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Understanding (and manipulating) phenotypes 
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Experimental approaches to interaction mapping 

Binary protein  

interaction analysis 
Protein complex analysis 

Reporter 

Gal4p binding sites 

Gal4 DB 

ORF X Gal4 AD 

ORF Y 

Y2H 

Protein 

arrays 

AP-MS 

e.g. J.C. Gavin (EMBL) 



Protein interaction datasets for S. cerevisiae 

1 paper/dataset: 

>1 paper/dataset: 

Affinity-Purification  

Mass spectrometry (AP-MS) Yeast-2-Hybrid (Y2H) Literature curation (LC) 



1. Consider all pairs within a certain 

complex (i.e., “matrix” model) 

2. 9793 interactions among 1058 

proteins 

1. Consider only binary physical 

interactions 

2. 1318 interactions among 1090 

proteins 

B. GS from binary interactions: 
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A. GS from complexes: 

Computational analysis 
Haiyuan Yu 

Precision = # of TPs / Total # of interactions in the dataset 



Measuring specificity of datasets 
(false discovery rate) 



Stringency affects retest and false detection rate 

False Positives 
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Measuring specificity of datasets 

30 



Yeast Positive Reference Set (PRS) Yeast Random Reference Set (RRS) 

Interaction reference sets 

Cusick et al., Nat. Meth. 2009 



Retest by Y2H and PCA 

X Y 

YFP 

Controls Binary Co-complex 

X 

DB 

Y 
AD 

Reporter 

Controls Binary Co-complex 

Yu et al., Science (2008) 
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Topological comparison of datasets 

Yu, Braun, Yildirim et al., Science 2008 



Binary network hubs tend to be pleiotropic 

Pleiotropy 

Yu, Braun, Yildirim et al., Science 2008 

cond1 … cond n 

KO1 - + + 

KO2 + + + 

KO3 - - - 

… 

KO6000 - + - 

wt + + + 

+ Growth 

-  No growth 



Different types of hubs 

Party hubs Date hubs 

not correlated expression correlated expression 

Han et al., Nature 2004 



Network hubs 

Binary Interaction Network (Y2H) 

Party hubs Date hubs 

Protein Complex Network (AP/MS) 

Yu, Braun, Yildirim et al., Science 2008 



Expression correlation 



* Ptacek et al., Nature. 2005  

Interactome vs. phosphorylome 



Y2H-union 

• HT Y2H and AP-MS datasets are both of very   

  high quality but of different nature. 

 

• Integrated Y2H-union network has ~3,000 

  binary interactions 

 

• Binary and co-complex based networks have 

  different topological and biological properties. 

 

AP-MS 



        Plants and humans 

Food 

Food-borne  

pathogens 

Fuel 

Fiber 

Climate 

Temp. 

Droughts 

Floods 

Pathogens 

World population 



Limited network information for plants  

IntAct, April 2010 



Arabidopsis ORFeome and search space –  

10% completeness 



High quality yeast-2-hybrid (Y2H) 

Reporter 
Gal4p binding sites 

Gal4 DB 

ORF X Gal4 AD 

ORF Y 

ADE2 

HIS3 

DB-X* de novo  

auto-activator! 
Gal4 DB 

ORF X 

AD-Y 
TRP1 

Ampr 

CYH2 

(Walhout & Vidal, Gen Res, 1999) 

HIS3 promoter 

GAL1 UAS 

ADE2 promoter 

GAL2 UAS 



Arabidopsis ORFeome and search space –  

10% completeness 

X DB 

Y 
AD 

Reporter 



Arabidopsis ORFeome and search space –  

10% completeness 

Nodes Edges 

AI-1MAIN 2,661 5,664 

AI-1REPEAT 673 1,066 

AI-1 2,774 6,205 

X DB 

Y 
AD 

Reporter 



High quality of AI-1MAIN 

Random subset 

(260 interactions) 

At-PRS At-RRS 

well-Nucleic Acid Protein 

Programmable Array (wNAPPA) 

Mary Galli, Ecker lab 

Murat Tasan, Roth lab 



Agamous-like transcription factors 

A. thaliana protein 

AI-1 protein interaction 

SnapShot: Control of flowering in Arabidopsis. 

Fornara et al., Cell 2010 



 Scratching the surface of the Arabidopsis Interactome 

Sampling- 

sensitivity 
Completeness 

Assay- 

sensitivity Precision       

Quality Overall completion 

10% ~25% ~40% 

0.1 

0.2 

0.3 

AtRRS AtPRS 

The Arabidopsis thaliana interactome contains  

~300.000 binary protein-protein interactions 

~80% 



Comparison of AI-1 to literature curated 

interactions (LCI) 



Comparison of AI-1 to literature curated 

interactions (LCI) 



Construction and validation of Arabidopsis 

Interactome 1 (AI-1) 

Nodes Edges 

AI-1MAIN 2,661 5,664 

AI-1RPT 673 1,066 

AI-1 2,774 6,205 

Perspective: A cellular roadmap for the plant kingdom.  

Landry, CR. Science 29 Jul 2011 

Arabidopsis Interactome Mapping consortium,  

Science, 29 Jul 2011 



Santner & Estelle, Nature (2009) 

Co-repressors targeted by hormone  

induced ubiquitination 



Complexity in hormone co-repressor  

protein interactions – JAZ TPL interactions 



Complexity in hormone co-repressor  

protein interactions – JAZ TPL interactions 

Jasmonate 
Ethylene 

Salicylate 



AI-1 reveals hormone transcriptional 

 regulator interconnectivity 

* Pauwels et al., Nature 2010 

* 

* 

* 

* 

* 

* 



AI-1 reveals hormone transcriptional 

 regulator interconnectivity 

* Pauwels et al., Nature 2010 

* 

* 

* 

* 

* 

* 



Bearman et al, Am. J Soc. 2004 

Ab initio network analysis 

A “countyside” highschool social network 



Bearman et al, Am. J Soc. 2004 

Ab initio network analysis 

A “countyside” highschool social network 



linkik           linkjk 

node k    

node i    node j 

Size >5 

nodes 
Density >0 Density =0 

GO 

enriched 
23 29 

Not 

enriched 
3 53 

Odds ratio= 13, p = 0.000002 

Community detection by link analysis 

Ahn et al., Nature 2010 





Communities in AI-1 



vesicle mediated transport 

Connected communities in AI-1 

water transport 

transmembrane transport 

Node (Protein) 

Edge in community 1861 

Edge in community 4716 

Edge in community 4298 

Edge without community 



Duplication divergence model 



AI-1 contains 1,882 pairs of paralogous proteins 

Rual et al., 2005 

1,549 proteins 

Yu et al., 2008 

1,278 proteins 

to be published 

2,661 proteins 
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Paralogy relationships: Villella et al. Genome Research 2008; ;Gramene.org; Ensembl.org 
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Interaction profile similarity of paralogues 

decreases over evolutionary time 

Age of paralogue pair  
(time since duplication event) 



Interaction profile correlates  

with functional divergence 

Functional  

divergence 

Some High No 



Rapid then slow divergence 

Sequence similarity 

 

Interaction profile 



Arabidopsis thaliana interactome network papers 

Science, 29 July 2011: 601-607   

Science, 29 July 2011: 596-601.  
Perspective: A cellular roadmap for the plant  

kingdom. Landry, CR. Science 29 Jul 2011 



Plant pathogens 

Hyaloperonospora  

arabidopsidis (Hpa) 

Pseudomonas  

syringae (Psy) 

1 Ga 

Collaboration with Jeff Dangl (UNC), Jim Beyon (Warwick U.) 

Hpa infected A. thaliana Psy infected A. thaliana 



TF e.g. WRKY 

Signal 

transduction 

cascades 

Pseudomonas syringae 

Molecular basis of disease resistance in Arabidopsis  

PM 

Pattern  

Recognition 

Receptor 

NB LRR 

NB LRR 

Dangl and Jones (2006), modified  

MAMPs 

e.g. flagellin 

S. Mukhtar, Dangl lab 



TF e.g. WRKY 

Signal 

transduction 

cascades 

Pseudomonas syringae 

Molecular basis of disease resistance in Arabidopsis  

PM 

Pattern  

Recognition 

Receptor 

Host  

target protein 

Susceptibility 

NB LRR 

NB LRR 

Dangl and Jones (2006), modified  

MAMPs 

e.g. flagellin 

S. Mukhtar, Dangl lab 



TF e.g. WRKY 

Signal 

transduction 

cascades 

Pseudomonas syringae 

Molecular basis of disease resistance in Arabidopsis  

PM 

Pattern  

Recognition 

Receptor 

Host  

target protein 

Susceptibility 

NB LRR 

NB LRR 

Dangl and Jones (2006), modified  Resistance 

MAMPs 

e.g. flagellin 

S. Mukhtar, Dangl lab 



Experimental immune network  

(64 effectors) 

Space 1 

(44 effectors) 

Hyaloperonospora  

arabidopsidis (Hpa) 

Pseudomonas  

syringae (Psy) 

Hpa infected A. thaliana Psy infected A. thaliana 



Experimental immune network  

Hpa effectors Psy effectors 

RLKs Defense NB-LRRs 

Space I 

1,358 interactions 

926 proteins 

(64 effectors) 

(44 effectors) 

Hyaloperonospora  

arabidopsidis (Hpa) 

Pseudomonas  

syringae (Psy) 

Hpa infected A. thaliana Psy infected A. thaliana 



Evolutionary distant pathogens 

converge on common targets 

Hpa effectors Psy effectors 

RLKs Defense NB-LRRs 

Space I 

Pathogen Effectors  

Effector targets (Arabidopsis)  

Immune proteins (Arabidopsis)  

Other Arabidopsis proteins  



Evolutionary distant pathogens 

converge on common targets 

Hpa effectors Psy effectors 

RLKs Defense NB-LRRs 

Space I 

Proportion shared targets 

Total number of targets 



Evolutionary distant pathogens  

attack network hubs 

15 AI-1 Hub50 

Targets  

of Hpa 

Targets  

of Psy 

7 

1 
5 2 

P = 3.9 * 10-13  

104 
43 11 



Some hubs are targeted significantly 

T 

Arabidopsis protein 

Pathogen effector protein 

T Effector target 



Evolutionary distant pathogens  

attack network hubs 

15 AI-1 Hub50 

Targets  

of Hpa 

Targets  

of Psy 

7 

1 
5 2 

P = 3.9 * 10-13  

104 
43 11 



Genetic validation of common effector targets   

Enhanced  

Disease 

Susceptibility 

Enhanced  

Disease 

Resistance 

Infection of Col-0 with 

Hpa EMWA1 and EMOY2 

Infection of A.t. Col-0 with 

Hpa NOCO-2 

uninfected wt 
Mutants 

(EDS) 

uninfected wt 
Mutants 

(EDR) 

 

 

 

       H. arabidopsidis  

       infected leaf 



Genetic validation of common effector targets   

Enhanced  

Disease 

Susceptibility 

Enhanced  

Disease 

Resistance 

Infection of Col-0 with 

Hpa EMWA1 and EMOY2 

Infection of A.t. Col-0 with 

Hpa NOCO-2 

uninfected wt 
Mutants 

(EDS) 

uninfected wt 
Mutants 

(EDR) 



17/18 common effector targets have an  

 immune system phenotype   

> 15 Spores 
11 – 15 Spores 

6 – 10 Spores 
1 –   5 Spores 
        0 Spores 

TCP14 TCP13 JAZ3 none APC8 NIP1;1 NTL9 LSU2 TCP 

CSN5a TCP none UNE12 none MKRP2 none OBE1 

Enhanced  

Disease 

Susceptibility 

Enhanced  

Disease 

Resistance  

Infection of Col-0 with 

Hpa EMWA1 and EMOY2 

Infection of A.t. Col-0 with 

Hpa NOCO-2 

WT 

WT 

Pos. controls 



Challenge ‘convergent-attack’ model 

Collaboration with Jeff Dangl (UNC), Jim Beyon 

(Warwick U.), Paul Schulze-Lefert (MPIZ, 

Cologne), Ralph Panstruga (RWTH Aachen) 

Hyaloperonospora  

arabidopsidis 

Pseudomonas  

syringae 

Golovinomyces orontii 
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