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RNA

Function,
Secondary Structure Prediction,
Search, Discovery

The Message

Cells make lots of RMA noncoding RNA
Functionally important, functionally diverse
Structurally complex

New tools required

alignment, discovery, search, scoring, etc.

The Outline

The problem: noncoding RNA

Why: it’s important

Some results

Some methods

RNA

DNA: DeoxyriboNucleic Acid

RNA: RiboNucleic Acid
Like DNA, except:
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RNA Secondary Structure:
RNA makes helices too
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RNA: Interest
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Central Dogma of Molecular Biology

by

FRANCIS CRICK Thg central d.ogma of molecular biology deals witlh the detailed
MRC residue-by-residue transfer of sequential information. It states
Hills ,I{ggg”w’y that such information cannot be transferred from protein to either
Cambridge CB2 2QH protein or nucleic acid.

“The central dogma, enunciated by Crick in 1958 and the
keystone of molecular biology ever since, is likely to prove a
considerable over-simplification.”

Fig. 2. The arrows show the situation as it
seemed in 1958. Solid arrows represent
probable transfers, dotted arrows possible
transfers. The absent arrows (compare Fig. 1)
represent the impossible transfers postulated
by the central dogma. They are the three
possible arrows starting from protein.

PROTEIN

“Classical” RNAs

rRNA - ribosomal RNA (~4 kinds, 120-5k nt)

tRNA - transfer RNA (~61 kinds, ~ 75 nt)

snRNA - small nuclear RNA (splicing: U1, etc, 60-300nt)
RNaseP - tRNA processing (~300 nt)

a handful of others




Bacteria

Triumph of proteins
80% of genome is coding DNA
Functionally diverse

receptors
motors

catalysts

regulators (Monod & Jakob, Nobel prize 1965)

Proteins
catalyze &
regulate
biochemistry

Vertebrates

Bigger, more complex genomes
<2% coding

But >5% conserved in sequence!?
And 50-90% transcribed?

And structural conservation, if any, invisible
(without proper alignments, etc.)

What's going on?

Bacteria Again:
Met Pathways
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Protein Alberts, et al, 3e. DNA

Alberts, et al, 3e.

Grundy & Henkin, Mol. Microbiol 1998
Epshtein, et al., PNAS 2003
Winkler et al., Nat. Struct. Biol. 2003
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Vertebrates

Bigger, more complex genomes
<2% coding
But >5% conserved in sequence?

And 50-90% transcribed?

And structural conservation, if any, invisible
(without proper alignments, etc.)

What's going on?
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Vertebrate ncRNAs

mRNA, tRNA, rRNA, ... of course
PLUS:

snRNA, spliceosome, snoRNA, teleomerase,
microRNA, RNAI, SECIS, IRE, piwi-RNA, XIST
(X-inactivation), ribozymes, ...

MicroRNA

I'st discovered 1992 in C. elegans
2nd discovered 2000, also C. elegans
and human, fly, everything between

21-23 nucleotides
literally fell off ends of gels
Hundreds now known in human
may regulate 1/3-1/2 of all genes

development, stem cells, cancer, infectious diseases,...

siRNA

“Short Interfering RNA”
Also discovered in C. elegans

Possibly an antiviral defense, shares
machinery with miRNA pathways

Allows artificial repression of most genes in
most higher organisms

Huge tool for biology & biotech
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Origin of Life?

/{ N
Life needs
4 A

. . . RNA PROTEIN
information carrier: DNA =

molecular machines, like enzymes: Protein
making proteins needs DNA + RNA + proteins
making (duplicating) DNA needs proteins

Horrible circularities! How could it have arisen in
an abiotic environment?




Origin of Life!?

RNA can carry information, too

RNA double helix; RNA-directed RNA polymerase
RNA can form complex structures
RNA enzymes exist (ribozymes)
RNA can control, do logic (riboswitches)

The “RNA world” hypothesis:
I'st life was RNA-based

RNA replicase
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Outline

Biological roles for RNA
What is “secondary structure?
How is it represented?

Why is it important?
Examples

Approaches

“Classical” RNAs

tRNA - transfer RNA (~61 kinds, ~ 75 nt)

rRNA - ribosomal RNA (~4 kinds, 120-5k nt)

snRNA - small nuclear RNA (splicing: U1, etc, 60-300nt)
RNaseP - tRNA processing (~300 nt)

RNase MRP - rRNA processing; mito. rep. (~225 nt)

SRP - signal recognition particle; membrane targeting
(~100-300 nt)

SECIS - selenocysteine insertion element (~65nt)
6S-?7 (~175nt)




Semi-classical RNAs
(discovery in mid 90’s)

tmRNA - resetting stalled ribosomes
Telomerase - (200-400nt)

snoRNA - small nucleolar RNA (many
varieties; 80-200nt)

Recent discoveries

siRNA (Nobel prize 2006: Fire & Mello)
microRNAs (Lasker prize 2008:

Ambros, Baulcombe & Ruvkun)
riboswitches
many ribozymes
regulatory elements

Hundreds of families
Rfam release |, 1/2003: 25 families, 55k instances
Rfam release 9, 7/2008, 603 families, 896k instances

Why? %
cG

RNA’s fold,
and function
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Example: Glycine Regulation

How is glycine level regulated?

Plausible answer:

Y
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transcription factors (proteins) bind to
DNA to turn nearby genes on or off

DNA

37
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Wanted

Good structure prediction tools
Good motif descriptions/models

Good, fast search tools
(“RNA BLAST”, etc.)

Good, fast motif discovery tools
(“RNA MEME”, etc.)

Importance of structure makes last 3 hard

43

Why is RNA hard to deal with?

A: Structure often more important than sequence,,

The Glycine Riboswitch

Actual answer (in many bacteria):

e gce mRNA

- ; D
glycine cleavage enzyme gene NA

Mandal et al. Science 2004
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Task |:
Structure Prediction

RNA Structure

Primary Structure:  Sequence

Secondary Structure: Pairing

Tertiary Structure: 3D shape

49

RNA Pairing

Watson-Crick Pairing

C-G ~ 3 kcal/mole
A-U ~ 2 keal/mole
“Wobble Pair” G - U ~1 keal/mole

Non-canonical Pairs (esp. if modified)

Ribosomes




Ribosomes

1974 Nobel prize to Romanian biologist
George Palade for discovery in mid 50’s

50-80 proteins

3-4 RNAs (half the mass)

Catalytic core is RNA

Of course, mMRNAs and tRNAs
(messenger & transfer RNAs) are
critical too

tRNA 3d Structur

tRNA - Alt. Representations

Anticodon
5 loop

Anticodon loop

Figure 1: a) The spalial structure of the phenylalanine (RNA form yeast

b) The sccondary structure extracts the most important information about the strue-
ture, namely the pattern of base pairings.

tRNA - Alt. Representations
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RNA Pairing

Watson-Crick Pairing

C-G ~ 3 kcal/mole
A-U ~ 2 kcal/mole
“Wobble Pair” G - U ~ | keal/mole

Non-canonical Pairs (esp. if modified)

Definitions

5 ¥
Sequence Fyryfz..r ”in {A,C, G T}
A Secondary Structure is a set of pairs i s.t.
i <j-4, and } no sharp turns

if i*j & i’+j’ are two different pairs with i < ', then

2nd pair follows Ist, or is
nested within it;
no “pseudoknots.”

j<i,or

i<i’<i’<j

RNA Secondary Structure: Examples

Examples.
G
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/7 N\ SN, /
C v} C v}
\ / X/ \ / /5—@
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Approaches to
Structure Prediction

Maximum Pairing
+ works on single sequences
+ simple
- too inaccurate

Minimum Energy
+ works on single sequences
- ignores pseudoknots
- only finds “optimal” fold

Partition Function
+ finds all folds
- ignores pseudoknots

Nussinov: Max Pairing

B(i,j) = # pairs in optimal pairing of r; ... 1,

B(i,j) = 0 for all i, j with i = -4; otherwise

B(i,j) = max of: | I
B(ij-1)
max { B(i,k-1)+1+B(k+1,j-1) | i ]

i <k < j-4 and r,-r; may pair} =
Time: O(n3)

(3 e L bl
Optimal pairing of r; ... r,
Two possibilities

j Unpaired:
Find best pairing of r; ... 1| '
" O
j Paired (with some k):
Find bestr, ..., + @_/_\:?/\
best r, ... rj., plus | @
(0

Why is it slow? (i)
Why do pseudoknots matter? D +)

Pair-based Energy
Minimization
E(i,j) = energy of pairs in optimal pairing of r; ... ;

E(i,j) = o for all i, j with i 2 j-4; otherwise

E(i,j) = min of:
E(ij-1) = energy of j-k pair
min { E(Lk-1) + e(r, r) + E(+1j-1) [i s k <-4}

Time: O(n3)




Loop-based Energy
Minimization

Detailed experiments show it’s
more accurate to model based
on loops, rather than just pairs g%

Looptypes &5

I. Hairpin loop
. Stack

. Bulge

2
3
4. Interior loop
5. Multiloop

Zuker: Loop-based
Energy, |

W(i,j) = energy of optimal pairing of r; ... 1,
V(i,j) = as above, but forcing pair i*j
W(i,j) = V(i,j) = « for all i, j with i 2 j-4
W(i,j) = min(W(i,j-1),
min { W(i,k-1)+V(k,j) | i s k <j-4}
)

Zuker: Loop-based
Energy, Il

bulge/  multi-
hairpin  stack interior  loop

V(i) = min(eh(j), es(i,j)+V(i+1,j-1), VBI(ij), VM(i,j))
VM(ij) = min { W(i,k)+W(k+1,) li <k <j}

VBI(i,j) = min { ebi(i,j,i’,j’) + V(i’, }) |
/ i<i’<]<j&i-i+j-j>2} <_I
Time: O(n’)
O(n ) possible if ebi(.) is “nice”

Energy Parameters

Q. Where do they come from?

Al. Experiments with carefully selected
synthetic RNAs

A2. Learned algorithmically from trusted
alignments/structures




Accuracy

Latest estimates suggest ~50-75% of base pairs
predicted correctly in sequences of up to
~300nt

Definitely useful, but obviously imperfect

Approaches to
Structure Prediction

Maximum Pairing
+ works on single sequences
+ simple
- too inaccurate

Minimum Energy
+ works on single sequences
- ignores pseudoknots
- only finds “optimal” fold

Partition Function
+ finds all folds
- ignores pseudoknots

Approaches,

Comparative sequence analysis
+ handles all pairings (incl. pseudoknots)
- requires several (many?) aligned,
appropriately diverged sequences

Stochastic Context-free Grammars
Roughly combines min energy & comparative,
but no pseudoknots

Physical experiments (x-ray crystalography, NMR)

Summary

RNA has important roles beyond mRNA

Many unexpected recent discoveries

Structure is critical to function

True of proteins, too, but they’re easier to find,
due, e.g., to codon structure, which RNAs lack

RNA secondary structure can be predicted (to

useful accuracy) by dynamic programming

Next: RNA “motifs” (seq + 2-ary struct) well-

captured by “covariance models”
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“RNA sequence analysis using
covariance models”

Eddy & Durbin

Nucleic Acids Research, 1994
vol 22 #11, 2079-2088
(see also, Ch 10 of Durbin et al.)

What

A probabilistic model for RNA families
The “Covariance Model”
~ A Stochastic Context-Free Grammar
A generalization of a profile HMM
Algorithms for Training
From aligned or unaligned sequences
Automates “comparative analysis”
Complements Nusinov/Zucker RNA folding
Algorithms for searching

Main Results

Very accurate search for tRNA
(Precursor to tRNAscanSE - current favorite)
Given sufficient data, model construction

comparable to, but not quite as good as,
human experts

Some quantitative info on importance of
pseudoknots and other tertiary features

Probabilistic Model Search

As with HMMs, given a sequence, you calculate
likelihood ratio that the model could generate the
sequence, vs a background model
You set a score threshold
Anything above threshold — a “hit”
Scoring:

“Forward” / “Inside” algorithm - sum over all paths

Viterbi approximation - find single best path
(Bonus: alignment & structure prediction)




number of hits
. 55
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CM Viterbi Alignment

" letter of input
= substring i,...,j of input

= P(transition y — z)

«, = P(emission of x;,x; from state y)

=max, log P(x; gen'd starting in state y via path 1)

v . .
S, =max_ log P(x; generated starting in state y via path i)

[max LS5 +1ogT +1ogEY J/_] match pair

i+l,j-1

max [S; +logT, +logE} |  match/insert left

i+l,j

i =qymax [S7,, +logT +logE; ]  match/insert right

max [S7,  +logT ] delete
(max__ [S77 + S, bifurcation

t Time O(gn?), q states, seq len n

Model Training

unaligned sequences

random
alignment
alignment
multiple alignment (EM) covariance model

parameter
reestimation

model construction
(structure prediction)
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IR—ul G - C Watson-Crick base pair URA e
,_R- . - ARU
5'=iGC - YI=3 G+ A other base interaction s==cld-HucuY

5'm— GAAAACG'




P2

Mutual Information
fxi,xj

xiJ xj

Mij=Emjfmjlog2 ; O0=sM, <2

Max when no seq conservation but perfect pairing
M| = expected score gain from using a pair state
Finding optimal MI, (i.e. opt pairing of cols) is hard(?)

Finding optimal Ml without pseudoknots can be done
by dynamic programming

cOO>

M.l. Example (Artificial)
(AN

mutual information (bits)

1/2|3|4 5|6|7|8]|9]| MI: 1 2 3 4 5 6 7 8 9
A|G|A|Uu A[A|U|C]|U 9] [ o] o 0 0 0 0 0 0
AlG|A|u c|A|u|c|u 8 0 [0o] o 0 0 0 0
AlG|Aa|c G|u|u|c|u 7 0 0 [ 2 Jo.30 o [1]
A|G|A|U U|U|U|C|U 6 0 0 1 055 1
A|G|C|C A|G|G|C|U 5 0 0 0 0.42
A|G|C|G C|G|G|C|U 4 0 0 0.30
A|G|C|U G|C|G|C|U 3 0 0
A|G|C|A U|C|G|C|U 2 0
A|G|G|U A|G|C|C|U 1 A-3
alalale clafc|c|u <7
Alcla|u gfu|c|c|u 6o s
A|G|G|C U|U[C|C|U|l Cols1&09,2 & 8: perfect conservation & might be RNAD §§
2 g 3 é é ﬁ ﬁ g 8 base-paired, but unclear whether they are. M.I. =0 e ¢ B o
A|G|U|U G|C|A|C|U . . . . . .
alalulu ulelalclu Cols 3 & 7: No conservation, but always W-C pairs, Figure 10.6 A mutual information plot of a tRNA alignment (top) shows

so seems likely they do base-pair. M.I. = 2 bits. four strong diagonals of covarying positions, corresponding to the four

stems of the tRNA cloverleaf structure (bottom; the secondary structure of

16| ol 4| 2 4| 4| 4| ol o Cols 7->6: unconserved, but each letter in 7 has yeast phenylalanine tRNA is shown). Dashed lines indicate some of the
0| O 4| 4 4| 4| 4]16] O . . - . additional tertiary contacts observed in the yeast tRNA-Phe crystal struc-
o|16| 4| 2 4| 4| 4| 0| O only 2 possible mates in 6. M.l =1 bit. ture. Some of these tertiary contacts produce correlated pairs which can be
0| O] 4] 8 4| 4| 4| 0|16 seen weakly in the mutual information plot.




MI-Based Structure-Learning

Find best (max total MI) subset of column pairs
among i...j, subject to absence of pseudo-knots

.-
S, =maxy "’

5
max Sl.’k_1 + Mk,j + Sk+1,j—1

isk< j-4
“Just like Nussinov/Zucker folding”

BUT, need enough data---enough sequences at right
phylogenetic distance

Pseudoknots )
disallowed allowed E,-ﬂmaXer..,)/Z

Avg. Min Max ClustalV 1°info 2°info
Dataset id id id accuracy (bits)  (bits)

TEST 402 144 1.00 64% 43.7 30.0-32.3
SIM100 396 .131 .986 54% 39.7 30.5-32.7
SIM65 362 111 .685 37% 31.8 28.6-30.7

Table 1: Statistics of the training and test sets of 100 tRNA sequences each. The average
identity in an alignment is the average pairwise identity of all aligned symbol pairs, with
gap/symbol alignments counted as mismatches. Primary sequence information content is
calculated according to [48]. Calculating pairwise mutual information content is an NP-
complete problem of finding an optimum partition of columns into pairs. A lower bound is
calculated by using the model construction procedure to find an optimal partition subject
to a non-pseudoknotting restriction. An upper bound is calculated as sum of the single best
pairwise covariation for each position, divided by two; this includes all pairwise tertiary
interactions but overcounts because it does not guarantee a disjoint set of pairs. For the

meaning of multiple alignment accuracy of ClustalV, see the text.

score alignment
Model training set iterations (bits) accuracy
A1415  all sequences (aligned) 3 58.7  95%
A100  SIMI100 (aligned) 3 57.3  91%
AG5 SIM65 (aligned) 3 16.7  93%
U100  SIM100 (degapped) 23 56.7  90%
U65 SIM65 (degapped) 29 172 91%

Table 2: Training and multiple alignment results from models trained from the trusted

alignments (A models) and models trained from no prior knowledge of tRNA (U models).

Rfam —an RNA family DB

Griffiths-Jones, et al., NAR ‘03,’05

Biggest scientific computing user in Europe -
1000 cpu cluster for a month per release
Rapidly growing:

Rel 1.0, 1/03: 25 families, 55k instances

Rel 7.0, 3/05: 503 families, >300k instances




Rfam

IRE (partial seed alighment): O

Input (hand-curated):
MSA “seed alignment”
SS_cons
Score Thresh T
Window Len W

Output:
CM

scan results & “full
alignment”

Hom.sap. GUUCCUGCUUCAACAGUGUUUGGAUGGAAC
Hom.sap. UUUCUUC.UUCAACAGUGUUUGGAUGGAAC
Hom.sap. UUUCCUGUUUCAACAGUGCUUGGA .GGAAC
Hom.sap. UUUAUC..AGUGACAGAGUUCACU.AUAAA
Hom.sap. UCUCUUGCUUCAACAGUGUUUGGAUGGAAC
Hom.sap. AUUAUC..GGGAACAGUGUUUCCC.AUAAU
Hom.sap. UCUUGC. .UUCAACAGUGUUUGGACGGAAG
Hom.sap. UGUAUC..GGAGACAGUGAUCUCC.AUAUG
Hom.sap. AUUAUC. .GGAAGCAGUGCCUUCC.AUAAU
Cav.por. UCUCCUGCUUCAACAGUGCUUGGACGGAGC
Mus.mus. UAUAUC..GGAGACAGUGAUCUCC.AUAUG
Mus.mus. UUUCCUGCUUCAACAGUGCUUGAACGGAAC
Mus.mus. GUACUUGCUUCAACAGUGUUUGAACGGAAC
Rat.nor. UAUAUC..GGAGACAGUGACCUCC.AUAUG
Rat.nor. UAUCUUGCUUCAACAGUGUUUGGACGGAAC
SS_cons <<, .. KKKLKLKL...... SS5>>.55>>>

> ¢
N
<&

Faster Genome Annotation
of Non-coding RNAs

Without Loss of Accuracy
Zasha Weinberg

& W.L. Ruzzo

Recomb ‘04, ISMB ‘04, Bioinfo ‘06

Root node

A~
e InsL) =
U

INsR

Left singlet node

Right singlet node

NA A~
~insr)ge )
MSFle,

V& Bifturcation

[ )

S
BEG Left branch
N begin node

Gy /|
U

Covariance
Model

Key difference of CM vs HMM:
Pair states emit paired symbols,
corresponding to base-paired
nucleotides; 16 emission
probabilities here.

CM'’s are good, but slow

Rfam Reality

1 month,
1000 computers

Our Work

Rfam Goal

EMBL

~2 months,
1000 computers

10 years,
1000 computers




Results: New ncRNA’s?

# found # found # new
Name BLAST rigorous filter

+CM +CM
Pyrococcus snoRNA 57 180 123
Iron response element 201 322 121
Histone 3’ element 1004 1106 102
Purine riboswitch 69 123 54
Retron msr I 59 48
Hammerhead | 167 193 26
Hammerhead Il 251 264 13
U4 snRNA 283 290 7
S-box 128 131 3
U6 snRNA 1462 1464 2
U5 snRNA 199 200 I
U7 snRNA 312 313 |

Cmfinder--A Covariance
Model Based RNA Motif

Finding Algorithm
Bioinformatics, 2006, 22(4): 445-452

Zizhen Yao

Zasha Weinberg

Walter L. Ruzzo
University of Washington, Seattle

Accuracy

CMfinder Accuracy

(on Rfam families with flanking sequence)

o _ [
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A \ , Vg \ / & - o o
© \ R \ o ' \
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. X -8 '
’, A/- -A \ \
\ 1. + \ AN ! \ "
< | v 8w 8 4 \ —o— CMfinder
o é’ R NG \ 4 Ploldicw
+ . \ ®, A +  RNAalifold/cw

o ’ - A + A - CARNAC

/ \ N . X FOLDALIGN
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, g N AT A

p x X K= X = X=X =K o Ke K- X - - T F
T T T T I I | 1

14 19 16 4 15 10 12 8 9 2 3 7 11 17 13 5

Families

6

18 1

Chioroflexus aurantiacus @

Geobacter metallireducens @
Geobacter sulphurreducens @

CMfinder: 9 instances

Salmonella enterica

Salmonella typhimurium

Escherichia coli

Yersinia pestis

Haemophilus influenzae

Pasteurella multocida

Vibrio cholerae

Buchnera aphidicola
idomonas aeruginosa

lolla fastidiosa

Found by Scan: 447 hits|
| |

campestris
(anthomonas axonopodis
leisseria meningitidis

alstonia
ickeftsia conorii

|
|
|
|
T ickeltsia prowazekii
aulobacter crescentus
inorhizobium melilofi

X
R
R
R
Si
Brucella meltensis
Mesorhizobium ofi
H
B
T

ejuni
elcabacter byl
relia burgdorferi
oponoma palidum
Chlamydophila pneumoniae
Chlamydia muridarum

| cobacterium tuberculosis
; Symbiobacterium thermophil @
L Streptomyces coelicolor
: D radiodurans @
Tsc. elongatus
Nostoc sp.

Synechocystis sp.
Fusobacterium nucleatum
Clostridium acetobutylicum '

Clostridium perfringens
Tab. A

| i P genitalium
-

/1 ‘parvum
L T Mycoplasma puimonis
S‘repﬁ:coccus pneumoniae @

P nes
L——— Lactococcus ot

Bacillis halodurans

Bacillus subliis

Listeria innocua

Usteria monocytogeres
i

n + Aquifex acolicus

I
45 40 35 30 25 20 15 10 05 0
Billion years ago

Chloroflexi

d -Proteobacteria

v-Proteobacteria

B-Proteobacteria
o-Proteobacteria

e-Proteobacteria

Spirochaetes

Chlamydiae

Actinobacteria
(high GC)

I Cyanobacteria

Firmicutes
(low GC)
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| modutar structuse

5D stant
GGARO——AUG
150t

boxed =
confirmed

riboswitch
(+2 more)

Weinberg, et al. Nucl. Acids Res., July 2007 35: 4809-4819.

Search in Vertebrates

Extract ENCODE Multiz alignments Trust 17-way
Remove exons, most conserved elements. alignment for
56017 blocks, 8.7M bps. orthology, not for

detailed

Apply CMfinder to both strands. alignment

10,106 predictions, 6,587 clusters.
High false positive rate, but still suggests 1000’s of RNAs.

(We've applied CMfinder to whole human genome:
O(1000) CPU years. Analysis in progress.)
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NncRNA candidates
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Summary

ncRNA - apparently widespread, much interest

Covariance Models - powerful but expensive tool
for ncRNA motif representation, search, discovery
Rigorous/Heuristic filtering - typically 100x speedup
in search with nol/little loss in accuracy

CMfinder - CM-based motif discovery in unaligned
sequences




Course Wrap Up

“High-Throughput
BioTech”

Sensors

DNA sequencing

Al
B : P TRy IS I S 1| VPP I
Microarrays/Gene expression \f\»“p“\’\fi“v“w)WL\’f\iV‘:‘\/’\’\W\ N &\/\‘;\yw\m il

N

Mass Spectrometry/Proteomics
Protein/protein & DNA/protein interaction

Controls

AS
Cloning ﬁ‘w‘)?\‘
Gene knock out/knock in =
RNAi e

. Floods of data AN

.«WAW“G rand Challenge” problems

CS Points of Contact

Scientific visualization
Gene expression patterns
Databases
Integration of disparate, overlapping data sources
Distributed genome annotation in face of shifting underlying coordinates

Al/NLP/Text Mining

Information extraction from journal texts with inconsistent
nomenclature, indirect interactions, incomplete/inaccurate models,...

Machine learning

System level synthesis of cell behavior from low-level heterogeneous data
(DNA sequence, gene expression, protein interaction, mass spec,

Algorithms

Frontiers & Opportunities

New data:

Proteomics, SNP, arrays CGH, comparative
sequence information, methylation, chromatin
structure, ncRNA, interactome

New methods:

graphical models? rigorous filtering?
Data integration

many, complex, noisy sources




Exciting Times

Lots to do
Various skills needed
| hope I've given you a taste of it

Thanks!




