Phylogenomics of Protein Domains

The dawn and diversification of the domain universe:
protein phylogenomics

Protein domains

Each of these defines
an assemblage of
sequence- based
homologous domains.
It often corresponds to
a structural domain

*SEQUENCE
The largest such .TPHRREI)E'X'E)'IESG
?z?g:gg%guzcgomains “STRUCTURE
that can be unified by COMPARISON
unique sequence
features is a superfamily

All these homologs share a
common folding pattern and
arrangement of secondary
structure elements. This defines
an even more distant relationship.
An assemblage of structurally

related homologous domains is a
fold
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Some general principles of protein phylogenomics

eprotein domains show extreme evolutionary reslience,

in sequence and more soin structure

ethis provides for r easonable r econstr uction of the protein-domain

repertoire of the Last Universal Common Ancestor LUCA)

...and far beyond, perhaps all the way back to the RNA world

eprotein domain architectures ar e much lessconserved -

domain shuffling isamajor evolutionary force and
accompaniestheincreasein the

complexity of organisms

*horizontal genetransfer ispervasive in evolution and

contributes even to the evolution of “ essential” systems

eemergence of a new domain isa major event,

but many were “invented” early in the evolution of

eukaryotes; specialization and adaptation of a-helical folds

has been a major mechanism of thisdomain explosion

eprotein-domain issystematically used

during evolution to create new functions

Evolutionary inferences from phyletic distribution

A given domain is present in all . o .

the major lineages of Life: It T
l was present in LUCA . [

Some phyletic patterns are
indicative of adomain being
invented at a particular point
in evolution

«—
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life caan be reconstructed

Greater uniformity in phyletic
patterns is brought about by A more global presence of .
lateral transfer one form of the domain in
contrast to amore limited .
presence of another version:
diredional derivation of one
from the other .
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phyletic patterns .. .
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Chusters ofOrthologous Groups of proteins (COGs) were delineated by comparing protein
sequences encoded m 34 complete genomes, representing 26 major phylogenetic lneages. Each
COG consists of mdividual proteins or groups of paralogs from at least 3 lineages and thus
corresponds to an ancient conserved domain. Proteins from two eukaryotic genomes were
assigned to COGs and can be reached from each mdimdual COG page
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The majority of the proteins in each prokaryote,
but only ~1/3 of yeast proteins belong to COGs -
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MOST OF THE COGs ARE REPRESENTED ONLY IN A SMALL
NUMBER OF CLADES MAJOR ROLE OF HORIZONTAL
AND CLADE-SPECIFIC GENE LOSS
IN EVOLUTION
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EUKARYA ARCHAEA  BACTERIA DNA polymerases, Holliday
junction resolvases, Primases,

Replicative Helicases, Origin
recognition complexes

*The ribosome, and the associated enzymes like
some RNAses (including RnaseHlIl), PseudoU
synthases, RNA methylases, thioU synthases,
Clamp loader ATPase, RecA, RNA polymerases,

AlNife forms translation GTPases, aaTRS, ABC, MinD
ATPases, OSGP like chaperone/protease.

‘ *PCNA, DNA ligases

rRNA and tRNAs

There was a common ancestor of all li fe LUCA - a RNA-centered
(LUCA); the main functions of LUCA organism with a possible
revolved around RNA metabolism and DNA intermediate in
translation; some cellular functions related replication

to DNA had developed but modern DNA

replication appears to be a later innovation

Ribozymes show enzymatic versatility- a
bona fide RNA world must have
preceded LUCA
«Can welook at the ancient domains present in LUCA and discern something about their pre-
LUCA evolution?
«Can wetracevarious points after LUCA in which different folds and superfamilies were
invented?
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DOME (DOMain Evolution): protein classfication database
What should we learn: Functional distribution across evolution, unexpected
connections between domains and ways of navigating the protein world

. . All protein constituent domains
Domain universe
Semndary structure classes

General patterns of structural similarity- e.g. P-loop and
Super-folds NEEIERTTEIDA

4

Folds EES Conserved structures with unique signatures

Sequence Families

Terminal leaves: individual domain
versionsfrom proteins

Glimpsing the ear liest diversification events of the domain universe: the P-loop NTPases
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The P-loop ATPases

Dr. Eugene Koonin, NIH



Phylogenomics of Protein Domains

O NudeicAcid related YyChaperone/Folding <~ Motor T Metabolism

- e
[Dynein)

2109 [eJ1S99UR T-V

3
?
=
Q)
>
°
=
o
17}
©

Looking beyond the HIGH tRNA synthetases

KKI LYPTD- - - - - FSETAEI ALKHVKAFKTLKAEEVI LLHVI DEREI KVEEF ENEL KNKL TEEAKNKVENI KKEL E
APl LFVHR:- - - RDLRLSDNI GLAAARAQ: - - - SAQLI GLFCLDPQ LQSADM - APARVAYL QGCLQEL QQRYQQAG
QSTLVI AEHANDSLAPI TLNTI TAATRL- - - - GGEVSCLVAGT KCDKVAQDLCKVAG
VTLYCGFDPTADSLHI GHLATI LTMRRFQQ- AGHRPI AL VGGATGLI GDPSGKKSERTLNAKETVEAWSAR KEQLGRFLD
KRAI YPGT- - FDPI TNGHI DI VTRATQM - - - FDHVI LAl AASPSKK- - - - - - - - PNFTLEERVALAQQATAHLG
KKVI TYGT- - FDLLHWGH KLLERAKQL - - - - GDYLVVAI STDEFNLQKQ KKAYHSYEHRKLI LETI RY

——) ——) CGED

DVG- - FKVKDI | WG | PHEEI VKI AEDEGVDI | | MGSHGKTNLKEI LLGSVTENVI KKSN
--SRLLLLQG DPQHLI PQLAQQL QAEAVYWNQDI E-
| AKVLVAQHO ELTPLI LATQKQFNYTHI CAGASAF-
FEADGNPAKI KNNYD46LQAYDFLRLYETEGCRLQ GGSDQ- - --WGNI TAGLELI R KTKGRAFGLTI P- LVTK
- - - - LMANFARNQHATVLI RGLRAV- ADFEYEMQLAHWNR  HLMPELESVFLM PSKE
VDEVI PEKN - - WEQKKQDI | DHNI DVFVMEDD- - - - - - - QCEWYLP- RTEG
—) D =) a— —

«~1/2 of the tRNA synthetases are of the HIGH
classand had already emerged in LUCA. Thus
several duplications of the HIGH catalytic
domain had already occurred prior to LUCA

*Earlier analysis had suggested that theaaRS
are the dosest relatives of the HIGH Nucleotidyl
transferases. The KM SK S motif being present
asa separ ate module suggests that the ancestral
tRNA synthetase were derived from a primitive
nucleotidyl transferase of the HIGH class

*Now we @n traceits antecalents even further
to alarger lassof nucleotide-binding proteins
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Beyond the HIGH family: the USPA class of nucleotide binding do mains

,'J/

Probably even before the
(modern-type) protein synthesis
apparatus was in place, two
distinct nucleotide-binding
forms had emerged in the same
fold

‘reverse binding’

-
‘ Photolyase \

/ /‘

] / =Y

Duplicationsin RNA world
with primitive translation Phosphop antothenate

adenylyl transferase
Glycerol cytidylyl
transferase

N\ HIGH motif+
QATRS ‘forward binding’

Duplicationsprior toLUC

At the junction between the protein and RNA worlds: RNAse PH

*RNAse P- S5 domain
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*RNAse PH S5+catalytic domain

RNase P and RNase PH
share S5 domain that is
found in several nucleic acid
binding contexts
RNAse PH has an active
Ribozyme whereas RNAse
PH isentirely aprotein
enzyme
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RNAse PH
~ RNAseP The active site was probably
Active site on ribozyme built on to the protein core with

additional protein motif
A
Protein { j‘
/

™

ribazym

sAncient nucleic-acid-binding domains might have
emerged while ribozymes were still active. Catalytic
activities appeared in these proteins slowly
displacing the ribozymes

Ancient and new families in the prevalent globular folds

Ancient families of the fold derived . L
in LUCA or earlier D More recently derived families

P-loop ATPase Rossnann TIM barrel Ferredoxin-RRM-ACT

Beta propeller Helix-tur n-Helix Ser/Thr Kinase

Immunoglobulin C2H2 ZnF F-box
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Exploitation of the a-helix by the eukaryotes -
from non-specific coiled coils to distinct new domains

Simple Alphafounder
Alpha super-helice:
M] *TPR, HEAT, Sel-1

Growth by duplication l Ankyrin

Growing Alpha units
*bzIP Discontinuity causes Growth by

Further growth folding duplication
by duplicatio \

Simple alpha motifs
*bHLH, F-box, VHS

Coiled coil fibers Folding under multiple
Myosin, kinesin and their kin discontinuities Growth by
duplication and
Folding’under single discontinuities
discontinuity
Complex all alphafolds
*Bromo, RhoGAP, RasGAP,

: R RGS, Death-like, PINT, NIC
Coiled coil hairpins

*Syntaxin

Tracking the growth of a-helical domains: translation initiation
and regulation

NIC -—. F4G1 Hs
NiC 4- dFiGio Tt 4 NE — cBP80

NIC eF4G1 Sc - N — = YGR278N_Se

_ Nc NIC
elF2B epsion_Sc elF2B gamma_Sc
@—. F5 Sc eFBeabs — @D KIAA00S Hs

[ vmg:’::s Archaed NMD3 ortholog (MTH1768_Mta)
100AA
Coiled coil

5 3 jion

Protein structural class
Phyletic distribution® All a-helix All B-shee® a+p,a/
Eukaryat+Archaeat+Bacteria | = 2 1
Eukarya+Archaea 1 2/2 ancient folds 3/1 ancient fold
Eukarya 9 2/2 ancient folds 9/8 ancient folds

Note the increase of the new a-helical domains in the eukaryotic translation initiation complex
Some of these domains - PINT, NIC and MI - participate in the assembly of multi-protein
complexes in other contexts
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Marr iage of two folds: the origin of the PH domain fold

( A, -

Ligand binding cleft

The PH fold is e in many eukar yote-specific domains

*PH domain

*FERM-C domain:Only animals

*EVH1 domain

*RAN binding domain

*PTB domain: Only animals

It isone of the few fairly complex folds with no prokaryotic equivalents at all

The above domains are involved in various ligand binding activities from peptidesto lipids

Simple 3-stranded domains TG EET Tl

g
il

*«AP2 DNA binding domain
eIntegrase DNA binding domain
*Reverse transcriptase ‘finger’
domain

Beta Propellers
PH-like domains
N
Uh

Chromo-like domains

/
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Evolution of functional systems - natural history of
programmed cell death

Domain accretion/shuffling/horizontal transfer
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A brief history of Life - protein-domain-centric view

Proteins dart assembling around the ribozymes, even the most primitive proteins confer major
advantages to those who can make them

Emergenceof early nucleotide binding domains such as P-loogp ATPases, Rossmann, UspA/HIGH, other nucleic
acid binding domainslike S5, S8/Thump and OB and enzymes of TIM barrel, RnaseH and endonuclease fold to
name afew emerge

Between 75-150 of the ancient folds emerge and diver sify
*kk LUCA***

Archaeo-Eukaryotic and bacterial lineages separate, DNA replication emergesin each lineage
Invention of afew lineage-spedfic domainsand their equili bration through horizontal transfers

The emergence of eukaryotesthrough large scale genomic chimerism

Thea-helical revolution, and the use of B-super structures establish a mode for generation of new
domains

Complexity evolvesthrough domain accretion, shuffling and alternative splicing
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