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Questions

• Are there certain groups of proteins with particular functions 
that evolve faster than others?

Nuria Lopez-Bigas (UPF, Barcelona)

• What is the selection pressure on different functional 
categories in the human lineage?

Subhajyoti De (MRC Laboratory of Molecular Biology)
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Protein Divergence Rates - Historical background
Dickerson 1971 Dayhoff 1978



Protein Divergence - Recent Studies

Complete genomes - eg chicken Hillier (2004)

Transcription factors vs target genes - Babu et al. 
2006, Hershberg et al. 2006

Transcription factors are phylum-specific - Peregrin-
Alvarez et al.

Expansion of functional categories with genome size - 
Ranea et al., van Nimwegen (2003), Vogel et al
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Methods::Genomes



Method::conservation score

€ 

CS =
BLASTscore_Ortholog
BLASTscore_ itself

Conservation Score (CS) orthologs

Definition of orthologues: ENSEMBL-Compara ML phylogeny



Methods::four measures



low conservation high conservation



• Human genome - divide genes into 
>300 GO functional categories each with >100 genes

• Molecular function AND biological process

What are the general patterns across 
different types of genes?



Some functional classification databases for human

Name Description URL
*GO Gene Ontology http://www.geneontology.org

*Panther Protein  ANalysis THrough  Evolutionary 

Relationships

http://www.pantherdb.org

*KOGs Functional categories and orthology groups http://www.ncbi.nlm.nih.gov/COG

FunCat Functional Catalog http://mips.gsf.de/projects/funcat

KEGG Kyoto Encyclopedia of Genes and Genomes http://www.genome.jp/kegg

BioCyc Collection of Pathway/Genome Databases http://www.biocyc.org/

EC The Enzyme Commission Classification Scheme http://www.expasy.org/enzyme

REACTOME Curated resource of core pathways and reactions http://www.reactome.org

 

*Used in this work

http://www.geneontology.org
http://www.geneontology.org
http://www.pantherdb.org
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http://www.ncbi.nlm.nih.gov/COG
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Distributions of Conservation Scores



FRED: Functional categories and their Relative Evolutionary Divergence



FRED: Functional categories and their Relative Evolutionary Divergence



Distributions of Conservation Scores



Molecular function
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Biological Process



Controls
• CS for homologs from ENSEMBL-Compara

• Presence/absence of orthologues and homologues 

• CS for orthologues with same expression breadth 
across human tissue types 

• KOGs functional classification

• CS for orthologues present across eukaryotes from 
KOGS

• Restrict to orthologues with one-to-one orthology



Highly conserved core
 processes and functions

Metabolism

Cell structure

Transport

Physiological processes

Cellular processes

Binding

Development
Transcription Factors

Signal Transducer Activity

Transcription Regulation

Enzyme Regulation

Nucleic Acid Binding

Receptors

Immune response

Response to Stimulus

Regulation of Biological Process

Morphogenesis



Kitano H. Biological robustness.
Nat Rev Genet. 2004 Nov;5(11):826-37. 

Modularity

Functional redundancy

Feedback-control systems.

…

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%2522Kitano+H%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%2522Kitano+H%2522%255BAuthor%255D


Kitano H. Biological robustness.
Nat Rev Genet. 2004 Nov;5(11):826-37. 

The architectural framework of evolvable systems

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%2522Kitano+H%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%2522Kitano+H%2522%255BAuthor%255D


Regulatory Protein Evolution -
The Developmental Biology Viewpoint

Carroll SB (2005) Evolution at Two Levels: On Genes and Form. PLoS Biol 3(7): e245 

“regulatory proteins are the most slowly evolving of all classes of proteins”





www.transcriptionfactor.org
Kummerfeld & Teichmann (2006) Nucleic Acids Res 34, D74-81.

http://www.transcriptionfactor.org/
http://www.transcriptionfactor.org/


Transcription factors - developmental vs other





Summary I - FRED

• Conserved core of structural and metabolic 
molecules at cell level from human to yeast

• Transcription factors involved in 
development conserved between human 
and other mammals

• Rapid sequence divergence of other TFs, 
receptors, signal transducers, stress and 
immune response  
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Questions

• Are there certain groups of proteins with particular functions 
that evolve faster than others?

Nuria Lopez-Bigas (UPF, Barcelona)

• What is the selection pressure on different functional 
categories in the human lineage?

Subhajyoti De (MRC Laboratory of Molecular Biology)
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High diversity and low divergence

Human-specific positive selection

Low diversity and high divergence
Human specific fixation

Low diversity and Low divergence
Strong negative selection

mammals
High diversity and high divergence

Weak negative selection

humans

h1 h2 h3 h4

Possible scenarios of divergence/diversity at a base:



Methods for identifying selection I - 
dN/dS 

• Ratio of nonsynonymous to 
synonymous substitution rates

• e.g. Nielsen et al (PLoS Biology, 2005) comparing human 
and chimpanzee (4-10 Myrs)

• Immunity, reproduction, olfactory genes



Methods for identifying selection II 
• McDonald - Kreitman test: compares nonsynonymous 

to synonymous mutation rate distributions

• e.g. Bustamante et al (Nature, 2005) resequencing 
genes in human individuals 

• Linkage disequilibrium: recombination rate for a base

•  e.g. Voight et al (PLoS Biology, 2006)- very recent 
evolution



Single Nucleotide Polymorphisms (SNPs) in humans

HapMap Project:

Sequencing genomic positions every 5kb for 270 individuals:

• Han Chinese population from Beijing (CH).
• Japanese population from Tokyo (JP)
• Yoruba population from Ibadan (YRI)
• Caucasian European population from Utah (CEU)

 

YRI

CEU
CH

JP

⇒Allele frequencies for each SNP in all four 
populations



BaseDiver: Comparing Divergence and Diversity at each 
Base



4-10Myr 60,000yrs Today~100Myr
.

Nielsen et al (PLoS Biology, 2005)
and Bustamante et al (Nature, 2005).

Voight et al (PLoS Biology, 2006) 

BaseDiver: variation within humans and across mammals

Methods for identifying selection - 
BaseDiver



Measure of divergence at each base position

GERP score: Cooper et al (Genome Res., 2005) 

Human	

 ACGTAGAGTTTACCACATG
Chimp	

 ACCTAGAGATTACCACCTG
Macaca	

 ACCTAGAGATTGCGACCTG
Mouse	

 AGCT---GATTACGACATG
Rat	

 ACTTAGAGTGTGCGACCTG
Dog	

 ACTTAGAGCCTACGACCTG
Cow	

 ACATAGAGCCT---ACATG
Oppossum	

ACGT---GCCTACCACATG

Calculated using 8 mammalian genomes for all coding 
positions.

Conserved position: GERP score <0
Neutral position:       GERP score ~0
Divergent position:   GERP score >0



Diversity - Derived Allele Frequency (DAF)

chimp

human

protein

protein

cDNA

cDNA G

A/G

The allele present in the chimp genome was considered to be 
the ancestral allele.

The derived allele frequency - DAF - is a measure of diversity
and varies from 0 to 1.

About 8000 SNPs in our human protein data set from HapMap.



Diversity and Divergence: genome-wide frequency 
distribution of SNPs

0                0.33                0.67               1.0
(-2,-1)
(-1,1)

>1

DAF

GE
RP

 

~4% SNPs have high 
diversity and low divergence

~20% SNPs have low diversity 
and high divergence 



Assessing modes of selection

1. Significant difference
between functional category and 
genome-wide distributions?

2. Inferring mode of 
selection from DAF-GERP and 
GERP
distributions



Four possible modes of 
selection
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Signatures of selection on different functional categories

Bistable



Human-specific 
positive selection

Strong negative 
selection

Weak negative 
selection

Bistable selection

Transcription, DNA dependent

Perception of smell
Response to pest, 

parasite or pathogen

Hydrolase activity
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Signatures of selection on different functional categories



HESX1
Development of forebrain, eye, pituitary glands etc. 
Related to de Morsier Syndrome.

DAF = 0.35 in YRI

 GERP score: -1.92
No contact with DNA

Repressor expressed early in 
development. Targets are unknown.

dN/dS = 3/3 =1

Situated near HAR-10 (Chr 3:p26.3)
(Pollard et al, Nature, 2006)



Controls
• Bonferroni correction

• Consistent difference of a functional category 
in 3 out of 4 HapMap populations 

• Use Panther functional classification - 
consistent with GO

• Use only one-to-one orthologues

• Compare to findings of other studies



Summary - Positive or Negative 
Selection?

Catalytic activity, catabolism, hydrolase activity

Odorant receptors 

Transcriptional regulation

Stress response, immune response
 

Strong negative 
selection:  

Weak negative selection:
   
Positive selection:              

Bistable selection:             

Of categories conserved in protein sequence:

Of divergent categories:



Summary I - FRED

• Conserved core of structural and metabolic 
molecules at cell level from human to yeast

• Transcription factors involved in 
development conserved between human 
and other mammals

• Rapid sequence divergence of other TFs, 
receptors, signal transducers, stress and 
immune response  
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Summary II - BaseDiver

• General method applicable to any (SNP) 
sequence data - independent of assumptions of 
neutral model

• Transcription factors under positive selection in 
human lineage

• Stress response and immune response under 
bistable selection



Acknowledgements

• Nuria Lopez-Bigas, UPF, Barcelona

• Subhajyoti De, MRC-LMB, Cambridge



ZNF228 High expression in smooth muscles and 
hematopoietic cells.



ZNF228 High expression in smooth muscles and 
hematopoietic cells.

Diversity ~ (0.5 - 0.75)        Divergence: 
-0.81
One N-Syn SNP in DNA-binding residue.



ZNF228 High expression in smooth muscles and 
hematopoietic cells.

Diversity ~ (0.5 - 0.75)        Divergence: 
-0.81
One N-Syn SNP in DNA-binding residue.

Additional zinc finger domain in primates.



ZNF228 High expression in smooth muscles and 
hematopoietic cells.

Diversity ~ (0.5 - 0.75)        Divergence: 
-0.81
One N-Syn SNP in DNA-binding residue.

High LD value in Asian and 
European population showing 
very recent selection (Voight 
et al, PLoS Biol. 2006) 

Additional zinc finger domain in primates.



ZNF228 High expression in smooth muscles and 
hematopoietic cells.

Diversity ~ (0.5 - 0.75)        Divergence: 
-0.81
One N-Syn SNP in DNA-binding residue.

High LD value in Asian and 
European population showing 
very recent selection (Voight 
et al, PLoS Biol. 2006) 

Putative TF expressed in 
CD4+ cells but 
downstream targets are 
unknown (Gomes et al, 
Blood, 2002) 

Additional zinc finger domain in primates.


