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Feedback and schedule notes

■More time for labs, midnight deadline

■More board work, more practice problems

■ Random partners, mixed feelings

■ Exam: Thursday Oct 10 (in-class)

■More office hours (may not have another official time but feel 

free to make appointments!)



Academic Integrity notes
From the syllabus:



Academic Integrity notes
Example of citing stack overflow:

Q:

A:

In your code:



Academic Integrity notes
Example of citing github copilot:



Outline

■ Global sequence alignment (Needleman-Wunsch)

■ Local sequence alignment (Smith-Waterman)

■ Alignment variations

Reading: Durbin 2.1-2.3
(on hold in the library) 



Global Sequence Alignment



Concept: Alignment score
How good is a particular alignment?

PAPERY
-AR-MY

mismatch

gap

match

Score:
 +1 for a match
-1 for a mismatch
-1 for a gap

Score = -1 +1 -1 -1 -1 +1 = -2

Handout 7, first question



Extra exercise (discuss with a partner)

-

A

- A C What alignment does the 
given trace-back represent? 

x

y



-

A

- A C What alignment does the 
given trace-back represent? 

x

y

x: -A-
y: A-C

Extra exercise (discuss with a partner)



Dynamic programming

Problem we 
want to solve

Lots of the smaller problems are actually the same problem so as 
long as we remember the solution, we only have to solve them once. 

The optimal solution to problem n+1 can be expressed in terms of 
the optimal solution to problem n. 



Global alignment (Needleman-Wunsch)
■ S(i,j) = best alignment score for x[1…i] and y[1…j] (inclusive), with 

gap penalty g (usually negative) and matching table m

■ Base case:

■ Recursion:



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

A

A

A

C

Empty String

Alignment score for “AG” and “A”

Alignment 
score for “” 
and “AAA”



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2

A -4

A -6

C -8

e.g. this is the cost to align 
them empty string “” and “AG”

Initialization step



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2

A -4

A -6

C -8

Initialization step: traceback



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2

A -4

A -6

C -8

Recursive step

a)

a) Add a gap to y; -2-2 = -4
b) Add a gap to x; -2 -2 = -4
c) Extend alignment; 0+1=+1

b)

c)



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2 +1

A -4

A -6

C -8

Recursive step

a) Add a gap to y; -2-2 = -4
b) Add a gap to x; -2 -2 = -4
c) Extend alignment; 0+1=+1





Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2 +1

A -4

A -6

C -8

Recursive step

a) Add a gap to y; -4-2=-6
b) Add a gap to x; +1-2=-1
c) Extend alignment; -2-1=-3

a)
b)

c)



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2 +1 -1

A -4

A -6

C -8

Recursive step

a) Add a gap to y; -4-2=-6
b) Add a gap to x; +1-2=-1
c) Extend alignment; -2-1=-3



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2 +1 -1 -3

A -4 -1 0 -2

A -6 -3 -2 -1

C -8 -5 -4 -1

Recursive step



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2 +1 -1 -3

A -4 -1 0 -2

A -6 -3 -2 -1

C -8 -5 -4 -1

Traceback step

AG-C
AAACOne optimal alignment:



Dynamic programing for alignment
Align the strings AAAC and AGC

A G C

0 -2 -4 -6

A -2 +1 -1 -3

A -4 -1 0 -2

A -6 -3 -2 -1

C -8 -5 -4 -1

Traceback step

AG-C
AAACOptimal alignments:

A-GC
AAAC

-AGC
AAAC





Handout 7, first page
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-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T

-5 -3 -1 1 0 0 2A

-6 -4 -2 0 0 1 1C

0 -1 -2 -3 -4 -5 -6-

G

- G T A G C A



-1 1 0 -1 -2 -3 -4

-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T

-5 -3 -1 1 0 0 2A

-6 -4 -2 0 0 1 1C

0 -1 -2 -3 -4 -5 -6-

G

- G T A G C A



-1 1 0 -1 -2 -3 -4

-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T

-5 -3 -1 1 0 0 2A

-6 -4 -2 0 0 1 1C

0 -1 -2 -3 -4 -5 -6-

G

- G T A G C A

G-AGTAC
GTAGCA-



-1 1 0 -1 -2 -3 -4

-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T

-5 -3 -1 1 0 0 2A

-6 -4 -2 0 0 1 1C

0 -1 -2 -3 -4 -5 -6-

G

- G T A G C A

G-AGTAC
GTAGCA-



-1 1 0 -1 -2 -3 -4

-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T

-5 -3 -1 1 0 0 2A

-6 -4 -2 0 0 1 1C

0 -1 -2 -3 -4 -5 -6-

G

- G T A G C A

G-AGTAC
GTAGCA-



-1 1 0 -1 -2 -3 -4

-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T

-5 -3 -1 1 0 0 2A

-6 -4 -2 0 0 1 1C

0 -1 -2 -3 -4 -5 -6-

G

- G T A G C A

G-AGTAC
GTAGCA-



-1 1 0 -1 -2 -3 -4

-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T

-5 -3 -1 1 0 0 2A

-6 -4 -2 0 0 1 1C

0 -1 -2 -3 -4 -5 -6-

G

- G T A G C A

G-AGTAC
GTAGCA-



-1 1 0 -1 -2 -3 -4

-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T

-5 -3 -1 1 0 0 2A

-6 -4 -2 0 0 1 1C

0 -1 -2 -3 -4 -5 -6-

G

- G T A G C A

G-AGTAC
GTAGCA-



-1 1 0 -1 -2 -3 -4

-2 0 0 1 0 -1 -2A

-3 -1 -1 0 2 1 0G

-4 -2 0 -1 1 1 0T
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Alignment with Protein Sequences



Central Dogma of Molecular Biology
■ More correctly stated: “The central dogma states that information in nucleic acid 

can be perpetuated or transferred but the transfer of information into protein is 
irreversible.” (B. Lewin, 2004)

Image: http://ib.bioninja.com.au/

http://ib.bioninja.com.au/


Central Dogma of Molecular Biology
■ More correctly stated: “The central dogma states that information in nucleic acid 

can be perpetuated or transferred but the transfer of information into protein is 
irreversible.” (B. Lewin, 2004)

ATGCAATCAGATTAG

CAAUCAGAU

Q  S  D

DNA

RNA

protein
GFP protein example



Codon table
A,GCU,GCC,GCA,GCG,AGA
R,CGU,CGC,CGA,CGG,AGG
N,AAU,AAC
D,GAU,GAC
C,UGU,UGC
Q,CAA,CAG
E,GAA,GAG
G,GGU,GGC,GGA,GGG
H,CAU,CAC
I,AUU,AUC,AUA
L,UUA,UUG,CUU,CUC,CUA,CUG
K,AAA,AAG
M,AUG
F,UUU,UUC
P,CCU,CCC,CCA,CCG
S,UCU,UCC,UCA,UCG,AGU,AGC
T,ACU,ACC,ACA,ACG
W,UGG
Y,UAU,UAC
V,GUU,GUC,GUA,GUG



Scoring alignments
Simple case: Each mismatch/gap scores -1, each match +1

More biologically relevant, different operations have different costs



Moving to proteins: BLOSUM match/mismatch matrix

Substitution scores between amino acids







Local Sequence Alignment



Local alignment

Global alignment 

--T—-CC-C-AGT—-TATGT-CAGGGGACACG—A-GCATGCAGA-GAC
  |  || |  ||  | | | |||    || |      | |||| | |  
AATTGCCGCC-GTCGT-T-TTCAG----CA-GTTATG—T-CAGAT--C 

Find best aligning subsequences, but do not need to align the whole sequence

Local alignment 
tccCAGTTATGTCAGgggacacgagcatgcagagac 

                     |||||||||||| 
aattgccgccgtcgttttcagCAGTTATGTCAGatc 

Ignore these bits of sequence



Local alignment

Human Genome

Chimp Genome

Exons (protein coding sequence) ~1%
Other conserved sequence (noncoding RNA, regulatory etc…) 5-10%

“Junk” not evolutionarily conserved ~90%



Local alignment algorithm

A A G A

T

T

A

A

G

Three differences with global alignment:



Local alignment algorithm

A A G A

0 0 0 0 0

T 0

T 0

A 0

A 0

G 0

Three differences with global alignment: 1) Initialize edges to 0



Local alignment algorithm

A A G A

0 0 0 0 0

T 0 -1

T 0

A 0

A 0

G 0

Three differences with global alignment: 1) Initialize edges to 0
2) Do not allow scores to go negative



Local alignment algorithm

A A G A

0 0 0 0 0

T 0 0

T 0

A 0

A 0

G 0

Three differences with global alignment: 1) Initialize edges to 0
2) Do not allow scores to go negative



Local alignment algorithm

A A G A

0 0 0 0 0

T 0 0 0 0 0

T 0 0 0 0 0

A 0 1 1 0 1

A 0 1 2 0 1

G 0 0 0 3 1

Three differences with global alignment: 1) Initialize edges to 0
2) Do not allow scores to go negative
3) Find alignment from best score in the 

table (not necessarily bottom right)



Local alignment algorithm

A A G A

0 0 0 0 0

T 0 0 0 0 0

T 0 0 0 0 0

A 0 1 1 0 1

A 0 1 2 0 1

G 0 0 0 3 1

Three differences with global alignment: 1) Initialize edges to 0
2) Do not allow scores to go negative
3) Find alignment from best score in the 

table (not necessarily bottom right)
AAGa

ttAAG






