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Networks
Inference

Outline

A From expression data (reverse engineering)

A Experiments and Predictions:
A Protein - Protein Interactions
A Protein -DNA Interactions

A Random Graph Model (  Erdds - Renyi)
A Small -world model ( Strogatz -Watts)
A Evolutionary models (  Barabasi i Albert)

A Network modules: clustering
A Network motifs

Thomas Manke
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Seminars

A Binding Motifs and Motif Finding

A Scores and Protein -DNA binding
sites

A Biophysical binding models
A Predicting expression (Drosophila)

A Markov Processes on Graphs
A Markov Clustering algorithm

Thomas Manke
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Exercises

APr epar at iKauwsurdor
A Projects (extensive)

A theoretical and practical tasks
(web -search & programming)

A at most two students

A attendance

Thomas Manke
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Interaction a A Function

QS T .
I Proteins do not act

In 1solation !

Structural, signaling, enzymes
Stable & transient

complexes & binary

Dynamic Amachine
Molecular crowding

Not static !
Not a single function !

Thomas Manke
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Protein - Protein Interactions

Thomas Manke
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From Components to Networks

Components:

A 2 mating types
(a/ a)
A ~ 6000 genes

- ‘* A ~ 250 cell types
"' | A~ 30,000 genes

A many more proteins and modifications

Protein Interaction Network in Yeast

Thomas Manke

Not static!
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Proteins

_ Transcription Activation Domain (AD)
Domains: o Activator (TA) Einding Domain (BD)
e.g. transcription factor e

Promoter Gene
Fusions: P o

e.g. genetically engineered Gene Homologous
i S bination
TAG targeting y MECoMm
Chromosome

Fusion 1
protsin NH-;» m

Thomas Manke
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ldentification of protein complexes:

basic idea
b

Airity purfcation Separabon KMertficaion by
t sy spechometry

Antibody /—\ l_l

s @
*@t ol
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Allraty tag

l. 1|I|||I.|
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A Automation ?

Bait
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Large -scale analysis of protein
complexes A

. Cell-lysation MCENEDa - Il

1

2. tandem affinity-purification B e I; ,,,,,,, i binding peptide
. . . proteins 1 e~ T TProtA

3. gelelectrophoresis: size (mass) separation O Tese Tl Doe

4

5

<

digestion of individual bandsrypsin)

. Massspectrometry & database search

Seminal paper: ® Ny
) . € S

Functional organization of the yeast & _

proteome by systematic analysis of

protein complexes

Gavin et al. (Nature 2002) «
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ldentification of complex members

3 9'? g & 05 S
@&g o & F i"c’)f@ 100
43
: CH3C|2HCH2CH3
- == g CH;
& ' § 57
PN | = | B | R N | = 4. Digestion of 2 s .
poue | Y o individual bands £ 27
f s = —|= ) ‘ 72
— =. —' 0 ..1!5‘.'..'..‘!'...'| ......
——4 = 0 20 40 60 80 100
y £ & S N P iz
&S’p 0& Q -63 _\é@ Q?& ;
3. Gel -electrophoresis: 5. Mass -spectrometry and
Size (mass) seperation database search

Gavin et al.: 1739 ORF processes A éA 232 complexes identified

11
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Example: Polyadenylation machinery
&

& c%gq@\g’?:\”%d& A

AT T . ,% Different entry points

1 el 1 AZ5 baits=tagged proteins

= & = == E— e A

EECEFTE T—= -

= = =W~ similar bands

; -kgl_r\gSY_KLle

e i F

Model of protein complex
with novel components

A Stable core/ dynamic periphery
A functional annotation
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Higher -level organization

Complexes are linked
by shared proteins

Later: network properties

HHF2 2? e - .
-‘-‘%’{f 5 Colours denote functional

[ STH1
RAP40 SFH1

R T e Annotation ( eg. cell cycle )

D i
- 45 SAMI hiee
RRP4s  SRAP1 g ‘m

RNR2
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Accuracy and coverage

Repeated experiments

reproducibilly ~ 70%
66 Nstickyolr

Comparison with reference

oOoWe esti matj
more than half of all
current high -

throughput interaction

data are s p

100
purified
complexes
* (TAF)
purifie d
complexes u

= (HWMS-PCIH

[3:3
— = 10 R MA in siico predictions
= i correlated &
S exprassion u @ two methods
S N

o
% ; A combined
g $ synthetic evidence

P .

3 % high through put lethality
o 2 1A yeast two-hybrid .three methods

2

[ u

=

=

% 4 faw data

£ a fitered data

w—s parameter choices
0.1 T T 1
0.1 1 10 100
Accuracy (log %)
fraction of data confirmed by reference set
Add information (data integration): co

von Mehring et al. (Nature 2002)

-localisation ,co-ex pr essi on,

14
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Hertdicaion by
merss spectrometry

‘ﬁ*m TAP-MS: Limitations and Advantages

miz

A no binary interactions

A Dbias towards large and abundant proteins
A non -specific binding

A need lots of material

A tag may interfere with complex formation
A protein identification through MS

An vivo
A Large -scale, unbiased
A '56% of known complexes found
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How to count TAP -MS interactions ?

Matrix and spoke model

4

10
80

45
3540

Spoke: N -1
Matrix : N*(N -1)/2

A binary interaction screen

16
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Yeast - Two hybrid screen:
binary interactions

basic idea
P AN i
§ iﬂ;? . Read - out (transcription):
: s Afluorescence
PRIV VNOONINLT Agrowth in hostile media
Reporter genes
h iig
THENDS i Genehcs

Fields S, Song O (Nature 1989)

Protein fusions : X to binding domain (BD), Y to activation domain (AD)

Thomas Manke
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Plasmid construction

Animal Cell Bacterium

e

’ - Plasmid

i

w
w

\ \ '/" 1
Gene of Interast ?{ Gald BO -
\ Sequence *
£
X

W
| \
N _t‘“/

Gald BD Protein
of Interast

X

Gald
Binding

Domain TRP1

DMA-BD Plasmid

Y

Gal 4
Activation

Dormnain LEL2

AD Plasmid

Thomas Manke

encodes
e NH, COOH

encodes
. NH, COOH
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{DBD] X '~
~DBD X pDBD-X MATa
pDBD-X Interaction RNA-Pol
mating xL Y AD
- —> e —>
#~ AD | Y ™, Transformation ‘ DBD Growth salection
| i ——
AD-Y FEEEE YN pB-Galactosidase
pAL- DAD-Y Reporter genes assay
MATa

DNA manipulation and yeast growth only
Proteins are expressed in a cellular environment
Independent of endogenous protein expression levels

Binary information

Challenge: how to assay 36 million combinations ?
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AUNI i mi t eofipyoteinso o |
Domain information

Highly redundant

Less amenable to automation
Sequencing necessary

aooooooOomoon

OoOo0oooooooo
oooooooooooo

| BCOO00000000
oooooooooooo

aooooogoooon
OoOmO00000aa0d
aooooodoonon

AD-T array

Limited set of proteins

Immediate information on PPI
Reproducible procedure

Equal probability of PPI identification
Relatively low costs, automation

Variations: Combination of pooling and pair -wise retesting (Ito 2001)
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A comprehensive analysis of protein - protein

Interactions in  Saccharomyces cerevisiae
Uetz et al, NATURE|VOL 403|10 February 2000

A comprehensive two -hybrid analysis to explore the

yeast protein interactome
Ito etal, PNAS|VOL 98|22 January 2001

Many interactions 841 (Ito -Core) ~ 90% novel
False positives ~50% TP ~50%
From reference + annotation
False negatives ~90% From reference
Small overlap ~16%plasmid Different plasmids (+mutations)

Different stringency
Not saturated
Stochastic activation signals
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A structural changes in fusion proteins

A yeast

A self-activation

A in nucleus

A proteins may not be simultaneously expressed

Aln vivo

Ascalable

A Fast

A Transient interactions

AUnbiased ( eg. wit abundance, funct.
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Small overlap of large -scale studies

/ .
reference

Typical Venn diagram
Illustration, not to scale !

Problems for comparison

Adifferent bait proteins
Adifferent gold -standards
Adifferent counting
Adifferent conditions
Adifferent protocols

Approaches are
complementary !
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Error terms In binary classification
Atrut ho

+ -
Precision [/ PPV :
+ TP [ (TP+FP )

8 FDR:
— FP | (TP+FP)
-
D
© -
(b
&

FNR : FPR:

FN / ( TP+FN) FP / (TN+FP)

Sensitivity: Specificity: Accurac

TP /( TP+FN) TN /( TN+FP) y

(TP+TN)  / (TP+FP+TN+FN)
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Fisher exact test

+ -

-| EN TN

Contigency table

n =Predictions
K =overlap=TP
N = Universe

(truth)

Venn diagram

R.A. Fisher (1890

-1962)

TrL
ke

)(

N—m

n—k

)

f(k; N,m,n) = (

(

N
T

)

Probability of observing overlap k by chance

Thomas Manke




Predicting Interactions

Thomas Manke
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Phylogenetic profile

method

Interacting proteins
more often co -evolve

Phylogenetic Profile:

EC

Pl
P2

333 F S

SC BS HI

T T .

a
1

L1}
1
1
1

1
]

1
1
1
i

U

Profile Clusters:
A 100
=] [
7 11 0
[F1 I e 11
3 & I A
[ 01
‘“/

Conclusion: P2 and P7 are functionally lixked |
P3 and PG are functionally linked

27

Pellegrini et al, PNAS 1999
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Rosetta Stone approach

Yeast Topoisomerase |l
E. coli gyrase B
E. coli gyrase A

Human succinyl CoA-transferase LAY,

E. coli acetate Co-A transferase o ==

E. coli acetate Co-A transferase NI,

B. subtilis DNA pol Il o —{ {7 ]

E. coli DNA pol Iil o X

E. coliDNA pol lll ¢ -

Yeast histidine biosynthesis HIS2 e NN\ NN R —

E. coli histidine biosynthesis HIS2

E. coli histidine biosynthesis HIS10 | G

Human &-1-pyrroline-5-carboxylate synthetase

E. coliy-glutamyl phosphate reductase OXOKXXKL)

E. coli glutamate-5-kinase e
E.coli

>6500 protein-pairs can be mapped to
single protein in some other genome.

Hieroglyphic, Demotic and Greek :
Marcotte et al (Science 1999)

Extensions: Gene fusion A4 Gene neighbourhood

28
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Predictions should be combined:
STRING DB

rlogia + Bowrilezidd + Fllefinio L ISTIRINIG

conserved genomic neighborhood

database imports (knowledge)

< protw

G_YEAS
1 T2 s crotewns )

X

Gene neighbourhood
x Phylogenetic profiles P s
literature =
Co-expression

Databases —_—

X

X

X /
3
W ATPRLYERST  ATP swnthase alpha chain, mitochondeial precursor (EC 3.6.3.44) [...0 £ § o 23
B WRZYERST  Wbiquinol=cutochrome C reductase cosplex core protein 2, mitocho(,..] g::_r é :3:’9 .
& {5 §
Predicted Functional Rssociations: i § X5z é
B> ATPE_YERST  ATP sunthase beta chaln, mitochondeial geecursor CEC 3.6.3.14) 0 [...0 e .o 059
D ATFG. ATP sunthase gamma chain, nitochondrial precursor (EC 3.6.3.14) [...] . . 0,999
B R Bigquinol < wowe [ recuctase coeplex core protein [, mitocho(...] ..o 0.999
2 WRIYERST  Wbiquino ochrome C recuctase ron-sulfur subunit, mito C..a . . 0,995
B ATPOYERST  ATP sunthase oligomucin sensitivity conferral protein, mitochondl...] vile 0.566

[...]

>750,000 proteins
>150 species von Mering et al. (NAR 2005)

29
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Summary: PPI

A Yeast-Two Hybrid (binary int.)
ATAP-MS (complexes)

A Phylogenetic Profiling + Distances
A Gene Fusion + Neighbourhood

A Data Integration
A False Positives and False Negatives

Thomas Manke
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Protein - DNA Interactions

Thomas Manke
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Control of gene expression

Cytokines
CD4oL
BAFF

TLRs
Viruses
Bacterial LPS

Integration of signals from
sequence and environment

Proinflammatory
Cytokines

/.
<,
2
{gradation I Q‘% 4 1 i i Y. f
e pszu Rel-B “im"]:ﬂ?/ A’)“l’)‘:m’;ﬁm NN AU // P r.’f:&’fu
e (NF-B) ® 2001 Sinauver Associates, Inc. Transcripﬁon factors
\J Nuclear
Import

1. Where and when do TF bind ?
2. How do they change transcription rates ?

Example: NFkB pathway

Thomas Manke
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Experimental binding data: ChlIP-chip

A S ChiP =
Humancells £ — =3 Chromatin ImmunoPreciptation
Sonication * _
chip =
enriched M control microarray, spotted with ssDNA
uvx \/\/\
% NAVA
CySlabel o/ /0 Cydlabel What is on the array (chip) ?

microarray

(60°C) A Mammalian: Tiling arrays (~25 bp)

\.\4 >/ Sabritae A Yeast: Intergenic regions (~1000 bp)

B. Ren et al., Science 2000

33
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Binding Matrix

Typical numbers:

In -vivo experiments

Human:

~30,000 promoters,1  -5TFs
Yeast:

~ 6,000 promoters, 200 TFs

|

= In -silico predictions:

|

:zé;i — | |~30,000 human promoters
-  ———— | ~ 500 vertebrate TFs

Thomas Manke
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Example: Yeast Regulatory Network

~6000 promoter

~200 TFs Regulation of regulators

threshold

All Factors

|

N

m

1

w

U

M

I|

|

9

‘\I\ MH

|
\

\
|

Lee etal. Science 2002

A normalization ? A network properties ?
Later more €

35
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Experimental binding data: ChlP -seq

Deep -sequencing

A  X-ink
Hnfian cells U produce millions of short reads
Sonication U Huge resources: >1TB/run
U need fast mapping tool
enriched ﬁf\/ control (il Genome -wide binding data
U Peak-finding algorithms

LM-PCR

Mapped reads on genome browser

Solexa

HHHHH
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ChlP-seq also needs control !

chraa: lag1zesen| 26157000 26157500| 26135000] 26155500| 26150060| 26130506 | 26 14a0a|
H I:hIF seq u:-F Fo 12 from HEK, Uhique Reads
L BN B | H ERd nmR [ ]
" [ ] IH IIH [ ] I
| ChIP SEG Input DNH Frum HEK, Unigue Eeads
[ ] L1} [ L1} ]
amn 11N} l
L 1] Il L LN n
[ ] m EEEE ]
[] am inmn n
n | ] u n
| ] am 1 1
[ | 1. 1
an 1
am [ ]
[ ] L]
L]
n
n
4 ChiP-sed of BACHL Hrigue Reads £
1 ] N EEEE E HIIEEE HID W | ] n | ] | ]
HIEE EHIN nmiEm l
an [ 11] 1
[] 111} []
] L 1}
1 [ 1} L]
L1 ] [ 1}
i (1}
(1] m
am i
- n n
T &
enricne 1 i
[ ] am
n m
m
m [ ]
m 1
am n
am n
[T} ]
1] [ ]
1} n
u n
u n
[] n
[ ] n
[ ] | |
UCEC Genes Based on Reffeq, UniFrot, GenBank, CCDE and Comparative Genomics H}
BCRIES44 -
H Enzenk1 Gene Fredictions
EMESTORGAASSE25A

W

Vertehtate Mu1t1z Alighment & FhastCons Conzerwation (2§ Species)

. MN J ll __l,llul_._.__.“_

S1I‘|‘|p'|E Huc1e::nt1de F“n:|1l=|m-:-r*r:|h1sms (thNF‘ bLh'IEH 12
1 1 i

Are there significantly more reads in

Mammal Cons

B [ [ |

signal than control

Thomas Manke
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A Case Study:

A single transcription factor

Thomas Manke
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Bachl and heme

Bachl =

basic leucine zipper TF

Bachl =

heme sensor

BTB

1 2 345bZip 6

e @ S99 @

6 heme binding sites
Ogawa et al, Nature 2001

D4 —

Heme : oxygen transport,

ferrous iron Fe

2+

transcriptional

metabolic control

39
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degradation
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Hmox1: the promoter of a known target

S0 EnsEMELAT

H m OXl et | ENs09000 0242
COrlservatlon

"7 T T
Heme o ygenase 1 CEC 1.14.99.3) (HO-12. [S

MU A e

Afflnlty o

Bl hmox1 in01.MAT.hal8.aft

\ Hl'm’ir" wﬂm bk u ) g wtl iy

ElE hmox1_solexa.hg18.g11

regi .c'p o ject/tiling_a ngHCHi.c' olexasba tr
I 1 11 || 1 1 |]||||]||]|| 111 monrnl i ey roooiorr oo 01 o1 1] 1
I 1o 11 1 110 | ] | | ] I
i ginonl | 1
11 oo

40



- Max-Plancklnstitut
- fir molekulare Genetik

number of ChIP-seq regions

Bachl binding sites reside near TSS

20

—— from ENSEMBL-TSS | []

— from Pol2-cluster

15—

10—

Many sites are
evolutionary conserved

Many target genes are
up - or down -
regulated after Bachl
knock -down

5 . B
o UL T CTTL Wmm .
-2e+05 -1e+05 0 1e+05

distance from reference

This suggests they are
functional

2e+05

41
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NRegul ati on of the

Endomesoderm Specification to 30 Hours
May 21, 2004

" owside Endomes | Ubiq

L

Maternal and Early Interactions

| Lc

irizzled | Rofmic

Matcpl T GSK-3

i
CLZE CMS Qnﬂ-—TCF 4|—“_LL

L w8

—|Micr /e Mat Otx |_>>‘ -~ iMat SoxB1 % MMat Otx frizzled .. -
L 1mikIn Inat acHwvw —— X

¥,

Tk pInc rep—| f wmikmn mes ferwd Tep umkn vegetal activ
= — 1

TR T, l—L,.r—ﬂl_llﬂ_Li

a
-
—
o
5
s
l
3]
M Lo

I E SoxB1 SoxB1 - (e =
ES = Erl Erox B o Orx Rep of Wins Wins
: —I_Kﬂ[" o T e N sugrnen© (18 hws) [ M |
P/ R of mic Eve
1 Ul:ltiq
+ -
Hnf 6 WS S el
i
Uhdn i |
i L [umig “
TBr ) |
i Eis1 Adxl
;‘"""".‘""_"""' —— I—lmlcnrnes actw
D | W= 1 10
Dri FoxB ! GsC iy | Endomesoderm Vegl Endo
: :_ - T T ]
[ el UEpill el (el el plWel p1 ¢ [ILr 1Ip
L P ' I S T — ' S [ ¢ o P
SM2Z7 S30 CyP Ficolin Fvkol,2,3 Decorin Apobec Gelsolin Apobec Gelsolin Exnwdol &

Capyright & 2001 -2004 Hamid Bolouri and Eric Dawvidson



Predictions of
Protein - DNA Interactions

Thomas Manke



STE6

3-bp spacing

interaction in
crystal

CG

TGTIAAA|

GC

CA

a2

TR

TTTCCCTATTAGGTAA[TTIACA

AAAGGGATAATCCATTIAATGT

3 bp

2 bp

TG
AC
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Binding sites are variable

Basis | 27 compiled sequences including 2 TRANSCompel sites
Binding Sites| sequence Derived From Start Length Gaps Orientation
GCCATTCATGGLAGCCAAG ROOO21 -7 18 n
ACCAAATAAGGCAAGGETG ROO024 -1 18 p
COCAAATATGLCTCGAGA ROO0O36 4 18 p
TCCATATAAGGCACATGGA ROO0O38 -7 18 n
CACGCGATTGGCCCCGCG RODO29 -7 18 n
GOCATAARAGGCAACTTT ROO040 7 18 n
GCCAAMATATGGGCATCTT ROOO5 1 18 n
ACCATGETAAGGAAGGGGA RO1759 -7 18 n
CCCATATATGGCCATGTA RO1785 5} 18 p
TCCATATAAGGCGCTGEGG RO1796 -1 18 n
GOCATATAAGGCAGCAGGA RO1787 i} 18 p
CACTAATTAGGAAACTTC RO1890 -1 18 p
GOCATAARAGGCATATGEGC RO2907 -7 18 n
CCCAMATATGGCAAATATT RO3375 4 18 p
GOCATATGTGGCACAGATG RO3412 i} 18 p
GCOGTATAAGGAGCGTCT RO3485 -2 18 n
COCAAAGAAGGCGCTCCT RO23496 -2 18 n
CCCAAATATGGAGCCTGT RO9532 10 18 p
GCCATATAAGGAGCGGECC RO9533 -1 18 p
GOCATAARAGGCAAACATT RO9534 -1 18 p
COCATATAAAGAGATACA RO9535 =10 18 n
GACCAATGEGGECGGEEEEC RO9536 -2 18 p
CCCATAAAAGCSTTTTTCC RO9541 4 18 p
TCCATATTAGGACATCTG RO9705 i} 18 p
CCCATATATGGGCAGAGT R13375 -1 18 n

Thomas Manke
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Sequence Preferences of Transcription Factors

Binding model: Sequence logo =
from known sites or T :
motif discovery (MEME) binding motif

8 9 0 41 42 13 14 15 16 17

aaA

Motif Databases:
TRANSFAC, JASPAR,

from Philip Bucher

A site -specific score

1111111

46
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Summary: PDI

A ChIP - chip ( hybridisation )
A ChIP-seq (sequencing)

A Motifs + Scores (A Seminars)

A Data Integration
A False Positives and False Negatives

Thomas Manke



One major omission:
Metabolic Networks

Thomas Manke
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Enzymatic Reactions

Eeaction Catalyzed by Heme Oxygenase

CH, CH=CH,
He III

‘III M FE
j jEH I:H

E]eavage site

0., NADPH
& *, CO, H,0, MADP"

|:l
iy

)

H H H

Biliverdin

M X | moon
0 w N

Enzymatic degradation

Substrate

E E
S nzyme

Reaction rate

Product
P

dP
E = UV = vmax(E)

[S]

Ky + [S]

Michaelis - Menten

Thomas Manke







