
3/18/19

1

Orthologs conserve function and paralogs change
function

• Introduction
– what is function: “aspects of function” (what do you mean function, why does it happen)
– Orthology conjencture

• Evolution (change) of function after gene duplication
– Subfunctionalization
– Neofunctionalization 

• Orthologs tend to generally conserve function
– Phylogenetic profiles
– Comparative interactomics

• Conserved interaction not always means conservation of “mode” of interaction (neutrality/variation within 
conservation)

– Evolution of subcellular localization

Evolution of function
• Both this lecture and the lecture on “Phylogenetic profiles exceptions 

and evolution of regulation” deal with evolution of function. 

• When / how do functions of proteins evolve  (change) their function. 
My too simplistic summary: genes change some aspect of function 
after duplication and much less aspects of function after speciation.

• But also specify what you mean by function
– “aspects of function” (what do you mean function, why does it happen)

• Molecular function (homology), Module (pathway/complex), Expression regulation,
• e.g. two proteins maintain their interaction but the interaction surface by which 

they interact evolves

“the orthology conjecture”

• Function is “the same” for orthologs and different for 
“paralogs”

• … it is not just “time” (i.e. outparalogs vs orthologs)
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What happens after gene duplicaton?

• Gene Loss
• Subfunctionalization, e.g. Duplication Degeneration 

Complementation (DDC) modelions
– One ancestral protein specializes into subfunctions
– Initially “neutral”

• Neofunctionalization, 
– One paralog is free to evolve a “new function”
– adaptive

subfunctionalization: example in terms of protein 
complexes 1 (and ancestral multifunctional protein)

Duplication Degeneration Complementation: https://www.ncbi.nlm.nih.gov/pubmed/10101175

neofunctionalization: example in terms of protein 
complexes

Subfunctionalization vs neofunctionalization in a 
transcriptional regulation context

OLD VIEW

NEW VIEW

Moore and  Purugganan 2005
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9 independent 
duplications.
7 cases where a mad3-
like and a bub1-like 
protein arose out of a 
bubmad-like ancestor. 

b
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Recurrent (convergent/parallel) evolution in 
molecular systems!
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What about the 
kinase domain 
in human (and 
fly)
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What about the kinase domain in human bubr1?

degeneration of 
motifs essential  for 
catalysis

Further experiments showed vertebrates are not exception. The kinase 
domain of BubR1 lacks enzymatic activity.

“This explained the field’s inability to identify substrates of BubR1, and 
dispelled a leading theory of SAC silencing based on inactivation of 
BubR1 after kinetochore-microtubule attachment.”
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9 independent
duplications.
8 cases where a bub1-like 
protein and a protein 
without a (functional) 
kinase arose: mad3, bubr1 

b
Animalia

Fungi

Archaeplastida

Stramenopiles

Excavata

Amoebozoa

Choanoflagellida

Gene duplication

Present
Absent

Protein topology

KEN
KINASE

TPR

D. discoideum

M. pusilla

P. infestans

N. gruberi

N. gruberi

A. thaliana

A. thaliana (BUBR1)

A. thaliana

C. neoformans

S. pombe (Mad3)

S. pombe (Bub1)

N. crassa

S. cerevisiae (Mad3p)

S. cerevisiae (Bub1p)

L. bicolor

L. bicolor

A. gossypii

H. sapiens (BUBR1)

H. sapiens (BUB1)

C. intestinalis

D. melanogaster (BubR1)

D. melanogaster (Bub1)

C. elegans (SAN-1)

C. elegans (BUB-1)

M. brevicollis

A. mellifera

B. dendrobatidis

P. blakesleeanus

P. blakesleeanus

DisruptionSuijkerbuijk et al., Snel and Kops Dev Cell 2012

Extreme case of subfunctionalization as 
sublocalization: the rootlet 

https://elifesciences.org/articles/17557
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Subfunctionalization in space

Ancestor, green algae & other ciliates

Paramecium

ro
ot

le
t
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“Paralog switching is a widespread mechanism that modulates protein 
complex composition” Subfunctionalization in time/condition

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-016-0912-5

Paralog switching



3/18/19

8

subfunctionalization: example in terms of protein 
complexes 2 Example NurRD

PHYLOGENETIC PROFILES OF ORTHOLOGS
presence/absence patterns, (co-)occurrence, phyletic patterns

Phylogenetic profiles allow us to see co-evolving 
modules

• Phylogenetic profile= 
Presence and absence of 
genes (orthologs) across 
species
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Co-occurrence of genes across genomes as prediction 
for interaction / association

• i.e. two genes have the 
same presence/ absence 
pattern over multiple 
genomes:

•AKA phylogenetic profiles

•NB complete genomes 
absence -> needed for 
absence

•Correction for 
phylogenetic signal needed  
→ events

b

Predicting function of a disease gene protein with 
unknown function, frataxin, using co-occurrence of 

genes across genomes / phylogenetic profiles

• Friedreich’s ataxia
• No (homolog with) known function

Predicting function of a disease gene protein with unknown function, 
frataxin, using co-occurrence of genes across genomes

• Friedreich’s ataxia
• No (homolog with) 

known function

Frataxin has co-evolved with hscA and hscB indicating 
that it plays a role in iron-sulfur cluster assembly

Iron-Sulfur (2Fe-2S) cluster in the Rieske protein
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Prediction:

~Confirmation:

The fact that phylogenetic profiles also work in 
eukaryotes shows that independent gene loss is not 

random

Presence-absence 
matrix of kinetochore 

proteins:
recurrent/independent 

loss of ancestral 
kinetochore proteins
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t-SNE Projection of matrix: Recurrent loss is not 
random: co-loss, dispensability of (sub-)complexes

Which cellular systems have similar phylogenetic 
profiles? (co-evolve?)

The happy families

What can we learn about the evolution of 
function from understanding phylogenetic 

profiles of basal cellular processes?
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Occurrence of similar phylogenetic profiles: evolution of function (vs
conservation?)

• It seems as if for these systems, e.g. flagellar proteins, their function 
and interactions are largely conserved: “orthology conjecture holds”

• Some lineages lost need for it, or were in fact more fit without it. 
Evolution by loss. No evolutionary change in “function”. Conservation.

COG0021
COG0213
COG2820

ribose phosphate metabolism (not cohesive at all)

COG0707
COG0769
COG0770
COG0771
COG0773
COG0796
COG0812
COG1181

peptidoglycan biosynthesis pathway (highly cohesiveness, far from perfect)

NB (for later) Not all functional modules are perfectly co-evolving; 
limited cohesiveness; / disrupted co-evolution / discordant 
phylogenetic profiles

Why?What is going on with the function of these genes? (“orthology conjencture”?)

comparative genomics of high throughput data 
between species and evolution of function
• Evolution of function
• Orthology conjecture
– for what aspects of function 

from model organism to e.g. 
human is orthology equals 
function “true”

• 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 / conservation

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

B

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

TP
FN
FP
TN

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

?

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
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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 … ?
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 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
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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-MS

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)

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

• Some 2h but even worse than yeast 2h
• new HTP data: 
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??

Orthology: complication

Duplication

Speciation

Y1 H1 H2Y2Y1.1

?

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

Y1 Y1.1H1

BBH only (inparanoid’s main ortholog)

Duplication

Speciation

H1
Y1

H2
Y
2

H1.1

What can happen to an interaction in 
evolution

??
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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 
tends 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, IP-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 H1 Y1
Y1.1

H
2

Y2

H1 Y1
Y1.1

H2 Y2

• Some conserved interactions are missed when taking the 
sequence-wise most similar ortholog cf. Notebaart2005 /  
Ideker 2006: i.e. limits of Bidirectional Best Hits
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Different results of orthologies

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 lower

H1
Y1

H1.1… inparalogs

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).”

Summarizing conclusions
• Most interactions are not conserved because of acquisition / loss 

subunits but if two proteins are present they tend to interact 
(supports orthology conjencture)

• 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 than in new stable protein-protein interactions … 
• 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.)

• However also non-co-occurring proteins!  

http://www.sciencedirect.com/science/article/pii/S0092867411010804
http://www.sciencedirect.com/science/article/pii/S0092867411010804
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Conservation of interaction does not always mean conservation of interaction 
mode/surface (i.e. change & evolution) (also relevant for literature discussion paper) 

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: 
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”

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

Y1 H1
H1’
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“Parallel evolution”

“Parallel evolution through rapid parallel loss”


