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Birth of Molecular Biology 
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Genetics in the 20th Century 
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Human Genome Project 
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Sequencing Growth 
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Medicine 
 Mendelian diseases 
 Cancer 
 Drug dosage (eg. Warfarin) 
 Disease risk 
 Diagnosis of infections 
 … 

Ancestry 
Genealogy 
Nutrition? 
Psychology? 
Baby Engineering?... 
 
Ethical Issues 

Uses of Genomes 
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from http://cs262.stanford.edu 
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Cost 
Killer apps 
Roadblocks? 

How soon will we all be sequenced? 
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Complete DNA Sequences 
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More than 1,000 complete genomes  
have been sequenced 

from http://cs262.stanford.edu 
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Complete DNA Sequences 
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Sequence edits 
 
 
 
 
 

Rearrangements 

Evolution at the DNA level 
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ACGGTGCAGTTACCA 
AC----CAGTCACCA 

seq1 
seq2 

deletions / 
insertions 

mutations 

original 

inversion 

translocation 

duplication 
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Sequence conservation implies function 
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Alignment is the key to 
• Finding important regions 
• Determining function 
• Uncovering evolutionary events 

from http://cs262.stanford.edu 



InfoLab 

Exact methods 
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Definition 
Given two strings x = x1x2...xM, y = y1y2…yN, 
an alignment is an assignment of gaps to positions 
0,…, N in x, and 0,…, N in y, so as to line up each letter in one 
sequence with either a letter, or a gap in the other sequence 

 

Example 
 
 
 

Sequence Alignment 

14 

from http://cs262.stanford.edu 
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y 
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What is a good alignment? 
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from http://cs262.stanford.edu 

1 

2 

3 
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Scoring function 
 match : +m 
 mismatch : -s 
 gap : -d 

 

 Scoring function F = (#matches)*m + (#mismatches)*s + (#gaps)*d 
 Example : m = +1, s = -1, d = -2 

• Case 1’s F = 6*1 – 3*1 – 1*2 = 1 (better) 
• Case 2’s F = 7*1 – 1*1 – 3*2 = 0 

 

Alternative: minimal edit distance (MED) 
 Given two strings x, y, find minimum # of edits (insertions, deletions, 

mutations) to transform one string to the other 
 Example : 

• Case 1’s MED = 3 + 1 = 4 
• Case 2’s MED = 1 + 3 = 4 

Scoring Function 

16 



InfoLab 

How do we compute the best alignment? 
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Too many possible alignments!! 
 

>> 2N 

from http://cs262.stanford.edu 
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The score of aligning 
  x1........xM 
  y1........yN 

 
is the same as adding up two sub-alignments 

  x1....xi  xi+1....xM 
  y1....yj  yj+1....yN 

 
The score function becomes: 

 F(x[1:M], y[1:N]) = F(x[1:i], y[1:j]) + F(x[i+1:M], y[j+1:N]) 

Alignment is additive 

18 
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Why it works for DNA alignment? 
 There are only a polynomial number of subproblems 
    Align x1...xi to y1...yj where 1 ≤ i ≤ M and 1 ≤ j ≤ N 

 
 Original problem is one of the subproblems 
    Align x1...xM to y1...yN 

 
 Each subproblem is easily solved from smaller subproblems 

• The general idea is to construct longer alignments with shorter 
alignments 

 
So, we can apply Dynamic Programming!!! 

Dynamic programming 

19 
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We build a dynamic programming (DP) “Matrix” or “Table” 
called F 
 F(i,j) = optimal score of aligning between x1...xi and y1...yj 

 

This process, called Memorization, is to store the optimal 
scores of subproblems for solving larger problems 
 

 

DP: How it works? 
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① xi aligns to yj 

 
 
 

② xi aligns to a gap 
 
 
 

③ yj aligns to a gap 
 

DP: Three cases when building matrix 

21 
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... xi-1 xi xi+1 ... 

0 … -i+1 -i -i-1 … 

... … 

yj-1 -j+1 

yj -j 

yj+1 -j-1 

... … 

F(i, j) 

1 

2 

3 
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By inductive assumption, F(i, j-1), F(i-1, j), and F(i-1, j-1) 
are optimal 
 
We choose the one with the max score 

DP: Optimal Score 
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① Initialization 
 one alignment of a letter to a gap has a score of -1 
 we fill in the first row and the first col with (-1 × the corresponding index) 

 

② Iteration : filling in the rest by the formula 
 

③ Termination 
 we reach the bottom right corner of the matrix 
 we backtrace from the bottom right corner to the top left corner with the 

pointers and output the alignment 
• When in the diagonal direction, output xi and yj 

• When in the up direction, output yj 
• When in the left direction, output xi 

DP: Procedure 
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DP: Example 
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x = AGTA 
y = ATA 

m = 1 
s = -1 
d = -1 

AGTA 
A-TA 

output 



InfoLab 

General idea is the same with DP 
Every nondecreasing path from (0,0) to (M,N) corresponds 
to an alignment of the two sequences 
 
Main iteration (filling in partial alignments) 
 
 
 
 
Termination 
 F(M,N) is the optimal score 
 we can trace back the optimal alignment from Ptr(M,N) 

Global Alignment (Needleman-Wunsch 
algorithm) 
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In some cases, it’s OK to have an unlimited # of gaps in the 
beginning and the end 
 e.g., DNA assembly in a sequencing project  
 e.g., searching for a small gene within a large chromosome 

 
 
 

 
We don’t want to penalize gaps in the ends 
 need to slightly modify Needleman-Wunsch algorithm to not 

penalize the gaps at both ends 

Overlap Detection Variant 

27 
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Notice that the path can start from any column in the first 
row and end in any row of the last column 
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Given two strings  
  x1.....xM 
  y1.....yN 

we want to find substrings x’ and y’ whose similarity 
(optimal global alignment value) is maximum 
 
e.g, the local alignment of x and y is x’ = y’ = cccggg 

Local alignment (Smith-Waterman 
algorithm) 

29 

x’ 

y’ 
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Compared to the overlap problem, local alignment doesn’t 
have to start from one of the ends of the sequences 
 
Local alignments can be used to  
 identify genes that are shuffled between genomes  
 identify conserved regions of portions of proteins (domains) 

 

Smith-Waterman algorithm 
 it can be obtained by making subtle modifications to the 

Needleman-Wunsch algorithm 
 idea is to ignore badly aligned regions 
 we replace a negative score in the DP matrix with a 0 to disregard 

the bad alignments 
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① Initialization 
 
 

② Iteration 
 
 
 
 

③ Termination 
 If we want the best local alignment, then we find FOPT = maxi,j F(i, j) 

and trace back 
 If we want all local alignments scoring > t, then the problem 

becomes complicated by overlapping local alignments 

Procedure of Smith-Waterman Algorithm 

31 
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Four possible local alignments 

Two overlapping local alignments : 
• Two squares represent the ends 

of local alignments 
• In backtracing, the two paths will 

merge at some point shown as a 
circle 
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Observation 
 gaps usually appear in bunches. 
 it’s better to reduce gap penalty as the gap length increases instead 

of penalizing every gap alignment equally 
 

Convex gap model 

Scoring gaps more accurately 

33 

regular gap model convex gap model 
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Affine gap model 
 d : gap open penalty  
 e : gap extension penalty 

34 

using the same gap  
extension penalty 

using four different gap  
extension penalties 
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We need to remember at position (i, j) 
 the best score if gap is open  
 the best score if gap is not open 

 

We need to know the state of previous step to decide 
whether the current step is (1) to open a new gap or (2) to 
extend an existing gap 
 three matrices to represent three different states  

 
 
 
 

 one matrix to store the best score of the three states 

Using affine gap model 

35 
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Needleman-Wunsch using affine gaps 
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// opening a new gap 

// extend an existing gap 

// opening a new gap 

// extend an existing gap 
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Amino Acid Similarity and  
Typical Objective Function 
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Needleman-Wunsch Alignment Algorithm 
Matches and Mismatches 
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Needleman-Wunsch Alignment Algorithm 
Recursion 
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Needleman-Wunsch Alignment Algorithm 
Maximal Scores 
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Needleman-Wunsch Alignment Algorithm 
Trace Back 

41 
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Sequence Similarity vs  
Evolutionary Distance 

42 
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Most commonly used amino acid substitution matrices  
 PAM (Percent or Point Accepted Mutation) 
 BLOSUM (BLOcks SUbstitution Matrix) 

 
PAM 
 PAM1 is constructed by comparing global alignments of very 

closely related sequences (less than 1% divergence) and tallying 
observed differences 

• used for aligning sequences that have approximately 1% divergence 
 

 PAM1 is extrapolated for more distant comparisons 
• it is not a linear extrapolation 
• e.g., PAM250 is not for proteins that are 250% divergent 

Score matrix (substitution matrix) 

43 
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BLOSUM 
 BLOSUM1 is built by direct observation of local alignments 

between sequences of differing similarity 
 

 Various different versions of the matrix are numbered by how similar 
the proteins should be 
 

 Default matrix used by BLAST, BLOSUM62, is built from a 
comparison of sequences that are a minimum of 62% identical 
 

 Choice of which matrix to use in any single case is therefore largely 
determined by the comparison being made 

44 
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Dayhoff’s Acceptable Point Mutations(PAMs) 
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Dayhoff’s PAM 250 Matrix (Log-Odds Form) 
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Dayhoff’s PAM 250 Matrix (1978) 
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The log-odds values have 
been scaled and rounded to 
the nearest integer for 
purposes of computational 
efficiency 
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BLOSUM62 

48 
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Heuristic methods 
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Basic Local Alignment Search Tool 

Indexes words in database 

Calculates “neighborhood” of each word in query using BLOSUM 
matrix and probability threshold 

Looks up all words and neighbors from query in database index to 
find High-scoring Segment Pairs (HSPs) 

Extends High-scoring Segment Pairs (HSPs) left and right to 
maximal length 

Finds Maximal Segment Pairs (MSPs) between query and 
database 

Does not permit gaps in alignments 

Original BLAST Algorithm 

50 
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Dictionary 
 keep all words of length k (~10)  
 initiate alignment between words of 

alignment score > T (typically T=k) 
 
 

Alignment 
 extend the candidate sequence 

without gaps until the score falls 
below the statistical threshold 

 
 

Output 
 output all local alignments with 

score > statistical threshold 

BLAST: Indexing-based local alignment 

51 
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Gapped extensions 
until threshold 
 extensions with gaps 

until the score < C        
below best score so far 
 

Output 

Improvement of Extensions 
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GTAAGGTCC-AGT 
GTTAGGTCCTAGT 

extension 



InfoLab 

longer and longer k removes more and more potential 
homologies 
 pros: improving speed  
 cons: decreasing sensitivity and ability to detect meaningful 

homologies between the two sequences 

Sensitivity-Speed Tradeoff 

53 

# of spurious  
matches 
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Split a single k-mer into       
a pair of shorter k-mers  
 
 
Using inexact words        
(not just exact matches)  
 
 
 
Patterns – nonconsecutive 
positions 

Improving Sensitivity-Speed 

54 
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Measured improvement 
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