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Big Challenges

• Understand biology at multiple levels
– genomic, cellular, organismal, etc.

• Diagnose and treat disease
– cancer, malaria, etc.

• CS Can Help!
– Post-genomic era
– Huge amounts of data generated
– Algorithms and methods for analysis



Bio 101

Or, Why do we care?
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Cells, Proteins, DNA
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Evolution is Key

Common descent of organisms
implies that they will share
many “basic technologies.”

Development of new adaptations in
response to environmental
pressure can lead to
“specialized technologies.”

More recent divergence implies
more shared technologies
between species.

All of biology is about two things:
understanding shared or
unshared features.
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Model Organisms

E. coli

E. coli

S. cerevisiae

S. cerevisiae

C. elegans
C. elegans D. melanogaster

D. melanogaster

M. musculus
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What is DNA?

• Deoxyribonucleic Acid
• Instructions, written in a 4-letter alphabet

– Adenine, Thiamine, Cytosine, Guanine
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DNA Structure

James Watson Francis Crick
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DNA Content

Baker’s yeast - 13.5 million bp (~4.6 cm) - 6000 genes

Human - 3 billion bp (~1 m) - ~25,000 genes

E. coli - 4 million bp (~1.36 mm) - 3000 genes

Waterlily
Salamander

Inch plant
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What does DNA do?

• Each base pair triplet (codon) encodes an
amino acid

• Sequences of amino acids form proteins
• Proteins are the important parts of cells

– Everything is made of proteins
– Proteins do the “work” in a cell

Table by Ben Fry
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Central Dogma

DNA
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Central Dogma

DNA

mRNATranscription

Polymerase
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Central Dogma

DNA

mRNA

Proteins

Ribosome

Transcription

Translation
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Central Dogma

DNA

mRNA

Proteins

Ribosome

Transcription

Translation
Death Cap

X
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Central Dogma

DNA

mRNA

Proteins

Ribosome

Transcription

TranslationX Diphtheria
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How Can CS Help?

DNA

mRNA

Proteins

Ribosome

Transcription

Translation

The Sequence
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Sequence Analysis

• Knowledge of the sequence is the foundation
of modern biology/genetics research

• The sequence is huge, computers and
algorithms were vital

• Given the sequence for many organisms, we
open up the doors for current and future
research
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The Great Sequence Race

• End of the 20th century, 2 major human
sequencing projects

• Gov’t run Human Genome Project vs. Celera
• Craig Venter, president of Celera developed

the “winning” technique
– used computers over

lab techniques
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“Shotgun” sequencing
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1000s of Sequenced Genomes

• Aquifex aeolicus
• Archaeoglobus fulgidus
• Bacillus subtilis
• Borrelia burgdorferi
• Chlamydia trachomatis
• Escherichia coli
• Haemophilus influenzae
• Plasmodium falciparum
• Methanobacterium

thermoautotrophicum

• Caulobacter crescentus

• Helicobacter pylori
• Methanococcus jannaschii
• Mycobacterium tuberculosis
• Mycoplasma genitalium
• Mycoplasma pneumoniae
• Pyrococus horikoshii
• Treponema pallidum
• Saccharomyces cerevisiae
• Drosophila melanogaster
• Arabidopsis thaliana
• Caenorhabditis elegans
• Homo sapiens
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BLAST

Human hereditary colon
cancer gene was found by
looking for a gene similar
to MSH2 gene in yeast
(these genes are 65%

similar)!
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How Can CS Help?

DNA

mRNA

Proteins

Ribosome

Transcription

Translation

The Proteins
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Protein Structure

Courtesy of the Zhou Laboratory, The State University of New York
at Buffalo

•Proteins fold into complex 3D
structures
•Only functional if properly folded



24May-3-07

• Project at Stanford to use computer
downtime to process folds
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CASP

• Annual competition to predict protein
structures

• A few crystallized proteins are “held back”
from publication until after the contest

• Given just the sequence, groups try to predict
the real structure
– All groups use CS to accomplish this
– Machine learning, data mining, phylogeny, etc.
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CASP
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How Can CS Help?

DNA

mRNA

Proteins

Ribosome

Transcription

Translation

The
Transcriptome
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Central Dogma

DNA

mRNA

Proteins

Ribosome

Transcription

Translation

(Almost) all organisms have
this basic process in common

Mammals have 99% of their
genomes in common

So what makes organisms
different from each other?
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Car parts

Automobiles

Blueprints of
automobile parts

DNA

Gene Expression

Small DNA changes → Big phenotype changes

Proteins

Proteins
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Transcription -- it’s important

• Not all genes/proteins are made at all times
• Amounts made change over time

• Understanding regulation of what makes
proteins is a big, key problem
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Transcription

• Housekeeping vs. specialized genes
• Polymerase is the protein that makes mRNA
• Transcription factors recruit/repress

polymerase

coding regionupstream region
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“Gene Regulatory Circuits”

A B Make DC

If C then D

If B then NOT D

If A and B then D D

Make BD

If D then B

C

gene D

gene B

Mechanisms are
complicated, and
only partially known
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Measuring Transcription

• Differences in transcription are important
– Organismal differences
– Disease, immune response, etc.

• How can we measure transcriptional
changes?
– Count the number of mRNA created for each

gene
– Microarrays are a method to do this
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Microarray Methodology
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Microarray Methodology

Spot slide with
known sequences

A
C

B
D
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Microarray Methodology

reference mRNA test mRNA

Spot slide with
known sequences

Reference sample Test cells
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Microarray Methodology

reference mRNA test mRNA

add green dye add red dye

Spot slide with
known sequences
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Microarray Methodology

Add mRNA to slide
for Hybridization

reference mRNA test mRNA

add green dye add red dye

hybridize

Spot slide with
known sequences
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Microarray Methodology

Spot slide with
known sequences

Add mRNA to slide
for Hybridization

Scan hybridized array

reference mRNA test mRNA

add green dye add red dye

hybridize
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Microarray Methodology

Spot slide with
known sequences

Add mRNA to slide
for Hybridization

Scan hybridized array

reference mRNA test mRNA

add green dye add red dye

hybridize

0.1D

-1.2C

0.8B

1.5A
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Microarray Methodology

Spot slide with
known sequences

Add mRNA to slide
for Hybridization

Scan hybridized array

reference mRNA test mRNA

add green dye add red dye

hybridize

0.1D

-1.2C

0.8B

1.5A
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Microarray Outputs

Measure amounts of green and red
dye on each spot

Represent level of expression as a
log ratio between these amounts

Raw Image from Spellman et al., 98
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Microarray Outputs
Experiments

Genes
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Data Analysis

• Lots and lots of data
– Thousands of genes x hundreds of conditions

• Traditional biology is on the scale of tens of
genes in a handful of conditions

• Computer Science regularly deals with large
amounts of data
– Internet, digital animation, cryptography
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Running Times

~ ∞.~1e301~1e3010242n

1e121e91e61000n3

1e81e610000100n2

40000300020010n log n

10000100010010n



46May-3-07

Hierarchical clustering
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Hierarchical clustering
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Hierarchical clustering
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Hierarchical clustering
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Hierarchical clustering
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Hierarchical clustering
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Clustering Analysis

• Distance metrics
– Euclidean
– Pearson
– Spearman
– …

• Algorithms
– Hierarchical
– K-means
– SOM
– …
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Cancer treatment

• Oncologist examines biopsies under
microscope
– Different cancer types look different
– Treatment differs by type

• Some cancers that look the same have very
different clinical outcomes

• Is there a difference we can’t see?
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Cancer microarrays

• Each condition is a patient biopsy
• Hierarchically cluster together genes and

patients
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Cancer clusters
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Personalized medicine

• Microarrays show more specific information

• Whole-genome level of analysis

• Individual arrays can show a doctor how a
specific patient’s cells behave
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How Can CS Help?

DNA

mRNA

Proteins

Ribosome

Transcription

Translation

Systems
Biology
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Systems-level challenges
• Gene function annotation – what does a gene do

– ~30,000 genes in the human genome => systems-level approaches
necessary

– A modern human microarray experiment produces ~500,000 data points
=> computational analysis & visualization necessary

– Many high-throughput functional technologies => computational methods
necessary to integrate the data

• Biological networks – how do proteins interact
– Large amounts of high-throughput data => computation necessary to

store and analyze it
– Data has variable specificity => computational approaches necessary to

separate reliable conclusions from random coincidences
• Comparative genomics – comparing data between organisms

– Need to map concepts across organisms on a large scale => practically
impossible to do by hand

– High amount of variable quality data => computational methods needed
for integration, visualization, and analysis

– Data often distributed in databases across the globe, with variable
schemas etc => data storage and consolidation methods needed
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Biological networks

• Interaction maps (no directions)
• Pathway models (dynamic or static)
• Metabolic networks
• Genetic regulatory networks
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Hawoong Jeong et al. Oltvai Centrality and lethality of protein networks. Nature 411, 41-42 (2001)

Yeast Interaction Network



61May-3-07

What are functions of genes?
• Signal transduction:  sensing a physical

signal and turning into a chemical signal

• Structural support:  creating the shape
and pliability of a cell or set of cells

• Enzymatic catalysis:  accelerating
chemical transformations otherwise too
slow.

• Transport:  getting things into and out of
separated compartments
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• Movement:  contracting in order to pull things
together or push things apart.

• Transcription control:  deciding when other genes
should be turned ON/OFF

• Trafficking:  affecting where different elements end
up inside the cell

What are functions of genes?
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Function

• To study WHAT proteins DO, HOW
they INTERACT, and HOW they are
REGULATED, need data beyond
genomic sequence

• Genomics/Bioinformatics is
fundamentally a COLLABORATIVE
and MULTIDISCIPLINARY effort
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BioInformatics

• Many, many problems in modern biology
benefit from computer science

• Very young field, just beginning to see
practical applications and results

• CS already a vital part of any biology
laboratory

• Much, much more to be done
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Questions?


