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Topics

 Large-scale human protein interaction map

* Statistical framework for estimating
coverage (false-negative rate) of sampled
networks

* A new sequencing machine

2
joel.bader@jhu.edu

3
joel.bader@jhu.edu

Progress in the human network

Directed 2-hybrid screens Human tissue libraries

21,787 Ensembl genes
29,802 Ensembl transcripts

110,320 bait-prey pairs

Expression profile
presence / absence
correlation

80% map to Ensembl transcript
7% map to Ensembl gene, novel transcript

31,106 unique interactions
7618 unique genes

Statistical analysis

High-confidence network
5742 high-confidence interactions
4280 unique genes

Comparative analysis

Allied human data
Cross-species
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Bait design

Baits Prey Libraries
“Adipose Adut Bone Chondrocyte ECD Fetal HeLa
Disease genes | Drugtargets | Drug pathways | Orphan targets Heart Keratinocyte Leukocyte Lung Lymph Mammary
262 genes enes genes genes Osteoblast Osteoporosis Ovary Pancreas Placenta
592 constructs | constructs [ constructs constructs Pooled Prostate Skeletal Splean Thymus

1200
f—

Bait Prey

g Constructs | Clones 4554 110423
Mapped to Ensembl 4384 103573
Unique loci 2050 7235

0
|

H g Loci Interactions
4 Total 7618 31,106
3 High-confidence 4280 5742
H High-confidence, non-selfl 4278 5682
H ] Multiple constructs, ~2 on average
I ! l \ Cytoplasmic domains
o s 1 5

Number of constncrs
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Library distribution

26 PathCalling bait libraries used
9 of these have expression data available for same tissue
« Affy U95A-E human chip hybridization
« Data publicly available from NCBI GEO database
« These 9 tissues cover 42.7% of PathCalling preys identified

PathCalling library distribution

# of preys isolated
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* Normal tissue used for Affy U95 hybridization, public data set available from NCBI GEO database




Confidence Scores
» Framework: Logistic Regression

Pr(true Idata) _ Pr(data |true) ) Pr(true)
Pr(false Idata)  Pr(data |false) Pr(false)

Data = vector = (# times observed, local clustering, degree, gene region, ...)

Naive Bayes: Logistic Regression:

Pr(data |true) _ Pr(d, Itrue) Pr(data |true)

= e ———————=eX bd,;

Pr(data 1false)  yidyhe; Pr(d, I false) Pr(data I false) P[M%mf il
Ignores correlation between variables Includes ggrrelatpn at the cost
of a specific functional form
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Regression variables
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Example: Topological variables

Nnax = MAX(n,,n;)

Ngeom = SAM( Ny N; )

n=2
jac,, =215

also p-value or LOD from hypergeometric distribution
(suggested by Goldberg and Roth, PNAS 2003)
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Training Set: Gold / Lead Standard

Human network Yeast, Worm, Fly network

orthologs

A/ B orthologous toa/b
o Connected in both networks
True positive (gold standard?)

C /D orthologous toc /d
Close together in fly network
Far apart in yeast network
False positive (lead standard?)

orthologs

Compare to high-throughput only
(because later we will compare with high-confidence human sets)
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Training Set

Distance Fly Worm Yeast Distance 0 means
0 81 42 25 In-Paralogs interact

1 0 2 56
2 230 76 360
3 1468 295 723
4 ] 426
5 154
6 219 28
7 [
8 L] [
9 [] [
Infinity 1148 ]

Othologous groups determined using InParanoid algorithm
(Sonnhammer and coworkers)
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The Formula

glm(formila = formoctld, family = binomial, data = active, weights = weights,
control = glm.control ( )

High degree: Bad

Coefficients

(Intercept)
b)

Coding region: Good

+— Small correction to
£00.001 “eer 0,01 et 0.05 .t 0.1 1 degree

taken to be 1)

(Dispersion para

Null d £ freedon

£ freedom Surprise: shared
neighbors are not a
significant predictor
(after accounting for
degree)

Performance:

102 / 141 true-positives recovered (28% error)
1330/ 1619 false-positives rejected (18% error)
Entire data: ~20% high-confidence
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Confidence score

Overlap with Literature

=
— oing

= reactome ~5% of highest-confidence
e & are found in literature
K] «
E z BIND CRGN/JHU
5 3848 tot 5742 tot

g

0.0 02 04 06 08 10 104

2.7% of known
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Statistical Properties

Baits: Insignificant Preys: Small, significant effect
5 = : Centrality and
S I LA Lethality
Disease = OMIM
: i Essential = lethal
deletion / RNAI
—r—— A o phenotype for
o u,, A‘ﬂl‘“ ’ o yeast, worm, or
fly ortholog
H . i s
N 51° s
: .
%
e o
H b e e
. 12 C 1z mm 1
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Out-degree

Assortative / Disassortative

Assortative:
Enrich connections
between same degree

Hi=Conf z-score

Disassortative:

Enrich connections

2 between different
degree

0 Network lore: insulates

high-degree hubs

(Maslov, Sneppen:
Yeast is disassortative)

Marginal (p = 0.03)

evidence for

disassortative
In-degree
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Out-degree (degree as bail) In-degree (degree as prey)
Truncated distribution for baits (limited by # of clones picked)
Long-tail distribution for prey, fit by exponentially-truncated power-law
Do disease / essential genes have more interactions?
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Hierarchical Indicator
=
g | Barabasi/Oltvai Hierarchical
= network:
b ¢ ° o o -b
. C(k) ~k
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Significant motifs
Mot Observed  Expected  ZScore  Pvalue  Motit Obsorved  Expected  ZScore  Pvalus
& 104 209246 18.2 3x107¢
NI T o s ow
97 243271 10.2 1102
EI/ D s0¢ 289428 78 1.5x10°
1521 6801230 356 0.00016
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Enriched Domain-Domain Interactions (top 40)
desc2 ohi.m.8607 rich
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Disease Connections

Before multiple ~ After
testing correction

Disease 1 Disease 2 vbhi pybhi.m.70
Ataxia-telangiectasia (3) Chondrosarcoma, extraskeletal myxoid (1) 0.00017068  0.011878
due to 10DY, type 5 (3) 0.0003413  0.023612
Propionicacidemia, type I or pccA type (1) Propionicacidemia, type I1 or pccB type (3) 0.0003413  0.023612
Breast cancer, sporadic (3) Fletcher factor deficiency (1) 0.00034133  0.023614

Hemolytic anemia due to band 3 defect (3) Spherocytosis-2 (3) 0.00051186  0.035205
Leukemia, acute nonlymphocytic (2) Erythremia (1) (7) 0.00051186  0.035205

Dysfibrinogenemia, beta type (3) Salivary gland pleomorphic adenoma (2) 0.00051186  0.035205
Diabetes mellitus, type I1 (3) Chronic granulomatous disease, X-linked (3) 0.00051186  0.035205
Shah-Waardenburg syndrome, 277580 (3) Pulmonary alveolar proteinosis, congenital, 265120 (: 0.00051192  0.035209
8 deficiency, type II (3) Meningioma, SIS-related (3) 0.00068236  0.046658
Glucose transport defect, blood-brain barrier (3) Fish-eye disease (3) 0.00068236  0.046658
Neuroblastoma (3) Prader-Will syndrome (1) (?) 0.00068236  0.046658
Obestiy with impaired prohormone processing, 600955 Papillon-Lefevre syndrome (2) 0.00068236  0.046658
Neuropathy, hereditary sensory and autonomic, type 1 Usher syndrome, type 1D (2) 0.00068236  0.046658
Neuropathy, hereditary sensory and autonomic, type 1 Deafness, autosomal recessive 12 (2) 0.00068236  0.046658
Arts syndrome (2) Parkinson disease, juvenile, type 2, 600116 (3) 0.00068236  0.046658

Melanoma (3) Melanoma, 155601 (3) 0. 051073
Cardiomyopathy, familial hypertrophic (3) Cardiomyopathy, familial hypertrophic, 2, 115195 (3)  0.020149  0.75945
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Localizome from Y2H
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Statistical Theory for Interactome Maps

e Unified treatment

— Coverage of existing maps (false-negative rate,
how many interactions remain to be detected)

— Protein interaction degree distribution (power-
law, scale-free, truncated, ...)

— False-positive fraction of observed data

* Main method: Venn diagram
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The Venn diagram method

Screen 2

14,000 total

Seen in Screen 2? g m - :EK
f1f2N =0.35K
Yes No f1=0.025
f2=0.05

N = 280K

Seen in Screen 1?

Yes 350 6,650 | Problems:
Inconsistent screening methods

Screen-specific false-positives
Biases

No 13,650 7??
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Statistical Framework

* Toy problem: Card counting
¢ A deck has k cards (hidden variable)
» Sample n cards with replacement
Estimate Pr(k | data)
e Data

— k= # cards seen once

— k, = # cards seen twice
— ky = # cards seen thrice

* Model: Y2H screen vs. normalized library
* Hailiang Huang, Prof. Bruno Jedynak
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Model Variables

Variable Cards Y2H
k Number in deck # of interaction partners
~ ki Number seen i times # preys seen i times
k= >0 k Number seen at least once # unique preys
n= 2,_4”(’ Number sampled # clones picked
12 Estimate of k Estimate of k
ki ’2 Fraction of deck seen Coverage of network

25
joeLbader@jhu.edu

Bayesian Formula
Pr({k,} o) = &
T nN=v— =>———
N

[k!/(k — k)K" Pr(k)
k(K = k) k" Pr(k’)
<

Pr(k I{k;}.n) =

Pr(k) = Prior estimate for k, power-law for scale-free network

Possible estimators:

MAP = k that maximizes Pr(k|{k},n) + 95% Confidence Interval

PME = 3, k Pr(k|{k;}.n)

Problems when n = k; (no partner observed twice): k = infinity

Choice for prior: Pr(k) = k= / zeta(b) regularizes when b > 1

(1) Can use EM to find best exponent b considering k as hidden
variable

(2) Can look at subset of baits that detect at least 1 prey twice
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Coverage

0.8

0.2

0.0

A. Full dataset

B. (X=K,K)removed
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g o B 50000
H A4+ 500%
8 A7 00
= H00°
£/
°
S o
o
T ° T
15 20 25 3.0 35 4.0 10 15 20 25 3.0 35 4.0
Eps Eps
- EM: Eps ~1.5t02
£ Work in progress: Extend model to
- incorporate false-positive rate as a
e parameter, # false-positives as a

" hidden variable
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DNA Sequencing Breakthrough

46101038/ mture03959 nature
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Genome sequencing in microfabricated
high-density picolitre reactors

Marcel Margulies'*, Michael Egholm'*, William E. Altman’, Said Attiya', Joel S. Bader', Lisa A. Bemben',

Jan Berka', Michael S. Braverman', Yi-Ju Chen', Zhoutao Chen’, Scott B. Dewell’, Lei Du', Joseph M. Fierro',
Xavier V. Gomes', Brian C. Godwin', Wen He', Scott Helgesen', Chun He Ho', Gerard P. Irzyk’,

Szilveszter C. Jando', Maria L. |. Alenquer', Thomas P. Jarvie', Kshama B. Jirage', Jong-Bum Kim',

James R. Knight', Janna R. Lanza', John H. Leamon', Steven M. Lefkowitz', Ming Lei", Jing Li", Kenton L. Lohman',
Hong Lu', Vinod B. Makhijani', Keith E. McDade', Michael P. McKenna', Eugene W. Myer
Elizabeth Nickerson', John R. Nobile', Ramona Plant’, Bernard P. Puc’, Michael T. Ronan', George T. Roth’,
Gary J. Sarkis', Jan Fredrik Simons', John W. Simpson', Maithreyan Srinivasan', Karrie R. Tartaro’,
Alexander Tomasz', Kari A. Vogt', Greg A. Volkmer', Shally H. Wang', Yong Wang', Michael P. Weiner',
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The founding patent

a» United States Patent

Rothberg et al.

CYCTRLLT] LT
US006274320B1

US 6,274,320 Bl
Aug. 14,2001

(10) Patent No.:
(@5) Date of Patent:
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METHOD OF SEQUENCING A NUCLEIC
ACID

Tnventors:| Jonathan M. Rothberg, Guillford; Joel
Bader, New Haven, both of CT (US)

Assignee: CuraGen Corporation, New Haven,

Notice:  Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
US.C. 154(b) by O days.

Appl. No.: 09/398,833

Filed: | Sej

6, 1999

Int. C17 .. C12Q 1/68; C12P 19/34;
CI2M 1/34

US. Cl oo
Field of Search .

e 435/6; 435/91.2; 435/287.2
435/6, 287.2, 91.2
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Sequencing by synthesis

aka Pyro(phosphate) sequencing
Ronaghi, Uhlen, Nyren 1998

(ONR), + INTP 25 (), PP Science 281: 363
] nucleotide sequence
Sulfurylase - o6 cc
e M EEEEEN

APS+PPi ATP
luciferin  oxyluciferin

Luciferase f

ATP Light

nucleotide incorporation generates light

seen as 3 peak in the pyrogram nucleotide added

] Traditional: ~100nt sequence
2X improvement by
desynchronization filter

ANTPPRYASE | \\DP + ANMP + phosphate

ATP —ARYI3SE 0 4+ AMP + phosphate
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Whole genome sample prep

‘bd % g Whole genome (or tags)

M%qu Fragmentation (random shearing,
v RE digest, ...)

DT> oo Tags: PCR amplicons
¥

TN 200-300bp fragments

Universal Adapter A

Universal Adapter B

. ’ . l blunt-end 5’ overhang
FOR priming region Sequencicg prining regicn Key
5 o Prppp—
p—) el i "
o) @0t @oe)  Bietin
5’ gverhang blunt-end Key Sequencing priming region PCR priming region
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Microemulsion PCR

B Dilute ssDNA Library onto DNA Capture Beads Similar to George Church polony

A ssDNATemplate B

ra
e o
(" R

DNA capture beads with
Complementary capture primer DNA Capture Bead

Drop-wise release of PCR
mix (capture beads, ssDNA
template, primers) into Oil-
filed stirred cell creates
microdroplets

Poisson distribution dictates that
~B0% of the beads will have no
Each droplet contains ane bead template, 30% one template, and
on average ~10% more than one template

Recovery of clonal capture beads

Sepharose Bead + amplified DNA

Magnet ~

Magnetic Beads

Sepharose Bead no DNA
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Bead loading

~1.6M wells per fiber optic bundle

Bundle diameter ~ 6 cm 34
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Sequencing schematic
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Massively parallel sequencing

Repeated
flows of
nxreanrtalzees Photons
PicoTiterPlate Detected
Wells by Camera
hand 1.6 Million

addressable

:
‘.

o P Small beads contain
% pyrosequencing 36
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100-200 nt read length

« 95-99% accuracy per
read

* 400K reads per fiber sk i

optic array

« Final assembled f i R

quality ~ Phred 30 or P e O e S
better for viral, bacterial |

genomes fresocatlon ranm | cron o o] o e cr o co o anc
« bi-directional reads f ’ ‘ ‘
(essential for vertebrate |

sequencing)

« Error model different | - o ey
from Phred: no ~ e |

Sequencing and Basecalling Results for 191base Read

substitutions, just | s v A e Tovee w
homopolymer length \ | v T Al

« Key advance: Markov | v ¢ | forg ol Jerct" nd' |0 moes ||| arqre (1471 oo [ coreon | | c v
model for nt +/- shift M I H “H H H H‘ M

« Luck: processive, : Ll L AL L L L
slow lateral diffusion,

functional immobilized 37
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NEWBLER assembler (G. Myers)

shotgun reads from 454 device

Quality trimming

Initializer

Contigs and Scaffolds Genome

Allvs. all
overlapper

Game Board

Branch Point
Analyzer

Unitigger

Bundler

joel.bader@jhu.edu

High-quality consensus sequence

Sequencing Run Summary Adenovirus | M. Gen . Aureus
Size of fiber optic slide 30560 mm’ | 60X60 mm’ | 60x60 mm’

Run Time /Number of cycles 244min/42 244 min/42 244 min/42
High Quality reads 21,904 293,066 272,602
Average read length 105 bp 115 bp 105 bp
‘Total number of bases sequenced 2305937 33.659.471 28,568,690

Individual Reads

Reads mapped o single locations in the 20645 221401 255,240
reference genome
Insertion error rate (Total number of 2.20% 242% 131%
overcalls/Total number of bases aligned)
Deletion error rate (Total number of 1.72% 2.08% 3.08%
undercalls/Total number of bases aligned)
Substitution error rate 0.09% 0.70% 0.13%
Consensus Sequence
Number of bases aligned 2166283 25743641 27456492
Average oversampling 48x 37x 3
Genome coverage 33367 5688316 2,506,618
(99.7%) (98.1%) (89.2%)
Consensus accuracy 99.994% 99.998% 99.9925%
Bases overcalled 0 0.001% 0.003%
(©bp) (86 bp)
Bases undercalled 0.006% 0.001% 0.005%
@bp) (5bp) (124 bp)

Bacterial genomes at 99.95%+
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Moore’s law improvements

30B
Fungi,
3B Model Org. &
300M Hfmﬂ" Genomes
7Mbp bacteria  ~
__30M 4 Mbp bacteria"
g " S. aureus (2.8Mbp)¢
, L
8 Human BAC clones (200Kbp)y”
D 200K s Instrument
2 Adenovirus (33Kbp) _ ~ I Shipments
(% 30K L Begin
3K PCR Fragments Bacterial sequencing
200 1 PCR Fragmen contract
1 Ol
30
3 11/01 01/02 05/02 08/02 11/02 02/03 05/03 09/03 Q1/04 Q304
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Future of 454 device

Performance
— ~100x higher throughput than ABI
* 10 runs x 400K wells x 100 nt = 400 Mbp / day
* ABI: 10 runs x 100 wells x 1000 nt = 1 Mbp / day

— 100x improvements through feature size reductions, bi-
directional reads

— With another 10x, $1000 human
Limitations

— 100 to 200 nt read length

— Errors at homonucleotide run, not at ends of sequence
Buy one today!
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