* Assign homology across the entire sequence
 Clustal

 Local alignment (Smith-Waterman)
« Assign homology for subsequences
« MUSCLE and BLAST
- MAFFT is also a local algorithm
» Good for aligning very divergent sequences
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Diseases

SEQUENCE ALIGNMENT
PAM250

Allergy and

Infectious

Build a matrix of score values for all site pairs

H
P O
A -1
W -3
H 6
E 1
A -1
E 1



SEQUENCE ALIGNMENT

What about gaps?
« Score penalty for opening
« Score penalty for extending

Penalties are log probabilities of a gap of a
specific length




SEQUENCE ALIGNMENT

Standard gap costs

Substitution Matrix Gap Costs (Open, Extend)

PAM30 (9,1)
PAM70 (10,1)
BLOSUMS0 (10,1)
BLOSUMG62 (10,1)
BLOSUM45 (15,2)




SEQUENCE ALIGNMENT

Dynamic Programming:
Calculate a matrix of alignment scores

H E A
BLOSUM62 0 -8 -16 -24
NN N
Hz E1 Al P -8 -2 -9 -17
P -2 -1 -
A-2-1 4 A -16‘\-1t>\-3 \-5
w-2-3-3 NP1t
w -24 =18 -11 -6




SEQUENCE ALIGNMENT

Dynamic Programming

1) Calculate a full matrix
2) Traceback to get the Global Alignment

H E A G A W G H E E
Kl EJEX -24 -32 -40 -48 -56 -64 -72 -80
-8 -2 -9 ﬁ -33 -41 -49 -57 -65 -73
-16 -10 -3 -13 -29 -37 -45 -53 -61
-24 -18 -11 -6 -7 -15 -18 -26 -34 -41
-32 -16 -18 -13 -8 -9 -17 -10 -18 -26
-40 -24 -11 -19 -15 -9 -12 -19 |
-48 -32 -19 -7 -15 -11 -12 -12 -20 g
-58 -40 -27 -15 -9 -16 -14 -14 -12

(3 I s I~ - I L v

National Institute of HEAGAaWGHEE
NIHY

Allergy and

Infectious Diseases - - P — A W H E A E




SEQUENCE ALIGNMENT

Local Alignment

 Alignment of subsequences
» Good for aligning very divergent sequences

Score Calculation

* Minimum score is zero
* Traceback begins at the highest score
» Score = 0 = End of subsequence




SEQUENCE ALIGNMENT

Local Alignment

H E A G
0O 0 0 0 O
P O 0 0 0 O
A 0O 0 0 4 O
W 0O 0 0 0 O
H 0[8]l0 0 O
E O 0[13/ 5 0
A 0 0 5[17]9
E O 0 5 9 15
AWGHE
AW - HE
Overlap Match Repeat Match
HEAGAWGHE e HEAGAWGHE e
PAWS-HEA ae pawHEA Ae

National Institute of p A W - H E a e
Allergy and
Infectious Diseases




SEQUENCE ALIGNMENT

Scoring alignments and expect values

Score = Value in the dynamic programming matrix where
the traceback began.

Expect (E) value := Number of matches expected due to

chance, with a score greater than S, based on a stochastic
sequence model.

P value := Probability of finding at least one match with
score = S

P = 1-¢E®)




BLAST

(Basic Local Alignment Search Tool)

How does BLAST work?

Create a list of query sequence “words”

* Word lengths: 11 nucleotides, 3 amino acids

Create a list of neighborhood words

* Similar to query words and above a score threshold

Search for matches in the database

Extend matches

* Below threshold? Discard!

* Above threshold? Keep it!

Format and output maximally extended matches

National Institute of
Allergy and
Infectious Diseases




BLAST

(Basic Local Alignment Search Tool)

How does BLAST work?

How does BLAST evaluate matches”?

It uses (local) alignment scores




BLAST

The Many Flavors of BLAST

e BLASTn and BLASTp
e short, nearly-exact match BLAST
e Translated BLAST

e BLASTx nt— aa = protein db

e tBLASTn aa = protein db — DNA db

e tBLASTx nt — aa = protein db «— DNA db
 PSI-BLAST (Position-Specific Iterated BLAST)
e bl2seq




BLAST

short, nearly-exact match BLAST

Increase Expect threshold

Reduce word size (7 for nt, 2 for aa)

Turn off low complexity filter

Protein: Use a more stringent substitution matrix

National Institute of
Allergy and
Infectious Diseases




BLAST

PSI-BLAST

(Position-Specific lterated BLAST)

e Perform initial BLASTp search

e Generate a Position Specific Score Matrix (PSSM)
from results

e BLASTp using the PSSM
e lterate until no new sequences are found
e Convergence
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BLAST

Sequence Profile

[LIVMF ]-G-E-x-[GAS]-[LIVM]-x(5,11)-R-[STAQ]-A-x-[LIVMA]-x~-[ STAC

[ ] = Any of the residues within the brackets
- = spacer separating sites in the profile

X = Any residue

x(a,b) = Any residues a to b in length

VGERGLEEDKRKRSAWMQC
MGETALRRRKKEDEERTANVYT
FGEAAMPGGPHQSRSAFAWV



BLAST

Access to BLAST
NCBI web page

* https://blast.ncbi.nim.nih.gov/Blast.cgi

Your own computer
NIAID HPC cluster — Locus/Skyline
NIH HPC cluster - Biowulf

National Institute of
Allergy and
Infectious Diseases




Multiple Sequence Alignment

Multiple Sequence Alignment
The Progressive Alignment Algorithm

\

Unaligned Distance Aligned Sequences Kimura Distance
Sequences Matrix UPGMA tree MSA1 Matrix

\
—« (e =—=<

Subtree Allgnment Delete edge from UPGMA Aligned Sequences UPGMA tree 2
Profiles t MSA2
ree 2
\ *Better!
S —— — Not Better

National Institute of Allgn Subtree Profiles

NIH 2 MSASp
nfectious Diseases

From RC Edgar 2004, NAR 32: 1792-1797



Multiple Sequence Alignment

Programs
e Clustal
e Your own computer
 Web Server
 HPC clusters (Biowulf, Locus)
« MUSCLE
e Your own computer
 Web Server
e HPC clusters
« MAFFT
 Web Server
e HPC clusters

National Institute of
Allergy and
Infectious Diseases




Multiple Sequence Alignment

NEVER

directly input the output of a MSA program into
an analysis program!

ALWAYS
inspect the alignment to improve |it.




Multiple Sequence Alignment

Multiple Sequence Alignment Editors

Commercial Software Public Domain Software

G . e MEGA
e (Geneious
e AliVi
e MacVector GI |e|\;v
e GeneDoc
e MegAlign (Lasergene
gAlign | J ) e BioEdit




Web Resources

ClustalW2
http://www.clustal.org/

Muscle
http://www.drive5.com/muscle/index.htm

MAFFT
http://mafft.cbrc.jp/alignment/server/

AliView
https://github.com/AliView/AliView

GeneDoc
http://nrbsc.org/gfx/genedoc - Last update 2007

UGENE
http://ugene.net/

MEGA
https://megasoftware.net

National Institute of
Allergy and
Infectious Diseases




DEMO - Sequence alignment

Multiple sequence alignment using MEGA11

Under “Align” choose “Do BLAST search”
Use query sequence NM 000575

In the “Organism?” field limit results to Mammals

s W bh =

Under “Algorithm Parameters” change “Max target sequences” to
250

Run the search

Unselect “All” results and choose specific sequences
Change view to “Genbank”

In Genbank view, change format to “FASTA(text)”
Add to Alignment (at top of MEGA11 window)

National Institute of
Allergy and
Infectious Diseases
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DEMO - Sequence alignment

Multiple sequence alignment using MEGA11

1. Under “Edit” menu choose “Select All”
Click on the icon to run a Muscle alignment

These sequences include more than the coding sequence, so let's
edit them

Search for motif ATGGCCAAA
Select and delete the block of sequence before the ATG
Search for motif TAGGTCT

Select and delete the block of sequence after TAG

N o 0 &

National Institute of
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DEMO - Sequence alignment

Multiple sequence alignment using MEGA11

Click on “Translated Protein Sequences”

Accept the standard code

Look for “?” sites

Select site this site and click on “DNA Sequences”
Correct the split ATG codon

Continue and correct remaining misaligned codons

From the “Data” menu export the alignment as a fasta formatted file

©® N O 0 B wDdh =

To make the alignment the active data for further analysis, choose
“Phylogenetic Analysis” from the “Data” menu

National Institute of
Allergy and
Infectious Diseases




Recapitulation

BLAST and sequence alignment are two
applications of the same process.

Sequence alignment can be global or local.

Alignment scores are cumulative, so maximum
value will depend on sequence length

Alignment algorithms are not perfect, and
generally do not respect the reading frame, so
always inspect the alignment if possible.




Seminar Follow-Up Site

https://bioinformatics.niaid.nih.gov

m) bioinformatics

NIAID

Applications Events Training Resources Services Code Search Q

Applications Upcoming Events

N ep h el e Becoming a Reproducible Scientist (Part 1)

Wednesday, November 28, 2018
Analyze, transfer, and store biomedical big data through the use of
cloud-based resources

B

Training Resources

1 e = — I
= Enhance your knowledge with tutorials,

Select your pipeline Select the parameters Your pipeline starts Download and visu' ze courses, and videos geared towards your
and upload your data. for your microbiome and runs in the cloud. your results.
analysis. work.

& VIEWALL—

Code

Download and use free, open source scripts and code to faciliate
your research.

<> VIEW ALL— & VIEW ALL—

National Institute of
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Seminar Follow-Up Site

https://bioinformatics.niaid.nih.gov

@) bioinformatics

Applications Events Training Resources Services Code Search Q
NIAID
» 3D Printi i 0
Lo Welcome to the Training Resources section! Related Evnts
iostatistics

Here you can find training materials on a wide variety of topics from next generation sequencing Connectivity Map Workshop

ext Genel equel - - . - y, December 04, 2018

» Phylogenetics and Similarity A4 P h y I 0 g e n etl CS a n d S I m I Ia rl ty »ad Institute, 415 Main St.,
Biglog 1A 02142

1: Workshop

» Scientific Programming

N » Sequence Alignment

>

y, June 25, 2019
ckefeller University

Bayesian Analysis (BEAST)

v

Multiple Sequence Alignment

_from_X3D.py

Imports a monochrome .x3d model

Sequence assembly ot

v

v

Selection Analysis

Imports a .wrl file into Blender,
:sh, and exports .stl, .x3d, and

v

Tree Building
NIAID Phylogenetics Training (2018)
m)ﬂ,",‘;‘;“j;;ff““e” NIAID Phylogenetics Training (2019)

Infectious Diseases

L_cleanup_ribbon.py

Imports a .wrl model into Blender

v

v




Questions?

Email us!

bioinformatics@niaid.nih.gov




Next Lecture

Wednesday, 06 March

The Count

Grover

Oscar Elmo

Bert

Cookie
Herry !




