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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)




Protein Divergence Rates - Historical background

Dickerson 1971 Dayhoff 1978
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Protein Divergence - Recent Studies

P

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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Method::conservation score

_ BLASTscore _Ortholog
BLASTscore _itself

Conservation Score (CS) orthologs CS

Definition of orthologues: ENSEMBL-Compara ML phylogeny
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Methods::four measures
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What are the general patterns across
different types of genes?

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

T -~ the Gene Ontology

o
[ ie=—a

e Molecular function AND biological process




Some functional classification databases for human

Name Description URL

*GO Gene Ontology http://www.geneontology.org

*Panther Protein ANalysis THrough Evolutionary http://www.pantherdb.org
Relationships

*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/ke

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

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
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Distributions of Conservation Scores
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FRED: Functional categories and their Relative Evolutionary Divergence
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Distributions of Conservation Scores
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Molecular function
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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



Transcription Factors
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Modularity
Functional redundancy
Feedback-control systems.

Kitano H. Biological robustness.

Nat Rev Genet. 2004 Nov;5(11):826-37.
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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.

interfaces (weak linkage)

The architectural framework of evolvable systems
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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”
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DBD: Transcription factor prediction database

Version 1.2 o

[ Home _ _Search | _About |

Saccharomyces cerevisiae

Taxonomy: Eukaryota; Fungi; Ascomycota; Saccharomycotina; Saccharomycetes; Saccharomycetales; Saccharomycetaceae;Saccharomyces

(Next 50)

Sequence ID

YOR156C

YDR408W

YMRO0O3W

(Next 3)

genome DB
sC SF
sC PF
sC SF
sc PF
sc SF
sc PF

source (downloaded: 2003-03-19)

Page:12345

Domain architecture

| 57850

Page:12345

Authors: Sarah K. Kummerfeld and Sarah A. Teichmann

www.transcriptionfactor.org

Kummerfeld & Teichmann (2006) Nucleic Acids Res 34, D74-81.
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Transcription factors - developmental vs other

developmental _TFs
transcription factors DBD

catalytic activity

vertebrates invertebrates
. | .
mammals bony fish
|
v £
E 2 s 8 © & £ ¢ 5 € E & E =5 &
= U foral = U = 0 = — 0 << () J W




Proc. Nad, Acad. Sci. U754
Vol 95, pp. B420-8427, July 1998

Perspective

Evolvability
Marc Kirschner™' and John Gerhart

*epartment af Cell Biology, Harvard Medical School, Boston, MA 02115, and Department of Meal

CA 947

Contributed by John C. Gerhare, April 7, 1998

ABSTRACT Evolvability is an organism’s capacity to

generate heritable phenotypic variation. Metazoan evolution
is marked by great morphological and physiological diversi-
fication, although the core genetic, cell biological, and devel-

opmental processes are largely conserved. Metazoan diversi-

fication has entailed the evolution of various regulatory
processes controlling the time, place, and conditions of use of

the conserved core processes. These regulatory processes, and

certain of the core processes, have special properties relevant
to evolutionary change. The properties of versatile protein
elements, weak linkage, compartmentation, redundancy, and
exploratory behavior reduce the interdependence of compo-
nents and confer robustness and flexibility on processes
during embryonic development and in adult physiology. They
also confer evolvability on the organism by reducing con-
straints on change and allowing the accumulation of nonlethal
variation. Evolvability may have been generally selected in the
course of selection for robust, flexible processes suitable for
complex development and physiology and specifically selected
in lineages undergoing repeated radiations.

Evolvabili odels by
several au confirm
in principl _ <) tion can
affect the NG RESOLVING DARWINGS DILEMama Olvability
at the mo ~cd with the

conviction that it is more clearly demonstrable at these levels
than at the level of morphology.

It is difficult to evaluate how the particular characteristics of
cellular, developmental, and physiclogical mechanisms affect
the quantity and quality of phenotypic variation after genetic
change and hence affect ewvolvability. To understand the
consequence of mutation for a protein’s activity, one needs to
understand the interactions of that protein with many other
cell components. A current view is that conserved core pro-
cesses constrain phenotypic variation, acting as a barrier to
evolution (4, 6). Many core processes are conserved through-
out metazoa (e.g., many signaling pathways and genetic reg-
ulatory circuits), others throughout eukaryotes (e.g., the cy-
toskeleton and cdk/cyclin-based cell cycle, and yet others
throughout all lite forms (e.g., metabolism and replication). It
is natural to assume that highly conserved mechanisms are

——lee B _fa
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Summary | - FRED

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

e Rapid sequence divergence of other TFs,
receptors, signal transducers, stress and
Immune response




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)




Possible scenarios of divergence/diversity at a base:

Y A
mammals

High d|ver5|ty and hlgh divergence High diversity and low divergence

Weak negative selection Human-specific positive selection

4(\ A

Low diversity and high divergence Low diversity and Low divergence

Human specific fixation Strong negative selgcgtion




Methods for identifying selection | -
dN/dS

e Ratio of honsynonymous to
synonymous substitution rates

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

o Immunity, reproduction, olfactory genes




Methods for identifying selection Il

e McDonald - Kreitman test: compares nonsynonymous
to synonymous mutation rate distributions

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

e 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).
e Japanese population from Tokyo (JP)

=>Allele frequencies for each SNP in all four

1 2 "




BaseDiver: Comparing Divergence and Diversity at each
Base

Human ACGTAGAGI T 'ACCACATG
Chimp ACCTAGAGI T ACCACCTG
Macaca ACCTAGAGI T 'GCGACCTG
chimp Mouse AGCT- - -GI T 'ACGACATG
human Rat ACTTAGAG] G 'GCGACCTG
Dog ACTTAGAGC C'ACGACCTG
Cow ACATAGAG(C!'- - -ACATG
Oppos=sum ACGT---GCC' ACCACATG

cDNA-level alignment

Diversity: extent of deviation in human population Divergence: mutation rate in mammals at a
from the ancestral base (Derived allele frequency: DAF) base position (GERP score; Cooper et al. 2005)

Low Intermediate  High Low Intermediate  High
0 1 - 0 +
—ﬂ —ﬂ




Methods for identifying selection -
BaseDiver

~100Myr  4-10Myr «——

Nielsen et al (PLoS Biology, 2005) Voight et al (PLoS Biology, 2006)
and Bustamante et al (Nature, 2005).

BaseDiver: variation within humans and across mammals




Measure of divergence at each base position A\

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

Human ACGTAGAG CCACATG
Chimp ACCTAGAG CCACCTG
Macaca ACCTAGAG CGACCTG
Mouse AGCT---G CGACATG
Rat ACTTAGAG CGACCTG
Dog ACTTAGAG CGACCTG
Cow ACATAGAG --ACATG
OppossumACGT---G CCACATG

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) ,;K\

G

protein

procein JIL L UL T TTTT

TA7E£

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 O to 1.

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




Diversity and Divergence: genome-wide frequency
distribution of SNPs

.3

DAF —

/’é\ ~4% SNPs have high
diversity and low divergence

~20% SNPs have low diversity
and high divergence

0
(-2,-1)
(-1,1)

< GERP




Assessing modes of selection

Absolute proportion
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for the whole genome
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1. Significant difference
between functional category and
genome-wide distributions?




Four possible modes of
selection

AN

High tii_'urersi‘cyr Low diversity and
and low divergence diversitylow divergence

Positive Strong negative
selection 0 selection

Diversity Divergence

: g

mammals

Low diversity and High diversity and
high divergence high divergence

Human specific Weak negative
fixation selection




Signatures of selection on different functional categories

_me LES

i) Transcription Positive selection

i)y Transcription factors DBD

iii) Transcription factor activity

iv) Transcription, DNA-dependent

v) Regulation of transcription, DNA dependent

vi) Regulation of nuclecbase, nucleoside,
nuclectide and nucleic acid metabolism

i) Perception of smell

—4{\

Weak negative selection

Strong negative selection
i) Hydrolase activity

i) Response to pest, pathogen or parasite
ii} Positive Regulation of cellular
physiological process
iii} Response to external biotic stimulus
iv) Response to biotic stimulus
v} Response to wounding
vi) Inflammatory response
vii) Response to stress

viii) Defense response
ix) Immune response

Blstableselectlcn




Signatures of selection on different functional categories

A

Transcription, DNA dependent
Human-specific
positive selection

——

Hydrolase activity

Strong negative
selection

Diversity

«— Divergenc

-

-”{\ _1\4{\

Perception of smell

Weak negative
selection

Response to pest,
parasite or pathogen

Bistable selection




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

CHROMOSOME 3

=

dN/dS = 3/3 =1
Situated near HAR-10 (Chr 3:p26.3)
(Pollard et al, Nature, 2006)

Repressor expressed early in
‘PCCA development. Targets are unknown.

= ‘EHHADH

3




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?
Of categories conserved in protein sequence: A\
Strong negative Catalytic activity, catabolism, hydrolase act

selection:

Of divergent categories:

A\

Transcriptional regulation /&

Odorant receptors
Weak negative selection:

Positive selection:
Stress response, immune response

AN AN

Bistable selection:




Summary | - FRED

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

e Rapid sequence divergence of other TFs,
receptors, signal transducers, stress and
Immune response




Summary Il - BaseDiver

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

A

e Transcription factors under positive selection in
human lineage

e Stress response and immune response urdé\ /’K\
bistable selection
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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.
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One N-Syn SNP in DNA-binding residue.

Additional zinc finger domain in primates.

High LD value in Asian and
European population showing
very recent selection (Voight
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Putative TF expressed in

CD4+ cells but

downstream targets are
unknown (Gomes et al,

Blood, 2002)




