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Comparative Genomics

- The practice of analyzing & comparing the different genomes.

For the purpose of:

 understanding the ssimilarity & difference between the
genomes that lead to special phenotypes or diseases.

e [dentifying genes and discovering their functions by
studying their counterparts in other organisms.

e revealing the evolutionary relationships between
different organisms.
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What to compare?

Size of the genome: total number of base pairs
Overall (G+C) content: percentage of (G+C)
Regions of different GC content

Total number of predicted ORFs

Percentage of the genome (coding)

Average length of ORF

Functional assignment
— function assigned by homology (known genes)

— homologue found but no function assigned
(conserved hypothetical genes)

— no homolog found (hypothetical genes)
Paralogs & orthologs

Genomic organization & gene location/order
—  repedts, inversion, & translocation
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(Genome sequencing projects

GOLD™
Genomes Online Database

Contact: Lasi Update:
GOLD Deece mber 9, 2002

Search GOLD: 1'_1'-)‘;.! FEROIEe PIojects
115 244
e Eelacyo Onscns Gt

— =]

nfludimg 2 chromasomes inédnding ¥ chromod oS

http://wit.integratedgenomics.com/GOLD/
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Some important model organisms

Mammals. Homo sapiens, Chimpanzee, mouse, rat
Fish: Zebrafish, Pufferfish

Nnsects. Fruitfly (Drosophila melanogaster)
Roundworms:. Ceanorhabditis elegans

Protistac Malaria parasite (Plasmodium fal cipar um)
—uNgi: Yeast (Saccharomyces cerevisiae, S. pombe)

Plants. Arabidopsis thaliana, corn, rice
Bacteria Escherichia coli, ssilmonella
Archea:. Methanococcus janaschii
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Trends of Genomic Research

sSCqUENnce

100% :;_:

- What’s next?

proteome

today
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GOLD™
Genomes Online Database

Contact: Lasi Update:
GOLD December 9, 202

Learch GOLD: f_‘l";:;l FEROME DI jECts
115 349

— 5

intludimg 2 :i:}-:l MmO

O
The Next Wave of the
Genomics Research ...



ST e

10w we got to be

HUMAN

What It Meansto Be 98% Chimpanzee
Apes, People, and Their Genes

Jonathan Marks
University of California Press, Berkeley, 2002
Hardback: 326 pp., illus. $27.50, ?9.95. | SBN: 0-520-22615-1

Arewe more like mice, or like cats?
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Some questions

Pathogenesis (virulence factors)
Extremophiles

What gene expression patterns differentiate one
bacterium from another?

Can we computationally design genomes with
desirable properties?

What genes were crucial for the evolution of new
Species?

What variants in our DNA make us susceptible to
specific diseases?

more.....
YM-Genetics



. ) Bacillus subtillis
Gram-positive bacteria o
Mycoplasma genitalium

) . Escherichia coli
Gram-negative bacteria o
Haemophilusinfluenzae

Archaebacteria Pyrococcus shinkaii OT3

Spirochete Borrelia burgdorferi

Primate Homo sapiens
Rodent Mus musculus
I nsect Drosophila melanogaster
Nematode Caenorhabditis elegans
) Schizosaccharomyces prombe

Fungi

Saccharomyces cerevisiae

) Arabidopsisthaliana

Higher plants )

Oryza sativa
Cyanobacteria Synechocystis PCC6803

2N=46

2N=40

2N=8
N=6

3

16
2N=10
2N=24

N

2.9x10°

2.5x10°
1x108

0.97 x108

0.14 x108

0.12 x10®
1.3 x108
4.5 x108

4 x108

4.2 x10°
0.58 x108
4.6 x108
1.8 x108

2 x108

0.91 x10°

30,000
30,000
20,000
13,100

5,400

6,183
20,000-25,000
40,000

2,400

4,100
470
4,000
1,743

2,000

1,700

Modified from http://www.jai st.ac.jp/~ckim/gsize.html




Problems with existing sequence alignments
algorithms for genomic analysis

Most algorithms were devel oped for comparing single protein
sequences or DNA seguences containing asingle gene

Most algorithms were based on assigning a score to all the possible
alignments (usually by the sum of the similarity/identity values for
each aligned residue minus a penalty for the introduction of gaps)
and then finding the optimal or near-optimal alignment based on
the chosen scoring scheme.

Unfortunately, most of these programs cannot accurately handle
long alignments.

Linear-space type of Smith-Waterman variants are too
computationally intensive requiring specialized hardware
(memory-limited) or very time-consuming. Higher speed vs

Increased sensitivity.
Y M-Genetics



Challenges of whole genome comparison

Need methods that can scale well to
 align large size of the DNA sequences (millions of bp)

- Dynamic programming suitable for pairwise alignment of
small sequences
- Heuristic algorithms (e.g., BLAST) suitable for local alignment
of sequences against large databases
- Program needs to be time & space efficient (i.e., it needsto belinear or
closeto linear). Aligning genomic sequencesin linear time. [Memory & Speed!]

o Identify large scale changes (i.e., matches between

genomes as well as various non-match features):
- occurrence of both short & long insertions & deletions
- large-scal e changes such as tandem repeats &
large-scale reversals
- high degree of divergence in the 3rd position of

codons YM-Genetics



Genome-size comparative alignment tools

MUMmer - Maximal Unique Match (mer)
— http://www.tigr.org/softlab/ (Delcher et al. 1999)
ASSIRC - Accelerated Search for SImilarity Regions in Chromosomes
— ftp://ftp.biologie.ens.fr/pub/molbio/ (Vincens et al. 1998)
BLAT —
— http://genome.ucsc.edu/cgi-bin/hgBlat?command=start (Kent et al. 2002)
DIALIGN - Dlagonal ALIGNment
— http://www.gsf.de/biodv/dialign.html (Morgenstern et a. 1998; Morgenstern 1999)
DBA - DNA Block Aligner
— http://www.sanger.ac.uk/Software/Wise2/dba.shtml (Jareborg et al. 1999)
GLASS - GLoba Alignment SyStem
— http://plover.lcs.mit.edu/ (Batzoglou et al. 2000)
LSH-ALL-PAIRS - Locality -Sensitve Hashing in ALL PAIRS
— Email: jbuhler@cs.washington.edu (Buhler 2001)
MegaBlast
— http://www.nchi.nih.gov/blast/ (Zhang 2000)
PIPMaker - Percent Identity Plot MAKER
— http://biocse.psu.edu/pipmaker/ (Schwartz et al. 2000)
SSAHA — Sequence Sear ch and Alignment by Hashing Algorithm
— http://www.sanger.ac.uk/Software/analyssSSAHA/
WABA - Wobble Aware Bulk Aligner
— http://www.cse.ucsc.edu/~kent/xenoAli/ (Kent & Zahler 2000)




What's MUMmer?

A system for aligning whole genome sequences based on heuristics.

Using a suffix tree data structure, it’s able to rapidly align sequences
containing millions of nucleotides.

Developed by S.L. Salzberg & A. Phillippy at TIGR (The Institute
for Genomic Research) and A.L. Delcher at Celera Genomics.
(http://www.tigr.org/software/mummer/)

References:
- Alignment of whole genomes, by Delcher et al., Nucleic Acids Research 1999,
27:2369-2376. (MUMmer 1.0)
- Fast algorithms for large-scale genome alignment & comparison, by Delcher et
a., Nucleic Acids Research 2002, 30:2478-2483. (MUMmer 2)
YM-Genetics



1909 Chford University Press Nucleic Acids Research, 1999, Vol 27, No. 1]l 2369-2376

Alignment of whole genomes

Arthur L. Delcher!2, Simon Kasif?, Robert D. Fleischmann?, Jeremy Peterson?,
Owen White* and Steven L. Salzberg*”

Department of Computer Science, Loyola College in Maryland, Baltimore, MD 21210, USA. “Celera Genomics,
45 West Gude Drive, Rockville, MD 20850, USA, “Department of Electrical Engineering and Computer Science,
University of lllinois, Chicago, IL 60607, USA and 4The Institute for Genomic Research, 9712 Medical Center
Drive, Rockville, MD 20850, USA

ABSTRACT

A new system for aligning whole genome sequences
is described. Using an efficient data structure called a
suffix tree, the system is able to rapidly align
sequences containing millions of nucleotides. Its use
is demonstrated on two strains of Mycobacterium
tuberculosis, on two less similar species of Mycoplasma
bacteria and on two syntenic sequences from human
chromosome 12 and mouse chromosome 6. In each
case it found an alignment of the input sequences, using
between 30 s and 2 min of computation time. From the
system output, information on single nucleotide
changes, translocations and homologous genes can
easily be extracted. Use of the algorithm should
facilitate analysis of syntenic chromosomal regions,
strain-to-strain comparisons, evolutionary comparisons
and genomic duplications. YM-Genetics



MUMmer 1.0:
Put two seguences in one suffix tree

g a Cs
g ac t & oot

- S \Ea N

B [ W |
» Check nodes with 2 daughters that are leaves from different sequences. It'saMUM
if previous letter is different in the two sequences (e.g., acc & gaare MUMS).

Y M-Genetics



MUMmer 1.0

Two strains of Mycobacterium tuberculosis
- 4.4 Mbp each
- 55 sec on DEC Alpha

Two Mycoplasma genomes
- 580 kbp vs. 816 kbp
- 2 minutes (mostly for Smith-Waterman on gaps)

Human & mouse
- 223 kbp vs. 227 kbp
- 29 sec

Y M-Genetics



Computation time vs. size & similarity

Length | Sequence  [Stepl | Step2 | Step 3
similarity | (# sec) |(# sec) |(# sec)
M. Tuberculosis H3TRv AMb
Vs, Q9% 3 45 3
M. Tuberculosis CDC1551 | 4Mb identical
M. Genitalinm S80Kb | 20Kb in
Vs, MUMsof |45 0.02  |116
M. preumoniae sl16Kb >15b;
< 30%id in
oap regions
Subsequences of 14kbin
Human chromosome12p13 | 223kb | MUMsof | ¢ 29 ?
=13b;
VS,
Mouse chromosome 6 228kb Large gaps

Y M-Genetics



MUMmer 2

e Threetimes faster, uses 1/3 memory.
- less memory per node in suffix tree data structure
- Insert only one genome into the tree, then “stream” second genome
through tree, finding longest matches

e Canalign & compare protein sequences.

e Has been used to find large scale ancient duplicationsin

human chromosomes.

- Reference: Venter et al. (2001), The sequence of the human
genome. Science 291, 1304-1351.

Y M-Genetics
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O 2N Chgewd Dimeversay Presa

Fast algorithms for large-scale genome alignment and

comparison

Arthur L. Delcher'2, Adam Phillippy’, Jane Carlton? and Steven L. Salzberg?4*

"Depariment of Computer Science, Loyola College in Margland, Baltimors, MO 21210, USA, “Calera Genomics,
45 Wast Guda Drive, Rocklle, MD 20850, LISA, *The Instiule lor Genomic Besearch, Rockvillz, MD 20850, L1SA

and ‘Depariment of Computer Science, Johns Hopkins University, Ballimore, MD, USA

ABSTRACT

We describe a suffix-tree algorithm that can align the
enlire genome sequences of eukaryelic and prokaryotic
arganisms with minimal use of computer time and
memory. The new system, MUMmer 2, runs three times
faster while vaing one-third as much memory as the
afaginal MUMmer syetem, 1 has been used sucoessiully
to align the entire human and imouse genames 1o each
olfeer, and ko align numerous smaller eukaryotic and
prokaryotic genomes, & now module permits the align-
ment of multiple DMA seguence fregments, which has
proven valuable in the comparisen of Incomplete
genome sequences, We also desoribe a method to align
more dislanily relaled genomes by deledling prolein
sequence homolegy, This extension to MUMmer aigns
teio genomaes after translating the sequence in all six
reading frames, extracts all matching protein sequences
and then clusters together matches, This rmethod has
been applied to both incomplete and complete genarme
sequences in order 1o delesl regions of conserved
synieny, in which mulliple profeins from one organism
are found in the same order and orentation in another,
The system code iz being made freely availlable by the
authars,

Y M-Genetics



MUMmer

Assumes sequences are closely related.
Performs high resolution comparison.
Outputs base-to-base alignment.

|dentify the following features:

- single nucleotide polymorphisms (SNPs)

- regions of divergence> 1 SNP

- large inserts

- repeats

- tandem repeats. two or more adjacent, approximate copies
of a DNA pattern

- reversals

Y M-Genetics



MUMmer

« MUMmer isasystem for aligning entire genomes extremely rapidly.
For example, MUMmer v 2.1 can align two completely bacterial genomes
of 3-4 million base pairs (Mbp) each in under 30 seconds using less than
100 Mb of memory on atypical desktop computer.

« MUMmer can aso align incomplete genomes; it handles the 100s or 1000s
of contigs from a shotgun sequencing project with ease, and will align them
to another set of contigs or a genome, using the NUCmer utility included
with the system. The PROmer utility takes this a step further by generating
alignments based upon the six-frame tranglations of both input sequences.
PROmMer permits the alignment of genomes for which the proteins are
similar but the DNA sequence is too divergent to detect similarity.

Y M-Genetics



Main idea

Genomic regions of interest contain ordered islands
of similarity
— E.g. genes
1. Findlocal aignments
2. Chain an optimal subset of them

A R

— .

Y M-Genetics



Algorithmic methods

MUMmer is a combination of 3 ideas:

 Find local alignments using suffix tree.
 Longest Increasing Subsequence (LIS).

e Chain local alignments using Smith-Waterman.

Y M-Genetics



Three steps

 |dentify all Maximal Unique Matches (MUMSs) between
two sequences.

« Sort the MUMSs by position on the first genome, & find
longest possible set of matches in the same order on both
genomes (i.e., extract the longest set of matches that
occur in the same order in both genomes).

» Closethelocal gaps by identifying inserts, repeats,
tandem repeats, small mutated regions, & SNPs and
perform local alignment on portion between the aligned

MUMSs. ‘

Output the alignment
(including MUM alignment & detailed alignment of non-MUM regions)

Y M-Genetics



MUMmer overview

 algorithm -

*Finding MUMs o /&:

Matching MUMSs

% - ..” :'. i I
— I |
Closing gaps \V
gaps

Y M-Genetics




Maximal unique matching subsequences

e Seguencesin genomes A and B that :
- occur exactly oncein A andin B
are not contained in any larger such sequence

Genome A tcgatcGACGATCGCGGCCGTAGATCGAATAACGAGAGAGCATAACgactta
Genome B: geattaGACGATCGCGGCCGTAGATCGAATAACGAGAGAGCATAAtccagag

A|=

., .,
e L]
. .
. .
- .
. .
« .
L] ~
. .
- 3
. .
. .
N .
N .,

B

« A MUM cannot be extended. Any extension of the MUM will result in
amismatch. (the sequences have different letters on each side of the MUM).
* By definition,aMUM does NOT occur anywhere else in either genome.

Y M-Genetics



Step 1. Identify all MUMSs

MUM1 MUM?2

A: tcgatcaA GCTCTGATatgtaccatacgctgaA TCGACGTACATGtactgta

B: agcgAGCTCTGATcctgeatcaagA TCGACGTACATGatgaat

A Maxima Unique Match (MUM) is a subsequence that occurs
exactly once in Genome A & oncein Genome B, & isNOT
contained in any longer such sequence.

Y M-Genetics



Suffix tree

 Thekey ideain identifying MUMs s to build a suffix
tree for genomes A & B. Suffix tree isamethod to find
all maximal matches between two strings.

Example of asuffix tree constructionforx =dabda$

1.Insart dabda$
2. Insert abda$

3.lnsert bda$ d a bdas
4. Insert da$
a
5. lnsart a$ d b $
a b
6.lnsert $ s % q ] 4
3 $ $
6 2

) Y M-Genetics



Example of suffix tree construction for x, y

x=dabda$
y=abada$

1. Construct tree for x ¥

2. lnsert abada$ g b $
3.Insert bada$ a _“a $
4.Insert ada$ $ y \d

5.Insert da$ 3 a
6.lnsert a$ R
6. Insert $ 2

<X
Q

Y M-Genetics



Definition of a suffix tree

o A suffix treeisacompact representation that stores all
possible suffixs of an input sequence.

e For string X = X;... X,
— A rooted tree with m leaves
Leaf i: X;...X,
— Each edge is a substring
— No two edges out of a node, start with same letter

|t follows, every substring has a path

Y M-Genetics



Suffix tree

A suffix is a subsequence that begins at any position in the
sequence & extends to the end of the sequence.

Concatenate the two genomes into one sequence separated by
adummy character.

Build suffix tree in linear time.

L abel each leaf node to indicate which suffix it representsin
which genome.

|dentify all MUMSs in one scan

- every unigue matching sequence is represented by an internal
node with exactly two child leaf nodes, one from each genome.

- unique matches that are maximal can be identified by mismatches
at their ends.

|dentify MUMSs on both DNA strands.
YM-Genetics



Suffix tree

e A tree with edges |abelled by strings
e L abels of child edges of a node begin with distinct |etters
e Each leaf L represents a sequence—the labels on the path to L
from the root

e Holds all suffixes of a set of sequences
e A suffix is a subseguence that extends to the end of its
sequence

e The suffix tree for sequences Aand B :
eContainsless than 2(JA| + |B|) nodes.
eCan be constructed in O (JA| + |B[) time!

e Still need lots of RAM

Y M-Genetics



Suffix tree

o String : any seqguence of characters.
e Substring of string S: Ji..J]
string composed of charactersi through |,
| <=]of S.
— S=hiology => bio isasubstring.
— blg is not a substring.
— Empty string is a substring of S.

Y M-Genetics



Suffix tree

o A suffix tree T of an m-character string Sis arooted tree
with exactly mleaves numbered 1 to m. Each internal
node other than the root has at least two children and each
edge islabeled with a non-empty substring of S. No tow
edges out of a node can have edge-1abel's beginning with
the same character.

» The key feature of the suffix treeisthat for any leaf i, the
concatenation of the edge-labels on the path from the root
to leaf | exactly spells out the suffix of Sthat starts at
positioni. That is, it spells out Ji..m|.

Y M-Genetics



Suffix tree

If SISATCACATCATCA, its 12 suffixes are listed as below:

ATCACATCATCA

&(1)

TCACATCATCA

CACATCATCA

ACATCATCA

CATCATCA

ATCATCA

TCATCA

CATCA

ATCA

TCA

CA

A

Y M-Genetics



Suffix tree

For S= ATCACATCATCA, its suffixetreeis:

L‘! {{*"'.-'_
4 K
3 3
"

1o f Tu:. 540 r qc_ 16
T 11 ¢ g g ff A
cl T Mg A e %
al €13 T 2
rla/ |.® ¢} c AT
& T 9 A A l:

¢ T % K
. A
sl 6 . s
4 T g
e >
& 3
%

1
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Suffix tree

lgaaccgacct Eaaccgacct

2 aaccgaCCt I 2 % & § & ¢ H % 10 ”'_li:’H'

3 accgacct . ______——F-“‘I: T &

4 ccgacct ~ T / ga "“--__Hx
e .

5 cgacct 5 —_ N ™~

i (1 {21

6 gacct LY £ \{ [10]
r'.:_h"‘-. - = _I'|_.

5 cot 2O ojonlG

9 ct h “

10 t v }\: =</ X
31 [ L] [

Square nodes are leaves & represent complete suffixes. They are labeled by the
starting position of the suffix.

Circular nodes represent repeated sequences & are labeled by the length of that
sequence.

In this example, the longest repeated sequence is acc occurring at positions 3 & 7.

—

Y M-Genetics



Step 2: Sort the MUMSs & find longest subseguence

o Set length of the shortest MUM.
- e.g., 50 for highly similar genomes, 20 for similar ones.

 Sort the MUMs found in the MUM alignment according to their
position in genome A.

 Extract the longest possible set of matches that occur in the same order
In both genomes [i.e., solve variation of Longest Increasing Subsequence
(L1S) problem to find sequences in ascending order in both genomes].
- computer an ordered MUM alignment that provides an easy &
natural way to scan the alignment from left to right
- lengths of sequences represented by MUMSs
- overlaps

» Requires O(k logk) time, where k = number of MUMSs. YM-Genetics



Matching MUMs

YM-Genetics



L ongest | ncreasing Subsequence (LI1S)

e Seguence{l, 2,10,4,5,8,6,7,9, 3}
LISis{1,2 4,5,86,7, 9

Y M-Genetics



L ongest | ncreasing Subsequence (LI1S)

o Aligning Genome A & Genome B after locating the MUMSs.

Genome A: X O 7

3
e S
1 \ 4 ) j ; JX
Genome [3; §= F 6 - 5

1

Genome A:

2 4 / 7
Genome B: \ 4: 6 Z

1 2

o Each MUM is here indicated only by a number, regardiess of its length.

Y M-Genetics



L ongest | ncreasing Subsequence (LI1S)

o Alignment to show all the MUMSs.

1 2 3 4 5 6 7
T X T
BI:II 1 ]

2 4 6 7 S}

1 3

Y M-Genetics



L ongest | ncreasing Subsequence (LI1S)

1 2 3 4 S5 o6 7
IX [
BI:IIIII

1 3 2 4 6 7 5

o Theshift of MUM 5 in Genome B indicates a transposition.
o The shift of MUM 3 could be ssimply arandom match or
part of an inexact repeat sequence.

Y M-Genetics



L ongest | ncreasing Subsegquence (LI1S)

1 2 4 6 V4

- TN Tj

B \ ! j
1 2 4 6 7

e Theaignment shows just the LIS of MUMsin Genome B.

Y M-Genetics



Analyze the gaps between adjacent MUMSs

o Small gaps can be aligned with Smith-Waterman algorithm
« Large gaps can be aligned recursively

o Largeinserts can be searched for separately.
Many will be inconsistent MUMSs

o Overlapping MUMs indicate variation in copy number
of small repeats

Y M-Genetics



Types of gapsinaMUM aignment

1.

ST exactly one base (indicated by 7)) differs between the two sequences. [t Qs
surrounded by exact-match sequence,

Gonome A: cgtcatgggegttcgtogtty
Genome B: cgtcatgggcattcgtogtig

Insertion: a sequence that oceurs in one genome but not. the other.

Genome A CEEEFTAACCEL. . .0 ivianararon CCLEELCEER
(Gienome [f:  cggggtaaccgcgttgctcEEgEtaacogoecctggtcEgy

A o o A L. .

Highly polymorphic region: many mutations in a short region.

Genome A: ccgoctcgoctgg. ECLEECgCCcEcte
Genome H:  cogcctogecagttgaccgogeccgcte

= ma =

Repeat sequence: the repeat is shown in uppercase. Note that the first copy of
the repeat in Genome B is imperfect, containing one mismatch to the other three
identical copies.

Genome A:  cTGGOTGGGACAACGTasaaaaaaaTAGATGGGACAACGTC
Grenome B aTGGGTGGGGCEACGTEEEeegregp TCGOTGRCACARCGTA

Y M-Genetics



Detecting the gaps in aMUM alignment

1. Repeats
» Can be identified by MUM s overlapping each other

2. SNPs
» Simple case: gap of one base between MUMSs.
» SNIP adjacent to repeat sequences: use repeat processing

3. Insertions
« Simple insertion: large gap in alignment in one genome
but not the other
 Transposition: appear in MUM alignment out of sequence.

4. V ariable/Polymorphic regions.
» Appear asgap in MUM alignment
o If short, use Smith-Waterman dynamic programming

* If long, run MUM detection with reduced minimum length.

Y M-Genetics



Step 3: Close the gaps

- Close the gaps in the alignment by performing local identification of:

SNPs:
- between MUMS: trivial to detect
- handle like repeats

| nserts:

- simple insertions: trivial to detect

- transpositions (subsequences that were deleted from one location
& inserted elsewhere): look for out-of-sequence MUMs

Polymorphic regions:
- short ones: align them with dynamic programming method
- long ones: call MUMmer recursively with reduced minimum MUM length

repeats:
- detected by overlapping MUMSs

Y M-Genetics



Summary on MUMmer

Faster: O(n).

- very fast for alignment of genomes of different strains of
the same species or genomes of similar species.

- can handle long insertions & deletions

- can detect reverses, SNPs, & repeats

Large memory: O(n).
Require perfect match to construct alignment.

Only useful to align closely related species.
- not suitable for more divergent genomes such as
human & mouse genomes --- it can find too few MUMSs
- speed suffer significantly for less similar sequences
- minimum MUM length needs to be set lower
- Many more runs of Smith-Waterman in Step 3
- relies on other programs to mask repetitive sequences

Y M-Genetics



New approach

exact matching

MUMs <——> find similar sequences

l

o Sower?
LIS o Small memory?
ﬂ o Perfect match isnot required.
Closing gaps « Align any related species.

Y M-Genetics



Comparing two strains of Mycobacterium tuberculosis

- " ] =F0 HF 5
— —— N SR H—
e ———————
CDC1551 TR T w0 Jli — o
—— RS I e
| i S50 | LEAR I:Ht"-"l"
15k
|
1
i
I I Bl I'If.'l'l':': I.”-l'.'.'l'.l
* S P - —
T e Faiisn
H37Rv g i
hr - __ - W

* Single green linesin the center connect single-base differences between the genomes.
Blur v-shaped lines indicate insertions. The genes from both genomes are displayed as
arrows, with color-coding to indicate the role assigned to each gene. White lines (gaps)
appearing in the middle of some arrows indicate silent mutations in those genes. YM-Genetics



A piace of Human and Mousa Mitochondricon Genome
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A piece of Human end Mouss Kitcchondrion Genoms
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Alignment of mouse and Human ATP synthase F,

Query: human mitochcondrial genome
Subject: mouse mitochondrial genome

8716 aaaggacgaacctgatctcttatactagtatccttaatcatttttattgccacaactaac 8775

64 K 6 R TwWSL MLV SLI1T 1 F I A TTN
PEereeeeenr e e e vore tee teeeeer teeeeer o reet 1l

8116 aaaggacgaacatgaaccctaataattgtttccctaatcatatttattggatcaacaaat 8175

64 K G R TwTULMI1I VS LI MF 1T G S TN

8776 ctcctcggactcctgcctcactcatttacaccaaccacccaactatctataaacctagcc 8835
84 L L 6L L P HSFTWPTTOQUL S MNL A

8176 ctcctaggccttttaccacatacatttacacctactacccaactatccataaatctaagt 8235
84 L L G L L PHTFTWPTT QUL S MN L S
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Drosophila
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Alignment of Human and Drosophila Cytochrome B

Query: human mitochcondrial genome
Subject: drosophila mitochondrial genome

15116 atagcaacagccttcataggctatgtcctcccgtgaggccaaatatcattctgaggggcc 15175
124 M A T A FMGY VL P WG QM S F W G A

P reeeer o v te e v e v teeeeereeer reer 1l
10870 ataggaacagcttttataggatacgtattaccttgaggacaaatatcattttgagtagct 10929
125 M 6 T A F M G Y VL P WG QM S F W V A

15176 acagtaattacaaacttactatccgccatcccatacattgggacagacctagttcaatga 15235
144 T v 1 T N L L S A 1T PY I G TDUL V QW

fE et rer e ettt v e vt teereeretl
10930 actgttattactaatttattatacgctatcccttacttaggtatagatttagttcaatga 10989

145 T v I T N L L Y A1 PY L G MDULV QW
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Mycoplasma genitalium vs. Mycoplasma pneumoniae

M. pneumoniae
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Vibrio cholera (forward) vs. E. coli
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Vibrio cholera (reverse) vs. E. coli
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Streptococcus pyogenes vs. treptococcus pneumoniae

3. premoniae
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Mycobacterium leprae vs. Mycobacterium tuberculosis
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Chr 2 vs. Chr 4 of Arabidopsis thaliana:
discovery of a4 Mb duplication

* 430 (39%) of
the 1100 genes
are duplicated.
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Human Chr 12p13 vs. Mouse Chr 6
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 Each point in the plot corresponds to aMUM of >=15 bp.
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Gene
rearrangements —
mouse vS. human

* Approx. same no. of chromosomes
& local gene order in mammals

* Chromosomes become broken &
rejoined

Iﬁ



ASSIRC

Accelerated Search for Similarity Regions in Chromosome
ASSIRC finds regions of similarity in pair-wise genomic sequence alignments.
The method involves 3 steps:

— (i) identification of short exact chains of fixed size, called 'seeds, common to
both sequences, using hashing functions;

— (i) extension of these seeds into putative regions of similarity by a'random walk'
procedure (i.e. the four bases are associated,

— (iii) final selection of regions of similarity by assessing alignments of the putative
sequences.

Uses simulations to estimate the proportion of regions of similarity not detected for
particular region sizes, base identity proportions and seed sizes.

This approach can be tailored to the user's specifications.

They looked for regions of similarity between two yeast chromosomes (V and [ X).
The efficiency of the approach was compared to those of conventional programs
BLAST and FASTA, by assessing CPU time required and the regions of similarity
found for the same data set.

http://www.biologie.ens.fr/perso/vincensassirc.html
ftp://ftp.biologie.ens.fr/pub/molbio/assirc.tar.gz
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BLAT

(http://genome.ucsc.edu/gol denPath/hel p/hgTracksHel p.html)
(BLAT--the BLAST-like alignment tool. Genome Res. 2002 Apr;12(4):656-64.)

Only DNA sequences of 25,000 or less bases and protein or translated sequence of 5000 or
less letters will be processed. If multiple sequences are submitted at the same time, the total
limit is 50,000 bases or 12,500 |etters.

BLAT on DNA isdesigned to quickly find sequences of 95% & greater similarity of length
40 bases or more. It may miss more divergent or shorter sequence alignments. It will find
perfect sequence matches of 33 bases, & sometimes find them down to 22 bases. BLAT on
proteins finds sequences of 80% & greater similarity of length 20 amino aC| ds or more. In
practice DNA BLAT works Wel es, & protel 5) at o d verteb

AT 1A [GRSPYBR MGSE RSB S el QPRI G o dEbRe e i
memory. Theindex consists of all non- overlapping 11-mers except for those heavily
involved in repeats. The index takes up a bit less than a gigabyte of RAM. The genome
itself is not kept in memory, allowing BLAT to deliver high performance on a reasonably
priced Linux box. Theindex is used to find areas of probable homology, which are then
loaded into memory for adetailed alignment. Protein BLAT works in asimilar manner,
except with 4-mersrather than 11-mers. The protein index takes a little more than 2
gigabytes

Some common uses of BLAT include: finding the genomic coordinates of mRNA or
protein within a given assembly, determining the exon structure of agene, displaying a
coding region within afull-length gene, isolating an EST of special interest asits own track,
searching for gene family members, & finding human homologs of a query from another

ECI es. .
P Y M-Genetics



MegaBLAST

* MegaBLAST uses the greedy algorithm for nucleotide
sequence alignment search. This program is optimized for
aligning sequences that differ dlightly as a result of
seguencing or other similar "errors'. When larger word
sizeis used (see explanation below), it isup to 10 times
faster than more common seguence similarity programs.
Mega BLAST isalso able to efficiently handle much
longer DNA sequences than the blastn program of
traditional BLAST algorithm.

e http://www.ncbi.nlm.nih.gov/blast/megablast.html

Y M-Genetics



SSAHA

Sequence Search and Alignment by Hashing Algorithm
Software tool for very fast matching and alignment of DNA sequences.

Achieves fast search speed by converting sequence information into a
hash table data structure which can then be searched very rapidly for
matches

http://www.sanger.ac.uk/Software/analysi s SSAHA/

SSAHA is available as a precompiled executable for Compaq Alpha
& linux

Run from the Unix command line
Need > 1GB RAM (needs alot of memory)

SSAHA algorithm best for application requiring exact or “amost exact”
matches between two sequences — e.g. SNP detection, fast sequence
assembly, ordering and orientation of contigs

Y M-Genetics



WABA

» The wobble-aware bulk aligner (WABA)
 WJKent, AM Zahler, 2000, Genome Research, 10(8): 1071-1073

» Three passes
— ldentify homologous regions
— Align in detail overlapping 2000x5000 base regions
— Join the overlapping alignments

 Aligned 8 million bases of Caenorhaditis briggsae against
the entire 97 million bases of Caenorhaditis elegans genome.
— Overall similarity: 59% sequence identity.

* Run time on a Pentium [l 450 mHz,
— First pass: 20 hrs.
— Second pass: 11 days.
— Third pass: 15 min. YM-Genetics



Problems with Visualizing Genomes

» Alignment programs output often were visualized by text file,
which can be intuitively difficult to interpret when comparing
genomes.

» Visualization tools needed to handle the complexity and volume of
data and present the information in a comprehensive and
comprehensible manner to abiologist for interpretation.

» Genome Alignment Visualization tools need to provide:
— interpretable alignments,
— gene prediction and database homologies from different sources

— Interactive features: real time capabilities, zooming, searching specific
regions of homologies

— Represent breaks in synteny

— Multiple alignments display

— Displaying contigs of unfinished genomes with finished genomes

— Handle various data formats YM-Genetics




Genome Comparison Visualization Tool

ACT - Artemis Comparison Tool (displays parsed BLAST alignments;
based on Artemis — an annotation tool)

— http://www.sanger.ac.uk/Software/ACT/
Alfresco (displays DBA aignments)

— http://www.sanger.ac.uk/Software/Alfresco/ (Jareborg & Durbin 2000)
PipMaker (displays BlastZ alignments)

— http://bio.cse.psu.edu/pipmaker/ (Schwartz et al. 2000)
Enteric/Menteric/M g (displays Blastz alignments)

— http://glovin.cse.psu.edu/enterix/ (Florea et al. 2000; McClelland et al. 2000)
Intronerator (displays WABA aignments)

— http://www.cse.ucsc.edu/~kent/intronerator/ (Kent & Zahler 2000b)

VISTA (Visuaization Tool for Alignment) (displays GLASS alignments)
— http://www-gsd.lbl.gov/viste/

SynPlot (displays DIALIGN and GLASS alignments)
— http://www.sanger.ac.uk/Users/igrg/SynPlot/

Y M-Genetics



Artemis Comparison Tool (ACT)

- ACT isaDNA sequence comparison viewer based on
Artemis

- Can read complete EMBL and GenBank entries or sequence
In Fasta or raw format

- Comparisons usually done by blastn or thlastx

- ACT isfree software and is distributed under the GNU
Public License

- Javabased software

- Latest release 2.0 better support Eukaryotic Genome
Comparison

http://www.sanger.ac.uk/Software/ACT/

Y M-Genetics
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http://www.sanger.ac.uk/Software/ACT/
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Data Felease Policy | Conditions of Use

ACT: A DNA Sequence Comparison Viewer

Introduction

ACT (Antemis Comparison Tool) is a DMNA sequence comparison viewer based on Antemis. In common
with Artermis, ACT is written in Java and runs on LIMES, GMNULinox, Macintosh and M3 Windows
systermns. It can read complete EMBL and GEMBAMNK entries or sequence in FASTA or raw format.
Extra sequence features can be in EMEBL, GEMBANK or GEF format. ACT is distributed under the
same license as Aremis.

The sequence comparison displayed by ACT is usually the result of a blastn or thlastx search that has
been processed by MSPcorunch. MSPcrunch must be run with the -d flag for the output to be usable by
ACT.

= Jvh |8 e L ]
- - 4
L L IS |

quu l'!lF'f""_ll S ErhiEE

To see ACT in action go to the examples page.

Releases

The first release of ACT is now available alang with the correspaonding user manual.

Documentation

Y M-Genetics



The ACT Display
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Salmonella typhi vs. E. coli — SPI-2
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Salmonella typhi and Yersinia pestis type Ill secretion systems
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Salmonella typhi vs. E. coli - ACT
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Neisseria meningitidis - A vs. B comparison - ACT
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Proteome by proteome comparisons

Unique, orthologous & paralogous proteins

Expand proteome comparison to include other species—

possible results of cluster analysis:

* unique protein — no close relatives in another proteome

e paralogs in one proteome only — expansion of gene family

» orthologs — clearly same function in different organisms
(core function) due to great similarity

« complex gene family due to gene duplication eventsin
ancestor sequence

Y M-Genetics



Gene expression profiling

Array Labeled RNA
............ 1) Reference | | 2) Experimental
Lo A_aa YN
............ ‘ “ ‘ + ‘: ‘: ‘:
cDI\iA c/lor/1es
RNA —cy5 RNA —cy3
Hybridize
Expression Ratio
@ | higherin1than 2 > 2
O | same between 1 and 2 1
© |lowerin1than?2 <05
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160 m TRENDS in Biotechinology Vol .20 No.4 April 2002
Protein microarray technology

Markus F. Templin, Dieter Stoll, Monika Schrenk, Petra C. Traub, Christian F. Vohringer

and Thomas 0. Joos

Microarray technology allows the simultaneous analysis of thousands of

parameters within a single experiment. Microspots of capture molecules are

immuabilized in rows and columns onto a solid support and exposed to
samples containing the coresponding binding molecules. Readout
systems based on fluorescence, chemiluminescence, mass spectrometry,
radioactivity or electrochemistry can be used to detect complex formation
within each microspot. Such miniaturized and parallelized binding assays
can be highly sensitive, and the extraordinary power of the method is
exemplified by array-based gene expression analysis. In these systems,
arrays containing immobilized DNA probes are exposed to complementary
targets and the degree of hybridization is measured. Recent developments
in the field of protein microarrays show applications for enzyme-substrate,
DMNA-protein and different types of protein-protein interactions. Here, we
discuss theoretical advantages and limitations of any miniaturized
capture-molecule-ligand assay system and discusses how the use of
protein microarrays will change diagnostic methods and genome and
proteome research.

experiment (Fig. 1). Their use for the analysis of
single nucleotide polymorphisms and in expression
profiling has already changed pharmaceutical
rezearch, and their use as diagnostic tools will have
a big impact on medical and biological research,

As known from gene expression studies,
however, mENA level and protein expression do not
necessarily correlate [7-9)]. Protein functionality is
often dependent on post-translational processing of
the precursor protein and regulation of cellular
pathways frequently occurs by specific interaction
between proteins and/or by reversible covalent
modifications such as phosphorylation. To obtain
detailed information about a complex biological
system, information on the state of many proteins is
required. The analysis of the proteome of a cell
(i.e. the quantification of all proteins and the
determination of their post-translational

Y M-Genetics



(a)

(b)

(c)

(d)

(e)
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Protein—protein

Aptamers

Enzyme—subtrate

Receptor—ligand
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The Proteomics Flowchart
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Genome-Pathway comparison

(a) E. coli genome
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Fig. 4.8. Genome—pathway comparison, which reveals the correlation of physical coupling
of genes 1n the genome (operon structure) and functional coupling of gene products in the

pathway.

“Post-Genome Informatics. 2000. Oxford University Press
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Comparative pathway view
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Enzymes of glycolysis, thetricarboxylic acid (TCA) cycle and the pentose pathway
as defined by genomic annotation in 17 microbial species

eyt ivacame e drieuiir s P T

Ml v et geviimline
Symechocysis sp. POCGRO3

MV s AT e e
Myvucnceiis fortka il

Ric ke nixicy preaveygse ki
Trepemenar pailidim

Arelaai@hotiis Milphaiy
I W vems b ferinwm i reauios fx

Al avelfens
Bircilitee shiiifs
Borrelivs Marpkontend

{ Ml atta erck fcamieanty
Escherichia ol

Mo mopllius fafite sz
Hitipahaater pliel
fasiur Avaharste i

A R i

Emeymie

Catrale avnthase

Acomitasa:
Iscsciwrmie DiHAse . - - ' ' + 3 ' »
re-Ketoglstarare DElgss » ' ' ' ' N

Sucommyl-UoA synihitase

Susconmate D Ease

Fusmarass + i 5 + § ' } " 5 3 N
Mlmlare 1HEdnss . - - . - 5 1 5 n $ 5

Hiz = ok i 54 } } O

Plaepnrlucoss jsommeras:
Picepiaodructodoinase + #
Fructnse- |6 bis-P0y aldolase J #
[ rndnie- Pk | S ra s +
Cilyoeralifchyde-3-1) DHase

Phosphoglhyoemie kinase + - #
PRucepdaneg e roamn s + -
Enlirse

Peruvate kinase

Calucosse <6 PO, D e . - . 4 ' ' ' '
Lasionass O
= P - limcomeane [THH dse - i § ; ' ; . -
Foibssie = 5 POl isaormserase

Ribabose < PU1 - 5o pimne rase - . 5 + $ : ' 5
I ransketolass

I ransalkdolase




Comparison of pathways in different genomes

What do we look for?

* Alternative pathways- how do they compare?
 Which enzyme setsareinvolved?
» Organism-specific adaptations

What can we gain?
« Genome evolution
» Biotechnology
— identification of alter native enzymes
* Pharmacology

— non-homologous gene displacement; species-specific drug
targets

» |dentification of previously unknown genes
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TOWARDS COMPUTER AIDED DESIGM (CAD)
USEFUL MICROORGANISMS

Utilizing microonzanisms in industrial processes is ome
of the mosi imporiant achievemenis in the 21s1 cen-
wry. Conventeomal industnal processes usually  requings
energy-consuming comitions such a= high 1emperaiune
and high pressare, and often wse hard-to-recycle chemical
resources, resulting in harmful impact on the environment
sgch as exhaustion of nataral resources and accumulation
of imdusirial waste, Heplacing  these processes with
ology-based technolegies could drstucally reduce cosl,
energy, and the destruction of the environment.

Al present, macroorgamsms used in Moprocessesing ane
selecied from the existing posdl in meure. Besearch has
shown that many of the gemes of these microorganisms
are uimecessary for applcation in indwstinal enviroaments,
which, as opposed o the natural enviroament, are well
controlled and constant. For industnial applicstions, sech
genes are not only redundant but also often obsinective
when expressed. becawse they wasic energy and some-
mmes even hinder the objective. Trmmang mdcroonzan-
isms genetcally w optimaze ther productivity s therelons
a key echnology of immense induserial impornce.

TREMDS IN JAPAN

The MNew Emerzy and Indusinial Techmology Deselop-
ment Organieation (NEDO) in Japan has loanched an
inovative fessarch and development progect entitled “Die-
velopment of Technological Infrastruciare for Indusirial
Bioprocesses™. Iie goal is w0 develop haghlv-cificient,
general-purpose microorganizms with direct applications
in indusirial bioprocesses. Funds have been provided
by ihe Minisoy of Economy., Intemational Trade and

providing raw material for desagnang a novel genome, The
entire data would be fed inmo E-CELL for computer simu-
latiom. enahling creation of novel real cells by genome en-
gincenng. Such cells could then be custom-made for spe-
cific sceentific and induserial applicaiions.

Tor achieve this highly complex amd coordinated sk of
creating useful microorganisms through CAD (compuier
aded design), many diferent echnologies must be oom-
bamed wpether. These inclsde:

(1) Enzyme engincering: o refine emzvmes and fo
analyze kKinglic paramelers in vl

(1) Metsbolic engaineering: w analyse Mux rabes im wve,

{3 Anmalytical chemisory: o determine and analyse the
quantity of metabolites efficiently,

4) Genete engineerimg: o cul-and-pasie penss on
demand, for modifying metabolic pathwavs,

(5 Simulation scence: w0 efficientdy and accurmedy
simulate a Large number of reactions

6) Knowledee engineerng: w0 construct, edic, and
menntain large metabolic knowledge bases,

(T Mahemumicol engineering: w estimabe ond Dene
unknown paramebers,

WHOLE CELL SIMULATION

Computer meodeling and samulaton s an essenial part of
this new technodogy. & major challenge s 10 construct a
compuler model of the whole macrobial cell. The E-CELL
Progect (hippoifaww.e-cellorg) was launched o 199 an
Keio University 1o model and simulate varioss cellular
procesacs with the wltimate goal of simulating the cell as
a whole. In 1997, we swocessfully constrecied a winuaal
cell with 127 genes suffickent for “selb-supporn”™. The
gene sct was sclecied from the genome of Myveoprlesmag
gemitalinm. Processes incloded ranscription, translation,
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models of the whole cell, various cellular processes have
nevertheless been modeled by many different research
groups. Our E-CELL project team, among others, has
been working on bacterial chemotaxis, circadian rhythms,
photosynthesis, cell cycle and cell division. For modeling
and simulating gene expression, we are working on
general guantitative models and their application to gene
regulation network, especially E.coli lactose operon and
lambda phage genetic switch. For organelles, a quantita-
tive model of mitochondria is nearly complete. For human
cells, we have already developed a quantitative model
of erythrocytes, and is currently being used in modeling
and simulating enzyme deficiencies causing anemia.
Other human cells in the E-CELL system pipeline are
myocardial cells. neural cells, and pancreatic beta-cells.

One of the major problems in constructing large-
scale cell models is lack of quantitative data. Most of
the biological knowledge available in the literature is
qualitative, e.g. gene function, pathway maps, protein-
protein interaction. etc. For simulation, quantitative data
such as concentrations of metabolites and enzymes. flux
rates, kinetic parameters and dissociation constants are
needed. The limited availability of precise quantitative
data from the published literature makes metabolome
projects indispensable for cell modeling. for it enables
measurement of various components systematically and
accurately.

METABOLOME RESEARCH

The Metabolome group of our institute is developing
methodologies  for mass-production of quantitative
metabolic data. We analyse metabolic flux distributions

More than 30 positively charged metabolites including
amino acids and amines have been roughly separated by
CE and selectively detected by MS. Additionally, many
negatively charged metabolites such as organic acids have
been simultaneously analysed in other conditions. Our
method is simple, rapid. and sensitive and can be readily
applied to the real samples. In the future, we extend this
method to enable us to measure hundreds of metabolites
at once.

Thus. it is possible to collect large amounts of data for
a variety of cell states to construct quantitative models.
These models can be refined iteratively until simulation
results match a given set of data.

EPILOGUE

For long, bioinformatics has played a role of technical in-
frastructure for research in experimental biology. Now the
time has come for a "paradigm shift’ to look the other
way around. Many bicinformatics projects, such as com-
puter modeling and simulation of cellular processes, re-
cently need a large amount of biological data, and thus
well-designed, systematic experimentation is becoming an
important infrastructure for those bioinformatics projects.
Perhaps, these days it makes little sense to make a dis-
tinction between bicinformaticians and experimental biol-
ogists. After all, biology cannot stand without informatics,
and bioinformatics itself is, in my view, a new type of bi-

ology.

Masaru Tomita
Institute for Advanced Biosciences
Keio University

v
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Abstract

Motivation: Genome sequencing projects and further sys-
tematic functional analyses of complete gene sets are
producing an unprecedented mass of molecular information
Jor a wide range of model organisms. This provides us with
a detailed account of the cell with which we may begin to
build models for simulating intracellidar molecular pro-
cesses to predict the dvnamic behavior of living cells.
Previous work in biochemical and genetic simulation has
isolated well-characterized pathways for detailed analysis,
but methods jor building integrative models of the cell that
incorporate gene regulation, metabolism and signaling have
not been established. We, therefore, were motivated 1o

Amalam a cnltaaes andeammast foe B Lalisee cials fstaresatives

380 kb genome sequence was determined at TIGR in 1995,
We discuss future applications of the E-CELL system with
special respect to genome engineering.

Availability: The E-CELL sofiware is available upon reguest.
Supplementary information: The complete list of rules of
the developed cell model with kinetic parameters can be
obtained via our web site at: hitp:/e-cell org/.

Contact: midsfc keio.acjp

Introduction

The complete genomes of more than 18 microorganisms have
been sequenced. The availability of this new information on
the gene content of organisms has led to the emergence of a
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Fig. 1. A snapshot of user interfaces of the E-CELL system. The tracer window for “glyvcolysisl” {upper right) shows dynamic changes in
quantities of glycolytic metabolites: p-glucose 6-phosphate (COO092), protein histidine (C00613), b-fructose d-phosphate (CO00ES), p-fructose
1, 0-biphosphate (C00354), p-glyceraldehyde 3-phosphate (CO0118) and glyveerone phosphate (CO0111). The other tracer window (left) shows
changes in quantities of ATP (C00002), ADP (COD00E), NADH (CO0004), NAD+ (COD003) and CTP (CO0063). Two reactor windows (lower
left) show activities of phosphopyruvate hydratase (EC 4.2.1.11) and fructose-biphosphate aldolase (EC 4.1.2.13). Two substance windows
(hottom left) show precise quantities of ATP (C00002) and p-glucose 6-phosphate (CO0092). The GeneMapWindow (bottom right) shows
current activities (the number of mENA molecules) of all genes in the cell. Different colors indicate an increase or decrease of activities.
Enocked-out genes are marked *OFF".
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Fig. 2. Metabolism overview of the model cell. It has pathways for glycolysis and phospholipid biosynthesis, as well as transcription and
translation metabolisms.
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Computerized
role models

Japan’s push to create a virtual
cell signals a new approach to
research, says Robert Triendl.

n many ways, the vear-old Institute for Advanced

Biosciences at Keio University in Tsuruoka is an

anomaly of Japanese science. It is run by a relatively

young scientist, uses short-term appointments, ancd

it gives its junior faculty members a great deal of
academic freedom.

The institute was established last year with a grant
from the Yamagata prefecture with additional funding
from Keio University, Japan's top-ranked private
university. It is built around E-CELL, an ambitious
idea by its director, Masaru Tomita, to develop a

are renewable after three years.
Although this policy is still unusual in a country

realistic computer simulation of an entire living cell. with an extremely tight academic labour market,
Tomita trained as a computer scientist at Keio and Tomita says he voted for it despite the university's
at Carnegie Mellon University in Pittsburgh, where he reservations. “Three years is a short period of time,
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Silicon dreams in
the biology lab
‘Beyond Bicinformaics|

division.

IMPROVING QCCESSIBIITY

These types of initiative are providing a few examples
of high-profile, but relatively isolated, activity. IT
computational cell biology is to be accepted by more
mainstream molecular and cell biologists, “we have to
have some user-friendly interfaces that lower the
activation barrier for experimental biologists to start
thinking about mathematical models”, says Tyson.

Efforts such as the Virtual Cell project, developed
as part of the University of Connecticut's National
Resource for Cell Analysis and Modeling (NRCAM)
and funded by the National Institutes of Health
(MIH}), have helped. Virtual Cell, which is available free
on the Internet for non-commercial use, provides a
generalized modelling and simulation framework that
biologists without a mathematical background — and
with a little training — can use.

Other examples include the E-CELL simulation
software, developed at Keio University in Japan (see
“Computerized role models”, page 7), and the Gepasi
biochemical kinetics simulator, developed at the
University of Wales, Aberystwyth, UK,

The US defence department’s Defense Advanced
Research Projects Agency also began a major
biocomputing initiative last year. The agency plans to

MATUREJOBS | 27 JUNE 2002 | woww.naturejobs.com

Virtual Cell madelling and simulation framewaork
¥ wwwnream.uche.edu

Gepasi biochemical kinetics simulation package
¥ www.gepasi.org

Miiance for Cellular Signaling

¥ www.cellularsignaling.org

Cell Migration Consortium

¥ www.cellmigration.org
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