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Tübingen, März 2012 Vikram Alva Kullanja





This thesis is dedicated to the memory of my father, K. Jagannatha Alva.



vi



Abstract

Though seemingly endless, the diversity of proteins in nature is in fact nar-
rowly confined. Many proteins share recognizable similarity in sequence
and structure, since they arose by amplification, recombination, and diver-
gence from a basic complement of autonomously folding modules, referred
to as domains, many of which date back to the time of the Last Univer-
sal Common Ancestor. Indeed, sequence comparison of modern proteins
shows that they fall into only about 10,000 domain families, which can be
further grouped into just about 3000 broader evolutionary superfamilies.
Beyond this, superfamilies are assigned to one of about 1000 folds based
on the topological arrangement of their secondary structural elements. The
prevailing view holds that folds are analogous in character, the similarity
between different superfamilies of one fold being the result of convergent
evolution. However, the recent growth of molecular databases and advances
in sequence comparison methods have led to the discovery of many distant
evolutionary relationships that transcend the boundaries of superfamilies,
showing that not all of them arose independently. The first aim of this
thesis was to determine how widespread such distant relationships are. To
this end, I clustered domains representative of known fold types by their
sequence similarity, a property that reflects common descent. The obtained
cluster map shows that while some highly populated folds indeed appear
to have evolved convergently, most domains of the same fold arose from an
ancestral prototype, revealing that proteins are much less polyphyletic than
previously assumed.

Whereas it is widely accepted that modern proteins arose by combinato-
rial shuffling of a limited set of domains, the origin of this set itself is poorly
understood. Even the simplest domains are too complex to have arisen de
novo. If so, how did the first domains emerge? This question formed the
second aim of this thesis. One theory for the origin of domains, the an-
tecedent domain segment theory, proposes that they themselves arose from
an even smaller pool of peptides with secondary structure propensity, which
emerged as cofactors in the RNA world. Progressively more stable domains
evolved from this set by amplification and by accretion, that is, by additive
assemblage of simple structural elements. If this is true, many modern do-
mains might still contain vestiges of the ancient peptides they arose from.
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To investigate this, I systematically compared domains of known structure
using the state-of-the-art remote homology detection method HHsearch and
identified 50 fragments that co-occur in domains with different folds, yet
show significant similarities in sequence and structure. The occurrence of
these homologous fragments in otherwise analogous structures provides com-
pelling evidence for the antecedent domain segment theory. As an example,
one of these 50 fragments, corresponding to a helix-strand-helix motif that
gave rise divergently to three different folds, including the histone fold, is
presented.

In addition to showing that most domains of one fold arose from an an-
cestral form by divergence, this thesis reveals many incidences of homologies
between superfamilies of different folds due to the discovery of shared ances-
tral peptides. However, current protein classifications consider folds to be
analogous and do not contain a hierarchical level to capture such inter-fold
relationships. To solve this problem, this work proposes a classification level
above the fold level, the metafold, which unites groups of folds for which a
homologous relationship has been corroborated. The metafold level is an
important step on the way to a classification of proteins by natural descent,
which is the most informative basis for structural and functional inference.



Zusammenfassung

Obwohl die Vielfalt an Proteinen in der Natur grenzenlos zu sein scheint, ist
sie in Wirklichkeit stark eingeschränkt. Viele Proteine haben eine erkenn-
bare Ähnlichkeit in ihrer Sequenz und Struktur, da sie durch Amplifizie-
rung, Rekombination und Divergenz aus einer Grundmenge sich autonom
faltender Module, den Domänen, entstanden sind. Viele dieser Domänen ge-
hen auf den letzten gemeinsamen Vorfahren (engl. Last Universal Common
Ancestor, LUCA) zurück. Tatsächlich zeigt der Sequenzvergleich heutiger
Proteine, dass man sie auf nur etwa 10000 Domänenfamilien zurückführen
kann, die wiederum in nur etwa 3000 allgemeinere evolutionäre Superfamili-
en eingeteilt werden können. Darüber hinaus werden Superfamilien je nach
topologischer Anordnung der Sekundärstrukturelemente einer von ungefähr
1000 Faltungen zugeordnet. Man geht davon aus, dass Faltungen analog
sind, wobei Ähnlichkeiten zwischen verschiedenen Superfamilien einer Fal-
tung das Resultat konvergenter Evolution sind. Allerdings haben das jüngste
Anwachsen molekularer Datenbanken und Fortschritte in Sequenzvergleichs-
methoden dazu geführt, dass viele entfernte evolutionäre Verwandtschaften,
die über die Grenzen von Superfamilien hinausgehen, entdeckt wurden, was
zeigt, dass nicht alle Superfamilien unabhängig voneinander entstanden sind.
Das erste Ziel dieser Arbeit war es zu bestimmen, wie verbreitet solche ent-
fernten Verwandtschaften sind. Dazu berechnete ich Cluster aus Domänen
bekannter Strukturen entsprechend ihrer Sequenzähnlichkeit, des zentralen
Kriteriums für die Ableitung eines gemeinsamen evolutionären Ursprungs.
Die so entstandende Karte mit einer Vielzahl von Clustern zeigt, dass ei-
nerseits einige Faltungen mit vielen Superfamilien tatsächlich konvergent
evolviert zu sein scheinen, und dass andererseits die meisten Domänen, die
der gleichen Faltung angehören, aus einem Urprototyp entstanden sind. Dies
zeigt, dass Proteine deutlich weniger polyphyletisch sind als bislang ange-
nommen.

Die Entstehung heutiger Proteine durch eine kombinatorische Durchmi-
schung einer begrenzten Anzahl an Domänen ist allgemein anerkannt; der
Ursprung dieser Domänen ist jedoch nicht ausreichend verstanden. Selbst
die simpelsten Domänen sind zu komplex, um de novo entstanden zu sein.
Wenn dem so ist, wie sind dann die ersten Domänen entstanden? Diese Fra-
ge ist die Grundlage für das zweite Ziel meiner Arbeit. Eine Theorie über
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die Entstehung der Domänen, die Theorie der ursprünglichen Domänenseg-
mente, geht davon aus, dass Domänen durch Verschmelzung und Rekombi-
nation aus einer noch kleineren Auswahl an Peptiden enstanden sind, die
als Kofaktoren aus der RNA Welt hervorgegangen waren. Dieser Theorie
zufolge gingen aus dieser Auswahl durch Amplifizierung und Verschmelzung
zunehmend stabilere Domänen hervor. Falls dies den Tatsachen entspricht,
könnten viele moderne Proteine Überreste der Urpeptide, aus denen sie ent-
standen sind, beherbergen. Um dies zu erforschen, habe ich systematisch
Domänen bekannter Struktur mithilfe der besonders empfindlichen Homolo-
gieerkennungsmethode HHsearch verglichen und 50 Fragmente identifiziert,
die Domänen unterschiedlicher Faltungen zugeordnet sind, obwohl sie si-
gnifikante Ähnlichkeiten sowohl in ihrer Sequenz als auch in ihrer Struktur
offenbaren. Das Auftreten dieser homologen Fragmente in ansonsten nicht
homologen Strukturen stellt signifikante Evidenz für die Theorie der ur-
sprünglichen Domänensegmente dar. Daraus folgern wir, dass diese Frag-
mente Überbleibsel der Urpeptide sind, aus denen die ersten Proteine her-
vorgingen. Als Beispiel wird hier eines dieser 50 Fragmente beschrieben, das
einem Helix-Strang-Helix Motiv entspricht und in den Histonen sowie zwei
weiteren Faltungen vertreten ist.

Diese Arbeit zeigt, dass die meisten Domänen einer Faltung durch Diver-
genz aus einer Urform entstanden, und identifiziert viele Homologien zwi-
schen Superfamilien verschiedener Faltungen durch die Entdeckung gemein-
samer Urpeptide. Derzeitige Proteinklassifikationen gehen davon aus, dass
Faltungen analog entstanden sind und sehen daher keine hierarchische Ebene
vor, um solche Beziehungen zwischen Faltungen zu erfassen. Um dieses Pro-
blem zu beheben, führt diese Arbeit eine Klassifikationsebene oberhalb der
Faltung ein, die Metafaltung, in der topologisch ähnliche Faltungen vereint
werden, für die eine homologe Beziehung etabliert wurde. Die Metafaltung
ist ein wichtiger Schritt auf dem Weg zu einer Proteinklassifikation gemäß
natürlicher Abstammung, welche die informativste Grundlage für struktu-
relle und funktionale Inferenz ist.
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My time in Tübingen was made enjoyable due to the love, affection, and
support of many friends and I would, in particular, like to thank Ali Danish
Zaidi, Anjan Hegde, Anirudh Ranganatha, Anurag Mishra, Arianne Chaud-
huri, Arshiya Mishra, Avijit Pramanik, Beth Rowan, Bianca Priester, Car-
olin Ewers, Cedric Hobel, Christina Wassermann, Dara Forouzan, George
Wang, Indronil Chaudhuri, Ivan Kalev, Jose Arcadio Farias Rico, Kalathur
Ravi Kiran Reddy, Karsten Bogwardt, Markus Gruber, Martin Schueckel,
Nagarajan Paramasivam, Nayantara Ranganatha, Ritu Mishra, Roosa Laiti-
nen, Sitaram Ranganatha, Srinivasa Marimganti, Suryadeep Dash, Sus-



xii

mita Pramanik, Vani Ranganatha, Vasuki Ranjani Chellamuthu, Vishal
Kapoor, Vishnudev Ramachandra, Thomas Arnold, Thomas Holder, and
Tobias Dezulian.

Lastly, I would like to thank my parents and my sister for their never-
fading support, belief, and patience. I am deeply saddened by the fact that
my father could not see this process come to end, but he is in my memories
everyday.



In accordance with the standard scientific protocol, I will use the personal
pronoun we to indicate the reader and the writer or (as mentioned in Ap-
pendix B) my scientific collaborators and myself.



xiv



Contents

1 Introduction 1

1.1 Proteins - the bricks of life . . . . . . . . . . . . . . . . . . . . 1

1.2 Protein folding . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Origin of folded proteins . . . . . . . . . . . . . . . . . . . . . 4

1.4 Objectives and structure of this thesis . . . . . . . . . . . . . 5

2 Background 7

2.1 Levels of protein structure . . . . . . . . . . . . . . . . . . . . 7

2.2 Domains - the evolutionary units of proteins . . . . . . . . . . 11

2.3 Classification of proteins . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.2 The SCOP database . . . . . . . . . . . . . . . . . . . 14

2.3.3 Properties of folds . . . . . . . . . . . . . . . . . . . . 15

2.4 Homology detection . . . . . . . . . . . . . . . . . . . . . . . 17

2.5 Fold change in the evolution of proteins . . . . . . . . . . . . 19

2.6 Origin of domains . . . . . . . . . . . . . . . . . . . . . . . . 21

3 On the polyphyly and origin of domains 27

3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 An homology-based clustermap of folds . . . . . . . . . . . . 28

3.2.1 Previous studies . . . . . . . . . . . . . . . . . . . . . 28

3.2.2 Our approach . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.3 Class map . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.4 Superfamily and fold maps . . . . . . . . . . . . . . . 32

3.2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2.6 Materials and methods . . . . . . . . . . . . . . . . . . 37

3.3 Reconstructing the observable remnants of the RNA-peptide
world . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3.1 Proteins from peptides . . . . . . . . . . . . . . . . . . 37

3.3.2 Previous studies . . . . . . . . . . . . . . . . . . . . . 40

3.3.3 Our approach . . . . . . . . . . . . . . . . . . . . . . . 41

3.3.4 Results and discussion . . . . . . . . . . . . . . . . . . 43

3.3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 53



xvi CONTENTS

3.3.6 Materials and methods . . . . . . . . . . . . . . . . . . 53

4 Histones arose from an ancestral helix-strand-helix motif 57

4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2 Background on histones . . . . . . . . . . . . . . . . . . . . . 58

4.2.1 Eukaryotic histones . . . . . . . . . . . . . . . . . . . 58

4.2.2 Prokaryotic histones . . . . . . . . . . . . . . . . . . . 61

4.3 Remote homologs of histones . . . . . . . . . . . . . . . . . . 62

4.4 Analysis of sequence and structure conservation . . . . . . . . 62

4.5 Evolutionary implications . . . . . . . . . . . . . . . . . . . . 66

4.5.1 The histone fold evolved from the C-domain through
a 3D domain-swapping event . . . . . . . . . . . . . . 66

4.5.2 A primordial helix-strand-helix motif . . . . . . . . . . 68

4.6 Functional implications . . . . . . . . . . . . . . . . . . . . . 69

4.7 Recent developments . . . . . . . . . . . . . . . . . . . . . . . 70

4.7.1 Experimental evidence for the role of domain-swapping
in the origin of histones . . . . . . . . . . . . . . . . . 70

4.7.2 Discovery of the C-domain outside the AAA+ super-
family . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.8 Materials and methods . . . . . . . . . . . . . . . . . . . . . . 71

5 The GD box: a recurrent non-contiguous structural motif 73

5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Background on the GD box . . . . . . . . . . . . . . . . . . . 74

5.3 GD box elements in known structures . . . . . . . . . . . . . 75

5.4 Sequence features of the GD box motif . . . . . . . . . . . . . 79

5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.5.1 Evolutionary consequences . . . . . . . . . . . . . . . 79

5.5.2 Application to tertiary structure prediction . . . . . . 81

5.6 Materials and methods . . . . . . . . . . . . . . . . . . . . . . 81

6 On the classification of proteins based on natural descent 83

6.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.2 The metafold concept . . . . . . . . . . . . . . . . . . . . . . 84

6.3 The cradle-loop barrel metafold . . . . . . . . . . . . . . . . . 86

6.3.1 The core group . . . . . . . . . . . . . . . . . . . . . . 86

6.3.2 The peripheral group . . . . . . . . . . . . . . . . . . . 90

6.4 Moving towards a Linnaean-like classification system for pro-
teins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.5 Materials and methods . . . . . . . . . . . . . . . . . . . . . . 94

7 Summary and conclusions 97

A Ancestral peptides 101



CONTENTS xvii

B Contributions 125

C Publications 127



xviii CONTENTS



Chapter 1

Introduction

1.1 Proteins - the bricks of life

Life in its present form is only possible because of the intricate and balanced
interplay between the four major biological macromolecules: carbohydrates,
lipids, proteins, and nucleic acids. Proteins are the most abundant of these
macromolecules and account for more than 50% of the dry weight of living
cells [Voet and Voet, 2004]. Given this abundance, it is not surprising that
proteins carry out a multitude of vital functions in every living organism, be
it bacteria or humans. In our bodies, they are central to almost all processes:
they help us digest the food we eat, they form our hair and nails, they are
important components of our bones, muscles, and tendons, they defend us
from foreign invaders such as bacteria and viruses - in essence, we are what
we are because of them.

Living organisms possess many widely diverse proteins that range in
numbers from a couple of thousands in bacteria to many thousands in ver-
tebrates. With about 108 species on earth and about 104 protein-coding
genes per species [Bull et al., 1992], the estimated total complement of the
world’s proteome is approximately a trillion. In addition to being numerous,
proteins also come in a wide array of shapes and sizes; for example, while
hemoglobin, the protein that carries oxygen in our blood, is compact and
round, collagen, the protein that forms a major component of our connective
tissues, is long and rope-like (Fig. 1.1).

Despite their large numbers, various forms, and diverse functions, all pro-
teins found in nature are made from the same ubiquitous set of 20 building
blocks, known as amino acids. Proteins typically contain various combi-
nations of 50 to 3000 amino acids connected linearly through a covalent
peptide bond and thus they are frequently also referred to as polypeptides.
All amino acids have a common basic structure comprising a central carbon
atom that is covalently connected to a hydrogen atom, a carboxyl group, and
an amino group, but differ due to the presence of a side-chain, which varies
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Figure 1.1: The diverse shapes and sizes of proteins. A) Hemoglobin is
an oxygen-transport protein found in the red blood cells of most vertebrates,
including humans. It is round and compact in shape, and is composed of four
chains, two α and two β. In humans, the α chain and β chain comprise 141
and 146 amino acid residues, respectively. The structure shown is of human
hemoglobin (PDB 1GZX). B) Collagen, the main component of connective
tissues, is the most abundant protein in mammals. For instance, about one
quarter of all proteins in humans is collagen. It is composed of three chains
that are typically over 1200 amino acids long and are wound together to form
a rope-like structure. The illustration shows a synthetic peptide containing a
short region from human type II collagen (PDB 1BKV).

from a single hydrogen atom in the amino acid glycine to two aromatic rings
in tryptophan. It is the nature of the side-chain that makes each of the 20
amino acids unique and provides them with individual characteristics; for
example, depending on the nature of the side-chain an amino acid can be
water-loving or water-repelling.

1.2 Protein folding

Each protein has a unique order of amino acids, termed its primary structure,
that is specified by the nucleotide sequence of the gene encoding it. Genes
are discrete units of DNA, which is the hereditary material of most life
forms and contains all of the information required to build and maintain an
organism. In genes, amino acids are encoded by groups of three nucleotides,
called codons. This correlation between the sequence of nucleotides in DNA
and the sequence of amino acids in proteins is referred to as the genetic code.
Since DNA is built up from the four nucleotides (A, C, G, and T), the total
number of possible codons is 64; however, because proteins are built from
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a basic set of only 20 amino acids, there is some redundancy in the genetic
code. Indeed, for most amino acids, there is more than one codon.

To synthesize proteins, cells follow a two-step procedure that first tran-
scribes genes encoded in DNA into messenger RNA (mRNA) and then trans-
lates the mRNA into linear chains of amino acids. However, the newly
synthesized linear chain is not biologically active as it is. To become func-
tional, it must fold into a well-defined three-dimensional structure [Branden
and Tooze, 1999]. This process is called protein folding and is driven by a
hydrophobic collapse of the polypeptide chain into a minimal energy con-
figuration, the native conformation, in which amino acids are arranged in
a few local and recurring hydrogen-bonded elements (e.g. α-helices and
β-sheets) [Pauling et al., 1951; Levinthal, 1968; Pace et al., 1996]. Most
proteins get to their native structure largely autonomously, with some as-
sistance from cellular folding factors, and all the information required for
this is contained in their sequence [Anfinsen, 1973; Lee and Tsai, 2005].
Nonetheless, the three-dimensional structure of a protein can not be de-
duced just from its amino acid sequence; this problem is called the protein
folding problem, and it represents one of the most important open challenges
in biology.

Even though a number of fundamental rules governing the structures
of protein have been gleaned out and, in many cases, coarse models of a
protein’s structure can be calculated, a general solution to the folding prob-
lem has remained elusive [Lupas, 2008]. Presently, the three-dimensional
structures of proteins can only be determined using complex experimental
methods such as X-ray crystallography and nuclear magnetic resonance spec-
troscopy. However, these approaches are slow and expensive. As a result,
the rate at which structure databases are growing significantly lags behind
the growth of sequence databases; presently the RefSeq protein sequence
database contains 14,090,554 sequences [RefSeq, 2012], whereas the protein
data bank (PDB) only contains 79,521 structures [PDB, 2012].

Sequence space is essentially infinite. Even just considering a protein of
100 residues, the number of all possible sequences (20100 or ≈10130) makes
the estimated number of particles in the universe (1080) seem infinitesimal.
This raises an obvious question: do all of these conceivable sequences assume
a folded structure? It would not appear to be so. Experiments to obtain
folded proteins from random sequence libraries yielded a success rate of
no more than one in a billion [Keefe and Szostak, 2001], suggesting that
sequences encoding folded proteins in the space of all possible sequences are
extremely rare. Indeed, often one or a small number of point mutations
in natural proteins result in them being misfolded, frequently impairing
their biological functions. The consequences of this can be devastating, as
is evident from the fact that a number of well-known human degenerative
diseases, such as cystic fibrosis, Alzheimer’s, Parkinson’s, and Huntington’s
diseases, are caused by protein misfolding [Reynaud, 2010]. If arriving at
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folded proteins is so difficult, how did nature construct the millions of folded
proteins that together sustain life on our planet?

1.3 Origin of folded proteins

Nature got around the protein folding problem by following a modular ap-
proach. Instead of evolving new proteins from scratch each time, it evolved
them by extensively reusing an already available basic set of folded mod-
ules, termed domains. These existing domains were amplified, shuffled, and
modified, while preserving their basic fold, to make up the proteomes of or-
ganisms [Soeding and Lupas, 2003]. Over the course of evolution, proteins
that arose from a shared ancestor altered their sequence by point mutations,
insertions, and deletions of residues, giving rise to a series of evolutionarily
related variants or homologs. Indeed, sequence comparison of contemporary
proteins shows that they can be grouped into about 10,000 domain fami-
lies [Hunter et al., 2009; Punta et al., 2012], with members of each family
exhibiting similar sequences, three-dimensional structures, and functions,
reflecting their descent from an ancestral prototype. Many of these domains
are widespread in each of the three kingdoms of life, indicating that they
arose from a common prototype that was already present at the time of the
Last Universal Common Ancestor (LUCA), some 3.5 billion years ago. In
many cases, domains derived from a common ancestor can diverge to a point
where they only show residual sequence similarity but nonetheless have a
shared structure and similar functional properties. Such distantly related
domain families are further classified into broader evolutionary superfam-
ilies; the 10,000 domain families observed in modern proteins form about
3000 superfamilies [Hunter et al., 2009; Punta et al., 2012].

The diversity exhibited by the sequences of proteins does not correspond
to a similar diversity in structural forms (folds). Many domains exhibit sim-
ilar folds, even in cases when they share no features indicative of a com-
mon ancestry. Such structural similarities either represent an extreme case
of divergent evolution or a case of evolutionarily unrelated domains hav-
ing converged on the same fold. Because only a limited number of folded
conformations are available to the polypeptide chain, owing to biophysi-
cal constraint, structural similarity of domains in the absence of detectable
sequence similarity is generally thought to be the result of convergent evo-
lution. This duality between divergent and convergent contributions to the
evolution of proteins is captured by grouping superfamilies into folds based
on the similarity of their structures; the aforementioned 3000 superfamiles
fall into one of about 1000 folds [Andreeva et al., 2008; Cuff et al., 2011].
This grouping of superfamilies into folds has highlighted an intriguing fact:
a small number of folds comprise many superfamilies, whereas the remain-
der corresponds to just one superfamily each [Ponting and Russell, 2002].
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For instance, of the 1,195 folds recognized by the structural classification
of proteins (SCOP) [Andreeva et al., 2008], only 136 comprise two or more
superfamilies. The TIM (β/α)8-barrel fold is one such populous fold that
is adopted by many totally unrelated enzymes with no detectable sequence
similarity [Wierenga, 2001]; the SCOP database classifies proteins with this
fold into 33 superfamilies. In the absence of detectable sequence similar-
ity, the structural similarities between superfamilies of one fold were long
thought to have originated independently, by convergent evolution. How-
ever, the recent growth of sequence and structure databases and the devel-
opment of sensitive sequence comparison methods have brought forward an
increasing number of instances of distant evolutionary relationships between
superfamilies of one fold, suggesting that folds might not be as polyphyletic
as previously assumed. For instance, most superfamilies of the TIM (β/α)8-
barrel fold have now been shown to exhibit sequence similarity indicative of
a common ancestry [Copley and Bork, 2000; Nagano et al., 2002; Soeding,
2005]. Such relationships have also been reported for a few other folds (e.g.
β-propellers [Chaudhuri et al., 2008]), but their pervasiveness in the fold
space is still unclear.

1.4 Objectives and structure of this thesis

In this thesis, we exploit the two aforementioned developments, namely the
tremendous growth of molecular databases and the availability of sensitive
sequence comparison methods, to answer questions concerning the poly-
phyly, origin, and classification of proteins.

The first objective of this thesis was to investigate the contributions of
convergent versus divergent evolution to the origin of protein folds. In other
words, we wanted to understand whether superfamilies of one fold are a
result of divergent evolution from a common ancestor or a product of mul-
tiple independent origins. Even if superfamilies of one fold arose from an
ancestral prototype, they might have diverged to a point where they only
retain weak signals for common ancestry. We therefore used the state-of-the-
art remote homology detection method, HHsearch [Soeding, 2005], which is
based on the comparison of profile hidden Markov models (HMMs), to infer
homology. Profile HMMs incorporate position-specific amino acid and gap
preferences derived from a multiple sequence alignment comprising distantly
related proteins and thus increase the sensitivity of sequence-based compar-
isons. To investigate the polyphyly of folds, we clustered representative
domains of known structure by their sequence similarity, as evaluated by
HHsearch, and generated a map with a high-level view of the evolutionary
relationships in the fold space. We discuss our findings in the first part of
Chapter 3.

It is widely recognized that modern proteins evolved by amplification,
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recombination, and divergence, from a limited set of domains, but the origin
of this set itself is poorly understood. The detection of many instances of
sequence- and structure-similar fragments within domains of different folds
and the ever-increasing examples of domains composed of multiple copies
of a homologous repeat, suggest that domains themselves are divisible and
might have arisen from the assembly of simpler peptides. We favor the
proposition that the first folded domains arose by fusion and recombination
from an ancestral set of peptides, which emerged as cofactors in the context
of RNA-dependent replication and catalysis in the RNA world [Fetrow and
Godzik, 1998; Lupas et al., 2001; Soeding and Lupas, 2003]. From this
perspective, the local similarities seen in modern proteins might represent
the observable remnants of such ancestral peptides. We reasoned that if
this hypothesis is true, systematic searches should allow us to detect many
more such remnants in modern proteins. To this end, we systematically
compared domains of known fold types using a sequence- and structure-
based approach. We present our results in the second part of Chapter 3.

In Chapter 4, we describe a scenario for the origin of the histone fold
based on the presence of an ancestral peptide that it common to it and two
other folds. In Chapter 5, we discuss a widespread motif, the GD box, that
is found in both homologous and analogous contexts.

The classification of proteins based on natural descent, akin the Lin-
naean system for organisms, is still an unsolved problem. Such a system
is highly desirable for the comparative studies of proteins, as homology fre-
quently offers a reliable source of structural and functional information. As
described earlier, current systems classify proteins by combining homologous
criteria (sequence similarity) at lower hierarchical levels with analogous cri-
teria (structural similarity) at upper levels. By doing this, these systems
make the implicit assumption that homologous domains always have the
same fold; however, this is not the case. In recent years, several cases of
distant evolutionary relationships between domains of different folds have
been revealed, either due to the discovery of homologous fold change events
(e.g. circular permutation) or due to the detection of homologous fragments.
Because current systems consider folds to be analogous, they fail to account
for these aspects of protein evolution. In Chapter 6, we discuss this issue
in detail and propose a classification level, the metafold, to unite groups of
folds for which a common origin has been substantiated.



Chapter 2

Background

This chapter provides a review of the basic theory underlying topics ad-
dressed in the following chapters. We start with an introduction to the four
levels of protein structure and to the structural, functional and evolutionary
units of proteins, domains. Subsequently, we discuss the classification of
proteins and the mechanisms by which proteins change their fold. We end
this chapter by focusing on a hypothesis for the evolution of folded proteins.

2.1 Levels of protein structure

Proteins are linear sequences made from 20 types of amino acids (also re-
ferred to as residues), each with different physicochemical properties. This
linear sequence assumes a well-defined three-dimensional structure, which
is unique to each protein and dictates its biological activity. Therefore, in
order to understand the function of proteins, it is crucial to comprehend
their structure. The structure of proteins is organized into four hierarchical
levels: primary, secondary, tertiary, and quaternary [Branden and Tooze,
1999].

Primary structure refers to the linear sequence of amino acids in a protein
(Fig. 2.1). The amino acids constituting a protein are connected end-to-end
by covalent peptide bonds, which are formed during translation by the con-
densation of the carboxyl group of one amino acid with the amino group of
the next. Proteins are therefore also referred to as polypeptides. With the
exception of disulfide bonds that are formed between non-consecutive cys-
teine residues and help stabilize higher-order structures, all covalent bonds
in proteins define the primary structure. In contrast, the higher-order struc-
tures of a protein, namely secondary, tertiary, and quaternary structures, are
stabilized by non-covalent interactions.

Secondary structure refers to highly regular local substructures formed
by linear segments of a polypeptide chain. Proteins exhibit two main types
of secondary structures: the α-helix and the β-strand [Pauling et al., 1951].
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Figure 2.1: The four levels of protein structure. The structure shown is of
human hemoglobin (PDB 2HHB), which is functional as a quaternary structure
of four subunits, two α and two β . The α subunits are shown in shades of
green and the β subunits in shades of blue.

The α-helix has 3.6 residues per turn arranged in a spring-shaped confor-
mation, in which the CO group of each residue is hydrogen bonded to the
backbone NH group of the fourth residue along the chain. In contrast, the
β-strand is a fully extended segment of the polypeptide chain and is typi-
cally five to ten residues long. This extended conformation is unstable on its
own and therefore single β-strands are rarely found in proteins. They are,
more often than not, part of a stable arrangement called β-sheet, in which
two or more β-strands are arranged next to each other such that hydro-
gen bonds can form between the CO and NH groups of adjacent β-strands.
Most proteins are composed of combinations of α-helices and β-strands that
are connected by loop regions of various lengths and shapes. Although less
ordered than α-helices and β-strands, loops observed in proteins of known
three-dimensional structure still fall into a limited set of geometries. Turns,
a subtype of loops, assume somewhat ordered structures and are recognized
as a third class of secondary structures. They are composed of three or four
residues arranged in a compact, U-shaped element, which is stabilized by a
hydrogen bond between residues at the first and last positions. In an av-
erage protein, 90% of the residues occur in α-helices, β-strands, and loops;
segments that are not in these three secondary structures are referred to as
random coils.

Tertiary structure refers to the overall folded conformation of a polypep-
tide chain (Fig. 2.1). The secondary structural elements, i.e. α-helices, β-
strands, and loops, typically pack against each other in a compact fashion
to give proteins their well-defined three-dimensional shapes. The main driv-
ing force behind the formation of the tertiary structure is the hydrophobic
effect; globular proteins fold in a way such that they bury the side-chains
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Figure 2.2: The three most recurrent supersecondary structural elements. In
all elements α-helices are shown in yellow, β-strands in green, and loops in
gray. The motifs shown are: A) a α-hairpin from the yeast vesicular transport
protein Sec17 (PDB 1QQE), B) a β-hairpin from the snake venom erabutoxin
(PDB 1QKE), and C) a β-α-β element from the NAD-dependent formate de-
hydrogenase protein from Pseudomonas sp. 101 (PDB 2NAC).

of nonpolar (hydrophobic) amino acids away from solvents in their core and
expose the side-chains of polar (hydrophilic) amino acids to solvents. The
situation is, however, different for membrane proteins since they reside in
a hydrophobic environment, that is the lipid bilayer, instead of an aqueous
one; they therefore expose hydrophobic residues to the lipid bilayer. In ad-
dition to hydrophobic interactions between the non-polar side chains buried
in the interior, specific non-covalent interactions such as salt bridges and
hydrogen bonds, and occasionally disulfide bonds between non-consecutive
cysteine residues, also contribute to the stability of the tertiary structure of
globular proteins. While for many proteins tertiary structure is the highest
level of organization, some are only functional as higher-order assemblies.

Quaternary structure refers to complexes of two or more polypeptide
chains (subunits) held together by non-covalent bonds. Complexes with
identical and different subunits are called homo- and hetero-oligomers, re-
spectively; e.g. hemoglobin is a hetero-tetramer of two α and two β subunits
(Fig. 2.1).

Between the secondary and the tertiary level, protein structures exhibit
a sublevel of organization called the supersecondary structure (also referred
to as motif), which comprises two or more secondary structure elements
in specific geometric arrangements. Certain supersecondary structures are
widespread in proteins [Salem et al., 1999], e.g. α-hairpins (two adjacent
α-helices connected by a short loop; Fig. 2.2A), β-hairpins (two adjacent
β-strands connected by a short loop; Fig. 2.2B), and β-α-β motifs (two
adjacent parallel β-strands connected by an α-helix; Fig. 2.2C). Such motifs
frequently occur in evolutionarily unrelated proteins, indicating that their
popularity is due to some general principles of the structural organization
of proteins rather than due to common ancestry.
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Figure 2.3: The modular nature of proteins. Modern protein are built of a
basic set of recurring modules called domains. A) Domain architecture of the
transcription factor NusA. The structure shown is of NusA from Thermotoga
Maritima (PDB 1HH2). NusA is composed of four domains: an N-terminal
α/β domain (shown in pale red), a five-stranded β-barrel (S1) domain (green),
and two K-homology (KH) domains (blue). B) Domain architecture of proteins
comprising the S1 and KH domains. Currently, the N-terminal domain of NusA
is unique to it. The S1 and KH domains, however, reoccur in several proteins
in different combinations with other domains.
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2.2 Domains - the evolutionary units of proteins

Tertiary structures of large proteins are frequently composed of multiple
physically distinguishable structural units, referred to as domains. Typical
domains consist of 100 to 200 residues [Wheelan et al., 2000] in various
combinations of α-helices, β-strands, and loops. These elements pack against
each other in a compact fashion by burying their hydrophobic segments away
from solvents in the core and by exposing their hydrophilic segments to
solvents. This gives each domain its distinctive three-dimensional structure,
termed fold [Cordes et al., 1996].

The individual domains of a multidomain protein typically fold more or
less independently of each other. Furthermore, more often than not, isolated
domains of a multidomain protein also fold into same tertiary structures as
in the full protein. Therefore, besides being units of structure, domains are
also units of folding. This property has been exploited extensively for de-
termining the structures of large multidomain proteins, which are hard to
crystallize, a prerequisite for X-ray crystallography, and are too big for nu-
clear magnetic resonance (NMR) techniques. To a large extent, such proteins
have therefore been structurally characterized by determining the structure
of their constituent domains, which are much smaller in comparison and are
thus suitable for X-ray and NMR studies.

The smallest proteins are composed of a single domain, whereas larger
proteins can contain as many as several dozen domains. Each subunit of
hemoglobin, for instance, consists of a single domain, in which eight α-helices
are packed against each other in an arrangement commonly referred to as
the globin fold (Fig. 2.1) [Perutz et al., 1960]. Example of a multidomain
protein includes the transcription factor NusA from Thermotoga maritima,
which has an elongated rod-like tertiary structure composed of four domains:
an N-terminal α/β domain, a five-stranded β-barrel (S1) domain, and two
type II K-homology (KH) domains (Fig. 2.3A) [Worbs et al., 2001].

Typically, neither is a given domain found only once in a protein nor
is it unique to it, instead it can reoccur multiple times in the same protein
or in a variety of different proteins. Often the constituent domains of a
protein carry out distinct functions and when they reoccur in other proteins,
they frequently retain their function, and therefore in addition to being
units of structure and folding, domains are also units of function. The
previously described S1 domain, for example, is found in a large number of
RNA-associated proteins, in which it is involved in interactions with RNA
(Fig. 2.3B). Likewise, the K-homology (KH) domain, which occurs twice in
NusA, is a domain of around 70 amino acids and is present in a wide range
of nucleic acid-binding proteins; for example, in the eukaryotic ribosomal
protein S3 (Fig. 2.3B). In contrast to the S1 and KH domains, the N-terminal
domain of NusA is unique to it, as it has not yet been seen in any other
protein.
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Figure 2.4: The protein universe. The sequence space of proteins is prac-
tically infinite. At a median protein chain length of about 300 residues, the
number of conceivable protein sequences is 20300 (or ≈10390). With about
108 species on earth and 104 protein-coding genes per species, the total com-
plement of the world’s proteome is only about a trillion (1012). As small as
this number may seem by comparison to the combinatorial possibilities, it still
represents a large overestimate of the actual protein diversity. Current pro-
tein classifications recognize 104 domain families by sequence similarity, which
form about 3000 superfamilies, which in turn assume about 1000 topologically
distinct structural forms (folds).

The recurrence of certain domain types in a wide variety of different
multidomain proteins illustrates that modern proteins are built from simpler
modules. This raises an obvious question: how big is the space of proteins
and their constituent domains? Protein sequence space is essentially infi-
nite (Fig. 2.4). Even just considering the median protein chain length of
about 300 residues, the number of possible sequences is 20300 (or roughly
10390), which vastly exceeds the estimated number of particles in the known
universe (1080). It is unlikely that nature could have explored more than
a minuscule proportion of this enormous space. Indeed, the total comple-
ment of the world’s proteome is probably only about a trillion (with about
108 species, each containing roughly 104 protein-coding genes [Bull et al.,
1992]). Moreover, the trillion proteins present today are not a random sam-
ple of the polypeptide space. In fact, most proteins resemble other proteins
in sequence and structure because they are built by amplification, recombi-
nation, and divergence from an already available, basic set of autonomously
folding units, domains. Around 104 domain families, forming about 3000
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broader evolutionary superfamilies (Fig. 2.4), have been recognized by se-
quence comparison [Hunter et al., 2009]. These superfamilies reflect the
descent of modern proteins from a limited number of ancestral forms, most
of which were already established at the time of the last common ancestor,
3.5 billion years ago. Diversity is even more reduced at the structural level.
Often evolutionarily unrelated superfamilies exhibit the same fold and as a
result the number of superfamilies does not correspond to an equal number
of folds. Only about 1000 folds are populated in nature [Andreeva et al.,
2008; Cuff et al., 2011]. Furthermore, many folds frequently show recur-
rent local arrangements of secondary structures (supersecondary structures;
Fig. 2.2) [Salem et al., 1999], such that the diversity at the subdomain level is
even further reduced. However, although the sequence similarity of domains
reflects homologous descent, structural similarity may often be analogous
because only a limited number of folded conformations are available to the
polypeptide chain, owing to biophysical constraints.

This limited diversity of protein sequences and structures is not anec-
dotal. In fact, despite the continuing exponential increase of sequence and
structure databases, the vast majority of new sequences and structures can
be assigned to existing families and folds, and only few new families and no
new folds have been recognized in recent years. This suggests that we have
already achieved a fairly comprehensive view of the protein universe.

2.3 Classification of proteins

2.3.1 Overview

Over the last two decades, several different schemes for protein structure
classification have been developed, and are routinely used for inferring the
structure, function, and evolution of proteins. Because modern proteins
evolved by the combinatorial shuffling of a basic set of folded domains,
most systems, including the widely recognized CATH (Class-Architecture-
Topology-Homology) [Cuff et al., 2011] and SCOP (Structural Classification
of Proteins) [Andreeva et al., 2008] databases, use domains as the units of
classification. Both CATH and SCOP attempt to capture the evolutionary
and structural relationships between proteins by ordering them into hierar-
chies of families, superfamilies, and folds. Although philosophically similar,
these databases differ in the way they are generated: while SCOP is mostly
based on manual assignments, CATH employs automated and manual pro-
cesses. We note that, in addition to CATH and SCOP, there are a number
of other popular structural classification systems, examples of which include
the FSSP [Holm and Sander, 1993] and the MMDB databases [Madej et al.,
2012]. However, since SCOP, in particular, has become a key resource in
the analysis of similarities and dissimilarities between proteins, we use it as
a point of reference in this thesis.
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Figure 2.5: The hierarchical scheme of the SCOP database. Closely related
domains are grouped together into families, which are in turn grouped into
broader evolutionary superfamilies. Superfamilies are further assigned to folds
based on the topological arrangement of secondary structure elements and folds
are assigned to classes based on their secondary structure content. Hierarchical
ordering of the immunoglobulin-like fold, which belongs to the all-β class and
contains 28 superfamilies, is shown.

2.3.2 The SCOP database

The primary motivation of the SCOP database is to provide a comprehensive
view of known structural and evolutionary relationships betweens proteins.
This is achieved by organizing them into different hierarchical levels based
on sequence and structural similarity. The fundamental unit of classification
in SCOP is a domain. Proteins that comprise a single domain are regarded
as one unit, whereas the domains of multidomain proteins are treated as
separate units and are classified individually. The SCOP hierarchy comprises
of six levels: species, protein, family, superfamily, fold, and class.

Species is the bottommost level of the SCOP hierarchy and corresponds
to distinct domains and their experimentally generated variants. The next
higher level, Protein, groups together orthologs from different organisms or
isoforms from the same organism. Family comprises proteins that exhibit
pairwise residue identities of 30% and greater. Occasionally proteins that
have lower sequence identities, but extremely similar functions and struc-
tures are also placed together in a family. Superfamily encompasses families
whose members have low sequence identities, but have structural and func-
tional features indicative of a common ancestry.

The fold level separates superfamilies into groups that have the same
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overall tertiary structure (or fold). Domains are considered to have the
same fold if their secondary structure elements are arranged and connected
in the same way. Superfamilies of one fold have similar tertiary structures,
but no sequence similarity indicative of a shared ancestry. It is thought
that such superfamilies may have arisen by multiple independent events and
that they adopt the same fold because of s reasons. However, it is also
possible that superfamilies of one fold represent extreme cases of divergent
evolution from a common ancestor. At the topmost level, folds are placed
into four primary classes based on their secondary structure content: all-
alpha (folds consisting primarily of α-helices), all-β (folds formed mainly
of β-strands), α/β (folds in which helices and strands alternate regularly),
and α+β (folds with irregular mixtures of helices and strands). SCOP also
recognizes a small proteins class, which comprises proteins rich in cysteine,
a multidomain class, which contains proteins with multiple domains, for
which no homologs are known presently, and a membrane protein class, but
these do not constitute classes in an architectural sense. The current version
(1.75) of the SCOP database contains 110800 domains classified into 3902
families, 1962 superfamilies, and 1195 folds.

The example shown in Fig. 2.5 illustrates the hierarchical ordering of
domains with the immunoglobulin-like β-sandwich fold [Bork et al., 1994].
This fold is formed of two β-sheets, each containing antiparallel β-strands,
that envelop a central hydrophobic core. As this fold consists primarily of
β-strands, it is classified into the all-β class in SCOP. The immunoglobulin-
like fold comprises 28 superfamilies, each with multiple families. The im-
munoglobulin superfamily, for instance, contains four families: V set do-
mains, C1 set domains, C2 set domains, and I set domains. Each of these
families encompasses groups of orthologous proteins; the I set domains fam-
ily, for example, includes the protein Tintin that is important in the con-
traction of striated muscle tissues.

Because SCOP groups domains by combining structural considerations
in the upper classification levels (fold and class) with homologous criteria in
the lower levels (family and superfamily), it makes the implicit assumption
that homologous domains always have the same fold (Fig. 2.5). However,
as has increasingly become clear in recent years, it is not always the case.
Homologous domains can change their folds over the course of evolution
owing to events such as circular permutation [Grishin, 2001a]. We present
a few examples in Section 2.5.

2.3.3 Properties of folds

The hierarchical ordering of protein structures has brought an intriguing
fact to light - a small number of structural forms (or folds) are far more
common than others. For instance, of the 1,195 folds contained in SCOP,
only 136 comprise two or more superfamilies, whereas the rest corresponds
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to just one superfamily each. Furthermore, only about 10 of these folds are
really large and represent nearly 40% of all the sequence families in the PDB;
these populous folds are referred to as superfolds [Orengo et al., 1994]. The
aforementioned immunoglobulin-like fold is one of the best known superfolds
and comprises a two-layered sandwich of between seven and nine antiparal-
lel β-strands arranged in two β-sheets [Bork et al., 1994]. Domains of this
fold are, in particular, ubiquitous in proteins of the immune system and in
many cell surface receptors. SCOP classifies domains with this fold into 28
different superfamilies. Another well known superfold is the TIM (β/α)8-
barrel, which is a toroidal fold comprising a closed eight-stranded parallel
β-barrel surrounded by eight α-helices. Many totally unrelated enzymes
with no sequence similarities adopt this fold and accordingly, SCOP classi-
fies them into 33 different superfamilies within one fold. Why are certain
folds, such as the immunoglobulin-like fold and the TIM barrel fold, highly
populated? Many of them have simple topologies that either have internal
structural symmetry or are composed to over 70% of the three most common
supersecondary structures, α-hairpins, β-hairpins, and β-α-β motifs. It is
therefore possible that the kinetic folding of these folds is efficient compared
to that of more complex folds and as a result they may have been favored
in the evolution of proteins [Orengo et al., 1994]. Furthermore, two scenar-
ios have been discussed for the origin of superfamilies of one fold [Orengo
and Thornton, 2005]. One view maintains that superfolds support a wider
range of possibilities in the sequence space and thus superfamilies with the
same fold were arrived at independently multiple times in the evolution of
proteins. A contrary view, however, regards that superfamilies of one fold
represent extreme cases of divergent evolution from a common ancestor. In
fact, many recent studies have found evidence in favor of the second view
and have substantiated homologous relationships between superfamilies of
some populous folds; examples include the superfamilies of the TIM barrel
fold [Copley and Bork, 2000; Nagano et al., 2002; Soeding, 2005] and the
β-propeller fold [Chaudhuri et al., 2008].

Another striking property of folds is their permanence over the course
of evolution. Even the simplest organisms contain domains representative
of most of the about 1000 folds found in nature. In fact, the comparative
analysis of proteomes of organisms from diverse branches of life shows that
the majority of folds observed today were already established at the time of
the Last Universal Common Ancestor (LUCA), some 3.5 billion years ago,
and that very few novel folds arose later in bacteria, archaea, and eurkary-
otes [Caetano-Anolls et al., 2009]. Examples of folds that were established in
the LUCA and are preserved till date include the folds observed in the core
complement of ribosomal proteins, which are still 40% identical between all
organisms, ranging from amoeba to man [Ban et al., 2000]. Another exam-
ple of extreme conservation is presented by the four nucleosome core histone
proteins (H2A, H2B, H3, and H4), each of which is highly conserved from



2.4 Homology detection 17

basal eukaryotes to higher mammals. Moreover, all core histone subunits
have a common fold (the histone fold), in spite of only sharing low sequence
similarity; this suggests that all core histones arose from a common ances-
tor [Arents et al., 1991]. This extreme conservation of protein structures is
attributed to the discrete nature of the fold space [Sadreyev et al., 2009].
While the space of all possible protein sequences is essentially infinite, the
number of sequences with a folded structure in this astronomical space is
extremely small. The discovery of new folds is thus a really rare event. As
a result, nature tends to work with already existing folds types, instead of
evolving new ones. It adapts them to new functional demands by point
mutations, insertions and deletions, while preserving their structures over
billions of years.

2.4 Homology detection

The homologous descent of proteins from hypothetical ancestral forms is gen-
erally inferred from the similarity of modern representatives. These compar-
isons are typically carried out using sequence data, because sequence space
is essentially infinite and convergence by chance therefore highly unlikely.
Thus, proteins that exhibit statistically significant sequence similarities are
reasonably considered to be homologous. However, for distant evolutionary
events, sequences may have diverged beyond our ability to detect their evo-
lutionary relatedness. Because the three-dimensional structures of proteins
diverge much more slowly compared to their sequences, structure similar-
ity is often used as a measure to identify such distant events. However,
similar structures may have arisen convergently from different origins and
their similarity thus frequently does not provide conclusive evidence of com-
mon ancestry [Salem et al., 1999; Cheng et al., 2008]. Nevertheless, structure
comparisons may provide important clues to deep evolutionary relationships
and seem particularly useful when coupled to sequence comparisons.

In the last two decades, inference of homology from sequence com-
parisons has proven to be extremely reliable for extrapolating biological
knowledge. As a result, sequence comparison methods have become one
of the most important tools in molecular biology. Sequence comparison
methods achieve varying levels of sensitivity based on the amount of in-
formation they include. Sequence-to-sequence comparison methods such as
BLAST [Altschul et al., 1990] and FASTA [Pearson and Lipman, 1988] that
compare single sequences, scored by a global substitution matrix, are the
least sensitive. An increased sensitivity is achieved by profile-to-sequence
comparison methods such as PSI-BLAST [Altschul et al., 1997], which rep-
resent the query sequence using a sequence profile derived from a multiple
alignment of homologous sequences. Sequence profile includes more infor-
mation about the sequence family than a single sequence. In particular,
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it records the probability for the occurrence of each amino acids at every
position of the multiple alignment. Since position-specific amino acid prefer-
ences are conserved over larger evolutionary distances than amino acid iden-
tities, profile-to-sequence methods exhibit greater sensitivity over sequence-
to-sequence methods. An additional improvement in sensitivity is obtained
by profile-to-profile comparison methods, such as COMPASS [Sadreyev and
Grishin, 2003], which use family-specific information as represented by pro-
files for both sequences being compared.

Inclusion of position-specific insertion and deletion probabilities into pro-
files yields profile hidden Markov models (HMMs) [Eddy, 1998]. Methods
based on the comparison of profile HMMs are presently the most sensitive
tool for the detection of homology. Like position-specific amino acid pref-
erences, position-specific insertion and deletion probabilities are also con-
served over larger evolutionary distances, and this is the reason for the
increased sensitivity of HMM-to-HMM comparison methods over profile-to-
profile methods. HHsearch [Soeding, 2005; Soeding et al., 2006], an HMM-
to-HMM comparison method, has a sensitivity equivalent to that of ad-
vanced fold recognition methods, in spite of using only sequence information.
In fact, HHsearch was among the best-performing servers in the most recent
CASP1 experiment (Critical Assessment of Techniques for Protein Structure
Prediction). HHsearch is currently one of the most sensitive methods for re-
mote homology detection and has been used in numerous studies, by us and
others, for identifying evolutionary relationships between protein families
previously thought to be unrelated [Coles et al., 2005; Alber et al., 2007;
Gao et al., 2007; Remmert et al., 2009; Kopec et al., 2010]. We have there-
fore applied HHsearch in this thesis to evaluate evolutionary relationships
between distantly related proteins.

HHsearch can be employed either to perform pairwise comparisons be-
tween two proteins of interest or to search a standard protein database, such
as the protein data bank (PDB), for homologs, starting with a single pro-
tein. As noted in the previous paragraph, HHsearch represents both query
and database proteins by profile HMMs. Before initiating the search pro-
cess, HHsearch generates a multiple alignment for the query protein either
with PSI-BLAST or with a context-specific version of PSI-BLAST, called
CSI-BLAST [Biegert and Soeding, 2009]. Next, the resulting alignment is
assigned predicted secondary structure using the program PSIPRED [Jones,
1999]. A profile HMM representing the query protein is then derived from
this annotated alignment. Profile HMMs for proteins in the databases
provided by HHsearch are pre-calculated in a similar way; however, sec-
ondary structure information contained in these profile HMMs are either
predicted by PSIPRED or are calculated from three-dimensional structure

1http://predictioncenter.org/casp9/CD/data/html/groups.server.
tbm.html

http://predictioncenter.org/casp9/CD/data/html/groups.server.tbm.html
http://predictioncenter.org/casp9/CD/data/html/groups.server.tbm.html
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using DSSP [Kabsch and Sander, 1983]. This incorporation of secondary
structure information in query and database profile HMMs improves the
sensitivity of homology detection [Soeding, 2005]. The output of HHsearch
contains a ranked list of database matches and the corresponding pairwise
sequence alignments. Every database match is assigned a probability value,
which is an estimate for the likeliness of the given match to be a true posi-
tive. Generally, at probability values of > 50% the error rate of HHsearch is
very low, that is, the detected relationships are most certainly homologous.

2.5 Fold change in the evolution of proteins

The evolutionary stability of proteins folds is astonishing. In fact, the vast
majority of popular folds seen in modern proteins were already established
at the time of the Last Universal Common Ancestor [Caetano-Anolls et al.,
2009] and have not changed much ever since. However, this does not im-
ply that proteins never alter their structural forms. It is long known that
over the course of evolution, domains derived from a common ancestor can
change by embellishing their structures, that is, by acquiring additional seg-
ments at their N- and/or C-terminal ends. Typically, these changes are
minimal and do not alter the overall fold of domains. However, occasionally
homologous domains can also undergo drastic structural changes, wherein
one or more secondary structure elements within the fold alter their topol-
ogy, leading to a change in the overall fold. In recent years, several events
have been described by which homologous proteins can change their fold
substantially [Grishin, 2001a; Andreeva and Murzin, 2006; Andreeva et al.,
2007; Alva et al., 2007, 2008]. For example, fold change can result from
the cumulative effect of point mutations (Fig. 2.6D) or by the insertion and
deletions of segments (Fig. 2.6B). Other mechanisms for fold change include
topological substitutions, strand swaps, strand and hairpin invasions, circu-
lar permutations, and 3D domain swaps; most of these have been discussed
in detail by Grishin et al. [2001a].

Circular permutation, for instance, is a process that proceeds by a fu-
sion of the N and C termini and a cleavage at a different position to create
new termini. This results in proteins with different topological connections,
but with similar overall structures (Fig. 2.6A). Sometimes, the cumulative
effect of mutations, insertions, and deletions can cause homologous pro-
teins to change their structures dramatically, even to the extent where they
show no resemblances in structure. Such a case of dramatic fold change
is presented by the transcription factor NusG and its paralog RfaH [Bel-
ogurov et al., 2007]. NusG is composed of two independent domains, an
N-terminal domain (α/β fold) that has been implicated to bind RNA poly-
merase (RNAP) and a C-terminal β-barrel domain. While the N-terminal
domain of RfaH resembles the corresponding domain in NusG, its C-domain
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Figure 2.6: Mechanisms of fold change. In all structures α-helices are shown
in yellow and β-strands in green; in homo-dimers, one monomer is shown in
gray. A) The C2 domains of synaptogamin I (PDB 1RSY) and phospholipase
C (1QAS) are related by a circular permutation event; the permuted strand is
shown in red. B) The eight-stranded TIM barrel of bacterial luciferase (1LUC)
is connected to the seven-stranded barrel of the nonfluorescent flavoprotein
(1NFP) by deletion and helix-to-strand transition; the affected region is shown
in red. C) The transcription factor NusG and its paralog RfaH. NusG contains
two independent domains, a N-terminal domain and a C-terminal β-barrel
domain. The N-terminal domain of RfaH resembles the N-domain of NusG,
but its C-domain is a two helical coiled-coil; the affected region is shown in
red. Although the C-domains assume different structures, they have about
20% sequence identity. D) The cumulated effect of point mutations resulted in
a transition in the handedness of a four-helix bundle between the DHp domains
of EnvZ (1JOY) and Thermotoga TM0853 (2C2A).

is a two helical coiled-coil (Fig. 2.6C). Despite the differences in the struc-
ture, the C-domains show about 20% sequence identity, indicating that they
are homologous. Many residues that make up the hydrophobic core of the
NusG β-barrel are also conserved in the RfaH coiled-coil and form a hy-
drophobic surface that interacts with the proposed RNAP-binding segment
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of the N-domain. This fold change event also resulted in a more evolved
function for RfaG. NusG is a general transcription factor, whereas RfaH
has a more regulated function; it only exposes its RNAP-binding site when
certain sequence-specific interactions with DNA take place. This and other
examples of fold change events illustrate the fact that nature frequently cre-
ates new structural forms by modifying existing ones, rather than building
them from scratch.

2.6 Origin of domains

It has been long recognized that nature evolved contemporary proteins by
shuffling existing domains types, which it customized to new functional de-
mands by point mutations, insertions, and deletions. Many of these domain
types were already established at the time of the LUCA, with a few domains
arising later in bacteria, archaea, or eukaryotes [Rost, 2002; Caetano-Anolls
et al., 2009]. Domains therefore represent units of evolution in modern pro-
teins. While the origin of multidomain proteins has been researched and
discussed extensively, the emergence of domains themselves is poorly stud-
ied.

Several lines of evidence, including the identification of many instances
of local sequence and structure similarities within domains of different folds
and the detection of numerous examples of folds composed of sequence-
and structure-similar repeats, suggest that domains themselves are divisible
and thus might not constitute the fundamental evolutionary atoms of pro-
teins. In 2001, Lupas et al. [2001] examined these observations in detail and
hypothesized that the first domains may have arisen by amplification and
accretion from a small pool of simpler modules, much in the manner how
modern multidomain proteins arose from a limited set of domains2.

First, it was argued that the combinatorial complexity of creating a do-
main from scratch is unapproachable [Soeding and Lupas, 2003]. Even for
a domain of just 100 residues, there are 20100 possible sequences. However,
as demonstrated by experiments that tried to obtain folded proteins from
random sequence libraries, only a minuscule fraction of these conceivable
sequences will assume a folded structure [Keefe and Szostak, 2001]. This
raises the question of whether nature could have sampled the astronomical
space of all possible protein sequences in a reasonable amount of time to
isolate folded domains. It does not seem so. Even if we assume that nature
could have sampled the sequence space at an unrealistically fast rate of one
trillion (1012) different sequences per second, it would still take 4.02×10110

years to try all possible sequences to evolve a domain of 100 residues; to
put this number in perspective, consider that only 13.7 billion (13.7×109)

2For a detailed account on the origin of domains, please refer to [Lupas et al., 2001]
and [Soeding and Lupas, 2003].
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Figure 2.7: Folds with internal symmetry. α-hairpins are shown in yellow,
β-hairpins in green, and motifs with mixed α and β in blue. The folds shown
are: A) porin (PDB 2POR), B) β-propeller (1TBG), C) TPR (1ELR), D) four-
helical up-down bundle (1L3P), E) leucine-rich repeats (2BNH A:118-318), and
F) TIM (β/α)8-barrel (1HTI).
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Figure 2.8: Evolution by duplication. This example illustrates the evolution
of a four-helical up-down bundle domain through duplication of a α-hairpin.
A) Structural superposition of the two repeats of the four-helical up-down
bundle (PDB 1L3P) is shown. The repeats are shown in yellow and gray. B)
Sequence alignment of the two repeats. Conserved residue columns are shown
in boldface and the secondary structure composition is indicated above the
alignment.

years have passed since the Big Bang. It thus seems highly improbable that
domains were evolved de novo from the gigantic space of all possible se-
quences. Furthermore, even if random sampling of the sequence space were
possible, no non-biological processes are known that could synthesize and
supply polypeptide chains of sufficient lengths and in quantities required
for this exploration. However, abiotic synthesis of short peptides has been
demonstrated [Keller et al., 1994]. It was, therefore, argued that the evolu-
tion of proteins started from short, rather than long peptides.

Second, it was reasoned that domains comprising multiple copies of a
repeat may be the result of evolution by amplification and gene fusion from
an ancestral homomultimer (Fig. 2.7). This idea had also been put forward
by a number of previous studies, the earliest of which were carried out by
Andrew McLachlan in the 1970s. He reported many examples of domains
composed of repeats and proposed that repetition is an important mecha-
nism in the evolution of multidomain proteins as well as in the evolution
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Figure 2.9: Sequence- and structure-similar fragments in domains of different
folds. A) The type I KH domain (PDB 1TUA, A:3-72) and the type II KH
domain (1HH2, P:277-342) share a homologous motif (shown in blue), which
is involved in RNA-binding. These two domains may have arisen from an
ancestral peptide through accretion. B) The C-domain of ribosomal protein
L7/L12 (1CTF) and the N-domain of EF-Ts (1XB2, B:56-111) have a common
α-hairpin (shown in pink). This motif is involved in interactions with EF-
Tu. C) and D) show sequence alignments for the RNA-binding KH-motif and
the EF-Tu-binding α-hairpin, respectively. Conserved alignment columns are
shown in boldface and secondary structure composition is indicated above the
alignment.

of domains themselves [McLachlan, 1979; McLachlan et al., 1980; McLach-
lan, 1980]. This proposition was primarily based on internal symmetries
observed in folds at the structural level, a feature that generally reflects
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analogy. However, many studies have since presented numerous examples of
folds that are built of repeats similar both in sequence and structure, con-
firming the role of repetition in the evolution of domains. One example for
evolution by amplification is displayed by the group V grass pollen allergen
which assumes a four-helical up-down bundle composed of two sequence-
and structure-similar α-hairpin repeats (Fig. 2.8). This suggests that the
ancestral form of this fold was a dimer of identical subunits, which fused
to form a single chain version. It is also thought that stable assemblies
of identical subunits evolve more quickly than those involving nonidentical
subunits, owing to symmetry-related reasons [Lukatsky et al., 2007]. Indeed,
of the ten most populated folds described by Orengo et al. [1994], six show
internal structural symmetry. For instance, β-propellers, which are toroidal
structures and are classified into five different folds comprising 32 super-
families in SCOP, are built of between four and ten homologous repeats of
a four-stranded β-meander (Fig. 2.7B) [Chaudhuri et al., 2008]. Examples
of other highly populated symmetric folds include the TIM (β/α)8-barrel
fold (Fig. 2.7F) [Copley and Bork, 2000; Nagano et al., 2002; Soeding, 2005]
and the outer membrane β-barrel fold (Fig. 2.7A) [Remmert et al., 2009].
Some other highly populated folds, such as immunoglobulin and jelly-roll
folds, show clear internal structural symmetry, but no corresponding se-
quence symmetry. At this time it is unclear if these structurally repetitive
folds emerged by amplification form an ancestral module or whether their
symmetric structure is an outcome of convergent evolution. This, until re-
cently, was also the case for TIM barrels and β-propellers, as their repeats
did not show detectable sequence similarity. However, the recent growth
of molecular databases and the availability of sensitive sequence comparison
methods have revealed that their repeats are in fact homologous. This might
also turn out to be the case for other folds that presently only show internal
structural symmetry.

Third, the detection of numerous instances of sequence- and structure-
similar fragments within non-homologous folds provides further evidence for
the notion that domains themselves arose from simpler modules. Examples
of such locally similar substructures include the Asp-box [Copley et al.,
2001], the DNA-binding helix-hairpin-helix-motif [Doherty et al., 1996], the
KH-motif [Grishin, 2001b], and the EF-Tu-binding α-hairpin [Wieden et al.,
2001]. The KH-motif (α-α-β), for instance, is found in two topologically
distinct RNA-binding domains, the type I and the type II KH domains
(Fig. 2.9A,C). The similarity between these two domains is limited to the
KH-motif, which in both domains in involved in interactions with RNA. It
is thought that the type I and type II KH domains arose from an ancestral
module by accretion, that is, by multiple additions of structural elements.
Another example of a sequence- and structure-similar motif is the α-hairpin
common to the C- terminal domain of ribosomal protein L7/L12 and the N-
domain of EF-Ts, both of which have otherwise different folds (Fig. 2.9B,D).



26 Background

In both these domains, this motif is implicated to be involved in interactions
with EF-Tu. The existence of these sequence- and structure-similar motifs in
domains of different folds indicates that many domains might have originated
by shuffling and accretion from simpler, ancestral modules.

Based on these observations, Lupas et al. [2001] postulated that the
first folded domains might have arisen by fusion and recombination from
an ancestral set of peptides [the antecedent domain segments (ADSs)] that
emerged in the context of RNA-dependent replication and catalysis (the
RNA world). According to this model, the local similarities found in modern
proteins represent the observable remnants of such peptides. It was discussed
that in the RNA world [Jeffares et al., 1998], which is widely accepted to
be an important intermediate stage in the origin of the cellular life known
to us today, simple peptides may have been recruited by RNA to expand
its functional repertoire. While RNA was the central molecule in this pre-
biotic life and carried out a wide range of functions, including storage of
genetic information and catalysis of chemical reactions, there were some
important reactions that could not have been performed by RNA on its
own [Doudna and Cech, 2002; Joyce, 2002]. One such reaction is the redox
reaction involving free radicals. In contrast to RNA, peptides are good
chelators of small molecules and can assist redox reactions via their side
chains. For this reason, peptides may have been chosen to assist RNA as
cofactors in the pre-biotic world.

It is thought that initially short peptides were available by abiotic syn-
thesis and that many non-specific RNA-peptide complexes may have formed
spontaneously. This provided an avenue for the selection of RNA-peptide
complexes with useful features, in terms of improved catalytic activity,
higher thermostability, efficient folding, and ability of peptides to form sec-
ondary structure [Soeding and Lupas, 2003]. Over the course of evolution,
many beneficial, specific RNA-peptide complexes may have been found and
become integral to the RNA world. This in turn must have necessitated
the need for a more straightforward synthesis of peptides and presumably
led to the eventual emergence of a primitive genetic code and to the origin
of single-gene minichromosomes [Jeffares et al., 1998]. The lengths of these
mini-genes would initially have been restricted because of the high error
rates of the early replication machinery. Consequently, the first protopro-
teins must have been either single, short peptides or oligomers of short pep-
tides. Later, when the error rates of the replication process lowered, many of
these mini-genes might have fused together, resulting in longer, single-chain
genes, and thus proving the necessary raw material for the selection of first
proteins that were capable of folding and functioning independent of their
RNA template. These first proteins must have then diversified, essentially
by addition of multiple structural elements (accretion), to give rise to the
domain superfamilies and the fold types we recognize today.



Chapter 3

On the polyphyly and origin
of domains

3.1 Motivation

All forms of life on earth, from the microscopic amoeba to the gigantic whale,
are evolutionarily related to each other because they descended from a sin-
gle ancestor, usually referred to as the Last Universal Common Ancestor
(LUCA) [Glansdorff et al., 2008]. Life is therefore monophyletic and can be
represented using a single phylogenetic tree with the LUCA at the root. The
situation with proteins is, however, different. Modern proteins did not de-
scend from a single ancestor, instead they evolved by amplification, shuffling,
and divergence from a basic set of distinct ancestral prototypes (domains),
many of which were already present at the time of the LUCA. Proteins are
therefore polyphyletic and cannot be represented by a single tree, as for or-
ganisms. This polyphyly is evidenced by the fact that sequence comparisons
of modern proteins recognize around 10,000 domain families, which further
form about 3000 broader evolutionary superfamilies [Hunter et al., 2009;
Punta et al., 2012], each encompassing descendants of an ancestral form.
This variability in sequences does not correspond to a similar variability in
structures. The three-dimensional structures of proteins exhibit regularities,
and many domain superfamilies exhibit the same or similar folds, even in
cases when they have no obvious evolutionary relationship. Such structural
similarities may often be analogous because only a limited number of folded
conformations are available to the polypeptide chain, owing to biophysical
constraints. In line with this, the 3000 superfamiles observed in modern pro-
teins fall into one of about 1000 folds based on the similarity of their tertiary
structures [Andreeva et al., 2008; Cuff et al., 2011], with the structural re-
semblances between superfamilies of one fold being the result of convergent
evolution.

Parts of this chapter have been adapted with permission from [Alva et al., 2010].
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How comprehensive is this polyphyly of proteins? Did each of the 3000
or so superfamilies arise independently, the structural similarities between
them being convergent? This does not appear to be the case. In recent
years, the dramatic growth of protein sequence and structure databases and
the advances in sequence comparison methods have led to the discovery of
many distant evolutionary relationships that transcend the boundaries of
superfamilies, suggesting that not all protein superfamilies had arisen inde-
pendently. The most noteworthy case is that of the TIM (β-α)8-barrel fold,
which is a toroidal fold comprising a closed eight-stranded parallel β-barrel
surrounded by eight α-helices. This fold is the most popular fold among en-
zymes [Wierenga, 2001] and is seen in many different enzyme families, each
catalyzing completely unrelated reactions. Although these families exhibit
the same fold, the sequence similarity between them is weak, and they were
therefore thought to have converged on the TIM-barrel fold independently.
The SCOP database, for instance, classifies families with this fold into 33
analogous superfamilies. However, with the recent availability of sensitive
sequence comparison methods, superfamilies of the TIM-barrel fold have
been shown to exhibit sequence similarity indicative of homology, leading to
the notion that they arose from a common ancestor [Copley and Bork, 2000;
Nagano et al., 2002; Soeding, 2005]. This is also the case for a number of
other highly populated folds, including β-propellers [Chaudhuri et al., 2008]
and outer membrane β-barrels [Remmert et al., 2009]. In addition to the
detection of instances where superfamilies of the same fold are homologous,
occasionally, even the boundaries between folds have been broken either
due to the discovery of homologous fold change [Grishin, 2001a; Andreeva
and Murzin, 2006; Andreeva et al., 2008; Alva et al., 2008] owing to events
such as circular permutation and strand invasions or due to the detection of
conserved supersecondary structures, which may represent remnants of an
ancient peptide-RNA world [Fetrow and Godzik, 1998; Lupas et al., 2001;
Soeding and Lupas, 2003]. These findings suggest that proteins might not
be as polyphyletic as hitherto assumed.

To evaluate the extent to which such distant relationships transcend
current structural classification, we clustered a representative set of protein
domains, encompassing all known folds, on the basis of sequence comparisons
alone. The resulting map shows that many protein families from different
superfamilies (see Section 3.2) or even folds may have a homologous origin
(see Section 3.3).

3.2 An homology-based clustermap of folds

3.2.1 Previous studies

The nature of the ‘fold space’ has been a matter of intense research for
decades and hitherto, a number of studies have mapped it by structural
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criteria, mainly with a focus on principles for automatically classifying pro-
teins [Holm and Sander, 1993; Orengo et al., 1993; Hou et al., 2003]. Holm
et al., for instance, performed an all-against-all comparison of about 200
representative structures with less than 30% pairwise sequence identity, us-
ing their then newly-developed structure alignment algorithm DALI, and
showed that an objective classification of proteins into structural classes
(such all-α and all-β), as defined by visual inspection, is achievable [Holm
and Sander, 1993]. Some studies also considered structure-based function
inference [Hou et al., 2005] and the fold usage of organisms [Hou et al.,
2003]. Kim and coworkers clustered protein structures based on their pair-
wise structural similarities to generate a high-level map of the fold space and
showed that proteins with similar functions come to lie close together in this
map [Hou et al., 2005]. All these studies used structural similarity to connect
different folds, a property that primarily reflects analogy. As described ear-
lier, unrelated domains frequently show recurrent local substructures (such
as α- and β-hairpins), and because of these convergent local similarities,
structural maps show proteins in a continuum [Friedberg and Godzik, 2005;
Kolodny et al., 2006; Taylor, 2007; Cuff et al., 2009; Pascual-Garca et al.,
2009], obscuring discrete evolutionary relationships [Sadreyev et al., 2009].
Indeed, recent results suggest that events such as circular permutations,
strand invasions, or 3D domain swaps may have substantially altered the
folds of homologous proteins [Grishin, 2001a; Andreeva et al., 2007; Alva
et al., 2008], often leading to the variant form resembling an unrelated fold.
In such cases, structural convergence can give the impression of continuity
in an evolutionarily discontinuous landscape. We have therefore revisited
the mapping of protein fold space using only homologous criteria, that is,
sequence similarity.

3.2.2 Our approach

To obtain a high-level view of distant evolutionary relationships between pro-
teins folds, we decided to cluster domains representative of all known fold
types by their pairwise sequence similarity. To assemble such domains, we
chose the structural classification of proteins (SCOP) database [Andreeva
et al., 2008]. As described earlier, SCOP classifies proteins hierarchically
by grouping related domains into families, related families into superfam-
ilies, structurally similar superfamilies into folds, and folds into secondary
structure classes. Thus, the first two levels of the classification capture ho-
mologous relationships, whereas the last two capture analogous ones. For
the purpose of this study, we filtered SCOP to a maximum of 20% sequence
identity and obtained 7002 domains. At this level, all superfamilies and
nearly all families are still represented, but most relationships considered
homologous by SCOP have been removed. Since the events we are trying
to track date back to the time of the last universal common ancestor, the
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signal for common ancestry is expected to be weak. In such cases, methods
that compare profile HMMs have been shown to be the most sensitive at
detecting sequence similarity indicative of homology. We therefore employed
the state-of-the-art remote homology detection method HHsearch [Soeding,
2005], which is based on profile HMMs and has been successfully used by
many groups for substantiating homologies between distantly related pro-
teins. We made pairwise comparisons of profile HMMs for the domains
obtained from SCOP and clustered them in CLANS to produce a two-
dimensional map of the fold space. CLANS is an implementation of the
Fruchterman-Reingold graph layout algorithm to visualize pairwise sequence
similarities in either two-dimensional or three-dimensional space [Frickey
and Lupas, 2004]. Each sequence is represented by a point in this higher-
dimensional space, in which it moves based on the forces exerted on it by
other points. The force between two points is based on the sequence simi-
larity between the corresponding sequences; in this study, we use HHsearch
P-value as an indicator of sequence similarity. While significant P-values
result in large attractive forces, insignificant P-values give repulsive forces.
In this way, after sufficient relaxation times, similar sequences come to lie
closely together. In the resulting cluster map, domains are represented by
colored dots and the brightness of the lines connecting the dots indicates
the degree of sequence similarity between them.

The dots in the obtained map were colored using three different schemes
to produce three different views of the fold space. To analyze the high-level
nature of the different architectural classes, we produced a class map by col-
oring the dots according to their SCOP class (Fig. 3.1). For visualizing the
extent to which homologous relationships transcend current fold and super-
family boundaries, the fold (Fig. 3.2) and superfamily (Fig. 3.3) maps were
obtained by coloring the dots based on their SCOP fold and superfamily,
respectively.

3.2.3 Class map

Although the clustering was done only based on sequence information, we
observe that proteins of the same structural class generally converge to the
same regions in the map. The structural classes recognized by SCOP are:
folds consisting primarily of α-helices (all-α), folds formed mainly of β-
strands (all-β), folds in which helices and strands alternate regularly (α/β),
and folds with irregular mixtures of helices and strands (α+β). SCOP also
recognizes a small proteins class, which comprises proteins rich in cysteine,
a multidomain class, and a membrane protein class, but these do not con-
stitute classes in an architectural sense.

The class map (Fig. 3.1) shows five large regions corresponding to the
four primary classes - all-α (blue), all-β (cyan), α/β (red), and α+β (yellow)
- and to the small proteins class (green). We attribute their convergence to
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Figure 3.1: Galaxy of folds colored by classes (reproduced from [Alva et al.,
2010]). Domains from the same class come to lie in similar regions of the galaxy.
Domains in SCOP20 were clustered in CLANS based on their all-against-all
pairwise similarities as measured by HHsearch P-values. Dots represent do-
mains. Line coloring reflects HHsearch P-values; the brighter a line, the lower
the P-value. Domains are colored according to their SCOP class: all-α (blue),
all-β (cyan), α/β (red), α&β (yellow), small proteins (green), multi-domain
proteins (orange), and membrane proteins (magenta).

general similarities in amino acid composition, that is, to an analogous prop-
erty. We find support for this notion in the fact that a map generated after
correction for amino acid bias showed a considerably decreased grouping of
the structural classes. This is consistent with previous observations that the
amino acid composition reflects the structural class of a protein [Chou and
Zhang, 1995]. Because of the force-directed clustering procedure, folds find
their equilibrium position in the map not only by attraction to similar folds
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but also by repulsion of different ones. Clusters of similar folds can thus
develop considerable repulsive forces, frequently clearing the areas around
them and repelling dissimilar folds to distant parts of the map. For this
reason, while the all-α and α/β classes are next to each other, the all-α and
all-β classes occupy diagonally opposite locations. Of the primary classes,
the α+β class shows the least convergence and overlaps most with the other
classes, suggesting that it could be considered a catch-all class. This has
already been pointed out by Orengo et al. [1993], who do not consider α+β
a true structural class. Of the last two classes, membrane proteins cluster
with the soluble proteins of the same secondary structure (helical mem-
brane proteins with the all-α class and outer membrane proteins with the
all-β class), and multidomain proteins are scattered all over the map, as
their constituent domains belong to different classes.

3.2.4 Superfamily and fold maps

The current version (1.75) of the SCOP database contains 110800 domains
classified into 3902 families, 1962 superfamilies, and 1195 folds. Of the 1195
folds, 136 comprise two or more superfamilies; a list of the 25 folds with the
most number of superfamilies is shown in Table 3.1. We reasoned that if
these superfamilies of the same fold really had multiply independent origins
as highlighted by SCOP, we would obtain a map without many intercon-
nections between them. Our map, however, shows that this is not the case.
Although unrelated domains from the same class are very loosely connected
in general, the many tighter clusters are formed from groups of domains
with significant pairwise similarities that are indicative of homology. We
chose 60 visually prominent clusters for further analysis. As expected, most
of these contain domains of the same superfamily, but 18 contain domains
from different superfamilies. Out of these, seven comprise superfamilies of
the same fold and 11 superfamilies of different folds.

One large cluster contains the various superfamilies of the aforemen-
tioned TIM (β-α)8-barrel (yellow cluster at the bottom in Fig. 3.2). In
our map, all 33 superfamilies of this fold (SCOP c.1.1-c.1.33), except for
monomethylamine methyltransferase (c.1.25) and NAD(P)-linked oxidore-
ductase (c.1.7), cluster into three groups, which are tightly linked to each
other, in agreement with their proposed homology [Copley and Bork, 2000;
Nagano et al., 2002; Soeding, 2005]. Other examples of such folds with
tightly connected superfamilies include the α/α toroid fold (a.102, salmon
cluster near the left edge in Fig. 3.2) and the β-trefoil fold (b.42). In both
of these cases, a homologous origin for the superfamilies within the fold is
likely [Ponting and Russell, 2000; Liang et al., 2002].

Although our results indicate that folds may not be as polyphyletic as
assumed by SCOP, we do see instances of analogous folds. The most striking
example is the ferredoxin-like fold (d.58), which has a two-layered α + β



3.2 An homology-based clustermap of folds 33

Figure 3.2: Galaxy of folds colored by folds (reproduced from [Alva et al.,
2010]). Some clusters connect domains of different fold, pointing to common,
homologous fragments of similar sequence and structure. These might rep-
resent descendants of a set of ancient peptide modules, from which the first
protein domains have been assembled

architecture, comprising two α-helices and four β-strands, and has by far
the largest number of superfamilies in SCOP, 59 in total (Table 3.1). These
superfamilies are distributed all over the map, indicating that they converged
upon the same fold independently. Other examples are the ferritin-like folds
(a.25), the spectrin repeat-like folds (a.7), four-helical up-and-down bundle
folds (a.24), and the bromodomain-like folds (a.29). We also see instances
of superfamilies of the same fold that show a mixture of homologous and
analogous connections. Examples include the SH3-like barrel fold (b.34),
the OB-fold (b.40), the β-Grasp fold (d.15), and the DNA/RNA-binding
three-helical bundle fold (a.4). Of the 25 folds with the most number of
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Figure 3.3: Galaxy of folds colored by superfamilies (reproduced from [Alva
et al., 2010]). Many tight clusters contain various superfamilies of the same
fold, indicating that folds with multiple independent origins are rather the
exception than the rule.

superfamilies in SCOP, nine folds comprise of analogous superfamilies, seven
contain homologous superfamilies, and nine folds have superfamilies that
show a mixture of analogous and homologous connections (Table 3.1). SCOP
does not consider one of these 25 folds, the single transmembrane helix fold
(f.23), a true fold, as it is a catch-all fold for unrelated single transmemebrane
helices. In line with this, the various superfamiles of this fold are scattered
all over the map.

Of the 11 clusters comprising domains belonging to different folds, con-
nections in two clusters rely on global similarities between domains. One
cluster contains β-propellers, which are toroidal folds with between four and
ten repeats of a four-stranded β-meander. In SCOP, they are classified into
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Table 3.1: 25 SCOP folds with the most number of superfamilies

SCOP Fold Fold name Number of Remarks
superfamilies

d.58 ferredoxin-like 59 mostly analogous
f.23 single transmembrane helix 38 not a true fold

analogous
c.1 TIM (β/α)8-barrel 33 mostly homologous
b.1 immunoglobulin-like 28 mixed
a.24 four-helical up-and-down 27 mostly analogous

bundle
a.118 α-α superhelix 24 mixed
b.34 SH3-like barrel 21 mixed
a.2 long α-hairpin 20 mixed
g.3 knottins (small inhibitors, 19 mixed

toxins, lectins)
g.41 rubredoxin-like 17 mostly homologous
a.7 spectrin repeat-like 16 mostly analogous
a.60 SAM domain-like 16 mostly homologous
b.40 OB-fold 16 mixed
a.29 bromodomain-like 15 mostly analogous
c.23 flavodoxin-like 15 mostly homologous
d.15 β-Grasp 14 mixed
b.69 seven-bladed β-propeller 14 mostly homologous
a.4 DNA/RNA-binding 14 mixed

three-helical bundle
a.137 non-globular all-α subunits 14 mostly analogous

of globular proteins
b.68 six-bladed β-propeller 11 mostly homologous
d.129 TBP-like 11 mixed
a.8 immunoglobulin/albumin- 11 mostly analogous

binding domain-like
d.52 α-lytic protease 10 mostly analogous

prodomain-like
d.110 profilin-like 10 mostly homologous
b.2 common fold of diphtheria 10 mostly analogous

toxin/transcription factors/
cytochrome f

five different folds (b.66-b.70), each with multiple superfamilies. Recently, it
was proposed that all β-propellers have a common origin [Chaudhuri et al.,
2008], and we find that they indeed cluster together, except for apyrase
(b.67.3) and sema domain (b.69.12), which contain large insertions. The
second cluster comprises transmembrane β-barrels, which are classified into
seven superfamilies within two folds (f.4 and d.24.1.4) in SCOP. Their ho-
mologous origin has been discussed recently [Arnold et al., 2007; Remmert
et al., 2009].

In the remaining nine clusters, the connections between domains clearly
result from the presence of sequence- and structure-similar subdomain-sized
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fragments. For example, one large cluster contains a variety of topologically
distinct DNA-binding domains with a common helix-turn-helix motif (large,
mainly red cluster at the middle in Fig. 3.2), whose homologous origin has
been discussed previously [Brennan, 1993]. In SCOP, these domains are clas-
sified into 16 superfamilies contained within 10 folds. Another large cluster
contains the Rossmann folds (large cluster comprising dots with various col-
ors at the bottom in Fig. 3.2), which possess a common dinucleotide-binding
β-α-β-element. Their evolutionary relationship has also been proposed pre-
viously [Lupas et al., 2001; Xie and Bourne, 2008]. A further cluster com-
prises the eukaryotic (type-I) and the prokaryotic (type-II) KH-domains,
which are topologically distinct but homologous [Grishin, 2001b]. The sim-
ilarity between these folds is limited to a α-α-β motif. These clusters lend
support to a theory on the origin of folded proteins, which proposes that
these structure- and sequence-similar fragments seen in disparate molec-
ular contexts represent remnants of an ancient peptide-RNA world, thus
suggesting that today’s domains have arisen by fusion, amplification, and
divergence from a simpler set of peptide modules [Fetrow and Godzik, 1998;
Lupas et al., 2001; Soeding and Lupas, 2003]. In the next section, we present
50 such fragments that we found following a systematic search.

3.2.5 Discussion

Our two-dimensional map of domains of known structure offers a global
view of evolutionary relationships in the fold space and shows the prepon-
derance of homologous connections that transcend the superfamily level,
revealing that many folds are monophyletic rather than have independent
origin. While many of the relationships observed in the map have been
discussed individually before, confirming the validity of these findings, we
do not observe some clusters that we expected from reported instances of
remote homology. One reason is that many of these involve domains with
few homologs of known structure. For clustering, these would have to rely
entirely on the strength of their pairwise connection rather than benefiting
from the stronger attractive field generated by a compact group of homolo-
gous domain families. Another reason is that some domains that are clearly
recognizable at the structural level do not appear as independent entries in
SCOP. The homology between the histone fold (a.22) and the C-domain of
AAA+ ATPases (c.37.1.20) that we detected in another study is a case in
point (see Chapter 4). In the present map, although domains belonging to
these two folds show clear pairwise connections, they do not form a tight
cluster. This is because C-domains are not characterized as a separate fold
in SCOP but are classified with other P-loop NTPases based on the pre-
ceding ATPase domain; they therefore cluster tightly with these. We also
anticipate that some instances of distant homology remain unrecognized in
our map if they involve domains with few homologs in current databases, as
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it is not possible to build a reasonable profile HMM in these cases. With the
progress of sequencing projects, this problem should wane. A few links with
significant HHsearch P-values are false positives, which connect clearly un-
related domains, such as the link between many TIM barrel proteins and the
guanine deaminase (d2ooda1, turquoise cluster at the bottom in Fig. 3.2).
According to a systematic analysis of the highest-scoring false positives, the
chief cause for these false links are corrupted alignments that are used to
build the profile HMMs. In this case, sequences from TIM barrels have crept
into the alignment of d2ooda1 during the iterative search.

3.2.6 Materials and methods

We used the SCOP database, version 1.75, filtered to a maximum of 20%
sequence identity (SCOP20) as provided by ASTRAL [Brenner et al., 2000].
HHsearch was used for all-against-all comparison of the 7002 domains in
SCOP20. Multiple alignments were built for each of the SCOP20 domains
using the buildali.pl script (with default parameters) from the HHsearch
1.6.0 package. This script uses PSI-BLAST [Altschul et al., 1997] and con-
tains heuristics to reduce the inclusion of nonhomologous sequence segments
at the ends of PSI-BLAST sequence matches, the leading cause of high-
scoring false positive matches in PSI-BLAST. Profile HMMs were calculated
from the alignments using hhmake and compared with HHsearch, both from
the HHsearch 1.6.0 package. We switched off secondary structure scoring
and the compositional bias correction (options -ssm 0 -sc 0) and used default
settings otherwise. We clustered the SCOP20 domains by their pairwise
HHsearch P-values in CLANS [Frickey and Lupas, 2004], an implementa-
tion of the Fruchterman- Reingold clustering algorithm that scales negative
log-P-values into attractive forces in a force field. Clustering was done to
equilibrium in 2D at a P-value cutoff of 1.0e-01 using default settings.

3.3 Reconstructing the observable remnants of the
RNA-peptide world

3.3.1 Proteins from peptides

Although it is largely recognized that the diversity of modern proteins origi-
nated by mutation, duplication, and shuffling from a limited set of ancestral
domains, most of which were already established at the time of the LUCA,
the origin of this limited set itself is poorly understood. As explained earlier
(Chapter 2), it is highly improbable that nature built the first domains from
scratch; but if domains were not built de novo, how did they emerge? The
detection of numerous examples of protein domains composed of multiple
copies of a homologous repeat, together with the growing number of ex-
amples of sequence- and structure-similar fragments within nonhomologous
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protein folds suggests that domains themselves might be divisible and have
arisen from smaller fragments [Fetrow and Godzik, 1998; Lupas et al., 2001;
Soeding and Lupas, 2003]. It is therefore attractive to think that the first
domains themselves arose from a limited set of proto-domains, much in the
same way as modern multidomain proteins evolved from these domains. We
are following the hypothesis that folded domains arose by fusion and recom-
bination from a simpler, ancestral set of peptides, which originally served
as cofactors of an RNA world (see Chapter 2). If this hypothesis is true,
we would expect to see remnants of these peptides in modern proteins and
systematic comparisons should allow us to reconstruct this ancient set in a
manner similar to how linguists have reconstructed ancient vocabularies by
comparing modern languages.

Today, for instance, it is recognized that the archaic Greek word polis1

(plural poleis), which meant city-states in ancient Greece, is the ancestor of
hundreds of words in many modern European languages (Fig. 3.4). Unlike
other ancient city-states of the time that were ruled by kings, poleis were
governed by a council comprising of its own inhabitants. Over time, these
city-states grew bigger by incorporating neighboring regions and the notion
of citizenship came into being. This development also changed the meaning
of the word polis from describing city-states to describing the entire body of
citizens of a city-state. The idea of polis and the derivatives of the word polis
itself made their way into other civilizations and languages of the time. One
such derivative in Latin, politia, meaning state, in turn gave rise to many
words in many languages; for instance, descendants in English include police,
policy, polity, and politics. The root polis is also seen in the names of cities
around the world, e.g. Persepolis in Iran, Nicopolis in Palestine, Sozopol in
Bulgaria, Stavropol in Russia, and Napoli in Italy, and in endings of words
that refer to a special kind of place, e.g. Necropolis (city of the dead),
Acropolis (high city), and Pentapolis (a group of five cities). Furthermore,
it is believed that the Greek root polis, the Lithuanian pilis, meaning castle,
the Latvian pils, meaning castle, and the Sanskrit pura, meaning city, are
homologous, and arose from a Proto-Indo-European root pel-, meaning full.
The Sanskrit root pura, for instance, is seen in the names of cities in Asia,
e.g. Jaipur (India) and Singapore. This example illustrates how an useful
ancient root has extensively spread to several languages across the globe.
While many of the ancestral derivatives are not in use anymore, we can still
make reliable reconstructions of the evolutionary path through which the
archaic word polis gave rise to the words we know today; this is done by
comparing modern languages. In an analogous manner, we wish to identify
ancient peptides, which were used in different contexts in the evolution of

1Information provided in this paragraph was compiled from the following
sources: http://en.wikipedia.org/wiki/Polis, http://en.wiktionary.org/
wiki/polis, and http://www.etymonline.com/.

http://en.wikipedia.org/wiki/Polis
http://en.wiktionary.org/wiki/polis
http://en.wiktionary.org/wiki/polis
http://www.etymonline.com/
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folded proteins, by comparing modern proteins.

3.3.2 Previous studies

Most hitherto studies on the origin of domains focused either on individ-
ual cases of repeats found within a domain or on individual instances of
structure- and sequence-similar fragments that co-occur in seemingly unre-
lated domains. The earliest of these studies were conducted in the 1970s by
Andrew McLachlan, who described many examples of evolution of domains
by repetition, and put forward the idea that repetition is not only an impor-
tant mechanism in the evolution of multidomain proteins, but also in the evo-
lution of individual domains themselves [McLachlan, 1979; McLachlan et al.,
1980; McLachlan, 1980]. He based this hypothesis primarily on internal sym-
metries observed in folds at the structural level, a property that typically
reflects analogy; however, a number of studies have since presented many
examples of folds that show internal symmetry on the structural as well as
sequence level, indicating that repetition is indeed a mechanism for the ori-
gin of domains. Many highly populated folds, such as TIM barrels [Copley
and Bork, 2000; Nagano et al., 2002; Soeding, 2005], β-propellers [Chaudhuri
et al., 2008], and ferredoxins [Otaka and Ooi, 1987], show internal symme-
tries both at the sequence- and structure-level, and are therefore believed to
have arisen through amplification from ancestral units. Such internal sym-
metry is also observed in a large class of membrane-embedded domains, the
outer membrane β-barrels [Remmert et al., 2009], which comprise between
four and twelve β-β hairpins in a circular arrangement.

In addition to illuminating on folds composed of homologous repeats,
some studies also described examples of local sequence and structure simi-
larities in domains with different folds. The most noteworthy cases include
the KH (α-α-β) motif, which occurs in type-I and type-II KH domains that
otherwise assume different folds [Grishin, 2001b] and the helix-hairpin-helix
motif, which is common to a number of topologically distinct nucleic acid-
binding domains [Doherty et al., 1996]. These local similarities were thought
to have originated either due to domains with different evolutionary origins
having converged on similar local motifs or due to a proto-domain being
decorated in different ways, leading to folds that look different otherwise.
Spurred by these individual cases of local similarities, Lupas et al. [2001]
performed a systematic comparison of domains of known fold types using
a structure- and sequence-based approach and detected seven examples of
sequence- and structure-similar motifs that occur in different folds. Based
on the presence of these locally similar motifs and on the numerous examples
of domains containing multiple copies of a homologous repeat, they hypoth-
esized that the diversity of modern proteins may have arisen from peptide
ancestors, referred to as antecedent domain segments (ADSs), which first
emerged in the RNA world. From this perspective, the local similarities
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observed in modern domains might represent the visible remnants of such
ancient peptides. To the best of our knowledge, no study, since the study of
Lupas et al. [2001], has attempted to systematically detect ADSs.

3.3.3 Our approach

We decided to revisit this topic and systematically search for ADSs for
many reasons. First, the recent growth of protein sequence and structure
databases have led to a substantial expansion in the evolutionary depth
of domain families and have provided structural representatives for a large
number of domain families. Furthermore, this growth has also brought about
a considerable increase in the number of domain superfamilies and fold types.
We reasoned that this wide availability of sequence and structure data would
allow us to detect more ADSs.

Second, the approach employed by Lupas et al. [2001] for detecting ADSs
had some limitations. For a given a pair of protein structures, their method
first detected contiguous motifs that were common to both structures and
contained similar side-chain patterns. These motifs were then subjected
to statistical significance tests to filter out motifs that were similar due to
structural constraints, rather than because of divergence from a common
ancestor. They, however, ignored motifs with conserved side-chain patterns
arising from amino acids unlikely to be directly involved in molecular func-
tion in their searches. By excluding these amino acids (Ale, Phe, Ile, Leu,
Pro, and Pro), the search space was reduced significantly, possibly resulting
in many potential ADSs not being detected. For instance, this approach, as
also admitted by the authors, fails to detect motifs with hydrophobic residue
conservation, examples of which include the helix-hairpin-helix motif [Do-
herty et al., 1996] and the KH motif [Grishin, 2001b]. They also restricted
their search to motifs containing up to 20 amino acid residues, leading to
potential ADSs of lengths more than 20 residues being ignored.

Finally, we were also propelled by the availability of a sensitive remote
homology detection method, HHsearch that compares profile HMMs with
each other [Soeding, 2005]. Profile HMMs encode position-specific amino
acid and gap preferences that are conserved for much larger evolutionary
distances than amino acid identities. HHsearch is currently one of the most
sensitive and widely accepted remote homology detection methods, and has
been successfully used, by us and others, for inferring distant homologies,
especially for ones that date back to the time of the LUCA. It has also
been employed to detect homologous fragments that occur in domains with
different folds. For example, in a recent study HHsearch was used to infer
homology between the different superfamilies of outer membrane β-barrels
(OMBBs), which are a major class of outer membrane proteins (OMPs)
in gram-negative bacteria, mitochondria, and chloroplasts. They consist
of 4-12 β-β hairpin repeats that form a closed β- barrel around a central
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pore. Although the β-β hairpins from within a OMBB or from different
OMBBs are structurally well superposable, they do not show clear sequence
similarity to each other, and thus a scenario for an origin by amplification
or for a common ancestry had not been previously proposed. Remmert et
al. [2009] employed HHsearch to show that all OMBB superfamilies exhibit
sequence similarity indicative of homology. They also detected sequence
repeats that coincide with the β-β hairpins in most OMBBs and based on
this they proposed that OMBBs arose by the amplification of an ancestral
β-β module.

To reconstruct the set of putative ancient peptides, we aimed at find-
ing sequence- and structure-similar fragments that reoccur in domains of
different folds types, i.e. in domain currently considered to be analogous.
To assemble domains representative of all known fold types, we chose the
SCOP database [Andreeva et al., 2008] and filtered it to a maximum of 20%
sequence identity and obtained 7002 domains. At this level, all folds, super-
families, and nearly all families are still represented, but most relationships
considered homologous by SCOP have been removed.

Since the events that led to the emergence of domains took place much
before the time of the LUCA, modern domains may only retain weak sig-
nals of these events in their sequences. Since structures diverge much more
slowly, their similarity is often used to identify such distant events. How-
ever, similar structures may have arisen convergently from different origins,
owing to the limited number of structural solutions available to a folded
polypeptide chain, and structure similarity thus frequently does not provide
conclusive evidence of common ancestry. In contrast to structure space, the
combinatorial sequence space is vast and many sequences are compatible
with a particular local structure, so that sequence convergence is rare. Thus
sequence similarity is accepted as the most important marker for common
ancestry. Therefore, we have used sequence similarity, as evaluated by the
aforementioned remote homology detection method HHsearch, for inferring
common ancestry of domains in this study.

We employed a sequence- and structure-based approach to detect ho-
mologous fragments in the SCOP20 set. Since we were primarily interested
in inter-fold relationships, we only compared domains of different folds with
each other using HHsearch. We filtered out all pairwise matches with a HH-
search probability of below 50%, to obtain domains of different folds that
show significant similarity in sequence. HHsearch probability is an estimate
for the likeliness of a given match to be a true positive. In many previous
studies, we have observed that at probability values of above 50%, the er-
ror rate of HHpred is extremely low (see for example [Kopec et al., 2010]
and [Alva et al., 2007]), and we therefore chose this cut-off for the current
study. Subsequently, we calculated structural superpositions for the pair-
wise sequence segments aligned by HHsearch and removed all matches with
a RMSD of worse than 2Å, to obtain pairwise matches that are similar both
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in sequence and structure. We then eliminated all matches in which connec-
tions relied on fragments comprising less than eight amino acids. This was
done to filter out short and single secondary structural elements because
such simple elements were invented independently multiple times over the
course of protein evolution and as a result inferring homology between them
is difficult. This filtered set was then used to extract groups of domains
of different fold, whose similarity were hinged on the presence of shared
sequence- and structure-similar fragments.

3.3.4 Results and discussion

After applying our approach, we obtained 655 clusters, each comprising pair-
wise matches between domains of different folds, which were based on the
presence of a shared sequence- and structure-similar segment (see Table 3.2
and Table 3.3 for examples). 503 of these clusters comprised only a single
pairwise match. Many of these hits were between isolated members of su-
perfamilies, whose other members did not make connections to each other.
This suggested that the detected relationships were possibly false positives.
In all such cases, we evaluated the validity of the matches by comparing
additional domains from a bigger set, which contained SCOP domains clus-
tered down to a pairwise sequence identity of 40% (SCOP40). Clusters in
which no further support for the detected relationship was found were fil-
tered out. The remaining clusters with a single pairwise match included
either connections between superfamilies that contain just one domain in
SCOP20 or comprised matches that were also part of other larger clusters
and were not merged together because of our stringent clustering criteria.
These clusters were analyzed further on a case-by-case basis.

Of the clusters that contained two or more pairwise matches, the con-
nections in some relied on the global similarity of the folds, rather than on
the presence of sequence- and structure-similar fragments. For instance, one
of the clusters contained domains of the ‘ribosomal proteins S24e, L23, and
L15’ fold (SCOP d.12; e.g. d1vqos1) and of the RNA-binding domain super-
family of the ferredoxin-like fold (d.58.7; d2ghpa2), which, despite of being
classified into different folds, are clearly related by a circular permutation
event. We filtered out all clusters in which connections between domains
were due to the global similarity of their folds. In many other clusters,
connections between domains were based on fragments that were entirely
contained within aligned segments of other clusters. This, for example, was
the case with β-propellers (folds b.66 to b.70), which, as described earlier,
are toroidal folds with between four and ten homologous repeats of a four-
stranded β-meander [Chaudhuri et al., 2008]. The matches between domains
of these folds were contained in 15 different clusters. We attribute this to
the fact that the aligned segments of β-propellers of different folds were
frequently much shorter or much longer than the four-stranded β-meander
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(Å

)
ac

ce
ss

io
n

ac
ce

ss
io

n
p

ro
b

ab
il

it
y

d
1
t
z
y
a

(
4
7
-
8
7
)

a
.
2
2
.
1
.
1

d
1
q
v
r
a
1
(
7
-
4
9
)

a
.
1
7
4
.
1
.
1

8
5
.
2

1
.
7
6

d
1
t
z
y
a

(
4
8
-
7
7
)

a
.
2
2
.
1
.
1

d
1
w
5
s
a
2
(
2
5
7
-
2
8
6
)

c
.
3
7
.
1
.
2
0

5
5
.
9

1
.
3
3

d
1
j
f
i
a

(
3
7
-
6
5
)

a
.
2
2
.
1
.
3

d
1
q
v
r
a
1
(
7
-
3
5
)

a
.
1
7
4
.
1
.
1

5
2
.
4

1
.
0
0

d
1
f
n
n
a
2
(
2
4
4
-
2
7
2
)

c
.
3
7
.
1
.
2
0

d
1
t
z
y
a

(
4
9
-
7
7
)

a
.
2
2
.
1
.
1

5
4
.
9

0
.
9
7

d
1
t
a
f
a

(
3
5
-
6
4
)

a
.
2
2
.
1
.
3

d
1
w
5
s
a
2
(
2
5
6
-
2
8
5
)

c
.
3
7
.
1
.
2
0

6
7
.
0

1
.
0
9

d
1
w
5
s
a
2
(
2
5
7
-
2
8
6
)

c
.
3
7
.
1
.
2
0

d
1
q
9
c
a

(
1
3
4
-
1
6
3
)

a
.
2
2
.
1
.
3

5
6
.
3

1
.
3
8

d
1
j
f
i
a

(
3
9
-
6
6
)

a
.
2
2
.
1
.
3

d
1
f
n
n
a
2
(
2
4
4
-
2
7
1
)

c
.
3
7
.
1
.
2
0

7
1
.
6

0
.
8
1

d
1
j
f
i
a

(
3
7
-
6
5
)

a
.
2
2
.
1
.
3

d
1
k
6
k
a

(
6
-
3
4
)

a
.
1
7
4
.
1
.
1

6
1
.
9

1
.
5
5

d
2
h
u
e
c
1
(
4
5
-
7
4
)

a
.
2
2
.
1
.
1

d
1
f
n
n
a
2
(
2
4
4
-
2
7
3
)

c
.
3
7
.
1
.
2
0

8
0
.
2

0
.
8
3

d
1
f
1
e
a

(
1
1
4
-
1
4
5
)

a
.
2
2
.
1
.
2

d
1
f
n
n
a
2
(
2
4
3
-
2
7
4
)

c
.
3
7
.
1
.
2
0

6
2
.
8

0
.
8
1

d
1
n
1
j
a

(
4
1
-
7
1
)

a
.
2
2
.
1
.
3

d
1
f
n
n
a
2
(
2
4
5
-
2
7
5
)

c
.
3
7
.
1
.
2
0

7
4
.
5

0
.
6
7

d
1
f
n
n
a
2
(
2
4
3
-
2
7
2
)

c
.
3
7
.
1
.
2
0

d
1
t
a
f
a

(
3
6
-
6
5
)

a
.
2
2
.
1
.
3

6
1
.
5

0
.
7
2

d
1
q
9
c
a

(
1
3
3
-
1
6
6
)

a
.
2
2
.
1
.
3

d
1
k
6
k
a

(
8
4
-
1
1
7
)

a
.
1
7
4
.
1
.
1

7
2
.
7

1
.
7
6

d
1
k
6
k
a

(
7
-
3
6
)

a
.
1
7
4
.
1
.
1

d
1
n
1
j
a

(
3
9
-
6
8
)

a
.
2
2
.
1
.
3

5
2
.
4

1
.
7
2

T
a
b

le
3
.3

:
C

lu
st

er
co

m
p

ri
si

n
g

p
ai

rw
is

e
m

at
ch

es
b

et
w

ee
n

h
is

to
n

es
(a

.2
2
.1

),
th

e
h

el
ic

a
l

p
a
rt

o
f

th
e

ex
te

n
d

ed
A

T
P

a
se

d
o
m

a
in

s
fo

u
n

d
in

A
A

A
+

p
ro

te
in

s
(t

h
e

C
-d

om
ai

n
;

c.
37

.1
.2

0)
,

an
d

th
e

N
-t

er
m

in
a
l

d
o
m

a
in

o
f

C
lp

/
H

sp
1
0
0

p
ro

te
in

s
(C

lp
N

-d
o
m

a
in

;
a
.1

7
4
.1

).
T

h
e

co
n

n
ec

ti
on

s
b

et
w

ee
n

th
es

e
d

om
ai

n
s

is
b

as
ed

on
th

e
p

re
se

n
ce

o
f

a
sh

a
re

d
h

el
ix

-s
tr

a
n

d
-h

el
ix

m
o
ti

f
(F

ig
.

3
.5

,
fr

a
g
m

en
t

9
).



46 On the polyphyly and origin of domains

repeat, and because of this our clustering procedure failed to group them
together. In all such cases, we investigated the relationships further by look-
ing at the relative position of the domains in consideration in the galaxy of
folds (Fig. 3.2 and Fig. 3.3), and also by performing additional HHsearch
searches with domains from the SCOP40 set. Most superfamilies of the five
β-propeller folds, for instance, cluster together in the galaxy of folds, sug-
gesting that they are evolutionarily related. We therefore merged the 15
different clusters comprising fragments from β-propellers together.

All clusters in which the connections relied on the presence of a shared
sequence- and structure-similar fragment were examined on a case-by-case
basis. The detected relationships were evaluated further by performing ad-
ditional comparisons with domains from the SCOP40 set and by generat-
ing sequence alignments and structural superpositions, and visualizing them
them interactively. After looking through all clusters, we found 50 sequence-
and structure-similar fragments (potential antecedent domain segments),
each occurring in domains that belong to two or more different SCOP folds
(Fig. 3.5; detailed information on each fragment is provided in Appendix
A). The median length of these fragments is 24 residues, with the shortest
fragment comprising 9 residues and the longest one 60 residues and, on av-
erage, they contain two or three secondary structure elements (i.e. α-helices
and β-strands). This is in accord with our expectation that ancient peptides
were simple and subdomain-sized. About a third (17) of these 50 fragments
have been described individually before. This, to our knowledge, includes
all previously reported cases of sequence- and structure-fragments, and thus
confirms the validity of our approach. Examples of such fragments include
the KH motif (Fig. 3.5, fragment 11), common to the type I and type II KH
domains [Grishin, 2001b], the helix-hairpin-helix motif (Fig. 3.5, 2), found
in a number of different nucleic acid-binding domains [Doherty et al., 1996],
the ASP box (Fig. 3.5, 36), seen in carbohydrate-binding domains belong-
ing to six different folds [Copley et al., 2001], the EF-Tu-binding α-hairpin
(Fig. 3.5, 6), found in elongation factor EF-Ts and the ribosomal protein
L7/12 [Wieden et al., 2001], and the P-loop (Fig. 3.5, 22), shared by PEP
carboxykinase-like and P-loop containing nucleoside triphosphate hydrolase
domains [Gay and Walker, 1983; Matte et al., 1996]. For many of these
previously described fragments, we identified new structural contexts. For
example, in addition to the two known contexts of the aforementioned P-
loop (Fig. 3.5, 22), we found a third one, namely the catalytic domain of
MurD-like peptide ligases (SCOP c.72.2); like in the other two domains, the
P-loop is, in this case too, involved in binding the phosphate backbone of a
mononucleotide.

The 50 homologous fragments we found are spread across a total of about
162 folds and 225 superfamilies in SCOP. Given that the current version of
SCOP comprises 1195 folds and 1962 superfamilies, our fragments represent
a considerable fraction of all folds (13%) and superfamilies (11%) in SCOP.
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Furthermore, of the 25 most populated folds in SCOP, which comprise about
25% of all superfamilies (Table 3.1), 19 folds contain superfamilies that en-
compass at least one of these 50 fragments2. This makes clear that, far from
being anecdotal, homologous (sequence- and structure-similar) fragments
are quite widespread in modern domains and thus provides strong evidence
for our proposition that domains arose from simpler subdomain-sized frag-
ments. 18 of these 50 fragments are found in three or more folds, whereas
the rest are seen in two folds each. This is analogous to the situation of
domains in multidomain proteins: while some domain types are widespread
in proteins, the majority of domains are only seen in a few contexts. The
most widespread of these fragments, the DNA-binding helix-turn-helix mo-
tif (Fig. 3.5, fragment 1), is found in 18 folds comprising 24 superfamilies.
Other widespread fragments include the dinucleotide-binding β-α-β-motif
(10 folds/10 superfamilies; Fig. 3.5, fragment 21), the DNA-binding helix-
hairpin-helix motif (8/15; fragment 2), the TPR element (8/16; fragment
31), and the GD-box-containing β-α-β motif (6/8; fragment 41).

Based on many lines of evidence, we propose that the 50 fragments we
identified may represent the observable remnants of the RNA-peptide world
from which folded proteins emerged. First, more than a third (18) of these
fragments are either directly involved in interactions with nucleic acids or
are found in nucleic acid-binding domains (Fig. 3.5, fragments with a yellow
background), including domains of the ribosomal proteins, many of which
are ubiquitous to all life forms on earth and are thought to have been estab-
lished already at the time of the LUCA. Examples of DNA-binding motifs
include the helix-turn-helix motif (Fig. 3.5, fragment 1), the helix-hairpin-
helix motif (fragment 2), and the helix-strand-helix motif (fragment 9), and
that of RNA-binding motifs include the KH-motif (fragment 11) and the
α-L-motif (fragment 15). According to the ADS theory, in the pre-biotic
world peptides were initially optimized to become structured using RNA as
scaffolds and then the increase in complexity resulting from the fusion of the
first peptides yielded folding as an emergent property [Lupas et al., 2001].
From this perspective, nucleic acid-binding domains are possibly among the
most ancient domains. It thus seems plausible to assume that the high inci-
dence of nucleic acid-binding motifs in our set of ancient peptides highlights
the ancestral nature of this set. In fact, for some of these fragments there is
evidence to suggest that they were present in the LUCA. For instance, the
DNA/RNA-binding three-helical bundle fold (a.4), which is one of the 18
folds that contains the DNA-binding helix-turn-helix motif (fragment 1), is
omnipresent in organisms from diverse branches of life and is thought to be
one of the five most ancient folds [Caetano-Anolls et al., 2007].

2The 19 folds are: a.2, a.4, a.7, a.8, a.24, a.60, a.118, b.1, b.2, b.34, b.40, b.68, b.69,
d.15, d.52, d.58, d.110, g.3, and g.41.
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Figure 3.5: Dictionary of ancient peptides. We compared domains of known
fold types using a sequence- and structure-based approach and detected 50
fragments that occur in domains of different folds, but are still similar in se-
quence and structure. This suggests that they might represent the observable
remnants of the peptides from which the first folded domains arose. Each of
the 50 fragments is shown in backbone representation; α-helices are colored in
yellow, β-strands in green, and loops in gray. Detailed information on each
fragment is provided in Appendix A.



3.3 Reconstructing the observable remnants of the RNA-peptide world 49

Figure 3.5: Dictionary of ancient peptides (continued). About a third of
these fragments (17) have been individually reported before (indicated by an
underline), confirming the validity of our approach. The numbers underneath
the fragments indicate the number of different SCOP folds and superfamilies
they occur in. Nucleic acid-binding, nucleotide-binding, and metal-binding mo-
tifs are highlighted in yellow, blue, and red, respectively. Fragments that gave
rise to different domains either by accretion or by amplification are indicated
by a dotted box.
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Second, we also find a high incidence of metal-binding motifs - seven
motifs in total - in our set (Fig. 3.5, fragments highlighted with a light
red background). In the RNA-based pre-biotic world, RNA was the central
macromolecule and carried out most functions, including information stor-
age and catalytic reactions, but there were some reactions, such as redox
reactions involving free radicals, that were out of its reach. Since peptides
are good chelators of small molecules and can help execute redox reactions
via their side chains, it is thought that they were recruited in the RNA world
to increase the functional capabilities of RNA [Soeding and Lupas, 2003].
From this perspective, the high incidence of metal-binding motifs in our set
might represent an remnant of this evolutionary process. In fact, one of
these seven motifs, the FeS-binding peptide (fragment 24), is contained in
the ferredoxin-like fold (d.58), which is thought to be one of the five most
ancient folds [Caetano-Anolls et al., 2007] .

Finally, of the nine most ancient and basal folds, predicted based on the
comparative analysis of proteomes from diverse branches of life, seven (c.37,
a.4, c.2, d.58, c.55, b.40, and c.66) contain superfamilies that encompass at
least one of our 50 putative ancient peptides. This provides strong proof for
the emergence of these fragments in the RNA-peptide world. We note that
for the two folds, the TIM (β-α)8-barrel fold (c.1) and the flavodoxin-like
fold (c.23), that do not contain any of the fragments from our set a case
for a homologous origin has been made [Hoecker et al., 2002, 2004; Bharat
et al., 2008]. Furthermore, it is also believed the TIM barrel fold itself
arose by amplification of an ancestral module [Soeding, 2005]. Of these nine
folds, the P-loop-containing nucleoside triphosphate hydrolase fold (c.37)
is thought to be the most ancient one and is involved in binding mononu-
cleotides (e.g. ATP), which are ubiquitous to all known organisms and play
a key role in metabolic processes. The DNA/RNA-binding three-helical
bundle fold (a.4) and the ferredoxin-like fold (d.58) have been discussed in
the earlier paragraphs. The NAD(P)-binding Rossmann fold (c.2) and the
S-adenosyl-L-methionine-dependent methyltransferases fold are homologous
and encompass a dinucleotide-binding β-α-β motif (fragment 31), which is
also found in eight other folds. While the ribonuclease H-like fold (c.55)
contains the α-α-β motif (fragment 43), superfamilies belonging to the OB
fold (b.40) encompass the helix-hairpin-helix motif (fragment 2) and the
zn-ribbon-motif (Fragment 28).

When we initiated this study, we believed that assembly from non-
identical fragments may have been one of the primary forces in the evolution
of domains, and we expected to find numerous instances of domains built
by the recombination of non-identical fragments. However, to our surprise,
we did not find even a single domain that contained two or more different
fragments from our set, indicating that assembly from non-identical ele-
ments may not have been a powerful factor in the evolution of domains.
Most fragments occur by themselves in the groups of folds that encompass



3.3 Reconstructing the observable remnants of the RNA-peptide world 51

Figure 3.6: Evolution by accretion and amplification. Of the 50 fragments in
our set, 14 are found in groups of folds that contain either one copy or multiple
copies of the same fragment, or in groups of folds that contain variable number
of copies of a common fragment. In all structures α-helices are shown in yellow
and β-strands in green. A) The TPR element (fragment 31). Domains of the
TRP-like superfamily (a.118.8; 1ELW, shown on the left side) contain multiple
homologous copies of the TPR element, while most other folds that encompass
this element just have one copy of it (1A17, right). B) The β-β-β-hammerhead
motif (fragment 37). The barrel-sandwich hybrid fold is composed of two ho-
mologous copies of this motif (1BDO, left), whereas the remaining three folds
with this motif include just one copy each (e.g. the α/β-hammerhead fold
(d.41); 1QPO, right). C) The transcription factor AbrB (1YFB, left) is a ho-
modimer and contains one copy of the β- alpha-β motif (fragment 41) per
subunit. MraZ has internal sequence symmetry and contains two homologous
copies of the β-α-β motif (1N0E, right). D) Outer membrane β-barrels com-
prise 4-12 homologies copies of a β-hairpin element (fragment 39); examples
include the eight-stranded OmpA (1QJP, left) and the twelve-stranded Tsx
(1TLY, right).
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them, where they frequently form an integral part of their structures and
are generally decorated by additional nonhomologous structural elements.
It thus seems plausible to assume that groups of folds containing a shared
fragment, decorated in different ways, are a result of piecemeal growth. We
also find evidence to suggest that repetition was an important factor in the
emergence of domains. We identified many groups of folds that contain
either one copy or multiple copies of the same fragment, or of folds that
comprise varying number of copies of a homologous fragment. In fact, 14
of the 50 fragments we detected are found in such groups of folds (Fig. 3.5,
fragments highlighted by a dotted box). The TPR element (fragment 31),
for instance, is found in multiple copies in domains belonging to the TPR-
like superfamily (a.118.8), but it is found in a single copy in most other
folds that contain it (Fig. 3.6A); the TPR element is found in 8 folds com-
prising a total of 16 superfamilies. In these other folds, it is decorated by
additional structural elements. This suggests that an ancient module cor-
responding to an α-hairpin was amplified as well as decorated to give rise
to the different TPR-element-containing folds. Another example of a frag-
ment that gave rise to different folds by amplification and accretion is the
β-β-β motif (fragment 37), which resembles a hammerhead and is found in
the barrel-sandwich hybrid fold (b.84), the α/β-hammerhead fold (d.41),
and in two other folds (e.29 and f.46). While the barrel-sandwich hybrid
fold is pseudo-symmetric and includes two homologous copies of this mo-
tif, the remaining three folds, including the α/β-hammerhead fold, contain
one copy of it (Fig. 3.6B). We also have fragments in our set that never
occur in a single copy within one fold, but do occur in variable number of
copies within different folds. Examples of this include the outer membrane
β-barrels, which contain between four and twelve homologous copies of a β-
hairpin (fragment 39; Fig. 3.6D), and the β-propellers, which are composed
of between four and ten homologous copies of a four-stranded β-meander
(fragment 35). Finally, we also find instances of folds that are built from
multiple homologous copies of the same fragment, either as monomers with
internal sequence symmetry or as homo-oligomers with one or more copies
per subunit. This, as has also been discussed by previous studies, provides
a strong body of evidence for evolution of domains by duplication [Soeding
and Lupas, 2003]. The cradle-loop barrels, for instance, either have internal
sequence symmetry and contain two homologous copies of the β-α-β motif
(fragment 41) or are homodimers with one copy per subunit (Fig. 3.6C). In
sum, our findings indicate that repetition and accretion were the key factors
in the emergence of domains.

One obvious question that arises here is: how many fragments are we
missing? As noted earlier, we found all previously reported sequence- and
structure-similar fragments, suggesting that our coverage should be quite
exhaustive. However, it is very likely that many ancient fragments are
presently represented in just one modern domain superfamily, thereby mak-
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ing their detection impossible. We also anticipate that some cases of ancient
fragments remain undetected in our analysis if they involve domains with
few homologs of known sequence and structure, as it is not possible to build
a reasonable profile HMM in these cases and as structural data is crucial in
our analysis for validating the relationships detected using sequence data.
With the progress of sequencing and structural genomics projects, this prob-
lem should gradually decrease, and might result in the identification of new
structural contexts for the fragments identified in our study and may also
lead to the detection of some more ancient fragments.

3.3.5 Conclusions

In this section, we have retraced the evolutionary factors that may have
shaped the first domains, based on the hypothesis that they evolved by
fusion and recombination from an ancient set of peptides, the antecedent
domain segments. We compared domains representative of all known fold
types using a sequence- and structure-based approach, and identified 50
subdomain-sized fragments that occur in domains of different folds, but ex-
hibit significant similarities in sequence and structure. These fragments are
widespread in populous folds, providing compelling evidence for our hypoth-
esis that folded domains arose from simpler fragments. A large number of
our fragments are involved in the most ancient functions and are also found
in the most ancient folds, indicating that they may represent the detectable
remains of the RNA-peptide world from which the first folded domains arose.
Finally, our results reveal that repetition and accretion, and not assembly
from non-identical fragments, were the main factors in the emergence of
domains.

3.3.6 Materials and methods

As noted earlier, the aim of this study was to identify fragments that occur
in domains of different folds, but are still similar in sequence and struc-
ture. To obtain domains representative of all known fold types, we used
the SCOP database (version 1.75) [Andreeva et al., 2008] filtered to a max-
imum of 20% sequence identity (SCOP20), as provided by the ASTRAL
compendium [Brenner et al., 2000]. The SCOP20 dataset contained 7002
domains in total. Multiple alignments were built for each of the SCOP20
domains using the buildali.pl script (with default parameters) from the HH-
search (1.6.0) package. This script uses PSI-BLAST [Altschul et al., 1997]
and contains heuristics to reduce the inclusion of nonhomologous sequence
segments at the ends of PSI-BLAST sequence matches, the leading cause of
high-scoring false positive matches in PSI-BLAST. Profile HMMs were cal-
culated from the alignments using hhmake, also from the HHsearch (1.6.0)
package.
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Figure 3.7: A sequence- and structure-based approach for identifying homolo-
gous fragments that reoccur in domains of different folds. We made all-against-
all pairwise profile HMM comparisons of domains belonging to different folds in
the SCOP20 set using HHsearch. We then removed all pairwise matches with
a HHsearch probability of less than 50%, to obtain a list of pairwise matches
that show significant similarities in sequence. The structural alignment pro-
gram TMalign was then used to filter out all pairwise hits with a RMSD of
greater than 2 Å. This resulted in a list of pairwise matches between domains
of different folds that were based on the presence of sequence- and structure-
similar segments. A clustering procedure was then applied to extract groups
of domains that shared a common fragment.

We used a structure- and sequence-based approach (Fig. 3.7) to detect
homologous fragments that reoccur in different structural contexts. First,
we compared all domains of different folds with each other using HHsearch.
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We used default settings, but switched off secondary structure scoring (op-
tion -ssm 0). This was done to make sure that the obtained matches are
not scored superficially high because of the similarity of their predicted sec-
ondary structure. All pairwise matches between domains of different folds
with a HHsearch probability of less than 50% were ignored. In previous
studies, we have noticed that at probabilities of greater than 50% the error
rate of HHsearch is quite low. In the next step, we removed all reciprocal
hits (of the form domain A−→domain B, domain B−→domain A) to reduce
redundancy; the hit with the higher probability was retained. In the end,
we were left with pairwise matches between domains of different folds that
show significant similarities in sequence; these pairwise matches were pooled
together for subsequent analysis.

Next, for every pairwise sequence match in our set, we extracted the
corresponding segments in structure and aligned them with the structural
alignment program TMalign [Zhang and Skolnick, 2005]; all matches with a
root-mean-square deviation (RMSD) of less than 2 Åwere removed. We then
filtered out all matches in which the aligned segment was shorter than eight
amino acids. This was done to remove fragments comprising just a single
secondary structure element. Such fragments may have arisen multiple times
during the course of protein evolution and as a result, deducing homology
between them is fraught with problems. In the end, we obtained a list of
pairwise matches between domains of different folds that were similar both
in sequence and structure.

Next, we applied a clustering procedure to extract groups of domains
that share a homologous fragment. For every pairwise match A−→B, where
A and B represent distinct regions of two different domains, we iterated
through the list of all matches, and pooled together matches of the form:
i) A−→C (or C−→A), where the ends of A were allowed to vary by +/- two
residues, ii) A−→B’ (or B’−→A), where the ends of A were allowed to vary
by +/- two residues and it was required that the match was to a different
segment of domain B (denoted as B’), iii) B−→D (or D−→B), where the ends of
B were allowed to vary by +/- two residues, and iv) B−→A’ (or A’−→B), where
the ends of B were allowed to vary by +/- two residues and it was required
that the match was to a different segment of A (denoted as A’). This process
was repeated with every pooled match until no new matches were found.
After applying the clustering procedure, we obtained multiple clusters, each
comprising domains of different folds whose similarity was hinged on the
presence of a structure- and sequence-similar segment. The obtained clusters
were analyzed on a case-by-case basis and the detected relationships were
evaluated further by making additional comparisons with domains from a
larger set, which comprised domains from the SCOP database filtered to
a maximum of 40% sequence identity (SCOP40). We generated sequence
and structure alignments for the identified fragments, and assigned fragment
boundaries by manual inspection.
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Chapter 4

Histones arose from an
ancestral helix-strand-helix
motif

4.1 Motivation

In the previous chapter, we explored the evolutionary nature of the protein
fold space and showed that there is a surprising degree of connectedness in
it. We found many incidences of homologous connections between differ-
ent superfamilies of a fold, indicating that folds may not have had as many
independent origins as hitherto assumed. Moreover, we also identified ho-
mologous connections between domains of different folds, which arise due
to the presence of recurrent sequence- and structure-similar fragments. In a
systematic comparison of domains of known fold types, we identified about
50 such fragments and propose that they may be descendants of an ancestral
pool of peptide modules from which the first folded proteins arose. In this
chapter, we describe in detail one of the fragments we identified, the helix-
strand-helix (HSH) motif (Chapter 3, Fig. 3.5-9), which occurs in domains
belonging to three different folds, including the histone fold. Histones orga-
nize the genomic DNA of eukaryotes into chromatin. The four core histone
subunits consist of two consecutive helix-strand-helix motifs and are inter-
leaved into heterodimers with a unique fold. We propose that an antecedent
domain segment, corresponding to one helix-strand-helix motif, gave rise
divergently to the N-terminal substrate recognition domain of Clp/Hsp100
proteins and to the helical part of the extended ATPase domain found in
AAA+ proteins. The histone fold arose subsequently from the latter through
a three-dimensional domain-swapping event; this has been evidenced exper-
imentally by a recent study [Hadjithomas and Moudrianakis, 2011].

Parts of this chapter have been adapted with permission from [Alva et al., 2007].
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4.2 Background on histones

4.2.1 Eukaryotic histones

Deoxyribonucleic acid (DNA) is the hereditary material in almost all known
living organisms (with the exception of RNA viruses). It contains instruc-
tions for making proteins and other regulatory elements (e.g. non-coding
RNA molecules). Given this central importance of DNA in life, it is not
surprising that eukaryotes have evolved a specialized, membrane-enclosed
organelle, the nucleus, for storing their DNA. The nucleus contains multiple
chromosomes, each encompassing a linear molecule of DNA, that together
make up the genome. However, the task of storing DNA in the nucleus is
made challenging by the fact that the length of DNA is several times larger
than the diameter of the nucleus in most eukaryotes. For example, the to-
tal length of human DNA is approximately 2m, but this DNA needs to be
packed into a nucleus with a diameter of only 5-10µm. Moreover, it also
needs to be packed in a way such that it can be easily accessed for reading
various instructions off it.

Eukaryotes achieve the compaction and reversible packaging of their
DNA by organizing it into chromatin. The basic structural unit of chro-
matin is the nucleosome [Kornberg and Thomas, 1974], which consists of
146 base pairs of double-stranded DNA wrapped around an octameric hi-
stone core complex [Luger et al., 1997]. This complex is composed of two
copies of each of the histone proteins H2A, H2B, H3, and H4, organized as
a central (H3-H4)2 tetramer flanked by two H2A-H2B dimers [Arents et al.,
1991](Fig. 4.1A). The four core histones are highly conserved across all eu-
karyotes, from basal eukaryotes (e.g. amoeba) to higher mammals (Fig. 4.2).
However, they show very low sequence similarity to each other. Despite this,
all core histone subunits share a common fold termed the histone fold; they
are composed of three helices separated by two short strap loops (α1-loop1-
α2-loop2-α3) and assemble into heterodimers by interleaving the helices into
the handshake motif and juxtaposing the strap loops into short parallel β-
bridges [Arents et al., 1991]. It has been previously proposed that this
fold may have arisen through the duplication of a primordial helix-strand-
helix motif [Arents and Moudrianakis, 1993, 1995]. The histone fold is not
exclusive to nucleosome core histones; it has also been found in many eu-
karyotic non-histone proteins mostly involved in DNA metabolism, such as
the TATA box binding protein-associated factors (TAFs) and the CCAAT-
specific transcription factor CBF [Baxevanis et al., 1995]. It thus appears
to be a widespread protein-DNA and protein-protein interaction module.

The core histones have additional N- and/or C-terminal extensions, which
are important for gene regulation and chromatin assembly [Luger and Rich-
mond, 1998]. While the part of histone sequences adopting the histone fold
is invariable across eukaryotes, the N-terminal tails are more variable. The
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Figure 4.1: Gallery of histones. In all structures, α-helices are shown in yel-
low, β-strands in green, and loops in gray. Segments not part of the histone fold
are also shown in gray. In dimeric structures, monomers are distinguished by
light and dark colors. The structures shown are : A) human nucleosome core
histones H2A and H2B (PDB 2CV5), B) the histone of archaeon Methanoth-
ermus fervidus (1B67), C) bacterial histone fold protein from Thermus ther-
mophilus (1WWS), and D) HU protein from the cyanobacterium Anabaena
PCC7120 (1P71).

N-terminal tails of H2A and H2B are hyper variable, whereas the tails of
H3 and H4 are more conserved (the multiple alignment of H3 histones in
Fig. 4.2 shows the conservation of their tails). The N-terminal tails are
found in all eukaryotic lineages, including basal eukaryotes (e.g Giardia,
Dictyostelium, Entamoeba), suggesting that the last common ancestor of all
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Figure 4.2: Multiple sequence alignment of nucleosome core histone H3 from
diverse eukaryotes ranging from protists to mammals. Secondary structure
elements corresponding to the histone fold are indicated. The degree of con-
servation of residues in each alignment column is indicated as follows: (*)
identical residues in all sequences, (:) highly conserved column, and (.) weakly
conserved column.

eukaryotes already possessed the N-terminal tails.

In addition to the four core histones, eukaryotes possess the linker histone
H1, which does not feature the histone fold. Higher eukaryotes contain mul-
tiple variants of the linker histone (e.g. humans have 11 variants) and these
variants have been implicated to have specific functions [Izzo et al., 2008].
The linker histones connect nucleosomes to form higher order structures and
thus are integral parts of the chromatin structure. They are also involved in
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other important cellular processes [Izzo et al., 2008]. Like the core histones,
the linker histones are also found in all eukaryotes; however, in compari-
son they are more divergent. The linker histones of multicellular eukaryotes
show a tripartite architecture comprising a central globular domain and two
flanking, largely unstructured, amino- and carboxyl-terminal domains. The
globular domain adopts a winged-helix fold comprising a three-helix bundle
followed by a β-hairpin [Zarbock et al., 1986; Ramakrishnan et al., 1993]. In
contrast to multicellular eukaryotes, only some protists contain this globular
domain.

4.2.2 Prokaryotic histones

The situation in prokaryotes is quite different to the one in eukaryotes. While
essentially all eukaryotes use two copies of each of the four core histones to
compact their DNA, prokaryotes contain a variety of nucleoid-associated
proteins (NAPs) that are distinct from histones. Like eukaryotic histones,
most prokaryotic NAPs bind DNA in a sequence-independent way and have
the ability to bend, wrap, or bridge DNA.

Alongside with many NAPs such as Lrp, Alba, and HU, many archaea,
including all methanogens, most euryarchaeotes, and some crenarchaeotes,
also possess nucleosome-like structures made up of histones [Sandman et al.,
1990; Pereira et al., 1997; Sandman and Reeve, 2001; White and Bell, 2002;
Cubonov et al., 2005; Sandman and Reeve, 2006]. These histones form
homo- and heterodimers (Fig. 4.1B) and assemble into tetramers, which
may reflect an ancestral form of the central part of the eukaryotic nucleosome
octamer, the (H3-H4)2 tetramer [Bailey et al., 1999]. Most archaeal histones
are essentially the histone fold, with no N-terminal or C-terminal extensions.
However, there are archaeal histone variants that either have C-terminal
extensions [Li et al., 2000] or additional domains. Archaeal histone subunits
are occasionally duplicated on a single polypeptide chain [Fahrner et al.,
2001], a form observed in eukaryotes only in the histone-like domain of the
son of sevenless protein [Baxevanis et al., 1995]. Unlike eukaryotic core
histone sequences that show high conservation, archaeal histone sequences
exhibit a degree of variation.

Bacteria do not have eukaryote-like nucleosomes, but they have nucleoid
proteins with histone-like properties [Drlica and Rouviere-Yaniv, 1987; Lynch
et al., 2003; Guo and Adhya, 2007]. These proteins do not contain the his-
tone fold. One particular NAP called HU has properties similar to histones
and has been dubbed as the prokaryotic counterpart of histones. It is very
abundant in E. coli and is thought to be important for the compaction of
its genome [Rouvire-Yaniv et al., 1979; Kano et al., 1991]. HU exists as ho-
modimers in almost all bacteria except enterobacteriaciae, where it exists as
heterodimers of related subunits. These subunits contain a α-hairpin with
a long protruding arm comprising five β-strands (Fig. 4.1D).
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Recently, structures of two homologs of archaeal single-chain histones
were reported from the bacteria Aquifex aeolicus (1R4V) [Qiu et al., 2006]
and Thermus thermophilus HB8 (1WWS; Fig. 4.1C). Further homologs ap-
pear in the genomes of a few, phylogenetically diverse bacteria. It thus seems
likely that the histone fold originated in the common ancestor of eukaryotes
and archaea, and spread into some bacteria through lateral gene transfer.

4.3 Remote homologs of histones

We first found the remote homologs of histones described in this chapter
in an all-against-all application of HHpred [Soeding, 2005] to the SCOP
database. Subsequently, we systematically looked for homologs of the his-
tone fold by searching the SCOP25 database [Andreeva et al., 2004] with
sequences from the three protein families with this fold: archaeal histones
(SCOP a.22.1.2), nucleosome core histones (a.22.1.1), and TBP-associated
factors (TAFs; a.22.1.3). Results of the searches are presented in Fig. 4.3.
As expected, proteins from these three families identified each other as their
best matches with high probability; most of the hits were found at proba-
bility values of 70%-100% (Fig. 4.3).

Surprisingly, their subsequent matches were consistently to the heli-
cal part of the extended ATPase domains found in AAA+ proteins (the
C-domain; Fig. 4.4B; c.37.1.20) [Ammelburg et al., 2006; Neuwald et al.,
1999], also at high probability values. AAA+ proteins are a group of AT-
Pases that mediate ATP-dependent unfolding and disaggregation of macro-
molecules [Ammelburg et al., 2006]. They are composed of one or more
copies of an extended P-loop ATPase domain, followed by an α-helical sub-
domain, referred to as the C-domain.

Indeed, we also found significant matches to yet a third protein family,
the N-terminal domain of Clp/Hsp100 proteins (Clp N-domain; Fig. 4.4C;
a.174.1.1) [Zeth et al., 2002]. Clp/HSP100 proteins are molecular chaper-
ones that promote the ATP-dependent degradation of proteins by forming
a complex with ClpP protease [Zeth et al., 2002].

Reciprocal searches with a set of C-domain sequences confirmed the sim-
ilarity of these protein families (Fig. 4.3). While C-domains identified each
other as their best matches, they also made matches to histones and N-
domains at high probabilities.

4.4 Analysis of sequence and structure conserva-
tion

The surprising aspect of these findings is that histones, C-domains, and
Clp N-domains belong to three different folds (Fig. 4.4A-C). Histones are
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Figure 4.3: Results of HHpred searches of the SCOP25 database with histone
sequences and C-domains (reproduced from [Alva et al., 2007]). The relative
frequencies of SCOP families encountered in the searches are plotted against
the HHpred probabilities as described in the Materials and methods section
(4.8). Searches with histones are shown in the top panel and searches with
C-domains in the bottom panel. Histones (SCOP a.22) are colored in green,
C-domains (SCOP c.37.1.20; also includes the misclassified a.49.1.1) in blue,
Clp N-domains (SCOP a.174) in red, and others in gray.

dimeric, interleaved helical bundles (Fig. 4.4A), as described in the Back-
ground section (4.2.1). C-domains are four-helix bundles composed of two
consecutive helix-strand-helix motifs (Fig. 4.4B) [Ammelburg et al., 2006].
Clp N-domains, finally, are multi-helical domains formed by the repetition
of a four-helical motif (Fig. 4.4C) [Zeth et al., 2002]. Although these three
protein families have different topologies, they all incorporate two copies of
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Figure 4.4: The structure of histones, C-domains, and Clp N-domains (re-
produced from [Alva et al., 2007]). A) The histone of Methanothermus fervidus
(1B67); the N-terminal helix-strand-helix motif in each subunit is colored yel-
low and the C-terminal motif green. B) The C-domain of the helicase RuvB
(1IN4); the motifs are colored as in the histone subunits. C) Clp N-domain of
ClpA (1K6K); the two helix-strand-helix motifs are colored green.

the helix-strand-helix motif, which engages in the formation of a short paral-
lel β-bridge. In the histone dimer, the β-bridge is formed by the association
of one helix-strand-helix motif from each monomer, in the C-domain by the
association of the two motifs consecutive in the polypeptide chain.

The similarities detected by HMM-to-HMM comparison are limited to
these helix-strand-helix motifs. Histones and C-domains both contain two
consecutive copies of the motif and can be aligned over essentially their entire
length (Fig. 4.5). Clp N-domains contain two motifs decorated by two helices
and each motif has its best matches to the C-terminal motif of histones and
C-domains (Fig. 4.5). The sequence alignment shows extensive similarity in
the hydrophobic patterns of the three folds, but no highly conserved residues
other than two alanines in the core of the second helix-strand-helix motif,
which allow for close packing interactions at the crossover point between the
helices.

A structural comparison of the three folds shows that C-domains can
be superimposed onto one half of the histone fold with root-mean-square
deviations (RMSD) of around 1.5Å (Table 4.1 and Fig. 4.6). The main
difference between the two folds lies in the fact that the two helix-strand-
helix motifs of C-domains are connected by a hinge region, while they are
continuous in histones, requiring dimerization to form the hydrophobic core
(Fig. 4.6). The structural alignment between histones and Clp N-domains
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Table 4.1: Data for the structural alignment in Fig. 4.6

PDB ID Fold Aligned length RMSD [Å]

1B67(A:5-66, B:105-166) Histone 124 0.00
1TAF(A:21-84, B:9-70) Histone 123 1.23
1TZY(C:66-131, D:30-92) Histone 124 1.60
1IN4(A:182-250) C-domain 64 1.83
1LV7(A:327-396) C-domain 63 2.15
1K6K(A:4-38) N-domain 32 1.52
1K6K(A:81-118) N-domain 33 1.27

is also in the range of 1.5Å RMSD, but extends only over the C-terminal
helix-strand-helix motif of histones.

4.5 Evolutionary implications

4.5.1 The histone fold evolved from the C-domain through
a 3D domain-swapping event

The structural and sequence similarity between histones and the C-domains
of AAA+ proteins, despite differences in their overall topology, suggests
that they are evolutionarily connected. We propose 3D domain-swapping as
the mechanism that accounts for their structural differences. 3D domain-
swapping is a process by which two or more identical proteins exchange a
domain to form interlocked oligomers [Bennett et al., 1995], in which all
of the packing interactions that stabilize the monomer are present. The
swapped portions can range from a single secondary structure element to an
entire domain. In the simplest case the native fold, normally constituted by a
single ’closed’ monomer, is reconstituted by two so-called ’open’ monomers.
This reciprocal swap leads to a homodimer, whereas the runaway domain
swap, in which swapping propagates along an axis in an open-ended manner,
has been proposed to contribute to amyloid fibril formation [Janowski et al.,
2001; Sambashivan et al., 2005; Guo and Eisenberg, 2006].

Up to now, about 40 proteins have been shown to be able to undergo 3D
domain-swapping [Liu and Eisenberg, 2002], and several studies indicate a
physiological role of this mechanism in allostery and signal transduction [Pic-
coli et al., 1988; Gotte et al., 1999; Schymkowitz et al., 2001]. A precondition
is the presence of a flexible loop or hinge, about which the swapped elements
can rotate in order to form a pair of ’open’ monomers. The primary inter-
vention by which 3D domain swaps have been engineered into monomeric
proteins is through the shortening of the hinge, thus preventing the packing
of part of the protein into its native location and forcing a swap, such as in
domain 1 of lymphocyte antigen CD2 [Murray et al., 1995], staphylococcal
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Figure 4.6: Structure comparisons of histones, C-domains, and Clp N-
domains. The superposition was made using the archaeal histone HMfA (1B67)
as a reference structure. Quantitative information on the results of the super-
position is provided in Table 4.1. Residues in α-helices are colored yellow in
histones, cyan in C-domains, and green in Clp N-domains. Residues in β-
bridges are colored red and the hinge region of C-domains is highlighted in
black.

nuclease [Green et al., 1995], single-chain Fv fragments [Kortt et al., 1994;
Perisic et al., 1994], and in a three-helix bundle designed by Ogihara et al.
[2001].

Our results suggest that such a shortening of the hinge region, which
connects the two helix-strand-helix motifs of the AAA+ C-domain, led to a
3D domain swap. The event caused head-to-tail dimerization of monomers,
which thereby recovered the lost interactions between the two helix-strand-
helix motifs, and resulted in the emergence of the histone fold (Fig. 4.7).
Following the proposal that domain-swapping might contribute to protein
evolution [Bennett et al., 1995; Kinch and Grishin, 2002], we present here
the first concrete example.
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Figure 4.7: Evolutionary scenario for the origin of three folds from an ances-
tral helix-strand-helix motif (reproduced from [Alva et al., 2007]). The coloring
and representative proteins are as in Fig. 4.4. The superimposed ensemble of
helix-strand-helix motifs consists of motifs from the following proteins: yellow
(1IN4: residues 181-212; 1B67: 4-33), green (1IN4: 216-251; 1B67: 134-166;
1K6K: 82-115). A primordial helix-strand-helix motif, first, gave rise diver-
gently to the Clp N-domain and the AAA+ C-domain through two indepen-
dent events of duplication and fusion. The histone fold arose subsequently
from the C-domain by 3D domain-swapping event.

4.5.2 A primordial helix-strand-helix motif

The helix-strand-helix motif (Chapter 3, Fig. 3.5-9), which is at the core
of the similarity between histones and C-domains, is also found in Clp N-
domains, which assume yet a third fold. Here, the motif is decorated with
two C-terminal helices, and two copies of this extended, four-helical motif
are fused in antiparallel orientation. Thus, three different folds appear to
have been built from a common helix-strand-helix motif. The helix-strand-
helix motif, we propose, is an ancestral peptide, which gave rise divergently
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Figure 4.8: Involvement of the β-bridge in macromolecular interactions (re-
produced from [Alva et al., 2007]). The coloring of helix-strand-helix motifs
is as in Fig. 4.4, except the β-bridges are colored red. A) The histone H3-H4
complex bound to DNA (1S32); residues of the β-bridges engaged in interac-
tions with the phosphate backbone are shown in stick representation. B) ClpS
in complex with ClpA (1LZW, 1R6B); the ATPase domain is in light blue and
ClpS in cyan.

to the Clp N-domain and the AAA+ C-domain through two independent
events of duplication and fusion (Fig. 4.7). The C-domain then evolved into
the histone fold by 3D domain-swapping.

4.6 Functional implications

An interesting structural feature common to all three folds is the presence
of one or two short, parallel β-bridges formed by the strands of the helix-
strand-helix motifs. In histones, these β-bridges provide the main site of
interaction with the phosphate backbone of DNA (Fig. 4.8A). In Clp N-
domains, one of the two β-bridges binds the adaptor molecule ClpS [Zeth
et al., 2002; Maurizi and Xia, 2004] (Fig. 4.8B). Although the binding sites
of the AAA+ C-domains have not been characterized yet, it thus seems at-
tractive to propose that here also the single β-bridge formed in this domain
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represents the main binding site. C-domains play an important role in sens-
ing the nucleotide bound by the AAA+ proteins [Botos et al., 2004; Ogura
et al., 2004; Diemand and Lupas, 2006] and are located close to the substrate-
binding N-domains (Fig. 4.8B), projecting radially at the circumference of
the hexameric ring complex. We note in this context that C-domains are
frequently rich in positively charged residues and that in the Lon protease,
the C-domain has been implicated in interactions with DNA [Lee et al.,
2004]. We propose that the helix-strand-helix motif served as a scaffold for
the formation of parallel β-bridges. Ancestrally, these bridges bound pro-
teins, but in a few C-domains they also acquired the ability to bind DNA,
eventually leading to histones as proteins that only bind DNA at these sites.

4.7 Recent developments

4.7.1 Experimental evidence for the role of domain-swapping
in the origin of histones

Recently, Hadjithomas et al. [2011] experimentally tested our hypothesis on
the emergence of the histone fold. They investigated whether inserting a C-
domain-like hinge loop into the middle of the central helix of the histone fold
(Fig. 4.1B) would yield a four-helix-bundle as seen in the C-domains. They
compared many C-domains to each other and to histones, and identified a
Gly-Thr-Pro (GTP) motif shared by the hinge regions of the E. coli pro-
teins RuvB and FtsH for their engineering experiment. Because glycine and
proline are helix breakers, and threonine has a small side-chain, the GTP
motif was deemed to be an appropriate hinge for this experiment. The
GTP motif was inserted in the middle of the central helix, between residues
Glu33 and Glu34, of the homodimeric archaeal histone HMfB from Methan-
othermus fervidus. The wild-type and the engineered protein were analyzed
using sedimentation equilibrium in the analytical ultracentrifuge, and inter-
estingly, while the wild-type is a dimer as expected, the engineered protein
is a soluble and stable monomer with properties similar to C-domains. The
authors suggest that the insertion of the GTP motif disrupts the central
α-helix and thereby also disturbs the handshake motif, allowing the histone
fold to collapse on itself to yield the C-domain fold. This provides compelling
evidence for our proposal that the histone fold evolved from the C-domain
via a domain-swapping event.

4.7.2 Discovery of the C-domain outside the AAA+ super-
family

The C-domain remained exclusive to AAA+ proteins until its recent dis-
covery in a second superfamily of proteins, the DNA polymerase epsilon
(ε) subunit B superfamily [Mkiniemi et al., 1999]. This superfamily con-
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tains B subunits of eukaryotic family B polymerases α, δ, and ε. Nuutinen
et al. [2008] recently solved the structure of the N-terminal domain of hu-
man DNA polymerase ε (Dpoe2NT) and it was found to resemble the C-
domain of AAA+ proteins in structure. We note that HHpred searches find
C-domains as their best matches and thus indicating that Dpoe2NT is ho-
mologous to C-domains. Dpoe2NT is specific to the B subunit of eukaryotic
DNA polymerases ε and is not found in the B subunits of other family B
polymerases [Nuutinen et al., 2008]. In addition to the Dpoe2NT domain,
B subunit of eukaryotic DNA polymerases contain two more domains, an
OB-fold domain and a calcineurin-like phopshoesterase domain.

4.8 Materials and methods

We obtained histone and Clp N-domain sequences from the ASTRAL com-
pendium [Brenner et al., 2000] as defined by the SCOP (version 1.71) [An-
dreeva et al., 2004] folds a.22 and a.174, respectively. We reduced this set
to less than 25% pairwise identity at 90% length coverage using BLAST-
CLUST [Altschul et al., 1990]. C-domains are not characterized as a separate
fold in SCOP; we extracted their sequences from the extended AAA-ATPase
family (c.37.1.20) of the SCOP database by a procedure described by Am-
melburg et al. [2006] and also reduced this set to less than 25% pairwise
identity. Our final dataset comprised 16 histones, 18 C-domains, and two
Clp N-domains.

We used these sequences to search the SCOP25 database for homologs
with HHpred [Soeding, 2005], at default parameters and a probability cutoff
of 10%. The SCOP25 database is a version of SCOP filtered for a max-
imum of 25% pairwise sequence identity. For each group, we pooled all
search results and tabulated the frequencies at which various SCOP families
appeared at each probability, binned at 10% intervals.

The histone, C-domain, and Clp N-domain structures were superim-
posed interactively in Swiss-PDB viewer [Guex and Peitsch, 1997]. We
chose the archaeal histone HmfA (1B67) as the reference structure, as it
made the highest number of connections both in sequence and structure
searches. Quantitative information for the superimposition is listed in Ta-
ble 4.1. The complex shown in Fig. 4.8B, consisting of ClpS, N-domain,
and the first AAA+ domain of ClpA, was generated by superimposing the
N-domains of the structures 1R6B (N-domain and the AAA+ domains) and
1LZW (N-domain in complex with ClpS) from E. coli.



72 Histones arose from an ancestral helix-strand-helix motif



Chapter 5

The GD box: a recurrent
non-contiguous structural
motif

5.1 Motivation

Thus far, we have concentrated on homologous repeats that are found mul-
tiple times within a domain and on sequence- and structure-similar frag-
ments that reoccur in domains of different folds. We favor the hypothe-
sis that these local similarities observed in modern domains represent the
remnants of the ancient set of short peptides from which the first folded
domains emerged. In addition to containing homologous fragments, unre-
lated domains frequently also show recurrent local substructures with com-
pletely different amino acid sequences. These elements comprise two or
more secondary structure elements in specific geometric arrangements [Rao
and Rossmann, 1973], termed supersecondary structures, some of which are
widespread in proteins, e.g. α-hairpins, β-hairpins, and β-α-β motifs. In
fact, more than 50% of the residues in the most highly populated folds are
found in these three elements [Salem et al., 1999]. Although these supersec-
ondary structural elements show considerable similarity in structure, they
exhibit totally different sequences, suggesting that they are a result of some
general principles governing the structural organization of proteins rather
than common ancestry. Indeed, because there are only a limited number of
energetically favorable ways to pack secondary structural elements [Finkel-
stein and Ptitsyn, 1987], unrelated proteins tend to converge upon similar
local structures. In contrast, sequence space is essentially infinite and many
sequences are compatible with a particular local structure.

All supersecondary structures described so far in literature are formed

Parts of this chapter have been adapted with permission from [Alva et al., 2009].
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by adjacent segments in the polypeptide chain. However, given the cen-
tral role of non-local interactions in the formation of protein structure (see
for example Minor et al. [1996)], it seems reasonable to assume that some
widespread supersecondary structures should be formed by non-contiguous
secondary structure elements. In this chapter, we describe a widespread
non-contiguous fragment, termed the GD box, that is present in both ho-
mologous and analogous contexts. We initially found this fragment in a
group of topologically distinct but homologous β-barrels - the cradle-loop
barrels [Coles et al., 1999, 2005, 2006; Ammelburg et al., 2007], which we de-
scribe in more detail in Chapter 6. The GD box is similar both in sequence
and structure and comprises two short unpaired β-strands connected by an
orthogonal type-II β-turn and a non-contiguous β-strand forming hydrogen
bonds with the β-turn. Using structure-based analysis, we have detected 518
instances of the GD box in a non-redundant subset of the SCOP database
comprising 3771 domains. Apart from the cradle-loop barrels, this motif is
also found in a diverse set of non-homologous folds including other topolog-
ically related β-barrels. Since non-local interactions are fundamental in the
formation of protein structure, systematic identification and characteriza-
tion of other non-contiguous supersecondary structural elements is likely to
prove valuable to protein structure modeling, validation, and prediction.

5.2 Background on the GD box

Cradle-loop barrels are a group of topologically distinct but homologous β-
barrels, whose similarity is based on the presence of a recurrent antecedent
domain segment corresponding to a β-α-β-motif (Chapter 3, Fig. 3.5-41).
These barrels illustrate the evolution of folded proteins from simple oligomers
of one fragment to the emergence of complex catalysis [Coles et al., 1999,
2005, 2006; Ammelburg et al., 2007]. In order to capture the relationship
between such distinct folds originating from the same basic supersecondary
structure, we proposed a new protein classification level, the metafold [Alva
et al., 2008] (a detailed account on this is provided in Chapter 6). The cradle-
loop metafold comprises four distinct folds, the double-psi barrel (Fig. 5.1A),
the swapped-hairpin barrel, the RIFT barrel, and the C-terminal barrel of
bacterial fluorinating enzyme, each built from two copies of the conserved
β-α-β-element, either as monomers with internal sequence symmetry or as
homo-dimers with one copy per subunit. A characteristic feature of the β-
α-β-element is a conserved 11 amino acid sequence motif, [h]-x-[h]-x(2)-G-
[p]-x-[h]-x-[h], where [h] is hydrophobic and [p] polar. As the polar residue
is frequently aspartate, we named this motif the GD box. In all cradle-
loop barrels, this motif is structurally highly conserved and comprises two
short unpaired β-strands connected by an orthogonal diverging type-II β-
turn (Fig. 5.1C). Diverging β-turns were first described in the I-sites library,
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Figure 5.1: The GD box element (reproduced from [Alva et al., 2009]). A)
The double-psi barrel fold of VatN-N (PDB 1CZ4, residues 1-91) is shown in
cartoon representation. α-helices are colored in yellow and β-strands in green.
B) The double-psi barrel fold of VatN-N is shown in backbone representation.
The unpaired hairpins (residues 34-44 and 77-87) from the two GD box ele-
ments are shown in red. C) The first GD box element from VatN-N (residues
34-44, 53-55) is shown. The positions corresponding to the type-II β-turn are
marked. D) Detailed view of the hydrogen-bonding network of the first GD
box element.

which contains motifs that correlate both in sequence and structure [Bystroff
and Baker, 1998]. The glycine occupies the i+2 position of the β-turn and
the side chain of the polar residue in i+3 accepts a hydrogen bond from the
residue at position i. The backbone of the residues in i+2 and i+3 forms
further hydrogen bonds to a non-contiguous β-strand from the symmetry-
related half of the barrel (Fig. 5.1D). Thus the GD box element is an exam-
ple of a non-contiguous supersecondary element; to our knowledge the first
identified.

5.3 GD box elements in known structures

We wondered if the GD box is only found in cradle-loop barrels or also in
other non-homologous folds. To investigate this we analyzed the occurrence
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Figure 5.2: A Gallery of GD box elements (modified from [Alva et al., 2009]).
GD box elements from eight different folds are shown. The unpaired hairpin
is shown in black and the non-contiguous segment in gray. A structural super-
position of the GD box elements is shown in the center. The structures shown
are I) 1RE9: residues 300-310, 290-292, II) 1MQK: chain L, 11-21, 77-79, III)
1A62: 89-99, 54-56, IV) 1SEF: 223-233, 208-210, V) 1YB5: 143-153, 173-175,
VI) 2DPM: 183-193, 232-235, VII) 1V5O: 71-81, 9-11, and VIII) 2GF6: 68-78,
11-13.

of the GD box in proteins of known structure. We used structure compar-
isons to detect GD boxes in SCOP25, a subset of the SCOP database filtered
at 25% sequence identity. Since the GD box adopts a very similar structure
in all cradle-loop barrels, we chose the first GD box from the N-terminal
domain of the archaeal AAA chaperone VAT (PDB 1CZ4, residue 34-44) as
the query structure. We were not aiming at detecting all GD box elements in
an exhaustive manner, so we used a moderately generous root-mean-square
deviation (RMSD) cutoff of 1.5Å. Because one of the goals of this study was
to establish whether the GD box forms the same non-contiguous interac-
tions in all its embodiments, we did not consider the presence of hydrogen
bonds between the residues at positions i+2 and i+3 of the β-turn and a
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Figure 5.3: A Gallery of GD box-containing folds (reproduced from [Alva
et al., 2009]). The contiguous segment of the GD box element is shown in
red in all the structures. The β-β-β-motif containing the GD box element is
shown in black in C) and D). The structures shown are: A) 1MQK: chain L,
B) 1FXJ: chain A, 252-329, C) 1GHK, and D) 2F7F: chain A, 4-140.

non-contiguous β-strand in our searches.

We detected a total of 518 GD boxes in 420 distinct domains, which are
classified into 134 folds in SCOP25; some domains contained multiple copies
of the element. At 3771 domains total, this means that slightly more than
10% of all domains in SCOP25 contain at least one GD box. In all but 32 of
the detected cases, at least one of the residues at position i+2 and i+3 of the
β-turn formed a backbone hydrogen bond with a residue in a non-contiguous
β-strand. The non-contiguous interaction can thus be considered a general
feature of GD boxes.

As a control, we wanted to assess the proportion to which type-II β-
turns form GD boxes. We therefore detected all type-II β-turns in SCOP25
using Promotif [Hutchinson and Thornton, 1996] and found 6,327 instances,
indicating that less than 10% of all type-II β-turns are part of GD box
elements.

Apart from the cradle-loop barrels, the GD box is found in other topo-
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Figure 5.4: The relative preference of occurrence for the 20 amino acids at
the 11 positions of the GD box (reproduced from [Alva et al., 2009]). Dotted
lines indicate the position of residues that are three times more frequent and
three times less frequent than expected, respectively. Hydrophobic residues are
colored in red, charged residues in blue, and uncharged hydrophobic residues
in bold black. The 11 positions of the GD box are indicated.

logically related, but non-homologous barrels [Alva et al., 2008], as well as
in a large number of folds that are not related either evolutionarily or topo-
logically to the cradle-loop barrels (Fig. 5.2). The latter include the OB fold
(SCOP: b.40), the immunoglobulin-like fold (b.1; Fig. 5.3A), the NAD(P)-
binding Rossmann fold (c.2), and the ubiquitin-like fold (d.15). Some folds
contain multiple copies of the GD box element; for example, each half-barrel
of the cradle-loop barrels contains its own copy of the GD box element
and single-stranded (b.81; Fig. 5.3B) and double-stranded β-helices (b.82)
contain multiple overlapping copies. In most cases, the GD box element
coordinates a β-strand that is distant in the linear polypeptide sequence
and in some cases, this β-strand is contributed by a different subunit al-
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together. Thus, in all homodimeric cases, such as in the transition state
regulator AbrB from Bacillus subtilis (PDB 1YFB), the non-contiguous
strand originates from the symmetry-related monomer. We propose that
the GD box acts as a structural tether, allowing the polypeptide chain to
snap into the final folded conformation once the hydrophobic collapse has
produced a molten globule and brought the non-contiguous parts into ap-
proximate vicinity, and stabilizing the structure once folding is complete.
This may explain the widespread and frequently analogous representation
of GD boxes in a broad range of β folds.

5.4 Sequence features of the GD box motif

Although the searches for the GD box elements were made by structural
comparison, their sequences (considering only the unpaired hairpin) follow
the same characteristic pattern as in the cradle-loop barrels: [h]-x-[h]-x(2)-
G-[p]-x-[h]-x-[h] (Table 5.1 , Fig. 5.4). Hydrophobic residues are strongly
favored at positions 3, 9, and 11, and to lesser extent at position 1. Posi-
tions 4, 5, 6, and 7 correspond to the four positions (i, i+1, i+2, and i+3) of
the type-II β-turn; at these positions hydrophilic residues are favored. Po-
sition 6 is dominated by glycine and to lesser extent by asparagine. Type-II
β-turns favor cysteine, serine, and lysine at position i+3 [Hutchinson and
Thornton, 1994]; however, in GD box elements the i+3 position is predom-
inantly occupied by aspartic acid and to lesser extent by glutamine and
glutamic acid.

5.5 Discussion

5.5.1 Evolutionary consequences

Because structure space is finite, unrelated proteins tend to converge upon
similar local structures. This is reflected in the fact that over half of the
residues in the most highly populated folds are found in one of the three most
common supersecondary structures, i.e. α-α-hairpins, β-β-hairpins, and β-
α-β-elements [Salem et al., 1999]. In contrast, sequence space is essentially
infinite and many sequences are compatible with a particular local struc-
ture. Sequence convergence should thus be highly unlikely. For this reason,
statistically significant sequence similarity is considered the best marker for
homology. However, short, structurally constrained parts of the polypeptide
chain do converge on specific sequence motifs, as described here for the GD
box. In such cases, and particularly where these structurally constrained
elements form a substantial part of the entire polypeptide chain, it seems
possible that the convergent sequence motifs would lead to a level of overall
sequence similarity that could be interpreted (erroneously) as indicative of
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Table 5.1: Positional propensities for each of the 11 positions of the GD
boxa ; (reproduced from [Alva et al., 2009])

Residue 1 2 3 4 5 6 7 8 9 10 11

ILE 1.3 0.8 3.2 0.2 0.6 0 0.2 1.4 3 1.2 2.7
PHE 1.3 1.2 1.7 0.2 0.2 0.2 0.1 0.7 1.4 0.8 2.1
VAL 1.2 1 2.9 0.4 1.1 0 0.8 1.7 4.8 1.2 3
LEU 1.2 0.6 3.1 0.3 0.3 0 0.1 0.8 2.2 1.2 1.7
TRP 0.8 0.3 0.9 0.3 0 0 0 0.9 0.9 0.8 1.2
MET 1.1 0.4 2.1 0.4 0.4 0.4 2 0.7 0.5 1 0.7
ALA 1.3 0.5 0.7 0.8 1.3 0.1 0.9 0.7 0.3 0.9 1
GLY 0.7 1.1 0.1 1 0.3 10.4 0.6 0.2 0.3 0.9 0.5
CYS 1.5 0.6 0.7 0 0.6 0 0.6 0.1 1.3 0.6 1.3
TYR 0.8 0.9 1.1 0.6 0.3 0.3 0.3 0.8 1.5 1.6 1
PRO 1.2 1.4 0.7 2.4 4.5 0 0 1 0 0.5 0.7
THR 1.3 1.6 0.2 1.1 0.6 0.1 1.3 2.2 0.2 1.8 0.4
SER 0.6 1.4 0.2 0.9 0.7 0.2 1.3 0.9 0.1 1 0.4
HIS 0.9 1.7 0.3 1.2 1.2 0.3 0.5 1.1 1.3 1 0.2
GLU 0.7 1.1 0.1 1.7 1.6 0.3 1.9 1.2 0 1 0.2
ASN 0.8 1 0 0.8 0.9 1.7 0.4 0.9 0 0.4 0.5
GLN 0.8 1 0.1 1.7 1 0.3 2.2 0.9 0.2 1 0.3
ASP 0.5 1 0 0.5 1.2 0.5 5.4 0.2 0.1 0.5 0.7
LYS 0.9 1.2 0.1 2.9 1.4 0.1 0.5 1.2 0.1 0.7 0.2
ALA 1.1 0.7 0.2 1.8 1 0.3 0.1 1.6 0.3 1.2 0.3

a Amino acids are ranked in order of decreasing hydrophobicity. Positions 4, 5, 6,
and 7 correspond to the four positions of the type-II β-turn.

homology.

We therefore wanted to evaluate to what extent sensitive sequence com-
parison methods, such as those based on the comparison of profile Hidden
Markov Models (HMMs), would return scores for GD box-containing pro-
teins that are normally seen between homologous proteins. To this end we
made pairwise comparisons of profile HMMs for all GD box-containing do-
mains and clustered them in CLANS (see Materials and methods (5.6)). At
settings at which we recover the cradle-loop barrels as a cluster, whose ho-
mologous origin we have documented in a series of studies, most other GD
box-containing folds did not exhibit connections to the cradle-loop barrels
or to each other. The convergent similarity of GD boxes is thus not sufficient
to suggest homology between evolutionarily unrelated domains, even when
these are being compared by methods calibrated for the detection of very
distant relationships.

Two other clusters formed in the three-dimensional map. One contained
the Rossmann folds, whose connections relied however on a different super-
secondary structure, a dinucleotide-binding β-α-β-element whose homolo-
gous origin has been discussed previously [Lupas et al., 2001]; our dictionary
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of ADSs includes this element (Chapter 3, Fig. 3.5-21). The other contained
the barrel-sandwich hybrid and the α/β-hammerhead folds. The similarity
between these two folds relies on a GD box-containing β-β-β-element, which
resembles a hammerhead (Fig. 5.3C, Fig. 5.3D; this element is also present
in our dictionary of ADSs (Chapter 3, Fig. 3.5-37). The barrel-sandwich
hybrid fold is pseudo-symmetric and contains two homologous copies of the
β-β-β-element. The α/β-hammerhead fold contains one copy of the β-β-
β-element. We conclude that these two folds most likely have arisen from
an ancestral β-β-β-element - the barrel-sandwich hybrid fold by duplication
and the α/β-hammerhead fold by accretion.

5.5.2 Application to tertiary structure prediction

Protein folding is still an unsolved problem [Kryshtafovych et al., 2005; Lu-
pas, 2008]. One encouraging approach has been through methods, such
as ROSETTA [Simons et al., 1999], which use fragment libraries to pre-
dict tertiary structure by assembling local structural features. However,
these methods are mainly successful for domains with less than about 100
residues. One reason for their poor scalability may lie in the fact that they
do not consider non-local interactions, which become progressively more
important with the size of the fold. Enriching these fragment libraries
with widespread non-contiguous supersecondary structures that have clear
sequence-structure patterns, such as the GD box, should make it possible
to include knowledge of non-local interactions into this approach.

A problem with using non-local interactions as restraints is that, while
the contiguous part of the element will be recognizable based on its sequence
pattern, the non-local interaction partner will be difficult to identify. In
NMR structure calculation from ambiguously assigned cross-peaks, as well
as in protein-protein docking, one faces similar problems. Indeed, fragment
assembly could be viewed as a protein-protein docking task. One can deal
with the ambiguities by using ambiguous distance restraints [Nilges, 1995;
Dominguez et al., 2003]: the restraint is defined on the whole set of possi-
ble distances; the one that is most compatible with the overall structure is
then picked automatically during the structure calculation process. Such a
restraint-based approach would significantly reduce the computational com-
plexity, and thus, would allow modeling and prediction of larger proteins as
well.

5.6 Materials and methods

For this study, we used the SCOP database [Andreeva et al., 2004] (version
1.73) filtered for a maximum of 25% sequence identity. After filtering out
all NMR structures and all X-ray structures with a resolution of worse than
2Å, we obtained a subset comprising 3771 domains.
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For structure comparisons, we used an implementation of the rigid-body
superposition algorithm described by Challis et al. [1995]. Only Cα atoms
were considered for superposition. The GD box motif from the N-terminal
domain of the archaeal AAA chaperone VAT (PDB code 1CZ4, residues
34-44) was compared to all 11 residue fragments from the SCOP25 dataset.
Fragments with an RMSD less than 1.5Åwith respect to the probe fragment
were pooled together. All fragments without a type-II β-turn were removed
from this set. We classified as canonical GD boxes all fragments in which at
least one of the residues at position i+2 and i+3 of the type-II β-turn was in-
volved in hydrogen-bonding interactions with a non-neighboring residue; the
remaining fragments were classified as non-canonical. The programs Promo-
tif [Hutchinson and Thornton, 1996] and HBPlus [McDonald and Thornton,
1994] were used to detect β-turns and to calculate hydrogen bonds, respec-
tively. The non-canonical fragments were further analyzed in the context of
the full protein: if the residues in the β-turn formed hydrogen bonds to a
non-neighboring residue, the fragment was also classified as canonical.

The positional propensities for each position of the GD box were cal-
culated as Pi(a) = Fi(a)

F (a) , where Pi(a) is the positional propensity of amino

acid a at position i, Fi(a) is the frequency of a at position i and F (a) is the
background frequency of a in the dataset.

For sequence comparisons, we used HHsearch [Soeding, 2005], which is
a highly sensitive homology search method based on the pairwise compari-
son of hidden Markov models (HMMs). We built multiple sequence align-
ments for all GD box-containing domains using the buildali.pl script from
the HHsearch package. Profile HMMs were calculated from the alignments
using hhmake (from the HHsearch package) with default settings. We then
performed all possible pairwise comparisons between them using HHsearch
with default settings and clustered them by their pairwise P-values using
CLANS [Frickey and Lupas, 2004]. Clustering was done to equilibrium in
2D at a P-value cutoff of 1.0e-03 using default settings.



Chapter 6

On the classification of
proteins based on natural
descent

6.1 Motivation

Proteins are generally composed of one or more autonomously folding mod-
ules, termed domains, which retain their overall fold and frequently also
their function when they reoccur in other unrelated proteins (see Chap-
ters 1 and 2 for more details). Domains thus represent units of structure,
function, and evolution in modern proteins, a knowledge that has been im-
mensely beneficial for the study of proteins. It has, for instance, become
an exceedingly common practice in modern molecular biology to delineate
a protein-of-interest into its constituent domains ahead of complex experi-
mentation, to obtain first clues of its likely function and overall structure,
which frequently forms the basis of subsequent experimental analysis. This
approach is often employed for characterizing the three-dimensional struc-
ture of large proteins that are hard to work with experimentally. Such large
proteins are first divided into their domains, structures of which are then
determined individually and assembled to get an approximation of the full-
length structure. Owing to these reasons, systems for classifying protein
structures have become an essential tool in molecular biology.

In the last two decades, a number of different structural classification sys-
tems have been developed, examples include Dali Domain Dictionary [Diet-
mann et al., 2001], CATH [Greene et al., 2007], and SCOP [Andreeva et al.,
2008]. These systems differ in the way they are generated: while the Dali
Domain Dictionary is largely automated, relying on the popular structure
comparison program DALI, CATH combines automated and manual pro-

Parts of this chapter have been adapted with permission from [Alva et al., 2008].
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cesses, and SCOP is based mostly on manual assignments. Despite these
differences, all structural classifications systems follow a similar hierarchical
scheme to capture the duality between homologous and analogous contri-
butions to the properties of modern proteins. They classify proteins by
combining homologous criteria at lower hierarchical levels with analogous
criteria at upper levels. SCOP, for instance, groups related domains into
families, related families into superfamilies, structurally similar superfam-
ilies into folds, and folds into secondary structure classes. Despite being
generally useful, this mode of classification frequently introduces inconsis-
tencies within and between systems, and often also fails at capturing certain
distant evolutionary relationships. A case in point is the recent substantia-
tion of several incidences of homologies between domains of different folds,
either due to the detection of homologous fold change (e.g. circular per-
mutation) [Grishin, 2001a] or the detection of ancient peptides, as detailed
in Chapter 3. However, because current systems classify proteins by using
homologous criteria at lower levels and analogous criteria at upper levels,
they make the implicit assumption that homologous domains always have
the same fold, and thus fail at capturing these inter-fold relationships. To
alleviate this issue, we propose to use the metafold [Day et al., 2003; Alva
et al., 2008] as the next hierarchical level above the fold, encompassing a
group of topologically related folds for which a homologous relationship has
been substantiated. We see this as an important step on the way to a clas-
sification of proteins by natural descent. In this chapter, we present our
ideas on the metafold concept using cradle-loop barrels, which are a group
of homologous barrels with topologically distinct but related folds, as an
example.

6.2 The metafold concept

Despite showing an appreciable amount of agreement, each of the protein
classification systems offers its own view of fold space, with many differences
becoming apparent upon detailed, protein-by-protein comparison [Day et al.,
2003]. One of the most important source of disagreement between classifica-
tion systems are differing domain definitions, but in a fair number of cases,
disagreements also arise because the same domain is assigned to different
folds. In order to understand these problems, it is useful to consider the
definition of a fold as a conserved, topologically distinct arrangement of
secondary structures in a domain, with extensions and insertions periph-
eral to the fold treated as decorations. A fold change occurs when one or
more secondary structure elements within the fold alter their nature and/or
their topology. Clearly a wide latitude in judgment is possible with re-
spect to domain boundaries, to what constitutes a decoration, and to the
degree of topological change necessary to separate structures into different
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folds. To alleviate the discrepancies arising from subjective estimates of fold
similarities and differences, Daggett and coworkers introduced the metafold
concept as a consensus method designed to reveal fold similarities relatively
independently of the methods used to compare protein domains [Day et al.,
2003]. In essence, domains are considered part of the same metafold if their
topological similarity is recognized by multiple classification systems.

Although the metafold concept is clearly helpful in obtaining a more
unified view of fold space, we think that its usefulness is limited by the
fact that it does not address a fundamental source of tension within and
between classification systems, namely the coexistence of homologous and
analogous classification criteria. Both SCOP and CATH explicitly use ho-
mology for classification, SCOP in the first two hierarchical levels (family
and superfamily) and CATH in the first level. Clearly, what one perceives
as homologous has a profound influence on drawing domain boundaries and
on labeling parts of the structure as decorations to a conserved core. These
decisions, which have a substantial arbitrary component, by necessity shape
the higher levels of the classifications. Furthermore, by placing homology at
the base and topological considerations into the upper layers, both systems
make the implicit assumption that homologous proteins always have the
same fold. As has become increasingly clear in recent years, this is not the
case and multiple events have been described that can lead to fold change
in evolution: point mutations, indels, topological substitutions, circular per-
mutations, strand swaps, strand and hairpin invasions, 3D domain swaps,
and chimeric fusions [Grishin, 2001a; Kinch and Grishin, 2002; Andreeva
and Murzin, 2006; Andreeva et al., 2007]. In such cases, if the evidence
for a common ancestry is obvious, homology typically trumps topological
dissimilarity, leading to the grouping of homologous proteins into the same
fold, even when they have undergone changes that would cause analogous
proteins to be classified into separate folds. For example, the C2 domains
of synaptogamin I (PDB 1RSY) and phospholipase C (PDB 1QAS), which
are related by a circular permutation event, are classified into the same
superfamily (b.7.1) in SCOP. However, in cases where evidence for a com-
mon ancestry is weak, classification decisions are often subjective. For in-
stance, while β-propellers, which are circular folds with between four and
eight repeats of a four-stranded β-meander [Chaudhuri et al., 2008], are
classified into five different folds in SCOP (b.66-b.70), outer membrane β-
barrels, which are closed barrels with between four and twelve repeats of a
β-β hairpin [Remmert et al., 2009], are classified into different superfamilies
within one fold (f.4). Furthermore, as detailed in Chapter 3, the boundaries
between folds have also been broken due to the detection of homologous
fragments in domains of different folds.

In order to address the tensions arising in classification systems from fold
changes between homologous proteins and from the detection of homologous
fragments in domains of different folds, we think that the metafold would
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more usefully be viewed as the next hierarchical level above the fold, bring-
ing together groups of topologically similar folds for whom a homologous
relationship has been substantiated in at least one case. This core group of
member folds could be usefully expanded by a periphery of candidate folds,
which are related to the core members by a topological change known to
occur between homologous proteins, albeit without homology having been
substantiated in that particular case. Proteins known to be analogous to
members of the core group should be excluded from the metafold. Thus,
topologically similar proteins may end up in different metafolds, based on
evidence of their descent. In such cases, these proteins will also need to be
assigned to different folds. Although this may seem to subvert the concept
of fold, we note that this concept has always had a large arbitrary com-
ponent and that some larger folds are currently subdivided without easily
recognizable reasons. The goal of our proposal is to ultimately eliminate all
analogous criteria from protein classifications.

Although more complicated and also fuzzier than the definition of Daggett
and coworkers, our metafold definition offers several advantages: it addresses
the homology-analogy problem directly, it has considerably greater explana-
tory power with regard to the fold space it maps, it acknowledges explicitly
that the classification is more robust and better supported in some cases
(the core groups) than in others (the peripheries), and it provides a first
step toward a comprehensive classification of proteins by descent.

In the following, we would like to explain our ideas on metafolds using
the example of cradle-loop barrels, which we have studied in detail for almost
a decade.

6.3 The cradle-loop barrel metafold

6.3.1 The core group

Our interest in the cradle-loop barrels began with the structure determina-
tion of VatN, the substrate recognition domain of the AAA protein VAT [Coles
et al., 1999]. The N-terminal part of this domain (VatN-N) forms one of
the most topologically complex folds known, consisting of duplicated β-α-β
(Chapter 3, Fig. 3.5-41) units that are completely interdigitated to form
a six-stranded barrel (Fig. 6.1A and Fig. 6.2). The β1-β2 loops of each
unit cross over the symmetry-related β2′ strand, giving the fold an unusual,
knotted appearance and its name: the double-psi β-barrel [Castillo et al.,
1999]. In each β-α-β unit, the helix is connected to the last strand by a
conspicuous Gly-Asp motif, which we named the GD box (see Chapter 5).

In order to understand how such a complex fold could have evolved, we
undertook an extensive bioinformatics and structural study with the aim
of identifying possible precursors with simpler topologies. We focussed on
several groups of proteins that showed sequence similarity to VatN-N. Of
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Figure 6.1: Gallery of cradle-loop barrels. In all structures, β-strands are
colored in green, cradle loops in black, helices in yellow, β-strands inserted
into the barrel in blue, and elements not part of the barrel in gray. The β2
and β2′ strands in the RIFT and double-psi barrels are shown in red and pink,
respectively. In homodimeric structures, monomers are distinguished by light
and dark colors. The structures shown are: A) double-psi barrel: VatN-N
(1CZ4), B) RIFT barrel: PhS018 (2GLW), C) swapped-hairpin barrel: AbrB
(homodimeric barrel, 1YFB), D) swapped-hairpin barrel: MraZ (monomeric
barrel, 1N0E), E) C-terminal domain of bacterial fluorinating enzyme (1RQP),
and F) C-terminal domain of AstA (1YLE).
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Figure 6.2: The conserved β-α-β motif. In all structures, β-strands are col-
ored in green, loops in gray, and α-helices in yellow. A) The first β-α-β motif
from VatN-N (1CZ4) is shown in cartoon representation. B) Superposition of
the β-α-β motifs from VatN-N (1CZ4, both repeats), PhS018 (2GLW, both
repeats), and AbrB-N (1YFB) is shown in backbone representation. C) Se-
quence alignment corresponding to the structural alignment shown in panel B.
Conserved residue columns are indicated in blue.

particular interest were dimeric bacterial transcription factors, typified by
Bacillus subtilis AbrB, whose N-domains carried a single GD box and were
elaborated by an additional C-terminal β-strand. They thus appeared to
represent a homodimeric precursor to the double-psi barrel, with a permuted
fold that would resolve the topological complexities of the latter. This led
us to propose this topology as the ancestral form [Coles et al., 1999]. Our
hypothesis was contradicted by the published structure of AbrB-N (1EKT),
which, instead of a barrel, showed a side-by-side dimer of two three-stranded
β-meanders with two equatorial helices.

In order to understand this contradiction, we investigated a group of se-
quences that were intermediate between VatN-N and AbrB. Proteins of this
group, typified by PhS018 from Pyrococcus horikoshii, either have internal
sequence symmetry and carry two copies of the GD box or are homodimers
with one copy per subunit. PhS018 turned out to have yet a third fold,
forming a singly interdigitated, six-stranded barrel (Fig. 6.1B) [Coles et al.,
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Figure 6.3: Topological map of the cradle-loop barrel metafold (modified
from [Alva et al., 2008]). In all structures, β-strands are colored in green, cradle
loops in black, helices in yellow, β-strands inserted into the barrel in blue, and
elements not part of the barrel in gray. The β2 and β2′ strands in the RIFT
and double-psi barrels are shown in red and pink, respectively. In homodimeric
structures, monomers are distinguished by light and dark colors. Homologous
connections, as substantiated by HMM-HMM comparisons [Soeding, 2005], are
indicated by red arrows. The structures shown are: I) swapped-hairpin barrels:
AbrB (homodimeric barrel, 1YFB) and MraZ (monomeric barrel, 1N0E); II)
RIFT barrels: PhS018 (monomeric barrel, 2GLW) and the homology model
of MTpME2200 Orf5 based on PhS018 (homodimeric barrel), EF-Tu (β1 to
C-terminus, 1D2E), V8 protease (β6 to N-terminus, 1QY6), the PK barrel
(1A49), B3 barrel (1WID), and the C-terminal domain of bacterial fluorinating
enzyme (1RQP); and III) double-psi barrels: VatN-N (1CZ4), the C-terminal
domain of AstA (1YLE), and HIV-1 protease (1NH0). Details of the structures
are given in Tables 6.1 and 6.2.
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2006]. We named this topology the RIFT barrel for its widespread occur-
rence in ancient proteins, such as the ribosomal protein L3, the N-domain of
the F1 ATPase, and translation factors of the EF-Tu family. This topology
was clearly related to that of double-psi barrels by a strand swap of the
symmetry-related β2/β2′ strands, but was not visibly related to the pub-
lished AbrB fold, 1EKT. In particular, the conserved GD boxes resembled
closely those of VatN-N, but had an entirely different conformation from
1EKT.

Given this discrepancy, we decided to redetermine the structure of AbrB-
N, which turned out to neither resemble the published structure (which
was subsequently retracted), nor a permuted form of the double-psi barrel.
Rather, additional C-terminal strands were inserted into the RIFT barrel
to form an eight-stranded architecture with two pairs of interdigitated β-
hairpins (Fig. 6.1C), leading us to name this fold the swapped-hairpin bar-
rel [Coles et al., 2005]. Significantly, the GD-box region now resembled the
equivalent regions closely in double-psi and RIFT barrels.

Our results on VatN-N, PhS018, and AbrB-N confronted us with a prob-
lem of nomenclature, as the three barrels were clearly homologous, but
equally clearly had different folds. In search of a term that would describe
their relationship, we chose to define them as a metafold and denote them as
cradle-loop barrels for the distinctive profile conferred by their characteristic
β1-β2 loops.

Thus, in our evolutionary scenario, an ancestral, homodimeric RIFT
barrel gave rise to swapped-hairpin barrels by strand invasion and to double-
psi barrels by fusion and strand swapping (Fig. 6.3). We also found sequence
similarity indicative of homology between RIFT barrels and yet a fourth fold,
the C-terminal domain of bacterial fluorinating enzyme: this is related to
the RIFT topology by a strand invasion from the second cradle loop into
the space between β1′ and β2′, yielding a seven-stranded barrel (Fig. 6.1E).
Jointly, these proteins map out a network of homologous but topologically
distinct folds (Fig. 6.3).

6.3.2 The peripheral group

We placed the RIFT barrel at the center of the cradle-loop network (Fig. 6.3),
because of its simpler topology and its occurrence in a wide range of ancient
proteins. We included all proteins with a RIFT barrel fold as candidate
groups, even though we initially had no evidence for their homologous rela-
tionship to the proteins we had used to define the metafold. We did this in
order to map out the possible relationships that would be explored next most
usefully. Recently, we substantiated a homologous relationship between the
core group and one candidate group, the riboflavin kinases (SCOP b.43.5,
see Table 6.1), by identifying a family of archaeal proteins that bridge the
evolutionary space between the two. These proteins are similar in sequence
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Table 6.1: RIFT barrel proteins (modified from [Alva et al., 2008])

SCOP Superfamilyab PDB codec

(chain, residues)

Homodimeric barrel

- Af2212 from A. fulgidus 2NWT (A, B)

Monomeric barrel

- PhS018 from P. horikoshii* 2GLW
b.43.2 FucI/AraA C-term domain-like 1FUI (A:356-591)
b.43.3 Translation proteins+ 1EFC (A:205-296)
b.43.4 Riboflavin synthase domain-like* 1I8D (A:6-92)
b.43.5 Riboflavin kinase-like* 1N08
b.49.1 N-domain of F1 ATP synthase 1W0J (A:28-91)

α and β subunits
b.49.2 Alanine racemase C-ter domain-like* 1BD0 (A:243-336)
b.49.3 Aminopeptidase/glucanase lid domain 1VHE (A:73-163)
b.129.2 PG0164-like* 2D9R (A:20-104)
e.56.1 YaeB-like 1XQB (A:1-63, 99-136)
f.46.1 HlyD-like secretion proteins* 1VF7 (A:26-37, 173-226)

β1 circularly permuted to C-terminus

b.44.1 EF-Tu/eEF-1/eIF2- C-term domain 1D2E (A:349-451)
b.44.2 Aminomethyltransferase β-barrel+ 1WOS (A:279-361)

β6 circularly permuted to N-terminus

b.45.1 FMN-binding split barrel 1FLM (A)
b.45.2 PilZ domain-like+ 1YLN (A:138-248)
b.47.1 Trypsin-like serine proteases 1QY6 (A)
b.106.1 Phage tail proteins+ 1K0H (A)
b.140.1 Replicase NSP9 1QZ8 (A)
e.53.1 QueA-like 1VKY (A:64-142)

β-strand inserted from cradle-loop 1

b.58.1 PK β-barrel domain-like+ 1A49 (A:116-217)

β-strand inserted from cradle-loop 2

b.141.1 Bacterial fluorinating enzyme, C-domain* 1RQP (A:193-298)

Additional C-terminal β-strand

b.142.1 DNA-binding pseudobarrel domain 1WID (A)
a Homology between superfamilies was evaluated with HHsearch [Soeding, 2005].
b Superfamilies showing sequence similarity indicative of homology fall into two

separate networks, marked with (*) and (+), as described in the text.
c Representative structures are shown in Fig. 6.1 and Fig. 6.3.
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Table 6.2: Swapped-hairpin barrel and Double-psi barrel proteins

SCOP Superfamilya PDB code
(chain, residues)

Swapped-hairpin barrel
Homodimeric barrel

b.129.1 AbrB/MazE/MraZ-like* 1MVF (D, E)

Monomeric barrel

b.129.1 AbrB/MazE/MraZ-like* 1N0E (A)

Double-psi barrel

b.52.1 Barwin-like endoglucanases 2ENG
b.52.2 ADC-like* 1CZ4 (A: 1-91)
e.29.1 β and β’ subunits of 1SMY (C: 668-698, 832-1004)

DNA dept. RNA-pol

β6 circularly permuted to N-terminus

b.50.1 Acid proteases 1NH0 (A)

β2 and α1 deleted

d.108.1 Acyl-CoA N-acyltransferases* 1YLE (A:273-340)
b Superfamilies marked with a (*) are part of the (*) network in Table 6.1.

to both core and candidate group, and have CTP-dependent riboflavin ki-
nase activity [Ammelburg et al., 2007].

In order to obtain a more complete view of the potential homologous
protein space, we think that candidate groups would also usefully include
proteins that have at most one topological change relative to the core group,
provided that this change is known to occur between homologous proteins.
Our current list of cradle-loop barrels includes a series of candidate topolo-
gies, related in this way to the three core topologies: RIFT, swapped-hairpin,
and double-psi (Fig. 6.3; Tables 6.1 and 6.2).

For the RIFT barrel, two variants are obtained by circular permutation
and three by the insertion of an additional strand into the barrel. The
elongation factor/aminomethyl-transferase common domain (SCOP b.44)
is formed by the circular permutation of β6 to the N-terminus and the
FMN-binding split barrel (b.45), trypsin-like serine proteases (b.47), repli-
case NSP9 (b.104), phage tail proteins (b.106), and the QueA-like barrel
(e.53) by the circular permutation of β1 to the C-terminus. In the PK
β-barrel domain (b.58), the barrel is elaborated by the insertion of a β-
strand originating from the first cradle loop, and in the aforementioned
C-terminal domain of bacterial fluorinating enzyme (b.141) by the insertion
of a β-strand from the second cradle loop. In the DNA-binding pseudobarrel
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(b.142), the barrel is extended by the insertion of an additional C-terminal
strand. This barrel might have been formed either by strand insertion,
or by the fusion of two different half barrels, the RIFT monomer and the
swapped-hairpin monomer. In the RIFT fold space, we are observing the
emergence of a second homologous network, based on translation proteins
(b.43.3) and including members of three variant RIFT folds (b.44.2, b.45.2,
b.106.1, b.58.1), as listed in Table 6.1. We have as yet no evidence for the
homology of this network to our core cradle-loop network.

For the double-psi barrel, one variant arises by circular permutation of
β6 to the N-terminus, as seen in acid proteases (b.50), and one by the dele-
tion of β2 and α2, as seen in acyl-CoA N-acyltransferases (d.108). Although
the acyltransferases have clear sequence similarity to double-psi barrels, as-
partic proteases do not. Nevertheless, their inherent chaperone-like activity
may point to a distant evolutionary connection with the double-psi barrel
domains of AAA-ATPases [Hulko et al., 2007].

We do not currently have fold variants for the swapped-hairpin barrels,
but we note that some monomeric proteins of this group have lost strand
β1′ [Coles et al., 2005], pointing to further topological variants in the net-
work.

6.4 Moving towards a Linnaean-like classification
system for proteins

The combination of sequence and fold similarity in generating current pro-
tein classifications, that is of homologous and analogous criteria, introduces
contradictions between and within systems. We see the metafold as a useful
concept for addressing contradictions arising from homologous fold change
and from the detection of homologous fragments in domains of different
folds. Although primarily sequence-driven and thus based on homology, the
metafold concept still uses fold similarity in order to identify candidate folds.
Ultimately, however, contradictions can only be addressed comprehensively
by eliminating all analogous classification criteria. At that point, we would
obtain a classification of proteins by natural descent, conceptually related
to the Linnaean system for organisms, albeit with multiple roots, as pro-
teins are not monophyletic. We think that such a system is highly desirable,
as homology offers a rich source of structural, functional, and mechanistic
information, while analogy is comparatively uninformative and often mis-
leading. Indeed the central role of model systems in modern biology can only
be understood in terms of extrapolation by homology, since few researchers
would be interested in Danio, Drosophila, or Caenorhabditis for their own
sake.

If a classification by natural descent is so desirable, why has analogy
played such a great role in all classification efforts so far? We would argue
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that this was by default, as homologous criteria were not available: sequence
search methods were not sufficiently developed to reveal remote homology,
sequence databases were too sparse to allow for efficient connections in se-
quence space, and there were too few structures to validate distant relation-
ships. Also, proteins are not monophyletic, so that - unlike in the Linnaean
system - analogy was the default assumption for observed similarities. This
situation is changing. With the emergence of profile search methods and,
more recently, with methods based on the comparison of profile Hidden
Markov Models [Soeding, 2005], bioinformatic tools have reached consider-
able sensitivity. Sequence databases have been growing fairly steadily by
about one order of magnitude every five years, and currently contain about
1.4×107 proteins [GenBank, 2012; RefSeq, 2012] . Given a global proteome
of about one trillion proteins (≈108 species with ≈104 protein-coding genes
each), at current rates we might know the sequence of most proteins on
Earth in about a quarter century. Of possibly greater immediate impact,
there are now some 3,100 complete genomes from all over the tree of life, also
growing by about one order of magnitude every five years [GOLD, 2012]. In
parallel, the number of structures known to atomic resolution, currently at
about 8×104, has been growing steadily, if more slowly, by about one order
of magnitude every seven years [PDB, 2012](the number of non-redundant
structures with at most 30% pairwise sequence identity is about one-fifth
this size). Given that we currently recognize ≈104 protein families [Hunter
et al., 2009; Punta et al., 2012] and this number is unlikely to rise by more
than at most one order of magnitude (if indeed it will rise at all), it seems
likely that most protein families will have at least one member of known
structure within the next 10 to 20 years [Marsden et al., 2007]. By targeting
proteins from a wide range of families that have remained unexplored, with-
out regard to the availability of functional information, structural genomics
initiatives are playing a key role in this effort [Burley and Bonanno, 2002;
Chandonia and Brenner, 2006]. The wide availability of sequence and struc-
ture data for most families is essential for substantiating remote homology,
since sequence similarity as a function of structure similarity is a powerful
discriminator between homology and analogy [Remmert et al., 2009]. We
therefore wish to argue that it has become possible to start removing analo-
gous criteria across protein classifications and move toward a system based
on natural descent.

6.5 Materials and methods

All sequence similarity searches were carried out in the MPI bioinformat-
ics toolkit [Biegert et al., 2006] using HHpred [Soeding, 2005] with default
settings and a probability cutoff of 40%. HHpred searches were performed
against SCOP70, which is a version of SCOP (version 1.73) [Andreeva et al.,
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2004] filtered for a maximum of 70% pairwise sequence identity. We seeded
our searches with the following representative structures: double-psi barrel
(VatN-N, 1CZ4), RIFT barrel (PhS018, 2GLW), and swapped-hairpin bar-
rel (AbrB, 1YFB). The resulting matches were analyzed interactively and
folds related by homologous fold change events were pooled together. The
validity of the obtained relationships were confirmed by comparing them
to previously published reports [Coles et al., 1999, 2005, 2006; Ammelburg
et al., 2007; Hulko et al., 2007]. To detect homologs that may not have
been classified into SCOP, additional searches were carried out against the
PDB70 database using HHpred. To search for folds related only in struc-
ture, we made pairwise comparisons of the aforementioned representative
structures with every structure in the SCOP70 dataset using the structural
alignment method TMalign [Zhang and Skolnick, 2005]. We pooled together
all matches with a RMSD of less than 5Åand analyzed them interactively.
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Chapter 7

Summary and conclusions

In this dissertation, we took advantage of the recent growth of protein se-
quence and structure databases, and the progress made in profile-based se-
quence comparison methods to study the polyphyly, origin, and classification
of proteins.

Despite their enormous sequence diversity, modern proteins are built of a
limited set of recurrent domains belonging to only about 10000 homologous
families, which in turn form about 3000 broader evolutionary superfami-
lies [Hunter et al., 2009]. This limited diversity of proteins is even more
restricted at the structural level, as many superfamilies have the same fold,
even in cases when they have no obvious evolutionary relationship. In fact,
the 3000 domain superfamilies seen in modern proteins can be assigned
to one of about 1000 folds based on the similarity of their tertiary struc-
tures [Andreeva et al., 2008]. In the absence of detectable sequence similar-
ity, the structural similarities between superfamilies of one fold were long
thought to have originated independently, by convergent evolution. How-
ever, the recent growth of molecular databases and progress in sequence
comparison methods have brought forward numerous cases of distant evolu-
tionary relationships between superfamilies of one fold, suggesting that folds
may not be as polyphyletic as hitherto assumed. Nevertheless, the perva-
siveness of such relationships in the fold space is still unclear. To investigate
this, we clustered representative domains of known fold types by their se-
quence similarity, as evaluated by the-state-of-the-art remote homology de-
tection method HHsearch [Soeding, 2005], and produced a two-dimensional
map of the fold space (galaxy of folds), with a high-level view of the evolu-
tionary relationships in it (Chapter 3). As expected, families belonging to
the same superfamily form tight clusters. But frequently, superfamilies of
the same fold are also connected to each other, making clear that, far from
being anecdotal, these relationships are widespread and that many folds are
monophyletic rather than have independent origin. For instance, our map
shows that, of the 25 folds with the most number of superfamilies in the
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SCOP database [Andreeva et al., 2008], 16 contain superfamilies that either
show homologous connections or a mixture homologous and analogous con-
nections. Although our map reveals that folds may not be as polyphyletic
as considered by SCOP, we do find instances of analogous folds, the most
interesting example of which is the ferredoxin-like fold, which has the largest
number of superfamilies in SCOP. In sum, our galaxy of folds provides new
insights into the organization of the protein universe, by capturing most
known and many previously unknown evolutionary relationships between
protein superfamilies.

Despite the wide acceptance that the number of domains or folds in na-
ture is limited, the origin of this set of folds itself is poorly understood.
One compelling theory for the origin of folded domains proposes that they
arose by fusion and recombination from an ancestral set of peptides, which
emerged as cofactors in the context of the RNA world [Lupas et al., 2001;
Soeding and Lupas, 2003]. According to this model, the assemblage of these
peptides led to protein folding as an emergent property, based on the ability
of the peptides to exclude water between each other, rather than with the
RNA scaffold. We reasoned that if this hypothesis is correct, we should
still be able to see traces of these peptides in modern proteins. To this
end, we compared domains of all known fold types using a sequence- and
structure-based approach, and detected 50 homologous fragments that oc-
cur in domains with different folds (Chapter 3). A third of the fragments
we identified had been noticed individually before, confirming the validity of
our approach. These 50 potential ancestral fragments are subdomain-sized,
comprising two or three secondary structure elements, and are widespread
across fold types, especially across populous folds. This provides strong evi-
dence for our proposition that domains arose from simpler fragments. Based
on their involvement in the most ancient functions, e.g. nucleic acid-binding
and metal-binding, on their occurrence in the most ancient folds, e.g. the P-
loop-containing nucleoside triphosphate hydrolase fold and the DNA/RNA-
binding three-helical bundle fold, and on the resemblance of their shapes
to that of ribosomal proteins, we propose that the 50 fragments we identi-
fied may represent the observable remnants of the RNA-peptide world from
which the first folded domains arose. Intriguingly, as opposed to our initial
expectation, we did not find a single case of a domain containing two differ-
ent fragments from our set of ancestral peptides, indicating that assembly
from non-identical fragments may not have been an important mechanism in
the emergence of domains. However, we do find many examples of domains
that are built from the same fragment either by accretion, that is, by ad-
dition of multiple structural elements at the ends, or by amplification, that
is, by repeating the same unit multiple times. This reveals that accretion
and repetition were the primary factors in the emergence of domains. In
sum, our findings indicate that the first, ancestral proteins were subdomain-
sized peptides with minimal structure and basic function. These peptides
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then evolved to more stable domains by either amplification or by accretion.
The multidomain proteins, that we recognize today, arose subsequently from
domains by recombination, amplification, and divergence.

In Chapter 4, we retraced the evolutionary events that may have led
to the emergence of histones, and detected homologous connections to two
other domains, the N-terminal substrate recognition domain of Clp/Hsp100
proteins (N-domain) and the helical part of the extended AAA+ ATPase
domain (C-domain). The similarity between these three domains is hinged
on the presence of a shared ancestral fragment corresponding to a helix-
strand-helix motif. We propose that this motif first gave rise divergently
to the N-domain of Clp/Hsp100 proteins and to the C-domain of AAA+
proteins. The histone fold arose subsequently from the C-domain through
a domain-swapping event. Although it had previously been proposed that
domain swapping might contribute to protein evolution [Kinch and Grishin,
2002], no naturally-occurring examples were known. This is, to the best
of our knowledge, the first example of a genetically fixed three-dimensional
domain swap that resulted in the creation of a protein family with a novel
fold. A recent study has further strengthened our hypothesis by providing
experimental evidence for the origin of the histone fold through a domain-
swapping event [Hadjithomas and Moudrianakis, 2011].

Modern proteins are very diverse and ordering them into a taxonomy
based on natural descent, similar to the taxonomy of organisms, would be of
great benefit, as homology provides an informative resource for the compar-
ative studies for proteins. Such a classification system is, however, presently
unavailable. Current schemes classify proteins by combining homologous
criteria at lower classification levels with analogous criteria at upper levels.
By doing so, these systems make the implicit assumption that homologous
domains always have the same fold. However, as has become evident in
recent years, this is not always the case. Over the course of evolution, ho-
mologous domains may evolve different structures, owing to events such as
circular permutation. Also, as discussed in this thesis, domains of differ-
ent folds may be evolutionarily related because of emergence from a shared
ancestral peptide. In Chapter 6, we argued that, with the recent growth
in molecular databases and the improved sensitivity of profile-based remote
homology detection methods, it should now become possible to detect and
unify protein superfamilies linked by such distant evolutionary relationships.
To this end, we introduced a new classification level, the metafold, which
captures groups of folds that are related by homologous descent. We used
cradle-loop barrels [Coles et al., 2005, 2006], a group of topologically differ-
ent but homologous folds, to put forward our ideas on the metafold. We
expect that the metafold will prove to be an important step on the way to
a classification system for proteins based on natural descent.
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PDB accession SCOP ID Alignment

hhhhhhhhcc-chhhhhhhhh
1HLV (A:28-47) a.4.1.7 KGEIARRFNI-PPSTLSTILK
1MGT (A:112-131) a.4.2.1 YGDLAKALNT-SPRAVGGAMK
1J5Y (A:27-46) a.4.5.1 GAQLAEELSV-SRQVIVQDIA
1FSE (A:29-48) a.4.6.2 TKEIASELFI-SEKTVRNHIS
1JHG (A:68-87) a.4.12.1 QRELKNELGA-GIATITRGSN
1KU3 (A:398-417) a.4.13.2 LEEVGAYFGV-TRERIRQIEN
1VZ0 (A:137-156) a.4.14.1 QEEVARRVGK-ARSTVANALR
1V92 (A:9-28) a.5.2.3 LREFVAVTGA-EEDRARFFLE
1R8E (A:8-27) a.6.1.3 IGEVSKLANV-SIKALRYYDK
2R1J (A:21-40) a.35.1.2 QAALGKMVGV-SNVAISQWER
2CPG (A:17-36) a.43.1.3 LEKMAREMGL-SKSAMISVAL
1AIS (A:1268-1287) a.74.1.2 QREVAEVARV-TEVTVRNRYK
1A9X (A:499-518) a.92.1.1 DARLAKLAGV-REAEIRKLRD
1Z67 (A:75-94) a.259.1.1 VSDLGQKLGV-DTSTASSLLA
2CSB (A:200-219) a.267.1.1 HDEIARRLGL-SVSEVEGEKD
1BOB (A:293-312) d.108.1.1 LESSRKSLKL-EERQFNRLVE
1F44 (A:306-326) d.163.1.1 IPEIMQAGGWTNVNIVMNFIR
2V4J (C:66-85) d.203.1.1 VRILSKNTGF-KLKEVYELFP
1NR3 (A:8-27) d.236.1.1 QKKIARELKT-TRQNVSAIER
1I3J (A:215-234) d.285.1.1 AADAARHFKI-SSGLVTYRVK
1MW9 (A:290-309) e.10.1.1 QQAASTRLGF-GVKKTMMMAQ
1LDJ (A:622-641) e.40.1.1 VQQLTDSTQI-KMDILAQVLQ
2HQ2 (A:19-38) e.62.1.1 ARDIAGLMNI-REAELAFARV
2AVU (E:26-45) e.64.1.1 LQMLESETQL-SRGRLIKLYK

Table A.1: DNA-binding helix-turn-helix (HTH) motif (Fragment 1). Found
in 18 folds comprising 24 superfamilies. This motif has been previously de-
scribed [Brennan and Matthews, 1989; Brennan, 1993; Aravind et al., 2005].
We detected this fragment at HHsearch probabilities ranging between 50%-
90%. The HTH motif binds DNA in a sequence specific manner. It contains
two short helices connected by a short turn. While the second helix is in-
volved in interactions with DNA, the first helix stabilizes the structure. Al-
though the HTH motif of 1NR3 (SCOP d.236.1.1), which was solved using
NMR spectroscopy, makes matches in sequence to other HTHs, its structure
is non-canonical. We think that this could be an experimental artifact. We
cannot confirm this presently because there are no alternative structures of
this protein or its orthologs in the PDB. In the alignment, conserved residue
columns are shown in bold face and the secondary structure composition is
indicated above the alignment.
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PDB accession SCOP ID Alignment

hhhhh------cccccchhhhhhhhhhh
1IXR (A:71-92)∗ a.60.2.1 FELLL------SVSGVGPKVALALLSAL
1IXR (A:106-127)∗ a.60.2.1 ARLLT------SASGVGRRLAERIALEL
1z3e (B:282-303) a.60.3.1 EEDMM------KVRNLGRKSLEEVKAKL
2I1Q (A:35-56) a.60.4.1 VGELT------DIEGISEKAAAKMIMGA
1CI4 (A:17-38) a.60.5.1 EKPVG------SLAGIGEVLGKKLEERG
2FMP (A:56-77) a.60.6.1 GAEAK------KLPGVGTKIAEKIDEFL
1RXW (A:228-255) a.60.7.1 IAILVgtdyneGVKGVGVKKALNYIKTY
1WUD (A:574-595) a.60.8.1 ASEML------SVNGVGMRKLERFGKPF
2FMP (A:97-118) a.60.12.1 INFLT------RVSGIGPSAARKFVDEG
1ORN (A:109-130) a.96.1.1 RDELM------KLPGVGRKTANVVVSVA
2GY9 (M:15-36) a.156.1.1 VIALT------SIYGVGKTRSKAILAAA
2P6R (A:631-652) a.289.1.2 LLELV------RIRHIGRVRARKLYNAG
1GM5 (A:114-135) b.40.4.9 STDIQ------YAKGVGPNRKKKLKKLG
1JX4 (A:177-198) e.8.1.7 ELDIA------DVPGIGNITAEKLKKLG
1VDD (A:11-32) e.49.1.1 IRELS------RLPGIGPKSAQRLAFHL
2I5H (A:129-150) e.71.1.1 MHQLE------LLPGVGKKMMWAIIEER

Table A.2: Helix-hairpin-helix (HhH) motif (Fragment 2). Found in 8 folds
comprising 15 superfamilies. This motif has been previously described [Doherty
et al., 1996]. We detected this fragment at HHsearch probabilities ranging
between 60%-95%. The HhH motif is found in non-sequence specific DNA-
binding proteins. It contains two helices connected by a short loop and contacts
to DNA are made by amino acids located in this loop. RuvA domain 2-like
superfamily (a.60.2.1) contains two homologous copies of this motif; the copies
are indicated by a *.

PDB accession SCOP ID Alignment

hhhhhhhhhhhhhhcchhhhhhhhhhhhhh
2AHO (B:101-130) a.60.14.1 QRLDKILELVSQKLKLSEKDAWEQVAWKLE
1U55 (A:46-75) d.278.1.1 DEVRRIFAKVSEKTGKNVNEIWREVGRQNI

Table A.3: α-hairpin from eIF2alpha (Fragment 3). Found in 2 folds com-
prising 2 superfamilies. We detected this fragment at HHsearch probabilities
ranging between 60%-70%.
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PDB accession SCOP ID Alignment

hhhhhhhhhhhhhhhccchhhhhhhhhhhhh
2HEP (A:6-36) a.2.21.1 KIARINELAAKAKAGVITEEEKAEQQKLRQE
1T3W (A:547-577) a.236.1.1 LELRQEELIARERTHGLSNEERLELWTLNQE

Table A.4: α-hairpin from DnaG, C-terminal domain (Fragment 4). Found
in 2 folds comprising 2 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 90%-95%.

PDB accession SCOP ID Alignment

hhhhhhhhccchhhhhhhhhhhhh
1EI1 (A:354-377) d.14.1.3 NELLAEYLLENPTDAKIVVGKIID
1S16 (A:1351-1374) d.14.1.3 KDAFILWLNQNVQAAELLAEMAIS
1U94 (A:302-325) d.48.1.1 KANATAWLKDNPETAKEIEKKVRE

Table A.5: α-α motif from RecA, C-terminal domain (Fragment 5). Found
in 2 folds comprising 2 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 50%-55%.

PDB accession SCOP ID Alignment

hhhhhhhhhhhhccchhhhhhhhhh
1XB2 (B:59-83) a.5.2.2 SKELLMKLRRKTGYSFINCKKALET
1AIP (C:3-27) a.5.2.2 QMELIKKLREATGAGMMDVKRALED
1EFU (B:4-28) a.5.2.2 TASLVKELRERTGAGMMDCKKALTE
1B8Z (A:2-26) a.55.1.1 KKELIDRVAKKAGAKKKDVKLILDT
1HUU (A:3-27) a.55.1.1 KTELINAVAETSGLSKKDATKAVDA
1CTF (A:65-89) d.45.1.1 KVAVIKAVRGATGLGLKEAKDLVES
1DD3 (A:70-94) d.45.1.1 KIQVIKVVREITGLGLKEAKDLVEK

Table A.6: EF-Tu binding α-hairpin (Fragment 6). Found in 3 folds compris-
ing 3 superfamilies. This motif has been previously described [Wieden et al.,
2001]. We detected this fragment at HHsearch probabilities ranging between
60%-85%. In EF-Ts (a.5.2.2) and Ribosomal protein L7/12 (d.45.1.1) this
motif has been implicated to be involved in interactions with EF-Tu.
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PDB accession SCOP ID Alignment

hhhhhhhhhhhhhhcccchhhhhhhhhhhh
1K78 (A:91-120) a.4.1.5 ATPKVVEKIAEYKRQNPTMFAWEIRDRLLA
6PAX (A:76-105) a.4.1.5 ATPEVVSKIAQYKQECPSIFAWEIRDRLLS
1GCI (A:223-252) c.41.1.1 ATPHVAGAAALVKQKNPSWSNVQIRNHLKN
1R0R (E:223-252) c.41.1.1 ASPHVAGAAALILSKHPNLSASQVRNRLSS

Table A.7: Helix-turn-helix motif from subtilisin (Fragment 7). Found in 2
folds comprising 2 superfamilies. We detected this fragment at HHsearch prob-
abilities ranging between 60%-70%. In subtilisins (c.41.1.1), this motif contains
the catalytic serine/threonine. In the paired domain (a.4.1.1), it mounts the
DNA-binding helix.

PDB accession SCOP ID Alignment

hhhhhhhchhhhhhhhhhhh
1VQO (V:4-23) a.2.2.1 HVQEIRDMTPAEREAELDDL
1Y02 (A:72-91) a.140.2.1 QREELMKMKVKDLRDYLSLH
1A62 (A:2-21) a.140.3.1 NLTELKNTPVSELITLGENM
2HJQ (A:58-77) a.140.3.1 TESELKGMNKAEHESIISNL

Table A.8: α-α-motif from ribosomal protein L29 (Fragment 8). Found in
2 folds comprising 3 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 60%-70%.

PDB accession SCOP ID Alignment

hhhhhhhhhhhhhhhcccceechhhhhhhh
1K6K (A:5-34)∗ a.174.1.1 ELELSLNMAFARAREHRHEFMTVEHLLLAL
1K6K (A:83-112)∗ a.174.1.1 SFQRVLQRAVFHVQSSGRNEVTGANVLVAI
1TZY (A:58-87) a.22.1.1 LTAEILELAGNAARDNKKTRIIPRHLQLAI
1TAF (A:52-82) a.22.1.3 YVTSILDDAKVYANHARKKTIDLDDVRLAT
1FNN (A:241-270) c.37.1.20 LAIDILYRSAYAAQQNGRKHIAPEDVRKSS
1LV7 (A:363-392) c.37.1.20 DLANLVNEAALFAARGNKRVVSMVEFEKAK

Table A.9: Helix-strand-helix (HSH) motif (Fragment 9). Found in 3 folds
comprising 3 superfamilies. We have previously described this motif [Alva
et al., 2007]. We detected this fragment at HHsearch probabilities ranging
between 50%-90%. The HSH motif is implicated to be involved in binding
DNA and in protein-protein interactions. The N-terminal substrate recognition
domain of Clp/Hsp100 proteins contains two homologous copies of this motif
(indicated by a * in the alignment).
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PDB accession SCOP ID Alignment

hhhhhhhcchhhhhhhhhhhc-eeeeeec
1TUA (A:13-40) d.51.1.1 RLGAVIGPRGEVKAEIMRRTG-TVITVDT
1ZZK (A:24-51) d.51.1.1 LAGSIIGKGGQRIKQIRHESG-ASIKIDE
2ASB (A:231-258) d.52.3.1 QLSLAIGKEGQNARLAARLTG-WRIDIRG
1K0R (A:231-259) d.52.3.1 AKGACIGPMGQRVRNVMSELSGEKIDIID

Table A.11: KH-motif (Fragment 11). Found in 2 folds comprising 2 su-
perfamilies. This motif has been previously described [Grishin, 2001b]. We
detected this fragment at HHsearch probabilities ranging between 80%-95%.
The KH motif is involved in binding RNA or single-stranded DNA.

PDB accession SCOP ID Alignment

hhhhhhhhhhhhhccceeeeecceeeeec
1IN0 (A:106-134) d.58.49.1 MAKKITKLVKDSKIKVQTQIQGEQVRVTG
1WIH (A:46-74) d.67.3.1 CTAAAIKAIRESGMNLNPEVEGTLIRVPI
1IS1 (A:74-102) d.67.3.1 LTQKVEKAIMMSDLGLNPMSAGTIIRVPL

Table A.12: α-β-β-motif from ribosome recycling factor (Fragment 12).
Found in 2 folds comprising 2 superfamilies. We detected this fragment at
HHsearch probabilities ranging between 55%-70%.

PDB accession SCOP ID Alignment

hhhhhhhhhhccbbbb
1JJ2 (K:127-142) c.12.1.1 EGAREKVEGAGGSVEL
2GYA (J:129-143) c.12.1.1 KGARAAIEAAGGKIE-
1CTF (A:104-119) d.45.1.1 EALKKALEEAGAEVEV
1DD3 (A:112-127) d.45.1.1 EEIKKKLEEAGAEVEL

Table A.13: α-β-motif from ribosomal proteins L15p and L18e (Fragment
13). Found in 2 folds comprising 2 superfamilies. We detected this fragment
at HHsearch probabilities ranging between 50%-55%.
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PDB accession SCOP ID Alignment

ccceehhhhhhhcccccchhhhhhhh
1QW2 (A:88-113) d.249.1.1 KVVEASQEAQKVGINPGDVLRNVIDK
1JX4 (A:42-67) e.8.1.7 AVATANYEARKFGVKAGIPIVEAKKI
1T94 (A:135-160) e.8.1.7 MLSTSNYHARRFGVRAAMPGFIAKRL
1T3N (A:62-87) e.8.1.7 LVVTCNYEARKLGVKKLMNVRDAKEK

Table A.14: DNA-binding β-α-α-motif (Fragment 14). Found in 2 folds com-
prising 2 superfamilies. We detected this fragment at HHsearch probabilities
ranging between 80%-90%. This motif is involved in interactions with DNA
(see the structure of 1JX4).

PDB accession SCOP ID Alignment

eeeeceec-ccceeecccceeee
1FM0 (D:53-74) d.15.3.1 AAVNQTLV-SFDHPLTDGDEVAF
1RYJ (A:45-66) d.15.3.2 VKKNGQIV-IDEEEIFDGDIIEV
1TKE (A:38-59) d.15.10.1 GRVNGELV-DACDLIENDAQLSI
2FF4 (A:350-371) b.26.1.2 VHVQHERI-RSAVTLNDGDHIRI
2AFF (A:69-90) b.26.1.2 TQVNGSVI-DEPVRLKHGDVITI
1DM9 (A:36-57) d.66.1.3 VHYNGQRS-KPSKIVELNATLTL
2GY9 (D:122-144) d.66.1.2 IMVNGRVVNIASYQVSPNDVVSI

Table A.15: RNA-binding α-L-motif (Fragment 15). Found in 3 folds com-
prising 4 superfamilies. We detected this fragment at HHsearch probabilities
ranging between 60%-90%. This motif has been suggested to be involved in
binding to RNA [Staker et al., 2000].

PDB accession SCOP ID Alignment

eeeeeecccceeeee
1MBY (A:861-875) d.223.1 AVWVQFNDGSQLVMQ
2F69 (A:118-132) b.76.2 VCWIYYPDGGSLVGE
2GFA (A:985-999) b.34.9 MYQVEFEDGSQLVVK

Table A.16: β-hairpin from tudor domain (Fragment 16). Found in 3 folds
comprising 3 superfamilies. We detected this fragment at HHsearch probabil-
ities ranging between 50%-55%.
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PDB accession SCOP ID Alignment

eeeechhhcccccceecccccceeeee
1FEU (A:148-174) b.53.1.1 DSLHASDLKLPPGVELAVSPEETIAAV
1BDF (A:108-133) d.181.1.1 GPVTAADITHDGDVEIV-KPQHVICHL

Table A.17: β-β-β-motif from ribosomal protein L25-like superfamily (Frag-
ment 17). Found in 2 folds comprising 2 superfamilies. We detected this
fragment at HHsearch probabilities ranging between 60%-65%.

PDB accession SCOP ID Alignment

ccceeeeccceeeeeccccccceeeeeeeccc
1EX4 (A:238-264) b.34.7.1 PAKLLWKGEGAVVIQD-----NSDIKVVPRRK
1KPF (A:28-59) d.13.1.1 PAKIIFEDDRCLAFHDISPQAPTHFLVIPKKH
1FIT (A:12-43) d.13.1.1 PSVVFLKTELSFALVNRKPVVPGHVLVCPLRP
1Y23 (A:18-49) d.13.1.1 PSAKVYEDEHVLAFLDISQVTKGHTLVIPKTH

Table A.18: β-meander from retroviral integrase (Fragment 18). Found in
2 folds comprising 2 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 50%-55%. This motif is implicated to be involved
in binding DNA in retroviral integrase [Chen et al., 2000].



110 Ancestral peptides

P
D
B
a
c
c
e
s
s
i
o
n

S
C
O
P
I
D

A
l
i
g
n
m
e
n
t

e
e
e
e
e
e
e
e
e
e
c
c
c
c
e
e
e
e
e
e
c
c
c
c
h
h
h
h
h
h
h
h
h
h
h
h
h
h
h
h
h
h
h
h

1
U
I
L
(
A
:
5
7
-
1
0
0
)

d
.
5
0
.
1
.
1

S
F
I
A
E
M
T
I
Y
I
K
Q
L
G
R
R
I
F
A
R
E
H
G
S
N
K
K
L
A
A
Q
S
C
A
L
S
L
V
R
Q
L
Y
H
L

2
Y
W
Q
(
A
:
5
3
-
9
4
)

d
.
2
0
4
.
1
.
1

K
A
R
A
E
I
Q
V
D
L
P
-
-
G
G
L
V
R
V
E
E
E
D
A
D
L
Y
A
A
I
D
R
A
V
D
R
L
E
T
Q
V
K
R
F

T
a
b

le
A

.1
9
:
β

-β
-α

-elem
en

t
fro

m
th

e
d

o
u

b
le-stra

n
d

ed
-R

N
A

-b
in

d
in

g
d

o
m

a
in

(F
ra

g
m

en
t

19).
F

ou
n

d
in

2
fold

s
com

p
risin

g
2

su
-

p
erfam

ilies.
W

e
d

etected
th

is
fragm

en
t

a
t

H
H

sea
rch

p
ro

b
a
b

ilities
ra

n
g
in

g
b

etw
een

50%
-75%

.
T

h
is

m
otif

is
in

volved
in

b
in

d
in

g
d

ou
b

le-stra
n

d
ed

R
N

A
a
n
d

in
p

rotein
-p

ro
tein

in
tera

ctio
n

s
[T

ia
n

et
a
l.,

2
0
0
4
].



111

PDB accession SCOP ID Alignment

hhhhhhhhhhhhh--chhhhhcchhhhhhhhh
2C9W (A:162-192) a.271.1.1 LQHLCRLTINKCT--GAIWGLPLPTRLKDYLE
1LM8 (A:158-189) b.3.3.1 LKERCLQVVRSLVKPENYRRLDIVRSLYEDLE

Table A.20: SOCS Box motif (Fragment 20). Found in 2 folds comprising
2 superfamilies. We detected this fragment at HHsearch probabilities ranging
between 80%-90%. This motif has been previously described [Zhang et al.,
1999]. This motif is involved in interactions with elongins B and C. We note
that this motif may represent a small, autonomous domain.

PDB accession SCOP ID Alignment

ceeeeec-chhhhhhhhhhhh-hhcc-eeeeec
2NAC (A:192-221) c.2.1.4 MHVGTVA-AGRIGLAVLRRLA-PFDV-HLHYTD
1E5Q (A:4-33) c.2.1.3 KSVLMLG-SGFVTRPTLDVLT-DSGI-KVTVAC
2BS2 (A:6-35) c.3.1.4 CDSLVIG-GGLAGLRAAVATQ-QKGL-STIVLS
1GES (A:5-35) c.3.1.5 YDYIAIG-GGSGGIASINRAA-MYGQ-KCALIE
1DJQ (A:390-419) c.4.1.1 DSVLIVG-AGPSGSEAARVLM-ESGY-TVHLTD
1C0P (A:1005-1034) c.4.1.2 KRVVVLG-SGVIGLSSALILA-RKGY-SVHILA
2JFG (A:6-35) c.5.1.1 KNVVIIG-LGLTGLSCVDFFL-ARGV-TPRVMD
2J9G (A:3-32) c.30.1.1 DKIVIAN-RGEIALRILRACK-ELGI-KTVAVH
3ETJ (A:2-31) c.30.1.1 KQVCVLG-NGQLGRMLRQAGE-PLGI-AVWPVG
1RI5 (A:66-94) c.66.1.34 DSVLDLG-CGK--GGDLLKYE-RAGIgEYYGVD
1DUV (G:156-187) c.78.1.1 MTLVYAGdARNNMGNSMLEAAaLTGL-DLRLVA
1V71 (A:75-104) c.79.1.1 AGVLTFS-SGNHAQAIALSAK-ILGI-PAKIIM
1JW9 (A:32-62) c.111.1.1 SRVLIVG-LGGLGCAASQYLA-SAGVgNLTLLD
1Q7E (A:10-39) c.123.1.1 IKVLDFT-GVQSGPSCTQMLA-WFGA-DVIKIE

Table A.21: Dinucleotide-binding β-α-β motif (Fragment 21). Found in 10
folds comprising 10 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 50%-95%. This motif has been previously de-
scribed [Bellamacina, 1996; Lupas et al., 2001]. This motif is found in different
α/β Rossmann-like folds, in which it is involved in binding dinucleotides.
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PDB accession SCOP ID Alignment

ceeeeeccccchhhhhhhhhhhh
1ZNW (A:22-44) c.37.1.1 RVVVLSGPSAVGKSTVVRCLRER
1RZ3 (A:23-45) c.37.1.6 LVLGIDGLSRSGKTTLANQLSQT
2GC6 (A:40-60) c.72.2.2 RYIHVTGTN--GKGSAANAIAHV
2JFG (A:105-125) c.72.2.1 PIVAITGSN--GKSTVTTLVGEM
1KO7 (A:145-167) c.91.1.2 VGVLITGDSGIGKSETALELIKR
1KNX (A:148-170) c.91.1.2 VGVLLTGRSGIGKSECALDLINK

Table A.22: P-loop-motif (Fragment 22). Found in 3 folds comprising 3
superfamilies. This motif has been previously described [Gay and Walker,
1983; Matte et al., 1996; Lupas et al., 2001]. We detected this fragment at
HHsearch probabilities ranging between 70%-95%. This motif functions by
binding the phosphate backbone of a mononucleotide.

PDB accession SCOP ID Alignment

hhhhhcccc
1I8O (A:10-18) a.3.1.1 FKQCMTCHR
1C52 (A:8-16) a.3.1.1 YAQCAGCHQ
1E85 (A:113-121) a.24.3.2 GASCKACHD
1SP3 (A:19-27) a.138.1.3 TTQCLTCHE
1E2W (A:18-26) b.2.6.1 RIVCANCHL

Table A.23: Cytochrome-heme-attachment-motif (Fragment 23). Found in 2
folds comprising 2 superfamilies. This motif has been described previously [Lu-
pas et al., 2001]. We detected this fragment at HHsearch probabilities ranging
between 50%-65%. This motif binds covalently to a heme group.

PDB accession SCOP ID Alignment

cccccchhhhhhhcc
2BS2 (B:149-163)∗ a.1.2.1 DRCIECGCCIAACGT
2BS2 (B:206-220)∗ a.1.2.1 FGCMTLLACHDVCPK
1KF6 (B:146-160)∗ a.1.2.1 SGCINCGLCYAACPQ
1KF6 (B:202-216)∗ a.1.2.1 WSCTFVGYCSEVCPK
2FDN (A:6-20)∗ d.58.1.1 EACISCGACEPECPV
2FDN (A:35-49)∗ d.58.1.1 DTCIDCGACAGVCPV

Table A.24: FeS-binding peptide (Fragment 24). Found in 2 folds comprising
2 superfamilies. We detected this fragment at HHsearch probabilities ranging
between 80%-98%. This motif has been described previously [Lupas et al.,
2001]. Both the alpha-helical ferredoxin superfamily (a.1.2 ) and the 4Fe-4S
ferredoxins superfamily contain two homologous copies of this motif (indicated
by a * in the alignment). The FeS-cluster is coordinated with three cysteines
contributed by the first FeS-binding motif and one cysteine by the second motif.
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PDB accession SCOP ID Alignment

ccccccccchhhhhhhhhhh
2SCP (B:104-123)∗ a.39.1.5 DTNEDNNISRDEYGIFFGML
2SCP (B:138-157)∗ a.39.1.5 DTNNDGLLSLEEFVIAGSDF
2CCL (B:2-21)∗ a.139.1.1 DVNGDGTINSTDLTMLKRSV
2CCL (B:36-55)∗ a.139.1.1 DVDKNGSINAADVLLLSRYL

Table A.25: Calcium-binding loop-helix-motif (Fragment 25). Found in 2
folds comprising 2 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 50%-65%. This motif binds calcium. Both the
EF-hand superfamily and the type I dockerin superfamily contain two tandem
copies of this motif (indicated by a * in the alignment).

PDB accession SCOP ID Alignment

eecccccceechhhhhhhhhhhh
2GIV (A:35-57) d.108.1.1 WLCEYCLKYMKYEKSYRFHLGQC
1M36 (A:8-30) g.37.1.2 YLCEFCLKYMKSRTILQQHMKKC
1X6H (A:48-70) g.37.1.1 FVCSKCGKTFTRRNTMARHADNC
2DRP (A:141-163) g.37.1.1 YPCPFCFKEFTRKDNMTAHVKII

Table A.26: Zn-binding β-β-α-motif (Fragment 26). Found in 2 folds com-
prising 2 superfamilies. We detected this fragment at HHsearch probabilities
ranging between 70%-80%. This motif is involved in coordinating Zn.

PDB accession SCOP ID Alignment

ceecccceecccccccccccchhhhhehhhhhhh
1VYX (A:7-40) g.44.1.3 PVCWICNEELGNERFRACGCTGELENVHRSCLST
1PTQ (A:242-275) g.49.1.1 TFCDHCGSLLWGLVKQGLKCEDCGMNVHHKCREK
1F62 (A:1-32) g.50.1.2 ARCKVCRKK--GEDDKLILCDECNKAFHLFCLRP

Table A.27: Zn-binding treble-clef-motif (Fragment 27). Found in 3 folds
comprising 3 superfamilies. We detected this fragment at HHsearch probabili-
ties ranging between 80%-95%. This motif has been described previously [Gr-
ishin, 2001c]. This motif coordinates two zinc ions.
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PDB accession SCOP ID Alignment

cccccccccccceeeccceeeecccceeec
1L1O (C:479-508) b.40.4.3 QACPTQDCNKKVIDQQNGLYRCEKCDTEFP
1JJ2 (Y:37-65) g.41.8.1 HKCPVC-GFKKLKRAGTGIWMCGHCGYKIA
2AKL (A:6-33) g.41.3.5 PPCP--QCNSEYTYEDGALLVCPECAHEWS

Table A.28: Zn-ribbon-motif (Fragment 28). Found in 2 folds comprising 3
superfamilies. This motif has been described previously [Grishin, 2000]. We
detected this fragment at HHsearch probabilities ranging between 50%-70%.
This motif coordinates a zinc ion.

PDB accession SCOP ID Alignment

cccccccccccceee
1EP3 (B:223-237) c.25.1.3 RMACGIGACYACVEH
1QLA (B:54-68) d.15.4.2 DFVCRAGICGSCGMM
1CZP (A:38-52) d.15.4.1 PFSCRAGACSTCAGK

Table A.29: FeS-binding peptide (Fragment 29). Found in 2 folds comprising
2 superfamilies. We detected this fragment at HHsearch probabilities ranging
between 75%-95%. This motif coordinates a 2Fe-2S cluster.

PDB accession SCOP ID Alignment

eeecccceeeccce-eec
1CCV (A:36-52) g.22.1.1 CQCQEGFLRNGEGA-CVL
1IJQ (A:675-692) g.3.11.1 CACPDGMLLARDMRSCLT
2BZ6 (L:112-129) g.3.11.1 CRCHEGYSLLADGVSCTP
1D0G (R:26-43) g.24.1.1 GLCPPGHHISEDGRDCIS
1EXT (A:137-152) g.24.1.1 CTCHAGFFLR--ENECVS

Table A.30: Cysteine-rich β-meander (Fragment 30). Found in 3 folds com-
prising 3 superfamilies. We detected this fragment at HHsearch probabilities
ranging between 70%-90%.
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PDB accession SCOP ID Alignment

hhhhhhhhhhhhhhccchhhhhhhhhhhhhhh
2E2A (A:19-50) a.7.2.1 DARSKLLEALKAAENGDFAKADSLVVEAGSCI
1WR0 (A:14-45) a.7.14.1 KAIDLASKAAQEDKAGNYEEALQLYQHAVQYF
2CRB (A:14-45) a.7.16.1 LAHQQSRRADRLLAAGKYEEAISCHRKATTYL
2PMR (A:36-67) a.8.11.1 RALNYRDDSVYYLEKGDHITSFGCITYAHGLL
1OM2 (A:19-50) a.23.4.1 FFLEEIQLGEELLAQGDYEKGVDHLTNAIAVC
1O3U (A:3-34) a.24.16.3 AAKDDLEHAKHDLEHGFYNWACFSSQQAAEKA
1UG7 (A:18-49) a.24.24.1 RWGASLRRGADFDSWGQLVEAIDEYQILARHL
1QSA (A:412-443) a.118.5.1 SKTEQAQLARYAFNNQWWDLSVQATIAGKlwd
2O02 (A:2-33) a.118.7.1 DKNELVQKAKLAEQAERYDDMAACMKSVTEQG
1ELW (A:3-34)∗ a.118.8.1 QVNELKEKGNKALSVGNIDDALQCYSEAIKLD
1ELW (A:37-68)∗ a.118.8.1 NHVLYSNRSAAYAKKGDYQKAYEDGCKTVDLK
1ELW (A:71-102)∗ a.118.8.1 WGKGYSRKAAALEFLNRFEEAKRTYEEGLKHE
2D2S (A:535-566) a.118.17.2 FLDEGVEEIDIELARLRFESAVETLLDIESQL
1WY6 (A:125-156) a.118.20.1 SASILVAIANALRRVGDERDATTLLIEACKKG
2A9U (A:39-70) a.118.23.1 SALKIFKTAEECRLDRDEERAYVLYMKYVTVY
2IJQ (A:29-60) a.246.2.1 TLRRAVVHGVRLYNSGEFHESHDCFEDEWYNY
2CFU (A:448-479) d.157.1.13 GAERLLEQARASYARGEYRWVVEVVNRLVFAE
1ZBP (A:30-61) e.61.1.1 DASLRSSFIELLCIDGDFERADEQLMQSIKLF

Table A.31: Tetratricopeptide repeat (TPR) element (Fragment 31). Found
in 8 folds comprising 16 superfamilies. This motif has been previously de-
scribed [Goebl and Yanagida, 1991; D’Andrea and Regan, 2003]. We detected
this fragment at HHsearch probabilities ranging between 55%-95%. The TPR
element mediates protein-protein interactions and the assembly of multipro-
tein complexes. Sequence alignment of TPR elements does not show many
conserved columns of identical residues, but it shows columns of small and
large amino acids. The TPR-like superfamily (a.118.8) contains multiple tan-
dem copies of this motif (indicated by a * in the alignment).

PDB accession SCOP ID Alignment

hhhhhhhhhhhhhhccccchhhhhhhhh
2QDY (B:32-59)∗ b.34.4.4 WEHLPYSLMFAGVAELGAFSVDEVRYVV
2QDY (B:73-99)∗ b.34.4.4 YERYVIGVATLMVE-KGILTQDELESLA
2QDY (A:19-45) d.149.1.1 VSDRAWALFRALDG-KGLVPDGYVEGWK
1V29 (A:29-55) d.149.1.1 WEARAKALESLLIE-KRLLSSDAIERVI

Table A.32: α-α-motif from nitrile hydratase (Fragment 32). Found in 2 folds
comprising 2 superfamilies. We detected this fragment at HHsearch probabil-
ities ranging between 70%-80%. Nitrile hydratases are composed of two sub-
units, termed α and β. The N-terminal subdomains of these subunits share
a homologous α-α-motif. The β chain (b.34.4) contains two tandem copies of
this motif (indicated by a * in the alignment).
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PDB accession SCOP ID Alignment

eeeeecccceeeee
1QBA (A:842-855) b.1.18.2 IEYSTDGGKQWQRY
1D7P (M:2262-2274) b.18.1.2 ISSSQD-GHQWTLF
1VKD (A:73-85)∗ b.67.2.4 FGRSKD-GINWEIE
1VKD (A:131-143)∗ b.67.2.4 VGMTKD-FKTFVRL
1VKD (B:184-196)∗ b.67.2.4 LSESPD-MIHWGNH
3SIL (A:70-83)∗ b.68.1.1 AARSTDGGKTWNKK
3SIL (A:253-266)∗ b.68.1.1 SFETKDFGKTWTEF
1SQJ (A:194-207) b.69.13.1 MYVTHDGGVSWEPV
1LNI (A:79-92) d.1.1.2 DYYTGDHYATFSLI

Table A.36: ASP-box (Fragment 36). Found in 6 folds comprising 6 su-
perfamilies. This motif has been previously described [Copley et al., 2001].
We detected this fragment at HHsearch probabilities ranging between 50%-
90%. This motif has a characteristic SxDxxxW sequence motif. Most ASP-
box-containing domains act on carbohydrates; a direct role for this motif in
carbohydrate binding remains, however, unclear. Some folds contain multiple
copies of this motif (indicated by a * in the alignment).

PDB accession SCOP ID Alignment

bbbbccccbbbcccbbbb
1BDO (A:100-117)∗ b.84.1.1 KAFIEVGQKVNVGDTLCI
1BDO (A:137-154)∗ b.84.1.1 AILVESGQPVEFDEPLVV
1E2W (A:213-230) b.84.2.2 DLIVKEGQTVQADQPLTN
1GPR (A:97-114) b.84.3.1 TSFVSEGDRVEPGQKLLE
1V8Q (A:22-39) b.84.4.1 GVKRYEGQVVRAGNILVR
1QPO (A:75-92) d.41.2.1 LDRVEDGARVPPGEALMT
1BRW (A:379-396) d.41.3.1 VLHKKIGDRVQKGEALAT
1SMY (C:640-657) e.29.1.1 RPRVVVGQRVRKGDLLAD
1VF7 (A:53-70) f.46.1.1 KRLFKEGSDVKAGQQLYQ

Table A.37: β-β-β-hammerhead-motif (Fragment 37). Found in 4 folds com-
prising 8 superfamilies. We detected this fragment at HHsearch probabilities
ranging between 80%-95%. The barrel-sandwich hybrid fold (b.84.1) is pseudo-
symmetric and contains two homologous copies of this motif.
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PDB accession SCOP ID Alignment

bbbbcccccbbbbbb
1LCY (A:175-189) b.47.1.1 GPLVNLDGEVIGVNT
1GDN (A:197-211) b.47.1.2 GPIVDSSNTLIGAVS
1TIF (A:16-30) d.15.8.1 VRLIDQNGDQLGIKS
2NYC (A:223-237)∗ d.37.1.1 FFVVDDVGRLVGVLT
2NYC (A:295-309)∗ d.37.1.1 VPIIDENGYLINVYE
1F5M (A:135-149) d.110.2.1 VPIISNDGKTLGVID
1N9L (A:104-118) d.110.3.6 TPIKTPDGRVSKFVG
1P0Z (A:110-124) d.110.6.1 SPIQDATGKVIGIVS
1U7Q (A:430-444) d.220.1.1 PLVVVEGSRVLGVIA

Table A.38: β-hairpin from CBS-domain (Fragment 38). Found in 5 folds
comprising 7 superfamilies. We detected this fragment at HHsearch probabil-
ities ranging between 50%-60%. In trypsin-like serine proteases (b.47.1) this
motif contains residues important for intermolecular hydrophobic contacts with
PDZ domain and the catalytic serine lies at the N-terminal end of the first β-
strand. The CBS-domain (d.37.1) contains two copies of this motif (indicated
by a * in the alignment).

PDB accession SCOP ID Alignment

eeeeeeeee-cceeeeeeee
1QJP (A:124-142) f.4.1.1 AGGVEYAIT-PEIATRLEYQ
1QD6 (A:196-213) f.4.2.1 QLKIGYHLG--DAVLSAKGQ
1T16 (A:81-99)∗ f.4.3.4 NMHFVAPIN-DQFGWGASIT
1T16 (A:129-147)∗ f.4.3.4 NLSGAYRLN-NAWSFGLGFN
1T16 (A:210-228)∗ f.4.3.4 NAGILYELD-KNNRYALTYR
1T16 (A:276-294)∗ f.4.3.4 EVSGYNRVD-PQWAIHYSLA
1T16 (A:328-346)∗ f.4.3.4 ALGTTYYYD-DNWTFRTGIA
1T16 (A:370-388)∗ f.4.3.4 SAGTTYAFN-KDASVDVGVS
1I78 (A:234-252) f.4.4.1 AVNAGYYVT-PNAKVYVEGA
1UYN (A:886-904) f.4.5.1 FAGIRHDAG-DIGYLKGLFS
1TLY (A:217-234) f.4.6.1 SHILALNY--DHWHYSVVAR
2GR8 (A:1062-1081) d.24.1.4 AIGVSRISDNGKVIIRLSGT

Table A.39: β-hairpin from outer membrane β-barrel (Fragment 39). Found
in 2 folds comprising 7 superfamilies. This motif has been described previ-
ously [Remmert et al., 2009]. We detected this fragment at HHsearch proba-
bilities ranging between 50%-70%. Each of these folds contain multiple copies
of this fragment.
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PDB accession SCOP ID Alignment

ceeeeeecceeeeeeec
1YRR (A:18-34) b.92.1.5 DHAVVIADGLIKSVCPV
2OOD (A:35-51) b.92.1.4 DGLMVVTDGVIKAFGPY
2FB5 (A:135-151) d.320.1.1 DGAVLVKNNHIVSAANI

Table A.40: β-hairpin from the composite domain of metallo-dependent hy-
drolases (Fragment 40). Found in 2 folds comprising 2 superfamilies. We
detected this fragment at HHsearch probabilities ranging between 60%-65%.

PDB accession SCOP ID Alignment

eeeechhhhhhccccccceeeee
1CZ5 (A:23-45)∗ b.52.2.3 RVRLDESSRRLLDAEIGDVVEIE
1CZ5 (A:66-88)∗ b.52.2.3 IVRIDSVMRNNCGASIGDKVKVR
1YFB (A:17-39) b.129.1.3 RVVIPIELRRTLGIAEKDALEIY
2D9R (A:78-100) b.129.2.1 ILGLRQDIRRAIGKQPGDSVYVT
1A8P (A:19-41) b.43.4.2 LFSFKTTRNPSLRFENGQFVMIG
2VBU (A:107-129) b.43.5.2 EIIAPMKLREQFNLKDGDVIKIL
1YLE (A:314-336) d.108.1.8 PVALSVEAAEALGVGEGASVRLV
1RQP (A:217-239) b.141.1.1 WTNIHRTDLEKAGIGYGARLRLT
1WID (A:253-275) b.142.1.2 LTKGWSRFVKEKNLRAGDVVSFS

Table A.41: GD-box-containing β-α-β-motif. Found in 6 folds comprising
8 superfamilies. This motif has been described previously by us [Coles et al.,
1999, 2005, 2006; Alva et al., 2008]. We detected this fragment at HHsearch
probabilities ranging between 60%-95%. These folds comprise two copies of this
motif, either as monomers with internal sequence symmetry or as homodimers
with one copy per subunit.

PDB accession SCOP ID Alignment

bbbbbbccccchhhhhhhhhhhhhh
1D1Q (A:7-31) c.44.1.1 ISVAFIALGNFCRSPMAEAIFKHEV
1VKR (A:378-402) c.44.2.1 RKIIVACDAGMGSSAMGAGVLRKKI
1VHR (A:118-142) c.45.1.1 GRVLVHCREGYSRSPTLVIAYLMMR
1D5R (A:118-142) c.45.1.1 HVAAIHCKAGKGRTGVMICAYLLHR
1YMK (A:467-491) c.46.1.1 VILIFHCEFSSERGPRMCRFIRERD

Table A.42: β-α-motif from protein phosphatases (Fragment 42). Found in 3
folds comprising 4 superfamilies. This motif has been previously described [Lu-
pas et al., 2001]. We detected this fragment at HHsearch probabilities ranging
between 50%-80%. In these fold, the catalytically important cysteine and argi-
nine residues lie within this motif.
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PDB accession SCOP ID Alignment

hhhhhhhhhhhhhhhhcccchhhceeeeee
1NBW (A:43-72) c.55.1.6 RDNIAGTLAALEQALAKTPWSMSDVSRIYL
1HUX (A:35-64) c.55.1.5 GTGTSGPARSISEVLENAHMKKEDMAFTLA
1OX0 (A:272-302) c.95.1.1 HPEGQGAIKAIKLALEEAEISPEQVAYVNA
1TED (A:282-312) c.95.1.2 GYIFSGVAPVVTEMLWDNGLQISDIDLWAI

Table A.43: α-α-β motif from actin (Fragment 43). Found in 2 folds com-
prising 2 superfamilies. We detected this fragment at HHsearch probabilities
ranging between 60%-80%.

PDB accession SCOP ID Alignment

ceeeeccchhhhhhhhhhhcceeeec
1NMO (A:188-213) c.135.1.1 DAFITGEVSEQTIHSAREQGLHFYAA
2GX8 (A:306-331) c.135.1.1 DVYVTGDMYYHVAHDAMMLGLNIVDP
1O13 (A:66-91) c.55.5.1 ELVIVRGIGRRAIAAFEAMGVKVIKG
1P90 (A:167-192) c.55.5.2 QVLYVVSIGGPAAAKVVRAGIHPLKK

Table A.44: β-α-β-motif from NIF3-like superfamily (Fragment 44). Found
in 2 folds comprising 2 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 55%-70%.

PDB accession SCOP ID Alignment

bbbbbcchhhhhhhh
1MLA (A:87-101) c.19.1.1 MMAGHSLGEYSALVC
1OXW (A:72-86) c.19.1.3 VIGGTSTGGLLTAMI
1JJF (A:167-181) c.69.1.2 AIAGLSMGGGQSFNI
3C8D (A:276-290) c.69.1.2 VVAGQSFGGLSALYA
2PBL (A:131-145) c.69.1.2 VLAGHSAGGHLVARM
1MTZ (A:100-114) c.69.1.7 FLMGSSYGGALALAY

Table A.45: Serine nucleophilic elbow (Fragment 45). Found in 2 folds com-
prising 2 superfamilies. We detected this fragment at HHsearch probabilities
ranging between 50%-65%. α/β-hydrolases (c.69.1) contain a classical ser-his-
asp catalytic triad. The serine nucleophile is located at the tight turn of this
motif.
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PDB accession SCOP ID Alignment

hhhhhhhhccceeeeecc
1ECS (A:16-33) d.32.1.1 STAAFYERLGFGIVFRDA
1SS4 (A:21-38) d.32.1.6 NAISFFEEIGLNLEGRAN
1GHE (A:136-153) d.108.1.1 VAEAFYSALAYTRVGELP
1N71 (A:142-159) d.108.1.1 HPYEFYEKLGYKIVGVLP
1VHS (A:126-143) d.108.1.1 PSLKLFEKHGFAEWGLFP

Table A.46: α-β-motif from Nat (Fragment 46). Found in 2 folds comprising
2 superfamilies. We detected this fragment at HHsearch probabilities ranging
between 75%-95%. In Acyl-CoA N-acyltransferases (Nat; d.108.1) this motif
is involved in binding Acyl-CoA.

PDB accession SCOP ID Alignment

eeeeeecchhhhhhhhhhhh
1A9X (A:382-401) d.142.1.2 GEVMAIGRTQQESLQKALRG
1W96 (A:507-526) b.84.2.1 GHIFAFGENRQASRKHMVVA
1ULZ (A:386-405) b.84.2.1 AKLITWAPTWDEAVERMRAA
1KJQ (A:365-384) b.84.2.1 GVALATAESVVDAIERAKHA

Table A.47: β-α-motif from ATP-grasp fold (Fragment 47). Found in 2 folds
comprising 2 superfamilies. We detected this fragment at HHsearch probabil-
ities ranging between 85%-95%.

PDB accession SCOP ID Alignment

eeeeccchhhhhhhhhhhhhcccceeeecc
2AMH (A:11-40) c.51.4.2 TMIIGTSSAFRANVLREHFGDRFRNFVLLP
1EX2 (A:4-30) c.51.4.2 PLILASQSPRRKELLDLLQL----PYSIIV
1PDA (A:) c.94.1.1 GSIVGTSSLRRQCQLAERRP----DLIIRS

Table A.48: β-α-β-motif from ITPase-like superfamily (Fragment 48). Found
in 2 folds comprising 2 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 50%-80%.
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PDB accession SCOP ID Alignment

cccccccchhhhhhhhhhh
1LBU (A:36-54)∗ a.20.1.1 LAIDGQFGPATKAAVQRFQ
1LBU (A:59-77)∗ a.20.1.1 LAADGIAGPATFNKIYQLQ
2IKB (A:103-121) d.2.1.9 VPDDGVIGAVSLKAINSLP
2NR7 (A:112-130) d.2.1.9 VQADGIVGNKTLQAVNSAD

Table A.49: Loop-helix-motif from PGBD-like fold (Fragment 49). Found
in 2 folds comprising 2 superfamilies. We detected this fragment at HHsearch
probabilities ranging between 80%-95%. We found two homologous copies
of this motif in the PGBD-like superfamily (a.20.1; indicated by a * in the
alignment).

PDB accession SCOP ID Alignment

ccchhhhhhhhhhhh
1E29 (A:106-120) a.3.1.1 NYTEDDIFDVAGYTL
1CC5 (A:71-85) a.3.1.1 DCSDDELKAAIGKMS
1KV9 (A:639-653) a.3.1.6 SLKPEEVEQIKLYVM
1W7C (A:63-77) d.17.2.1 SLAKEEVQEVLDLLH
2OQE (A:27-41) d.17.2.1 PLSTAEIKAATNTVK
1W2Z (A:12-26) d.17.2.1 PLTKEEFLAVQTIVQ

Table A.50: Loop-helix-motif from Amine oxidase N-terminal superfamily
(Fragment 50). Found in 2 folds comprising 2 superfamilies. We detected this
fragment at HHsearch probabilities ranging between 60%-75%.
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