
Comparative Comparative InteractomicsInteractomics  
  
  



comparative genomics of high throughput data 
between species and evolution of function 

comparative genomics of high throughput data 
between species and evolution of function 

• Function prediction,  

– for what aspects of function 
from model organism to e.g. 
human is orthology equals 
function “true” 

• Evolution of function 

• Some studies suggest 
interactions evolve quite rapidly 
between species, e,g, only 10% 
overlap fly-yeast (Suthram et al. 
Nature 2005) 

• What happens to the function 
of duplications 

 



Integration between species / conservationIntegration between species / conservation  

orthologs 



Accuracy of Y2H and how to improve Accuracy of Y2H and how to improve it BUT coverage: real it BUT coverage: real 
divergence?divergence?  

B 



 false positives (FP) and false negatives (FN), noise / 

incomplete knowledge, are stacked against detecting 
conservation 

 false positives (FP) and false negatives (FN), noise / 

incomplete knowledge, are stacked against detecting 
conservation 

• Genes falsely selected as interacting in species A lower the conservation 

level, while genes falsely not selected (i.e. FN) do not 

• Genes falsely selected to be not interacting  in species B lower the 

conservation level (FN). Detecting absence?  

– E.g. strict co-expression threshold leads to many false negatives 

TPTP  
FNFN  
FPFP  
TNTN  



How to perform comparative genomics of How to perform comparative genomics of 
interactions (networks/interactions (networks/interactomeinteractome))  

? 

orthology 

Reliability and coverage of data (false positives, false negatives) 

 
? 
 
 



? 

 
? 
 
 

If two proteins are part of the same complex in human how often are 
they also part of the same complex in yeast 
 



Interactions? Interactions? 

• - stable interactions such as in complexes like 
ribosomes and proteosomes or between subunits of 
an enzyme, etc. 

• - labile interactions such as between kinases to their 
substrates, phophatase to their substrates 

 

• Because of quality of expert curation (to use as 
source or reference) and most prolific HTP data 
(complex purification) complexes 



Absence of interaction … ? Absence of interaction … ? 

Conservation = 
number of interactions conserved  

(number of interactions conserved  +  number of interactions NOT conserved) 
 

TAP-MS data from krogan, and gavin unprecedented coverage so that 
failure to report co-purification might really mean absence  of co-
complex membership 



Estimating absence of interactions from HTP dataEstimating absence of interactions from HTP data  
--> yeast; what do we call an absence of interaction data > yeast; what do we call an absence of interaction data   

Two proteins that have been successfully purified and 
identified as bate or prey, but never together  

Database of 
know 
interactions 
(MIPS / SGD 
GO) 

False negatives 

True negatives 



Datasets FNR #FN #TP 

Gavin et al. 0.23 1226 4083 

Krogan et al. 0.32 2209 4644 

The false negative rate (FNR) is the proportion of positive instances that were 
erroneously reported as negative. 
 

Proten pairs known to be part 
of the same protein complex 

Positive instances: co-complex relation in MIPS and 
SGD-GO. Similarly negative instances,: two proteins 
known to be involved in complexes in MIPS and SGD-
GO but in either ref never together 



Datasets FNR #FN #TP 

Gavin et al. 0.23 1226 4083 

Krogan et al. 0.32 2209 4644 

Intersection 0.11 517 4396 

The false negative rate (FNR) is the proportion of positive instances that were 
erroneously reported as negative. 
 

Proten pairs known to be part 
of the same protein complex 

Gavin Krogan Intersection 

+ = 

N.A. 

N.A. 

N.A. 
N.A. 

/ 
/ 



… but Y2H != TAP… but Y2H != TAP--MSMS  

How do we know which bait prey pairs  
(hybridizations) have been “properly” tested? 
 
  

Datasets FNR #FN #TP 

Gavin et al. 0.23 1226 4083 

Krogan et al. 0.32 2209 4644 

Intersection 0.11 517 4396 

Uetz et al. 0.66 91 46 

Ito et al. 0.92 822 76 

Uetz et al. strict 0.1 5 46 

Only count as not interactions 
pairs where both proteins have 
been successful as bait and prey   



? 

 
? 
 
 



In human less htp and less curation = less 
coverage (reason for assymetrry) 

In human less htp and less curation = less 
coverage (reason for assymetrry) 

• High quality, non comprehensive literature curation: 
reactome direct complex: 5960 co-complex pairs 

• Some 2h but even worse than yeast 2h 

• new HTP data:  



? 

 
? 
 
 



OrthologyOrthology: complication: complication  

DuplicationDuplication  

SpeciationSpeciation  

Y1Y1  Y1Y1  H1H1  H1H1  H2H2  H2H2  Y2Y2  Y2Y2  Y1.1Y1.1  Y1.1Y1.1  

? 

H1 and H1.1 are “Inparalogs” 
H1 and H1.1 are “Co-orthologous” to Y1 

Y1Y1  Y1Y1  Y1.1Y1.1  Y1.1Y1.1  H1H1  H1H1  



BBH only (BBH only (inparanoid’sinparanoid’s  main main orthologortholog))  

DuplicationDuplication  

SpeciationSpeciation  

H1H1  H1H1  
Y1Y1  Y1Y1  

H2H2  H2H2  

Y2Y2  Y2Y2  H1.1H1.1  H1.1H1.1  



What can happen to an interaction in evolutionWhat can happen to an interaction in evolution  

? 

 
? 
 
 



Many interactions are not “conserved” because 
the genes themselves are not conserved 

Many interactions are not “conserved” because 
the genes themselves are not conserved 

BestHit   2276 1417 2267 

InParanoid    1916 1448 2596 

Ensembl  2216 1828 1916 



If both genes are conserved the interactions also If both genes are conserved the interactions also 
tends to be conservedtends to be conserved  

Dataset int Non-int Conservation Coverage 

Gavin 1305 226 85.2% 68.1% 

Krogan 1547 328 82.5% 80.7% 

Intersection 1392 75 94.9% 72.7% 

Uetz 21 63 25.0% 1.1% 

UetzInt 21 4 84.0% 1.1% 



Human HTP data (Ewing, IPHuman HTP data (Ewing, IP--HTMS)HTMS)  

Ewing cut-off int non-int conservation 

0 117 245 32.32 

0.3 78 59 56.93 

0.5 20 3 86.96 

Yeast data set = intersection 



H1H1  H1H1  Y1Y1  Y1Y1  
Y1.1Y1.1  Y1.1Y1.1  

H2H2  H2H2  Y2Y2  Y2Y2  

H1H1  H1H1  Y1Y1  Y1Y1  
Y1.1Y1.1  Y1.1Y1.1  

H2H2  H2H2  Y2Y2  Y2Y2  

• Some conserved interactions are missed when taking the 
sequence-wise most similar ortholog cf. Notebaart2005 /  
Ideker 2006 



Different results of Different results of orthologiesorthologies  

Dataset Orthology int Non-int Conservation Coverage 

Intersection BBH 1429 141 91.0% 63.0% 

Intersection Ensembl 1392 75 94.9% 72.7% 

Intersection InParanoid 1761 84 95.4% 67.8% 

Inparanoid / ensembl similar conservation percentages despite different 
absolute values, But BBH 

H1H1  H1H1  
Y1Y1  Y1Y1  

H1.1H1.1  H1.1H1.1  … inparalogs 



Non-conserved interactions … 
 

Non-conserved interactions … 
 

• Curation errors in reactome 

• potential false negatives in HTP data as literature in 
yeast says the two do interact. 

• Our high level of conservation is underestimation? 

• few cases of genuine evo divergence … (e.g. new 
paralog in human involved in a new complex, human 
PCBP1 & yeast XAB2) 

• flexibility resides in duplications  cf. inparalogs 



• “Our data support models of protein network evolution that are 
driven by the acquisition or loss of protein complex members rather 
than rewiring of existing components (van Dam and Snel, 
2008 and Yamada and Bork, 2009).” 

http://www.sciencedirect.com/science/article/pii/S0092867411010804
http://www.sciencedirect.com/science/article/pii/S0092867411010804
http://www.sciencedirect.com/science/article/pii/S0092867411010804
http://www.sciencedirect.com/science/article/pii/S0092867411010804
http://www.sciencedirect.com/science/article/pii/S0092867411010804


Summarizing conclusions Summarizing conclusions 

• Most interactions are not conserved because of 
acquisition / loss subunits but if two proteins are present 
they tend to interact 

• Despite issues, >> 10% previously implied 

• Function prediction from model organism to man is 
justified w.r.t. co-complex membership 

• Differences  between species reside perhaps more in 
genome evolution 

• Genome and network evolution are tightly connected 
and should not be studied independently (e.g. the simple 
distinction between loss/gain of interaction  with existing 
protein vs loss/gain of interactor.) 

 

 



1-to-1 human-yeast orthologs have conserved 
ancestral subcellular localization.  
Gene duplication relaxes this constraint  
•Quite some intra-mitochondrial duplications 
•And inter-compartmental duplications create novel 
mitochondrial localization of the protein encoded by 
one of the daughter genes 
 

Another aspect of function: Another aspect of function: subcellularsubcellular  localizationlocalization  



1-to-1 human-yeast orthologs have conserved 
ancestral subcellular localization 

1-to-1 human-yeast orthologs have conserved 
ancestral subcellular localization 

• Use high quality data in localization: experimental 
identification, bioinformatics analysis, and literature 
curation 

 

• “Of 143 one-to-one orthologous pairs localized to 
mitochondria in either of the two species, we find 
that 124 proteins (87%) are found in this organelle in 
both species and only 19 proteins localize to 
mitochondria in one species, but not the other” 



intraintra--mitochondrial mitochondrial duplications are most frequent duplications are most frequent 
& gain of mitochondrial localization after gene & gain of mitochondrial localization after gene 

duplicationduplication  

Y1Y1  Y1Y1  H1H1  H1H1  
H1’H1’  H1’H1’  



“Parallel evolution” “Parallel evolution” 

 



“Parallel evolution through rapid parallel loss” 





Table S3. 

Network Type 
TF 
 
 

Edge change from Edge Gain 
Edge change from Edge Loss 
Edge change from Node Gain 
Edge change from Node Loss 
 

80 
80 
12733 
76543 
 

S. cerevisiae, 
 S. bayanus 

26 
53 
60 
306 
 

D. melanogaster,  
S. cerevisiae 

! 



Other interactions / HTP dataOther interactions / HTP data  

3. 
Measuring the evolutionary rewiring of biological networks. 
Shou C, Bhardwaj N, Lam HY, Yan KK, Kim PM, Snyder M, Gerstein MB. 
PLoS Comput Biol. 2011 Jan 6;7(1):e1001050.  
 

http://www.ncbi.nlm.nih.gov/pubmed/21253555


Genetic interactionsGenetic interactions  

40 



Negative / syntetic lethal / aggravating 
Positive / buffering / alleviating 

http://www.sciencedirect.com/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B6WSN-505NY7P-3&_image=B6WSN-505NY7P-3-5&_ba=&_fmt=full&_orig=na&_pii=S0092867410005556&view=full&_isHiQual=Y&_acct=C000021878&_version=1&_urlVersion=0&_userid=457046&md5=933c70d3dc4d6c58f750c74657ab2747


“generate 774,309 double mutants “ 
 
 
But … 
 
“Our Sp map identified > 700 high-confidence gene-to-
gene correlations indicative of genes with related 
functions” 



Genetic interaction correlations Genetic interaction correlations 



We present a genetic interaction map of pairwise measures 
including ∼40% of nonessential S. pombe genes. By comparing 
interaction maps for fission and budding yeast, we confirmed 
widespread conservation of genetic relationships within and 
between complexes and pathways. 



Duplication as cause of divergence  in genetic 
relationships 

Duplication as cause of divergence  in genetic 
relationships 

• in Sp only GOLD-domain 
proteins of COP-II coat 
components (SPAC17A5.08 
and SPBC16E9.09). In Sc, 
there three homologs of 
SPAC17A5.08 (ERP2, ERP3, 
and ERP4) and two homologs 
of SPBC16E9.09 (ERP5 and 
ERP6). SPAC17A5.08 and 
SPBC16E9.09 share virtually 
all of the same interactions in 
Sp, whereas none of the 
pairwise comparisons of 
ERP2/3/4 versus ERP5/6 
profiles shared significant 
overlap in Sc 
 



an important subset 
of orthologous 
complexes that have 
undergone functional 
“repurposing”: the 
evolution of divergent 
functions and 
partnerships 
 



Example ESCRT Example ESCRT 

• the endosomal sorting complex required for 
transport (ESCRT) genes in endosomal maturation 

• Also a role in cytokinesis in pombe (and animals) but 
not in cerevisiae 

• Extensive experimental validation 

• ? Loss of function in yeast 

• ? Different behavior for intra complex vs inter-
complex interactions in evolution? 

 



Lower amino acid similarity did not 
correlate with repurposing (Figure 
2D, left), but lower percentage 
coverage (i.e., additional motifs or 
domains present in only one of the 
orthologs) did correlate with 
apparent repurposing  



Fate after gene duplication Fate after gene duplication 

• Most duplications are thought to be deleterious (like 
most mutations). Hence theories (A) on why they 
stay (are neutral/selected) on short time scale vs (B) 
how they evolve and are “used” on longer time scale. 
We focus on B 

• Dosage 

• Redundancy 

• Subfunctionalization 

• Neofunctionalization 

• (pseudogenization) 

 

The evolution of gene duplications: classifying and 
distinguishing between models. 
Innan H, Kondrashov F. 
Nat Rev Genet. 2010 Feb;11(2):97-108 
 

http://www.ncbi.nlm.nih.gov/pubmed/20051986
http://www.ncbi.nlm.nih.gov/pubmed/20051986


subfunctionalization: example in terms of 
protein complexes (=GO cellular component) 

subfunctionalization: example in terms of 
protein complexes (=GO cellular component) 



neofunctionalization: example in terms of 
protein complexes (=GO cellular component) 

neofunctionalization: example in terms of 
protein complexes (=GO cellular component) 



Sub Sub vsvs  neo in regulatory contextneo in regulatory context  

OLD VIEW 

NEW VIEW 

Moore and  Purugganan 2005 
b 



Three rounds (1R/2R/3R) of genome duplications and the 
evolution of the glycolytic pathway in vertebrates. 
Steinke D, Hoegg S, Brinkmann H, Meyer A. 
BMC Biol. 2006 Jun 6;4:16. 

http://www.ncbi.nlm.nih.gov/pubmed/16756667
http://www.ncbi.nlm.nih.gov/pubmed/16756667
http://www.ncbi.nlm.nih.gov/pubmed/16756667
http://www.ncbi.nlm.nih.gov/pubmed/16756667
http://www.ncbi.nlm.nih.gov/pubmed/16756667


Pseudogenization vs neofunctionalization vs 
“marginalization”, eg. CDC20B 

Pseudogenization vs neofunctionalization vs 
“marginalization”, eg. CDC20B 

CDC20 
CDC20B 



Does retaining the ancestral “role” correlate with speed of 
sequence evolution: yes but a substantial minority is 

inconsistent 

Does retaining the ancestral “role” correlate with speed of 
sequence evolution: yes but a substantial minority is 

inconsistent 

386 386 220 220 



Why inconsistencies? Why inconsistencies? 
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Sequence identity between Sequence identity between inparalogsinparalogs  (%)(%)  

ConsistentConsistent  

InconsistentInconsistent  

Not because of chance due to lack of divergence time Not because of chance due to lack of divergence time   



Why do observe inconsistencies? Why do observe inconsistencies? 

Similar sequence divergence of Similar sequence divergence of 
inparalogsinparalogs  relative to their singlerelative to their single--
orthologortholog, molecular function similar?, molecular function similar?  
  

Any inconsistencies are then a chance Any inconsistencies are then a chance 
outcome: both duplicates have diverged, outcome: both duplicates have diverged, 
but at (roughly) the same evolutionary but at (roughly) the same evolutionary 
speed (most amino acids substitutions speed (most amino acids substitutions 
are only been subject to purifying are only been subject to purifying 
selection and not to adaptive selection) selection and not to adaptive selection)   



Fate of Duplicate Genes in Protein ComplexesFate of Duplicate Genes in Protein Complexes  

• Paralogs 

• WGD + SSD, ~40% of yeast genes 

• SSD 

• mostly ancient (older than WGD) 

• 500 pairs 

• Complexes:  
GO 

curated 
HTP 

computational 

Modules 232 536 

Proteins 1473 2177 



ARG81 ARG81 

MCM1 MCM1 ARG80 ARG80 

ARG82 ARG82 

DID4 DID4 

SNF7 SNF7 VPS24 VPS24 

CSC1 CSC1 

WGD SSD 

Intra-complex 216  46 (P < 10-3)  
Bi-complex 62 
Overhangs 58 



http://www.biomedcentral.com/1471-2148/8/337/figure/F1


Intra-complex 

• Dominating fate of paralogs (~40x 
enrichment) 

• But there’s more to it: 
• mRNA dosage (cRP, co-expr ~1) 

• interacting homologs (co-expr ~0.4) 

• module variants (co-expr ~0.2) 

• Also can be seen 

• from mass-spec data 

*) Pereira-Leal et al., 2007 



PreyPrey--prey prey vsvs  baitbait--preyprey  



Module variants 

• WGD, redundant (non-lethal) 

• complementary pattern of growth rates 

Data from Steinmetz et al., 2002 



Module variants 

• re-use of a complex  

• additional functions, environments it 
can operate 

Dosage 
 

110 

Interacting homologs 
 

24 

Module variants 54 

*) de Lichtenberg, 2005 



Relation to KO data  Relation to KO data  

Type of intra-complex paralogs and viability of single-gene knockouts in rich 
medium. 
Intra-complex duplication type 
 

Fraction essential 
 

Interacting homologs 
 

50% (12/24) 
 

Module variants 
 

19% (10/54) 
 

Average* 
 

32% (71/225) 
 

*) calculated among all paralogs involved in modules. 



Examplex of whole-complex 
duplication 

 

http://www.biomedcentral.com/1471-2148/8/337/figure/F4


shared subunits / bi-
complex  

• When homologs participate in different modules 

• underrepresented, only 20% are WGD paralogs 

• BUT: aren’t module variants also bi-complex in a 
sense? -> zipper model of protein evolution 

DPB3 

DLS1 

DPB3 

DLS1 

POL2 POL2 

DPB4 DPB4 

DPB2 DPB2 

ITC1 ITC1 
ISW2 ISW2 

DLS1 DLS1 

POL2 POL2 

DPB4 DPB4 

DPB2 DPB2 

ITC1 ITC1 
ISW2 ISW2 

DPB3 DPB3 

or 

subfunctio
nalization 

neofunctio
nalization epsilon DNA Polymerase and CHRAC complex 



  



cerevisiae pombe 

http://genomebiology.com/2008/9/11/R167/figure/F3
http://genomebiology.com/2008/9/11/R167/figure/F4?highres=y
http://genomebiology.com/2008/9/11/R167/figure/F2


ProteinProtein--complex alignmentcomplex alignment  



http://genomebiology.com/2008/9/11/R167/figure/F6?highres=y






Dynamic conservation Dynamic conservation 

 

• “We found that although the gene expression 
patterns characterizing the response to drugs were 
remarkably conserved between the two species, part 
of the underlying regulatory networks differed.” 



Evolution of phosphorylation Evolution of phosphorylation 

 



• position of most phosphorylation sites is not 
conserved in evolution; instead, clusters of sites shift 
position in rapidly evolving disordered regions.  

• the regulation of protein function by 
phosphorylation often depends on simple 
nonspecific mechanisms that disrupt or enhance 
protein-protein interactions.  



“dynamic conservation” “dynamic conservation” 

• Function / output is conserved but exact wiring / 
positions is not 

 

• Also implied to play a large role in evolution of 
transcription factor binding sites. 



Regulatory relations seem to  evolve faster Regulatory relations seem to  evolve faster 

• E.g. Phosphorylation (phosphoproteomics), 
expression (rna-seq, microarray), tf-binding (Chip-
seq, chip-chip) 

 

• Is all the binding / expression / modification 
functional?: likely not;  

• does that completely explain the fast evolution?; 
likely not all. Also “dynamic conservation” and 
genuine changes. Can we accuratedly distinguish  
this, not so easily yet, “Similar signals”. 

 



General considerations General considerations 

• All HTP measure of function and definition of 
function come with a big set of issues 

• Genome evolution (gene gain, gene loss, duplication) 
do shape the network to a very large extent 

• Conservation at one level while flexible (neutral) at 
another level 

 


