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I’m going to talk today about Degree Conservation in Protein Interaction Networks



Motivation
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We often have experimentally-derived knowledge about a particular system, process or drug target in one species and we would like to be able to take that knowledge and apply it to another organism. For example we may want to derive the analogous drug target in human, or understand how a particular disease affects human cells given some systems level knowledge in a model organism.



Motivation

• Network Modules not well conserved
(Wang & Zhang, 2007), (Babu,2004)

• Interologs observed less often 
than expected

• But we predict the conservation of 
functionally important interactions / 
motifs
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Some difficulties arise however if we attempt to do this. For example, we know that biological networks are highly modular, however several studies have revealed that despite the expectation that network modules should be well conserved, they in fact are not conserved any better than expected by chance.
Even more unexpected is the low rate of observation of conserved pairwise protein interactions (or interologs).
But we expect conservation of functionally important interactions / motifs, otherwise what is their selective advantage in the first place?



Outline

• Degree Conservation of Hubs

• Hub Interactions Conserved

• Once a Hub, Always a Hub
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In order to shed some light on these questions and observations, here is the outline of my talk today. I’ll start off by defining what we mean by degree conservation and try to convince you that hubs are degree conserved. I’ll go on to show that not only is a hub’s degree conserved, but its individual interactions are preferentially conserved. And finally I’ll propose one possible evolutionary model that would account for these observed phenomena, which we call the Once a hub … hypothesis



Focus on Hubs

Protein interaction networks 
are Scale-free

Hubs  increased functional 
importance
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In this discussion I’ll be focusing on network hubs, specifically hubs in the protein-protein interaction network. We know some number of hubs exist since PPI networks are Scale Free. And we focus on them precisely because we know from previous studies that they show a higher functional importance than non-hubs and therefore we expect them to provide a candidate case in which to test for conservation.



Hubs: Degree Conservation

Hypothesis:  

(Functionally important) hubs will be hubs 
in multiple species.

We call this “degree conservation.”  



Experimental Data
• All protein-protein interaction data from:

S. cerevisiae, C. elegans, D. melanogaster, H. sapiens

Sources:
• IntAct
• MINT
• BioGRID

Data are noisy
 removed inconsistent data (Chiang ’07)

Data are incomplete
...
Use a (percentile) rank to compare 
degrees across species.

hubt(p): rank(p) > t
 

DEFINE: 
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We analyzed protein-protein interaction network data from these three databases in 4 species: yeast, worm, fly and human. These data are of course quite noisy so we removed inconsistent data using a straight-forward method due to Chiang in 2007. And the data are also incomplete, so we have to be mindful of this when formulating hypotheses and drawing conclusions from the data. Since the degree distributions in each of the four species are not identical, degrees are not directly comparable between species. To address this issue we use a percentile rank within each species and compare these ranks instead of the raw degrees. We also make the following straight-forward definition: a protein p is a hub at threshold t if p’s rank is greater than t.



Having an Orthologous Hub 
Increases Hub Likelihood

P(t) = Pr{ hubt(p) | p has orthologous hub (at t)}
I(t) = Pr{ hubt(p) | p has an ortholog }

KS-Test p<10-6

t∈(0.5,0.99)

Fold-Change(t) = P(t) / I(t)

Top 12% hubs 
show >1.5 FC
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So, we wanted to see what effect, if any, having an orthologous hub has on the degree-rank of a given protein. To do this we calculated two probabilites, P(t) and I(t), both as a function of the hub threshold, t.  So, if p is some given proband protein, then Let I(t) be the probability that p is a hub given that it has an ortholog. Let P(t) be the probability that p is a hub given that it has a hub ortholog. We compare P with I using a one-sided KS-test and find that P is significantly greater than I on the interval indicated. So, as this analysis shows, knowing that a protein has an orthologous hub provides us with a certain level of positive predictive power that the protein itself will be a hub. The graph of the right quantifies this by simply taking the ratio of probabilities P to I and shows that for the top 12% of hubs, P is at least 1.5-fold greater than I. The top 7% of hubs show a 2-fold greater chance of being a hub. From the fold-change graph we can clearly see that the magnitude of the effect increases as we consider higher degree proteins as hubs.



Four-Species Degree Conservation

KS-Test: p<10-6

on (0.66,0.95)

P(t): Observed Posterior
I(t):  Informed Expectation | H0

U(t): Uninformed Expectation | H0

[ P > I ] for top ~33% proteins

H0 : Degree is NOT conserved  
by orthology
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We were also interested in groups of orthologs that exist across all four species. We wanted to know if these highly sequence-conserved proteins showed a similar level of degree-conservation. We analyzed the degree-ranks of all such ortholog 4-groups, and compared the level of degree-conservation across all four species against a null-model H0 which is the level we would expect if degree is NOT conserved by orthology. Once again we used a one-sided KS-test to compare the observed posterior probability of degree conservation (P) to an informed expectation given the null hypothesis (I) and found (once again) that P was significantly greater than expected by chance, this time on an interval that was more specific to hubs, being the top 1/3 of proteins ranked by degree.



Which Hubs are 
Degree-Conserved?

• Yeast vs. Other
– Metabolism
– Ribosomal
– Structural
– Cell Cycle
– DNA repair
– Splicing

• Human vs. Fly
– Differentiation
– Development
– Signal Transduction

• p53, Wnt, ErbB, Notch, 
TGF-β

– Post-translational 
Protein Modification

– Regulation of Kinase 
activity

DAVID (fdr<5%)
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The answer differs slightly depending on which species we consider. If we require degree conservation back to the single celled budding yeast then we observe enrichment for fundamental cellular processes such as primary metabolism, ribosomal and structural protieins as well as cell cycle control, DNA repair and RNA splicing. However if we consider more complex organisms such as human and drosphila we correspondingly find that proteins involved in more complex functions are degree conserved, not just basic processes.



Conservation of Individual 
Hub Interactions

• High Degree conserved

• Are hubs’ interactions 
conserved?

yeast fly

?

orth

orth
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1. From what we have seen we know that a protein’s high degree has a tendency to be conserved. But are hubs’ individual interactions conserved?
2. To test this, we took pairs of species and considered all interactions in one species where both orthologs existed in the other, and asked how often the corresponding interaction occurred.
3. The results showed that high degree proteins do indeed conserve their interactions at a higher rate than low-degree proteins.



Evolution of Hubs
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So we have partially answered the question we started with. We now know that the spoke and wheel motif around a protein interaction hub exhibits preferential conservation. But we often don’t have prior knowledge in just one species, but potentially many species. How can we use this additional information???



Once a Hub, Always a Hub

Ex:   y     w     f      h     

g1    .8   .91  .87  .93
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Well, we can build a phylogenetic tree and hypothesize that once a protein becomes a hub, there might be some selective pressure that acts to ensure it reamins a hub. We call the the Once a hub Always a hub hypothesis. In order to be consistent with this hypothesis, and simultaneuosly consistent with parsimony, a protein must evolve the hub property at at most one point in the phylogenetic tree.



Once a Hub, Always a Hub

Ex:   y     w     f      h     Hub(.85)

g1    .8   .91 .87 .93 0111

0                1          1               1
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We can label each species 0 or 1 indicating whether its ortholog is a hub at the given threshold. For this particular ortholog group, at hub threshold 0.85 the configuration is 0111.



Once a Hub, Always a Hub

Ex:   y     w     f      h     Hub(.85) Hub(.9)

g1    .8   .91  .87 .93 0111 0101

0                1          0               1
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Now if we change the hub threshold to 0.9, the fly ortholog is no longer a hub so the configuration becomes 0101. It turns out that of the 16 possible hub configurations over 4 species 8 are consistent with the once a hub always a hub hypothesis are 8 are inconsistent. 



Once a Hub, Always a Hub

Ex:   y     w     f      h     Hub(.85) Hub(.9)

g1    .8   .91  .87  .93 0111 0101

0                1          0               1
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We can consider all possible ortholog 4-groups for which we have degree data and determine the overall consistency with the hypothesis for all possible values of the hub threhold t. For a hub threshold of around 0.9 or greater we find high consistency with the hypothesis.



Once a Hub, Always a Hub

0 1 ? 11



Hub Conservation Conclusions

• Functional modules around network hubs are likely 
to persist across species.  

• Even when individual interactions are not 
conserved, functional importance of high degree 
proteins persists once evolved.

• These results may help us identify putative 
important hub proteins without complete PPI data.
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