Systems Biology and the Grid

Rick Stevens
Argonne National Laboratory
The Unmiversity of Chicago

Stevens(@cs.uchicago.edu



Acknowledgements

Many people have contributed
to this work

 Ross Overbeek Terry Disz
e Natalia Maltsev * Bob Olson
Ed Frank  Mark Hereld
tan . * Mike Papka
* Alex Rodrigez

.  Mike Wilde
 Dina Sulakhe o Jan Foster

 Veronkia Vonstein e Rick Stevens

e Miron Livny



Why Systems/Synthetic Biology i1s Important

 Safe and abundant food supplies

* Sustainable and benign energy sources

» Effective management of disease and aging

* Novel materials and renewable industrial feedstocks

* Advanced computational devices beyond Moore’s law
* Wide variety of molecular scale machinery
 Self-assembly and self-reproduction technologies
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* First synthetic model prokaryotic organism
haracterization of human microbial ecology
lobal index to life on earth

haracterization of microbial life

heory of cell evolution and organization

= =3 Q Q QO

neory of evolution of intelligence

 First synthetic eukaryotic organism

» Confirmation of extra-solar earthlike planets
 Synthetic self-reproducing biomemetic nanosystem

mes =



Reverse Engineering Living Systems:
Genome + Environment = Phenotype

DNA (storage)

\
v > Gene Expression
Translation
' Jo
Proteins i Proteomics
, Biochemical Circuitry ) i
Environment el T
> Metabolomics
Phenot es (Traits %

Adapted From Bruno Sobral VBI
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Systems Biology Systems Level Understanding
Genes — Cell Networks — Populations — Communities
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Systems Biology 1s Different Way of Thinking

 Integrative understanding of a
biological system
» Cell, organism, community and
ecosystem
* Counterpoint to reductionism
« Requires synthesizing
knowledge from multiple levels
of the system
 Discovery oriented not
necessarily hypothesis driven
e Data mining vs theorem
proving
» Need both types of reasoning

mecs
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Biology 1s BIG!!

* 3500+ Millions years of evolution

* ~]10M extant species (distinct genomes)
* 400 genomes sequenced so far many to go!!
* >100M extinct species
« 10% average genome size (coding region)
¢ ~10% bp x ~107sp = 10" bp of genetic diversity
« 101013 total genes and gene products

» ~3,000 protein structures determined
 typical bacteria has about 3,000 types of proteins



FIVE KINGDOMS

An [llustrated Guide to the Phyla of Life on Earth

THIRD EDITION

LYNN MARGULIS and KARLENE V. SCHWARTZ
Foreword by STEPHEN JAY GOULD

Overview of Life on
Earth

Basic Microbiology
Introduction

Excellent Summary



The phyla of life on Earth based on our modification of the Whittaker five-kingdom system
and the symbiotic theory of the origin of eukaryotic cells.

ANIMALLA FUNGI ]
(diiploids) (haploids,

dikaryons)
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From Five Kingdoms by Lynn-Marg (lis and Karlene Schwartz




Could Biology Dominate the Grid?

* The largest science discipline:
* The most scientists (Globally ~500,000-1,000,000)
* The most research funding (Globally >$100 Billion/year)
« The most graduate students (>50,000 year)
 Strong couplings to:
* Medicine and human health
Agriculture and food supplies
Energy and ecology

Future industrial processes (bio-nano)
Consumer of other scientific technologies



A Diverse Bacterial Community

From Five Kingdoms

Lynn Margulis and Karlene Schwartz

mecs

Pocket in the hindgut wall of
the Sonoran desert termite
Pterotermes occidentis

10 billion bacteria per
milliliter
Anoxic environment

~30 strains are facultative
aerobes

Many/most are unknown



Human Microbial Ecology: Sorting Out Cause,
Effect + Cure

Stomach cancer

Helicobacter pylori \
Cytomegalovirus Ntomach ulcers
oronary artery disease

Porphyromonas gingivalis

: . Alzheimer's
Chlamydia pneumoniae

— Cervical cancer

Human papilloma virus — :
Liver cancer

Hepatitis B, C virus Breast cancer

EpsteinBarr Virus Nasopharyngeal carcinoma

mes — = gsuspected linkages 5



Body Cavity Sequencing Project

mecs

TIGR + Stanford

Sequencing samples from mouth, gut
and vagina

40% of mouth sequences in recent pilot
have never been seen before

Goal is development of diagnostic
chips

Ultimately, the new analyses should
reveal which combination of bugs
contributes to a healthy body and which
to diseases. The team is already
comparing the microbes on healthy
teeth with those in a person suffering
severe gum disease.

Source: Nature 23 June 2003



Sequencing the Sargasso Sea

* There's as much unique
genetic information in a litre
of seawater as in the human
genome.

TIFF (Uncogprels(;l;:cgl)ldeh::om% rrrrrr ¢ 1-2 Million Genes
needed to see this picture

« 70,000 novel genes

* 1,800 species

* 148 new types of bacteria

* Craig Venter’s IBEA



Challenges for Cell Stmulation

o Modeling cells rivals the E-CELL Development Overview
complexity of climate and
earth systems models

* Multiple space and time scales

« Millions of interacting parts

Modeling EML Simulation
Environment Environmemnt

« Populations of cells to
understand emergent behavior

* Integrated modeling necessary
to advance theory in systems
biology

e Cell modeling and systems
biology may be a “killer app’
for Petascale computing and
beyond

m pet e

9




Reconstructing and
Modeling a Prokaryotic Cell?

 Typical bacteria [E. coli]
e 1000nm x 300nm x 300nm volume

* ~4000 genes and gene products
* 1/4 genes = protein translation, synthesis and transport
* 1/4 genes = core metabolism
* 1/4 genes = life cycle and environmental response

» rest genes involved 1n regulation, synthesis and degrading
tasks

 Relatively few genes related to sensing and motility
* 1,000’s of small molecular species, not tracked
individually

» ~3 million total large molecules to track
mcs =
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Prokaryotic v Eukaryotic Cell

Bacterial

Mitochondrion Plastid
cal wal e

Thylakoids

Cell membrane

Large

Small ribosomes rbosomes //#

Nuclear  |{-%
18 pore

A%y (E Nucleolus Endoplasmic

Nucleoid . ]/ reliculum
i Nudeus Shvoraiin

_‘f.
B A Rhizoplast Cell membrane

Rotary motor Centriole-
kinetosomes
[8(3) + 0]
Undulipodium
[8(2) + 2]
Cell membrane
Flagelum
PROKARYOTIC CELL EUKARYOTIC CELL

From Lynn Margulis and Karlene Schwartz

Membrane separated nucleus

Multiple cellular
compartments

Introns
More complex cell membrane

Complex motility
mechanisms

Etc.



e David Goodsell
e Illustrations at 1Mx scale of

many cellular domains

Powerful use of scientific
1llustration

e Introduction to cellular

biology and basic molecular
biology

THE
MACH INERY




Intracellular Environment — Gel Like Media

Figure 4.2 Cytoplasm

From: David Goodsell, The Machinery of Life

mecs

100 nm?

450 proteins

30 ribosomes

340 tRNA molecules
Several long mRNAs

30,000 small organic
molecules

50,000 Ions
Rest filled with water 70%



Cell Membranes and Cell Wall
. Cell wall

» Polysaccharides

* Porin pores
* Peptidoglycan
 cross linked

* Periplasmic space

« Small proteins

* Complex inner membrane
« <50% lipids

Figure 4.3 Cell Wall

From: David Goodsell, The Machinery of Life

mecs



Flagellum and Flagellar Motor: Nanotechnology

Figure 4.4 Flagellum and Flagellar Motor

From: David Goodsell, The Machinery of Life

mecs

Transmembrane proton powered
rotating motor

About 10 Flagella per cell
5-10 um long

* Built from the inside out
Propels cell ~10-20 um/sec

¢ Medium is extremely viscous

* 10-20 body lengths/sec
* ~100KM/hr scaled velocity



DNA Replication via DNA Polymerase

DNA replication about 800 new
nucleotides per second

e In circular DNA both directions at
once

50 minute to duplicate entire circle
of 4,700,000 nucleotides

«  With cell replication ~30 minutes
DNA replication is pipelined!!

Figure 4.5 Nuclear Region

From: David Goodsell, The Machinery of Life

mecs



Understanding Bacterial Life Cycles

Spore formation o '\@ Myxospores

Sporg |
porangnole ) - Q%@ germination

/ Myxospore
formatlon

Growmg /—\ ‘ _.
cells G0 T & TN .
N Reproductive
structure

F Life cycle of Stigmatella aurantiaca. [Drawing by
L. Meszoly; labeled by M. Dworkin.]

From Lynn Margulis and Karlene Schwartz



Modeling Swarming Behavior in

Myxobacteria

o
Es _.'rl".

- > ; ;."\_1

100,000 cells swarm to form
fruiting bodies

80% of the cells lyse

20% form spores

Involves chemotaxis and
quorum sensing

Most complex bacterial

genome currently known at >
9Mbp

Very little 1s understood




An Integrated View of Simulation, Experiment, and
Bioinformatics

Analysis
Tools




Biology Databases (335 in 2001)

* Major Seq. Repositories (7) 0

e Comparative Genomics (7)

* Gene Expression (19) .

* Gene ID & Structure (31)
* Genetic & Physical Maps (9)

* Genomic (49)

e Intermolecular Interactions (5)

* Metabolic Pathways & Cellular

Regulation (12)

e Mutation (34) :

mecs

Pathology (8)

Protein (51)

Protein Sequence Motifs (18)
Proteome Resources (8)

Retrieval Systems & DB Structure
3)

RNA Sequences (26)

Structure (32)

Transgenics (2)

Varied Biomedical (18)

Baxevanis, A.D. 2002. Nucleic Acids Research 30: 1-12.
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Software Infrastructure in Drug Discovery

\ Discovery/Prediction & Simulation

|

Ontologies and Domain Specific Integration

In-house/
CRO
Systems

Biological Data Integration Sl In-house
: Integration
(Lion, IBM) (Tripos) Systems
—r 7T [ 1
= e = = —— S———
Preclinical
- Proteomic : Curatedi3rd Chemical (ADME/
E=nBmiEiatE Data Al (e Party Data Data Toxicity)
Data
\______ﬂ_/ . B T g x______ﬂ/

From Richard Gardner(InCellico)

L

E
kx__\_\—'_'__,_/

Clinical Data

T o




The Cytoscape Tool for Cell Network

Visualization

* Tools for
understanding
molecular
Interaction
networks

{ ] GM QuickTime™ and a TIFF (LZW) decompressor are needed to see this picture
L support (29 deomy

* Expression
Profiles

 Functional

annotations via
GO database

mecs Source: Institute for Systems Biology



CellDesigner from
www.systems-biology.org










An Example BioGrid Services Model

Problem Oriented Tools

* Drug Discovery

* Microbial Engineering
» Molecular Ecology

* Oncology Research

* Integrated Databases
* Sequence Analysis

* Protein Interactions
e Cell Simulation

* Compute Services
 Workflow Services

* Data Service

» Collaboration Services



Attributes of Model

Software Infrastructure o
Loosely
Applications and Coordinated
Community Tools » Competition
» Cooperation
Layer _ * Collaboration
(g.g. Iscta.nsor tgolkltst, value in
simulation codes, etc.) Diversity
Integration Highly
Connectivity Coordinated
Communication Layer » Cooperation
(e.g. security, transport, * Collaboration
brokers, CAs, user Value in _
support, services, Commonality and
hosting) Stability, Ubiquity
Loosely
Resources Layer Coordinated
(e.g. computers, data « Competition
— systems, « Cooperation
sensor networks, « Collaboration
—— inst t :
L instruments) value in

/' Innovation
Software Infrastructure and Scale




Infectious
Cancer )

Diseases
GADU

=

=

Evolution

MONERA

~—  \izualization

Collaboration
Services

Data Services

Compute Services

Open Grid Services Architecture (OGSA)
Access Grid, Globus, Grids

Local
Computing
Resources

1=

Regional
Computing
Resources

National
Resources

Driving Biological
Problems

Integrated Bioinformatics
Tools

BioGrid Services

Standard Grid
Software

Distributed Computing
Resources



Functional Genomics Approach to
Anti-microbial Agent Development

Conserved Microbial Proteins

in a desired range of pathogens

Essential Micrahial Genes | Microbial Metabolic Reconstruction
expermmeendally sdentified | inferred metabalic pathways and overviews ina
in a mdel system desired ange of patkogens

Y

Huost Prateins

Checking for the presence of
chose bomobogs in 1he Human bost in 2 desmed range of micralial reconstruction of the Fluman hesi

Essential Proteins, Functional
Raoles, and Pathways

Host Reconstruction
corresponding aspects of metabalic

pathogens

Prioritized Selective Antiinfective Targels
-essential gene and'or essential funetional roles;
- conserved proteins ina desired range of pathogens;
- eritically important and conserved pathways;
-profein'pathways not conserved or not esseniial in Human host

l

Experimental validation
characterization, assay development




Argonne Systems Biology Workflow '

Sequences
Proteins
Pathways

wide area collaboration and visualization
uMural

/_\

o Pathwa
«—> GADU |<—»| SEED Model . 4
) Simulation
Builder
AN
A

GRID3 TeraGrid

Local Compute

/]

P2P Sync

\




GADU Data Flow

data in the form of
text fil=s

Local Data Storage
enorme atd DE files
stored 11 the local
directory

Acquisition Module

DOE SG Resource

HPC Cluster - Parallel

Data iz
Process genome files

throcazh sewvearal

hioinformatic tools

< [l [ _

WUzer ImterFace:
Seleck genome ko

: pProces=s :

| Local

Directory Genome SEorage

fchibahomesdgenomes
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DE Senomes
nr|FDE|... |DE k RCEl|JGI| ... |DE K
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|
£ BLAST E FF&R 1
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s W .
mall | s
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Sene zimilariky

enome Relational

Analysis Module

Database
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annotations mm Oracle

database
Storage Module

Ficlational Database

hit=

Geme
Anmotaticons
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We identify the genes

We identify clear functions and
make tentative guesses

We build an initial metabolic
reconstruction

We refine all estimates iteratively,
seeking maximal consistency

We identify "missing genes"”

We build "portfolios" to support
Identification of missing genes

We confirm these assertions.
We project the results

What Is Annotation
All About?

Modeling

Detailed

reconstruction &overviews

N Functional

Predictions
A

Refined
reconstruction € asserted pathways Enriched

A .
assignments

Initial _
reconstruction ~ €inferred pathways

Initial
assignments

Identify genes



Contig Regions of pinned orthologs

Chromosomal Clustering:
Prediction
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mocs




Buchnera sp.

QuickTime™ and a TIFF (Uncompressed) decompressor are needed to see this picture.

QuickTime™ and a TIFF (Uncompressed) decompressor are needed to see this picture.

QuickTime™ and a TIFF (Uncompressed) decompressor are needed o see this picture QuickTime™ and a TIFF (Uncompressed) decompressor are needed to see this picture.
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Multiple Sequence Alignments



Gene Cluster Alignments
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Large-Scale Computing and
the Hunt for Horizontal Gene Transfer

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

* Organismal Trees

* 16S rRNA subunit

« Consensus trees from multiple genes
* Gene Trees

* Phylogeny for ~1000 most conserved genes x ~200 organisms

* Core metabolism (TCA, EMP, PPP), DNA replication and repair, nucleotide
synthesis, amino acid biosynthesis, etc.

e Operon Trees
* Phylogeny for ~50 more conserved operons (gene clusters)
* Reconciliation
» Sorting events, co-speciation, duplication, horizontal transfer

* About 1 million reconciled trees will be generated



Nanoarchaeum equitans

Figure 1 Elzctron microscopy and fluonescance lght micmscopy of the “Nanoarchaeum
BquTans — g cocotis &N, coculture. a, Freeze-etchead cell of ignicoccus and four attached
calls of ‘NManoarchaeunt, showing their crystalling S-1ayer with sixfold symmeatry.

b, Ultrathin saction of two cells of ‘Nanosmhasum' attachad to tha outer membrane of
fgnicoccus. ¢, Callof ignfcoccus, with several calls of ‘Nanoarchasum’ attachedon the left
gide; platinum-shadowed. d, Confocal lser scanning micrograph after hybridization with
the Cy¥3-labeled probe 515mcR (‘Aanoarchaeum’) and rhodamine-green-labalied probe
CREN499R ({gnicoccus). a—d, Scale bar, 1.0 pwm.
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Fig. 1. Correlation between microbial genome size and the number of
predicted coding DNA sequences CDS. Bacterial genomes predicted to be
undergoing reductive evolution are indicated by open circles, whereas other
genomes are indicated by filled circles. The N. equitans genome is marked by
"x". (Inset) An expansion of the data from small microbial genomes with the
abscissa shown in genome size units of kbp.

A Little
Mystery?



DORION SAGAN

FOUR BILLION YEARS OF MICROBIAL EVOLUTION

Foreword by Lewis Thomas

Lynn Margulis and Dorion
Sagan

Story of microbial evolution

Introduction to early life on
carth



Argonne Systems Biology Workflow '
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The SEED: Peer-to-Peer Software for
Distributed Curation of Biological Data

* Support community-wide annotations and analysis of
biological data

* Maintain an up-to-date collection of publicly-available
datasets within the SEED framework

» Peer-to-peer synchronization 1s ideally suited for
community-wide annotation of data collections

* Enable the SEED to be gracefully extended both via
plug-1n modules, but also through new forms of data
integration



What do users need to be able to do?

 Install and share new genomes
* Publish to a limited set of colleagues
* Share gene function assignments
* Locally in a collaboration and remotely
« Share gene and subsystem annotations (notes)
» (Can be arbitrary annotations (xml, html,etc.)
e Share naming rules (translations)
* Publish dictionaries (ontologies) as views
« Lightweight code update
* Propagate code to peers to continuously update the algorithms

* Environment update (heavyweight, tools etc.)
* Clone the system for teams and peers

mecs



User Centered Grids

* Enabling end users to assemble
collections of resources and share
them within virtual communities

* Applications Sharing
« Data (Content) Sharing
* CPU and Storage Sharing

« Transparent integration with

existing user environments

» Virtual installation of applications
in parallel with personal installs

» Virtual resources appear local
* iMac storage for example

 Integration with dominate end user

technologies
*  Microsoft XP etc.

* (Globus, etc.

mecs
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Set up your iTools account

Enter your member name and password. This
information is used to access iTools, including
your iDisk and your email account.
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Peer-to-Peer Open Life Sciences Grid
the prototype SEED

P2p services

Web
Portal/Presentation
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Peer-to-Peer Demonstration at SC’03

SEED SEED
MAC (G5) > MAC (G5)
Postgres Postgres
SEED SEED
Intel Intel
Postgres < > mySQL




Scalability of the SEED P2P Design

* 100,000s of genomes (organisms)
* Including support of many close variants

Billions of genes and gene products
* (GBs-TBs of annotation per gene or pathway

* Ten’s of Thousands of deployed instances
* Thousands of cooperating sites
 (Gigabit class networks

» Many update channels (pub/sub)

» Thousands (some private, some open)

* Loose synchrony
* Hourly/Daily/Weekly/Monthly updates

mecs



Example Biological Use Cases

Comparative analysis of gene clusters
Looking for missing genes

Comparing pathways between organisms
Reconstructing core cellular machinery
Extracting rules for model development

Visualization of whole cell networks
Studying horizontal gene transfer
Studying evolution of metabolism
Designing new pathways

n:mgesigning new organisms



Grid Futures!

* Grid Services > Web Services
* at least for large-scale science applications

* Two big open problems

« Simple Grid development environment for scientific end
users (e.g. Grid version of csh)

« Peer-to-Peer environments as Grid environments
» Enable ad hoc deployment by end users
* Metric for Grid progress needs to be # of deployed
production applications
» Compare to other platforms (linux, mac, windows)



B1oGrid Services - Collaboration

* Based on our 10+ years of work on collaboration tools
and collaborative environments

» Core services are:
* Event channels to provide application synchronization
* Venues for sharing and storing state
« Real-time media (audio, video, text)

 Access to Grid services



B1oGrid Services - Data

* Two primary needs

 Peer-to-Peer data updates and synchronization
« Updates to local databases (annotations, genomes, etc.)

» Updates to local code bases (new functionality)
* Support of data access restrictions/rights

« Access to large-scale shared data resources
» Databases too large for large-scale replication

— Microarray data, similarity matrices, imaging, mass-spec
» Real-time data feeds from instruments
— High-throughput data

* Proposed data model for large-scale access
* Attribute-value pairs (via scripting interfaces PERL, Python)

mcs =



B1oGrid Services - Compute

* Two Primary needs

* Simple scripting interface to Grid resources
 “@Grid shell” enabling users to move existing pipelines to Grids
 Prototype grid shell

— Map grid resources into hierarchical (filesystem like) tree structures

* Tools for workflow management

* Enabling complex workflows to be scheduled against Grid resources
— Moving from simple pipes to complex flows with human-in-loop
 Virtualization of compute, data and collaboration (UI) resources

— Enabling access to grid resources via simple scripting tools



Taiwan's NCHC's SARS Combat Task Force
sarsgrid.nchc.org.tw

System consists of Access Grid, H.323
VTC, medical information management,
emergency dispatch and network
monitoring.

Access Grid nodes installed:

Sanchung Hospital

Chang Gung Memorial Hospital (CGMH)
Taiwan's Center of Disease Control
Taipei Municipal Jen-Ai Hospital

Operational in 10 medical centers on the island



Intentional Engineering of Biological Systems

 Synthetic Biology 1s focused on the intentional design
of artificial biological systems, rather than on the
understanding of natural biology. It builds on our
current understanding while simplifying some of the
complex interactions characteristic of natural biology.

 First International meeting (@ MIT June 10-12th in
Cambridge MA

* Syntheticbiology.org

mecs



Conclusions

* Biology 1s well positioned to co-dominate Grid
applications for the next several decades

* Biological and Biomedical applications of Grids will
require dramatic increases in both capability computing
and capacity computing

» Data intensive computing 1s an important aspect of
biological applications and will help drive high
performance and high-function databases

* Biology and Grids are well suited for each other
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