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Same structure and high sequence similarity

Human insulin (1his)

Pig insulin (3ins)

91% sequence identity

sp|P01308|INS HUMAN
sp|P01315|INS_PIG

MALWMRLLPLLALLALWGPDPAAAFVNQHLCGSHLVEALYLVCGERGFFYTPKTRREAED 60
MALWTRLLPLLALLALWAPAPAQAFVNQHLCGSHLVEALYLVCGERGFFYTPKARREAEN 60

hhkxk khkhkhkkhkhkkhkhkhkhkx Kk hkhk hhkkhhhkhkhkrhkhkhhhkrhkhkhhhkhkhkrhkhkrhkhkrkhkoehkkhkhkxo

LOVGQVELGGGPGAGSLQPLALEGSLOKRGIVEQCCTSICSLYQLENYCN 110
POAGAVELGGGLGG--LQOALALEGPPQKRGIVEQCCTSICSLYQLENYCN 108

* k kkkkkk X *k  kkkkk khkkkhkkhkkkkhkhkhkhkhkhkkkkkkkkk
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Same structure and low sequence similarity

° 1Vid - TranSferase (EC 21 1 6) lvid TKEQRILRYVQQONAKPGDPQSVLEAIDTYCTQKEWAMNVGDAKGQIMDAVIREYSPSLVL
Tehid e e N DN 11sseKLIA
* RattUS norvegICUS lvid ELGAYC.GYSAVRMARLLQ.PGARLLTMEMNP.DYAAITQQOMLNFA.GLQD. ... ... ..

lchd IGAstggTEAIRHVLQOPLP1SSPAVIITQHMPpGFTRSFAERLNKLcQISVkeaedgerv

* |nactivation of neurotransmitters
1vid oo s KVTTLN ¢ o e o e o oo oo ene®e o o - o Sogaaas GASQDLIPQLKKKYDVDTLDMVFE
lchd 1lpgHAYIAPgdkhmelarsganygikihdgppvnrhrPSVDVLFHSVAK. . HAGRNAVGV

lvid LDHWKDRYLPDTLLLEK.CGLLRKGTVLLADNVIVPGTPDFLAYVRGSSSFECTHYSSYL
¢ 1Chd - MethyleSterase (EC 31 1 61) lchd ILTGMGN. .dGAAGMLAMYQAG. .. .aWTIAONE A . & @ittt it et e e e scvvfg

« Salmonella typhimurium 1vid EYMKVVDGLEKATYQGPSX. ... .suenennennn..
lchd mpreainmggVSEVvdlsqgvsgagmlakisaggairi

« Cell sensory response
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« Rossmann fold
*  10% sequence identity
« RMSD 3.0 A for 104 out of 198 residues
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Sequence similarity corresponds to structure similarity?

Pairs of proteins with similar structure
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Sequence similarity corresponds to structure similarity?

Percentage of identical residues

Pairs of proteins with different structure
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Sequence similarity corresponds to structure similarity?

Similar structure Different structure
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0 50 100 150 200 250 0 50 100 150 200 250
Number of residues aligned Number of residues aligned

e Any random pair of natural sequences have at least 15% sequence identity

e Proteins with at least ca. 30% identical residues, have the same fold (similar structure). For shorter
alignments the threshold is higher

e |n some cases proteins with less than 20% of sequence identity - "twilight zone" - have the same fold
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Homology

Orthologues
e Different species
e  Same function

° Vertical descent

senfojowoH aso|n

1tadAl Orthologues 1clpAi
G, subunit G, subunit
Bos Taurus Rattus norvegicus

Paralogues
e  Same species
e  Similar (but different) function

e  Horizontal evolution (duplication)

senBojowoH ajoway

1he8B0 Paralogues 1n6hAQ Orthologues 1cipA1
P1-3 kinase Rab-5a Kinase G, subunit
Homo sapiens Homo sapiens Rattus norvegicus



Homology

Remote homology
e  Same structure
e  Same ancestor
e  Same function

e Low sequence identity

Analogues
° Same structure
° Different ancestor

° Same function ?

n6hAQ
Rab-5a kinase
Hormo sapiens

Rab-5a kinase
Homo sapiens

Paralogues

1888A0
Thymidylate kinase
Homo sapiens

Sporulation response protein
Baciilus subtiiis
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Structural evolution

e How has protein structure evolved?
e Do current structures derive from a limited number of ancestral proteins?

e Can structure be seen as a footprint of the evolutionary path?

Topics to explore
e Inference from structural classification
e Hypotheses on common elements

e Theories on the origin of life
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Structural complexity

Complexity
e Millions of species — each with thousand of coding genes (with different sequences)

e Point mutations, insertion, deletions

Mechanisms
e Random drift + natural selection

e Parental inheritance, acquisition, duplication

Observations
e Proteins display substantial similarity in sequence and 3D structure.

e Structures diverge much more slowly than sequences, providing evidence of common ancest
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Why some folds are so common?

e Stability and folding efficiency
e Better scaffold for active sites (fold competition)

e Limited number of supersecondary structures



“More than the sum of their parts:
on the evolution of proteins from

peptides”

There is a basic complement of
autonomously folding units (domains)

The complement was established at the time

of the “last universal common ancestor”
(LUCA)

(J. Séding & A. Lupas, BioEssays, 2003)

a) Supersecondary
structure elements

N \D W

Left-handed  Right-handed

BB-hairpin

ee-hairpin

d) Symmetrical superfolds

B- trefml

Jelly-roll
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TIM-barrel

Ferredoxin fold

f) B-propeller

/H%

7-bladed propeller

b) Fibrous protel ns

Bop-element ‘%

c) Solenoid proteins

\F2p

Stacked B—halrpln
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TPR repeats
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Leucine-rich repeats

B-helix PB-roll

Coiled coil

e) Non-symmetrical superfolds

Immunceglobulin fold

OB fold

UB-roll
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“More than the sum of their parts: on the evolution of proteins from peptides”

a) Supersecondary
structure elements

3

e

oo-hairpin

R

Pop-element

(J. Séding & A. Lupas, BioEssays, 2003)




Model of structural evolution

Common “operators”

Oligomerization (repetition)
Fusion
Circular permutation

Decoration
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Wig Fy g

P A transcription  archacal  viral cukaryolic
decarboxylase  unknowns  unknowns cnzymes VAT UFDI1 factors unknowns  pepsins Asp proteases

gain of peptide binding activity,
chaperone activity?

duplication )

@‘ﬁ @:{7\ postulated ancestral faff element 2
Ll J oy 2



Circular permutations

Close N- and C-termini can be found in different parts of the protein

e Duplication

1 &)
b}
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pupm)

e Fission and fusion
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NK-Lysin

1gas - Phospholipase C C2 Domain
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1phr - Phosphotyrosine Protein Phosphatase
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1aqi - Adenine-N6-Dna-Methyitransferase Tagi

1vhr - VH1-Related Dual iticity Phosphal
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Domain based classification

e A domain is a region of the protein that
has its own hydrophobic core and has
relatively little interaction with the rest of
the protein making it structurally
independent

e Recognition of distant evolutionary
events make it possible to describe the
basic complement of domains in the last
common ancestor

Primary structure
(sequence)

Secondary structure
(a-helix, B—sheet)

DIPARTIMENTO
MATEMATICA

sy

Supersecondary structure

(aa, BB, BaB, ecc.)

Domains

Tertiary structure
(single or multi-domain)

Quaternary structure
(protein complexes)

/



Structural classifications

Manual

4

Semi-Automatic
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SCOP
Structural
Classification Of
Proteins

4

Automatic

CATH
Class, Architecture,
Topology, Homology

4

FSSP
Families of Structurally
Similar Proteins




SCOP - Structural Classification of Proteins

e C(Class
o a,pB,alp, atp, ...
e F[old
o  Structural similarity - Convergent evolution
e Superfamily
o Homology - Divergent evolution
e Family

o Homology and function

Created by Alexey Murzin
Mainly manually curated

Represent the gold standard for fold classification

B
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 scop 1

Classes

// March 2001 \\

All o All B

138 Folds 93 Folds

Other Proteins
97 Folds

e Multiple domain

¢ Membrane and cell
surface

e Small S-S stabilized

* Coiled coil

* Low resolution

« Small peptides

e Desi gned prole ns

184 Folds

%‘3@

.



SCOP - Class

Initially a protein structure is classified based on its domains

Domain types

mainly a

mainly 3

a / B — the B-sheet and a-helices are mixed (typically
B-strands connected by a-helices)

a + B — domains that have the a and 8 units largely
separated in sequence

Multidomain

Membrane and cell surface

Small proteins

All All B

138 Folds 93 Folds

B

_—

SCOP
Classes
March 2001

Other Proteins

e Multiple domain
* Membrane and cell
surface

« Small S-S stabilized
* Coiled coil

* Low resolution

« Small peptides

« Designed proteins

— —
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1

o

‘ olB a+p

97 Folds 184 Folgs

29
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SCOP - Families and Superfamilies

e Superfamilies
o Share a common fold, perform similar functions, usually low sequence
identity
o A strong functional relationship (eg the conserved interaction with substrate or
cofactor molecules) can compensate for a different fold (provided it includes the
active site)
e Families
o Sequence identity >30% or functions and structures are very similar
o Common evolutionary origin
e “Strange” families
o Sequence similarity below family definition but above the superfamily level
o Similar domain organization, common fold in the catalytic domain — likely to
be closely related



SCOP website DIPARTIMENTO
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' scg ’ About  Contact  Download Search SCOP by text of ID |

| sweneais ot ]

FAMILY

COMT-like SCOP ID: 4000655

Function functionally relevant complex structure(s) determined

Show ancestry 8

{ class 1000002
\Mpha anil bea prueine ()

supertamily 3000118
Sadenesyl-L-methionire deprdent mehyltransferases

ins [ 24 entries | D Region  Links
Protein Catechol O-methyltransferase
Species Rattus norvegicus P22734 46269 UniProt
Representative domaim 8026636 4% 2015 A:3216 EDBa (#
Represenied stucleres [ 154 ] 83 BCSBPDB ¥
Protein Catechol O-methyltransferase
Species Homo sapiens P21964 48265 UniProt of
Representative domain 8078588 A% axuc Aid8-265 PDBe
Represened stuctses [13] 83 BCSB PO
Pratein O-methyitransferase family 3
Species Niastella koreensis GR20-10 GBTEH 3221 Unifrot
Representative domain 8101444 A 7CVX A3221 PDBe 7
Represenied struchizes [ 10| 83 RCS8 PR
Species Medicago sativa Q40313 21247 UniProt f
Representative domam 8020016 A 1sUs AZ1-247 EDBa
Represeried stuctures | 7] €8 BCSB PRB

https://scop.mrc-Imb.cam.ac.uk/



https://scop.mrc-lmb.cam.ac.uk/

Folds in SCOP

e The most difficult stage of classification

e Same major secondary structures, same arrangement, same topological connections

DIPARTIMENTO
MATEMATICA

e Peripheral elements of secondary structure and turn regions may differ in size and conformation

e Useful to infer evolutionary relationship for distant homologs

5{: ;;é« g:} About Contact Download Search SCOP by text or ID
Statistics

SCopP2 SCOP 1.75
Number of folds 1560 1195
Number of IUPR 24 n.a
Number of hyperfamilies 22 n.a
Number of superfamilies 2811 1962
Number of families 5928 3902
Number of inter-relationships 60 n.a
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Folds

e Estimated total folds 10,000

e A quarter of domains is inside superfolds

0 . . . . d) Symmetrical superfolds @) Non-symmetrical superfolds
e 80% of all domains is inside 400 mesofolds 7
'\\
A "‘,
. )
e The rest are called unifolds
B- trefoil Jelly-roll Immunoglobulin fold OB-fold UB-roll
C ¢ 2
N ki ~Pa)
2 @ & b
y A )
/i TE. £ = fa
Table 1. Superfolds and the fraction of their residues contained in the supersecondary structure elements oz, @),‘(mﬁv 4 s = \'\; (1))
W}’ ‘51[5(2“ TIM-barrel . Ferredoxin fold Updown bundle k’ " Globin-like Doubly wound
Internal symmetry
% Supersecondary

Fold Sequence* Structure Number of superfamilies (%)’ structure content

p-trefoil + + 2 (0.1) 83

Jely roll + 17 (1.2) 47

Immunoglobin-ike + 55 (4.0) 67

TIM-barrel + + 28 (2.0) 82

Ferredaoxin-lke + + 65 (4.7) 38

Updown bundie + 17 (12) %

OB foid 16 (1.1) bed

UB-rall 16 (1.1) 55

Glabin-lke 4(0.3) 88

Doubly wound 122 (8.8) 68

Al superfolds 342 (24.7) 65
Al folds 1386 (100) 62
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Semi-Automatic, only Architectures are manually assigned

e Class — secondary structure content

o  mainly-alpha, mainly-beta, mixed alpha/beta, “few
secondary structures”

e Architecture — general arrangement of the secondary
structures irrespective of connectivity between them

o Eg. alpha/beta sandwich

e Topology (fold) — connectivity of secondary structures in the
chain

e Homologous Superfamily — domains (believed to be) related
by a common ancestor

R Vi

flavodoxin B lactamase
(4fxn) (1mblA1)




A

CATH
architectures

o Bundle (2ccy) o Non-Bundle (leca) o Few SS (2ifo) 7 Propellor (2bbkH) # 8 Propetior (3aahA) B 2 Solenoid (1tsp)
‘ Ribbon (1tpm) B Single Sheet (1hre) Roll (1pht) E ’i tg g
. ’ i o B 3 Solenoid (2pec) B Complex (1ppkE2) af Roll (1std)
% B Clam (3bel) ﬁ E @ g é
T e B Sandwich (2hlaB) of Barrel (4timA) af 2-Layer Sandwich (1brsD) o 3-Layer Sandwich (aba) (1ntr)
B Distorted Sandwich (1cdq) B Trefoil (1afcA) B Orthoganol Prism (1msaA) B 3-Layer Sandwich (bba) (1pyaB) of 4-Layer Sandwich (2dnjA) ap Box (Iply)

b
W

B

B Aligned Prism (1vmoA) B 4-Propellor (1hxn) B 6-Propellor (1nscA) af Horseshoe (1bnh) af Complex (1pyp) af Few SS (1pyaB)
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CATH website

CATH | Gene3D v

Search

Core classification files for the latest version of CATH-Plus (v4.3) are now available to download. Daily updates of our very latest classifications are also available.

3D Structure

Find out what 3D structure your
protein adopts

@ Find out more > Go

Conserved Sites

Look at protein sites that are highly
conserved and implicated in function

© Find out more > Go

Protein Evolution

Learn about a particular protein family
and how it evolved

© Find out more

Download Data

Download data files and query CATH
via webservices

¥ Go

://lwww.cathdb.info/

Protein Function

Investigate the function of your protein

© Find out more > Go

Learn more

Find out how CATH is created and
maintained, how to link to CATH and
more

¥ Go


http://www.cathdb.info/
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CATH hierarchy in the PDB

K e \Wheels
a 6" \ Arc repressor-like
S N NN o Inner — architectures
E. = o Outer — folds
'@
-4 u "
» -*5 b e Classes
Dy
i o Pink — mainly a
KUL" i o  Yellow — mainly B
£ type
ND e o Green — a-
7 oude
) _}}q&:ﬁ'd e Slice size proportional to the number of folds
~ Wl and superfamilies
Aoy 2 \_, Immunoglobulin
A, W% like
& \ 1‘,\,&
;\& %y Jally roll
Ao 4 Y
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CATH hierarchy in 150 genomes - Gene3D

2
b s" ,% Arc repressor-like

S {;f\ = Gene3D

' HMM models of CATH families
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