CS174:. Other Topics in Bioinformatics



Topics covered so far

Gene (ORF) discovery
Regulatory motif discovery
Sequence alignments
Genome assembly

Hidden Markov model

Other Topics:

Comparative Genomics
Protein structure prediction

Systems biology: clustering, reverse-engineering
approaches

Evolutionary theory
Population dynamics



Readout from the genome
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98% of the human genome unknown
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Example: Tissues in Stomach
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Comparative Genomics



Comparative genomics and evolutionary signatures

] HefSeth_Genes .
BEX @ ———} ] o IO I -
C/D and H/ACA Box snoRMNAs, scaBMNAs, and microRMNAs from Weber and Griffiths-Jones

Hu/Chimp/Mouse/Rat/Dog/Chick/Fugu/Zfish Multiz Alignments & Conservation

Caonservation

mouse il W

rat el e N
chicken il B

fugu
zebrafish

v Comparing genomes can reveal functional elements

v Can we also pinpoint specific functions of each elements? Yes!
=Patterns of change distinguish different types of functional elements
»Specific functione—> Selective pressurest—> Patterns of mutations/indels

v' Develop evolutionary signatures characteristic of each function
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Signatures specific to protein genes:

* Indels are multiples of three

 Mutations are largely 3-periodic

 Conservation boundaries are sharp (splicing signals)

Evolutionary Signatures: Genes
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Signatures specific to RNA genes:
e Stem conservation >> loop conservation
« Compensatory changes for paired bases
e Gaps allowed

Evolutionary Signatures: RNA genes
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Known motifs are preferentially conserved
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CTCTTAATGGTACACGTTCTGCCT----AAGTAGCCTAGACGCTCCCGTGCGCCC-GGGG
CTCTTA-CGGGGCACATTCTGCTTTCAACAGTGGGGCAGACGGTCCCGCGCGCCCCAAGG
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Evolutionary Signatures: Regulatory Motifs
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2009: 29 of the 44 vertebrates sequenced are
eutherian mammals

us
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Plasmodium genomes

r P. falciparum** \ Host
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12 fly genomes

— D. melanogaster

melanogaster D. simulans
melanogaster subgroup_| D. sechellia
group — D. yakuba
L—D. erecta
Subgenus D. ananassae
Sophophora rD. pseudoobscura
LD. persimilis
B D. willistoni
D. mojavensis
D. virilis .
Subgenqs D. grimshawi 0.1 substitutions
rosophila

per site



Mosquito genomes
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Evolution

* Related organisms have similar DNA
— Similarity in sequences of proteins

— Similarity in organization of genes along the
chromosomes

« Evolution plays a major role in biology

— Many mechanisms are shared across a wide range
of organisms

— During the course of evolution existing components
are adapted for new functions



Alberts et al

Source

The Tree of Life
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Protein Structure Prediction



Proteins are
poly-peptides
of 70-3000
amino-acids

This structure
IS (mostly)
determined by
the sequence
of amino-acids
that make up
the protein

Protein Structure

(a) Primary structure
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(b} Secondary structure

Hydragan bonds belween aming acids
at different locations in polypeptide chain

(c) Tertiary structure (d) Quaternary structure
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Hemoglobin

e protein built from 4
polypeptides
e responsible for carrying

oxygen in red blood
cells




Protein structures

Why do we need protein structures?

Protein structure is the key to understand:
» Sequence-function relationships
 Evolution (a history of changes at the level of sequence and function)

Based on the knowledge of protein structure we can attempt to:
* Design new drugs
» Design proteins with new functions (e.g. industrial enzymes)
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Protein structure determination / prediction
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Protein model accuracy vs
time required for its construction

Experimental protein structure solution provides high resolution models,

BUT:
...1t 1s costly and time-consuming,
...fails for many proteins

Drug design requires hyper-accurate protein structures.

NONETHELESS:

to understand the protein function or to engineer proteins by genetic
methods it is often sufficient to know only an approximate structure
(at the level of amino acid residues, not necessarily all atoms)

Theoretical modeling can quickly provide approximate structures



TWO DIFFERENT PERSPECTIVES
ON PROTEIN STRUCTURE PREDICTION

EVOLUTIONARY STATISTICAL
BIOLOGY THERMODYNAMICS

Charles
Darwin
(1809-1882)

“Ludwig Edward
Boltzmann
(1844-1906)




billions
of years

KNOWN PROTEIN SEQUENCE
MKDIRILDACCGSRMFWFDKKEPHT

TYMDRREEEFEIHKKKINVKPDIVA...

EVOLUTIONARY MODEL:
PROTEIN DIVERGENCE

KNOWN STRUCTURE
(TEMPLATE)

PREDICTED STRUCTURE

PHYSICAL MODEL.:
PROTEIN FOLDING

NAULRL

PREDICTED STRUCTURE

miliseconds
/| seconds



Protein refolding:
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Anfinsen et al, PNAS 47, 1309 (1961)



Physics of protein folding

... Anfinsen’s thermodynamic hypothesis:

"The three-dimensional structure of
a native protein in its normal
physiological milieu (solvent, pH,
lonic strength, presence of other
components such as metal ions or
prosthetic groups, temperature, etc.)
iIs the one in which the Gibbs free
energy of the whole system is
lowest; that is, that the native
conformation is determined by the
totality of interatomic interactions
and hence by the amino acid Christian B.
sequence, in a given environment.” Anfinsen

(1916-1995)




Structure prediction
based on physics

1. Assume Anfinsen’s hypothesis is correct (native protein
structure is thermodynamically stable and located at the
global free energy minimum)

2. SAMPLING: Within a reasonable time, effectively sample
the conformational space available to the polypeptide chain
of the target protein to generate a large number of ,,decoys”,
of which at least one should be sufficiently similar to the
native structure to be in the same energy minimum.

3. ENERGY: Use an accurate energy function to rank the
decoys and identify the native structure as one of the lowest
energy.



WHAT IS POSSIBLE

So, is it possible to predict the protein structure
based solely on the principles of physics?

Not yet. But hope remains... ;-)

It is not yet possible to sample all conformations within reasonable time to
guarantee that one of them will be sufficiently similar to the native structure.
It is also not yet possible to guarantee that the native structure (or the

corresponding closest decoy) would have the lowest energy.
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THE EVOLUTIONARY SCHOOL
OF PROTEIN STRUCTURE PREDICTION

nothing in biology
makes sense

except in the light of

evolution

Theodosius
Dobzhansky
(1900-1975)



Evolution of proteins:
sequence-structure-function
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Evolutionarily related proteins retain very similar tertiary structure
despite the accumulation of amino acid substitutions, deletions and insertions



Structure prediction
based on evolution

1. Assume that extant proteins evolved from common
ancestors

2. Assume that evolutionarily related (homologous)
proteins are structurally similar

3. Find a structure of a protein homologous to the target
protein and model the evolutionary changes that occurred
since these two proteins diverged from their common
ancestor (provided that an accurate model of divergent
evolution of protein sequences and structures is available)



Template-based modeling

For all residues in the target protein
assign restraints derived from the
template structure:

- bond lenths, angles

- interactomic distances

Minimization of the target function
usually comprising:

- a term describing the agreememnt
of the model with the restraints

- a term describing the ideal values
of various structural parameters

mta;}'q;rllg nﬂn's..hrﬂ; arhgd



And get a model derived from the template
(with some modifications)

target sequence

PROTEIN

K’ DATA template sequence
 BANK —

comparative
modeling

¥ N\

target-template
alignment

template model
structure



Template-based models can be quite good

template modeled target native terget
structure structure structure




Template-based models can be quite good
...but devil is in the details

template modeled target hative terget
structure structure structure




SO, WHAT IS POSSIBLE?

Is it possible to predict the protein structure based solely on the principles
of physics?

Not yet. But hope remains... ;-)

It is not yet possible to sample all conformations within reasonable time to
guarantee that one of them will be sufficiently similar to the native structure.
It is also not yet possible to guarantee that the native structure (or the
corrsponing closest decoy) would have the lowest energy.

Is it possible to predict the protein structure based solely on the principles
of evolution?

Yes...But only if 1) there is a homologous protein with known structure,
2) if we can correctly identify it among all proteins with known structures
and 3) if we can approximate the evolutionary changes at the level of
sequences (alignment) and structures (3D coordinates).



Protein data bank

File Edit Wiew History Bookmarks Tools  Help

- c }'( [ ( |http:,I',l'www.rcsh.org,l'pdh,l'home,l'home.do a‘f\f’ "| |'|Google

2] Most visited ¥ Getting Started 5] Latest Headines &= PubMed “# ICS %P ¥ahoo & Mew vork Times [ ucsc [ dava

- & MyPDB Login A MEMEER or THe SIPDEB N
bl An Information Portal to Biological Macromolecular Structures
[

PROTEIN DATA BANK &5 of Tuesday Jun 02, 2009 [§ there are 57944 Structures & | PDB Statistics 3

PDEB ID ar keyward v _[Search | 2 | [ Adv. Search ]

A Resource for Studying Biological

-]
Macromolecules -~ Conim e e
¥ Home . I . . . . u Newsletter
The PODBE archive contains information about experimentally-determined structures of proteins,
B Getting Started nucleic acids, and complex assemblies. As 2 member of the vwwPDB, the RCSB POB curates and ® Discussion Forum
) annotates POB data according to agreed upon standards, . ..
B Structural Genomics ® Job Listings
The RCSB PDBE also provides a wariety of tools and resources. Users can perform simple and
B BioSync advanced searches based on annotations relating to sequence, structure and function, These 02 fune-2009

maolecules are visualized, downloaded, and analyzed by users who range from students to Literature ¥iew: Looking at
specialized scientists. Structures in

Download Files PubMedCentral
Molecule of the Month: Yaults
K Carrlend artiaie ! T “x-

B Electron Microscopy

. ) =

Deposit and Yalidate . —~r—

Cictionaries & File our cells are filled with compartments, BE_ICh per‘farming a specific function, o . R W P

Farmats Some of these compartments, such as mitochondria and lvsozomes, are e

Softmare Toals very large and enclose many different molecular machines. Other “ Mlstract Copyright
intracellular compartments are smaller, such as the transport vesicles that

ceneral Education shuttle proteins from site to site inside the cell. Most of these The recently-released

compartments, including mitochondria, lysozomes and transport vesicles, Literature  View  aims o

General Information are surrounded by membranes, However, in special cases, cells build provide a broad look at how

smaller compartments surrounded by a protein shell, In our own cells, a given structure has been

B Acknowledgements vaults are a spectacular example of these protein-enclosed analyzed and presented in

o Frequertly Asked cormpartments, Dﬁen_ acr:ess hpLicbI“lcatmns]é

Questions B Read more ... B Previous Features that is, where the full text o

the article is  available
without copyright restriction.
The awerall intent is to make
the PDB user moare aware of
publications associated with
the structure under study,

When cells divide, they need to ensure that each daughter cell gets one
copy of each chromosome, Bacteria contain one big circle of DMNA, so they More =
start replication in one place, then copy the DMA both ways around until it
finishes on the other side. PSI Researchers have solved the first atomic
structure at how bacteria use the Hda protein to initiate replication at this -

origin only once for each generation of the cell. Time-stamped yearly }

® Read more from PSI SGKB ® Previous Features snapshots of the PDB archive
are available via FTP at:
ftp: f fsnapshots.wwpdb.org
The snapshots provide

Mew user? Try the browser compatibility check, information on Getting Started, and see What's | readily identifiable data sets
New on the site. for research on the PDB

1



Machine Learning in Bioinformatics
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Biomedical Computing Major

-

Freshman
Introduction to Computer Science T and II
Fundamental Data Structures

Single Variable Calculus

Multivariable Calculus

Biotech Basics?

From DNA to Organisms

From Organisms to Ecosystems

General Education! (one course)

Sophomore
Introduction to Computer Organization
Introduction to Software Engineering
Genetics
f Introduction to Computational Biology
Discrete Mathematics
Boolean Algebra and Logic

B IOME D I CAL C OM PUT I N G ;::f;r;ui:?:: rta:) Probability and Statistics for Computer

Science
Degrees available: B.S. Classical Physics (two courses)
. . . Classical Physics Laboratory (two courses)
(open to freshmen in Fall 2009, open to transfer applicants in Fall 2011) General Education (one course)

Junior
What is Biomedical C’ompzm}zg? Representations and Algorithms for Molecular Biology
Probabilistic Modeling of Biological Data

Biomedical Computing (BMC) is the intersection of computer science and information Computational Systems Biology

technology with biology and medicine. Students will receive a firm quantitative grounding Design and Analysis of Algorithms

in mathematics, statistics, and computation; become familiar with the basic foundations of Machine Learning and Data Mining
physics, chemistry, and biology; master a rigorous and demanding Biomedical Computing General Chemistry (two courses)

year-long sequence; study theory, algorithms, data mining, and machine learning; and General Chemistry Laboratory (one course)
carry out a year-long immersive capstone Senior Project. The immense growth and Biology Elective®

impact of biomedical information has led to a critical need for people who can understand
the languages, tools, and techniques of both life sciences and computational sciences.
The Biomedical Computing program aims to create a new generation of professionals with
these complementary cross-disciplinary skills.

General Education (two courses)

Senior

Biomedical Computing Project (three courses)
Quantitative Elective* (three courses)
Upper-division Writing

ngmm FEducational 05/236;‘1}/65: General Education (five courses)



BIT (Bioinformatics Training Program)

About IGBE

INSTITUTE FOR GENOMICS AND BIOINFORMATICS

FPeople

Education

Research

Tools & Databases
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Facilities & Services

Technology Transfer

Ewvents

Sponsorship Programs

University of California, Irvine

Predoctoral Program

Predoctoral @ : Postdoctoral
Shortcuts: Momination Process — Mandatory Courses — Laboratory Rotations — Choosing a BIT Faculty Thesis
Advizor — Continuing BIT Program Requirements,

Admission Procedures

Recruitment of first-year students directly into the BIT Program through the MCSE Gateway will be
performed in a manner similar to recruitment of first-year students into other campus graduate
programs.

Ph.D.

I

BIT Program

f

WMCE
Year 1 {Gateway |_’

ME " MEGE

I CB \JBAM BME

Biological Medical FPhysical Computer  Biomedical
Sciences  School Sciences Sciences  Engineering

Yeaar 2

The Biomedical Informatics Training (BIT) Program. ME, Maol. Evolution track in Ecology and
Evolution Dept.; MBGE, Combined Maol, Biol,, Genet, and Biochem Program in School of Biol, Sci.; CB,
Chemical Biaol. Track in Chem Dept.; IBAM, Informatics in Biology and Medicine track in ICS; BME
Biomedical Engineering Program. Existing graduate programs and BIT cooperate to jointly admit first
year students directly into the MCSE Gateway. altermatively, second-year students can join the BIT
Program at the beginning of their second year as in the past.



MCB program

Graduate Program in

|;‘ UClIrvine Mathematical, Computational and Systems Biology
>

Admissions &
Application

Overview & Application ¥
Application Checklist
Current Class

MCSE Home = Admissions and Applications = Querview & Application

Admissions and Application:

Students are admitted via the MCBE gateway program, as described below, After successful completion of the MCB year,
students in good standing who have been accepted into the group of a participating thesis advisor are automatically
adrmitted to the departrment Ph.D. program of that advisar,

Prerequisites:

The MCE curriculum is designed to teach students at the beginning of their graduate careers the necessary
mathematical, computational, and biological knowledage for successful research at the interface between these
disciplines, The needs of students with a variety of backgrounds can be met provided that they have had mathematical
training comparable to a standard one-year university-level calculus course and a lower-division university course in
elermentary differential equations and linear algebra, Exceptional students not meeting these prerequisites may be
adrmitted to the program on the condition that they fulfill these reguirements during the first fall quarter of their
graduate study or the summer preceding, and pass with a grade of B or better,

Admissions Information:

The MCBE Executive Commithes and Director act as the admissions committes, Following an intial screening of
applications, the Executive Committes usually invites potential trainees for an interview at UCI The Director makes final
offers of admissions to applicants, based on the recommendations of the interviewing faculty and the Executive
Committee.



