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Bioinformatics Problems

• Seqeunce alignment and multiple sequence alignment
• Efficient homology search (seeding method)
• Mass spectrometry based proteomics
• Gene prediction
• NGS reads mapping (efficient index structure)
• Protein structure prediction



Alignment of Protein Sequences

• Global alignment
• Local alignment
• Fit alignment
• Linear space alignment
• Affine gap penalty

• Loglikelihood ratio score
• BLOSUM62
• P-value
• E-value
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Multiple Sequence Alignment
• A multiple sequence alignment of k sequences is an insertion of gaps in the 

positions of the sequences, just like a pairwise alignment.

• “Two homologous sequences whisper, a multiple alignment shouts loudly”  --
Arthur M. Lesk



Heuristic Algorithms and Approximation Algoirthms
for MSA

t:  A-GAGC
s1:  ATGAGC
and
t:  AGA-GC
s2:  AGTTGC

t:  A-GA-GC
s1:  ATGA-GC
and
t:  A-GA-GC
s2:  A-GTTGC

t:  A-GA-GC
s1:  ATGA-GC
s2:  A-GTTGC
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Bioinformatics Problems

• Seqeunce alignment and multiple sequence alignment
• Efficient homology search (seeding method)
• Mass spectrometry based proteomics
• Gene prediction
• NGS reads mapping (efficient index structure)
• Protein structure prediction



Fast Homology Search

seq1

seq2

1 m

1 n
Hit and Extend

GAGTACTCAACACCAACATTAGTGGCAATGGAAAAT…
|| ||||||||| ||||| || |||||   ||||||
GAATACTCAACAGCAACACTAATGGCAGCAGAAAAT…
       111*1**1*1**11*111

Spaced seed



Compute Hit Probability
• Case I: 𝑡 is hit by 𝑠. Then 𝐷 𝑖, 𝑡 = 1.
• Case II: 𝑡 is not hit by 𝑠:

𝐻 𝑡

0101101

𝐻$
0101101

𝐻$ 𝑡

0101101

𝑡

1 0

𝐻! is the length-(𝑖-1) distribution. 𝑡!	is the length-(𝑙-1) prefix of 𝑡.

probability p probability 1-p

𝐷 𝑖, 𝑠 = 𝑝 ⋅ 𝐷 𝑖 − 1,1𝑡$ + 1 − 𝑝 ⋅ 𝐷 𝑖 − 1,0𝑡$



Multiple Spaced Seeds

“Life is a series of 
tradeoffs, and greater 
results usually require 
greater tradeoffs.”

One weight-12

Two weight-12

One weight-11



Bioinformatics Problems

• Seqeunce alignment and multiple sequence alignment
• Efficient homology search (seeding method)
• Mass spectrometry based proteomics
• Gene prediction
• NGS reads mapping (efficient index structure)
• Protein structure prediction



MS/MS of a Peptide
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False Discovery Rate

score

false

true 
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• By choosing different score threshold, one can calculate the FDR for all target PSMs above the threshold.
Or conversely, one can choose a proper threshold to meet a FDR requirement.

• As of today, a typical FDR requirement is 1%.
• Unfortunately, we only know the aggregated distribution (grey curve)



De Novo Peptide Sequencing

⋯
⋯⋯ ⋯⋯D(m)

0 1 2 3 ⋯⋯ 𝑀

⋯⋯
⋯⋯

𝑚𝑚 −𝑚(𝑎)

• Let 𝐷[𝑚] be the maximum score a path from 0 to 𝑚 can achieve.
• If the path is not empty, assume a is the last amino acid, then
𝐷[𝑚] = 𝐷[𝑚 −𝑚(𝑎)] + 𝑓(𝑚).

• Thus, 𝐷 𝑚 = 𝑓 𝑚 +max
%
𝐷 𝑚 −𝑚 𝑎 .

⋯⋯ ⋯⋯f(m) ⋯⋯

𝑚(𝑎)



De Novo Protein Sequencing

Trypsin digest

Chymotrypsin digest

AspN digest



Spectrum Prediction

Input + Pos Embedding

Transformer Encoder

P P TE I D E K

concat

y head b head

…

Linear

hidden

intensity

…
activation

output head

Loss = MSE (Mean Square Error)

Label = Normalized intensity



Bioinformatics Problems

• Seqeunce alignment and multiple sequence alignment
• Efficient homology search (seeding method)
• Mass spectrometry based proteomics
• Gene prediction
• NGS reads mapping (efficient index structure)
• Protein structure prediction



From Gene to Protein (in Prokaryotes)

3’ 5’A	C	T	A	G	T	A	C	T	A	G	A	G	C	A	T	T	C	T	A	T	A	G

Transcription

translation

5’ 3’T	G	A	T	C	A	T	G	A	T	C	T	C	G	T	A	A	G	A	T	A	T	C DNA

Coding strand

Template (noncoding) strand

ORF: Open Reading Frame
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Hidden Markov Model

U T0.4

0.050.8

0.4 (T) Transition matrix

(E) Emission matrix

L

0.2

0.9

0.2
0.05

U T L

U 0.8 0.2 0

T 0.4 0.4 0.2

L 0.05 0.05 0.9

Look Write Sleep

U 0.6 0.35 0.05

T 0.9 0.1 0

L 0.1 0.6 0.3

U: Understands
T: Tries to understand
L: Lost completely



Viterbi Algorithm

𝐷 𝑘, 𝑝 = max
"!

𝐷 𝑘 − 1, 𝑝! Pr 𝑝|𝑝! Pr 𝑆#|𝑝

? ? ? ? ? ? ? ? ? ? ? ? ? ?



Gene Prediction Tool Tiberius



Bioinformatics Problems

• Seqeunce alignment and multiple sequence alignment
• Efficient homology search (seeding method)
• Mass spectrometry based proteomics
• Gene prediction
• NGS reads mapping (efficient index structure)
• Protein structure prediction



Suffix Tree
• suffix tree for GAAGAT$

G
G

G

G
A

A

A

A A

A

A

T

T
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$

$
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$

$

• Pattern matching
• Longest common substring



Longest Common Substring

C$
G

C$

#TGC$

TG

C$

#TGC$

ATG#TGC$

$

#TGC$

ATG#TGC$

• Longest Common Substring
• Maximal Unique Matches



Suffix Array

• AGAAGAT$
1 = AGAAGAT$
2 = GAAGAT$
3 = AAGAT$
4 = AGAT$
5 = GAT$
6 = AT$
7 = T$
8 = $

8 = $
3 = AAGAT$
1 = AGAAGAT$
4 = AGAT$
6 = AT$
2 = GAAGAT$
5 = GAT$
7 = T$

8, 3, 1, 4, 6, 2, 5, 7

• Pattern matching
• Suffix sorting



Prefix Doubling Algorithm

Renaming example for T=banana$

rename with 𝑆!

radix sort to get
𝑆", rename

radix sort to get
𝑆#, rename

radix sort to get
𝑆$, rename



Skew Algorithm Example

• Example: mississippi

mississippi
   sissippi
      sippi
         pi

SA0

ississippi
   issippi
      ippi
         i

SA12

ssissippi
   ssippi
      ppi



Burrows-Wheeler Transformation (BWT)

Text=banana$
BWT = annb$aaSuffix Array



FM-Index

F L

T= BANANA$
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2

3

• LF-mapping
• Reconstruct T with LF-mapping
• Backward query with LF-mapping
• Store LF-mapping with C(a) and rank



A Few General Skills
• Design a good scoring function

– Log likelihood ratio
– Evaluate the significance (Bayesian or p-value)

• Dealing with noisy data
– FDR

• Dynamic programming
– Sequence, set, mass … 

• Trade off speed and accuracy/sensitivity
– Filtration (Spaced seed)

• Useful models/data structure
– HMM.
– Suffix tree, suffix array, FM-Index

• Use of deep neural network



Other Things We Did Not Learn

• X-ray, NMR, Cryo EM for structure
• Single cell omics (genomics and proteomics)
• Other molecule types: Metabolomics, glycomics, RNA etc.
• Metagenomics/Microbiome
• De novo protein design



Cryo EM



Bioinformatics

Molecules

Data

Knowledge
and solutions

Unmet needs,
Unanswered

questions

• Experimental design
• Instrumentation
• Wet lab experimentas

• Models
• Algorithms (including machine learning)
• Software

• Deployment
• Dissemination

• Conjecture



Interesting News Article

• https://theconversation.com/a-man-used-ai-to-help-make-a-
cancer-vaccine-for-his-dog-an-oncologist-urges-caution-278735



How Does It Work?

• Tumor or infected cells “present” some abnormal 
peptides at the MHC on cell surface.

• CD8+ T cells (aka T killer cells) recognize the 
abnormal peptides and kill the cell.

• Sequence the mRNA and predict the mutated
peptides that can trigger T killer cell response.

• Those peptides may be too low to trigger the
immune response.

• Synthesize mRNA that can produce the mutated
peptides and use them as mRNA vaccine.

• Your body produces a lot of those peptides that
enhance the T cell response to the target
peptides, therefore kill the cancer cells.


