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1. Introduction

1.1. The place of evolutionary theory in modern biology

One of the favorite sentences evolutionary biologists like to quote is the famous statement of
Dobzhansky who said that "nothing in biology makes sense, except in the light of evolution™.
Though we surely agree with this thought, we wonder if this has practical impact for daily lab
work of modern biologists. On the surface, evolutionary biology has a defined frame, and is a
field of science like another. So what does an immunologist, a specialist of cancer or a
biotechnologist could have to do with evolution and a famous theory built by a naturalist of the
nineteenth century?

1.1.1. First observation: nothing in experimental biology makes sense, except in
the light of evolution

To answer this question, one can first remark that relationship between species is one of the
assumptions of most of experimental medicine. Experimentation on animals dates back to
antiquity [1] and especially to the work of Galen, who was dissecting apes and dogs in order to
understand human pathology. Galen was convinced that there is a common organization between
human and these organisms. He stated that to understand human anatomy, the study of wounds is
not enough and advised to get complementary information from the dissection of monkeys,
whose anatomy is close to ours [2]. His textbooks were famous all along Middle Age until the
time of Enlightenment. In the nineteenth century, Claude Bernard relied on the same assumption
to perform his medical experiments on livers and kidneys of dogs. Ultimately, he created a new
field called experimental medicine or physiology [3]. Today, scientists still experiment under the
same paradigm, whether they believe in evolution or not. Modern biology has accumulated an
incredible amount of evidence showing the relationship between human and other species at the
morphological, physiological, histological, cellular and molecular levels. All aspects of modern
biology are therefore tangled with evolutionary pre-assumptions. We sincerely believe in respect
to this observation that evolution is today a major actor of biology. As a consequence, many
scientists, and especially the “evolution-skeptics”, might be like the Moliére’s “bourgeois
gentilhomme”, who was doing prose without noticing it: they are handling evolutionary concepts
all the time, and are eventually not aware to do so.



1.1.2. Second observation: new solutions to biological problems using concepts
from evolutionary biology are emerging

Aside from the consequences it implicitly has for biomedical research, evolution is used on a
daily basis as a deliberate tool to solve biological questions not necessarily related to evolution in
the first place [4]. The main contribution of evolutionary theory to biology in the last thirty years
comes from the possibility to annotate sequences by alignment to annotated sequences stored in
public databases. The most common methods to identify domains within protein sequences,
including Hidden Markov Models, are based on the assumption that similar protein sequences
fold into similar structures. Generally speaking, alignments are practical to find signal, i.e.
information, about a given sequence, assuming that sites that are very conserved participate more
in the function of the protein than others. As a result, one can predict the impact of a mutation on
the protein function. For instance, a conserved site, upon mutation, will be more likely to disrupt
the protein function [5]. At a more complex level, information from different sites on the same
protein sequence can be used to infer information on the protein. Recently, structures of
transmembrane proteins were predicted at a high-resolution level under the assumption that co-
evolving amino-acids within a protein are more likely to be interacting with each other than the
ones who do not co-evolve [6].

Moreover, in the last twenty years, some very stimulating papers have come from Evolutionary
Medicine, a discipline at the interface between medicine and evolutionary biology. This research
relies on the use of evolutionary concepts in medicine and seeks for the ultimate (evolutionary)
processes shaping diseases [7]. Concepts from the evolutionary theory have indeed become a real
asset for medicine in the recent years. We review briefly few examples of practical applications.

A classical example of application of evolutionary concepts to medicine is the management of
bacterial resistance to antibiotics [8]. Studying the completely sequenced genomes can help to
predict the bacterial strains that are more likely to evolve resistance to a considered drug. With
the progressive diminution of costs associated, studies of bacterial genomes will certainly
overwhelm phenotype profiling in the identification of resistant strains in a close future.
Similarly to the virus phylogeny, the high rate of sequencing now allows to trace the evolution of
bacterial resistance in different populations or even at the scale of a hospital [9] and brings the
expectation that resistant strains will become easier to detect and to trace in the future.
Controlled evolution in the laboratory could help to identify the potential of bacterial strains to
increase their pathogenicity and the genetic events involved [10]. Information about bacterial
evolution could be used to design drugs that prevent bacterial strains to take the most pathogenic
evolutionary route.

Phylogeny of pathogenic strains has shown potential to help identifying the risk for viral strains
to evolve higher pathogenicity and cause epidemic outbreaks. The underlying idea is that the
strains that have evolved more, in other words the ones that have accumulated the greatest
number of mutations, are the most likely to evolve new functions. These potentially emerging
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pathogens might thus become more likely to evade immune defenses and cause stronger
damages to the human body [11]. As a consequence, phylogeny can help researchers developing
vaccines before the apparition of virulent strains, thus limiting the spread of pathogens in human
populations.

Now we have solid elements to answer the question asked at the beginning of this introduction;
in the light of the examples given in this section, one can say that yes, evolution is highly
relevant to biomedical research and will be probably increasingly important in a close future.
Aware of this fact, in 2011, we organized a conference on the topic at the Max-Delbriick Center
of Berlin (http://cbdm.mdc-berlin.de/~theevolutionworkshop/).

1.2. Brief reminder of major concepts of evolutionary biology

So what are exactly evolution and the theory of evolution? Firstly, one remarks that the concept
itself appears rather recently in the history of science. In the philosophy of the Ancient Greece,
the universe is perfectly designed and fixed and so are all forms of life. Some philosophers
nevertheless exposed theories showing their awareness of the existence of a relationship between
all living beings. In his famous treaty on natural history, Aristotle described life as a chain of
beings. He classified living beings into twelve categories of increased perfection, from inanimate
beings to Plants to Invertebrates to Vertebrates to Humans [1]. Anaximander from Miletus
thought that life arises from water, and it transforms to simple organisms and then to the most
complex forms [12].

As the influence of the Church was huge during centuries, the perspective of man on nature did
not change very much until the eighteenth century. Newton thought that there was uniformity in
all living beings, but attributed that to the hand of a creator. Commenting Newton’s perspective,
Pierre-Louis de Maupertuis came up with the idea that in a remote past, some organisms
produced by nature, that he calls monsters, became extinct because they were selected out by
environmental conditions while other organisms, more functional, remained. In de Maupertuis’
mind, initially, animals formed a continuous chain of relatives, but this chain was later broken
due to the death of defective intermediary species [13]. In Philosophie zoologique, Jean-Baptiste
Lamarck attempted to describe life and its specificity. In his view, simple forms of life can
appear spontaneously from matter and therefore are the result of laws of physics, while more
complex forms cannot appear spontaneously and are the product of complexification of simpler
forms of life [14]. The presence of complex shapes means that evolution has happened, because
they could not have emerged spontaneously. Lamarck explained this complexification (or
evolution) by stating that parts of a body that are most used are strengthened and passed to their
descendants, and the ones that are not used slowly degenerate; but this explanation remained at
the stadium of an assumption. The first scientific explanation for the underlying mechanisms of
evolution was done for the first time in Charles Darwin’s On the origin of the species [15].
Darwin explains the origin and relation between species (Figure 1) by a phenomenon called
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Figure 1. Phylogeny of various Metazoans. We show here well-known species from Chordates, which
include Drosophila and Caenorhabditis, of Vertebrates, which comprise species with vertebrae, but
exclude Ciona and Amphioxus; and finally Tetrapods, which comprise Vertebrates except fishes,
coelacanths, and lungfishes (from [16]).
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natural selection, a concept that had a huge influence on science and philosophy since the time of
its publication.

So, what is natural selection according to Darwin? Evolution consists of three pillars. These are
heredity, variation and selection. First, to have a living system evolve, it needs to transmit its
characteristics to its offspring. This is what is called heredity, the transmission of traits from one
organism to a second one that the first one has generated during a process called reproduction.
But heredity is not enough for evolution to happen. To change, an organism has to generate
variation, that is, differences of traits that naturally occur between individuals within a same
population or species. Today, this variation is known to be the consequence of mutations
happening in the DNA of individuals. The third element for natural selection to happen is
selection; the concept describes the process that sorts individuals with different traits according
to their different reproductive success (commonly referred as “fitness”) [17]. Evolution by
natural selection happens because some individuals are more likely to reproduce and transmit
their traits to the next generation. They have a better fitness and are therefore more likely to
generate viable offspring than others. Today, we know that aside from natural selection, another
force can also generate evolution, and it is genetic drift. Genetic drift is a process by which
random rather than advantageous traits are selected. This process is especially relevant for small
populations. In this case, a mutation that generates a non-optimal trait in terms of fitness within
an individual has a non-null chance to be fixed in the population, even if it is not advantageous.

We now summarize the concept of natural selection. It can be described as follows. If an
individual shows phenotypic traits that give him an advantage upon the other individuals of the
population, it will produce more descendants, and if the trait is transmitted from generation to
generation, its carriers will see their frequency increase in time.

Since the end of nineteenth century, the theory of natural selection has been refined with
concepts from genetics and is consolidated every day by accumulation of more biological data.
Since the earliest characterization of genes and with the regular publications of genomes of
diverse species in the last decade, the evidence for the relatedness between all forms of life has
grown dramatically. The theory is proven beyond any shadow of a doubt.

1.3. Evolvability and robustness of living systems

1.3.1. At the level of genomes

A major gap in Darwin’s theory concerns the origins of new phenotypes in the population. What
is the source of variation? What is the mechanistic explanation behind the — apparently —
spontaneous emergence of new traits in living systems? Since the publication of Darwin’s opus,
we know that variation is created by mutations and chromosomal events occurring in the DNA at
specific positions that we call genes (though it can also happen outside, in regulatory sequences).
In the seventies, Ohno described genes to appear by duplication of older genes. As a
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consequence, in the pre-genome era, scientists were expecting that most of the diversity
observable in living systems could be explained by screening the genetic differences between
species. The publication of genomes of various species in the last two decades turned this
expectation down. Today, by looking at genomic data, we know that the difference in terms of
number of genes between human and say, Drosophila is much lower than was expected: flies
display about 13,600 genes and human “only” 20,000! Moreover, a majority of protein
sequences encoded within genomes are widely conserved among all forms of life. For instance,
mice have a genome that presents 79% of protein sequences conserved outside of chordates, and
52% in non-animals [18]. As a consequence, diversity of shapes among forms of life cannot be
explained by the sole description of gene sequences [19]. Variation has therefore to rise from a
simple (though voluminous) vocabulary of about 20,000 genes, to build up an organism during
development.

1.3.2. At higher degrees of cellular complexity

Since the foundation of molecular biology, complexity of phenotypic traits is viewed to come
from regulatory mechanisms that can modulate the expression of genes topically and temporally.
Francois Jacob stated that “novelties come from previously unseen association of old material”;
“to create is to recombine” in a famous article [20]. In the sixties, he hypothesized that genes are
regulated by DNA or proteins that bind specific sequences close to the gene location itself.
Today, with the advancement of cellular biology and embryology, we know that regulation of
gene expression happens at several levels, from genes to cells to tissues to organs. Theoretically,
a genome is the same in all cells. The building blocks of genomes, the genes, and cellular
pathways are basically the same in all types of cells. These blocks are conserved, but at the same
time they can easily be combined to promote new function, and therefore variation. For instance,
it has been shown that the shape of the beak of two different finches differs by the expression of
only one gene in a particular tissue at a particular moment. In the developing beak of Geospiza
magnirostris, which displays a large beak, so-called “primordia” cells express the gene coding
for protein Bmp in the area of the developing beak at an earlier stage of embryogenesis, and at a
higher level, than in Geospiza difficilis, which show forceps-shaped beaks [21]. The large beak
of G. magnirostris is more suitable to crack nuts. It was shown that injecting Bmp protein in the
developing embryo of a finch with forceps-like beak at the right time and the right place made
the beak to turn into nut-cracker style. The simple expression of one gene at a certain time
induced dramatic variation of a species’ phenotypic trait. Though the core components that are
cells and gene expression remain the same, their relatively “evolutionary-cheap” new
combination promotes a radical change for the organism’s biology. This property of living
systems to evolve somehow easily from conserved core processes has been called evolvability,
another word for the potential of living systems to evolve [22].
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1.4. Strategies that promote evolvability

In this work, we decided to focus on two processes that provide living systems with the potential
to evolve. One of them is innovation by gene duplication, with a special focus on duplications
leading to repeats within proteins. Gene duplication is thought to be the primer motor of
emergence of new genes. The other process is the use of existing proteins expressed in a
particular tissue, to build a new physiological system. These two aspects of evolvability (among
many others) are somehow related because gene duplication favors the selection of mutations in
redundant systems and promotes the emergence of new functions within cells.

1.4.1. First strategy: Innovation by gene duplication

1.4.1.1. Concept of gene duplication

As well as complex species did not emerge spontaneously but rather from simpler forms of life,
proteins are not built de novo but derive from ancient proteins. Probability for protein emergence
from scratch in a complex organism with a huge amount of constraints is almost zero [20]. New
sequences emerged by gene duplication, the process of copying a gene one or several times.
Duplication prevents the old function to be corrupted while evolution can happen on the new
copy of the gene. [23]. Gene duplication was shown to occur in Metazoans at a rate of once per
gene per 100 Million Year [24]. There are two main forces that lead to such an event: unequal
crossing over and retroposition [25]. Unequal crossing-over involves two homologous regions on
two different chromosomes, so the duplication happens close to the gene, while retroposition is
an insertion happening randomly in the genome. Moreover, entire genomes can be duplicated in
one event. Several taxa are well-known for having experienced this type of genome-wide
duplication events, such as the lancelet Branchiostoma floridae [26], or the teleost fish lineage
[27].

1.4.1.2. Emergence of protein repeats

Proteins are primarily characterized by their sequence. It has to be translated from DNA into a
3D protein molecule and experience post-translational modifications. The most common features
present in proteins are the domains, regions of the protein that fold in compact units. Domains
are usually implicated in specific protein functions such as the catalytic activity of an enzyme or
the interaction with another protein. Some of these domains are made of a series of similar
motives called repeats. Repeats constitute 14% of all known proteomes [28]. A repeat is an
amino-acid or a group of amino acids that occurs several times in a protein. Poly-glutamine
(polyQ) is a well-known studied example of single amino acid repetition, whose expansion in
diverse proteins is known to cause degenerative diseases. Repeats are therefore of medical
interest and their study is both important for structure determination and for understanding the
mechanisms of diseases. The most common repeats are repetitions of single residues, while
repetition of longer fragments are less frequent and can form secondary structures like alpha-
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Figure 2. Representation of an alpha-solenoid protein, the regulatory subunit of PP2A. Alpha-
solenoids are made of repeated motifs forming a flexible rod. One repeat is constituted by two alpha-
helices disposed in anti-parallel fashion, separated by a small protein coil. A. Structure of the regulatory
subunit of protein phosphatase 2A (PDB ID 2IAE, chain A [29]). The domain is an alpha-solenoid
constituted of HEAT repeats (one repeat being made of two helices, here depicted in green and red). B.
Armadillo repeats comprise two anti-parallel too, but they are interspaced by a small helix (here in blue;
structure of Beta-Catenin [30], PDB ID 2Z6H).

helices or beta-sheets, that can assemble into domains [31] (Figure 2). When repetitions are made
of fragments, while their structures remain similar, different degrees of similarity might be
observed at the level of sequence, that sometimes are very low making very difficult the
detection of repeats by sequence analysis.

Protein domains are usually well-conserved among living beings, because mutations might
disrupt their compact structure needed to achieve their specialized function. In contrast, domains
formed by repeats are generally less conserved. This probably comes from the fact that their
structure is more flexible than the one of domains. They are typically associated to protein
disorder [32] or high flexibility [33], which could explain their low conservation [34].

While protein domains emerge by duplication of proteins or protein fragments [35], the evolution
of domains formed by repeats is particular due to their repetitive nature. Let’s take the example
of HEAT-repeats, which are about 39 amino-acids long, contain two anti-parallel alpha-helices
and stack to form sorts of tunnel-shaped extended regions [36] (Figure 2). While it could have
been possible to evolve these structures by producing secondary structures from scratch, it seems
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more plausible that tandem repeats of fewer than 50 residues emerged by intra-gene duplication,
by copying an original unique motif several times [34]. HEAT repeats are known to be involved
in protein-protein interactions (PPIs) [37]. Their multiplication is likely to increase the surface of
the protein, and therefore expand their functional landscape, as longer proteins on average are
more promiscuous.

1.4.2. Second strategy: Evolving new physiological compartments

Properties of evolvability and robustness of living systems were clearly key elements in the
evolution and diversification of metazoans from their last common ancestor. 540 million years
ago started a time of great innovation among the animal kingdom, which saw an explosion of
diversity of shapes [38]. The core components of several phyla appeared at that time. It was the
time were cnidarians, insects and chordates emerged. The diversity of shapes has been correlated
with the colonization of new environmental niches that started at that time [22]. Kirschner and
Gerhart say that, in order to produce such diverse phylum, metazoans had to come “from a
predecessor with great evolvability of compartmental body organization” [22]. Starting from a
simple ancestral body plan, but flexible to change, due to some inner properties, rendered the
emergence of new shapes cheap to do. Which processes allowed such diversifications to be
possible?

1.4.2.1. Compartmentalization in metazoans

One way to innovate, rather than completely change a system, is to add modules to an already
existing system. The same basic cellular elements can be used differently to participate in
different functions, tissues, or groups of cells. With time, these elements will diverge enough to
become separate modules within the organism’s body, namely a tissue or an organ. This happens
when living beings evolve to a higher degree of complexity. One of the ways to create modules
is to express different genes at different places in the body during development, which results in
apparition of a new morphology and a new function at a defined place in the embryo. This is the
case of the expression of developmental genes in Drosophila. Several proteins determine the
anterior/posterior axis of the larva; two of them, bicoid and hunchback, are more expressed in the
anterior part of the embryo and two others, nanos and caudal, are expressed mostly in the
posterior part [39]. Such patterns of gene expression help to determine the fate of cells within
metazoans.

Compartmentalization can lead to production of different organs from the same embryonic
elements. Differences in gene expression lead to very different morphologies of vertebrae in
human. Bone-forming cells are present in all vertebrae. Nevertheless, they will produce a rib in
the thoracic region, but they will not produce any appendage in the cervical region. These two
different patterns depend on the expression of different combination of Hox genes happening in
the same type of embryonic cells, but located at different position in the body [40].
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In conclusion, compartmentalization is a good illustration of the difference between robustness
and evolvability, and of their necessary relationship. While the basic components of cells such as
genes or biochemical pathways remain the same, some subtle tunings can change their function
and make them totally different from one organ to another. Basic cell functions such as DNA
replication, translation, and phosphorylation are the robust part of the system but their
modulation creates opportunity for change and consequently increases the potential of the system
to evolve.

1.4.2.2. Evolution of physiological systems

Through evolution new functions emerge from already existing ones, for example enzymes
whose mutation might give birth to a new catalytic activity. But anatomical and physiological
features can also be the result of evolutionary processes.

Physiology is the science that studies the regulation of high-level processes within the human
body. In simple living systems, such as bacteria, the biochemical pathways necessary to maintain
the integrity of the organism, such as nutrition, response to stress or reproduction, are all the
product of the same cell; and though these basic pathways are similar to those present in complex
organisms, they have a limited range of action. In metazoans, cells are enclosed in a particular
tissue that is devoted to a unique function of the human body. Red blood cells for instance are
specialized in the delivery of oxygen to all the tissues of the organism. Physiological systems
have a defined spatial distribution and are the result of specialization of cells during
development.

One can wonder how physiological systems have emerged. Evolutionary theory teaches that
living beings evolve by slow changes. New functions are built on the foundation of already
existing functions, instead of appearing from scratch. Usually, the building bricks are the same
but the way they are used is different. As an example, the basic components of neurons are very
similar in the brain and in target organs such as muscles, but each type of neuron, central and
peripheral, has evolved a specialized morphology and physiology adapted to its particular
function.

One of the most famous examples of evolution of a new physiological system is the transition
from the fin of fishes to the limb of terrestrial vertebrates. While comparative anatomy has
described the morphological steps that link the two anatomical features, we now know that this
evolutionary innovation was rendered possible by genetic innovation, probably from the
evolution of a limited set of genes [41]. Another example of physiological evolution are the
chromaffin cells of adrenal glands, which deliver adrenaline to the blood circulation. From a
developmental point of view, they are homologous to post-sympathetic neurons [42]. This means
that at some point in the past some ancestral neural tissue evolved to become specialized in the
production of adrenaline.
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Sometimes a complete new physiological system emerges from the expansion of another. Lungs
are such an example. They are believed to have originally derived from digestive tract in fishes
that lived in freshwater. The water was stagnant and poor in oxygen. At some time, they acquired
the capacity to swallow air and increase oxygen level in their blood by making it cross the wall
of the esophagus. The wall of the esophagus later expanded to give birth to a more complex
structure A diverticula first emerged from the esophagus, and later increased the air/blood
surface by developing many cavities and recruiting many small vessels eventually leading to the
modern Tetrapod lung [43].

As shown by these different examples, new tissues or physiological systems with new function
can evolve by specialization of already existing features. We believe that by studying the
evolutionary history of physiological systems, such as the regulation of hypertension, by giving
hints on where they come from, might be important to fully understand how they function and
eventually dysfunction.

1.5. Methods to study protein mutations using structural and evolutionary
information

1.5.1. Mutations in the context of genetic diseases

Mutations are genetic events happening at a frequency of 5x10° in mammalian cells [44].
Mutations mostly arise as a consequence of damages caused to DNA. In order to repair these
damages, eukaryotic cells have a set of specialized polymerases. During replication, they
synthesize the DNA molecule opposing the faulty sites in a process called translesion synthesis.
Some of these polymerases are very accurate and produce a DNA strand faithful to the original
sequence, while others are prone to inserting a faulty nucleotide in the sequence and therefore
cause a mutation [45]. If the mutation happens in a coding sequence, it can have impact on the
structure and function of the corresponding protein.

In this case, the protein is shaped correctly, but the local variation introduced by the site mutation
prevents the protein to function properly. For instance, mutations introduced in a binding site of
an enzyme could prevent the ligand to bind and the catalysis to happen. One example is a
common mutation in an enzyme called phenylalanine hydroxylase, which participates in the
catabolism of phenylalanine into tyrosine. The mutation occurs in the binding site of the enzyme
and induces an accumulation of phenylalanine in the body of the patients bearing the mutation
[46]. Other diseases caused by mutations are the ones impairing the functioning of the machinery
that helps to repair DNA. Mutations in various proteins involved in nucleotide excision repair
lead to genetic diseases such as Xeroderma pigmentosum. Such mutations prevent the proper
nucleotides to be inserted where DNA was damaged, for instance with the action of UV light. As
a result, mutations accumulate and can result into skin cancers.
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1.5.2. Tools to explore the effect of mutations on protein structure and function

1.5.2.1. Sequence alignment

To predict the outcome of a mutation, one can study its conservation across species. In theory, if
a region is important for a cellular function, it will be more conserved than average. An example
of such conserved regions is the binding site of enzymes. Mutations will impair the efficiency of
the enzyme by disturbing its catalytic activity, with potential dramatic consequences for the
fitness of the individual. The mutant individuals will be discarded by natural selection.
Consequently, the sequence of the enzyme will not vary much during the course of evolution.
Thus, conservation in a multiple sequence alignment can be used to predict the outcome of a
mutation and be helpful in the context of mutations associated to genetic diseases.

1.5.2.2. Prediction tools

Aside from manual alignments that depend on the user’s personal technical skills, there have
been several tools developed in the recent years to help deciding in a standardized way whether a
mutation might be deleterious or not [47]. They rely on different assumptions and their results
therefore may be conflicting at times. Prediction by the tool MutationAssessor is based on
protein alignments [5]. Its algorithm scores mutations according to the pattern of conservation at
the residue site considered. Again, the more conserved a site, the more disruptive the mutation
would be. PolyPhen-2 (Prediction of functional effects of human non-synonymous SNPs) [48] is
also based on multiple sequence alignments, but using the assumption that sites showing a higher
nucleotide diversity in the human population are more likely to mutate. Differently, SDM (Site
Directed Mutator) computes the impact of a mutation on the structure of the protein in terms of
thermodynamics [49]. The variation of free energy of the molecule upon mutation is calculated.
The smaller the variation, the more neutral the mutation will be. For such a computation, a 3D
structure of the protein is required.

1.5.2.3. Protein visualization

Finally, screening the protein structure might help to get an idea on the impact of mutation. For
this, one can use a representation tool that allows simulating mutagenesis on 3D models of
proteins, such as PyMOL (PyMOL Molecular Graphics System software, DelLano Scientific,
Palo Alto, California). Differently, PDBpaint (developed by us; see [50]) can be used to depict
protein structures found in the Protein Data Bank and mark them with customized annotations
and predictions from diverse sources, such as InterPro or Pfam.
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1.6. Thesis outline

In this thesis, we exploit evolutionary information to predict the function of proteins. In the first
place, we studied two evolutionary processes that are sources of variation for metazoan genomes.

The first one is the emergence of proteins with alpha-solenoid domains. We investigated the
distribution of alpha-solenoid repeats across the tree of life. Their distribution is not uniform and
shows that eukaryota have a much higher percentage of such motives than bacterial sequences.
We show that prokaryotic sequences with alpha-solenoids are not related to the eukaryotic ones
and have emerged independently. More interestingly, we find that alpha-solenoids are more
enriched in two bacterial taxa, Cyanobacteria and Planctomycetes, which are morphologically
more complex than other taxa, with sketches of organelles, and also have larger genomes. We
conclude that alpha-solenoids are necessary for cellular functions associated to increased cellular
complexity, but require evolved folding machineries.

The second evolutionary process is the evolution of the regulation of hypertension. A
phylogenetic analysis was performed to study the emergence and evolution of the system’s
components. The major result is that anatomical features of the system started to appear in an
ancestral chordate, while bony fishes already have all the major elements. This new
physiological apparatus started to build 400 Million years ago. One of its key proteins,
angiotensinogen, probably appeared in an ancestral cartilage fish around that time. Surprisingly,
protein sequences of this system are also present in animals that do not display its anatomical
features, meaning that these proteins had other functions and were later co-opted to create a new
function. Our analysis shows that comparing sequences can be valuable to understand the
embryological and evolutionary events that made the apparition of physiological systems
possible.

In a third chapter, we study the consequences of mutations on protein stability, using structural
and evolutionary information. We explain PDBpaint, a tool we developed to visualize annotation
of different sources on 3D structures of proteins. Using alignments, and visualization and
prediction tools, we study the impact of mutations within a human myosin, MYH6, and a
huntingtin interacting partner, CRMP-1, and their potential impact on disease.

Publications. Chapter 2 and figure 2 are modified from a publication in PLoS One [51]. Chapter
3 and figure 1 are modified from a publication in Journal of Molecular Medicine, at Springer
[16]. Chapter 4 contains parts modified from three publications: one in Bioinformatics, at Oxford
Press [50], one in PLoS One [52] and a third one submitted [53].
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2. Emergence of proteins with alpha-solenoids

2.1. Introduction

Living systems show an ability to evolve and develop new phenotypes. This ability comes from
their capacity to intrinsically evolve upon changes in the environment and in their social context,
and this process has been termed “evolvability” [22]. In this context of evolvability of living
systems, we study here a protein feature, the alpha-solenoid domains, which are constituted of
repeats of about 39 residues and are an important feature that we find associated to
compartmentalization of metazoans. Alpha-solenoids might have played a role in the evolution
of simple life forms into more complex ones, notably because of their capacity to promote
protein-protein interactions and also to manage intracellular trafficking of proteins and nucleic
acids, as this type of feature is often found in proteins that transport cellular material from one
part of a cell to another.

To study the properties of alpha-solenoids, we first developed a tool to detect alpha-solenoids
inside of protein sequences. We later studied their functions and diversity of shape, and we
finally describe their distribution across the tree of life. From our observations, we conclude that
this type of repeats very likely emerged independently in prokarya and eukarya; moreover, they
are clearly in higher amount in taxa of higher cellular complexity, in bacteria as well as in
metazoans, hinting their potential participation in the formation of compartments in living
systems. These results are explained in sections 2.2 to 2.5 of this chapter, which are inspired for
the most part by a publication from us [51].

Aside from functional and evolutionary analyses, we also provide an example of the importance
of alpha-solenoids in the context of genetic diseases, by studying the sequence of huntingtin, a
large protein comprising several alpha-solenoids that is involved in Huntington’s disease. By
doing this we demonstrate how our methodology can be used to propose functional and structural
predictions for a protein of medical interest. This study of huntingtin is exposed in section 2.6.

2.1.1. Functional and genomic analyses of alpha-solenoid proteins

Alpha-solenoids are long protein domains made of structurally similar pairs of anti-parallel
alpha-helices. They form a structure shaped as a hollow rod or solenoid, from which they got
their name [54]. Three classes of repeats are known to belong to the alpha-solenoid family ([55];
sometimes referred as Armadillo family by InterPro [56] or other tools): HEAT repeats, famous
to be present in protein huntingtin ([36,37]; figure 2A), Armadillo repeats ([57,58]; figure 2B),
and HAT repeats [59]. In some cases alpha-solenoid protein sequences have very little sequence
homology with already known alpha-solenoids, hinting that similar structural elements might
have appeared by convergent evolution [51].

21



Regarding physical properties, alpha-solenoids are highly flexible and therefore exhibit an
extraordinary capability to stretch [29,33], which allows them to display a great compliance of
shapes [60], and render them suitable for protein-protein interactions [37]. For instance, the
regulatory subunit B of protein phosphatase 2A (coded by gene PPP2R5C) displays elastic
changes of shape that impact the opening and closing of the binding site in the catalytic subunit
C of PP2A so target proteins can bind or not [29]. Alpha-solenoids are also used for protein
transportation, mostly via importins, which bring cargo proteins from cytoplasm to nucleus [61].
The dynamics of importins have been studied; these proteins show a tendency to self-wrap,
creating a super-helix which is itself stretchable, adding more potential for regulation [60].

Detection of alpha-solenoids from sequence alone when no associated structure is available is
especially relevant to get hints about the tertiary structure of the given protein potentially with a
good precision. It is also relevant to understand the biology of proteins of special focus in
medicine, when no structure is yet available. This is the case of the protein huntingtin, whose
mutation causes neurodegenerative disease [62], and also of mTOR, which is a key protein in
pathways related to cancer [63]. These two proteins are particularly large, which render the
resolution of their structure experimentally tricky or impossible at the current state of knowledge.
As a consequence, computational analyses are often the only tool available to accurately study
the relationship of the structure of these molecules to disease [55,64].

Most methods to detect protein domains are based on homology, and users primarily rely on
profile-based methods, using information stored in databases such as Pfam [65] or SMART [66].
In such databases, the profiles of sequences of alpha-solenoids are mostly based on canonical
HEAT and Armadillo repeats; upon query one may miss many diverse alpha-solenoids as many
of them are highly divergent or have no homology at all between each other, which can in certain
cases limit detection by sequence similarity searches.

As a consequence, methods of detection that are not based on homology should be considered.
Among such methods, algorithms based on artificial neural networks use very little prior
knowledge for pattern identification and could be potentially more efficient at detecting relevant
information in unknown sequences. This type of approach has been successfully applied to
detection of structural motives such as secondary structure or transmembrane helices [67].
Following the same concept, an algorithm based on an artificial neural network (ARD, for
Alpha-rod Repeat Detector) has been applied to the detection of alpha-solenoid repeats [55].

In the recent years, new structures of alpha-solenoids have been published, some of which have
no similarity to known alpha-solenoids, so we hypothesized that the available neural network
might benefit from inclusion of new structures to its training set. We further improved the
algorithm of the program by allowing the detection of repeats with more variability of structure
than before, in an attempt to enlarge the spectrum of possible detectable alpha-solenoids. We
optimized the tool by testing it on known alpha-solenoids from the Protein Data Bank (PDB),
and proved that our new tool, named ARD2, has an increased coverage.
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We finally applied our algorithm to all available sequences from the TrEMBL database, and we
explored the distribution of alpha-solenoids across the tree of life. Our analysis strongly suggests
that alpha-solenoids have emerged independently several times, as several bacterial and
eukaryotic groups are apparently not related by sequence homology, which supports events of
convergent evolution. Moreover, we show that the distribution of alpha-solenoids is not uniform;
they are highly represented in eukaryotic organisms; in bacterial species they are comparatively
rarer than in eukaryota, and are interestingly enriched in a few taxa that display pseudo-
compartments within their cells. These groups are cyanobacteria [68,69] and planctomycetes
[70], among others. As a result, we conclude that alpha-solenoids are associated to events of high
cellular or physiological compartmentalization (in bacteria and metazoans, respectively), which
clearly demonstrates the functional importance of putative protein transport alpha-solenoid
proteins in carrying proteins from one compartment of cells to another and therefore in
participating to the potential of living systems to evolve more complex functions.

2.1.2. Function of huntingtin alpha-solenoid region and prediction of consequence
of mutations for its structure

Moreover, we apply the ARD2 algorithm to the modeling of the alpha-solenoids of huntingtin,
the protein whose mutation is responsible for Huntington’s disease. We show that the first alpha-
solenoid of huntingtin displays a functional signal: it specifically contacts proteins that are part
of ribosome subunits, pointing a potential role for this domain in translation of mRNA into
proteins. We later produce a model of this alpha-solenoid based on a threading method confirmed
by ARD2 predictions of repeats positions. We then use this model to predict residues potentially
involved in protein-protein interactions. In the end, in the context of PPI networks, these could
be especially relevant to understand how this protein functions by interacting with other proteins.

2.2. Detection of alpha-solenoids

The main databases for protein domain annotation use a priori determined protein alignments,
called profiles, of several homologous sequences that can be used to detect domains in sequences
provided by the user as query. Examples of these databases are Pfam [65] and SMART [66].
Domains made of repeats are no exception and can be detected using the same type of
homology-based methods. The first tools that were developed to detect specifically protein
repeats were based on profiles of aligned sequences [71,72,73]. More recently, profile-profile
comparison methods have been put into place, such as the HHreplD server, which detects repeats
ab initio by creating a new profile for the query sequence from homologous sequences [74].

Nevertheless, protein repeats usually show extreme divergence, and this property can render
some very divergent repeats difficult to detect with homology-based methods [31]. Other
possible methods have been proposed as alternatives (see [31] for a review), such as Fourier
transformation [75,76,77], short string extension algorithms [78,79], and methods comparing
portions of a protein sequence to other regions of the same protein that look for internal
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similarity of sequence within a protein [80,81]. One last possibility is to combine evidence
coming from several of these tools to identify repeats more accurately [31]. The commonality
between these different methods is that they are more naive than profile-based methods and need
no or very little preliminary knowledge about protein sequence to be able to perform their
detection.

Recently, a neural network based method has been successfully applied to the detection of alpha-
solenoid repeats in an attempt to detect as many alpha-solenoid structures as possible with the
smallest possible amount of prior knowledge on sequences (ARD, for Alpha-rod Repeat
Detection [55]). The network is trained with a reduced set of sequences comprising alpha-
solenoid repeats, and is used to assign a score to any query sequence. Here we present the
development and application of an improved version of this method.

Section 2.2.1 is an introduction to artificial neural networks. In section 2.2.2, we describe the
general features of the ARD algorithm and in section 2.2.3, we describe the improvements that
we have implemented. We apply the new tool in later sections of the current chapter to do a
phylogenetic and functional analysis of alpha-solenoids, and we finally apply the method to
modeling the structure of huntingtin.

2.2.1. Introduction to artificial neural networks

Such as real neuron networks, artificial neural networks react to a stimulus or a combination of
stimuli and give an appropriate answer in response to it. The answer depends on the property of
the stimulus and on the wiring of the neurons within the network. In order for a network to give
an appropriate answer to a given stimulus, it needs to be properly wired, i.e. to display an
efficient interconnection of its neurons. A random wired network that has not learnt anything yet,
can be trained to recognize specific patterns (named ‘inputs”) and deliver an appropriate answer,
such as a yes/no answer (or “output”). Artificial neural networks have been used in several areas,
such as pattern recognition (for face identification for instance) and decision-making programs
(such as chess simulators) [82]. Programming an artificial neural network requires two phases.
The first one is the training of the network. In this phase, a series of inputs (forming a training
set) are given to a randomly wired network, which is modified if it does not give the answers it is
supposed to give in response to the data present in the training set.

The most basic neural network imaginable has two connected neurons (figure 3A). The left
neuron receives a certain stimulus; say for instance a certain concentration X of neurotransmitter.
This stimulation may eventually depolarize the membrane of the neuron and be transmitted along
the axon of neuron A that points toward neuron B. Nevertheless, the axon has a certain
conductance and might not completely deliver the message to neuron B. Therefore, to know the
output value that will be acquired by neuron B after processing by neuron A, the value X of input
will have to be multiplied by a factor or weight W that represents the fraction of signal
transmitted from A to B. In the end, the value is transformed by a function F, which converts a
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Figure 3. An artificial neural network for the detection of alpha-solenoid repeats. A. Simple case of a
neural network comprising two neurons. Neuron A is the input neuron, or transmitter and neuron B is the
output neuron, which processes the message arriving from A and gives an answer in response to it. Wy, is
the weight associated to the connection and can be seen as a conductance. The lower the weight, the
weaker the transmission will be. B. View of a three layer neural network. The first layer, I;, is made of
input neurons, each one acquiring a part of the input message. The message is layer processed to a second
layer of neurons, Hy, to be processed again, to be finally transmitted to the output neuron layer O, which
delivers the final answers of the network. In the context of the detection of alpha-solenoid repeats, the
input is a sequence of 39 amino-acids (two alpha-helices in red and green separated by a hinge, here in
blue). C. Training of the network. Initially, the network is naive and does not give the answer requested
by the training set. As training progresses, the weights that bind neurons with each other are modified
using a training algorithm, so the network gives a proper output. All weights are changed at the same time
to facilitate the computation.

positive value that follows, for example, a non-linear sigmoid function in the range [0,1[. For a
given input a, the corresponding output value b can therefore be calculated as follows:

with F(x)=1/(1+ e™)
This formula implies that a connection can be turned off by assigning to the weight a value of 0.

More complex networks comprise several neurons, which display contacts with their neighbors
(figure 3B). Three types of neurons are usually intervening. Some are receiving the input of the
network, which can be either a numeric value or a discrete value converted into a number. Some
neurons are outputs and play the role of neuron B in figure 3A. Finally, several neurons usually
play the role of intermediate and expand the possible connectivity of the network.

Firstly, we explain how information is processed in a network, to get the output from a given
input, whether the network is “clever” (i.e. trained or correctly wired) or “naive” (i.e. not trained
yet). At first, the input neurons acquire the input values (I); then transmit them to the
intermediary neurons. In this case, the value of output of a neuron in the hidden layer (H) (see
figure 3B) will be calculated as follows [82]:

HEF(S(ayud; + ©)  with j=1, ..., 39x20 and k=1,2,3,
With F(x) =1/(1+ &™)

For each neuron, the value received from a given neuron from the input layer is multiplied by the
weight ay. The product is then added to a value called bias ®, always constant. Then
transmission happens between the hidden layer and the output layer. In this case, the value of
output of the network will be calculated like this:

26



O=F(S(biiHe + ©9) with k=1,2, 3
With F(x) =1/(1+ ™)

This formula gives the unique value of output for a given input and a given network. Again, the
output value of each neuron from the hidden layer is added to the bias ®. The function of the
sum of the outputs finally determines the value O of the unique neuron of the output layer.

Secondly, we explain how to train a network. Let’s assume that the network is naive, another
word to say that it has close-to-random values of weights, and is therefore not capable to deliver
an appropriate output to a given input. To train this network, we will give it different inputs
sequentially and we will rewire the connections between neurons so the network delivers an
appropriate answer. There are several algorithms to perform this rewiring, the most used being
back-propagation [83]. This is the one we use here.

The training set is a list of two-dimensional vectors {(X1, 1), (X2, ¥2), ... (Xn, Yn)}. It consists of n
inputs x; associated to their associated theoretical output y;, that have to be taught to the network.
The output y; are expected to be given by the network given input X;.

For each couple (x;, yi), an associated deviation can be computed to give an idea of the difference
between theoretical values y; and observed value y’;. This deviation is called quadratic error (E)
and can be calculated using the following formula:

E=1/2 | y’i =i | 2

Errors E for all couples (x;, y;) of the training set are calculated and are then added up to get a
total error Et. The value of Et has to be minimal if the neural network is properly wired and
delivers the outputs it is expected to deliver.

The next step is the back-propagation itself. In consists in calculating for each weight the value
dE/dby, where E is the quadratic error of the output neuron and by the weight of edge kil between
output and hidden layer, and change the weights in order to minimize the quadratic error of the
network in response to the training set. To modify the weights, i.e. rewire the network, the
following formula is applied at each node to compute the weight increment Aby:

Abk| =-v (SE/Sbm)

v being a learning constant. As the function that helps to pass signal from one neuron to another
neuron of a downstream layer is b-x (product of the weight b to the input neuron value x), the
back-propagation of the error in the other direction (from the single neuron of the output layer to
a neuron of the hidden layer) can be done by the simple product of the error by b, b being the
primitive of function b-y (b is the weight, and so is a constant and y is the value of the output
neuron, a variable). By this simple product, the error can be transmitted to the output neuron to
neurons of the hidden layer. The weights are then modified according to the value requested by
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calculation of error deviation. In a second step, back-propagation happens between neurons from
the hidden layer to neurons from the input layer, using the same process. Weights ajc are
modified in the same way as were weights by;.

After these two steps (back-propagation of error from output to hidden layer, and back-
propagation of error from hidden to input layer), the network is given a new sequence X
associated to its theoretical output y for training. The total quadratic error is computed and the
weights are modified again. After the whole training set has been used to teach the network, and
Er has converged to an acceptable value, the neural network is validated. On the contrary, a new
round of weight increments is performed, until convergence is eventually observed. After a
certain number of iterations, if no convergence is visible, then the neural network is considered
to be incapable to learn using this combination of training set, learning constant and function F;
consequently some of these parameters should be modified to make learning possible.

2.2.2. Presentation of the neural network of ARD

ARD is an artificial neural network coded in Fortran and is similar to the one presented in figure
3B. This network is made of three layers of neurons, a first one of 39x20 neurons, a second layer
of 3 neurons, and a third made of one neuron. All neurons of a layer n are related to all the
neurons of layer n+1 by weights and these weights are stored in a matrix. The first layer takes
sequences of 39 residues as input (portion of a protein sequence). For each position there are 20
neurons, one for each of the 20 amino acids. The intermediary layer is purely computational and
adds complexity to the system. The third and last layer is the output layer and gives values
between 0 and 1, depending on the input given in the first layer and the connections between the
different layers. If the network is appropriately designed, given an input sequence of 39 residues,
it should give a high score if an alpha-solenoid repeat is detected, a low score otherwise. This
allowed the repeats to be detected accurately at precise positions. Sequences of 39 residues
within a sequence resulting in high scores identify an alpha-solenoid repeat, the linker being at
position 20 surrounded by two sequences of 19 residues. Typically, if a query protein sequence
has to be tested, the network will start by testing the residues 1 to 39, then the residues 2 to 40,
and so on until all sequences of 39 consecutive amino acids of the protein are tested. For each
sequence of 39 amino acids presented to the network as input, an output equal to “1” was
expected if the position was in the middle of an alpha-solenoid repeat, and value 0 was expected
at other positions. Consequently, most of positions of an alpha-solenoid protein are expected to
be 0, and these positions constituted a negative set for the network. To optimize the algorithm,
we considered a sequence to be an alpha-solenoid if several repeats in a row were identified with
a high score (see later).

The network was trained using a back-propagation learning algorithm (figure 3C, see [83]) in the
way exposed in previous section 2.2.1.
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2.2.3. Improvements of ARD

Firstly, we attempted to provide a better performing training set than in ARD. We decided to use
a set of 27 proteins with alpha-solenoids determined by high quality alignments that were already
used for ARD [55,84]. We later tried to add more sequences from our set of alpha-solenoids with
known structures to this basic training set (table 1; see section 2.2.4 for details). Nevertheless,
the algorithm was very sensitive to addition of sequences. Only one sequence, an ankyrin protein
(PDB ID: 2AJA [85]), could improve the results. The final training set, which comprises 28
protein sequences, is presented on table 2.

One could argue that the sensitivity of our network to modification of the training set could be
due to overfitting, an event happening when a network learns from a training set, but later is
incapable to detect something outside of the sub-universe of the training set. In case of training
sets made of protein sequences, overfitting could be due to the homology between the different
sequences. Nevertheless, sequences of our training set, as for many alpha-solenoids, display a
very weak homology [37]. As a consequence, as mentioned later in sections 2.3, 2.4 and 2.5, we
were capable of detecting several types of repeats that were not homologous to sequences of the
training set. One example of these non-homologous alpha-solenoid sequences are PBS lyases
(see section 2.5 on evolution of alpha-solenoids for more details), which proves that our
algorithm has potential to detect new sequences, especially the ones with no homology to the
ones of the training set, ruling out that our network is affected by overfitting.

We then attempted to improve the performance of the neural network by modifying the values of
the parameters. The fundamental structure of the network remains identical to the one of the first
version of ARD; it displays three layers of neurons and uses a non-linear sigmoid activation
function to adjust output values. Differently though, four elements are under variation: the score
threshold, the window shift, the distance between repeats, and finally the number of repeats. A
comparison of the performance of the network associated to different combinations of
parameters, with the new training set, is presented in table 2. The way this performance was
tested is explained in the next section. Here we first detail the parameters that were optimized.

Score threshold. This is a real value between 0 and 1. As 0.8 was used as threshold in ARD and
we now potentially expand the number of structures but also the false positives, we thought that
being more restrictive and setting a higher threshold would be necessary to reduce the rate of
false positives.

Window shift. The algorithm of ARD assumes that the linker between two alpha-helices of an
alpha-solenoid repeat has the same length in all proteins. This is factually not true, as hinges of
different lengths, are visible in alpha-solenoid proteins, sometimes with very long insertions and
this apparently without disturbing the stability of the correct protein folding [86]. Therefore, we
allowed the central linker of a repeat to have a length greater than 1. For each position tested as
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H1l L H2

Figure 4. Diagram showing the window shift for repeat detection. A repeat is made of two helices (H1
and H2) separated by a linker sequence (L). Two detection windows of 19 amino acids are considered,
one for each helix. During detection, different window shifts are tested by sliding the input windows H1
or H2 one residue apart from the middle-residue (red box), as indicated by the gaps between red and
green boxes.

central residue of a repeat, we not only tested the immediate 19 neighboring residues on both
sides of the central residue but also examined as alternatives the 19 residues neighbor to position
-1 and +1 from the central residue. This window shifts now allow the linker to be 1 to 3 amino
acids long (figure 4). Therefore, for each central position, four combinations of windows
displacements were tested and the maximum value and corresponding windows displacements
were reported.

Distance between repeats. The distance between positions with scores above threshold was also
subjected to variation. We tested several values of distance between repeats and found that
setting distance in the range 30 to 135 gave the best performance (data not shown).

Number of repeats. To be identified as an alpha-solenoid, a given sequence had to display a
minimal number of repeats. We started to test a minimal number of 3 repeats, and then increased
the value to see how many were needed to optimize the algorithm. We found that 3 repeats were
an acceptable minimal number that shows a high precision in combination to appropriate values
of other parameters. Minimal numbers of 1 and 2 repeats have previously been tested for ARD
and proven to be associated to a high number of false positives [55]. This is also following the
trend that alpha-solenoids contain in the range of 3 to 50 repeats, though some could be made of
only 2 repeats (PDB ID: 1ZQ1; [87]).
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Positive set

ARD2

Armadillo

Figure 5. Comparison of structures recalled from the positive set by the Armadillo profile from
InterPro and ARD2. The positive set is presented on table 1. Proteins detected outside of the positive set
circle (Green) are consequently false positives (See table 3 for a detailed list of the proteins detected by
each of the three methods).

2.2.4. Evaluation of ARD2 performance

In order to determine if ARD2 discriminates correctly alpha-solenoid from non alpha-solenoid
proteins, we tested it on a set of 19,769 structures from the Protein Data Bank (PDB, [85]). This
set was obtained by reducing the redundancy of proteins available in PDB. Initially, 174,488
sequences were extracted from this database and were classified into 23,710 clusters using a
conservative algorithm [88]. Short sequences of less than 20 residues were then removed, as well
as structures whose quality was not acceptable according to the NCBI standard (which is defined
as a file at URL ftp://ftp.ncbi.nih.gov/mmdb/nrtable/nrpdb.latest). In the end, 19,769 sequences
remained. For each cluster, one PDB structure was chosen according to the following parameters
(in decreasing order of importance): best resolution of solved structure, lowest percentage of
unknown residues, lowest percentage of missing residues, and longest sequence. We tested
ARD?2 on this set of proteins and the structures positively identified to contain alpha-solenoid
repeats were manually checked using the protein visualizing tool PDBpaint (developed by us;
see section 4.2 and associated publication [50]). From the prediction of ARD2, and with the help
of additional manual literature analysis, we could identify a total of 129 alpha-solenoid proteins
among the 19,769 non-redundant protein sequences from PDB. The PDB identifiers are listed in
table 1. As the remaining 19,640 proteins from PDB, with the exception of 3 of them, are not
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Figure 6. Precision-recall curves comparing the performance of ARD2 in identifying alpha-
solenoids in our PDB set using different sets of parameters. The main parameter is the value of the
window shift, which represents the possible length of the hinge between the two helices of an alpha-
solenoid repeat (blue curves for absence of window shift, red curves for a window shift of 1 and for
recollection we show result for a window shift of 2, with black curves). For each of the three values of the
shift (0, 1 or 2), two training set are tested, the initial one from ARD (discontinuous lines) and the
expanded one of ARD2 (continuous lines; see table 2 for a list of the proteins in the expanded training
set). Finally, for each combination of window shift and training set used, different threshold of the
network are tested, from 0.8 to 0.9. For all values, minimal number of repeats required to detect an alpha-
solenoid within a protein was 3. For each combination, we calculated the number of proteins detected
among the set of positives from the Protein Data Bank (table 1), checked if they were true, and then
inferred precision and recall for each value. The best recall for a 100% precision is obtained when using
the window shift and a score threshold of 0.87 (precision: 1.00, recall: 0.28). The ARD2 training set
produced generally better results than the ARD training set, and resulted in the best value of precision x
recall for a threshold score of 0.86 (precision = 0.93, recall = 0.32). Window shift of 2 did not perform as
well as shift of 1. Though the recall can be higher with low thresholds (0.80 to 0.84), the precision rapidly
drops, and is all cases lower than 100%. The best performing value in both precision and recall (defined
as value precision x value) was obtained with the expanded training set, a window shift of 1 and a
threshold of 0.84.
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predicted as alpha-solenoids by InterPro (figure 5, only 3 proteins out of the set are predicted to
be alpha-solenoid, which were found to be false after manual checking), these proteins
constituted our negative set for the performance evaluation of ARD2 and other tools.

After this preliminary determination of a positive set of alpha-solenoids (with a putatively
suboptimal combination of parameters of ARD2), we tested ARD2 performance by determining
which combination of parameters had the best recall for a precision of 100% (table 3 & figure 6).
The highest recall for a 100% precision had a value of 0.28. Parameters were set as follows: 3
repeats minimum, a distance range between repeats of [30,135], and a score threshold of 0.87.
The method was able to identify sequences as alpha-solenoids that had no significant sequence
similarity to any of the 28 sequences used in the training set. For example, the E-values of
sequence similarity (according to BLAST) to the best match to the sequences in the training
dataset were above 0.01 for human rotatin (UniProt ID: Q86VV8) (E-value = 0.071) and for
predicted proteins UniProt ID: Q7ULYO0 (from Rhodopirellula baltica, E-value = 0.16) and
UniProt ID: A8JFV2 (from Chlamydomonas reinhardtii, E-value = 0.047).

We kept the different parameters (minimum of 3 repeats, distance range in [30,135] and
threshold of 0.87) for the new version of the neural network, which we call ARD2. We later
tested more relaxed parameters for ARD2 and found that we could identify more proteins but
with an important proportion of false positives. A threshold of 0.5 for instance improves the
recall to 0.46 but at the same time reduces precision to 0.22, with identification of 206 false
positives.

We then compared the structures annotated as alpha-solenoids by ARD2 to the ones stored in
InterPro [56], a database that gathers protein structure predictions from various sources,
including profile-based tools Pfam [65], PROSITE [89], and SMART [66]. We compared these
sets to the alpha-solenoids detected among the available PDB structures. Coverage of InterPro
and ARD2 of the alpha-solenoids from the PDB were different, with some overlap (figure 5), but
InterPro annotated falsely three proteins as alpha-solenoids, outside of the positive set (see table
3 for more details). These results suggest that ARD2 can complement profile-based tools and
point out new types of alpha-solenoids with no homology to known alpha-solenoid structures,
and this with a good precision.

We decided to provide the algorithm of ARD2 as a web interface where users can give a protein
sequence as query to search for alpha-solenoid repeats. As we found that these predictions with
sub-optimal scores were potentially useful information for the user, we decided to provide
accessibility to all predictions from ARD2, associated to optimal scores or not. Nevertheless,
caution should be taken regarding the predictions with sub-optimal scores. Predictions should be
confirmed by additional information from secondary structure prediction, and other tools such as
de novo structure determination tools. ARD2 is available at http://cbdm.mdc-berlin.de/~ard?2/.
Improvements of the neural network were coded in Fortran 90, as was the initial program [55];
the Fortran code was compiled with gFortran 4.4 on a Linux platform. The web service was
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coded in Perl 5.10.1 and the server runs under an Apache 2.0 web server. An option to annotate
PDB structures according to ARD2 predictions was added to the visualization tool PDBpaint
[50], presented later in section 4.2, to allow seeing the 3D structure of a protein and the
associated ARD2 prediction in the same view.

2.3. Structure of alpha-solenoids

In section 2.2.2, we have presented a set of curated positive structures (table 1). We have studied
the entire set and review here their different structural properties; some of them seem to
challenge the canonical description of alpha-solenoids (figure 2A and 2B; [90]).

We found that the set of structures of alpha-solenoids available in PDB is dominated by the
presence of karyopherins (alpha-importins alpha, beta-importins and transportins), which
represent 26 proteins out of 129 (20%), though this percentage is very likely biased toward
choices of experimentalists, and may not give a complete picture of the diversity of functions of
alpha-solenoids. Other functions of alpha-solenoids include activation of transcription factors,
regulation of translation, vesicle trafficking, DNA repair and RNA processing, either tRNA, pre-
MRNA or pre-miRNA. We give a review of our different findings that challenge the former
knowledge about alpha-solenoids. The diversity of structures found in the PDB is displayed in
table 4.

2.3.1. Some types of alpha-helical repeats are newly classified as alpha-solenoids

Alpha-solenoids comprise Armadillo, HEAT, and HAT repeats [55], among others, which do not
have significant sequence homology although adopt similar structures. Our method proved to
expand the definition of alpha-solenoids by pointing to structures that were not classified as such
before. These new types of alpha-solenoids show no significant sequence similarity to Armadillo
and HEAT repeats, which hints that our neural network can detect proteins of similar structure
with no sequence homology.

We firstly identified a protein with TPR (Tetratricopeptide) repeats to be an alpha-solenoid
(figure 7A). It is an important virulence factor from Bacillus thuringiensis involved in quorum
sensing of bacteria (PDB ID: 2QFC [91]). Moreover, we identify Pumilio repeats to be alpha-
solenoids (PDB ID: 3K62). These repeats are specialized in binding RNA [92] but are not
classified as alpha-solenoids by SMART or Pfam.

We also identified the ankyrin repeats of protein of UniProt ID Q5ZSV0 as being an alpha-
solenoid. Though ankyrin repeats show a similar structure to alpha-solenoids, their middle coils
are usually longer and twisted [93]. The structure identified (PDB ID: 2AJA) has a more
classical alpha-solenoid look than typical ankyrin repeat structures and can be considered a very
good match (figure 7B). As explained before, this ankyrin protein was already detected in
preliminary attempts to explore alpha-solenoid function and structure using the sole
improvement of window shift but with no training set expansion of ARD; this protein was later
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successfully included in the training set of ARD2, and demonstrate its capability to improve
alpha-solenoid detection using non-homologous proteins (see section 2.2.2).

Finally, we identified a very irregular alpha-solenoid in a bacterial glutamyl-tRNA synthetase
(PDB ID: 3ALO; see [94]), which comprises repeats that show a much higher twist (about 90°)
than canonical alpha-solenoid structures ([60]; see figure 7C). We also point that some proteins
with leucine-rich repeats could also be alpha-solenoids: protein of UniProt ID Q44534 is such a
case, with repeats having a clear alpha-solenoid shape [95], though their length (average of 24.4
residues) is shorter than the typical value of 39 residues of the average alpha-solenoid repeat.

2.3.2. Alpha-solenoids can interact with nucleic acids and lipids

Alpha-solenoids are not only having direct contact to proteins. They can also physically interact
with DNA, RNA and lipids.

ARD?2 identified an alkylpurine DNA glycosilase as alpha-solenoid; it has been previously
described as being made of HEAT-repeats directly contacting DNA molecules via their sugar-
phosphate backbone ([96]; PDB ID: 3JXY). Moreover, a bacterial DNA-binding protein
involved in DNA repair mechanisms is also detected to display an alpha-solenoid ([97]; PDB
ID:1XG7).

Alpha-solenoids are also capable of binding tRNA. ARD2 detects Xpot, a karyopherin involved
in the export of tRNA from the nucleus to the cytoplasm ([98]; PDB ID: 3IBV/3ICQ). Xpot
binds a tRNA by both 5’and 3’ ends of the nucleotide sequence and the phospho-ribose backbone
of the RNA molecule. The binding is therefore not specific and Xpot can bind all types of tRNA.

Alpha-solenoids can also contact micro-RNA. Exportin-5 is a large alpha-solenoid that transports
pre-microRNA from the nucleus to the cytoplasm, and at the same time protects them from
degradation by nucleases ([99]; PDB ID: 3A6P). For interaction to happen, a series of HEAT-
repeats forming a very flexible ribbon wrap around the immature pre-microRNA in complex
with RanGTP (see figure 7D). Similarly to the DNA glycosilase mentioned above, the solenoid
only binds the backbone of the RNA molecule, which means that this probably happens
independently of the RNA sequence.

ARD? identified as alpha-solenoid a protein reported to bind messenger RNA. Differently from
the previous examples, this alpha-solenoid, formed by Pumilio repeats, binds the nucleotides
rather than the backbone of the RNA molecule ([100]; PDB ID: 3K62), and the binding itself is
proved to depend on the presence of certain conserved nucleotides within the RNA molecule.
The specificity of this protein to RNA interaction on the RNA sequence probably means that it
has a regulatory rather than a pure transport function, this latter function being associated to the
other types of alpha-solenoid that bind nucleic acids.
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Figure 7. Examples of detected alpha-solenoid structures. Each repeat consists of two alpha-helices,
depicted here in red and green. (A) TPR repeats protein, virulence regulator from Bacillus thuringiensis
(PDB ID 2QFC [91]). (B) Ankyrin repeats protein Q5ZSV0 from Legionella pneumophila (PDB 1D
2AJA [85]). (C) Irregular alpha-solenoid, glutamyl-tRNA synthetase from Thermotoga maritima (PDB
ID 3ALO [101]). (D) Alpha-solenoid binding RNA in exportin5 (PDB ID 3A6P [99]). (E) Lipid-binding
protein. Isoprenoid lipid directly binding the HEAT repeats is colored in magenta, zinc atom in blue (PDB
ID 3DRA [102]). (F) HEAT repeats buried in the core of the PI3KC catalytic subunit p110alpha (cyan),
in complex with p85alpha (orange) (PDB ID 3HHM [103]).

Aside from binding to nucleic acids, we also found two alpha-solenoid structures that contact
lipids. Lipovitellin is a lipoprotein that intervenes in the storage of lipids within the eggs of birds.
Its shape is an open cone inside of which lipid is bound ([104]; PDB ID: 1LSH). This interface is
detected by ARD2 to be partially made of alpha-solenoid repeats at positions described to be
involved in lipid interaction. Another protein that we identified to bind lipids is the GGTase-I
(geranylgeranyltransferase-1), which is known to catalyze the fusion of lipids on proteins ([102];
PDB ID: 3DRA,; see figure 7E). Manual verification shows that the alpha-solenoid repeats bind
the lipid. To our knowledge, these are the first structures showing direct contact of alpha-
solenoid repeats to lipids.

2.3.3. Alpha-solenoids can be located outside as well as inside of proteins

As they are mostly involved in protein-protein interactions, alpha-solenoids are often found to be
on the outer part of proteins; moreover, several alpha-solenoids are shaping entire proteins,
including importins, beta-catenins and transportins [30,90,105]. In contrast, we found proteins
with buried alpha-solenoid repeats. ARD2 detected the helical domain of p110alpha ([103]; PDB
ID: 3HHM) as being an alpha-solenoid, though it is located inside the protein (see figure 7F, red
and green part, the non alpha-solenoid region is in light blue). The domain is involved in the
docking of p85alpha, one of several proteins that help PI3Kalpha to properly scaffold. To our
knowledge, this is the only known case of a structure that presents an inner alpha-solenoid, along
with a murine homologue (PDB ID: 2WXF).

2.4. Functions of alpha-solenoids

Similarly to sequences from the Protein Data Bank, we applied ARD2 to the sequences of the
whole human proteome that are available in the Swiss-Prot database, in order to review the
different functions they are involved in (human proteins comprise 20,328 sequences in the
version 15.6 of Swiss-Prot (release date 28/07/2009). The prediction revealed a total of 99 alpha-
solenoids, which represents 0.49% of the total proteome (see table 5 for a presentation of each
sequence). Compared to ARD, this prediction increased the count of alpha-solenoids from 89 to
99 (see supplementary table 3 in [51], submitted). From data associated to the sequences, we
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Figure 8. Distribution of number of interactions in alpha-solenoid and non alpha-solenoid proteins.
The different box-plots display the distribution of the number of interactions for proteins with alpha-
solenoids, non alpha-solenoid proteins with average length longer than alpha-solenoid proteins, and all
non alpha-solenoid proteins. Boxes represent the values between the first and third quartile of the
distributions. The horizontal line inside of the boxes indicates the median value. Whiskers indicate the
standard deviation of the distribution. Circles indicate the outliers. (A) Human proteins. (B) Yeast
proteins (Saccharomyces cerevisiae).

extracted information to better understand the functional characteristics of alpha-solenoids, and
we briefly report this information in the sections 2.4.1 to 2.4.3.

2.4.1. Alpha-solenoid proteins are promiscuous

Alpha-solenoids are known for long to be involved in protein-protein interactions [34,54], and
several structures of alpha-solenoids bound to other proteins have been published in the PDB in
the last fifteen years. For instance, the alpha-solenoid of beta-catenin has been solved in complex
with the Ran protein (PDB ID: 1IBR; see [106]); as well as the alpha-importin complex with the
NLS (nuclear localization signal) of protein c-Myc (PDB ID: 1EE4; see [107]); Candl (TATA-
binding-protein interacting protein) in complex with Cull (involved in the ubiquitination of
proteins of the cell cycle) (PDB ID: 1U6G; see [108]); and the exportin CSE1P with karyopherin
KAPG60P and RanGTP (PDB ID: 1WAD5; see [105]).

We decided to investigate whether human alpha-solenoids are actually contacting more proteins
on average than other proteins. In the recent years, lots of data about protein-protein interactions
have been accumulated, both from proteomic [109,110] and small-scale studies (for instance, the
alpha-solenoid complexes cited in the previous paragraph). This information can be extracted
from databases (for instance PDB), as well as from available literature as referenced in Pubmed.
A database named HIPPIE has been recently developed by our group in order to collect and
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evaluate such information on human PPIs [111,112]. We searched the HIPPIE database for
protein-protein interactions involving the 99 human alpha-solenoid proteins detected by ARD2.
We found that alpha-solenoid proteins have a significantly higher number of protein partners
than average human proteins (Wilcoxon—-Mann—Whitney test; p-value = 1.3E-6, see figure 8A).
Nevertheless, alpha-solenoid proteins are on average longer than other human proteins (1,086
residues versus 553 residues for the human proteome), and their longer length could explain why
they contact more proteins rather than the sole property of having an alpha-solenoid domain.
Therefore, we also compared the number of interactions of alpha-solenoid proteins to that of non
alpha-solenoid proteins with a length longer than the average of alpha-solenoids. The alpha-
solenoid proteins had significantly more PPIs than this set of long proteins (p-value < 8E-4),
which confirms that the alpha-solenoid domain is associated to an increased potential of proteins
to contact partners. We also found similar results using a PPl network for the yeast
Saccharomyces cerevisiae (retrieved from BioGrid; see [113]). In this case, we also found that
alpha-solenoids have significantly more interactions than average proteins, and also more
interactions than long proteins (p-values of 7E-9 and 5E-6, respectively; see figure 8B).

2.4.2. Alpha-solenoid proteins are primarily involved in intracellular trafficking

Though our findings prove that alpha-solenoid proteins display more protein partners than other
proteins of the same length, this property is rather general and does not inform about the
mechanisms in which these domains are involved. In order to get more information about the
precise functions of alpha-solenoid proteins, we analyzed whether they are significantly
associated with specific functions, described as gene ontology (GO) terms [114] (see summary in
table 6). To perform such GO analyses, we used the DAVID tool [115].

We found the most significant functional enrichment for keyword “intracellular protein
transport” (Benjamini-corrected p-value of 4.4E-23). This is due to the high frequency of
importins (18%) and adaptins (13%) in the alpha-solenoid set; this result is similar to the trend
observed in the PDB, with 20% of alpha-solenoids being involved in protein transport and
somehow suggests that the trend is not just due to an experimental bias. Moreover, we know that
transport characteristics of alpha-solenoids are not confined to proteins, but can also involve
nucleic acids (tRNA or pre-miRNA), as we have shown in section 2.3.2. Now, one can ask, how
old is the transport function of alpha-solenoid proteins? The involvement of alpha-solenoids in
protein transport might date from ancestral unicellular organisms that reproduced by division,
and needed to bring cellular material from the parent to the forming cell; accordingly, we have
identified an alpha-solenoid protein in yeast (named She4, PDB ID: 30PB) supposed to be
involved in transport of proteins from the mother to the daughter cell [116].

Alpha-solenoids are also associated to the keyword “mitotic cell cycle” (corrected p-value of
1.5E-7), due to the presence of condensins and protein of the proteasome; to “Golgi vesicle
transport” (8.8E-3), due to presence of adaptins and mTOR; and to “regulation of defense
response to virus” (5.5E-2).
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Figure 9. Domain organization of six predicted alpha-solenoid proteins. Alpha-solenoid repeat units

predicted by ARD2 are displayed with red needles (score equal or greater than 0.87). Other scores above

threshold 0.30 are represented with grey needles. For comparison, Armadillo regions predicted by

InterPro are displayed as blue boxes. Other predicted domains are displayed with labels. (A) LRRK2, (B)
RTTN (rotatin), (C) TRIP12, (D) UNC45A, (E) DNAJC13, and (F) IFRD1.

Analysis of keywords linked to cellular localization did not identify alpha-solenoids as
specifically associated to the cytoplasm and nucleus. Differently, they are significantly enriched
in keyword “nuclear pore” (1.2E-17), because transport proteins such as importins and exportins
are present in both compartments and need to go through and bind the nuclear pore to transit

between the two regions of the cell. “Coated membrane” was also found, due to presence of

adaptins (1.3E-12), as well as “Golgi apparatus”.
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Finally, we find that alpha-solenoids are more subject to alternative splicing than the average
protein (corrected p-value: 7.9E-2).

2.4.3. Some proteins are newly detected as containing alpha-solenoids

We present here six examples of human proteins identified as alpha-solenoids for the first time:
LRRK2, RTTN, TRIP12, UNC45, DNAJC13, and IFRD1 (table 7). All of these proteins follow
the same trend as most alpha-solenoids: they display homologs exclusively in eukaryota, and are
especially well-conserved within chordata. Our predictions are confirmed by InterPro, which
annotates these sequences as ARM-like, though the positions predicted by InterPro do not always
agree with predictions of ARD2 and overlap sometimes with domains known to adopt non-alpha-
solenoid structures.

LRRK2 (figure 9A) is a serine/threonine protein kinase of 2527 residues, some mutations of
which have been proved to be linked to parkinsonism [117]. ARD2 predicts region 360-494 to be
an alpha-solenoid. The positions of the different repeats are consistent with the prediction of
secondary structure for this region (obtained with Jpred3 [118], a neural network that predicts the
secondary structure of a query protein sequence); ARD2 predicts repeats exactly in between
alpha-helices (data not shown). More information has recently been added to the sequence [119]:
a domain of ankyrin repeats (newly classified as alpha-solenoids, see section 2.3.1), a WD40
domain (beta-sheet repeats), and a leucine rich repeat (LRR) domain (solenoid made of
alternating alpha and beta repeats). In total, this analysis predicted protein LRRK2 to contain 13
repeats between residues 13 to 657. ARD2 could predict 10 of these repeats when we included
predictions with low scores (equal or higher than 0.10; see figure 9A). This shows that sub-
optimal ARD2 predictions should always be examined; they might reveal important information
but should be validated by other sources of information such as secondary structure prediction
tools to verify their accuracy.

RTTN or rotatin (figure 9B) is a protein of 2226 residues involved in axial rotation and left-right
specification of the body [120]. It interacts with the centrosome during mitosis and is also
involved in cilia function [121]. ARD2 predicts significant hits in the region 1300-1450 (outputs
of the network equal or higher than 0.87); but other hits were predicted outside of that zone,
though mostly with suboptimal scores (positions 56, 198, 767, 842, 1853, 2023 and 2154 are
predicted as repeats with scores equal or higher than 0.80). Moreover, InterPro predicts repeats in
regions 1-954, 1602-1691, 1846-1956 and 2017-2225. These findings from ARD2 and InterPro
combined suggest that the protein might be a giant alpha-solenoid, potentially forming a super
helix, as proposed elsewhere for a different alpha-solenoid protein [122]. To support our
hypothesis, we aligned the human sequence of rotatin to various homologues, including
sequences from distant species such as the green algae Chlamydomonas reinhardtii, and found
that the positions predicted as repeats by ARD2 are mostly highly conserved (see figure 10),
adding more evidence of the reality of their presence. Residue conservation is usually associated
to functional and structural signals [123].
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Figure 10. Alignment of rotatin homologs. A multiple sequence alignment of human rotatin and
homologs in other species was produced and represented using BiasViz [124]. Top lane: Jpred3 2D
prediction for human rotatin (red: gaps, green: alpha-helix, blue: beta-strand). Bottom part: multiple
sequence alignment (red: gaps, black to white: score of ARD2 prediction from 0 to 1). Most of the
secondary structure prediction is alpha-helical. Clusters of periodic alpha-solenoid hits can be seen at the
positions indicated by the blue bars. Other scattered hits are distributed through the entire alignment.

TRIP12 (figure 9C) is a large E3 ubiquitin-protein ligase of 1992 residues involved in the
regulation of the cellular response to DNA damage [125]. A former work presenting the analysis
of its sequence proposed that the molecule is made of two HEAT-repeat domains interspersed by
an ADP-ribose binding module termed WWE at residues 749 to 798 [126]. Hits with outputs
higher or equal than threshold 0.87 were predicted by ARD2 on both sides, but not within the
WWE domain, whose secondary structure is mostly beta-strand [127]. On the opposite,
prediction from InterPro found a continuous domain of HEAT-repeats, failing to predict the
WWE region. This result shows that ARD2 can be very relevant to define the precise limit of an
alpha-solenoid domain.

UNCA45 (figure 9D) is a co-chaperon of Hsp90 involved in the correct folding of myosin during
development [128]; its ortholog in Drosophila is a key protein for the development and function
of the heart [129]. Predictions of ARD2 and InterPro show two alpha-solenoid regions (residues
138-350 and 403-932 with 2 and 6 significant scores predicted by ARD?2, respectively);
moreover, InterPro predicts that the N-terminal region of the protein displays tetratricopeptide
repeats (TPR) (residues 1-135; PDB:2DBA,; unpublished, RIKEN structural genomics initiative).
We also studied the paralog UNC45B, of close sequence, which gave a similar result (data not
shown).

DNAJC13 (or RMES, figure 9E) is a co-chaperon of Hsc70 of 2243 residues. It is involved in
receptor-mediated endocytosis [130]. Similarly as for TRIP12, the protein displays a DnaJ or J
domain (non alpha-solenoid) at residues 1301 to 1354, surrounded by two alpha-solenoids,
which cover most of the protein. ARD2 appropriately predicts optimal or suboptimal alpha-
solenoid repeats all over the protein, except in the DnaJ domain, while InterPro falsely predicts
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the two alpha-solenoids as one single alpha-solenoid domain and misses the information from
the DnaJ domain. This shows again the precision of ARD2 at correctly showing the boundaries
of alpha-solenoids, versus tools such as InterPro, which can potentially detect a wide range of
different alpha-solenoids, but with less accuracy on the precise location of repeats.

IFRDL1 (figure 9F) is an interferon-related protein that is possibly involved in regulation of gene
transcription in pathways involving nerve growth factor. It is found to be involved in muscle
development and in cystic fibrosis lung disease [131]. ARD2 prediction gives five optimal hits in
the central region of the protein, confirmed by InterPro prediction. Prediction of the secondary
structures of the N- and C-terminal regions of the protein by Jpred3 confirms this finding, with
the first alpha-helix appearing at residue 76 (the middle point of the first repeat of the alpha-
solenoid is predicted to be located at position 84 by ARDZ2); another repeat though might have
been missed both by ARD2 and InterPro around position 393; Jpred3 predicts this position to be
surrounded by two alpha-helices that could together form another repeat. We finally performed
the same analyses on a human paralog of IFRD1, IFRD2, and found similar results, confirming
the central position of the alpha-solenoid in this protein.

2.5. Distribution of alpha-solenoid proteins across the tree of life

For long, alpha-solenoids have been shown to have little conservation between each other, and
despite this low conservation, we wondered if this type of structure could be detected across the
tree of life using ARD2. To achieve this, a survey on all the proteins available in UniProt (about
22 millions of sequences; release 2012_05) was performed. 18,910 proteins were detected to
contain alpha-solenoid repeats. We calculated the percentages of alpha-solenoids present in total
protein sets of species belonging to 31 taxonomic divisions (figure 11).

Firstly, one can observe that there is a broad range of values between the major taxa. The lowest
value is found for viruses with a frequency of 1.16E-5 (for only 16 alpha-solenoids), bacteria
come next with a frequency of 2.72E-4, then archaea (8.17E-4), and the highest value is
associated to eukaryota (2.57E-3). Eukaryota appears to be the most homogenous group, with
values for its different taxa above 2.0E-3. Conversely, bacteria show a much important diversity
of frequencies, with groups of very high frequencies while others are quite low. Cyanobacteria
and planctomycetes were found to show the greatest values of all bacteria, 1.97E-3 and 2.27E-3
respectively, which is similar to the average value of eukaryota.

We then analysed the origin of alpha-solenoids in these two taxa. UniProt annotations of alpha-
solenoid proteins found in cyanobacteria were found to be annotated as HEAT PBS domain.
Phycobilisome (or PBS) is a complex of molecules involved in the harvest of light. This domain
has been previously annotated as alpha-solenoid (identified as HEAT PBS in the Pfam database),
and ARD?2 could detect it, though no HEAT PBS was included in the training set (see table 2). In
the cyanobacteria species Nostoc punctiforme, for instance, 15 out of 17 alpha-solenoids detected
by ARD2 are annotated as HEAT PBS in UniProt. We could find HEAT PBS
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Euryarchaeota 225118 247 1.10E-03
Archaea 362208 296 B8.17E-04

Chlamydiae 103375 155 1.50E-03

Chloroflexi 57584 74 1.29E-03

Cyanobacteria 279184 549 1.97E-03

Apicomplexa 129180 237 1.83E-03

Ciliophora 66444 128 1.93E-03
Bacillariophyta 24672 74 3.00E-03
Chlorophyta 82919 321 -03
Kinetoplastida 119358 385 3.23E-03
Mycetozoa 34276 103 3.01E-03
Phaeophyceae 21376 63 2.95E-03
Fungi 1256144 422 3.37E-03

Nematodes 223421 365 1.63E-03

Insecta 694809 1173 1.65E-03

Sarcopterygii 1145548 3909 3.41E-03

0 <- 4E-03

Figure 11. Alpha-solenoids in complete genomes. Fraction of alpha-solenoids in proteins from 31
taxonomic divisions. The blue/red scale indicates the percentage of alpha-solenoids present in the
different taxa. Groups depicted in blue scale were the most enriched in alpha-solenoids, while the ones in
red were poor in alpha-solenoids.
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sequences in the tree major cyanobacterian groups (chroococcales, nostocales and
stigonematales), which means that the domain was likely present in the common ancestor of the
species of these three groups. Emergence of this domain might therefore have occurred 3.5
billion years ago, the probable time of appearance of this group of bacteria. Cyanobacterian
sequences were checked for ontology enrichment using the DAVID tool [115] and no keyword
was found apart from “Energy production and conversion” (p-value corrected: 6.00E-14) and
HEAT PBS (2.60E-35), which are two close keywords.

Differently, planctomycetes alpha-solenoids showed more diversity of protein functions than
cyanobacteria. To be able to understand the origin of these proteins, we classified the sequences
into different families. A family was defined as a group of proteins whose members are all at
least homologous to another member of the group with a p-value associated equal or lower than
1E-8. BLAST was used to check for homology. The program Pisces [132] was later used to
check for consistency of the BLAST results. We found 21 families of proteins in Blastopirellula
marina DSM 3645. The largest of these families comprised 9 sequences, but its function is
uncharacterized. In another species, Rhodopirellula baltica, we observed HEAT PBS proteins
(though planctomycetes do not harvest light, contrary to cyanobacteria) in 2 of the 13 alpha-
solenoid proteins detected. To get information about the function of these alpha-solenoids, we
retrieved information about them in UniProt. Among the 129 alpha-solenoid sequences in
planctomycetes, 28 (21.7%) showed the keyword “dehydrogenase”, 13 (10%) the keyword
“heme”, 15 (11.6%) the keyword “PBS lyase”, and 6 (5.6%), the keyword ‘“glucose” or
“cytochrome c”. It is likely that the proteins supposedly involved in light harvesting originate
from gene duplication, and were later used for a different function in the planctomycetes lineage.
Following the presence of PBS lyases in taxa as diverse as cyanobacteria, which harvest light,
and planctomycetes, which harvest sulfate, we speculate that alpha-solenoid proteins found in
these two groups are possibly related to pathways involved in energy production. This
involvement in energy production has long been proven to be one of the functions of alpha-
solenoids, notably in dinoflagellates, a group of protists. In this group, alpha solenoid proteins
are subunits of the chlorophyll proteins [133].

We found that the majority of sequences identified in archaea are homologous to bacterial
sequences, including the proteins containing a HEAT PBS domain. We found only 90 (30%)
specific archaean families (research performed using BLAST on each archaean sequence against
all bacterial sequences available in UniProt). For instance, we found that Methanoculleus
marisnigri, a species found in anaerobic digestors and aquatic sediments, presents 10 alpha-
solenoids in its proteome, 9 of which are annotated as PBS domains. In Halobacterium
salinarum, a halophilic marine eukaryota, protein OE2401F, displaying a PBS domain, is found
to be associated to flagella [134]. We found its closest homologue in prokaryota to belong to
cyanobacteria (the two homologous sequences match by their entire sequences and have 28%
identical amino-acids), which suggest that some HEAT PBS proteins of cyanobacteria might be
involved in motility.

45



Cyanobacteria
5E-3 Planctomycetes
Firmicutes

4E-3

3E-3 7 T
—L

y=1.984e-07 x + 3.48%e-04

0,004

@
]
g
s - - .
@ 2 27
@ o =
% _ l— 4< g ° - o ?
2E-3 | 1 | ° °
= |~— | 2 o ]
& 27 °
®
o
1E-3 = s T °
I 24% ,_‘-‘-’"’F 5
= P__,_.f":; LI . o
_ |__L _________ |

0.000

1000 3000 5000 7000 9000

genes genes

Figure 12. Percentage of alpha-solenoids versus number of genes. A. Two-dimensional box plot of
percentage of alpha-solenoids against genome size averaged for several representative species with
completely sequenced genomes from four bacterial groups: cyanobacteria, planctomycetes, firmicutes and
chlamydiae. Each box shows the distribution of one of these four groups and summarizes two
distributions: the percentage of alpha-solenoids associated to the genome of species of that group in the
vertical direction, and the size of the genomes of the species of that group in horizontal direction. In each
direction, the box is limited by first and third quartile of the distributions. The middle line (horizontal or
vertical) inside of the boxes indicates the median value and the whiskers indicate standard deviation. B.
Correlation between the number of genes and the percentage of alpha-solenoids of genomes of the same
four groups of bacteria. Non-parametric Spearman coefficient p equals to 0.3634681.

Cyanobacteria and planctomycetes possess a higher morphological complexity [135] and their
own cell compartments [68,136,137]. These two taxa have been shown to display a fairly large
genome size compared to other bacterial groups [138]. We plotted the distribution of frequency
of alpha-solenoid proteins in genomes against the distribution of the size of genomes for four
different bacterial groups, including cyanobacteria and planctomycetes (figure 12A). We found
that the genome sizes of these two groups are larger than the ones of firmicutes and chlamydiae,
and that their larger genome sizes are associated to more frequent occurrences of alpha-solenoid
proteins. Pooling data from the species of these four groups altogether, we found a tendency
showing that the frequency of alpha-solenoids increases with the size of the genome (non-
parametric Spearman coefficient p=0.36; figure 12B).

Finally, we could find only 16 sequences from virus with alpha-solenoids. We detected
homologues (at least 60% of homology on 75% of their length) to their hosts in 7 of them. These
hosts were either Chlorella or Streptococcus. Among the 9 other proteins, some belong to human
virus of hepatitis C. These sequences might be as well the result of a horizontal gene transfer
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from their hosts. For instance, viral alpha-solenoid protein GBDER4 from Phaeocystis globosa
virus 14T is found to have sequence similarity to translation elongation factor 3.

2.6. Modeling of an alpha-solenoid region of protein huntingtin

Here, we apply ARD?2 to the sequence of protein huntingtin in order to build a model of its first
HEAT repeats region, which we hypothesize to have potential specialized functionality. We later
use this model in order to predict the outcome of mutations on huntingtin’s structure and PPIs.
These results could later be used for testing and improve the understanding of the structural
mechanisms that underlie huntingtin’s biology and binding to its protein partners.

2.6.1. Introduction

Huntington’s disease is the 12th most common genetic disease in human, with a prevalence of
5-10 cases per 100,000 [139]. The pathology originates from a mutation on a protein called
huntingtin. In patients affected by the disease, huntingtin shows an expansion of a polyglutamine
(polyQ) repeated motif located in the N-terminal region. The pathology is the consequence of the
aggregation of expanded polyQ huntingtin fragments in the cytoplasm of certain types of neuron
located in the caudate nucleus, a region of the brain involved in coordination of information
coming from the cortex to other parts of the brain [62]. In the long term, this aggregation causes
neurons necrosis. As these neurons are involved in coordination of thoughts and movements,
people bearing the disease show motor impairment and degradation of their mental faculties [62].

Though a lot of information has been published on the behavior of mutated huntingtin, some
suggest that focus should be rather put on investigating its wild-type function rather than solely
focusing on understanding the mechanisms of aggregation [62,140]. What do we currently know
about the function of huntingtin? Numerous studies have been published, where the protein was
shown to be involved in transcription [141], vesicular transport [142], and, in a more recent
study, in the formation of mitotic spindles [143].

As no clear pathway is associated to huntingtin, and the protein is big, probably causing it to be
involved in many protein-protein interactions involved in various cross-talking pathways, studies
have attempted to study the biology of huntingtin using “systems biology” approaches. In this
case, proteins are not only considered as individually participating to function, but rather
working synergistically in a PPI network [144]. Such studies led to the conclusion that huntingtin
interacts with a large group of protein partners [109,145].

Moreover, huntingtin is well-known for containing 3 HEAT repeats regions [36,55], domains
that belong to the family of alpha-solenoids [31]. These alpha-solenoid regions are important
because they help the protein to fold correctly, by making intra-molecular interactions with the
other alpha-solenoid regions of the same molecule [55]. Moreover we have shown in our work
(in section 2.4.1, see also figure 8) that alpha-solenoids have a tendency to be promiscuous (see
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also [51]), so we hypothesize that the alpha-solenoids of huntingtin are potentially good
candidate regions for protein-protein interaction.

As a consequence, we believe that putting effort in understanding the biology of these alpha-
solenoid regions could contribute to understand the function of huntingtin and be useful in the
description of the mechanism of Huntington’s disease. In order to achieve this goal, we used
three approaches.

- From Y2H data (Wanker group, MDC Berlin-Buch, unpublished), we find that the region of
huntingtin comprising its first alpha-solenoid shows functional signal and is associated with
partners participating in protein biosynthesis; this confirms our hypothesis that alpha-solenoids
of huntingtin have biological importance.

- Secondly, we modeled the structure of this alpha-solenoid region. Huntingtin’s major
characteristic is its giant size (3144 residues), which partly explains the instability of its
structure. Huntingtin comprises several unfolded regions, which confer high flexibility; as a
result, huntingtin shows large variations of shape [146]. As the protein is huge, it is hard to
crystallize and therefore no high-resolution structure is available so far apart form a small
fragment encoded by exonl of the gene (N-terminal amino acids 1 to 71). Here we propose a
model for huntingtin, designed using a threading algorithm and then confirmed by ARD2
prediction of alpha-solenoid repeats positions.

- Finally, we tried to locate the functional residues on our alpha-solenoid model, in other terms,
the residues that are likely to be involved in protein-protein interactions. These residues display
certain properties that differ from those of internal amino-acids, which are mostly involved in the
correct shaping and cohesion of the protein [147]. Experimental verification of the involvement
of these residues in protein interaction would be done by mutating them and observing a
disruption of a protein interaction. To ensure that this is not due to a general alteration of the
protein’s structure, we will seek exposed residues whose mutation is not predicted to disrupt the
structure of the protein.
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2.6.2. Methods

Y2H data analyses

Y2H (Yeast-two-hybrid) is a technique used to test protein-protein interactions on a large scale,
and has been used in the determination of a PPl network for huntingtin [109]. To test if two
proteins interact (one being called “bait” and the other “prey”), each of them is expressed in
yeast associated to one half of a sequence of the same transcription factor. If interaction between
the two proteins happens within the yeast cell, the two portions of the transcription factor are
brought into vicinity and transcription of the reporter gene under control of this factor can
potentially happen and be detected; this reporter gene can be lacZ for B-galactosidase assays. In
the case of huntingtin, one of the two proteins is a fragment of huntingtin itself and the other one
is the protein to test. As huntingtin is a huge protein, one usually only expresses an N-terminal
fragment of 500 residues as bait [109] (Figure 13). Nevertheless, different fragments of
huntingtin have also been utilized for testing against each other in order to show intra-molecular
interactions happening between different regions of the protein [55].

Y2H data from the group of Erich Wanker (Max-Delbriick Center, Berlin) (data not shown,
unpublished) were studied. Fragments used as baits included exonl of huntingtin with a polyQ of
23 residues (wild-type exonl), exonl of huntingtin with expanded polyQ, fragment of wild-type
huntingtin comprising residues 1 to 506 (Q23), fragment 1-548 with no polyQ tract (or QO),
longer fragments with expanded polyQ (1-506-Q80, 1-548-Q80, 1-513-Q49 &1-513-Q68), a
fragment comprising residues 2563 to 3144 and one comprising residues 2721 to 3144. The
whole human proteome constituted the set of preys. Experiments to test interaction in the yeast
system were performed by the group of Erich Wanker as described elsewhere [110]. Gene
ontology (GO) enrichment of genes interacting with the different regions of huntingtin was
tested using DAVID web tool [115]. Annotations given by DAVID coming from various sources
were scrutinized; among others, we checked for significant annotations given by GO biological
process, GO molecular function, PIR superfamily name, Pfam, InterPro, and SMART. A
keyword was selected as significant if the p-value with Benjamini correction was equal or lower
than 5e-2.
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Figure 13. Diagram representing huntingtin and several fragments of the protein used in Y2H
experiments. A. Full-length wild-type huntingtin. The polyQ tract is depicted in green (residues 18 to
40), the three alpha-solenoid regions in blue, as predicted by ARD2 (119-387, 740-937 & 2755-3046). B.
Wild-type exonl (first 91 residues of huntingtin, with a polyQ of Q23). C. Wild-type fragment
comprising residues 1 to 506. D. Fragment comprising residues 507 to 1230. E. Fragment comprising
residues 1223 to 1941. F. Fragment comprising residues 1934 to 2666. G. Fragment comprising residues
2563 to 3144.

Protein structure modeling

The 3D model of huntingtin was obtained using I-TASSER, a prediction tool that uses threading
to predict structure from protein sequences [148]. Jpred3 [118] was used to confirm the
reliability of secondary structure predictions of I-TASSER. ARD2 [51] was used to check the
accuracy of the positions of the alpha-solenoid repeats predicted by I-TASSER, with a precision
of one amino-acid.

Prediction of interacting regions

We used a tool called Promate [149] to locate functional regions on the predicted model. This
tool predicts which regions of a protein are more likely to be involved in protein-protein
interactions according to the stability of the atoms and surrounding water molecules. Stability of
atoms is associated to a value named b-factor, which measures the movements of atoms
compared to their average position. The more stable the atoms are, the more likely they are
involved in protein-protein interactions [150]. As a result, binding sites show a higher b-factor,
and this is already true while the protein is in unbound state [149]. Secondly, water molecules are
found to be present in higher quantity in the surroundings of putative binding residues [149].
Measurements of these two parameters, the b-factor and the number of molecules of water, for a
given residue gives a score reflecting its potential to be involved in protein-protein interactions.
Here, we considered as interacting sites residues with a score higher or equal to 70 [149].
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Prediction of mutation outcome

To predict the outcome of protein mutations, various tools were used. MutationAssessor is based
on multiple sequence alignments (MSA) of homologous proteins, and assumes that the more
conserved a residue is, the less likely it would induce a change in the protein structure [5].
Polyphen-2 uses the same method, but rather than using alignments of sequences from different
species, its MSA uses alignments of sequences from human patients, which only differ from one
another by the eventual presence of SNPs [48]. Differently, SDM assumes that the mutations
more likely to be disruptive are the ones which change the thermodynamic stability of the whole
protein [49].

Protein visualization

In order to check the agreement between modeling of the first alpha-solenoid region and the
annotations by ARD2, we used PDBpaint, a tool to display protein models with annotations from
several sources, including ARD2 (see section 4.2 for a detailed description of PDBpaint).
PyMOL (PyMOL Molecular Graphics System software, DelLano Scientific, Palo Alto,
California) was used to display our model and annotate it according to the b-factor. This enabled
us to locate functional regions potentially involved in protein-protein interactions.

2.6.3. Results and discussion

The first alpha-solenoid region of huntingtin has functional importance

Here, we examined Y2H data (Wanker group, Max Delbrueck Center, Berlin, unpublished) of
protein interactions involving diverse huntingtin fragments as baits and target proteins as preys
(see section 2.6.2 for the list of huntingtin fragments studied). We extracted different kinds of
information that are presented here.

The first alpha-solenoid of huntingtin shows a higher number of partners than exonl and other
regions; it also displays the highest number of unique gene partners. We summed up the results
of the Y2H experiments in a Venn diagram showing the number of gene partners associated to
fragments comprising exonl, fragments comprising residues 1 to 500 approximately, and the C-
terminal fragments (figure 14A). We also displayed the percentage of gene partners for each of
these groups (figure 14B). The region with the most unique protein partners is the one
comprising residues 1 to 500 with a percentage of 47.5%; as these genes are not found to bind
any exonl fragment, we hypothesized that these interactors might be specific to the alpha-
solenoid region. This high percentage of interactions compared to the one of exonl (13.5% only)
cannot be explained only by the fact that 1-500 fragments are longer than exonl (which only
displays 91 residues); for example, the C-terminal fragments have lengths of about 700 residues
(Figure 13 D-G) and have much fewer unique partners (9.3%).
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Figure 14. Distribution of huntingtin interactors in the different regions. A. Number of interactions
per region. Proteins in the exonl (blue circle) interact with huntingtin fragments comprising portions of
exonl only. Proteins in the 1-500 circle (red) interact with long huntingtin fragments comprising portions
of huntingtin between residues 1 to 500. Proteins in the C-terminal circle (green) interact with huntingtin
fragments located in the C-terminal part (fragments D to G on figure 14). Overlapping regions (e.g. the 63
sequences in common between Exonl and 1-500 fragments) indicate proteins that bound two different
types of fragments (in our example, the 63 proteins bind both at least one fragment of huntingtin in exonl
and one fragment comprising region 1-500). B. Percentage of non-specific interactors for each of the 3
groups of huntingtin fragments displayed in A, namely fragments comprising the exonl only, fragments
comprising the first 500 residues and the fragments in the C-terminal region of the protein. C. Percentage
of non-specific interactors per fragments as displayed in figure 13. For each fragment of huntingtin tested
in the two-hybrid screening (horizontal scale), the relative quantity of unique interactors (only interacting
with that fragment, in red) and non-specific interactors (in blue) is displayed in vertical bars. * mut for
mutated (i.e. elongation of the polyQ sequence); ** pooling of 4 fragments of mutated huntingtin (i.e.
elongated poly Q): 506-Q80, 548-Q80, 513-Q49 & 513-Q68; *** pooling of two fragments: 2563-3144
& 2721-3144.

Moreover, we explored in more detail the different fragments tested one by one (see section 2.6.2
above on methods for more details), and found that the highest percentage of unique gene
partners (62.7%) is associated to a fragment comprising the first alpha-solenoid of huntingtin,
without the polyQ tract (fragment 1-548-QO0, see figure 14C). Other fragments display an
average of 6.2% of unique interactors; the fragment with the greatest amount of unique
interactors after fragment 1-548-Q0 shows a percentage of 13.8% only (1-500 fragments with
expanded polyQ). Surprisingly, only 8.45% of interactors of fragment 1-506-Q23 (wild-type) are
found to be unique, a number that we would have expected to be much higher, closer to the one
found for the QO fragment. Given that they differ in the polyQ, this suggests that the polyQ has
great importance as a modulator of PPIs in huntingtin. We demonstrate that there is a functional
signal associated to the first alpha-solenoid of huntingtin lacking the polyQ in the next
paragraph.

Finally, we hypothesized that analyzing the part of the huntingtin PPI network that interact with
the QO fragment would help to learn which functions the first alpha-solenoid region might be
involved in. To do so, we analyzed the Gene Ontology terms associated to its unique interactors,
using the DAVID tool (see section 2.6.2 for details). Significant enrichment was found for
keywords “ribonucleoprotein” (corrected p-value of 9.7E-3) and “nucleotide-binding” (corrected
p-value of 4.7E-2), between others (table 8). Most of the enriched terms are related to the
translational process. Proteins associated to the keyword “ribonucleoprotein” almost all belong to
the subunits 40S or 60S of the ribosome or are involved in the pre-mRNA processing.
Conversely, we found no significant GO enrichment in the unique interactors of the Q23 1-500
fragment (data not shown), but this could be due to the fact that much fewer interactors contact
this fragment.
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Figure 15. Huntingtin model as predicted by I-TASSER server and confirmed by ARD2
annotations. A. 3D representation of the first alpha-solenoid of huntingtin (residues 200 to 500),
displayed using PDBpaint (see section 4.2 for more details about this tool). Annotations from ARD2 are
depicted in colors with the residue position and the score of the neural network (on a scale from 0 to 1).
B. Sequence of huntingtin annotated with Jpred3, I-TASSER and ARD2. In red, part of the sequence
predicted to be alpha-helical according to Jpred3. Grey boxes are the alpha-helices of the alpha-solenoid
predicted by I-TASSER, linked by lines figuring the coils in the middle of each repeat. Crosses, coloured
as in the part A of the figure, show ARD2 predictions of repeats.
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No significant GO enrichment was detected for specific interactors of other huntingtin
fragments, except for those interacting with exonl with expanded polyQ, where the term “coiled
coil” was associated to 13 genes among 25 (corrected p-value of 5.1E-3). This finding agrees to
the proposal that polyQ act as a modulator of the interaction between coiled coil proteins [140].

We conclude that the function of the first alpha-solenoid of huntingtin is probably specific to this
region in particular, as no significant functional enrichment was observed for the interactors of
fragments 507-1230 and 2563-3144 of huntingtin, which also comprise alpha-solenoids, both
predicted by ARD2 (at positions 740 to 937 and 2755 to 3046, respectively) in accordance with
Jpred3 prediction (data not shown).

A model of the first alpha-solenoid region of huntingtin

Aware of the potential importance of the region, we have elaborated a 3D model of the first 500
residues of the protein based on the prediction by I-TASSER server and ARD2. To verify the
accuracy of the prediction by I-TASSER we used PDBpaint [50] to superimpose ARD2
predictions on the PDB structure predicted by the threading, and found that the predictions of the
two methods match (figure 15A). Information from homology-based secondary prediction tool
Jpred3, from I-TASSER and from ARD2 converge to the exact same four positions in the 100-
430 region (222, 264/265, 305, 369/370; see figure 15B). Conservation of huntingtin sequences
from human to C. elegans reveals that three of these alpha-solenoid repeats are very conserved,
including ARD2 hits found in between motives of two alpha-helices predicted by Jpred3 (figure
16), adding more evidence to validate our model.

Specific residues of the alpha-solenoid model are predicted to be involved in protein-protein
interactions

In order to locate functional residues on our huntingtin model, we identified regions with a high
probability of interaction and amenable to experimental verification by mutation. This was
achieved in two steps: we firstly selected candidate residues for interaction, from computational
prediction and manual curation; in a second step we kept only the residues whose mutation does
not disturb the protein structure, as it would be expected that disruption of the interaction would
be tested by mutating those residues and therefore it is advantageous that such mutation do not
disrupt the structure of the protein. Our procedure is summarized in figure 17.

- Prediction of interacting residues. We used the Promate tool [149] on our model of huntingtin
in order to rank amino-acids according to their propensity to form protein interactions (see
section 2.6.2 on methods for details). We selected the top residues (whose Promate score is
higher than 70) and found a first set of 19 residues. Then we added residues specifically
predicted by I-TASSER as involved in protein interactions, as well as some candidates that we
selected manually, which had a Promate score below 70. These latter were selected as follows.
We selected residues located in the outer part of the molecule, in the vicinity of the ones
predicted to have the Promate top-scores. If a residue, though pointing outside, was also found to
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Figure 16. Visualization of an alignment of huntingtin sequences. Top lane: Jpred3 2D prediction for
human huntingtin (red: gaps, green: alpha-helix, blue: beta-strand). Bottom part: multiple sequence
alignment (red: gaps, black to white: score of ARD2 prediction from 0 to 1). Most of the secondary
structure prediction for region 100-350 is alpha-helical. Periodicity of alpha-solenoid repeats matches the
predictions of alpha-helices, conserved repeats around positions 160, 240 and 280 (which are positions of
the alignment, not of the human sequence) being found between two alpha-helices. Visual output was
generated using web tool BiasViz 2 [124].

interact with another one, it was discarded from the list. We added finally some interacting
residues that were found by modeling the interaction of huntingtin with the HAP1 protein using
the RosettaDock server ([151], data not shown). HAP1 was chosen as it is the interactor of
huntingtin with the best score that could be found in the HIPPIE database ([112], see also section
2.4.1. for more explanation about this method). In the end, a list of 45 potentially good
candidates for mutation was established in the first alpha-solenoid of huntingtin.

- Elimination of residues important for the stability of the whole protein. In a second step,
locations of interest were studied for sensibility to mutations. We used different sources to
predict the outcome of mutations of each of these 45 residues in terms of modification of the
stability of the protein. To do so, we used three algorithms: Polyphen-2, SDM and
MutationAssessor (see section 2.6.2 on methods for more details). Polyphen-2 predicts the
outcome of mutations based on existing SNPs in the human population, assuming that varying
residues are less likely to have functional importance. Nevertheless, it was found to be overly
pessimistic, predicting almost all mutations tested to be harmful, probably due to the fact that
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Figure 17. Flowchart of the procedure used to identify residues of putative functional importance.
See section 2.6.2 on methods for details.

most of the residues mutated are conserved in homologous sequences of huntingtin in other
species. We therefore relied only on SDM and MutationAssessor predictions. SDM uses
structural evidence to predict if a given mutation might have an impact on the stability of a
protein, by associating the mutation to a change of its deltaG (free enthalpy). MutationAssessor
gives a score according to residue conservation, assuming that conserved residues display
functional importance. From these two types of information, we kept mutations whose absolute
value of deltaG was lower or equal to 0.7 for which MutationAssessor score was lower than 1.9
(values ranked of neutral or low consequence for the protein structure). In the end, we
established a list of mutants that might specifically disrupt protein docking to huntingtin with no
harm for its structure (table 9). Mutations were then mapped to the model of huntingtin HEAT
region interacting with protein HAP1 (see figure 18).
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Figure 18. Localization of sites proposed for mutations on a model of huntingtin first HEAT region
interacting with protein HAP1. Green: protein huntingtin, residues 77 to 520. Blue: protein HAP1. Red:
mutation sites listed in table 9. A. View of the two proteins with mutation sites displayed in red. B.
Magnification of the region where the mutation sites are located. Mutations from table 9 are indicated
close to their corresponding residue.

2.6.4. Conclusion

This study of functional enrichment study of the first alpha-solenoid of huntingtin is based on
two assumptions. The first one is that the partners of the QO fragment only interact with the
alpha-solenoid. We are aware though that other structural features are present in the QO
fragment, including a polyP close to the N-terminal end and several disordered regions, that are
also candidate regions for interaction with the different partners found to be uniquely binding the
QO fragment. But we hypothesize that the alpha-solenoid is more likely to be the region involved
in most of the interactions found by Y2H for QO, as it is a stable domain and was more likely
evolved for a clear functional purpose versus polyP or disordered regions, which appeared later
in evolution [140].

The second assumption we made here is that these interactions are also happening in vivo. This
can be put into question because the specific partners of the Q0 fragment did not bind the 1-500
fragments with wild-type polyQ, which should have happened under assumption that these
partners specifically bind the alpha-solenoid region. An explanation is that the polyQ prevents
these proteins to bind to the alpha-solenoid. But the QO fragment only exists in experimental
conditions. In normal cellular conditions though, the interactions specifically found to bind QO
might actually happen but be very transient by being under the control of the polyQ region,
which might act as a switch to allow or hinder binding. In conclusion, here we only suggest a
putative biological function of the alpha-solenoid; further evidence should be provided to prove
this function and eventually describe a mechanism. Our findings agree with a recent report that
relates huntingtin to proteins involved in translation and the ribosome using tandem mass-
spectrometry [152]. In any case, we recommend taking more attention to this domain, which
could be an important agent of wild-type function of huntingtin.

We have also generated a model of the alpha-solenoid region of huntingtin and tried to
characterize functional regions on it using computational predictions. This model could be used
by biochemists willing to evaluate the role of particular regions of this protein in interaction with
other proteins. Nevertheless, our predictions should be used with caution because of putative
high instability of the domain, which is likely to display variable conformations. The structural
and interaction predicted information could be completed by the selection of huntingtin
interacting partners to reveal their precise binding location using protein cross-linking followed
by mass spectrometry [153].
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Our findings show the potential of focusing on individual regions of huntingtin to understand its
biology and pathology. In future experiments, our predicted mutations could be tested and the
consequences for the huntingtin interaction network could be studied by Y2H. This could
eventually lead to the identification of the function of huntingtin.

2.7. General conclusion of chapter 2

We have improved a neural network used to detect alpha-solenoids and we have applied it to
study alpha-solenoids present in databases in order to get insight into their function, structure and
evolutionary history. We further applied the algorithm to model huntingtin.

Firstly, we expanded the definition of alpha-solenoids in terms of function, demonstrating that
they are more involved in protein-protein interaction than average proteins, but we also show
that their function extends beyond proteins to interactions with DNA, RNA and lipids. In the
case of nucleic acids, alpha-solenoids show a capacity to bind to specific nucleotidic sequences
or be unspecific about the sequence by binding the backbone of the nucleic acid molecule. This
wide spectrum of putative interactions of alpha-solenoids can stem from their capacity to show a
variety of shapes via their exceptional stretching capabilities [33,60].

Regarding their ability to contact proteins and nucleic acids, it is no surprise that we found alpha-
solenoids as being mostly involved in intracellular trafficking; nevertheless, they can have a wide
range of other specialized functions (see table 4 for a summary). Protein synthesis is potentially
one of them, and we showed in this chapter that the first alpha-solenoid region of huntingtin
could be involved in such a function.

In terms of localization, we showed that alpha-solenoids are not only located outside of proteins
(which is a requirement to perform protein-protein interactions), but some are found to be
localized inside of proteins, such as the one found in PI3Kalpha.

In terms of morphology, we showed that alpha-solenoids are more diverse than previously
expected, not only comprising Armadillo, HEAT repeats and HAT, but also possibly TPR, and
some types of ankyrin repeats, Pumilio repeats and potentially proteins with leucine-rich repeats.
Table 4 shows the diversity of structures that we found. The fact that we were able to detect these
motifs does not mean that these new types of alpha-solenoids have any homology to Armadillo
or HEAT repeats, or that their profiles are incorrect, but rather that ARD2 is capable to detect
sequences that have structural homology that was achieved by convergent evolution using
different evolutionary routes. Very different types of alpha-solenoid forming repeats may have
other types of similarity. Hinting at this, experiments showed that ankyrin repeats [154] have
similar mechanical behavior to HEAT repeats [31].

Continuing the trend defined by our work, we expect that the future discovery of new structures
of alpha-solenoids will be valuable to improve even more the detection of alpha-solenoid repeats.
Even if the neural network we used in this work was very sensitive to the addition of new
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structures to the training set, the improved accuracy of our method was rendered possible by trial
on a large set of structures, which helped to detect novel alpha-solenoid proteins in human
sequences and proteins of the entire tree of life.

As the function of alpha-solenoids remained general and was mostly restricted to PPI formation
and intracellular trafficking, we thought that studying the evolutionary history was important to
understand in which biological context alpha-solenoid proteins appeared in evolutionary times.
We presented here a distribution of alpha-solenoid repeats across the tree of life. We found that
this feature is more present in eukaryotic taxa than in bacterial ones. They represent 1 in 400
proteins in the first group, a magnitude order lower in the second, and are found to be present in
1in 1200 in the archaea kingdom. Though alpha-solenoids in archaea are the result of horizontal
transfer, we speculate that several bacterial and eukaryotic families of alpha-solenoids have
emerged independently. While absence of significant sequence similarity between these alpha-
solenoids does not necessarily imply that these bacterial and the eukaryotic groups of alpha-
solenoids have emerged independently, the specialization of functions found in bacterial
sequences (as exemplified in section with analysis of cyanobacteria and planctomycetes groups)
suggests that several events of emergence of alpha-solenoids, probably several inside of each
kingdom, have happened.

Eukaryotic cells show a higher degree of complexity than bacterial cells have, notably with the
presence of a nucleus and organelles, and in the case of metazoans, a more complex
environment, with differentiated of cells within tissues and organs. Eukaryotic cells therefore
show evolved protein transport machineries to manage the migration of proteic material from
one compartment to another, or from one region of the cell to another. Alpha-solenoids show
physical properties that render them natural scaffolds for protein interaction, easing transport and
regulation of other proteins. They might promote cellular complexity by being available for
evolution of new functions while continuing to perform old ones. On the other hand, alpha-
solenoids are often long (more than 10 repeats) and show flexibility, which makes them difficult
to fold properly upon mRNA translation, therefore requiring complex folding machineries
involving chaperones. We have evidence toward this hypothesis as cyanobacteria and
planctomycetes have been shown to display chaperones [155,156], which aims at showing that
species from these bacterial groups have the molecular machinery to make the evolution of
alpha-solenoid proteins possible. This might explain why alpha-solenoids are more likely
emerging with eukaryota. Pfam and SMART find 98% of all Armadillo repeats in this group.
Several other repeats forming solenoids follow the same tendency: ankyrin repeats (SMART:
87%; Pfam: 75%), HAT (SMART: 97%; Pfam: 100%), and leucine-rich repeats (SMART: 93%).
Conversely, TPR repeats are present at 55% in bacteria according to SMART, but this could be
due to the fact that TPR repeats are usually only 3 to 4 repeats long and might be easier to shape
by the bacterial folding machinery.

An explanation for the success of alpha-solenoids, is that in evolutionary terms, they are cheap to
evolve and expand from an initial repeat to expand later by duplication [34]. The initial repeat
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could have dimerized with the equivalent repeat of another copy of the same protein, creating the
first alpha-solenoid with two repeats on two different copies of the same protein (see [157] for
the same explanation about proteins with beta-trefoil).

To conclude, the property of alpha-solenoid proteins to contact other proteins, their high
flexibility and compliance of shape might render them potentially involved in multiple pathways,
and likely to be easily switched from one to another when evolutionary forces require new
protein material to evolve new functions. Huntingtin or UNC45 have shown the potential of
alpha-solenoids to be versatile, the first one by being able potentially to contact a high number of
partners, and the second one by being involved in several pathways, including cytokines, RNA
transport, endocytosis and muscle development. These properties have important implications for
the study of alpha-solenoids; for example, the need to study these proteins in a systems-biology
context that takes into account PPI information, often a key component, along with gene
expression and other genome-wide analyses, to understanding the function of biocellular
pathways.
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3. Emergence and evolution of the renin-angiotensin-aldosterone system

3.1. Introduction

For the past twenty years, evolutionary medicine has been a topic of special attention as it
provides interesting insights in medicine by attempting to explain diseases and disorders of the
human body as maladaptations to the environment. Let’s take on example. The way the body
reacts to a reduction in the cardiac output, for instance upon a heart hypertrophy, can be
considered as not making sense regarding its efficiency. The diminution of cardiac output,
meaning the quantity of blood pumped by the heart at each heart beat activates baroreceptors,
which activates beta-receptors of the sympathetic nervous system. This results in increasing heart
rate to compensate the low output, but the problem is that in the long-term the increase of the
heart rate tires the muscular fibers of the heart, causing myocardial damages, which further
diminishes the cardiac output. Why would the heart react to a decrease of cardiac output by
decreasing the output even further? Why should our body respond to severe conditions by
accelerating their processes? Part of the explanation is that built as it is, our body cannot cope
with heart hypertrophy. In prehistoric times, a diminution of the heart output, for instance upon a
state of shock or upon a loss of blood volume, was an acute condition. A decrease of cardiac
output induced an increase of heart rate by the sympathetic system in order to keep the perfusion
of organs normal. This regulation was happening in a matter of seconds and probably remained
for a short period of time. At the end, if the individual had survived, cardiac output was coming
back to normal and so the heart rate. Differently, heart hypertrophy is a chronic disease which
can only appear in a society where heart suffers enough damage on a regular basis so it is not
capable anymore to pump blood correctly to the systemic circulation. As the condition is chronic,
the system of regulation is stimulating heart rate all the time in order to keep perfusion to organs
the same. This abnormal feedback loop demands a lot to the heart. At some point, the heart
cannot manage to sustain a high rhythm anymore, which results in myocardial damages; at such
a stage, only a combination of change of habit and probably medication can help the patient to
get better. The body does not have what it takes to respond to such harmful conditions typical of
our modern environment. This evolutionary perspective on medical conditions can be very
relevant to explain numbers of apparent flaws of our bodies and help to understand to which
extent our modern environment is involved in their emergence.

The renin-angiotensin-aldosterone system, or RAAS, is the most important system involved in
regulation of blood pressure in vertebrates. While its main anatomical, physiological and
molecular features have been extensively studied in the past and are well-known for the most
part, not so much is known about the molecular origin of the RAAS and how the evolutionary
constraints on its emergence relate to important human diseases such as hypertension. We set to
study the evolution of this system using information from protein evolution to understand the
functional context in which the RAAS emerged in evolutionary times, potentially revealing new
aspects of regulation of blood pressure.
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In order to study the evolution of the system in molecular terms, we studied the phylogeny of the
main genes related to RAAS, and found that some key actors emerged around a time
corresponding roughly to the appearance of the first chordates and tunicates, some 500 million
years ago. Most importantly, the main anatomical, physiological and molecular features of the
system were all present together in the first bony fishes (-400 Myr), to the exception of the Mas
receptor (which appeared after the divergence of bony fishes with tetrapods), hinting that this
taxon is probably the oldest where the so-called regulation of blood pressure happened. Solid
evidence show that angiotensinogen made its appearance in cartilage fishes.

Differently though, one of the proteins of the system, named the angiotensin-converting enzyme
(referred to as ACE) appeared much earlier than the other ones in evolutionary times, and
probably already existed in the first animals. It was obviously used at that time for a different
purpose than it is used for today. Generally speaking, the presence of several RAAS genes in
taxa which do not display the anatomical and physiological features associated to regulation of
blood pressure means that those genes had a different function in a remote past.

In this introduction, we briefly present the main facts regarding regulation of blood pressure in
the human body, with special focus on the renin-angiotensin-aldosterone system. We then give
the main mechanisms suspected to be the cause of hypertension, a name for the abnormal
elevation of blood pressure in the human body.

3.1.1. Introduction to regulation of blood pressure

Vascular circulation, a feature of chordates, is the key element in the delivery of oxygen and
nutrients to the different tissues of the body. However, propulsion of blood by the heart in the
different vessels of the body at high pressure also exposes the individual to life threatening
situation upon wound. To prevent the body from bleeding completely, the process of scarring
over has evolved, among other processes. While healing happens in response to liberation of
factors in the local tissue following an injury, another process consists in detecting the
modifications of blood pressure (i.e. pressure exerted by the blood flow on the walls of vessels)
to keep the blood within the body by constricting the vessels. To achieve this regulation by vaso-
constriction, the kidney plays a central role.

3.1.1.1. Definition of blood pressure

Blood pressure is the measure of tension exerted by blood on the walls of blood vessels. This
measure depends on three components, the heart, which plays the role of a pump, vessels, which
transport blood, and on which the pressure of blood is exerted, and finally blood itself, which is
the fluid in motion. Blood pressure or mean arterial pressure (MAP) is the product of the cardiac
output (CO) by the systemic vascular resistance (SVR):

MAP = CO x SVR
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Transport of blood to tissues and cells can be impaired by several events: blood loss through
wound for instance, heart attack and dehydration, which can diminish the volume of water
present in the body. Though behavior and local tissues can partially manage some of these
problems, the cardio-vascular system importantly participates to manage its own deregulations.
How is this achieved? Two types of components are involved in the regulation of blood pressure:
sensors, which detect variations of blood pressure, and effectors, which modulate the blood
pressure.

3.1.1.2. Sensors of blood pressure variation

Pressure can be detected by measuring two different parameters: either a change in blood
volume, which appears upon hemorrhage for instance, or a change in the concentration of ions,
osmolality, which can have similar destructive effects on tissues if not regulated.

Volume change can be detected by the so-called baroreceptors (or detectors of pressure). These
sensory neurons located in various circulatory beds, such as carotid sinuses, aorta or kidney
vessels, are excitable upon a stretch of blood vessels. There are also sensors and ion channels in
the distal kidney that are also capable of detecting volume variation. At the level of an
anatomical structure named juxtaglomerular apparatus, renal perfusion pressure can be detected
by so-called granular cells, and leads to release of renin if the pressure is too low. Production of
the enzyme renin is the entry point of the RAAS in the regulation of blood pressure.

Osmolality of blood and its variations can be detected by the hypothalamus. Upon hypertonic
conditions (high osmotic pressure), receptor neurons in the hypothalamus become activated.
Consequences are stimulation of thirst and subsequent drinking behavior and release of ADH
(anti-diuretic hormone), which acts on the ion channels of the wall of the kidney to increase
water retention.

3.1.1.3. Effectors of blood pressure

In response to variation of blood pressure, two kinds of actions can be taken by the organism.
The human body can either act on volume or on osmolality to modify blood pressure.

- The different effectors that can act on volume are the glomerular filtration rate, the sympathetic
nervous system, and the renin-angiotensin-aldosterone system.

The glomerular filtration rate (GFR) is the rate of filtration of plasma by the nephron, the
anatomical unit of the kidney. Most of the fluid that enters the kidney is reabsorbed, meaning
that it goes back to circulation, and only a small fraction of it is eliminated via urine, in other
words, filtered. The value of GFR has to be kept constant in order for the kidney to function
properly. When variation of plasma volume happens, the kidney regulates itself by modifying the
contraction of the afferent arteriole (i.e. the entry vessel), by dilatation on constriction, to
compensate the volume change and keep the GFR steady.
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The sympathetic nervous system can also have an effect on the volume of the body. When baro-
receptors detect a drop of blood pressure, they stimulate the sympathetic nervous system. This
activation causes constriction of the afferent arteriole of the kidney, and thus the GFR, which
increases blood pressure and causes indirectly water retention in the body. The modification of
blood pressure involving baro-receptors happens very rapidly and can be named a short-term
response.

The RAAS, finally, is considered to be the main volume regulator of the human body. It presents
a fine mechanism, which can both respond to variation of blood pressure by short-term or long-
term response. The RAAS has a key role for instance in maintaining high blood pressure upon
hemorrhage. As a consequence, the study of this system is key in order to understand the
mechanisms of hypertension [158]. The action of this volume effector is detailed in section 3.1.2.

We also briefly mention effectors that can act on osmolality. These effectors of osmolality
concentrate the urine so the general solute concentration of the body diminishes, diminishing the
pressure. They include stimulation of thirst, release of vasopressin, an anti-diuretic hormone, and
inclusion of new aquaporin water channels in the renal collecting duct.

Thirst occurs when the brain detects an increase of plasma osmolality, for instance upon
sweating, when water is evacuated but not the solute. Thirst, by definition, stimulates the
motivation to drink, an action that will diminish the osmolality and increase the volume of fluid
in the circulation.

Vasopressin or ADH (for anti-diuretic hormone) is produced in the neurohypophysis upon
increase of plasma osmolality. The hormone impairs water excretion by stimulating the insertion
of water channels in the distal tubule of the nephron, which promotes reabsorption of water into
the general circulation, avoiding it to be excreted as urine [159]. Vasopressin also stimulates
concentration of solute in urine by mobilizing urea transporters on the membrane of cells from
the collecting duct upon water loss, in order to concentrate urea in the urine [160].

Combination of volume and osmolality regulation helps the body to respond appropriately to
variation of blood pressure. In the rest of this chapter, we only focus on regulation of volume by
RAAS.

66



Sympathetic tone
Drinking
Salt appetite

Figure 19. Scheme of the different components of the RAAS. Liver-produced angiotensin (AGT) is
cleaved by renin from the kidney to the decapeptide angiotensin I (Ang I), which in turn is converted to
angiotensin Il (largely in the lung). The effector angiotensin Il directs the adrenal gland to release
aldosterone (ALD), which directs the brain to increase sympathetic tone, drinking, and salt appetite and
also increases vasomotor tone. ALD, sympathetic tone, and angiotensin Il act independently to affect
NaCl reabsorption in the kidney. A reverse feedback mechanism exists.

3.1.2. Presentation of the renin-angiotensin-aldosterone system

3.1.2.1. Anatomical and physiological features

The different molecules (hormones, proteins and peptides) involved in the proper function of the
RAAS are produced in various organs of the human body, with the kidney playing a central role.
The main anatomical feature of the system is a zone of the kidney called the juxtaglomerular
apparatus (JGA), situated between the region of the glomerulus and the cells of the wall of the
renal tubule coming into its vicinity. Cells from the JGA secrete an aspartyl protease called
renin, notably when perfusion of the kidney diminishes (volume loss) or if the concentration of
salt is too low in the distal tube of the kidney. This low concentration, which can be detected for
instance after a drop of the glomerular filtration rate, means that the rate of progression in the
renal duct is low. A low rate of progression gives more time during the travel in the renal duct
for electrolytes from the primitive urine to be reabsorbed. Their concentration will further
decrease and be detected by the JGA as a hint for low volume input.
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Figure 20. Molecular features of the RAAS. The features of the RAAS are a series of proteins or
peptides: (P)RR prorenin receptor, ACE and ACE2 (angiotensin-converting enzymes 1 and 2), AT, and
AT, (angiotensin receptors 1 and 2), Mas for the Mas receptor, MR as the mineralocorticoid receptor. In
addition to the canonical RAAS, which is hormonal and circulates around the body, there are also local
RAAS in tissues of the brain, the adrenal gland and the heart. Receptors are represented as grey boxes.
Effectors with pharmacological effect are in bold.

3.1.2.2. Molecular features

Angiotensinogen plays a central role in the RAAS, as it is the precursor molecule of the peptide
angiotensin 11, a strong vaso-constrictor that is the effector of the system. Angiotensinogen is
mainly produced in liver (figure 19). This protein is cleaved to a decapeptide called angiotensin
(angiotensin | or Ang 1), by protein renin produced in the JGA. Angiotensin I is later cleaved by
another enzyme, the angiotensin-converting enzyme (or conversion enzyme, or ACE), into a
smaller peptide of 8 residues, angiotensin Il (Ang I1), a highly active molecule with strong vaso-
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constriction property. ACE is classified as a matrix metalloproteinase produced mainly in
pulmonary endothelial cells, and whose measurement in medicine is a hint to diagnoses for
several diseases. ACE has also been shown to have other functions in different tissues [161]. At
the same time, other enzymes display ACE-like activities, one being protein chymase, which is
mainly produced in the mast cells of the heart [162].

Angiotensin Il primarily acts on blood pressure by exerting a strong vaso-constriction on vessel
walls (figure 19). It has another action on the adrenal cortex in order to stimulate the release of
aldosterone. Aldosterone has an action on cells of the collecting duct of the kidney to increase
the reabsorption of Na" and CI. Angiotensin Il also exerts its own influence on the Na®
reabsorption function of the collecting duct. It also stimulates thirst and salt appetite in the brain
and increases sympathetic tone. These different actions tend to strongly increase blood pressure
[163].

Renin is the limiting step in the production of angiotensin 1l. The system works with a negative
feedback phenomenon that inhibits renin release, which indirectly impairs angiotensin 1l levels,
inactivates baroreflex sensors, and inhibits sympathetic tone. The RAAS can be seen as a
network of different molecules, either proteins or peptides (figure 20). Renin, whose primary
function is to cleave angiotensinogen, also has a receptor called prorenin receptor (P)RR, whose
function is not clearly known. This receptor binds both renin and renin’s precursor prorenin
[164]. It can induce MAP-kinase cascades in the intracellular compartment of the cells it is
attached to; it apparently serves to activate prorenin. Whatever its function, (P)RR is not implied
in volume regulation. Angiotensin Il displays two target receptors, AT; and AT, of different
functions. AT, displays two different isoforms (AT;a and ATig) whose existence has been
shown in mice [165]. Aside from the canonical axis angiotensinogen - angiotensin | - angiotensin
I1, other peptides can be produced and potentially help to regulate the system. Angiotensin Il can
be cleaved by a different ACE that was discovered in 2000 [166], ACE2, into a peptide of 7
residues called angiotensin (1-7). Angiotensin (1-7) can bind to the Mas receptor, a protein
encoded by the Mas oncogene. Angiotensin | can be cleaved by the same ACEZ2 into a peptide of
9 residues, angiotensin (1-9), which can later be cleaved into angiotensin (1-7) by ACE.
Moreover, aldosterone, whose production is stimulated by angiotensin Il, binds the
mineralocorticoid receptor (MR) to exert its effects on salt reabsorption. This salt reabsorption
actually comes in two steps: first aldosterone stimulates reabsorption via the mineralocorticoid
receptor, and then, salt reabsorption, along with vasoconstriction, is strongly stimulated by
angiotensin Il binding to the AT, receptor. Differently, AT, helps to modulate the response.
Angiotensin (1-7) exerts an action that is globally the opposite of the one of angiotensin I, by
binding the Mas receptor. The RAAS exerts a complex response in cells that has been reviewed
extensively [163,167].
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3.1.3. Putative mechanisms leading to hypertension

Hypertension is a complex phenomenon whose mechanisms, still not clearly known and under
debate, can be described as an abnormal sustained increase of blood pressure. Hypertension is
the result of an increase of peripheral resistance, in other terms it is an increase of the action of
the vessels to oppose to the flow of blood, mostly by narrowing their diameter.

One explanation for long-term hypertension in the modern world is a consequence of a sustained
high-salt diet. Hypertension manifests itself by the persistence of high renin levels, in
circumstances that do not require high blood pressure. The permanent injection of salt in the
circulation causes the system to produce renin in high amount in permanence. As a result, a
major strategy to cure hypertension is to inhibit components of the RAAS. The understanding of
the physiological and molecular features of the system is very important to imagine future cures
for hypertension. High-salt diet as a cause for hypertension has been for long time under debate
but is today generally accepted, though a clear connection between the two phenomenon remains
unclear [168]. Other explanations include genetics background as a major component [169].

3.2. Evolution of anatomical and physiological features of the renin-angiotensin-
aldosterone system (RAAS)

In section 3.1, we have presented the main facts regarding the regulation of blood pressure and
its eventual deregulation in the human body. Here, we review what is known about the evolution
of anatomical and physiological features of the RAAS. In section 3.3, we will present the
evolution of the system, from a molecular perspective.

The study of the evolution of the RAAS can help to understand the biology of its components
and molecules, and address specific questions that are still incompletely addressed today. Is the
list of components of the system complete? For instance, local RAAS have been proved to exist
in brain and splanchnic territory [170,171]. Are they all relevant and vital for the function of the
respective tissues? Do they have local functions apart from helping regulate hypertension at the
level of the organism? In which species is the RAAS conserved on all of these three biological
levels? When exactly did the RAAS emerge and which anatomical, physiological and molecular
constraints helped to evolve it? These questions are important to understand a system that has to
do with numerous cardiovascular diseases, and to know how targeting the system might help to
provide efficient treatments [167,172].

3.3. Analysis of DNA sequences of proteins of the renin-angiotensin-aldosterone
system

In order to get a broader perspective on the evolution of RAAS, we conducted an analysis of the
information available in public databases (mostly from the NCBI [173]) regarding proteins and
genes of the system. The study of complete genomes can be very informative because it allows

70



Query:

Protein (ex. Human Renin)

l

NCBI

sequences

v

Closest sequence in zebrafish

l

BELAST to human

NCBI
sequences

Closest sequence in
human:
Renin

ORTHOLOG

71

v

Closest sequence in bird

l

BLAST to human

NCBI

sequences

Closest sequence in
human:
Cathepsin D

NOT ORTHOLOG




Figure 21. Reciprocal searches to demonstrate the orthology of two genes. Firstly, the BLAST tool is
used to search for sequences close to the human renin in the NCBI database, against zebrafish sequences
in the left example, and against bird sequences on the right example. This procedure aims at finding
putative homologs of the query sequence, in zebrafish and bird, respectively. In both cases, if the best
match has an E-value below threshold (for instance 10™°), a BLAST of the best match is performed
against the human genome. If we find the initial sequence on top of the results, i.e. human renin, the
putative zebrafish or bird sequence found as the best match is a true ortholog. If this is not the case, it is
closer to another human sequence that is not renin. In the example displayed, BLAST to zebrafish
sequences identifies a renin ortholog, while the BLAST to birds identifies the closest gene as a cathepsin
D, which is closer to human cathepsin than to human renin, and so it is not the ortholog of the query renin
sequence, although it is homologous to it.

evaluating the presence or absence of proteins across species. Global studies of gene
conservation have been especially revealing regarding the evolution of vertebrates [174]. Here,
we focus the analysis on sequences homologous to genes of the RAAS present in 12
representative model organisms (figure 1 and table 10). The genomes of all of these organisms
have been published, to the exception of Callorhinchus milii, the elephant shark. In order to
perform our analysis, we used the BLAST algorithm [175] to search the NCBI databases. In
order to verify homology of two sequences, we used reciprocal searches (figure 21). A reciprocal
search consists in searching the NCBI protein database for sequences similar to a query
sequence. If the best match has an E-value of probability below an acceptable threshold (here 10°
19y "then this matching sequence is used as a query for BLAST against the species of the initial
query sequence. If the best match of this second query is the initial query, we considered that the
two sequences were orthologs. For each gene, we then performed an alignment of all the
orthologs found and built a phylogenetic tree to verify orthology. An important remark is that
most of the proteins we found are only predicted from gene sequence and await experimental
validation. A first observation regarding our result (figure 22A) is that presence of RAAS genes
is concomitant to the appearance of the anatomical features of the juxtaglomerular apparatus. We
note that the zebrafish (Danio rerio), the representative of bony fishes, displays the most
primitive JGA [176], but already shows eight of the nine proteins from the RAAS.

We briefly comment the conservation of each of the nine genes selected here to finally use all the
information to sketch an evolutionary scenario for the emergence of the renin-angiotensin-
aldosterone system.

3.3.1. Angiotensinogen

Human angiotensinogen (UniProt ID: P01019) is a protein of the serpin family (figure 23A and
structure in figure 23B). It is a central element of the RAAS as it is the precursor of angiotensin |
and Il. In respect to that, it could be used to date the time where the RAAS emerged in
evolutionary time. An ortholog of angiotensinogen was found in Callorhinchus milii, the
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Figure 22. Comparison of the RAAS in multiple species. A. Left panel (yellow) includes data from
physiological studies: presence known or supposed of RAAS in the central nervous system (CNS),
juxtaglomerular cells (JGCells), plasma renin activity (PRA), and angiotensin or angiotensin-like activity
known (AGT). Note that PRA does not measure renin, but rather the conversion of AGT to angiotensin I;
renin is not the only enzyme with this capability. Right panel (blue) shows sequence data found by
BLAST inquiry. Blanks indicate instances in which the property could not be found. Question marks
denote instances of uncertain or contradictory data. B. Model of the stepwise emergence of the
components of the RAAS based on their conservation across several taxonomic divisions. Ciona
intestinalis contains both ACE and ACE2, as well as the prorenin receptor, but the many components
missing show evidence that these three proteins have functions ancestral to the RAAS. B. floridae has an
additional member, AncAT, an ancestral version of the angiotensin receptors. After a large gap, our next
closer relatives whose complete genomes we know, the bony fishes, have a human-like system, with two
notable differences: a possible use of a precursor of aldosterone and the absence of the Mas receptor. The
tetrapods (mammals, reptiles, amphibians, birds) have the complete system, with the exception of renin,
which could be missing in aves (see main text).

elephant shark (figure 24), and for all highest taxa, until human. Angiotensinogen is absent in
invertebrates, including tunicates.

We then focused attention on lampreys, which are among the most primitive vertebrates. To
study the presence of angiotensinogen peptides in this taxon, we performed a reciprocal sequence
similarity search but did not find an ortholog of angiotensinogen. We could not determine if an
active peptide equivalent to angiotensins is present in lampreys. In GenBank, there are sequences
which are annotated as “putative angiotensinogens” (for instance FM954978 present in Lampetra
fluviatilis [177]). Using reciprocal sequence similarity searches, we could find that these
supposedly orthologs of angiotensinogen, are actually orthologs of SERPIND1 sequence in
Danio rerio, and higher vertebrates. These findings confirm that the RAAS was probably
established in an ancestor of the first jawed fishes.

How could angiotensinogen have emerged in evolutionary times? This protein displays a serpin
domain (figure 23A). These domains are involved in inhibiting proteases [178]. Ancestral
sequences of angiotensinogen binding to proteases might have been a first step in the property of
renin to cleave angiotensinogen into angiotensin | [179], the protein being stabilized while the
peptide sequence could appear in its sequence.

There is clearly a need of more angiotensinogen sequences in a broader range of species at the
basis of the vertebrate phylum in order to understand exactly when the RAAS peptides
(angiotensin 1 and 1) emerged.
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Figure 23. Structural features of nine human proteins relevant to the RAAS. A. Domain organization
of ACE, ACEZ2, renin, AGT, (P)RR, and MR. Transmembrane alpha-helix (TM), signal peptide (SP), pro-
peptide (PP). Red box on angiotensinogen diagram: angiotensin | sequence (AG). Red symbols indicate
protein cleavage sites. B. Solved 3D structures of these proteins or homologs (when indicated). ACE2:
peptidase domain (fragment 1-615, PDB:1R42); REN and AGT: complex of renin (blue) and AGT
(orange). Note the N-terminal of AGT protruding into the renin molecule for processing (PDB:2X0B);
NRC32: steroid binding domain (blue; PDB:2AA2) and DNA binding domain (green) with DNA (stick
model) from 85% identical rat glucocorticoid receptor NRC31 (PDB:3G9P); AGTR1/AGTR2 are 30 %
identical to the CXCR4 chemokine receptor whose structure is shown (TM helices in green; PDB:30EO).
All protein structures are represented using the PyMOL Molecular Graphics System software (DeLano
Scientific, Palo Alto, California).

3.3.2. Angiotensin-converting enzymes

ACE (angiotensin-converting enzyme) is a well-known peptidase involved in the processing of
angiotensinogen into angiotensin | and as such, has been used since the seventies as a target for
drugs called ACE inhibitors, to treat hypertension.

In 2000, an isoform of ACE was discovered and named ACE2. ACE and ACE2 share a common
domain, peptidase M2, and are the result of gene duplication. More interestingly, we found that
ACE has two of these domains, a result of an additional internal duplication (figure 23A and 25,
see also structure in figure 23B).

We then wanted to explore whether or not these sequences are present in other taxa. Starting
with human sequences of ACE and ACE2, we were able to identify orthologous sequences in all
representative species selected for this study, from Caenorhabditis elegans to vertebrates (figure
22A), though in C.elegans only one sequence was found, and presence in shark is only
speculated as genome sequencing appears to be incomplete. Moreover, we found multiple
instances of both ACE and ACE2 sequences in our two tunicate representatives (figure 25A).
The different relations between the different sequences can be seen both in a phylogenetic tree of
protein sequences (figure 25A) and on a sketch representing the different events of duplication
along a tree (figure 25B).

Two of the sequences found from Drosophila are gathered in an ‘outgroup’. This means that the
two drosophila sequences emerged after divergence of the common ancestor of insects and
vertebrates. These sequences, ANCE (for angiotensin-converting enzyme gene, UniProt ID:
Q10714) and ACER (for angiotensin converting enzyme related, UniProt ID: Q9VLJ6) belong to
the same family of genes as the two human ACE (classified both in family 3.4.15.1 or
‘Dipeptidyl carboxypeptidase I’ in Swiss-Prot). They both have been proven to have an
endopeptidase activity during the development of fly but do not show activity during adulthood
[180]. It has been proven that ANCE hydrolyzes Angiotensin | [181], an activity that was also
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Figure 24. Evolution of angiotensinogen sequences. Multiple sequence alignment was produced using
the MUSCLE method [182] as implemented at the EBI web server. The alignment was examined, and
phylogenetic trees were generated using ClustalX Version 2.1 [183] excluding positions with gaps and
correcting for multiple substitutions.

shown to exist in a bacterial ACE homolog, present in Xanthomonas axonopodis pv. citri [184].
This means that the potential of ACE sequences to act on angiotensins is much older than the
existence of blood pressure regulation and presence of angiotensinogen itself. Angiotensinogen
evolution might have been constrained by the potential of ACE to cleave certain sequences
within proteins and peptides.

Interestingly, ACE activity is related to development in various species from Drosophila to
mouse, and is highly expressed in testis (lung and thyroid being the other two locations of top-
three most highly expressed ACE in adults according to BioGPS [185]). In the mosquito, ANCE
is hypothesized to be involved as a “peptide-processing enzyme” in the seminal fluid [186].
ANCE has also been found to be potentially involved in embryogenesis regulation upon
activation by blood metal [186]. In freshfly Neobelliera bullata, substrates and inhibitors of an
identified ACE activity have been documented. They have been shown to play a role in
development of ovaries, which adds more evidence for the role of an ACE activity in
reproductive system in insects [187]. Moreover, an isoform of ACE was also found to be present
in germ cells of male mice [188]. Male mice lacking this isoform show infertility [189]. This
adds more evidence to the compliance of ACE sequences to switch from one function to another
during evolutionary times.

77



0.1
A | 92 ACE_'WSZZGMM; -618 '

95 ACE _ps[254472304/34-602 -
88 ACE _pt[88859978/45-613 Bacterial
| ACE 1s[336313889/42-607 ACEs

ACE w|116623932/25-594

— ACE2 hs111225609119~612
ACE2. dr(55925554/19-600

Vertebrate
N-term
domain

100

43

1 ANCE._dm|17137008/28-597 | D hil
' ACER_dm|17137262/33-614 rosopntia

ACEs

duplication
@ gene
® domain

78



Figure 25. Evolution of the ACE family. A. Phylogenetic tree of the peptidase domains of selected
eukaryotic and bacterial ACE homologs. The numbers at the branches indicate number of bootstrapping
tests that resulted in the marked grouping: Values close to the total used (100) indicate reliable branches.
The labels indicate the subfamily, a two letter abbreviation of the species name, GenPept identifier, and
amino acid range. Species abbreviations of eukaryotic species are dm (Drosophila melanogaster), ci
(Ciona intestinalis), bf (B. floridae), dr (Danio rerio), mm (M. musculus), and hs (H. sapiens). ACE_xa
corresponds to the bacterial Xanthomonas axonopodis sequence; for the other bacterial species, please
refer to the database records. Drosophila sequences contain a single domain (ANCE_dr, ; ACER_dm) and
constitute an outgroup indicating that they are ancestral to chordate ACE1/ACE2. Multiple bacterial
sequences (including the X. axonopodis sequence) contain a single protease domain that groups with
single domain ACE2s and is not ancestral to both ACE1 and ACE2. This suggests that the bacterial
sequences are a result of horizontal transfer from an ancestral chordate species. B. Interpretation of the
phylogenetic tree. The ACE family originated before the divergence of chordates from arthropods. Gene
duplications (black dots) have expanded this family, for example, leading to the existence of ACE1 and
ACE2 in chordates. Multiple events of domain duplication (red dots) have happened in the ACE1l
subfamily, an important one leading to the vertebrate ACE1, which contains an N-terminal and a C-
terminal catalytic domain. ACE3 is a single domain ACE, which stems from duplication of the
mammalian C-terminal domain of the ACEL. This sequence seems to have evolved into a pseudogene in
humans (blue line). Orthologs of vertebrate ACE2 are present in many bacterial species. Their close
homology to non-vertebrate ACE2s suggests that they are the result of a single event of horizontal
transfer from an ancestral non-vertebrate species. The grouping in the phylogenetic tree of the bacterial
sequences analyzed here suggests that this initial event was followed by further events of horizontal
transfer between bacterial species, indicating that bacterial ACEs have acquired a function that confers an
evolutionary advantage to the species bearing it. Methods to calculate and display the phylogeny are the
same as in figure 24.

The most important finding of this phylogenetic analysis of ACE sequences is that, as we
proposed for angiotensinogen, ACE and ACE2 seem to have an ancestral function besides the
one they are currently known to have in higher taxa, i.e. regulation of hypertension, as there is no
blood pressure in flies, or at least, not one comparable to the one of vertebrate, as flies got
hemolymph. Both ACE and ACE2 have an ortholog in our tunicate representative, Ciona
intestinalis, or sea squirt, and also in cephalochordates, whose representative in our study is the
lancelet Branchiostoma floridae, or amphioxus. Nevertheless, at the same time, these two taxa
do not display the morphological and molecular components of the RAAS.

Finally, we also show on our phylogenetic tree that some ACE sequences might be the result of
horizontal gene transfer, potentially leading to new functions for these molecules. This is shown
by the fact that the closest homologues to bacterial ACE-like sequences in eukaryota are
chordate orthologs of human ACE2. One of them belongs to Branchiostoma floridae (GenPept
ID: 260799397, e-value: 1E-168). Generally speaking, these bacterial sequences cluster with
ACE2 sequences of Ciona intestinalis and Branchiostoma floridae (figure 25A). The event of
gene transfer of these ACE2 sequences happened in an ancestor of Ciona intestinalis after
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Figure 26. Evolution of renin. Methods to calculate and display the phylogeny are the same as in figure
24,

divergence of tunicates from the other chordates, in the direction of a bacteria ancestral to the
ones that are today detected to bear ACE2 sequences. Our sketch summarizing the evolution of
ACE sequences suggests further events of horizontal gene transfer (figure 25B).

Our study points that contrary to what one would think intuitively, ACE2 is not closer to ACER
than ACE. Both ACE and ACE2 come from a unique common ancestor with ACER and ANCE.
These latter are used exclusively during embryogenesis, while ACE and ACE2 have acquired
specific functions that have proven to be essential in adulthood, though it is not clear until today
whether they are mandatory for normal development. Genetic ablation of ACE for instance is not
lethal, while ACE2 K.O. mice become adult though displaying severe defects of cardiac
contractility [190].

3.3.3. Renin

Renin is the initiator of the long-term body response to volume change and, along with
angiotensinogen, must have been present very early in the evolving hypertension regulation
system. As a result, it has a detectable ortholog in the taxa where angiotensinogen is present
(figure 22). Nevertheless, we did not find a renin protein in Gallus gallus, or chicken, which is
our bird species in this study (figure 26). Looking at shotgun sequences from chromosome 26,
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Figure 27. Evolution of AT receptors. A. Phylogeny of chordate AT receptors. B. Interpretation of the
phylogenetic tree. AncR is the ancestral gene found in Branchiostoma floridae. A duplication event
(represented by a black rectangle) led to emergence of two different receptors, AT, and AT,. Methods to

calculate and display the phylogeny are the same as in figure 24.
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Figure 28. Evolution of (P)RR, the prorenin and renin receptor. Methods to calculate and display the
phylogeny are the same as in figure 24.

though, we could find a sequence. These renin sequences probably have not been yet assembled
to the Gallus gallus genome.

3.3.4. Evolution of RAAS targets

Renin has appeared relatively recently in evolutionary times compared to other components of
RAAS, and especially its effectors.

3.3.4.1. AT, and AT,

The two receptors target of angiotensin IlI, AT; and AT,, are products of gene duplication as
ACE are. We could identify an ancestral sequence of the two proteins in Branchiostoma (named
ANCcAT, see figure 22A and figure 27). We could not find any homologue in Ciona though. The
result suggests that the duplication event occurred after the divergence of tunicates from
chordates. Here also, the actual binding of AncAT with ligand angiotensin 1l probably evolved
later since angiotensinogen appeared later too (figure 22B). The ligands might not have been
able to bind its modern receptor at first but evolved to do so later in evolutionary times. The
angiotensin Il receptor family probably has ancestral functions that will have to be explored in
order to understand better the origins of the RAAS.
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Figure 29. Evolution of the Mas receptor. Methods to calculate and display the phylogeny are the same
as in figure 24.

3.3.4.2. (P)RR

(P)RR, also known as ATP6AP2, is one of the oldest proteins of the set, as it has orthologs in all
organisms of our selection, including Drosophila melanogaster and Caenorhabditis elegans
(figure 28). This indicates that the protein existed a long time before the emergence of the
RAAS. We find the length of the protein to be very similar in all taxa, which suggests that the
architecture of the gene might be very well conserved. While ATP6AP2 has a H+-ATPase
function, in higher taxa, this protein evolved an additional function: to bind prorenin and renin
[164]. There is still no evidence functionally relating the ‘old’ purpose of this protein, that is its
H*-ATPase function, to its ‘new’ function of binding renin and prorenin [191].

3.3.4.3. MAS

Among the different components of the system regulating hypertension, the Mas gene is the one
that apparently appeared the latest. Contrary to all other genes studied, it is not present in fish
and seems to appear for the first time in amphibians, here Xenopus tropicalis (figure 29). Mas is
known to be bound by a degradation product of angiotensins, namely angiotensin (1-7) (figure
20). Contrary to angiotensin Il, this peptide diminishes blood pressure and relieves cardio-
vascular diseases such as thrombosis and atherosclerosis [192]. As a consequence, after the
emergence in ancestral cartilage or bony fishes of the core components of the RAAS associated
to a regulation of hypertension like we know today for terrestrial vertebrates, apparition of the
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Figure 30. Evolution of the mineralocorticoid receptor. Methods to calculate and display the
phylogeny are the same as in figure 24.

Mas gene increased the complexity of the system by creating a new potential way to modulate
the effects of products of RAAS on vasoconstriction.

3.3.4.4. Mineralocorticoid receptor

The mineralocorticoid receptor was found to be present from fish to human (figure 22A and 30).
We could not confirm its presence in Callorhinchus milii though it was identified in the skate,
which is another type of cartilage fish [193]. Therefore, the MR probably predated
angiotensinogen and renin. The ancestral gene of MR (able to bind a precursor of aldosterone,
the 11-deoxycorticosterone) was duplicated in an ancestral organism (probably in an ancestral
cartilage fish) before the bony fishes emerged [193,194]. One of the copies of the MR then
evolved to become a glucocorticoid receptor (GR), which binds cortisol. In the fish, MR was still
specialized in binding 11-deoxycortisone, and later evolved to bind aldosterone in a higher
taxon. If the ancestral MR present in cartilage fish proves to have been involved in an early
version of the RAAS, then it would mean that volume regulation is older than stress-related
responses (stress in the sense of high vertebrates behavior). We are still left with the question of
when the receptor appeared. Again, genome sequencing of more taxa such as lamprey or myxine
would help solving this issue.
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Figure 31. Time-line of the emergence of the RAAS. Left geological eras and a time-line (scale in
millions of years). While most genes appeared in the early Paleozoic, others might have emerged earlier
in the Precambrian era and were adapted for their use as part of the RAAS. ACE is one such example and
might have evolved from an initial developmental function to physiological actions on volume regulation
in vertebrates.

3.4. Conclusion

The main finding of our study is that most of the components of the RAAS appeared at the time
chordates and tunicates emerged. The main components were present in bony fishes, except the
Mas oncogene, which is first seen in amphibians. Angiotensinogen, the precursor of the active
peptides of the RAAS (angiotensin Il and to a minor extent angiotensin (1-7)), appeared in
cartilage fishes. Our analysis included the (P)RR, although it does not play a direct role in
volume regulation. As the sequence of this receptor evolved from a vacuolar ATPase, it is
probably much older than other RAAS-related proteins [164].

A lesson from our study is that the targets of a pathway appeared earlier than their substrates,
hinting that evolution preferentially happens on circulating agents, rather than on receptors. The
emergence of the RAAS is the result of the construction of a peptidase core and receptors that
bound an unknown substrate in an ancestral organism (cloud in figure 22B). Peptidases with a
broad spectrum of potential targets were present earlier to the emergence of the RAAS. This is
the case for instance of ACE, which used to participate in embryo formation and was therefore
expressed in various tissues of developing invertebrates and early vertebrates to later participate
in the regulation of blood pressure. AT; and AT, were present in chordates earlier than
angiotensinogen and as a result might also have played a different role in more ancient taxa. At
some point, ACE and ACE2 would have become adapted to process angiotensinogen. This
processing later included an earlier cleavage by renin, and finally new downstream receptor
targets, such as Mas and the mineralocorticoid receptor. In fishes, the mineralocorticoid receptor
first used probably 11-deoxycorticosterone, to later bind its derivate, aldosterone, in higher
vertebrates [195].

Production of renin could have been first happening in the whole adrenal gland and late migrate
to the glomerulus, as suggests the embryology of bony fishes [196]. In an ancestor of bony
fishes, upon change of blood volume, renin produced in the adrenal glands could stimulate the
local production of angiotensin Il, which induced vasoconstriction. Production of renin later
could have become confined to glomerulus because it is a strategic place to act on blood volume,
by checking directly how the body is managing water in the kidney, the main place for volume
extraction out of the body.

The different phylogenies presented in our study allow to suggest a time-line for the emergence
and evolution of the RAAS components, from Precambrian to present time (figure 31). The
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emergence of the RAAS could have taken about 150 million years in the Paleozoic, followed by
a 400 million year period of relative stability. Our study confirms previous findings that date the
modern RAAS at -400 million years, the time when cartilage and bony fishes diverged [197].
The presence of an ancestral RAAS in jawless fishes such as lamprey is not to be excluded, as
renin-like activity and presence of angiotensin Il has been shown in these taxa [198]. But more
evidence at both molecular and physiological levels has to be shown before raising any
hypothesis, especially, the precise location of cells with renin-like activity. It is possible that
lamprey produces angiotensin Il or a peptide with similar physiological activity using pathways
different to those used in higher taxa.

What evidence shows beyond any doubt is the presence of the RAAS in bony fish, and its
absence in tunicates, yet the zone in between the two is still to be investigated in depth. In the
future, a study of all intermediate animals from tunicates to sharks, lampreys and myxines should
be conducted to be sure if the elements of the RAAS are present, if they are expressed and
produced and where exactly. The location in the tree of life of the emergence of the system
regulating hypertension remains unclear. Aside from more genomic data, we ask that the activity
of putatively present renin and ACE be measured in vitro for these key taxa; and that the
sequencing of angiotensin peptides be performed on blood samples in each case. With such
future experiments, we would aim at discovering what were the earliest mechanisms of
hypertension, and from which previous item they emerged from.
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4. Methods to study the impact of mutations on proteins related to
disease using structural and evolutionary information

4.1. Introduction

Protein mutations are a major force of evolution of living beings. They are the subject of
numerous studies in modern biology because they cause genetic diseases, and are thought to be
the driving force of cancer, as cancer cells evolve and create a highly-replicable tissue that can
cause severe damage to the human body. As a consequence, there is a need for methods to
describe the consequences of residue mutations on protein structure and function. In the recent
years, computational tools have been developed to predict the impact of mutations on protein
fitness, for example PolyPhen-2 [48], SDM [49] or MutationAssessor [5]. Such predictions have
been shown to be very important in understanding the mechanism of genetic diseases [46].

We have used graphical visualization tools, either PDBpaint, a visualization tool developed by us
[50] or PyMOL (PyMOL Molecular Graphics System software, DeLano Scientific, Palo Alto,
California), in combination with these mutations predictors, to study the impact of mutation in
three different proteins related to disease: two proteins related to neurodegenerative diseases
(CRMP-1 in section 4.3. of this chapter and Huntingtin in section 2.6.) and one related to heart
septum defects (MYH6, in section 4.4.). Particularly, PyMOL has functions devoted to
mutagenesis with customized parameters, which allowed us guessing if mutations are likely to
disrupt the structure of the three proteins. PDBpaint helped us in the establishment of a
huntingtin model that was later used to predict the outcome of mutations in this protein.
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4.2. PDBpaint, a visualization tool to display proteins using functional annotations

4.2.1. Introduction

We have created PDBpaint, a visualization tool that displays protein structures using custom
sequence annotations [50]. The development of this tool was motivated by two different
observations.

The function of proteins is constrained by their three dimensional structure. This structure
is very crucial in particular to proteins such as enzymes, which have to recognize targets
with a high precision using a key-to-lock mechanism. One single mutation in an interface
region can lead to a dramatic change in local protein shape that could prevent the enzyme
from interacting properly with its targets. Overall, all protein domains, including their
post-translational modifications, have a shape that is crucial to understand the function of
the protein. For this reason, protein databases provide abundant structural information,
which is stored as sequence annotations. This information is eventually used to build
protein classification. Web servers providing such structural information include PDB
[85], SCOP [199] and Dali [200]; this information can be combined with domain
predictions, for instance from TMHMM 2.0 [201] and Pfam [65]. These resources are
very convenient because the information they store is easy to handle and analyze.
Unfortunately, most proteins sequences are not associated with a solved structure [202].
In addition, information from 3D outputs in the PDB is limited to structure information
and does not show protein annotations from protein databases (e.g. predicted
transmembrane helices), such as those mentioned before. Therefore, we thought useful to
design a web tool that could allow the users to call structures from PDB and have
annotations from Pfam and other databases displayed directly on them.

Secondly, in the last decade, prediction of protein features from sequence has been one of
the most addressed topics in computational biology. Researchers often need to analyse
sequences from proteins whose structure is known in order to verify that predictions are
in accordance with the experimental structural data. Though useful, this method of
checking structures can be very time-consuming if the number of proteins to check is
large. We personally experienced this issue during the development of ARD2 (see
chapter 2 to read about the tool). A large number of structures had to be checked in order
to verify if the alpha-solenoids predicted by ARD2 were mapping to alpha-solenoid
structures found in the PDB database. Therefore, we decided to create a tool to facilitate
this procedure, a tool that can display multiple structures in a single web page with
custom annotations from the user.
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Figure 32. Flowchart of the PDBpaint webtool. The user can choose to request a sequence from PDB,
upload a protein model from a local hard drive or give the UniProt ID of a protein sequence. In the first
case the structure is downloaded from the PDB website. In the last case the MODBASE database is
queried to find a structure for similar sequences to the query. In all cases the structure is saved on the
local server of PDBpaint for a week before being automatically suppressed. In a next step, The user can
also choose between 6 different webservices to annotate the protein structure. Finally the algorithm adds
the custom annotations to display the protein structure with computed annotations associated. The process
is repeated as many times as there are references in the query.

4.2.2. Functionalities of PDBpaint
During development, our agenda regarding specifications of PDBpaint was:

e To able the user to “paint” proteins with annotations from UniProt, Pfam and various
webservices or, even more interestingly, to give custom annotations with custom colors.
The format needed, very simple, had to relieve the user from learning how to write scripts
in other tools such as PyMOL.
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e To be able to provide either PDB identifiers (which means that no PDB structures will
have to be downloaded on the user’s hard drive) or import structures in PDB format, in
case the user has a solved structure or a predicted model to study.

e To allow the user to display several structures at once on the same webpage, so the
structures can be checked serially.

The PDBpaint algorithm follows three steps (see flow chart on figure 32). It first starts by
loading the structure to study. If the user provides a PDB identifier, then the algorithm
downloads directly the file from the PDB website. If the user has chosen a custom model, for
example generated using a threading method such as I-TASSER [148,203], then the algorithm
will attempt to upload the file selected by user and check that the format is correct. If the user
provides a UniProt ID [204], the algorithm will send a request to the MODBASE database [205]
and download protein models for the input sequence. The user can set manually the number of
models to download, which cannot be more than 20.

In a second step, the program checks if the user has requested to use a webservice for annotation
of the protein. Information can be acquired from two databases (Pfam protein domains [65] or
UniProt sequence features) or predicted using web tools focused on specialized types of
information (TMHMMZ2.0 to predict transmembrane domains [201], Signal P to predict signal
peptides sequences [206] and ARD?2 to predict alpha-solenoid proteins [51]).

In a next step, the custom annotations eventually requested by the user are stored. Finally, the
output itself is built and showed on screen. The visual is displayed calling a graphical tool called
Jmol (http://www.jmol.org; [207]). The entire procedure (figure 32) is repeated for each structure
requested by the user, which are limited to 20 per query.

An example of a result page from PDBpaint is displayed on figure 33. In the first frame (figure
33.1), the user can set up the query. In the left dialog box, the user can provide one to 20 PDB
IDs or UniProt IDs to display. In the second dialog box, the user can provide custom annotations.
The format is very flexible and primarily consists in associating positions (such as 10 or 10-50)
to colors in hexadecimal RGB format (for instance FFO000 for red). Then a menu allows to
choose the webservice to use on the structures provided (for instance, Pfam). Finally, the user
can set up the size of windows or the number of models to get from MODBASE for each of the
UniProt IDs provided. In the second frame (figure 33.2), the user can manage custom models in
PDB format. The first button allows choosing the file containing the model data. The next fields
help to choose custom positions to tag and the webservice. Finally, if the user has already
uploaded a model from the server, in which case a reference code has been provided, the
structure can be recalled without uploading again by simply giving this reference code.

The output itself contains for each structure, a frame displaying the 3D visual of the protein, with
eventual annotations showed in various colors (figure 33.3). General information about the
protein (such as name, function, species) is provided (figure 33.4). Finally, the annotations from
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Figure 33. Example of a PDBpaint query. Bovine rhodopsin (PDB entry 2X72) annotated according to
prediction of TMHMMZ2.0, which detects transmembrane regions. 1-6: features of PDBpaint. 1:
PDB/UniProt ID code input window, with different options (positions to tag, webservice and window
size). 2: Custom structure upload window, with its options. 3: Output of the structure by Jmol. 4:
Properties of the protein (from top to bottom, PDB code, name of protein, function of protein, species). 5:
Legend of annotations performed by PDBpaint. In our example, webservice TMHMMZ2.0 for detection of
transmembrane regions has been chosen. 6: Help page, to get some tips about PDBpaint.

the webservice chosen are displayed, with their associated colors, to make the visual output
comprehensible (figure 33.5). Colors are chosen wisely for clarity of representation. Finally, on
the top of the page (figure 33.6), a few links allow the user to send mail to the developers, to
display a help page and to get the source code of PDBpaint available on the website of
SourceForge, at http://sourceforge.net/projects/pdbpaint/files/.

To serve here as an example, we have used PDBpaint to study the localization of repeats in a
region of huntingtin that contains an alpha-solenoid domain. As this region has no structure
associated yet, we have used I-TASSER [148] to generate a model of the protein. Homology
between proteins with alpha-solenoids is too weak to get an accurate model by similarity, so
using threading-based prediction seemed more reliable than using predictions by MODBASE.
We then uploaded our I-TASSER model in PDBpaint and used the ARD2 option in order to
calculate and display positions with alpha-solenoid repeats on the 3D structure (figure 15). The
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use of PDBpaint helped us to represent the agreement of the two predictions by ARD2 and I-
TASSER (see section 2.6. for more details).

PDBpaint is available at http://cbdm.mdc-berlin.de/~pdbpaint with an example accessible via
simply clicking on “Example”.

4.2.3. Technical specifications of PDBpaint

The generation PDBpaint web pages was performed using a CGI file developed in Perl 5.10.1.
The CGI script builds the webpage using HTML and elements of JavaScript. To display the
graphical interface window of the web tool, which shows the 3D structure of the protein
requested by the user, the Perl code calls Java (version 1.5) to run a program named Jmol
(http://www.jmol.org; [207]). Jmol is a tool that displays protein structures and allows adding
and representing annotations.

PDBpaint runs under an Apache 2.0 web server. Development of PDBpaint was performed on a
Linux platform. Time to display a structure, including the annotations, varies depending on the
size of the protein, but it is usually less than five seconds. For bigger proteins (1000 residues and
more), it takes less than ten seconds.

4.2.4. Comparison with other tools

The problem of automating the mapping of features to structures is almost as old as the
molecular graphic programs themselves. In 1994, Saqgi and Sayle already presented a script to
map protein motifs detected with regular expressions on PDB protein structure [208] using the
RasMol viewer. The PDB website displays secondary structure annotations using Jmol.
Standalone graphical molecular viewers like RasMol [209] or PyMOL (PyMOL Molecular
Graphics System, Version 1.3, Schrodinger, LLC.) can also do this. Pfam [65] allows the display
of Pfam domains of a protein in a dynamic protein 3D viewer (Jmol) when the protein’s structure
is available from the PDB. Aside from these well-known tools, several small web services allow
to display a variety of features on 3D structures. Motif3D is an online tool that focuses on
displaying protein motifs from the prints database on structures from the PDB database [210].
Amino acid conservation of a sequence using related homologs can be displayed on a 3D
structure using ConSurf [211]. Suits of bioinformatics tools such as SRS 3D [212] or UTOPIA
[213] can be used to display annotations on PDB structures like PDBpaint does; however these
tools require local installation of software and have a significant learning curve.
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4.2.5. Conclusion of section 4.2.

PDBpaint has been created to be an easy to use tool for the annotations of PDB structures
according to features from sequence annotation collections or custom information provided by
the user. The display of protein features for databases such as Pfam or UniProt directly on the 3D
structure helps to better understand protein function. The user can also validate predictions from
computational tools on multiple protein structures in a serial and convenient way, without
needing to download any structures. Moreover, users that have just solved a new structure or
built a model can see if their structure matches information stored in databases. We believe that
PDBpaint can be very useful to researchers who want to design experiments, such as mutations,
by being able to grasp all the structural and linear information at once in a comprehensive output.

An expansion of a poly-glutamine motif on N-terminal of protein huntingtin is one of the
elements leading to diagnose Huntington’s disease. This mutation is likely to cause accumulation
of huntingtin fragments in neurons by aggregation of polyQ fragments, leading to the
degeneration of these neurons, eventually causing
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4.3. Study of deleterious mutations in huntingtin interacting protein CRMP-1

4.3.1. Introduction

An expansion of a poly-glutamine motif on N-terminal of protein huntingtin is one of the
elements leading to diagnose Huntington’s disease. This mutation is likely to cause accumulation
of huntingtin fragments in neurons by aggregation of polyQ fragments, leading to the
degeneration of these neurons, eventually causing the motor and cognitive impairments of
patients baring the mutation [62]. As a consequence, finding drugs to suppress this aggregation
has been thought to be a potential cure for the disease [214].

Huntingtin has been shown to contact more than a thousand of proteins [215], a vast majority of
them waiting for experimental evidences in order to show their putative contribution to
huntingtin wild-type or mutant phenotype. Collaborators from the group of Erich Wanker (Max
Delbrueck Center for molecular medicine, Berlin Buch) have investigated 14 protein partners of
huntingtin which they found deregulated in patients baring the disease ([53], data not shown).
Four of the proteins had never been shown to be associated with Huntington’s disease before,
one of them being CRMP-1 (for collapsing response mediator protein-1), a protein expressed in
brain which has an important function in neuronal development [216]. CRMP-1 was found by
the laboratory of Erich Wanker to interact with kinase ROCK1, an enzyme that regulates actin
and microtubules [217]. As a consequence, the down regulation of CRMP-1 in patients with
Huntington’s could lead to important perturbation of neurons. Unsurprisingly, CRMP-1 over-
expression in cells over-expressing mutant huntingtin was found to impair polyQ aggregation
(data not shown). More evidence has been provided, one of them exploiting the relation between
structure and function of a protein. In this view, to gather more evidence for the relation between
a protein and a function, mutations at specific sites can be performed to see the effect on the
protein function.

Consequently, we designed a list of point mutations in various regions of the CRMP-1 protein,
choosing locations that may have an impact on the structure. For each of these residues, we have
predicted the consequence of the mutation for protein stability using evidence from different
computational tools. To date, only one of these mutations, D408V, has been tested
experimentally, and our collaborators have successfully proven to impair the function of
aggregation reduction ([53], data not shown). This first result adds more evidence to other
experiments that show that CRMP-1 is a potential suppressor of polyQ aggregation and that its
down regulation in Huntington’s disease participates in the development of the degeneration of
neurons.
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4.3.2. Methods

Impact of mutations for protein stability

Each of the positions selected were tested for mutation using tools Polyphen-2 [48], SDM [49],
MUpro and MutationAssessor [5]. The structure used to run SDM and MUpro was found in the
Protein Data Bank (PDB ID: 4B3Z, [218]). It is important to note that this crystal solved
structure is in tetramer state and that two of the mutations were chosen in the interface between
subunits, to see probable impact on protein function.

SDM and MUpro use data from the 3D structure to make predictions regarding protein stability.
Polyphen-2, MUpro and MutationAssessor use information coming from sequence. Polyphen-2
is a tool that attributes two scores to a given mutation, HumDiv and HumVar. The HumDiv score
is the probability of a mutation to cause disease according to records of mutations associated to
Mendelian diseases stored in UniProt. HumVar calculates a similar score taking into account
mutations causing disease and non-synonymous single-nucleotide polymorphisms that are not
involved in disease and considered harmless. MutationAssessor is a tool that predicts the
possible impact of mutation for the protein using conservation. More conserved residues are
associated with increased functional importance, and their mutation is predicted to potentially
cause disease with a higher probability. SDM predicts the thermodynamic effects of a mutation
according to modification of the 3D structure and gives a prediction regarding the consequences
for the stability of the protein. MUpro is a support-vector machine algorithm trained with 1615
site mutations from 42 proteins in order to predict the potential consequences of mutation for
query proteins.

Conservation of CRMP-1 sequences

To study the conservation of residue 408, we aligned human CRMP-1 to various CRMP
homologous sequences from vertebrates and invertebrates, as well as paralogous human CRMP
sequences. CRMP sequences are very well conserved and we could observe 51% of identity
(sequence similarity E-value = 1e-113) between CRMP-1 and Drosophila CRMP, while CRMP-
1 and murine CRMP display 97% of identity (E-value = 0). Figure 34 represents an alignment of
CRMP sequences for region 393-423, which contains site 408 whose mutation has been analyzed
in more details by our collaborators (see section 4.3.3.2.). Alignment was performed using
ClustalW [183].

4.3.3. Results and discussion
4.3.3.1. Design of CRMP-1 mutants

In order to study the relation between CRMP-1 structure and function, we have drawn a list of
mutations to propose for experimentation (table 11). They were previously performed on mice
mutants and some have been proven to impair capability of the murine CRMP to bind interacting
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CRMP-1-D408V  Human (393) NLYPRKGRIAVGSD IWDPDKLKTITAK
CRMP1 Human (393) NLYPRKGRIAVGSD IWDPDKLKTITAK
Crmp1 M. musculus (393) NLYPRKGRIAVGSD IWDPDKMKTITAK
crmp 1 X. laevis (432) NLYPRKGRIAVGSD IWDPDKIKTVSAK
crmp1 D. rerio (396) NLYPRKGRIAVGSDADIVIWDPDKIKTITAK
CRMP D. melanogaster (402) NIYPQKGRIAVGSDADIVIWNPNATRTISKD
dhp-2 C. elegans (380) POKGRIAVGSDADIVIWNANATRTISKD
CRMP2 Human (393) NLYPRKGRIAVGSD VIWDPDSVKTISAK
CRMP3 Human (393) NFYPRKGRVAVGSD VIWNPKATKIISAK
CRMP4 Human (393) NLYPRKGRISVGSDSDLVIWDPDAVKIVSAK
CRMP5 Human (386) NLYPRKGRIIPGAD DPEATKTISA
* kk.kkk . *okokokok ey | mie

Figure 34. Multiple sequence alignment of the protein sequence of human CRMP-1 (corresponding
to residues 393-423) in relation to paralogous human sequences and homologous sequences of other

koo

organisms. Conservation is displayed for each residue. A

(T4 (12

:” is a conserved position with 2 different possible residues, while a “.”” is a conserved position with

is a position with 100% of conservation. A

more than 2 different residues. Note that aspartic acid in position 408 of CRMP-1 highlighted in yellow is
conserved in all sequences (a difference is only visible for the mutant). Alignment was performed using
ClustalWw.

partners ([216], mutants with an ‘*’ in table 11). As a result, a hypothesis is that they could also
impair human CRMP function and possibly have an influence on polyQ aggregation. Moreover,
mutation D408V was added to the list. As a matter of fact, the residue at position 408 of the
human CRMP-1 is homologous to a residue in the Drosophila CRMP whose mutation has been
shown to alter the CRMP capacity to silence the effects of deleterious mutations in Drosophila
mutants [219], so mutating this position in human CRMP-1 might possibly disrupt its ability to
reducing polyQ aggregation. Figure 35 shows that most of our mutants are not located on the
regions involved in CRMP-1 tetramerization (red residues and bottom face of the protein), to the
exception of mutants 487 and 489, which are in the red interface region. All the mutations are
present in the outer part of the protein, except D408V. Almost all the mutations previously
shown to be harmful in mice or Drosophila were predicted to be harmful to the human CRMP by
at least one tool, in some cases 2 (V51A, P52A). Positions 49 to 52 were predicted to be
destabilizing by both SDM and MUpro. This could be explained by their patterns of
conservation, which reflect the importance of the beta-sheet region in probable interactions of
CRMP-1 with protein partners [216]. In any case, the positions that are predicted by far to be the
most harmful are the four mutations on residues located in the region comprising positions 397
to 408 (residues depicted in figure 35B).
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Figure 35. Location of different potential mutants for CRMP-1. A. List of mutants tested in table 11.
The CRMP-1 protein is made of two lobes: the lower lobe, here in turquoise, and the upper lobe, in green.
The lower lobe shows different regions: an interface region, depicted in red, that interact with a neighbor
monomer, another interface region, which roughly corresponds to the bottom part of the molecule, and an
active site represented here with grey spheres. Six positions are located in the beta-sheet region of the
upper lobe (positions 49-54). Several positions were chosen on the outer part of the protein, outside
interacting regions, and are potentially involved in interactions with other proteins (positions S115, T118,
E121, K293, N294, D367, K368) Two mutations are associated with positions in one of the two interface
regions (K487 and F489). Finally, four positions at the interface between upper and lower lobe are also
shown (positions R397, K398, D406 and D408). B. Magnification of region of residue D408. Segment
397-408 presents three salt bridges that might be involved in the cohesion of upper and lower lobe.
Residue D408 interacts with residue K397, which also interacts with D406. D406 is also interacting with
R398. Mutations on all positions are predicted to be highly damaging as showed in table 11. The structure
used to show the different mutations was found in the Protein Data Bank (PDB ID: 4B3Z, no publication
associated). Software used for display is PyMOL (PyMOL Molecular Graphics System software, DelLano
Scientific, Palo Alto, California).

4.3.3.2. Impact of mutation D408V on the function of CRMP-1

Convergence of evidences showing a probable impact of D408V on CRMP-1 structure

From all our candidates, the mutation predicted to be the most harmful of all is D408V (table
11). It was predicted to be deleterious in Drosophila with impact on the protective function of
CRMP-1 against proteins with expanded polyQ [219]. Residue D408 is highly conserved from
human to Drosophila (figure 34), which suggests that its mutation might influence the function
of the human protein. D408 is located inside the protein (yellow coloration on figure 35A) and as
such is probably not directly involved in protein-protein interactions. As shown in figure 35B, it
is involved in a salt bridge with lysine of position 398 (distance: 2.8A, a value close to the salt
bridge optimal distance of 3A [220]), which suggests that D408 is very likely to participate in the
tight cohesion between the beta-sheet region (green color on figure 35A) and the rest of the

protein. As a result, mutation of this residue may cause the upper part of the protein to unfold
and therefore to disrupt interaction of CRMP-1 with other proteins. We performed the same
computational analysis on this mutation as the other listed on table 11. D408V was predicted to
be highly damaging by all the different tools, HumVar score being 0.894 and classified as
“possibly damaging”, very close to threshold value 0.9 corresponding to “probably damaging”.
Prediction from MUpro and SVM shows impact for the stability of the protein, though they
disagree on the outcome of the mutation (MUpro predicting it destabilizing and SVM
stabilizing). High conservation of the residue predicted by MutationAssessor and strong
association to disease both by HumDiv and HumVar confirms the potential harm of the mutation
for the protein.
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As it is predicted as a very good candidate for mutation, D408V functional impact was tested by
collaborators from the group of Erich Wanker. The mutant was generated and its capacity to
form stable homodimers in yeast-two-hybrid assays. Formation of homodimers is known to be a
biological feature of the wild-type CRMP1 [221] and this was confirmed by correct binding
when wild-type CRMP-1 is used both as bait and prey. Nevertheless, CRMP-1 mutant D408V
was not able to form homodimers, while a weak binding was found between wild-type and
mutant forms. These results mean that the protein is correctly produced but changes in the shape
prevent it from correctly forming dimers.

Positions in the vicinity of D408 were investigated. Residues number 397, 398 and 406 form
several salt bridges whose disruption might induce the same kind of protein misfolding that is
caused by D408V, as they are all at the junction between the two lobes of CRMP-1. Residue
K397 potentially forms a salt bridge with both D408 and D406 (distance of 2.9A, close to the
theoretical value 3A) and might be another critical position for protein stability. Nevertheless,
mutation R397A is only predicted harmful by HumDiv score. MUpro and SDM predict the
outcome of the mutation as being destabilizing. HumVar predict the mutation to be possibly
damaging. Only MutationAssessor predicts no harmful consequence for the protein.
Conservation of the position is maximal in vertebrates though it is a glutamine in invertebrates
instead of an arginine (figure 34), which means that the salt bridges R398-D406 and R398-D408
did not exist at the time of emergence of the vertebrate lineage (more than 500 million years
ago), and the residue might later have change to stabilize the structure. Residue D406 probably
forms two salt bridges with neighbor residues R398 and K397 (distance of 3.6A). Its mutation is
predicted to be highly harmful by all the tools, with the exception of MUpro. It is by far the most
harmful mutation predicted, along with D408V. Such a result can be explained by the potential
involvement of the residue in two salt bridges. Finally, R397A mutation is predicted to be
disease-related by HumDiv and HumVar scores, while SDM predicts it to be destabilizing.
Despite a score of 0 (which refers to a harmless mutation) attributed by MutationAssessor,
position D406 is perfectly conserved (figure 34) and may have functional importance. To
conclude, it is very likely that disruption of any of the four residues 397, 398, 406 or 408 may
cause important modifications of protein CRMP-1’s structure and function.

Possible scenario explaining the impact of D408V on CRMP-1

Residue D408 is situated at the interface of upper and lower lobe of CRMP-1. The lower lobe
(blue region on figure 35A and 35B) contains the two interface regions for interaction with the
other subunits, as well as the active site. The upper lobe, or beta-sheet region (green region on
figure 35A and 35B), has been proven to be involved in interaction with the COS7 protein [216].
We speculate that this region might be involved in important protein-protein interactions, some
related to neuronal disorders. As a consequence, we predict that disruption of this region by
mutation D408V or other mutations susceptible to disrupt the region might have dramatic
consequences for the capacity of CRMP-1 to bind other proteins and function properly. Upon

100



mutation of D408V, the two lobes interaction could weaken and the upper lobe could unhook a
little from its neighbor lobe. The disruption of the salt bridge between D408 and R397 by the
D408V mutation may impair the stability of CRMP-1 oligomers, which are not capable anymore
to suppress spontaneous mutant Htt misfolding and proteotoxicity. We speculate that such a
mechanism could happen upon mutation of residues R397, K398, or D406 too, as they are
neighbor sites of D408, also forming salt bridges at the interface of the two lobes. Structural and
functional consequences of these mutations, along with mutations on sites 49 to 56, still have to
be explored. For instance the impact of these mutations on the PPIs of CRMP-1 could be studied.
Such experiments may further aid to understand the cellular dysfunctions leading to
Huntington’s disease and other neurological and neurodegenerative disorders.

4.3.4. Conclusion

We have predicted the possible outcome of mutations on the biological function of CRMP-1.
One of these mutations has been tested and was proven by collaborators from the group of Erich
Wanker to cause impairment of CRMP-1’s capacity to reduce polyQ aggregation [53]. Other
mutations are waiting for further exploration, especially located on the outer part of the beta-
sheet region (green zone in figure 35). This region has been shown in mice to be important for
the interaction of CRMP-1 to various proteins [216]. As impairment of huntingtin aggregation is
believed to happen by direct interaction of CRMP-1 to polyQ fragments [53], we speculate that
this region could be part of the interface zone and mutations of the positions 49 to 56 possible
cause impairment of CRMP-1 ameliorative function. Further experimental validation is required
in order to prove such a hypothesis.
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4.4. Study of myosin mutations involved in cardiac septal defects.

4.4.1. Introduction

Secundum atrial septal defects (ASDII) account for 10% of cardiac malformation and have an
incidence of 1 out of 1,500 people in the population. This type of malformation implies a
communication between atria, which is normal in developing fetus, but is closed in the first three
months after birth. Moreover, some familial and sporadic mutations have previously been shown
to be factors of incidence for cardiac atrial septal defects. While some of these mutations involve
transcription factors, some are present in the heavy chain of myosin VI (MYH6), a type of
myosin found mainly in the atria [222] [223]. In collaboration with the group of Maximilian
Posch of the Deutsches Herzzentrum Berlin and other teams, new mutations in MYH6 were
recently identified in patients with ASDII in a study involving 31 patients with familial septal
heart defects. MYH®6 is an alpha-myosin only expressed in atria. A total of 13 sarcomeric genes
were analyzed in these 31 patients. Among the mutations found by the sequencing of these
genes, four had never been found before and were located in the coding sequence of myosin VI.
Such mutations were neither present in 370 control patients nor in the database of the exome
variant server (EVS) [224], which stores human mutations within coding sequences. In this
collaborative work, our task was to explain the molecular and phenotypic effect of these
mutations using structural and evolutionary information [52]. Mutations were R17H, C539R,
K543R, and A1004S. The three first are located in the head of myosin heavy chain, known to be
the place that pivots upon binding of actin, while A1004S is located in a region called the neck
of the protein.

4.4.2. Methods

Analysis of conservation of human myosin heavy chains

To analyze the conservation of human myosin heavy chains, we ruled out using the sequences of
orthologs from other species, as they are not divergent enough from human myosin. Identity
ranged from 87% to the Danio rerio MYH6 sequence to 97% to the murine sequence. A multiple
alignment of these sequences clearly indicated the high conservation of myosin VI across species
(data not shown). In order to find more variability, we aligned myosin VI to 37 different human
myosin chains found in the Entrez protein database. Alignment was performed using the
MUSCLE algorithm [182] via the EBI server. Gene names are visible on supplementary figure
S1 (see Appendix).

Representation of MYH6 mutants

To better study the impact of mutations for the structure of myosin VI, we analyzed a model of
its 3D structure. As no structure is available for the human myosin VI, we searched the closest
sequence of human myosin VI head with a solved structure associated in the NCBI sequence
database. To achieve this, we used BLAST against PDB. The closest homologue sequence was
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the myosin head domain of a chicken alpha-myosin heavy chain found in skeletal muscle (PDB
ID: 2MYS, [225]). Identity between the two sequences is 81% for a coverage of 98% (E-value =
0). The region comprising residues 505 to 530 with the mutation sites C539 and K543 displayed
85% identity with the homologous sequence from chicken myosin for a coverage of 89% (E-
value = 7e-23). In fine, as the similarity between human myosin VI and chicken skeletal myosin
seemed acceptable, chicken myosin served as a model to represent myosin VI 3D structure.
Mutation A1004 was not represented as it is outside of the sequence whose structure was
determined. 3D structures were represented using PyMOL Molecular Graphics System software
(DeLano Scientific, Palo Alto, California).

Computational analysis of outcome of mutations

The analysis is similar to the one which was performed to study CRMP-1. Please find details of
the procedure in section 4.3.2.

4.4.3. Results and discussion

Study of mutant R17H

This mutation was found in three siblings who showed congenital heart defect, whether ASDII or
AVSD (atrioventricular septal defect). Diverse evidence may explain why this mutation is
associated to heart disease. Firstly, the residue is very well conserved across human myosins (see
supplementary figure S2A in Appendix) in comparison with its neighbor residues, which aims at
showing that R17 may have functional importance. Computational analysis of the outcome of
R17H mutation reveals that it is the most harmful of the four mutations studied here, with
convergence of prediction of our five scores (table 12). SDM predicts the mutation to be highly
destabilizing, with a score of -2.47, which agrees with MUpro predicting the mutation to be
destabilizing, with a score of -0.99. Polyphen-2 predicts the mutation as probably damaging and
disease-causing, and MutationAssessor of high impact, probably due to high conservation of the
position. Though structure of this region seems to be only partially resolved in our model (PDB
ID: 2MYS, [225]), the residue is close to interacting residues D4, R24 and 125 known to contact
the NH2 terminal side of actin [225]. Though R17 does not interact directly with these important
residues, its mutation to a bulky residue such as histidine may weaken the interaction of myosin
to actin (figure 36).

Study of mutants C539R and K543R

Mutant C539R was found in three generations of women from the same family, while K543R in
five persons from the same family, two of which have a clear heart defect phenotype, the other
being uncertain. Residue C539 is very well conserved across the different human myosins. It is
conserved in myosin heavy chains class I, Il, V and XV. In classes IllI, VII, IX and X, it is a
serine, while it is an asparagine in class VI and a valine in class XVI1I (supplementary figure S1
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Figure 36. Localization of mutations on models for myosin VI heavy chain. A. Representation of
residue R17, closed to interacting residues to NH2 terminal end of actin according to [225] (these residues
are tagged in red: D4, R24 and 125). B. Representation of residues C539 and K543 in the local interface
region to actin. The two residues are highlighted with side chains represented as sticks. Interface region is
tagged in red and corresponds to residues 505 to 530 according to [225]. Space surrounding residue C539
is reduced and may imply harm for the protein upon mutation to a long amino acid such as it is the case of
mutant C539R. Model used for both figures is the structure of a chicken alpha-myosin from skeletal
muscle (PDB ID: 2MYS, [225]).

in Appendix). K543 is also well conserved and particularly across myosin heavy chains of class
I1. While C539R is predicted to be harmful by SDM, K543R is predicted to be harmless (table
12). This can be explained because K543 points outside and the structure of the model lacks
information about interaction of this region with actin. We speculate that the same analysis
performed on the structure of the actin/myosin complex, if it was available, may show probable
harmful structural modifications of the protein upon mutation K543R. MutationAssessor predicts
both mutations to have a high impact on function, probably due to good sequence conservation.
Interestingly, polyphen-2 predicts C539R to be probably damaging with a score of 0.977 and
K543R possibly damaging with a lower score of 0.644. 3D representation (figure 36B) helps to
understand how C539 can be more damaging: K543 points toward the outside of the structure,
while C539 is confined in a small space in the inside of the protein so mutation of this latter to a
bulkier residue may impair protein stability. Nevertheless, both mutations are located in a helix-
loop-helix region that is known to bind actin [225], which could explain why both are found
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associated with cardiac defects. C539 is located in the loop of the helix-loop-helix region while
K543 points outside. Mutation of the first one might disrupt myosin structure and therefore
impair indirectly the correct binding of myosin and actin, while K543, probably in direct contact
with actin surface residues, might impair strength of contact upon mutation.

Study of mutant A1004S

Mutant A1004S was also found to be associated with congenital heart defect in a girl and a boy
who are sister and brother, while the father also bears the mutation, without a clear phenotype.
Residue A1004 is well conserved across human myosin heavy chain sequences (supplementary
figure S2B in Appendix). Polyphen-2 predicted the mutation to be benign, while
MutationAssessor found it disruptive, but not as high as the other mutations. Contrary to the
other 3 mutations, A1004S is located in the neck of myosin head protein, a region that is not
involved in actin binding. The region surrounding the residue was predicted as alpha-helical by
the tool Jpred3 [118]. The good conservation of residue A1004 is the only supportive piece of
information to explain the possible link between the mutation and heart defect phenotype.

4.4.4. Conclusion

In this work we have analyzed four mutations associated with heart defect reported for the first
time. All the mutations are located in a highly conserved region of the alpha-myosin motor
domain, which is involved in myosin-actin interaction. This result shows that part of ASDII
cases are related to mutations in sarcomere genes, such as MYH6. To link the genotype to the
phenotype, and obtain a more mechanistic explanation for the underlying disease, we have
shown that a combined analysis of conservation, modification of stability and structure is
particularly useful.

4.5. Conclusion to chapter 4

In this chapter, we have shown that combining the analysis of conservation with structural
information could be helpful in order to predict the outcome of mutations and the eventual
consequence for protein functions and disease. Performing a simple alignment can be very
informative about the relevant positions of a structure and help design mutants in order to test the
importance of that site or domain for the function of the protein. Such a method is an example of
the many possible connections between evolutionary concepts and medicine.
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5. General conclusion

In the present work, we have conducted different studies to show the importance of taking into
account facts from evolutionary biology in order to understand biological processes, particularly
those related to human disease. We believe that the most complete way to know the function of a
biological system is to consider the events that led to its appearance. Consequently, we have
studied protein sequences in data from very different taxa to obtain mechanistic information on
different biological systems relevant for human disease. In the case of alpha-solenoids, our
nearly exhaustive analysis of available sequences helped to understand the potential link between
this type of repeat and the increased demand for a protein transport system in complex taxa such
as Eukaryota or Cyanobacteria. Such a statement could not have been supported by solely
relying on data on human proteins. Differently, the study of ten carefully selected proteins in
various taxa helped to build a scenario for the emergence of the system regulating hypertension.
In this case, the evolutionary cues were helpful to show that the system was partially built up
from ancestral proteins that necessarily had a different function before its emergence. Lastly, we
used evolutionary information to obtain hints on the possible outcome of mutations of human
disease related proteins by studying the conservation of particular amino acids in protein
sequences in combination with protein structural information.

In the future, we expect that evolutionary concepts will be used as often as the common biology
tools of today in order to explain biological processes. The diversification of experimental
models of disease used in laboratories is one of the main elements that will eventually lead to a
better understanding of how biological systems have emerged in evolutionary times. One of the
various ways of including the evolutionary perspective in experimental work is to compare a
system to its orthologous systems in different animal models. For instance, a biologist studying a
given biological pathway in mammals, could do the same analysis in fish, and maybe in an
invertebrate to try to see what is common and what is different. Such analyses could eventually
shed light on some important facts that did not seem so important at first glance. To illustrate
this, we cite a recent work from Zeron-Medina et al. who have identified potential cancer
markers based on genes under positive selection in human populations more susceptible to
certain types of cancer [226]. Such a result exemplifies that studying gene conservation can
reveal functionality that is not visible with standard approaches. Reading such studies, we are
confident that in a close future, evolutionary concepts will become major tools of biologists to
understand processes happening in nature. The living world is not only a highly complex
intricate network of processes, but before all it is the result of a story started several billions
years ago, which has constrained for the most part the way living beings function today.
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Summary

Evolution is a major actor of function of living beings. Studying biological processes with the
perspective of an evolutionary biologist is important in order to have the most complete picture
possible of the processes acting in nature. Following this idea, we have studied protein sequences
to study two different biological systems. Such information was used to build evolutionary
scenarios for our two questions.

We first studied alpha-solenoid repeat proteins. We have improved a method to detect such
motives inside of protein sequences and applied this updated method to all sequences available in
protein databases. The study of the distribution of such sequences in the tree of life shows that
eukaryota are the taxons displaying the most this type of structure, as well as two groups of
bacteria, cyanobacteria and planctomycetes. Importantly, the three groups of alpha-solenoid
show limit similarity. We speculate that they appeared independently. Equally important, the
three groups, eukaryota and the two bacteria taxons, are associated with increased cellular
complexity versus classical bacteria groups. We hypothesized that the increased demand of
protein important to protein transport and synthesis in living beings with compartmentalized cells
induces a higher recruitment of alpha-solenoid proteins, as they require more complex protein
machinery in order to be built. This high pressure could have occurred in the three groups
independently, increased the recruitment of alpha-solenoid proteins.

The second evolutionary scenario we tried to put together is about the renin-angiotensin system
which regulates hypertension in higher vertebrates. To perform this, we conducted a
phylogenetic analysis of a dozen of proteins involved in the system, from higher vertebrates to
invertebrates. We found that contrary to naive thinking, some of the components of the system
appeared before the set of the system, and had a complete different function, showing orthologue
sequences in invertebrates. Some proteins, present in taxons with no regulation of hypertension
such as Drosophila, were previously used for development a long time before being co-opted for
homeostasis regulation in vertebrates. We could confirm the onset of the system around the
appearance of cartilage fishes, around 400 million years ago.

Both analysis, of alpha-solenoid repeat proteins and protein sequences from the renin-
angiotensin system, showed the importance of using evolutionary cues in order to better
comprehend how living being work.

Aside from these evolutionary scenarios, we also used evolutionary along with structural
information in order to study the impact of mutations for the structure of various proteins, and
the relation of such mutations to disease and function. For these analyses, we have developed a
tool called PDBpaint to visualize various annotations on the structure of proteins.
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Zusammenfassung

Evolution pragt die Funktionsweise aller Lebewesen. Es ist notwendig biologische Prozesse aus
der Perspektive eines Evolutionshiologen zu betrachten, wenn man ein moglichst vollstandiges
Bild von den natirlichen Vorgangen erhalten mdchte. In diesem Sinne haben wir
Proteinsequenzen herangezogen um zwei verschiedene biologische Systeme zu untersuchen und
um Evolutionsszenarios fur unsere beiden Fragestellungen zu entwickeln.

Zunachst analysierten wir Proteine mit sich wiederholenden Alpha-Solenoidsequenzen. Wir
verbesserten eine Methode zur Detektion solcher Motive innerhalb von Proteinsequenzen und
wandten die verbesserte Methode auf alle Sequenzen an, die in Proteindatenbanken erhéltlich
waren. Die Untersuchung der Verteilung solcher Motive im phylogenetischen Stammbaum der
Arten zeigte, dass besonders Eukaryonten und zwei Gruppen von Bakterien, die Cyanobakterien
und Planctomyceten, diese Struktur tragen. Wichtig hierbei ist, dass die drei Gruppen von Alpha-
Solenoidsequenzen nur begrenzte Ahnlichkeit aufweisen. Wir nehmen an, dass sie unabhéngig
voneinander entstanden sind. Genauso wichtig ist, dass die drei Gruppen, Eukaryonten und die
zwei bakteriellen Taxa, ein erhéhtes MaR an zellularer Komplexitat aufweisen im Vergleich mit
anderen bakteriellen Gruppen. Unsere Hypothese ist, dass Alpha-Solenoid Proteine durch den
zunehmendem Bedarf an Proteinen fir Transport und Synthese in Lebewesen mit
kompartmentalisieren Zellenvermehrt entstehen, da sie eine komplexe Proteinmaschinerie
bendtigen, um gebildet zu werden. Dieser Druck koénnte in allen drei Gruppen unabhédngig
bewirkt haben, dass Alpha-Solenoid Proteine in immer gréRerer Zahl hervorgebracht wurden.

Das zweite evolutiondre Szenario, das wir untersuchten, das Renin-Angiotensin System, reguliert
Bluthochdruck in hoheren \ertebraten. Wir unternahmen eine phylogenetische Analyse von
zwoOIf Proteinen, die in das System involviert sind, von hoheren \ertebraten bis hin zu
Invertebraten. Wir fanden heraus, dass entgegen unseren Erwartungen einige Komponenten
lange vor dem eigentlichen Regulationssystem auftraten, mit vollig anderen Funktionen, gezeigt
anhand von orthologen Sequenzen in Invertebraten. Einige Proteine, die in Taxa ohne Regulation
von Bluthuchdruck zu finden sind, so wie Drosophila, wurden schon lange vorher fiir die
Regulation von Entwicklung verwendet. Wir konnten bestédtigen, dass das System etwa
gleichzeitig mit den Knorpelfischen entstand, ca. vor 400 Millionen Jahren.

Beide Analysen, sowohl die der Alpha-Solenoid Proteine als auch der Proteinsequenzen des
Renin-Angiotensin Systems, haben gezeigt, wie wichtig es ist, Hinweise aus der Evolution in die
Betrachtungen mit einzubeziehen, bei dem Versuch Lebewesen und ihre Funktionsweise, zu
verstehen.

Neben diesen Evolutionsszenarios verwendeten wir evolutionédre gleichzeitig mit strukturellen
Informationen um den Einfluss von Mutationen auf die Struktur verschiedener Proteine zu
erforschen, sowie die Beziehung solcher Mutationen zu Krankheit und Funktion. Fur solche
Analysen haben wir PDBpaint entwickelt, ein Werkzeug zur Visualisierung von Annotationen in
Proteinstrukturen.
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Appendix
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myosin VI heavy chain. The yellow blocks represent alpha-helix in solved structures.
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Figure S2. Multiple sequence alignment of human myosin heavy chains around R17 (A) and A1004
(B) of myosin VI heavy chain. The yellow and green blocks represent alpha-helix and beta-sheet
in solved structures, respectively.
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Table 1. Alpha-solenoid structures from PDB.

PDB ID | Chain | Information Species

1B3U A Protein phosphatase 2A Homo sapiens

1DL2 A Mannosidase Saccharomyces cerevisiae
1DVP A VHS & FYVE domains of HRS Drosophila melanogaster
1E7U A P13-kinase Sus scrofa

1EE4 B Importin-alpha Saccharomyces cerevisiae
1F1S A Hyaluronate 2 lyase Streptococcus agalactiae
1G6l A Mannosidase Saccharomyces cerevisiae
1H2T C Cap-binding-complex (CBC) Homo sapiens

1HEK C Cap binding complex Homo sapiens

1HO8 A Subunit H of the V-type 2 ATPase Saccharomyces cerevisiae
1HU3 A Initiation factor 4GlI Homo sapiens

1IAL A Importin-alpha Mus musculus

11B2 A Pumilio domain Homo sapiens

1IBR B Importin-beta/Ran complex Homo sapiens

1JDH A Beta-catenin Homo sapiens

1LDJ A Ubiquitin 2 ligase complex Homo sapiens

1LRV A Leucine-rich repeat variant Azotobacter vinelandii
1LSH A Lipovitellin Ichthyomyzon unicuspus
1N52 A Cap binding complex Homo sapiens

INAO A TPR motif unidentified

1INF1 A Neurofibromin Homo sapiens

106P B Importin-beta Homo sapiens

10XJ A Smaug RNA-binding domain Drosophila melanogaster
10YZ A YibA Escherichia coli

10ZN A Reticulon-4 receptor Homo sapiens

1P22 A Beta-TRCP1/Beta-catenin Homo sapiens

1PAQ A Translation initiation factor 2B epsilon Saccharomyces cerevisiae
1RZ4 A Translation initiation factor Homo sapiens

1T08 A Beta-catenin reptilian

1TE4 A No known function Methanothermobacter thermautotrophicus
1UBG C TBP-interacting protein Homo sapiens

1UPK A Calcium-binding protein Homo sapiens

1UWA4 B Regulator of nonsense transcripts Homo sapiens

1VSY 4 Proteasome activator complex Saccharomyces cerevisiae
1W63 I AP1 clathrin adaptor core Mus musculus

1WAS5 B Importin-alpha Saccharomyces cerevisiae
1WAS5 C Importin-alpha re-exporter Saccharomyces cerevisiae
1X9D A Mannosidase Homo sapiens

IXG7 A DNA lyase Pyrococcus furiosus

1XI5 A Clathrin D6 coat Bos taurus

1XM9 A Plakophilin 1 Homo sapiens

1XQR B HSPBP1 core domain Homo sapiens

1XQS A HSPBP1 core domain Homo sapiens

1Y2A C Importin-alpha Mus musculus

17Q1 C Amidotransferase Pyrococcus abyssi

2B39 B Third component of complement Bos taurus

2BPT A Importin-beta Saccharomyces cerevisiae
2C1M A Importin-alpha Mus musculus

2DB0 B Uncharacterized protein Pyrococcus horikoshii OT3
2DQ6 A Aminopeptidase Escherichia coli
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2E9H A Translation initiation factor Homo sapiens

2FNO A Glutathione s-transferase Agrobacterium fabrum str. C58
2FUL E Eukaryotic translation initiation factor Saccharomyces cerevisiae
2FV2 C Part of a transcription complex Homo sapiens

2GRR B Ran GTPase-activating Homo sapiens

2120 A Translation of histone mMRNA Danio rerio

2IW3 B Elongation factor Saccharomyces cerevisiae
2JDQ B Importin-alpha Homo sapiens

2NSZ A Inhibition of translation initiation Mus musculus

20F3 A Microtubules organization Caenorhabditis elegans
20T8 A Importin-beta Homo sapiens

20VR A Ubiquitination complex Homo sapiens

2PHG A Transcription initiation factor 11B Homo sapiens

2PN5 A Thioester-containing protein Anopheles gambiae

2PZI A Protein kinase Mycobacterium tuberculosis
2QFC A Transcription activator Bacillus thuringiensis
20QK1 A Microtubules organization Saccharomyces cerevisiae
20NA A Importin-beta Homo sapiens

2R7R A RNA-dependent RNA polymerase Simian rotavirus

2RHS C Phenylalanyl-tRNAsynthetase Staphylococcus haemolyticus
2SQC A Squalene cyclase Alicyclobacillus acidocaldarius
2UY1 A MRNA stability Encephalitozoon cuniculi
2VGL A AP?2 clathrin adaptor core Rattus norvegicus

2VGL B AP?2 clathrin adaptor core Homo sapiens

2VSO E Translation initiation complex Saccharomyces cerevisiae
2W3C A Globular head of a vesicular transport factor Homo sapiens

2WXF A P13-kinase Mus musculus

2X1G F Importin 13 Drosophila melanogaster
2XQ0 A Leukotriene hydrolase Saccharomyces cerevisiae
2XWU B Importin Homo sapiens

2Z6H A Beta-catenin Homo sapiens

2ZRK A Recombinase Mycobaterium smegmatis str. MC2 155
3A6P A pre-miRNA-binding importin-alpha Homo sapiens

3AA0 A Actin regulator Gallus gallus

3AL0 C Glutamyl-tRNAsynthetase Thermotoga maritima MSB8
3B34 A Aminopeptidase Escherichia coli K-12

3B7S A Leukotriene hydrolase Homo sapiens

3BCT A Beta-catenin Mus musculus

3BG1 B Nucleoporin Homo sapiens

3BWT A RNA binding domain Saccharomyces cerevisiae
3C5W A Protein phosphorylase 2A Homo sapiens

3CHT A Oxygenase Streptomyces thioluteus
3D3M A Translation initiation factor Homo sapiens

3DAD A Actin regulator Homo sapiens

3DRA A Geranylgeranyltransferase-1 2 Candida albicans

3EBB A Ubiquitin regulation Homo sapiens

3FGA B Protein phosphorylase 2A Mus musculus

3GAE B Ubiquitin regulation Saccharomyces cerevisiae
3GE3 B Toluene oxygenase Pseudomonas mendocina
3GRL A Globular head of a vesicular transport factor Bos taurus

3GS3 A pre-mRNA processing Drosophila melanogaster
3H3D Y RNA binding domain Drosophila melanogaster
3H7L A Endoglucanase Vibrio parahaemolyticus

112




3HHM A P13-kinase Homo sapiens

3l4R B Nucleoporin Homo sapiens

3IBV A tRNA binding exportin Schizosaccharomyces pombe
3IHY C P13-kinase Homo sapiens

3IP4 B Glutamyl-tRNAamidotransferase Staphylococcus aureus
3JRO A Nucleoporin Saccharomyces cerevisiae
3JUI A Translation initiation factor Homo sapiens

3IXY A DNA glycosylase Bacillus cereus

3K62 A mRNA binding protein Caenorhabditis elegans
3K8P D Protein transport protein Saccharomyces cerevisiae
3KND A Importin-alpha Mus musculus

3L22 A Membrane protein Bacteroides fragilis
3L6A A Translation initiation factor Homo sapiens

3L6X A Delta-catenin Homo sapiens

3L9T A Uncharacterized protein Streptococcus mutans
3LTJ A Consensus engineered sequence synthetic

3LTM A Consensus engineered sequence synthetic

3LY8 A Transcriptional activator Escherichia coli K-12
3M1l C Exportin Saccharomyces cerevisiae
302Q A pre-mRNA processing Homo sapiens

302T A pre-mRNA processing Homo sapiens

304z D Telomere regulator Saccharomyces cerevisiae
30BV D Actin regulator Mus musculus

30C3 A Helicase Encephalitozoon cuniculi
30PB A Protein transport Saccharomyces cerevisiae
3TJZ B Coatomer subunit Bos taurus
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Table 2. Training set of ARD2.

PDBid | Sequenceid Structure | Description
no 147899589 | other Condensin complex subunit 1
no 19113121 | HEAT Condensin, non-SMC subunit Cnd1 [S. pombe]
no 6323302 | HEAT Ycsdp [S. cervisiae]
no 148234026 | HEAT Condensin complex subunit 3
no 19075707 | HEAT Condensin, non-SMC subunit Cnd3 [S. pombe]
no 2132501 | HEAT Probable membrane protein YDR325w — yeast
[S. cerevisiae]
no 336268148 | HEAT PDS5/BimD/Spo76 protein [S. macrospora k-shell]
no 4559410 | Other Androgen-induced prostate proliferative shutoff
associated protein [Homo sapiens]
no 168025 | HEAT bimD [Emericella nidulans]
no 33088246 | HEAT Adherin Nipped-B [Drosophila melanogaster]
no 1353390 | HEAT DNA repair and meiosis protein Rad9
[Coprinopsis cinerea]
no 6320386 | HEAT Scep2 [S. cerevisiae]
no 347834059 | HEAT Adherin, cohesion loading factor Mis4 [S. pombe]
1U6G_C | CAND1_HUMAN | HEAT Cand1 — ubiquitin ligase inhibitor
no 27477070 | HEAT TATA-binding protein-associated factor 172
[Homo sapiens] 20% homologous to 1Z6A:A
no 6325175 | HEAT Motlp [S. cerevisiae] 20% homologous to 1Z6A:A
no 6323074 | Other Stup2 [S. cerevisiae] 27% identical to 2QK1
no 19075285 | Other Microtubule-associated protein Disl [S. pombe]
no 6633953 | other KIAA0097 protein [Homo sapiens] Cytoskeleton-
associated protein
no 17538165 | HEAT ZYGote defective : embryonic lethal family member
(zyg-9) 18% identical to 20F3 :A
no 5915683 | Other Tubulin-folding cofactor D
no 27806383 | HEAT Tubulin-specific chaperone D [Bos taurus]
no 6321700 | Other Apl6ép [S. cerevisiae]
no 3885988 | Other AP-3 complex subunit beta-3A
no 6320444 | Other Sec26p [S. cerevisiae]
no 6324042 | Other Sec21p [S. cerevisiae]
2P8Q_A IMB1_HUMAN | HEAT Importin-subunit betal [Homo sapiens]
2AJA A | Q5ZSV0 _LEGPH | Other Ankyrin repeat family protein Q5ZSV0

[Legionella pneumophila]
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Table 3. Comparison of performances for ARM profile and ARD2.

PDB Positive set ARM ARD?2
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3DRA A 1 0 0
3EBB_A 1 0 0
3FGA B 1 1 0
3GAE B 1 0 0
3GE3 B 1 0 0
3H3D_ Y 1 1 0
3H7L A 1 0 0
3HHM_A 1 1 0
314R B 1 0 0
3IBV_A 1 1 0
3IHY C 1 1 0
3IP4 B 1 0 0
3JRO_A 1 0 0
33Ul A 1 1 0
3IXY_A 1 0 0
3K62_A 1 1 0
3K8P_D 1 0 0
3L22 A 1 0 0
3L6A A 1 1 0
3L6X_A 1 1 0
3L9T A 1 0 0
3LY8 A 1 0 0
3M1l C 1 1 0
304Z D 1 0 0
30BV D 1 1 0
30PB_A 1 1 0
1C9B_A 0 1 0
INF1 A 0 1 0
2RHQ A 0 1 0

The last three structures highlighted in red are falsely predicted to contain alpha-solenoid repeats
by InterPro.
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Table 4. Functions of proteins with alpha-solenoids.

Function Interaction | PDB ID | Protein name Type Referenct
Protein transport P/P 2JDQ Importin subunit alpha-1 ARM [227]
P/P 1IAL Importin subunit alpha-2/pendulin ARM [228]
P/P 1IBR Importin subunit beta-1/importin 90 HEAT [106]
P/P 20T8 Transportin-1 (Importin beta-2) HEAT [229]
P/P 1IWAS Re-exporter of importin subunit alpha HEAT [105]
TF coactivators P/P 2Z76H Catenin beta-1 ARM [30]
P/P 30C3 Helicase MOT1 HEAT [230]
Protein biosynthesis P/N? 2IW3 Elongation factor 3A HEAT [231]
P/N 3AL0 Glutamyl-tRNAsynthetase HEAT [101]
Enzyme scaffolding P/P 21AE Protein Phosphatase PP2A subunit A HEAT [232]
P/P 2PZI Protein kinase PknG HEAT [233]
P/P 2DQ6 Aminopeptidase N HEAT [94]
P/P 3HHM PI13Kalpha HEAT [103]
Substrate catalysis P/P 21AE Protein Phosphatase PP2A subunit B HEAT [232]
Vesicle trafficking P/P 1W63 AP1 Clathrin adaptor core HEAT [234]
P/P 2VGL AP2 Clathrin adaptor core HEAT/ARM | [235]
P/P 3GRL p115 tether globular head domain HEAT [236]
Cytoskeleton P/P 30PB Shedp HEAT [237]
P/P 20K1 Protein STU2 HEAT [238]
Ubiquitination/proteasome | P/P 1U6G Cand1 HEAT [108]
P/P 1XQS Hsp70-binding protein 1 ARM [239]
P/P 1VSY Proteasome activator BLM10 HEAT [240]
P/P 3GAE Ubiquitin fusion degradation 3 ARM [241]
DNA damage P/N 3IXY Alkylpurine DNA glycosulaseAlkD HEAT [96]
P/N IXG7 N-glycosylase/DNA lyase HEAT [97]
micro-RNA processing P/N 3A6P Exportin-5 HEAT [99]
MRNA processing P/P 302Q Symplekin HEAT/ARM | [242]
P/N 3K62 mRNA binding protein PUMILIO [100]
P/P IN52 Cap-binding protein HEAT [243]
P/P 3D3M Death associated protein 5 (DAP5) HEAT [244]
tRNA processing P/N 31BV tRNA export factor HEAT [98]
Lipid metabolism - 3DRA Geranylgeranyltransferase-| HEAT [102]
P/L 1LSH Lipovitellin HEAT [104]
Tumor suppressing P/P 1UPK Calcium-binding protein 39 ARM [245]
Other functions P/P 2DB0 Hypothetical protein HEAT [246]
P/P 2AJA Ankyrin repeat protein ANK [247]
P/P 2QFC Virulence regulator TPR [91]
- 3LTJ Artificial protein HEAT [248]
- 1LRV Leucine-rich repeat protein L-rich [95]

Each protein is displayed with its PDB ID and the type of interaction its repeats are involved in.
Though most of structures dock to proteins, we here point out the involvement of alpha-
solenoids in protein-protein (P/P), protein-lipid (P/L) and protein-nucleic acid (P/N), either DNA
or RNA. The diversity of function is broader than previously known. Structures referenced as
“PDB” were recorded in the Protein Data Bank but have no publication associated.
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Table 5. Human protein sequences from Swiss-Prot predicted to contain alpha-solenoids by

ARD?2.

UniProt ID | Entrez gene | Gene Symbol | NCBI description
1D

P52294 3836 | KPNA1 Importin
P52292 3838 | KPNA2 Importin
000505 3839 | KPNA3 Importin
000629 3840 | KPNA4 Importin
015131 3841 | KPNA5 Importin
060684 23633 | KPNAG6 Importin
A9IQM74 402569 | KPNA7Y Importin
Q14974 3837 | KPNB1 Importin
Q9UI26 51194 | IPO11 Importin
094829 9670 | IPO13 Importin
Q8TEX9 79711 | IPO4 Importin
000410 3843 | IPO5 Importin
015397 10526 | IPO8 Importin
Q96P70 55705 | IPO9 Importin
Q96T76 64210 | MMS19 DNA excision repair
060518 26953 | RANBP6 RAN binding
Q92973 3842 | TNPO1 Transportin
014787 30000 | TNPO2 Transportin
Q10567 162 | AP1B1 Adaptin
075843 8906 | AP1G2 Adaptin
095782 160 | AP2A1 Adaptin
094973 161 | AP2A2 Adaptin
P63010 163 | AP2B1 Adaptin
000203 8546 | AP3B1 Adaptin
Q13367 8120 | AP3B2 Adaptin
014617 8943 | AP3D1 Adaptin
Q9Y6B7 10717 | AP4B1 Adaptin
P53618 1315 | COPB1 Adaptin
Q9Y678 22820 | COPG Adaptin
Q9UBF2 26958 | COPG2 Adaptin
Q6AI08 63897 | HEATR6
Q15021 9918 | NCAPD2 Condensin
Q9BPX3 64151 | NCAPG Condensin
P42695 23310 | NCAPD3 Condensin
Q86X12 54892 | NCAPG2 Condensin
Q96LV5 285905 | INTS4L1 Integrator complex
Q2T9F4 644619 | INTS4L2 Integrator complex
Q96HW?7 92105 | INTS4 Integrator complex
QIBYG7 83876 | MRO Maestro
QINTI5 23047 | PDS5B Cohesion maintenance
Q8N122 57521 | RPTOR Complex of MTOR
P42345 2475 | MTOR mTOR
000750 5287 | PIK3C2B PIK3
Q99570 30849 | PIK3R4 PIK3
P78527 5591 | PRKDC Protein kinase
Q5VYK3 23392 | KIAA0368 KIAA0368
Q92616 10985 | GCN1L1 Amino-acid synthesis
Q86XA9 25938 | HEATR5A
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Q9P2D3 54497 | HEATR5B

Q14008 9793 | CKAP5

Q72460 23332 | CLASP1 Cytoplasmic linker protein
075122 23122 | CLASP2 Cytoplasmic linker protein
Q6KC79 25836 | NIPBL Nipped-B

Q8WVM7 10274 | STAG1 Cohesin complex 3
Q8N3U4 10735 | STAG2 Cohesin complex 3
Q6ZUX3 165186 | FAM179A

QIY4F4 23116 | FAM179B

Q86VP6 55832 | CAND1 Cullin-associated

075155 23066 | CAND2 Cullin-associated

P30153 5518 | PPP2R1A Protein phosphatase
P30154 5519 | PPP2R1B Protein phosphatase
Q99460 5707 | PSMD1 Proteasome 26S subunit
Q16401 5711 | PSMD5 Proteasome 26S subunit
Q8N2F6 83787 | ARMC10 Armadillo repeats
Q5W041 219681 | ARMC3 Armadillo repeats
Q5T2S8 55130 | ARMC4 Armadillo repeats
Q8IURY 25852 | ARMCS8 Armadillo repeats
000192 421 | ARVCF Armadillo repeats

Q6PI77 80823 | BHLHB9 Helix-loop-helix domain
014981 9044 | BTAF1 TFIID-associated
Q68CQ1 374977 | Clorfl75

Q6PJG6 221927 | C7orf27 ATM activator

ABNGR9 642475 | C8orf73

A2RTY3 256957 | C170rf66

075165 23317 | DNAJC13 DnaJ (Hsp40)

P52306 5910 | RAP1GDS1 GTP-GDP dissociation
Q86Y56 54919 | HEATR2

Q86WZ0 399671 | HEATR4

QI9NZL4 23640 | HSPBP1 Heat shock protein binding
Q8NDAS8 727957 | HEATR7A HEAT repeat containing 7A
000458 3475 | IFRD1 Developmental regulator
Q5S007 120892 | LRRK?2 Leucine-rich repeat kinase
Q8NG97 284383 | OR2Z1 Olfactory receptor
Q29RF7 23244 | PDS5A Cohesion maintenance
Q8TF05 9989 | PPP4R1 Protein phosphatase
Q6NUP7 57718 | PPP4R4 Protein phosphatase
Q5JTH9 23223 | RRP12 rRNA processing
Q9UHP6 27156 | RTDR1 Rhabdoid tumor deletion
Q9BZR6 65078 | RTN4R Reticulon receptor
Q86VV8 25914 | RTTN Rotatin

075533 23451 | SF3B1 Splicing factor

QINRP7 27148 | STK36 Serine/threonine kinase
Q92797 8189 | SYMPK Symplekin

Q9BTW9 6904 | TBCD Tubulin folding cofactor
Q9COB7 79613 | TMCO7 Transmembrane protein
Q14669 9320 | TRIP12 Hormone receptor interactor
Q9H3U1 55898 | UNC45A Unc-45

060763 8615 | USO1 Vesicle docking

Q8N398 90113 | VWASB2 Von Willebrand domain
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Table 6. Gene ontology terms found to be significantly enriched in human alpha-solenoids
(99 sequences). The total human proteome is used as background (20,328 sequences). All
sequences come from the Swiss-Prot database. GO analysis was performed using the DAVID
tool [115].

Functions

GO term genes p-value*
Intracellular protein 29 4.4E-23
transport
Mitotic cell cycle 15 1.5E-7
Golgi vesicle transport 6 8.8E-3
Regulation of defense | 3 5.5E-2
response to virus
Alternative splicing** 50 7.9E-2

Cellular localization
GO term genes p-value*
Nuclear pore 16 1.2E-17
Coated membrane 12 1.3E-12
Golgi apparatus 17 1.2E-4

*p-value is the chance to find the same enrichment by picking randomly the same number of
proteins among the proteins of the background. Here, we show Benjamini-corrected p-values.
Benjamini is a corrected p-value to reduce the false discovery rate. Significance was validated if
the Benjamini value was equal or lower to 5e-2. **This gene ontology means that the enriched
proteins are alternative spliced, not that they participate to the mechanism of alternative splicing
itself.
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Table 7. Human proteins newly identified as alpha-solenoids.

Name Function Conservation® ARD2| InterPro
(Swiss-Prot accession ARM
number)
LRRK2. Leucine-rich serine/threonine kinase Dm Bf Ci 360; |163-619
repeat serine/threonine- 408;
protein kinase (Q5S007) 452;
494
RTTN. Rotatin (Q86VV8) | Axial rotation, left-right Dm Bf Ci 1305; | 1-954, 1422-1445,
specification of body 1377; | 1602-1691, 1846-
1425; | 1956, 2017-2225
TRIP12. E3 ubiquitin- ubiquitination At ScDm Bf Ci | 491; |357-379, 436-938
protein ligase (Q14669) 532;
613
UNC45A (Q9H3U1) Co-chaperone of Hsp90, cell | Dm Bf Ci 448; |89-350, 403-932
proliferation, muscle cell 488;
development, cytoskeletal 537
function
DNAJC13. Required for Co-chaperone of Hsc70, At Dm Bf Ci 1783; | 445-1968, 1988-
receptor-mediated receptor mediator endocytosis 1826; | 2191
endocytosis 8 (O75165) 1865
IFRD1. Interferon-related | Embryonic development, At ScDm BfCi | 93; 84-326
developmental regulator 1 | muscle development 136;
(000458) 176

'Orthologs were searched for in Sc: Saccharomyces cerevisiae, At: Arabidopsis thaliana, Dm:

Drosophila melanogaster, Bf: Branchiostoma floridae, Ci: Ciona intestinalis.
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Table 8. Gene Ontology terms found to be significantly enriched in the genes uniquely
interacting with the first alpha-solenoid region of huntingtin.

GO term genes p-value
Ribonucleoprotein 19 9.70E-3
Nucleotide-binding 43 4.70E-2
Ribosomal protein 13 2.90E-2
Protein biosynthesis 16 2.80E-2
Gene expression 23 1.90E-2
Metabolism of proteins 20 1.10E-2
Influenza infection 16 1.10E-2
3’UTR-mediated 14 4.70E-2
translational regulation

P-value is the chance to find the same enrichment by picking randomly the same number of
proteins among the proteins of the background. Significance was validated if the Benjamini-
corrected value was equal or lower than 5e-2.
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Table 9. Mutations designed for studies of huntingtin PPI.

Position | b-score | Mutation | SDM | MutationAssessor | Polyphen-2
321 85.04 L3211 | -0.37 1.725 0.998
238 83.31 S§238T | 0.15 1.1 0.346
289 80.48 S289A | 0.16 -0.145 0
276 79.23 S276T | 054 1.525 0.986
287 78.82 F287Y | -0.12 1.525 0.994
241 77.47 N241D | -0.21 1.61 0.911
293 76.31 N293D | -0.63 1.725 0.732
288 75.85 Y288A 0 1.12 0.998
286 75.82 Y286A | 0.03 1.825 0.998
279 74.38 Q279A | 0.22 1.79 0.565
239 74.22 F239L | 0.24 -0.17 0.002
242 70.22 F242Y | -0.27 1.295 0.994
346 67.98 E346D 0.17 0.17 0.002
285 65.81 Q285E 0.19 1.555 0.229
192 64.39 E192Q | -0.06 1.81 0.998
347 55.22 V3471 0.39 0 0.004
197 54.92 V1971 | -0.17 -0.045 0.028
350 47.07 S350T | 0.01 1.405 0.064
348 46.49 S348T | 0.58 0.605 0.004
344 34.19 E344Q | -0.09 1.12 0.998
342 32.2 R342K | -0.16 1.01 0.111
343 29.16 K343A | -0.15 1.825 0.998
161 28.5 S161A | 0.16 1.9 0.986
156 21.64 K156R 0.24 1.32 0.998
304 15.78 D304N 0.3 0.55 0.22
335 14.68 K335A | -0.15 1.435 0.998
115 10.11 V115I 0.35 0.345 0.001

Each position predicted to be involved in protein-protein interactions is associated to its Promate
b-score, a mutation predicted harmless for the structure of the protein, the value of the deltaG
given by SDM, the MutationAssessor score, and finally the polyphen-2 score. Mutations listed
here have a |deltaG|< 0.7 and a MutationAssessor score inferior to 1.9. Top b-scores as predicted
by Promate are highlighted in bold. All mutations tested include the following amino-acid
replacements: amino-acid to glycine, amino-acid to alanine, amide to acid, acid to amide, R to
K,KtoR,WtoH,HtoW,LtoD,DtoL,StoT, TtoS,FtoY, Y toF.Intheend, atotal of
119 mutations were tested for outcome on protein structure.
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Table 10. Homologous sequences of human sequences of proteins of the renin-angiotensin-
aldosterone system. The identifiers are those of GenPept. Dark grey boxes indicate that a
sequence has no ortholog for a given species. Light grey boxes indicate sequences that are the

ancestor of several sequences.

Angiotensin | | Angiotensin | o Angiotensin | Angiotensin . Mineralo-
converting converting Asri]gg)t:: 11 receptor 11 receptor rg:zmtgr omg\sejﬁe corticoid Renin
enzyme 1 enzyme 2 Y type 1 type 2 P Y receptor
ACE1 ACE2 AGT AGTR1 AGTR2 ATP6AP2 MAS1 NR3C2 REN
Homo sapiens 4503273 11225609 4557287 119599314 23238240 15011918 4505105 158508572 4506475
Eg::/gicus 6978757 58865588 19705570 51036661 6978473 83287794 6981186 6981208 148747255
Mus musculus 46559389 83582782 113461998 28893437 6680672 21361250 31543241 | 144227212 | 13676837
Gallus gallus 268370291 118084115 50741434 45384048 118089416 325505052 | 118088328 | 225936142 -
?:::)Illfnensis 327275269 327268244 327262107 327267001 327284065 327268371 | 327262044 | 327274009 | 327271277
ﬁzr;?g;si's 183986763 301617730 160773628 | 194018626 118404286 58332488 | 301616988 | 148224443 | 301622166
Danio rerio 326672223 55925554 63102191 125805883 61651858 37748260 154240734 | 47086317
- 260781638
ﬁ;‘:{‘dca::“mma 260799393 | 260799397 260805841 (AGTR) 260817368
260836681
Ciona 198420807 | 198418183 198420038
intestinalis
Drosophila 17137008 (ANCE)
melanogaster 17137262 (ACER) 21355787
Caenorhabditis 71985287 (acn-1) 17569199
elegans
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Table 11. Prediction of the outcome of different mutations of human CRMP-1 using
computational tools.

Mutation | SDM | Polyphen-2 | Polyphen-2 | MutationAssessor | MUpro
HumDiv HumVar
-1.64 0.758 0.273 - -1
-1.18 0 0 - -1
-2.18 0.002 0.005 0.615 -1
-0.91 0.009 0.003 1.895 -1
2.23 0.001 0.001 1.32 0.51
1.82 0.039 0.017 1.28 -0.52
-2.73 0.002 0.009 0.02 -0.11
-0.45 0.510 0.055 - 0.78
0.60 0.083 0.203 - 1
2.48 0 0 -1.225 -0.89
0.07 0.080 0.074 1.625 -1
-0.15 0.730 0.207 - -0.38
-0.82 0.177 0.091 - -0.31
1.06 0.032 0.073 - 0.39
-0.06 0.277 0.142 - -0.15
0.09 0.328 0.291 2.38 -1
D367A 2.97 0.833 0.438 2.235 -0.04
68 1.06 0.122 0.066 - 0.11
R397A -1.43 0.955 0.518 - -0.77
K398A -0.64 1 0.999 - -0.25
D406A 2.86 0.997 0.963 4.123 0.28
D408A 1.81 0.975 0.805 4.1 -0.99
D408V** | 2.18 0.952 0.894 4.1 -0.99
0.93 0.081 0.054 - -1
1.57 0.021 0.024 1.3 -1
1.01 0 0 - -1

Colors used here are the same that are used in figure 35 to represent the mutations in 3D space.
SDM and MUpro values marked in red classify mutations as highly disruptive, either stabilizing
(positive value) or destabilizing (negative value). Polyphen-2 scores (HumDiv and HumVar)
marked in red are classified as probably damaging. MutationAssessor values marked in red are
associated with high impact of mutation, according to conservation. * indicates mutants that
were shown to impair functional activity of murine CRMP in [216]. ** indicates the mutant that
was shown to impair function of fly CRMP in [219]. - indicates that MutationAssessor could not
perform the prediction for an unknown reason.
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Table 12. Prediction of the outcome of four mutations associated with cardiac defects using
different computational methods.

Mutation | SDM HumDiv | HumVar | MutationAssessor | MUpro
R17H -2.47 0.997 0.906 3.21 -0.99
C539R 0.71 0.977 0.968 4.625 -1
K543R -0.09 0.644 0.767 2.67 -0.05
A1004S - 0.024 0.035 1.72 -0.89

Details regarding the different tools and associated scores used in this table are explained in
section 4.3.2. (Methods). No SDM score could be calculated for A1004S as no model was
available for this region of myosin VI.
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