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Summary

Intrinsically Disordered Proteins (IDPs) exist without a well-defined tertiary
structure, often playing roles is critical biological functions such as transcription, cell
cycle regulation, and stress response. IDPs are abundant in eukaryotes, providing crucial
elements of protein-protein interaction networks often playing vital roles in signal
transduction, and hence many IDPs are involved in disease development as well. While
IDP interactions are key to understanding these processes, their targeted and systematic
analyses are lacking. In order to enable these analyses, first of all, large-scale manually
curated datasets are needed.

Developing a combined automated and manual annotation pipeline, | assembled
two databases - together with their dedicated web-servers for their dissemination - that
focus on the two principal interaction mechanisms of IDPs. The Mutual Folding Induced
by Binding (MFIB) database - available at http://mfib.enzim.ttk.mta.hu/ - is the repository
for protein complexes formed exclusively by IDPs through a process termed mutual
synergistic folding (MSF). The Disordered Binding Sites (DIBS) database - available at
http://dibs.enzim.ttk.mta.hu/ - collects protein complexes that are formed between an IDP
and ordered protein partners via coupled folding and binding. These databases are the
first structure-focused, large scale, publicly available IDP interaction resources that can
serve as the foundations of detailed systematic IDP interaction studies.

My comparative analysis between complexes from MFIB, DIBS and those formed
by globular proteins, show that the presence and the structural characteristics of a binding
partner profoundly affects the sequence, bound structure, subcellular localization,
function, and regulation of proteins. This highlights the interplay between folding and
binding, and how it can affect the function and regulation of the resulting protein
complexes.

The analysis of features of proteins from different interaction classes not only
enabled the delineation of the characteristic differences between them, but can also be
used to lay the foundation of the currently missing classification system of MSF
complexes. Developing a sequence/structure centric clustering approach, I recognized 6
separate biologically meaningful classes of MSF complexes. The defined groups have
marked differences in multiple biological properties, and the proposed classification
system can be used to hint at possible common functional roles of various MSF

interactions in both health and disease states.



Osszefoglalas

A rendezetlen fehérjék (Intrinsically Disordered Proteins - IDPs) nem rendelkeznek
idében allando térszerkezettel. Rendezetlenségiik révén azonban szamos létfontossagu
bioldgiai funkcid ellatasara képesek: kiemelkedo szerepet jatszanak a transzkripcidban, a
sejtvalaszban, kiilonbozo regulacids é€s jelatviteli folyamatokban, melyek soran gyakran
mas fehérjékkel hatnak kolcson. A rendezetlen fehérjék igen gyakoriak az eukaridta
szervezetekben, a fehérje-fehérje kolcsonhatasi halozatok létfontossagu kulcsszereploi,
az elmult évek soran pedig a kiillonb6zd betegségekben betdltott szereplik is vildgossa
valt. A rendezett fehérjék altal kialakitott kdlcsonhatasokat viszonylag jol ismerjiik
szerkezeti és funkciondlis szempontbdl, azonban azok a kolcsonhatasok, amelyeket
rendezetlen fehérjék alakitanak ki egymassal, vagy mas rendezett fehérje-partnerekkel,
jelenleg kevésbé jol tanulmanyozottak. Ennek ellenére az eddig ismert néhany példa is
azt bizonyitja, hogy a rendezetlen fehérjék altal kialakitott kdlcsonhatdsok rendkiviil
fontosak, hiszen kapcsolatba hozhatok esszencidlis gének transzkripcios szabalyozasaval,
kiilonb6z6 daganatok kialakulaséval vagy hoszt-patogén kdlesonhatasokkal.

A rendezetlen fehérjék kolcsonhatasainak atfogd vizsgalatanak egyik hianyzo
eleme a megfeleld6 mindségli és méretli, annotalt adathalmaz volt. Doktori munkdm
fokuszpontjaban a rendezetlen fehérjék és az altaluk kialakitott kdlesonhatasok éallnak,
kiilonds tekintettel azon esetekre, ahol a résztvevd két vagy tobb fehérje monomer
formaban rendezetlen, és egymast rendezik a kolcsonhatasuk soran (Mutual Synergistic
Folding - MSF).

Els6 lépésként automatizalt és manualis szlirési eljarasok eredményeként két
adatbazist hoztam létre: a Mutual Folding Induced by Binding (MFIB — elérhetd:
http://mfib.enzim.ttk.mta.hu/) adatbazis az egymassal kolcsonhatasba 1épd és egymast
kolcsondsen rendezd rendezetlen fehérjéket tartalmazza. A Disordered Binding Sites
(DIBS — elérhet6: http://dibs.enzim.ttk.mta.hu/) olyan fehérje komplexeket tartalmaz,
ahol egyetlen lanc rendezetlen, és az rendezett lancokhoz k6tddve rendezddik (coupled
folding and binding). Mindkét adatbazis tartalmazza a fehérjék szerkezeti €s funkcionalis
annotaciojat is, mindezt felhasznaldbarat modon prezentalva, akar letolthetd formaban is.
A szisztematikus gytijtések eredményeképpen az MFIB 205 egyedi, térszerkezettel

rendelkezd fehérjét listdz, mig ,testvéradatbdzisa”, a DIBS 773 fehérjét tartalmaz.


http://mfib.enzim.ttk.mta.hu/
http://mfib.enzim.ttk.mta.hu/
http://dibs.enzim.ttk.mta.hu/

Az igy Osszegyljtott adatok és a rendezett fehérjékrdl eddig rendelkezésre allo
ismereteim immar elegenddek voltak ahhoz, hogy megtegyem az elsé 1épéseket a
rendezetlen fehérjék altal kialakitott kolcsonhatdsok szekvencialis, szerkezeti ¢és
funkcionalis elemzése felé. Az altalam végzett vizsgalatok ramutattak arra, hogy milyen
mély Osszefonddas van a fehérjék rendezetlenségi allapota és kolcsonhatasai kozott,
milyen hatdsa van a rendezetlenségnek ¢és a kolcsonhatd partnereknek a fehérjék
szekvencialis €és szerkezeti jellemzdire, hogyan befolyasoljak a kialakitott komplexek
sejten beliili lokalizaciojat, funkcidjat, és a fehérje-fehérje kolcsonhatasi halézatokban
betdltott szerepeiket, valamint elvezetnek a kiilonbozd jeldtviteli mechanizmusok
mélyebb megértéséhez is.

Az analizis soran tett megéllapitdsok arra is ravilagitottak, hogy az MSF-
komplexeket is osztalyozni tudjuk: Osszesen hat kiilonbozd, biologiailag relevans
alcsoportot tudtam benniink megkiilonboztetni, mindegyik klaszter markans
szekvencialis, szerkezeti, funkciondlis és szabdlyozasi jellemzdokkel rendelkezik. Az
altalam hasznalt csoportositds magéaban rejti az egymashoz képest hasonld szerkezetek
kozotti kapesolat mélyebb megértésének lehetdségét, jovobeli farmakoldgia vizsgalatok
kiindulépontjaként szolgalhat, illetve mas fehérjeszerkezetek ujfajta osztalyozasi

lehetéségét is megteremti.
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Chapter 1 — Scientific Background

1. Scientific Background

1.1. Introduction to proteins

Proteins are fundamental biomolecules in living cells, fulfilling a great variety of
functions: amongst others, they play a role in repair and maintenance, transport and
storage processes, can act as enzymes, hormones or antibodies. The functional and
structural fate of proteins often depends on their interactions; most of them bind to other
molecules: proteins, nucleic acids, small molecules or ions. Proteins adopt structures in
three dimensions, and to understand and describe their different functions, we need
structural interpretation. For example to understand proteolysis, a cleavage site usually
only requires an amino acid sequence, but to understand the function of the corresponding
enzyme, we need a spatial representation. In general, to describe protein structure, we

distinguish four different, hierarchical levels (see Figure 1).

1.1.1. Levels of protein structure

Proteins are linear polymers of amino acid building blocks, generally built up by
the 20 standard amino acids (although after synthesis, the polypeptide chain may undergo
additional post-translational chemical modifications). A condensation reaction can link
two amino acids, and this creates a peptide bond between the carbon atom in the carboxyl
group of one, and the nitrogen atom in the amine group of the other. During the
polymerization, a chain of amino acids can be built up with theoretically unlimited
number of residues. The linear sequence of residues is termed the primary structure, the
simplest level of the protein structure, and can generally be inferred from DNA/mMRNA
sequences that encode them [1].
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Figure 1: Hierarchy of protein structure.
For secondary, tertiary and quaternary structures only the backbone of the protein polymer is
represented, without the amino acid sidechains.
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The second level of protein structure, termed secondary structure, describes the
local spatial conformation of backbone atoms in consecutive residues of the polypeptide
chain, which can be characterized by three torsion angles for each residue. The rotations
of the polypeptide backbone around the peptide bonds between N-Ca (¢) and Ca-C ()
are the two dihedral angles used in the description of secondary structures. There is a third
possible torsion angle within the protein backbone () which is mostly flat and fixed at
180 degrees. Ramachandran plots are the most common tools to visualize the secondary
structure content of a protein, plotting the distribution of dihedral angles ¢ against y of
every residue in the protein (termed Ramachandran plot) [2].

The two most common periodic secondary structural elements are a-helices and -
sheets, although, there are other local features, such as regions of the polypeptide where
a change of chain direction occurs, including beta turns and hairpins, and other types of
helices. a-helices are stabilized by H-bonds between the main chain atoms of the i" and
i+4" residues, and can be characterized with dihedral angles around -60°, -45°. Other less
frequent types of helical structures include 3'° helices, which are stabilized by hydrogen
bonds of the kind (i, i+3) and the n-helix, which is stabilized by hydrogen bonds of the
type (i, it5). B-sheets consist of several B-strands, stretched segments of the polypeptide
chain kept together by a network of hydrogen bonds. From the point of view of
experiments, Circular Dichroism (CD) measurements can be used to determine the
relative amount of different secondary elements, because they exhibit distinctly different
CD spectra [3].

The tertiary structure defines the full, 3D conformation of the protein chain. The
third level of protein structure is defined by the coordinates of atoms of the protein,
usually given in a Cartesian coordinate system. For simplified description, the topology
of the secondary structural elements of the protein can be used instead. The adoption of a
stable tertiary structure happens through a physical process called the folding of the
protein. Knowing the 3D structure of proteins is essential for any attempt to understand
how they work and how they interact with each other. Different experimental methods
can be used to discover the details of a protein structure. The X-ray crystallography
method can be used in the crystal state, while Nuclear Magnetic Resonance (NMR)
spectroscopy can be employed in aqueous environment, and therefore can provide
additional information about flexibility in the native solution state. Electron microscopy

is also capable of determining the structure of various (usually above 200 kDa)
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biomolecules. Nowadays, cryo-electron microscopy can overcome this limitation and
plays an increasingly important part in the determination of protein structures.

Proteins are made up of a single polypeptide chain and have only three levels of
structure. However, a native functional state of a protein is often not a single chain but an
assembly of several chains. Protein complexes are made up of multiple polypeptide
chains (known as subunits). The quaternary structure describes the spatial orientation of
the subunits after forming their interactions. The oligomer may be composed of different

(heteromultimer) or identical (homomultimer) subunits.

1.1.2. Dominant forces in protein folding and stability

The folded structure of a protein depends on the interplay of a vast number of
interactions and linkage between its atoms. The covalent bonds define the connectivity of
atoms in the primary sequence, but are not sufficient to define the fine details of a three-
dimensional structure. The denaturation of a protein (the loss of the tertiary structure) is,
therefore, the consequence of breaking non-covalent bonds that stabilize the native state.
The main non-covalent driving forces behind the organization of secondary and tertiary
structures are diverse, and mainly encompass the hydrophobic effect, electrostatic
interactions, H-bonds, and van der Waals interactions.

The structural characteristics of a protein heavily depend on the interactions of its
residues with the solvent water, affecting protein dynamics as well. The effect of the
solvent is termed the hydrophobic effect, and is the dominant force behind the folding of
proteins, being responsible for the burial of the hydrophobic residues in the core of the
protein, while charged residues and to a lesser extent polar residues are disfavored at
buried sites.

Electrostatic interactions arise both from ionizable amino acids and from polar
groups that contain permanent dipoles. A salt bridge is a non-covalent interaction between
two ionized sites within 5A range. Furthermore, attraction can occur between the partial
charges of polar groups. As a distinct mechanism, hydrogen bonding can occur between
an acceptor and a donor group, partially exchanging a proton. Hydrogen bonding between
the peptide backbone atoms represents the dominant stabilizing force of the secondary
structure elements.

The Van der Waals forces are the relatively weak forces that arise between non-
charged atoms. Apart from the dipole-dipole interactions, Van der Waals attraction arises

from transient, random fluctuations of induced dipoles in the electron cloud surrounding

3
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an atom. The strength of these interactions depends strongly on the distance. Although
Van der Waals interactions are relatively weak, they can provide a non-negligible

component of stability because of their large number.

1.1.3. The energy landscape view of protein folding

In the 1950s, Christian Anfinsen wanted to show that the information for protein
folding resides entirely within the amino acid sequence of the protein. The postulate (also
known as a thermodynamic hypothesis or Anfinsen’s dogma) and its experimental
validation was awarded a chemistry Nobel prize in 1972. In 1969, Cyrus Levinthal noted
that it would take a nearly infinite amount of time for an unfolded protein to search
through its full conformational space by using a random walk - the contradiction between
the number of possible conformations and fast folding rates (the problem termed as
Levinthal’s paradox) [4].

The use of energy landscape theory of protein folding provides an alternative
description of the transitions between the possible molecular conformations [5], that
solves Levinthal’s paradox. The energy landscape of a well-folding protein resembles a
partially rough funnel [6]. The funnel-like energy surface of a protein ensures that
proteins reach their native state from any unfolded conformation through specific
intermediate states (folding intermediates). In the folding funnel theory, it is clear that the
folding is not a random search, there are different folding pathways, the free energy
gradient directs the transition from one conformation to the other.

A simplified schematic cartoon is typically used to illustrate the folding process
using an internal free energy landscape view (see Figure 2). A point on the

multidimensional surface represents a unique conformation of the protein.
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Unfolded
Energy _ protein

Configuration

TiBS

Figure 2: The funnel-like energy surface of protein folding [7].

The vertical axis represents the internal free energy, and the x and y-axes represent
the conformational space. Therefore, each point in the graph is a possible conformation,
having an assigned internal free energy value. This energy contains the enthalpic term;
and it includes the contributions from hydrogen bonds, ion-pairs, torsion angle energies,
and the hydrophobic and solvation free energies by averaging over the conformational
space of water molecules. The funnel-shaped energy landscape of well-folding proteins
ensures that the bottom of the funnel - the only global energy minimum - is the native
state. The native state is Kinetically accessible for the protein and has lower energy than
any other single conformation at a local minimum. The picture of a folding funnel is able
to capture that there might be multiple parallel pathways that are all channeled towards
the unique native structure.

The protein folding process illustrated by folding landscapes can be quantified
using basic thermodynamics equations. For this we distinguish between two well-defined
states: a folded and denatured state. The conformational stability of a protein then can be
determined using the equation

AGprotein = -R T InK

where R is the gas constant, T is the temperature, K is the equilibrium constant
between the unfolded and the folded state and AGprotein determines the total change in the
Gibbs free energy between the denatured and the folded state of the protein. For a protein
to remain folded, the AG has to be larger than the value of thermal fluctuations, and also

the Gibbs free energy difference between the global and other, local minima.
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1.2. Intrinsically disordered proteins

A major challenge in the current post-genome era will be the determination of the
functions of the proteins encoded in genomic DNA sequences. The first decades of
classical structural biology were driven by the idea that a protein needs a stable structure
to function. As Francis Crick remarked: “If you want to understand the function, study
the structure.” According to the structure-function paradigm, the function of the protein
directly depends on its well-folded 3D structure [5, 8]. The past decade has witnessed
major conceptual advances in our understanding of protein structure-function
relationships regarding the ubiquitous existence of intrinsically disordered proteins,

which defy the classical structure-function paradigm.

1.2.1. Re-assessing the structure-function paradigm

For a long time, the classical structure-function paradigm was the dominant view
of protein research. The recent extension of the paradigm tries to encompass proteins that
do not necessarily require a stable, 3D structure - even under physiological conditions -
to fulfill their biological role [9]. These Intrinsically Unstructured/Disordered Proteins
(IUPs/IDPs) lack a well-defined, stable structure in isolation; instead, they exist as an
ensemble of different conformations and can still carry out biological functions.

Using bioinformatics predictors, it was estimated that more than 50% of eukaryotic
proteins contain at least one long disordered segment (more than 30 residues long) [10],
marking the importance of IDP research. Also, based on bioinformatics studies of
available fully sequenced species, the frequency of IDPs is generally thought to be much
higher in eukaryotes compared to prokaryotes [11]. Eukaryotic proteins are generally
more complex than prokaryotic proteins, they are on average longer, contain more amino
acid repeat patterns, have more Intrinsically Disordered Regions (IDRs), and they have
an increased need for regulation in their more complex cellular environments. In
accordance, IDPs are typically involved in many critical high-level processes such as

transcription, translation, regulation, signal transduction, and stress response [12, 13].

1.2.2. Basic properties of IDPs

IDPs were characterized to have significantly different amino acid compositions
compared to globular proteins. The hallmarks of IDPs are general depletion of amino
acids with low flexibility indices, high net charge, and low net hydrophobicity [14].
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Moreover, IDPs often exhibit low sequence complexity, as they often contain regions
with little diversity in their amino acid composition [15].

Regarding the secondary and tertiary structure levels, IDPs fall onto a structural
continuum (see Figure 3). There are different levels of flexibility in their isolated states,
e.g. molten globule (fairly stable secondary structures without a tertiary structure, such as
the nuclear receptor coactivator binding domain from the CREB-binding protein CBP
[16]) or random coil (with no or almost no structural elements with the vast majority of
residues being highly mobile, such as the Arc-repressor [17]). Functional sites of IDPs
often display transient secondary structures elements (such as the transactivation N-
terminal segment of p53 [18]), have a preference for hydrophobic residues, and have
higher contact per residue ratio [19, 20]. In several modular proteins IDRs can also
connect various independently folded globular domains as flexible linker sequences.
These regions are highly variable according to their amino acid compositions and length.
In addition, linker IDRs can act like structural strings, to attach distant spatial domains,

and enable their binding.

Unstructured Molten globule Linked folded domains Mostly folded, local disorder
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Figure 3: Proteins span a broad continuum of structural states [12].

According to the energy landscape view, for globular proteins, the global energy
minimum represents a well-defined native conformation. In contrast, IDPs are
characterized by the absence of a global minimum, as the differences between the lowest

energy state and other local minima are in the range of thermal fluctuations [21, 22].
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1.2.3. Biological functions of IDPs

In general, IDPs are involved in many biological processes. Their functional
repertoire allows us to classify IDPs, and they can be largely categorized in six distinct
functional groups [23].

IDPs are recognized to play a role in molecular recognition, acting as display sites.
Post-Translational Modifications (PTMs) - such as phosphorylation or limited proteolysis
- can regulate the interaction affinity of IDPs, their turnover, and their localization within
the cell. For example, the activity of the transactivation domain of the cCAMP Response
Element Binding Protein (CREB), which binds TATA-box-associated factors, is
regulated by phosphorylation. Chaperones have evolved to assist nascent proteins in
reaching their native fold or to unfold these molecules if they are misfolded, to provide a
chance for correct refolding. Chaperons are also capable of preventing the aggregation of
their targets, and in some cases dispersing aggregates as well.

A different function of IDPs is acting as entropic chains, flexible linkers or spacers,
which can connect functional regions, ordered domains or disordered segments, without
a specific interaction. These IDPs carry out functions that benefit directly from their
conformational disorder, from the ability of the polypeptide chain to fluctuate between a
high number of different conformational states, eg. MAP2, RA70. A closely related
function of IDPs is the entropic clock, which can mediate timer functions, as exemplified
by the inactivation mechanism of Shaker channel of nerve axons [24]. Entropic springs,
such as titin can contract reversibly after stretching.

Effector IDPs interact with other proteins and modify their activity, which involves
activator and inhibitory roles during binding. When the disordered p27 protein is bound
to the CyclinA-CDK2 complex, it leads to the inhibition of cell cycle. If an effector IDP
has both activator and inhibitory functions, it is termed as a moonlighting.

Due to their frequent involvement in protein-protein interactions, IDPs often act as
assemblers, that bring together multiple binding partners to promote the formation of
higher-order protein complexes, such as activated T-cell receptor complexes.

As scavengers, IDPs can store and neutralize small ligands, such as ions or organic
compounds, such as Chromogranin A or casein. Casein is a member of the family of
proteins in the milk of mammals, and was one of the first recognized IDPs. It is
traditionally thought to serve as nutrient for breastfed newborns, and functions by binding

and neutralizing calcium phosphate.
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The previous grouping illustrates the functional repertoire of IDPs, playing diverse
and essential roles in the maintenance of life. In accord, the misregulation of IDPs are
associated with several diseases, including various types of cancer, cardiovascular disease
and diabetes [25-28]. For example, the tumor suppressor protein, p53, acts as a "cellular
gatekeeper™ playing crucial roles in the regulation of apoptosis, cell cycle, DNA-repair
and senescence. The loss of p53 activity occurs in about 50% of human cancers and has
a profound impact on the associated pathways. IDPs can also have a high potential to

aggregate, a phenomenon common in neurodegeneration [29-31].

1.3. Interactions of intrinsically disordered proteins

As apparent from the previous functional overview, IDP functions often heavily
rely on their interactions. In order to understand the wide range of functions of IDPs, we
need to understand the intermolecular interactions formed by IDPs with other ordered or
disordered proteins, or with other non-protein molecules.

The high chain flexibility and conformational disorder of IDPs and IDRs enable
them to form complementary binding interfaces with their targets more easily than an
ordered domain. Combining high specificity with low affinity is another widely-
mentioned advantage of IDPs. High plasticity of IDPs allows them to bind to multiple
partners more readily by changing conformations or interaction regions according to the

templates provided by different target molecules.

1.3.1. Coupled folding and binding

IDPs are capable of binding to and folding upon the surface of ordered protein
partners, in a process termed coupled folding and binding [32, 33]. The flexibility of the
disordered partner decreases due to the binding, and the loss of entropy during the folding
of the disordered partner results in a weaker overall binding compared to globular
proteins. This type of interaction thus holds the potential to form transient interactions.
Moreover, this way the specificity, which is independent of the entropic terms, is
uncoupled from binding strength [32, 34].

There are two main concepts to describe the interacting regions in IDPs undergoing
coupled folding and binding [35]. One is the definition of the structural transition between
the disordered to the ordered state, initiated by the binding event. As a complementary

approach, linear motifs - also referred to as short linear motifs or minimotifs - are short
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functional sites typically found in disordered protein regions [36], that are defined in a
sequence-centric way. Linear motif definitions specify common residues (constituting a
"patch” as a motif), that mediate the binding largely independent of the other regions of
the protein they are embedded in, functioning autonomously. The majority of protein-
protein interaction-mediating linear motifs were described in eukaryotes.

Figure 4 shows a protein complex involving three proteins, the previously formed
complex between the ordered cyclinA and Cyclin-Dependent Kinase 2 (CDK2) proteins,
inhibited by the disordered p27 protein. The interaction between cyclinA and CDK2 plays
a crucial role in the control of the transition between the S and G2 cell-cycle phases of
eukaryotic cells. The segment of p27 involved in the binding shows only little helical
preferences in the unbound form. However, some regions adopt a well-defined a-helix
upon binding. The interacting residues of p27 are dominated by hydrophobic and
aromatic residues that fit into hydrophobic clefts and grooves on the surface of the
cyclinA-CDK2 complex. This interaction has also been described using linear motifs, as

the disordered interacting region of p27 contains a cyclin docking motif [37].

Figure 4: Example of interfaces between two ordered proteins and a disordered protein.
The ordered CDK2 and cyclinA are shown in blue and green surface representations, respectively.
The disordered p27 is shown in salmon cartoon representation. The figure was generated from
the 1jsu PDB file.

Studies show that not only the interface of p27, but the interface of IDPs in general
are more hydrophobic than typical ordered protein interfaces, in the case of coupled
folding and binding [20]. Thus, typically the main preferred contacts are hydrophobic-
hydrophobic interactions between the partner proteins, accounting for the majority of the

high number of intermolecular contacts formed by these IDRs [34].
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Exempt from the general trends, not all IDPs undergo folding upon binding to a
partner protein. There are a few known cases where a single conformation cannot describe
the complex structure, because the IDP partner adopts multiple conformations in the
complex even after the binding. So-called "fuzziness" can retain the inherent dynamics
of the IDP/IDR in the bound state [38]. Fuzzy protein complexes typically have weak,

transient interactions.

1.3.2. Mutual synergistic folding

During coupled folding and binding, the IDP partner reaches the ordered state using
the ordered protein partner(s) as a template that drives the folding process during the
interaction. However, several IDPs are able to adopt stable structures during interactions
without a folded partner. The folding of all participating protein partners happens at the
same time: coupled with the interaction in a synergistic manner through a process called
Mutual Synergistic Folding (MSF). In an MSF complex, all interacting partners are IDPs
without stable tertiary structures outside of the complex.

MSF proteins are very sporadic in the literature, and we have only a handful of
collected cases [19, 39-41]. The interaction between ACTR and CBP proteins was one of
the first well-documented examples [16]. During the folding, ACTR and CBP form an
ordered complex where a near random coil protein and a molten globule protein stabilize

each other (see Figure 5).

Figure 5: Example of a protein complex formed via mutual synergistic folding.
ACTR and CBP are shown in blue and red cartoon representations, respectively. The figure was
generated from the 1kbh PDB file.

11
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1.3.3. Interactions with non-protein molecules

IDPs are most commonly involved in protein-protein interactions. Nevertheless, to
participate in various biological processes, they often bind to other non-protein molecules
as well, such as nucleic acids, lipids, and ions.

IDPs often interact with DNA/RNA molecules. Permanent versions of such
interactions are key to the organization of large nucleic acid-protein complexes, such as
the chromatin and the ribosome, both of which are the essential organelles of the cell. In
the case of ribosomal proteins, it has been shown that their inherent flexibility is most
likely critical in the very assembly of the ribosome [42, 43]. Apart from tight and obligate
interactions formed by core chromatin and ribosomal IDPs, a wide range of mRNA-
binding proteins also often have a high level of disorder. Their interactions regulate all
stages of gene expression from transcription, through mRNA processing and folding, to
the regulation of translation. Histones and chromatin organizing proteins, together with
proteins involved in the recruitment and assembly of the transcription machinery,
function through the recognition of specific or aspecific DNA sequences, and many of
these protein regions also appear disordered in solution [42]. HES-1 is a transcriptional
repressor belonging to the basic helix-loop-helix family, and is one of the main
downstream effectors in Notch signaling, which functions as a mediator of short-range
cell-cell communication.

Several examples of unfolded domains or IDPs binding to membranes have been
reported. These lipid-IDP interactions are frequent in eukaryotic membrane proteins and
play a role in transmembrane signal transduction [44]. Multichain Immune Recognition
Receptors (MIRRs) are found on the surface of T cells and B cells, and the cytoplasmic
domains of MIRR signaling subunits are intrinsically unstructured in both monomeric
and oligomeric states [45].

Structural disorder is also frequently present in metal-binding proteins. The
interaction of d-block metal ions (Cu, Zn, Fe) with IDPs is weaker and more flexible than
with a structured metalloprotein [46]. Several IDPs have been noted for their ability to
bind metal ions with low affinity but high capacity, and some of these proteins are
implicated in several diseases, mainly neurodegenerative. Prothymosin-a is a natively
unfolded, and highly conserved protein located mostly in the nucleus of eukaryotic cells.

The exact biological role of the protein is unknown, nevertheless, it has been shown to be

12
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involved in cell proliferation, chromatin remodeling, antiapoptotic activity, and is able to
bind metal cations [47].

Calcium binding IDPs are mostly extracellular (in a folded form), or are involved
in secretion or calcium sequestering, and thus, they reside in locations where Ca?*
concentration is relatively high. Binding of the divalent calcium ion has a great potential
to force structural change, including protein folding [48]. Calmodulin is an ubiquitous
and highly conserved Ca?* sensor that interacts with a wide variety of eukaryotic proteins
and enzymes, controlling their activities in response to calcium [49].

The above examples are to illustrate the heterogeneity of the interactions of IDPs,
which are prevalent in the cell, performing a wide range of signaling and regulatory
pathways. This central role can be better captured with higher-level description of protein

interactions, using the analysis of protein-protein interactions networks.

1.3.4. Role of IDPs in protein-protein interactions networks

IDRs/IDPs most often function through Protein-Protein Interactions (PPI), when
they permanently or transiently bind partner molecules with diverse functional
consequences. Disorder predictors, when applied to whole proteomes, indicated that the
fraction of proteins with substantial amounts of disorder is predicted to be higher in
eukaryotes than archaea or eubacteria. Structural flexibility and plasticity represent major
functional advantages in the case of IDPs. They can interact with a broad range of binding
partners, and their disordered nature enables an increased speed of interaction [50].

In one-to-many binding, a single disordered binding site binds to two or more
different partners individually [51]. Disordered regions can bind partners with both high
specificity and low affinity, suggesting that disorder-based signaling and regulatory
interactions can be highly specific but easily reversed [52]. IDPs are sensitive to
combinatorial post-translational modifications and alternative splicing, adding greater
complexity to PPI regulatory networks and providing a mechanism for tissue-specific
signaling as well.

Protein interaction networks display approximate scale-free topology, in which the
highly connected proteins of PPIs, commonly referred to as hubs or hub proteins that
interact with a vast number of other proteins, determine the overall organization of the
PPI network. Different studies show that central hub proteins are enriched in IDPs [52-
54]. The disordered state is allowing the same polypeptide to undertake different

interactions, often with different functional outcomes. The more highly connected a
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protein node is, the more physically interacting partners it has, the more critical it is for
normal cellular function, and the more likely its removal will be detrimental to a cell [55].

Several hub proteins have been shown to be completely or almost entirely
disordered in solution. A prime example is the high mobility group HMGAL protein,
which is a relatively small IDP of 107 residues, with random coil-like structure,
participating in a variety of cellular processes including gene transcription, integration of
retroviruses into chromatin, induction of neoplastic transformation, and promotion of
metastatic progression [56]. The intrinsic flexibility of HMGA1 allows it to undergo
reversible disorder-to-order structural transitions upon binding to its partners, and it can
induce conformational changes in the bound DNA and protein substrates. HMGAL serves
as a hub for nuclear function (The IntAct database lists more than 50 binary interactions
for the human HMGAL, including nucleic acids and proteins; the BioGrid database
contains 108 HGMAL interactions) [42, 52].

As IDP-mediated interactions are central to protein-protein interaction networks
and cellular functions, they need to be tightly regulated to ensure precise signaling in time
and space. Mutations in IDPs or changes in their cellular abundance are implicated in
various diseases. Because IDPs are also involved in many disease pathways, they are also
increasingly considered as potential drug targets [57, 58].

1.4. Detecting and predicting protein disorder

Although IDPs are abundant, their recognition has taken many years. During
classical structural experiments, IDRs were either overlooked, unreported, or
intentionally removed to enable crystallization, often being thought of as "unimportant”
for function. Evidence of recent years point out how IDPs are common in the cell, and
we need various tools to identify them. We know just a limited number of them, and
emerging techniques for IDP identification can take scientific findings in a new direction

or can provide a broader context for the reported discoveries about IDPs

1.4.1. Experimental techniques to identify IDPs and their interactions

The physical and chemical properties of IDPs display marked differences compared
to globular proteins. IDPs have unusual behavior as they often resist heat, remain soluble
under extreme conditions, have unusual SDS-page mobility, moving more slowly through

the gel than globular proteins. The reason for these phenomena stems in their unique
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amino acid composition being highly charged and having a low content of hydrophobic
amino acids [23]. IDPs display enhanced proteolytic sensitivity [59], and are mostly
insensitive to chemical denaturation due to the lack of a folded structure [33, 60].

Electron and X-ray crystallography have traditionally excelled at determining the
structure of a single folded/ordered protein. IDPs, however, are not directly amenable for
these two static structural determination methods [12], given that IDPs do not adopt a
stable structure (and hence do not crystallize) unless bound to other partners. However,
these methods can still provide - albeit sometimes indirect - information about protein
disorder. Missing residues from the electron-density map can indicate the presence of
disordered regions in X-ray crystallography [61]. To characterize IDPs at atomic
resolutions and determine their structural properties, NMR spectroscopy is the most
potent method [44, 62]. IDPs are highly flexible, fluctuating between a large number of
alternative conformations, and various NMR methods are capable of detecting molecular
motions over a wide range of timescales [63]. Apart from the previous techniques, CD
measurements have been widely used to assess the secondary structure content of a
protein, and are particularly useful for detecting the presence of transient secondary
structural elements in IDPs [3, 64].

These direct experimental techniques can be complemented with various indirect
experimental approaches. Hydrodynamic techniques, such as gel filtration and dynamic
light scattering, can also aid IDP identification as they report on the radius of the protein,
which is often larger for an IDP or denatured protein than for a folded protein of the same
mass [65]. Isothermal titration calorimetry is one of the few methods available for
completely evaluating the thermodynamic parameters describing coupled folding and
binding and MSF in IDP-interactions [66]. Differential scanning calorimetry is another
thermal analytic technique that is often used in characterizing IDPs. The transition to a
more ordered/disordered state appears as a heat-absorption curve, and can provide
information indirectly on protein disorder. During heat denaturation, the characteristics
of the melting curves representing phase transitions can indicate the structural states of
the monomers [67].

Small-Angle X-ray Scattering (SAXS) enables a low-resolution structural
characterization of biological macromolecules in solution. SAXS not only provides
shapes, oligomeric states and quaternary structures of folded proteins or protein

complexes, but also allows quantitative analysis of flexible systems, such as IDPs. The
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technique can be highly complementary to the high-resolution methods of X-ray
crystallography and NMR.

In addition, complementing solution NMR with Magic-Angle Spinning (MAS)
solid-state techniques allows us to study higher molecular mass aggregates that
IDPs/IDRs may form, which are not accessible through solution NMR alone [62]. In
MAS techniques, spinning the sample at the magic angle with respect to the direction of
the magnetic field increases the resolution, enabling better identification and analysis of

the spectrum [68].

1.4.2. Overview of protein disorder prediction techniques

Most of the above mentioned and other currently existing experimental procedures
are costly and time-consuming, require a large amount of protein, and some provide only
indirect information about the disorder. Because of experimental difficulties,
bioinformatics tools that target the prediction of protein disorder from the sequence, play
an important role in the identification and characterization of IDPs. Currently only these
bioinformatic tools can give us large-scale information about the basic properties,
evolution, and functions of IDPs [69].

In an algorithmic sense, the prediction of protein disorder can be viewed as a classic
binary classification problem: the whole protein or its residues can be labeled disordered
or ordered. Most prediction methods rely on the biased sequence features characterizing
disordered segments and provide predictions at the per-residue level. The performance of
disorder predictors can be evaluated with different metrics, such as balanced accuracy or
the area under the ROC curve. In machine learning techniques, a Matthews correlation
coefficient is also accepted as a measure of the quality of binary (two-class)
classifications. Since 2002, the performance of various disorder prediction methods has
been critically assessed at the CASP experiments [70].

The first prediction methods were simply direct implementations of physical
principles governing the process of protein folding [14, 33, 71, 72]. The simplest methods,
such as FoldIndex [73], rely on amino acid composition and mostly use charge and the
scale of hydrophobicity or flexibility to discriminate various amino acid properties.
Another physicochemical-based approach is the IUPred algorithm, which predicts
disorder from a single amino acid sequence using a dedicated statistical potential, which

IS optimized to estimate the pairwise interaction energies between residues [71, 74].
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In contrast to biophysics-based methods, machine learning approaches can
automatically distill relationships between the input sequence features and the output
properties (the ordered/disordered state of residues). As an input, usually the amino acid
sequence within a local sequence window is used. The most commonly used machine

learning techniques are support vector machines (SVMs) and neural networks.

The most widely used class of standard machine learning algorithms are SVMs,
such as PONDR VSL2b [75, 76]. They have several advantages over neural networks, as
they are less prone to overfitting, can be trained more efficiently, and handle noisy
datasets better. Members of the PONDR family [77, 78], such as PONDR VL-XT [15]
and ESpritz [79] are typically feedforward neural networks that use sequence attributes.

Meta approaches integrate the results of several pre-existing prediction methods
[70, 80] and achieve improved performance by decreasing the noise of individual
predictors. Meta-predictors dominated the last round of CASP experiment. DisCoP [81]
uses a regression model to produce a new disorder prediction from seven methods
(DisProt and X-ray versions of ESpritz, CSpritz [82], SPINE-D [83], DISOPRED?2 [84],
MD [85] and DISOclust [86, 87]).

1.4.3. Prediction of disordered binding regions

Interacting linear motifs are usually short and evolutionarily variable segments,
which in most cases, fall into locally disordered regions [36]. The characteristic feature
of disordered binding regions is that in isolation they exist as ensembles of rapidly
interconverting conformations. During interactions, these sequence regions can undergo
coupled folding and binding [35]. Due to their specific functional and structural
properties, disordered binding regions have distinct properties compared to both globular
proteins and IDPs in general, and these properties enable the construction of prediction
algorithms to recognize them from the protein sequence. Predicting binding regions in
IDPs is a challenging task, and as of yet we can only estimate such interacting regions
involved in coupled folding and binding, while sites in MSF remain with no dedicated
prediction algorithms.

The ANCHOR method can capture the basic biophysical properties of disordered
binding segments from their amino acid sequences [88, 89]. The method’s performance
is largely independent from the adopted secondary structures of the binding regions.

ANCHOR uses the IUPred energy predictor matrix, combined with the pairwise
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interaction energies of the given residue may gain by forming intrachain contacts, and
when interacting with a globular protein represented by an average amino acid
composition.

In contrast to the biophysics modeling approach behind ANCHOR, the
DISOPRED3 method has an SMV technique with the nearest neighbor classifier, capable
of predicting disordered binding sites, also from the sequence of the protein [90].

MoRFpred can predict disordered binding sites adopting an a-helical conformation
in their bound form. The algorithm uses an SVM model, which is built from evolutionary
profiles, predicted disorder, relative solvent accessibility, and physicochemical properties
[91]. MoRFpred-Plus is the improved version of MoRFpred, and it combines the previous
release with Hidden Markov Models [92]. The MoRFchibi method is also a significantly
improved version of MoRFpred that can be easily integrated into custom bioinformatics
analysis pipelines. The suite also offers MoRFchibiWeb [93], as part of the MoRFchibi
SYSTEM. The OPAL method is a result of PROMIS and MoRFchibi. It is evaluated
using the same test sets that were previously used to evaluate MoRFpred [94]. OPAL
accepts a single protein sequence of length greater than 26 residues as an input, and has

online web services as well.

1.5. Repositories of IDPs
1.5.1. Databases of experimentally validated IDPs

There are several databases which contain experimentally verified IDPs, serving as
a starting point for future analysis of the properties of IDPs. One of the first such
repositories was the DisProt database (available at http://www.disprot.org). The DisProt
repository aims to collect manually curated IDPs and protein regions characterized by
various experimental techniques [95]. After a major update in 2017, the current 7.0
release of the database holds information on 2,167 IDP regions in 803 proteins. Entries
come from the literature identified by text-mining in PubMed abstracts or manual
annotations done by curators, from the previous version of DisProt (with several entries
re-annotated), and from novel cases identified as PDB entries with long regions of
missing electron density. Every entry contains at least one experimentally verified
disordered region. Detection methods include X-ray crystallography, NMR spectroscopy,
CD spectroscopy (both far and near UV) and protease sensitivity, in addition to several

other, less frequently used experimental techniques.
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Beside DisProt, the other largest IDP resource is the IDEAL database (Intrinsically
Disordered proteins with Extensive Annotations and Literature, available at
http://www.ideal.force.cs.is.nagoya-u.ac.jp/IDEAL/). Apart from disorder annotations,
IDEAL also contains experimentally verified IDP interaction regions from 913 proteins
by manual curation. The current version also contains PTM sites, references, and
structural domain assignments as well [96]. Moreover, IDEAL explicitly annotates
regions undergoing coupled folding and binding, when the disordered and ordered
information are both available in the region.

DisBind (Disorder Binding Sites, available at http://biophy.dzu.edu.cn/DisBind) is
dedicated to the classification of functional binding sites of IDPs from the DisProt
database. DisBind is a residue-level collection of experimentally supported binding sites
in IDPs, according to their binding partners, including proteins, RNA, DNA and metal
ions [97]. The current version of DisBind contains 226 IDPs with functional site
annotations.

While several of the above datasets incorporate IDPs in bound structures, IDPs can
also bind in fuzzy structures, folding into several alternative structured conformations or
remaining mostly disordered, exhibiting a fast exchange of conformations in their bound
form. Fuzzy protein complexes can be found in FuzDB (available at http://protdyn-
database.org/) with their structural and biochemical evidence for disorder. The database
also includes higher-order assemblies, and presents a detailed analysis of the structural

and functional data [98]. FuzDB currently contains over 100 fuzzy complexes.

While these databases define their target scope based on structural states (the
binding protein segment has to be disordered in isolation), the largely overlapping
sequence-based interaction definition of linear motifs also has dedicated databases. The
largest motif database, ELM (Eukaryotic Linear Motifs, available at http://elm.eu.org/)
[99], contains motif definitions together with several bound IDP structures. ELM is a hub
for collecting and classifying short linear motif instances in a curated way from the
experimental literature. The database contains over 275 motif classes and over 3,000
motif instances, and a pipeline to discover candidate short linear motifs in protein

sequences.
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1.5.2. Databases based on predictions

Besides the experiment-based databases, there is a repository for IDPs identified
using prediction algorithms. The Database of Disordered Protein Prediction (D?P? -
available at http://d2p2.pro/) stores predicted annotations of intrinsic disorder [100]. The
primary purpose of the database is to enable disorder analysis of complete proteomes. It
provides previously computed disorder prediction outputs for more than 1,500 whole
proteomes of more than 1,200 species. D?P? includes the following predictors: PONDR
VL-XT [15], PONDR VSL2b [75, 76], PrDOS [101], PV2 [102], ESpritz (all variants),
IUPred (all variants) along with ANCHOR. These predictors have different run times and
have different approaches to IDPs. Slower methods can not analyze whole proteomes in
a realistic time, therefore D?P? can enable computational analysis without unrealistic

computing capacity on behalf of users.

1.5.3. MobiDB: the central source for IDPs

Due to the difficulty of experimental characterization of IDPs, their databases
usually collect a few hundred proteins, however, there are millions of known protein
sequences. Some IDP-focused repositories include automatically generated predictions
of intrinsic disorder. After a significant update, MobiDB 3.0 is a centralized resource for
extensive disorder annotation for all protein sequences in the UniProt database. Another
motivation behind the major update of MobiDB is to give end users a convenient user
interface and user experience, and also give advanced stable programmatic access through
web services and easily accommodate new annotations. The database features three levels
of annotation: manually curated, indirect and predicted. It also includes a consensus
annotation for long disordered regions. MobiDB 3.0 is organized by both the type of
disorder annotation and the quality of disorder evidence. MobiDB includes experimental
annotations of disorder taken from DisProt and the PDB, disorder information derived
from NMR chemical shift data, and also integrates information from other specific
disorder databases [103]. For predicted IDPs, a consensus annotation is provided
including various predictors: ESpritz, DisEMBL, IUPred, GlobPlot [104], VSL2b [76].
These predictors enable MobiDB to provide disorder annotations for every protein, even
when no indirect or curated data is available. MobiDB 3.0 contains information for the
complete UniProt protein set. IDP annotations by MobiDB 3.0 were included in the core
data of UniProt.
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MobiDB 3.0 also offers access to the structural characterization of the putative
disorder in MobiDB-Lite, to help interpret its role and function [105]. The MobiDB-Lite
prediction algorithm was developed to recognize long IDRs, thus the method has been
benchmarked on the largest possible dataset based on X-ray missing residues. MobiDB-
Lite uses eight different predictors to derive a consensus, which is then filtered for false,
short predictions and optimized to predict long IDRs. MobiDB-Lite is fully integrated

into the MobiDb database, and also has a downloadable version.
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2. Scientific Aims

IDPs exist as conformational ensembles without adopting a 3D structure in
isolation. In the past two decades, experimental and bioinformatics studies have shown
that IDPs play a central role in various signaling and regulatory processes. These proteins
can adopt a stable structure upon interacting with other, ordered proteins via coupled
folding and binding. However, some IDPs can also form an ordered complex via mutual
synergistic folding. The known instances of IDP-containing complexes lag far behind
their expected numbers, not exclusively due to the difficulty of experimental analysis of
IDPs. Moreover, there is no comprehensive database that collects them; they are very
sporadic in the literature [106].

The central biological roles of IDPs motivate us to investigate the interactions
formed by them to understand their molecular functions. However, analysis of IDPs is
currently hindered by the lack of structured, accessible data concerning their interactions.
To help overcome this hindrance, | aimed to build databases to collect specific IDP-
interactions, and using this information to perform a detailed analysis of the interacting
parts of IDPs, in order to understand the interplay between folding and binding, and its

connection to biological function.

The specific aims of my PhD work are the following:

1. In order to perform a comprehensive analysis of IDPs, we need large-scale
datasets. There were no systematically collected, structure-based
repositories for MSF complexes or coupled folding and binding complexes
before. As a starting point, | aimed to build disorder-specific databases to
collect these types of interactions.

2. The analyses of the IDP interactions in these databases serve as a
cornerstone of a more profound understanding of IDP-mediated
interactions, answering the following questions: What are the main
differences between various ways IDPs adopt a stable structure through
interactions, concerning their sequence, structure, and function? What are
the significant sequential differences between complexes formed by only
ordered proteins, an IDP and ordered protein partners, and IDP-only
complexes? What are the main differences in structural parameters? What
are the typical functions mediated by the three types of interactions?
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3. Are there intrinsic classes of protein complexes formed by mutual
synergistic folding? Is there an objective way to define these groups? What
are the main characteristics of these groups at the sequence, structure and

function levels? How are these proteins and their interactions regulated?
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3. Data and Methods

3.1. Databases
3.1.1. PDB

The Protein Data Bank (PDB) contains experimentally determined three-
dimensional structural data of biological molecules, such as nucleic acids and proteins
[107]. The structures were determined by X-ray crystallography, NMR spectroscopy, or
- increasingly - cryo-electron microscopy. The PDB contains annotations and cross-
references to other databases, such as UniProtKB for sequences, Pfam for domain
assignations, SCOP for structural classifications, Phosphosite for PTMs, or ExPasy for
genomic information. Its website (available at https://www.rcsb.org/) offers multiple
tools for structure query, browsing, analysis, and molecular visualization. Currently (as
of October 2, 2018), around 144,000 structures have been deposited into the database.
For the database assemblies, version of March 28, 2017 was used.

3.1.2. UniProt and UniRef

The Universal Protein  Knowledgebase  (UniProtKB, available at
https://www.uniprot.org/) is the central resource of protein sequences and associated
detailed annotations [108, 109]. UniProt unifies SwissProt, which contains manually
curated protein entries, and TrEMBL, the automatically annotated extension of
SwissProt. The annotations cover high-quality information about the sequence included,
amongst others, biologically relevant domains and sites, functions, possible variants,
post-translational modifications, structure details, diseases associated with deficiencies or
abnormalities of the protein, and cross-references to other databases.

For the analysis of regulatory mechanisms of MSF complexes in chapter 4.3.3,
protein isoforms were taken from UniProt. To determine alternative binding partners for
IDPs, all oligomer PDB structure containing the same UniProt (using BLAST) region

were selected.

The UniProt Reference Cluster (UniRef) is a clustered version of UniProt,
containing representative sequences selected from UniProt in order to reduce redundancy,
while maintaining full coverage of the sequence space [110]. UniRef100 provides a

comprehensive non-redundant sequence collection clustered by sequence identity and
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taxonomy with source attribution. UniREF90 and UniREF50 are built from UniRef100
to provide non-redundant sequence collections. All records from all source organisms
with a bilateral sequence identity of >90% or >50%, respectively are merged into a single
record. During the construction of MFIB and DIBS, Uniref90 was used to transfer

disorder annotations and to reduce redundancy.

3.1.3. DisProt

DisProt (available at http://www.disprot.org/) is a curated database of disordered
proteins and protein regions characterized by various experimental techniques [95]. The
current version contains 803 proteins and 2,167 disordered protein regions with
experimental and functional annotations and crosslinks to other databases.

3.1.4. IDEAL

Intrinsically Disordered proteins with Extensive Annotations and Literature
(IDEAL, available at http://www.ideal.force.cs.is.nagoya-u.ac.jp/IDEALY/) is a repository
for disordered regions and disordered binding segments with their manual annotations

[96, 111]. The version of November 2017 contains 913 entries (proteins).

3.1.5. Pfam

The Pfam database (available at https://pfam.xfam.org/) is an extensive collection
of protein families, each family represented by multiple sequence alignments and Hidden
Markov Models (HMMs) [112]. The general purpose of the Pfam database is to provide
a complete and accurate identification and classification of conserved protein regions
based on seed alignments. Pfam contains six different types of entries: family, domain,
repeat, motif, disordered, and coiled coil. The used version, 31.0 (March 2017) contains
16,712 entries. Currently the latest version of Pfam is 32.0 (as of September 2018).

Pfam consisted of two parts, Pfam-A and Pfam-B. Pfam-A is the manually curated
part of Pfam, and contains well-characterized protein domain families with high-quality
alignments, which are maintained by using manually checked seed alignments and
HMMs to find and align all members. Because the entries in Pfam-A do not cover all
known proteins, an automatically generated supplement was provided, called Pfam-B.
Pfam-B was no longer supported after Pfam version 28.0, and thus in all analyses | used
only Pfam-A.
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3.1.6. Functional annotations

For the functional annotations, terms from the Gene Ontology (GO, available at
http://www.geneontology.org/) were used [113, 114]. The GO database is a
bioinformatics initiative to unify the representation of gene and gene product attributes
across all species. Each term of the ontology can represent one of three basic properties
of a gene product: cellular component, biological process, or molecular function. The sets
of terms are designed to be species-neutral, and structured as a directed acyclic graph
connected by various relationships (such as ‘is a’ or ‘is a part of’), constituting the

ontology.

The CellLoc GO Slim was created manually from the ‘cellular localization’
namespaces of GO, by selecting terms (see Table 1) that are either assigned to studied
complexes or are ancestors of such terms. Terms were filtered for redundancy, and if two

terms are in child/parent relationships, only one was kept.
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Localizations

ID Term ID Term
GO:0000151 |ubiquitin ligase complex G0:0019867 |outer membrane
G0:0000785 |chromatin G0:0019897 |extrinsic component of plasma membrane
G0:0000786 |nucleosome G0:0019898 |extrinsic component of membrane
G0:0005618 |cell wall G0:0030054 |cell junction
(G0:0005635 |nuclear envelope (G0:0030133 |[transport vesicle
G0:0005654 |nucleoplasm G0:0030139 |endocytic vesicle
G0:0005667 |transcription factor complex GO0:0030141 |secretory granule
G0:0005694 |chromosome G0:0030312 |external encapsulating structure
G0:0005730 |nucleolus G0:0030496 |midbody
G0:0005739 |mitochondrion G0:0031012 |extracellular matrix
GO:0005764 |lysosome G0:0031090 |organelle membrane
G0:0005768 |endosome G0:0031252 |cell leading edge
GO0:0005773 |vacuole G0:0031254 |cell trailing edge
G0:0005776 |autophagosome G0:0031975 |envelope
G0:0005777 |peroxisome G0:0032993 |protein-DNA complex
G0:0005783 |endoplasmic reticulum G0:0036477 |somatodendritic compartment
G0:0005794 |Golgi apparatus G0:0042597 |periplasmic space
G0:0005802 |trans-Golgi network G0:0042995 |cell projection
G0:0005813 |centrosome G0:0043209 |myelinsheath
G0:0005819 |spindle G0:0043228 |non-membrane-bounded organelle
G0:0005829 |cytosol G0:0043292 |contractile fiber
G0:0005840 |ribosome G0:0044215 |other arganism
GO:0005856 |cytoskeleton G0:0044297 |cell body
G0:0005874 |microtubule G0:0044815 |DNA packaging complex
G0:0005884 |actinfilament G0:0045121 |membrane raft
G0:0005886 |plasma membrane G0:0045177 |apical part of cell
G0:0005903 |brush border G0:0045178 |basal part of cell
G0:0005912 |adherens junction G0:0045202 |synapse
G0:0005938 |cell cortex G0:0048770 |pigment granule
G0:0009536 |plastid G0:0060205 |cytoplasmic vesicle lumen
G0:0010008 |endosome membrane G0:0070062 |extracellular exosome
G0:0012506 |vesicle membrane G0:0097136 |Bcl-2 family protein complex
G0:0015629 |actin cytoskeleton G0:0097458 |neuron part
G0:0015630 |microtubule cytoskeleton G0:0098687 |chromosomal region
G0:0016021 |integral component of membrane G0:0098796 |membrane protein complex
GO0:0016528 |sarcoplasm G0:0098797 |plasma membrane protein complex
G0:0016604 |nuclear body G0:0099080 |supramolecular complex
G0:0016605 |PML body G0:0099503 |secretory vesicle
G0:0016607 |nuclear speck G0:1903561 |extracellular vesicle
G0:0017053 |transcriptional repressor complex G0:1990234 |transferase complex
G0:0018995 |host G0:1990391 |DNArepair complex
G0:0019012 |virion G0:1990904 |ribonucleoprotein complex
G0:0019867 |outer membrane G0:0043235 |receptor complex

Table 1: The selected subcellular localization annotations for CellLoc GO Slim.

The PPI GO Slim was also created manually from the ‘biological process’
namespaces of GO used in DIBS and MFIB, in the same fashion as in CellLoc Slim,
meaning that terms were selected that are either assigned to studied complexes or are

ancestors of such terms (the terms are listed in Table 2 and 3).
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PPI GO Slim was assembled to cover a wide range of possible biological functions
and was partitioned into two levels:
e 'Generic' part contains high-level cellular/organismal processes (see Table 2).
e 'Specific’ part of PPI GO Slim contains terms describing specific biological
subprocesses through which generic processes are executed (see Table 3).
Again, terms from both the generic and specific parts were filtered for redundancy
with respect to child/parent relationships, similarly to the construction of CellLoc GO
Slim.

Generic biological processes

ID Term ID Term
G0:0001775 |cell activation G0:0009628 |response to abiotic stimulus
GO:0006810 |transport G0:0009653 |anatomical structure morphogenesis
G0:0006915 |apoptotic process G0:0016032 |viral process
G0:0006950 |response to stress G0:0016049 |cell growth
G0:0006955 |immune response G0:0016477 |cell migration
G0:0007049 |cell cycle G0:0030154 |cell differentiation
G0:0007154 |cell communication G0:0032502 |developmental process
G0:0007155 |cell adhesion G0:0042221 |response to chemical
G0:0007165 |signal transduction G0:0042592 |homeostatic process
G0:0008283 |cell proliferation G0:0048511 |rhythmic process
G0:0009405 |pathogenesis G0:0051301 |cell division
G0:0009605 |response to external stimulus

Table 2: The selected generic biological processes for PPI GO Slim / ‘Generic’.

Specific biological processes

ID Term 1D Term
GO:0000077 |DNA damage checkpoint G0:0008104 [protein localization
G0:0001817 |regulation of cytokine production G0:0010467 [gene expression
G0:0001932 |regulation of protein phosphorylation G0:0010468 ([regulation of gene expression
G0:0006260 |DNA-replication G0:0015031 (proteintransport
G0:0006275 |regulation of DNA replication G0:0016192 |vesicle-mediated transport
G0:0006281 |DNArepair G0:0016579 [protein deubiquitination
G0:0006310 |DNArecombination G0:0019062 |virion attachment to host cell
G0:0006325 |chromatin organization G0:0030168 [platelet activation
G0:0006334 |nucleosome assembly G0:0030198 |extracellular matrix organization
GO:0006355 |regulation of transcription, DNA-templated |G0:0032259 [methylation
G0:0006412 |translation G0:0033043 [regulation of organelle organization
G0:0006457 |proteinfolding G0:0043067 |regulation of programmed cell death
GO:0006461 |protein complex assembly G0:0043687 |[post-translational protein modification
G0:0006468 |protein phosphorylation G0:0050790 (regulation of catalytic activity
G0:0006470 |protein dephosphorylation G0:0050821 [protein stabilization
GO:0006508 |proteolysis G0:0051128 (regulation of cellular component organization
GO0:0006887 |exocytosis G0:0051276 [chromosome organization
G0:0006897 |endocytosis G0:0051641 |cellularlocalization
G0:0006914 |autophagy G0:0051726 [regulation of cell cycle
G0:0006974 |cellular response to DNA damage stimulus G0:0061024 [membrane organization
GO:0006996 |organelle organization G0:0065008 [regulation of biological quality
GO:0007010 |cytoskeleton organization G0:1902531 (regulation of intracellular signal transduction
G0:0007050 |cell cycle arrest G0:2000145 [regulation of cell motility
G0:0007059 |chromosome segregation

Table 3: The selected generic biological processes for PPI GO Slim / ‘Specific’.
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3.1.7. Other databases

During the annotation and analysis steps described in the Results and Discussion
section, | used other already existing databases as well, such as CATH, ELM, and
PhoshoSitePlus, complemented with my own collection of data and annotations, such as

specific sets of globular/ordered structures.

= CATH

The CATH Protein Structure Classification database (available at
http://www.cathdb.info/) is a resource for the evolutionary relationships of protein
domain [115]. The domains were classified in a hierarchical manner, and the four primary
levels of CATH classification are protein class (C), architecture (A), topology (T) and
homologous superfamily (H).

According to CATH, protein domains are identified using multiple automatic
methods and manual curation, and treated as an autonomous structural unit. Apart from
domain definitions, CATH also includes fragments, as typically small protein regions

outside of identified domains.

= ELM

The Eukaryotic Linear Motif database (ELM, available at http://elm.eu.org/)
focuses on gathering, storing and providing information about short linear motifs in
eukaryotic proteomes, which can also occur in viral proteins as well. ELM is integrated
with a number of other databases, such as Reactome, PDB and UniProt [116]. After the
latest major update, ELM also provides an Application Programmatic Interface (API) to
the ELM exploration pipeline, and includes motif instances in bacterial cells as well.
Currently, there are 3,069 experimentally validated ELM instances in 196 taxons (as of
August 2018).

= PhosphoSitePlus
The PhosphoSitePlus database (available at http://www.phosphosite.org) collects
manually curated and experimentally identified post-translational modifications,
primarily of mammalians, especially in human and mouse proteins [117]. The high-
throughput (HTP) data is complemented with manually curated low-throughput (LTP)
sources (however, only 4.5% of the data comes from LTP measurements). This highly
interactive PTM resource contains nearly 445,000 non-redundant PTMs (1,8% has both
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LTP and HTP measurements) from more than 20,000 non-redundant proteins, including
different phosphorylation, acetylation, ubiquitination, methylation and sumoylation sites.
In total, PhosphoSitePlus contains 27,175 PTMs from human sequences (the version of 2
October 2017).

Only LTP PTMs were used during the analysis of regulatory mechanisms of MSF
in chapter 4.3.3. PTMs were mapped to complex structures using BLAST between
UniProt and PDB sequences. A PTM was considered to be on an exposed surface region,
if the Solvent Accessible Surface Area (SASA) of the target residue is at least 70% of the
standard SASA for the corresponding residue type. A PTM was considered to affect a
residue in contact, if the SASA of the residue calculated from the complex structure
increased by at least 30% of the standard SASA of the corresponding residue type upon

the deletion of all partner proteins from the structure.

= QOrdered/ordered protein complexes

For the comparative structural analyses presented in the Results and Discussion
section, | need a dataset containing protein complexes that are formed exclusively by
ordered domains. These complexes were taken from the PBD, by selecting structures,
where the interaction is formed by only two chains (considering biomatrix
transformations, PISA records, and manual assignations as well). These structures did not
contain any non-protein or other fragments, and the whole interacting chains can be
considered to be single globular domains, according to CATH, without any fragments

present.

3.2. Algorithms
3.2.1. BLAST

The Basic Local Alignment Search (BLAST) identifies local regions of similarity
between two input sequences [118]. The BLAST algorithms compare nucleotide or
protein sequences, and calculate the statistical significance of matches using a scoring
matrix. BLAST is typically used to query sequence databases for sequences showing a
pre-defined degree of similarity to the input sequence. Similarity is quantified using
substitution matrices, and the BLOSUM®62 matrix is the default for protein searches,
which gives a positive score for each amino acid identity, or a penalty for
substitutions/mismatches between two aligned sequences. BLAST can handle partial
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sequence identity and gaps as well. During the annotation steps, BLAST was also used to
transfer direct annotations from various databases to candidate chains.

3.2.2. DSSP

DSSP (Define Secondary Structure of Proteins) is a standard tool for assigning
secondary structures to the residues of a protein, using the atomic-resolution structure as
an input (i.e. a PDB-file) [119]. DSSP calculates the most likely secondary structure for
each residue based on the input coordinates. This assignment was primarily based on
identifying hydrogen bonds between main chain carbonyl and amide groups (as hydrogen
atoms themselves are most often not present in PDB structures, this constitutes a
prediction method), taking some geometric constraints into account. DSSP assigns to
every residue one of eight possible states: ‘H’ for a-helix, ‘B’ for a residue in isolated -
bridge, ‘E’ extended strand, which participates in a B ladder structure, ‘G’ for 3-helix (3°
helices), ‘I’ for 5 helix (n-helix), ‘T’ for hydrogen bonded turn, and ‘S’ for bend, as a

secondary structure element.

3.2.3. Naccess

Naccess is a stand-alone program that can calculate the solvent accessible surface
area of a molecule from its PDB file. It can calculate the atomic-level and residue-level
accessibilities for both proteins and nucleic acids [120]. Naccess can determine the
available atomic surface using a "rolling ball" algorithm. The centre of a probe (the “ball”)
defines the accessible surface when it is rolled around the macromolecule in a way, that

its surface stays exactly at the Van der Waals distance from the nearest atom.

3.2.4. FoldX

FoldX can estimate the contribution of a point mutation to the overall stability of a
protein structure [121]. The algorithm uses the so-called FoldX force field to calculate
the free energy and to predict the effect of a mutation on the stability of proteins and
nucleic acids. The effect on protein stability of introducing a PTM was assessed by
switching the original residue with a mimetic one in the structure. Phosphorylations were
mimicked with Asp; Lys and Arg methylations were mimicked with Leu and Met,
respectively; Lys acetylation was mimicked with GIn. FoldX was used to calculate the
AAG values of the introduced mutation using the standard settings on an optimized

structure. All reported values are averages of five runs.
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3.2.4. Other calculations

Principal Component Analysis (PCA), hierarchical clustering and k-means
clustering methods were used to assess heterogeneity in the analysis presented in chapter
4.2.5. The k-means clustering was also used to calculate the ideal number of clusters in
chapter 4.3.1.

In the case of hierarchical clustering using sequence and structural features, the
‘Ward.2” R implementation of Ward’s method was used with Euclidean distance in

chapter 4.3.1.

Dissimilarity and heterogeneity values in chapters 4.2.5 and 4.3.4 we calculated as

follows. Dissimilarity of two proteins i and j is defined as: d;; = LL” , Where Ljj is the

linkage distance given by the clustering (of all proteins from all three classes) between
the two proteins from the same interaction class, and Lmax is the maximal linkage distance.
Heterogeneity values are defined as the geometrical averages of dissimilarity values
between all protein pairs from a given class.

In the case of functional heterogeneity, the hierarchical cluster tree was replaced by
the GO ontology tree. Distances between terms that are in a parent/child relationship was
defined as 1. Dissimilarity between two complexes was defined based on their most
similar GO term pairs. Let ti be the GO biological process terms of complex A and tj be
the GO biological process terms of complex B. For each t; we choose a tj pair, for which
their distances in the ontology is minimal. l.e. let t* be the most specific (low level) term
in the ontology that is the common parent of both ti and tj. The distance between ti and t;
is the distance between ti and t*, plus the distance between tj and t*. Next, we normalize
this distance with the maximal possible distance that could be between ti and t;, i.e. the
sum of the distances of the two terms and the ontology root (‘biological process’). The
dissimilarity between two complexes in the functional sense is defined as the average
normalized distance between their term pairs, selected for minimal distance. From these
measures, heterogeneity values are derived in the same fashion as for sequence and

structure, described above.

For sequential features in chapters 4.2.1 and 4.3.1, seven amino acid groups were
used in quantifying sequence composition of proteins: hydrophobic (A, I, L, M, V),
aromatic (F, W, Y), polar (N, Q, S, T), charged (H, K, R, D, E), rigid (P), flexible (G),
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and covalently interacting (C). In chapter 4.2.1, compositions were calculated for a single
protein chain, whereas in chapter 4.3.1, compositions were calculated for the entire
complex. For complex-based calculations an 8" sequence parameter was used to quantify
the compositional difference between subunits, and was defined as:

Arorar= X7_1 A;, Where A, is the largest composition difference of residue group i

between constituent chains.

During the analyses, interaction energies for residues were calculated using the
statistical potentials described in [71]. In the classification of complexes of MSF, in

chapter 4.3.2, these were calculated for the entire complex.

Dissociation constant (Kg) values for MSF complexes in chapter 4.3.2 were
calculated using the PRODIGY binding affinity prediction tool, using standard
parameters [122].

3.3. Development of web servers

= Backends of MFIB and DIBS
The servers behind the MFIB and DIBS databases are implemented in PHP (version
5.0) using an Apache HTTP server (version 2.4) on Ubuntu 14.04. The information of
each entry is stored in a MySQL database (MariaDB 5.7), and in XML-files (version 1.0).

» Frontends of MFIB and DIBS

The interfaces were built with HTML5 and CSS3. For the structure viewer, an open
source JSmol library (http://jmol.sourceforge.net/) was used for DIBS and LiteMol
(https://webchemdev.ncbr.muni.cz/LiteMol/) for MFIB. For interactivity in the TreeMap
section, a Bootstrap 3.0 library (https://getbootstrap.com/) was used, and to implement
dynamic  charts, an open-source JavaScript library, named JsChart
(https://www.chartjs.org/) was used. For the sequence viewers in each entry pages, an
open-source javascript-based library, named Feature Viewer (https://github.com/calipho-
sib/feature-viewer) was used. This is part of the NetProX project, and was modified by

me for the specific requirements of the developed servers.
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3.4. Other programs and programming environments

All other tasks were programmed in the Perl5 or Python 3.6 languages (except for
the literature data mining part, which was done using the Ruby 2.2 language), in Windows
10 and Ubuntu 14.04/16.04 environments, using ATOM/Geany/Sublime and native text
editors.

PCA and clustering calculations were performed using the R statistical computing
environment (version 3.3.1).

Plots were generated mostly using Microsoft PowerPoint 2016 and Excel 2016, and
the matplotlib library (version 3.0.0) of Python.

The protein figures (mostly with the ribbon and cartoon representation) were
generated from the corresponding original or modified PDB-files, using the UCSF
Chimera 11.2 visualization tool.

For a visual representation of GO annotation enrichments, a word cloud technique
(based on Wordle, http://www.wordle.net/) was used in Figures 15 and 16. Font size for
a given localization or biological generic and specific process represents the relative
frequency of occurrence of the given GO term among the studied interaction class. Colour
depth represents the specificity of the term for the given interaction class. The primary
chosen colors (blue - ordered/ordered complexes, green - disordered/ordered complexes,
red - disordered/disordered) only support the visual representations, do not have a direct

meaning.
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4. Results and Discussion

Protein complexes formed by ordered proteins are relatively well studied; however,
the growing number of known disordered proteins and their crucial biological functions
typically arising from their interactions require detailed analyses to understand. To
perform such analyses, we need large-scale datasets. The lack of well-organized and
accessible data for IDP-mediated interactions in structural detail was the primary
motivation behind the establishment of two databases: the DIBS database (Dlsordered
Binding Sites), for IDPs undergoing coupled folding and binding, and MFIB (Mutual
Folding Induced by Binding), for complexes formed exclusively by IDPs. Targeted
databases often prove to be not only beneficial but vital for the development of research

areas in biology [123].

4.1. Assembly of the MFIB and DIBS databases
4.1.1. Collecting potential data for MFIB and DIBS

In the assembly of both DIBS and MFIB, structures from the PDB were taken as a
starting point: the solved complex structure was a prerequisite for the inclusion of an
interaction in the databases. The solved structure is proof that the proteins involved adopt
a stable structure upon interacting, and is also a verification of the interaction.
Accordingly, all 127,801 PDB structures, serving as candidates, were inspected during
the analysis.

The main step in collecting IDP-mediated interactions was to identify IDPs in
structures. As this is a time-consuming step involving manual annotation, first all
structures from the PDB were scanned for potential protein-protein interactions. |
discarded structures due to various reasons, as they are not part of my primary focus of
interest. During the first filtering steps, structures containing any non-proteins, typically
RNA or DNA, were discarded because | was interested in only protein-protein
interactions, which are markedly different from protein-DNA or protein-RNA
interactions.

To further filter candidate structures, | used various keywords to find chimeras,
structures featuring other non-biological peptides containing a large number of non-
standard residues, and artificial/synthetic proteins. These entries were also dropped
because there is only a slight chance they exist in nature, and | opted to focus on

biologically relevant native interactions. | also filtered structures based on the quality of
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determination, keeping only NMR, and X-ray determined structures with a resolution
better than 5A. I discarded complexes solved by electron microscopy, because only the
backbone conformation is recognizable with its resolution.

In order to identify all protein-protein interactions in the remaining candidate
structures, | needed to generate possible missing chains in the PDB-files, where these are
represented using biomatrices. After the generation of these protein chains, | considered
only those structures that have at least two protein chains in interaction, and ignored
monomer structures. | defined two chains as being in interaction if they have at least five
interchain heavy-atom (non-hydrogen) contacts between them, meaning that the
Euclidean distance between two heavy atoms of amino acids from different chains is less
than the sum of their VVan der Waals radii plus 1A. I used the standard Van der Waals
radii of the elements: 1.70A for carbon, 1.55A for nitrogen, 1.52A for oxygen and 1.80A
for sulfur.

These filtering steps reduced the number of candidate structures by over 85%. In
order to aid structural annotations, protein chains of the remaining candidates were
mapped to UniProt sequences using BLAST, or if applicable, the DBREF record was
checked for the correct UniProt identifiers. This enables the biologically relevant
sequences to be directly compared for further annotation.

4.1.2. Annotating protein complexes for MFIB and DIBS

Figure 6 shows a simplified workflow for the filtering and annotation steps during
the construction of the databases. After the filtering step of PDB for possible complexes,
the protein chains constituting the candidate set of interactions were mapped to UniProt
and UniRef90 sequences to enable their annotation with disorder or order information.
Sequences from all candidate structures were grouped into sequence clusters if they show
a high enough similarity, meaning that the two sequences belong to the same UniRef90
cluster, and they overlap with each other in at least 70% of their respective lengths.

As a next step, proofs for the structural state were seeked for members of each
sequence cluster. "Disorder proof” means there is experimental proof of disorder in
DisProt/IDEAL for at least one of the proteins in the cluster, or there is a known linear
motif in the interacting region (from ELM, UniProt, or Pfam). In addition, disorder proof
were collected from the missing coordinates in X-ray determined structures, NMR

structures showing highly flexible structures, or from manual literature searches.
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As linear motifs are described to mediate interactions with ordered domains, these
annotations from ELM, UniProt, Pfam or the literature were only accepted as disorder
proof in the case of DIBS. Linear motif-based disorder proof is labeled as ‘Inferred from

motif’, to reflect the less specific assignation of the disordered status.

,»Order proof” means there is a monomeric solved structure in the PDB for at least
one of the proteins in the cluster according to CATH or manual curation. Order
annotations mostly came from the PDB, as it is rescanned for stable monomer structures,
taking biomatrices into account as well. These chains were checked in the CATH database
to only use structures describing a compact, single domain without fragments. The
resulting monomer set contains 16,381 protein structures.

Using the above established disorder and order annotations, all sequence clusters
can be annotated four different ways:

= disordered, when at least one of all sequences in that cluster has disorder
proof, and the other proteins of the cluster lack structural annotations

= ordered, when at least one of the sequences has order evidence

= unknown, when there are no available disorder or order annotations for any
of the sequences

= not clear ("conflict™), when there is conflicting information, e.g. one protein
is annotated to be disordered, and another has a monomeric solved structure.
These annotations had to be checked manually to resolve the conflict, if
possible.
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Figure 6: Workflow of the construction of the databases.
The filtering and annotation steps are detailed in chapters 4.1.1. and 4.1.2.
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In order to be able to annotate the largest possible number of protein sequences as
disordered, the annotations were transferred in two different ways. All information from
source annotations (databases or the literature) were mapped to UniProt sequences to be
directly comparable, and this information represents the direct evidence for being
disordered. In the case of DIBS, direct evidence can either be “confirmed” or “inferred
from motif” (as described above).

Apart from using direct evidence, disorder annotations were expanded to sequences
that belong to the same UniRef90 cluster. The rationale behind this annotation transfer
(yielding indirect annotations) is that it has been shown that in case of ordered proteins,
a 30% sequence identity means probable homology, and in the case of sufficiently long
alignments, the adoption of the same fold [124]. While there is no similar study conducted
concerning protein disorder, it is safe to assume that if 30% identity is generally sufficient
for two ordered proteins to share the same fold, the significantly higher level of sequence
identity guaranteed by belonging to the same UniRef90 cluster, or bearing the same Pfam
object, should be sufficient for belonging to the same structural class (ordered or
disordered). These annotations are labeled as ‘inferred from homology’, as the candidate
chains and all annotations were mapped to UniRef90 sequences, therefore, the found
evidence is most likely transferred through homology between sequences.

Considering all types of available annotations, the constituent chains from
candidate protein complexes were classified as ‘ordered’ or ‘disordered’ if either type of
annotations covered at least 70% of their sequence, and ‘unknown’ otherwise. This
yielded fully and partially annotated complexes, where all or some of the chains were
bearing some kind of structural annotations. Complexes where exactly one chain was
annotated as disordered, with the rest being annotated as ordered, were included in DIBS.
Complexes where all chains were annotated as disordered, were included in MFIB.
Promising partially annotated complexes were attempted to be fully annotated based on
literature, to maximize the number of complexes in each database.

As a next step, in order to reduce the number of similar protein complexes,
annotated interactions in MFIB and DIBS were clustered to entries in order to attenuate
redundancy based on UniRef90 clusters. The main reason behind the redundancy is that
there are several interactions that have been extensively studied due to their important
biological functions, leading to more determined structures of the same or nearly same
interactions (e.g., there are nearly 500 structures that contain p53). This type of

redundancy becomes crucial to handle at the step of creating biologically relevant
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database entries by clustering highly similar complexes. To cluster interactions, two
complexes are deemed related (or highly similar) if they contain the same number of
proteins, and the proteins from the two structures show a sufficient degree of pairwise
similarity, i.e. they belong to the same UniRef90 cluster (the full proteins exhibit at least
90% sequence identity) and convey roughly the same region to their respective
interactions (the two regions from the two proteins share a minimum of 70% overlap).
Related complexes were grouped together into clusters forming the entries in MFIB and
in DIBS. This clustering step reduced the number of MFIB entries from 1,405 to 205 for
MFIB, and from 1,577 to 773 for DIBS.

From each of the resulting interaction clusters, only one structure was selected as a
representative of the interaction, based on structure determination methods, structure
quality, and source organisms (NMR structures were preferred over X-ray, better
resolution structures and human proteins were favored over others). Each entry in MFIB
is assigned a class and a subclass during the manual annotation and curation step. Table

4 shows the currently manually defined 88 classes and 33 subclasses.

Bulb-type lectin domain

Coils and zippers

Homodimeric lectin
Heterodimeric lectin

Histone-like interactions

Histones
Histone-like complexes

Homooligomeric enzymes

Homodimeric enzymes
Homotetrameric enzymes
Homohexameric enzymes

L27 domains

L27_1 type
L27_2/N type

Coiled coil (dimeric)

Coiled coil (dimeric, forming a 4-helix
bundle)

Coiled coil (hexameric)

Coiled coil (pentameric)

Coiled coil (tetrameric)

Coiled coil (tetrameric, 4-helix bundle)
Coiled coil (trimeric)

Alanine zipper (trimeric)

Leucine zipper (dimeric)

Leucine zipper (tetrameric)
Phenylalanine zipper (dimeric, forming a
4-helix bundle)

NGF-like proteins

Other

Homodimeric NGF-like proteins
Heterodimeric NGF-like proteins

Transthyretin-like folds

Transthyretin
HlUase

Basic helix-loop-helix (bHLH)
E2 dimer

p53 tetramerization

Phd antitoxin
Ribbon-helix-helix (RHH)

Trp repressor-like

Other

Table 4: Classes (in grey boxes) and subclasses (as bullet points) currently defined in MFIB.
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In contrast to MFIB, DIBS uses domain type assignations according to Pfam and
the literature taking only the ordered partner(s) into account. Currently, there are 185
defined domain types in DIBS, such as the 14-3-3 domain (15 entries) or bromodomain
(29 entries). The database also collects information about the measured binding strengths

of the interactions (Kq values) from the literature, where possible.

4.1.3. Web interface for the “twin-databases”

DIBS and MFIB are freely accessible through their dedicated websites: MFIB is
made available at http://mfib.enzim.ttk.mta.hu/ and DIBS is made available at
http://dibs.enzim.ttk.mta.hu/.

The websites consist of two components: (i) the servers are hosted in Apache web
servers and are implemented in PHP5 with a MySQL backend, which processes the
requests, fetches data from the database, provides search functionality and serves web
pages and (ii) a front-end which includes various interactive visualizations based on

charts.js, jquery.js, bootstrap.min.js and d3.js libraries (see Figure 7).
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v d3.js T

Downloads

Figure 7: Web interfaces of MFIB and DIBS.

Beyond the primary purpose of disseminating the raw data, an additional purpose
of the websites is helping the user to navigate easier. Each MFIB/DIBS entry is assigned
a unique accession, which is composed of the letters '"MF'/’DI” at the beginning according
to their parent databases, followed by seven digits. In MFIB, the first two digits mark the
oligomeric state of the complex: (i) the first digit being equal to the total number of
interacting protein chains in the complex, and (ii) the second digit indicating the number
of unique proteins in the complex. For example, accessions for all homodimer complexes
start with MF21, accessions for heterodimers start with MF22. For DIBS, only the first
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digit marks the oligomeric state of the ordered chains in the complex. For dimers, where
the interaction is between a single IDP and a single ordered protein, the accession starts
with DI1.

In MFIB, the third and fourth, and in DIBS, the second and third digits contain
information about the taxonomic group(s) from which the interacting chains originate.
The first of these two digits shows the highest taxonomic group of all chains with ‘0’
corresponding to human, '1' corresponding to all other eukaryotes, '2' meaning bacteria,
'3' meaning archaea and '4' denoting viral proteins. The fourth digit shows the
heterogeneity of the origin species of the interacting chains. It is '0" if all interacting
proteins are from the same species, '1' if they cover more than one species but all are from
the same taxonomic domain, and '2" if the proteins in the structure cover more than one
taxonomic domain. The last three digits in MFIB and the last four digits in DIBS form a
randomly assigned number that guarantees the uniqueness of the accession for each entry.

Each entry has a separate page that details information about a specific interaction.
These pages are organized into various sections for easier navigation. The first section is
the “General Information" which itemizes the primary information about the complex. In
the beginning, it lists the assigned accession of the entry, the name (which is not
necessarily the same as the name of the structure in the PDB database), displays
references to the corresponding PDB structure, and other details about the solved
structure. It includes the type of the structure determination method used and the primary
publication of the structure, if applicable (authors, title, journals, abstract and PubMed
IDs with links to the PubMed website), using the PDBe REST API.

The general information section also defines the biological oligomeric state of the
complex; however, it is not always the same as the assembly state in the raw PDB
structure. That is because in some cases the original PDB structure does not or does not
only show the biologically relevant interactions. To remedy this, in these cases a modified
PDB file is generated and displayed in the embedded structure viewer, which loads the
structure of the complex and visualizes it in cartoon representation. If a modified PDB
file is generated, a description of the transformations can be found below the viewer
window in the right column. These modifications can be the generation of new protein
chains based on the biomatrices in the PDB file, or the omission of a protein chain or
chains to reduce possible duplicity present in the structure, or truncations of protein chains

to highlight the relevant interacting regions. Links to download the original, and if
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applicable, the modified PDB file are provided under the structure viewer. Also, it
includes a link to the entry's XML file, which contains all the presented information.

The “Function and Biology” section features the known biological annotations of
the protein complex. These annotations were taken from the Gene Ontology (GO) using
the Gene Ontology Annotation Database via the API service provided by EMBL-EBI.
Only terms that fit at least two of the interacting chains are shown (in the case of DIBS,
one of these has to be the disordered protein), as individual proteins may bear biological
functions related to regions not participating in the interaction. This section categorizes
the annotations as molecular functions, biological process, and cellular component, as can
be found in the GO.

The “Structure Summary” lists the total number of interacting protein chains in the
complex, as well as the number of different chains. Each chain is assigned an identifier
in the form of a capital letter, and they are taken from the PDB. Chains that were generated
using biomatrices are assigned the first letter that was not used in the original PDB file.
The description of the transformation used to generate these chains is also specified.
Annotations of each chain in the complex are detailed in its own subsection. These
subsections describe the sequence of the protein region in the PDB file, the corresponding
protein regions from UniProt and UniRef90, and display the segments inside this protein
region that have atomic coordinates in the PDB file. Moreover, basic secondary structural
elements (helices and beta structures) are also shown, together with Pfam objects (if
applicable). This information is displayed in an embedded scalable NetProX sequence
viewer. The Feature Viewer was modified to meet my special requirements (the use of
different colors and the addition of extra functions).

While all sections described so far hold the same type of information in both DIBS
and MFIB, the “Evidence” section has slightly different content in the case of the two
servers. In MFIB, it displays experimental evidence demonstrating that all of the
participating proteins are disordered prior to the interaction. This section either shows
evidence for the intrinsically unstructured nature of all participating protein chains
separately (with cross-links to other disorder databases and literature), or shows evidence
for the structured complex itself to arise directly from the interaction of disordered
monomers (“Complex Evidence”). In some rare cases, both types of evidence are
available for a complex. In DIBS, there is also experimental support proving the
disordered nature of one of the interacting chains in its unbound form. Other quoted

evidence proves that all other participating chains are ordered in their monomeric form,
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or form an ordered oligomer together, existing in a folded structure without the disordered
chain.

The “Related Structures” section displays links to other structures in the PDB that
belong to the same redundancy cluster.

Together with the individual entry pages, the webpages have several auxiliary pages
that aid easier navigation. The “Home” page describes the basis and purpose of the
database for users unfamiliar with MFIB or DIBS. The “Statistics” page shows basic
statistics about the databases, such as the number of entries belonging to various
oligomeric states (assemblies) or the distribution of entries in various taxonomic groups,
using interactive charts to illustrate them (using the JsChart library). The “Help” page
functions as a FAQ for the databases, answers frequently asked questions connected to

the design and usability of the database and the server.

MFIB and DIBS offer three ways of structured access to the data they contain. In
the ‘Browser’ section, all entries in the database are listed. The list is sortable by all
displayed information (complex name, source organism, etc.) and can be filtered by
various options (oligomeric state, type of experimental methods etc.). The “Search” page
offers a simple search engine (implemented in MySQL) able to return matching hits to
various queries and subqueries in names, various IDs (database IDs, PDB, UniProt or
UniRef90), as well as other information describing the entries (the type of assembly, etc.).
The ‘ProteinMap’ can display entries belonging to selected classes and subclasses in case

of MFIB, and the defined domain types in the case of DIBS.

Apart from online access, MFIB and DIBS offer multiple ways of downloading data
in the database. The ‘Downloads’ section includes links to download the full databases in
XML or text format, and all original and all modified PDB-structures in a zip archive.
Furthermore, each entry page includes links to download the entry’s PDB structure(s) and

XML format file.

4.1.4. Statistics of MFIB entries

The establishment of MFIB achieves the first systematic collection of data
concerning MSF complexes, and provides comprehensive coverage of possible IDP-only
interactions. The current version of MFIB contains 1,406 structures grouped into 205

entries, representing the core of MFIB. Typically, 2-6 protein chains form the
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interactions, and thus MFIB entries cover the majority of biologically relevant oligomeric
compositions (from dimers to hexamers). The database contains 147 dimers, 10 trimer

entries, 40 tetramers, 3 pentameric interactions, and 5 hexamer complexes (see Figure 8).

Oligomeric states in MFIB

98

48

27

20 13
° 4
s _— '
0 — —

Dimer Trimer Tetramer Pentamer Hexamer

B Homo-oligomer Hetero-oligomer

Figure 8: Statistics of oligomeric states in MFIB.

Entries in MFIB come from a wide range of taxonomic groups, covering all three
domains of life, with most of the complexes being formed by human proteins. However,
MFIB also includes complexes from viral proteins, shedding light on the importance of
mutual synergistic folding in host-pathogen interactions. Interactions formed by proteins
from different taxonomic domains are classified as “cross-domain” interactions (see

Figure 9, top).

The number of related structures in entries can vary widely, with some interactions
being unique (98 complexes have no solved related structures) and others having a large
number of available similar structures (with the maximum number of related structures
being 273 for human transthyretin). The average number of related structures is 14 (see
Figure 9 bottom). Each structure detailing the interactions were determined by either X-
ray (153 out of 205, accounting for 74.6%) or NMR (52 out of 205, accounting for
25.4%).
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Taxonomic group distributionin MFIB
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Figure 9: Distribution of source organisms (top) and number of related structures (bottom)
in MFIB.

Taxonomic groups are mutually exclusive, i.e. for example “Mammal” represents all mammalian
organisms except for rodents and human.

Complexes in MFIB also cover the known spectrum of protein disorder, illustrating
that disorder is more like a continuum than a binary property. The database contains
complexes of IDP regions from near random coil proteins (CBP-ACTR, PDB: 1kbh,
MFIB: MF2201001) [16], through molten globules (Arc repressor) [17] to near-ordered
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structures, where a monomeric IDP protein can be stabilized with a limited number of
mutations (nucleoside diphosphate kinase, PDB: 1nkp, MFIB: MF6110001) [125].

4.1.5. Distribution of data in DIBS

The current version of DIBS contains 1,577 complex structures clustered into 773
entries. IDP-mediated interactions are the most abundant in eukaryotes, and in accord,
entries in DIBS cover a wide range of eukaryotic taxonomic groups. In addition, DIBS
also includes a fair number of bacterial and cross-domain interactions, where the
interacting protein chains come from organisms of different taxonomic domains (see

Figure 10, top).
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Figure 10: Distribution of source organism (top) and number of related structures (bottom)

in DIBS.

Most of the interactions in DIBS are unique regarding the number of related

structures (561 complexes have no related structures), while others have a large number

of available similar structures (the maximum number of related structures being 162 for

"Human estrogen receptor a ligand-binding domain in complex with NCOAZ2 peptide",
PDB: 1gwq, DIBS: DI12000015). The average number of related structures is 5 (see Figure

10, bottom)
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The majority of DIBS complexes feature known Kgq values for the interactions (488
out of 773, accounting for 63.1%). Figure 11 shows the distribution of Kq values, covering
a wide range between approximately 10° M and 10! M. Figure 11 also presents three
example interactions with various Kq values. The first complex is formed by anophelin -
a blood-clotting inhibitor from mosquito - and a-thrombin (PDB: 4e05, DIBS:
DI12010010) with a relatively low Kg value, indicating a remarkably tight interaction. The
other two examples both involve the disordered tail of integrin B2, bound to 14-3-3(
(PDB: 2v7d, DIBS: DI2010013) and bound to filamin A (PDB: 2jf1, DIBS: DI11000145).
Both interactions are transient, in accord with their signaling roles, yet there is still three
orders of magnitude difference between the two Kq values. However, there is no direct
competition between the two interactions, as they are coordinated via a PTMs. Integrin
B2 bound to 14-3-3( requires a phosphorylation at T758, while the other interaction

requires an unmodified integrin tail.
logo(Kq)

35

30
25
20
15
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Figure 11: Distribution of K, values in DIBS, together with three selected examples with

differing biological functions [126].
1 - complex between anophelin and o thrombin, 2 - complex between integrin 2 and 14-3-3¢, 3
- complex between integrin f2 and filamin A.

50



Chapter 4 — Results and Discussion

DIBS shares only limited overlap with other existing disorder databases (see Figure
12). ELM contains known linear motifs, DisBIND is compiled from interacting regions
of IDPs with automated annotations from the DisProt database, complemented with
annotations from the PDB and UniProt. IDEAL and DisProt contain disordered protein
sequences, assembled from manual curation. The highest overlap is only nearly 50%
(ELM), though, these datasets focus on different aspect of IDPs.

Fraction of DIBS proteins alse included in other disord er-specific databases
DisProt | 0.226
IDEAL 0.420
DIBIND|| | 0.052
ELM [ 0492

Figure 12: Overlap with related disorder-specific databases.
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4.2. Analysis of sequence, structure and function
relationships in different protein interaction classes

Using information from MFIB and DIBS, for the first time, we can get a full view
of the entire spectrum of the IDP interactome, and we can uncover the differences
between various types of interactions mediated by IDPs - concerning their sequences,
structures, functions and regulation. Three protein interaction groups were considered in

the analysis (see the first three columns in Figure 13).

Ordered / Ordered Disordered / Ordered _ Non-interacting IDP

Denaturing
conditions

Native folding
conditions

Interaction

Figure 13: Protein interaction classes based on a various way a protein can reach a
structured state.

Under physiological conditions, disordered proteins are shown in cartoon and ordered proteins
are shown in surface representation.

The interaction categories are based on how constituent proteins reach their

structured states with regard to the binding process:

e 691 structures (henceforth ordered/ordered complexes), where all proteins
involved are ordered, going through autonomous folding prior to the binding
event without the presence of the partner protein (see Data and Methods).

e 773 complexes from the DIBS dataset (henceforth disordered/ordered
complexes), where coupled folding and binding happens, with one IDP bound
to ordered partner proteins.

e 205 complexes from the MFIB dataset (henceforth disordered/disordered
complexes), where the complexes are formed exclusively by IDPs through

mutual synergistic folding.
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4.2.1. Amino acid composition mirrors the connection between folding
and binding

For the sequence analysis, a fourth category was taken into account, IDPs that
presumably do not participate in interactions at all (see the fourth column in Figure 13).
This category does not overlap with the other groups, contains 1,045 sequence regions,
and was taken from DisProt after discarding sequence regions present in MFIB and DIBS.

For the classification of amino acids, the following categories were considered:
aromatic (F, W, Y), charged (H, K, R, D, E), covalently interacting (C), flexible (G),
hydrophobic (A, I, L, M, V), polar (N, Q, S, T) and rigid (P). Amino acid compositions
were calculated for single constituent protein chains in interaction, using this reduced
amino acid alphabet. For reference, the human proteome was used with 71,576 sequences
(version 11 August 2017). The various calculated sequence properties are shown in
Figure 14:

Disordered / Ordered _ Non-interacting IDP

Ordered / Ordered

Flexible

Amino acid composition

Hydrophobic

Aromatic

Flexible

Hydrophobic

Flexible

Hydrophobic

Charged

Flexible
Hydrophobic

Aromatic

Polar

100 150

Sequence length

Fraction of
interacting
residues

0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.5 0.75

Figure 14: Calculated sequence properties for the four interactions classes.
Amino acid compositions are presented as fold changes compared to the human proteome
composition (bold line). Each line represents a fold change.

Non-interacting IDPs reflect the general view of disordered proteins, they lack
hydrophobic residues, have a high net charge and are enriched in prolines [14]. On
average, interacting ordered/ordered proteins closely resemble the amino acid
composition of the human reference proteome. The most notable difference is that they
have low proline content, because most of the ordered secondary structure elements are

incompatible with proline, as it is a structure breaking residue [127].
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In contrast, IDRs in disordered/ordered complexes are usually highly charged and
are also depleted in hydrophobic residues. They also often contain prolines, possibly to
decrease the loss of entropy upon binding to increase binding strength. IDRs in
disordered/disordered complexes are typically more hydrophobic, presenting an
exception to the general view of IDPs [128], they contain very few prolines (even less
than ordered/ordered proteins) and glycines, and are also highly charged.

Besides the amino acid compositions, other parameters also display differences
between the various protein classes. Ordered/ordered complexes contain more residues
than the other three categories, because remarkably short sequences can not fold into a
globular domain. Disordered sequences undergoing coupled folding and binding and non-
interacting IDPs tend to be shorter on average than sequences from disordered/disordered
complexes. The fraction of directly interacting residues can be a new angle of distinctive
features. IDPs in general use a more significant fraction of their residues for binding than
ordered proteins, and this tendency is the most pronounced for IDPs in disordered/ordered
complexes.

The exhibited fundamental sequential differences uncover the fact that amino acid
compositions of interacting IDPs often do not correspond to the general IDP-view,
instead, their sequences reflect the structural state of their binding partners. IDPs in MSF
complexes lack prolines and they contain more hydrophobic residues than an average
IDP. Ordered/ordered proteins on average contain a relatively large number of residues,
as a short sequence is not able to fold into domains. Their large number of hydrophobic
residues provide the hydrophobic core to stabilize the tertiary structure; therefore proteins
forming ordered/ordered complexes use a low fraction of their residues in the interaction.
In the case of disordered/ordered complexes, the hydrophobic core is already provided
the ordered part of the complex, and they can donate most of their residues into the
binding, while for disordered/disordered complexes the unusually high hydrophobic
content serves to create the stabilizing core during the interaction.

4.2.2. The presence of IDPs affects the structural properties of the
resulting complexes

The structural properties of interacting ordered proteins and IDPs were analyzed,
with the focus on secondary structure elements, molecular surface areas, intramolecular
and intermolecular atomic contacts, and predicted interactions energies (see Table 5). The

structural features were calculated for one interacting protein chain in the bound form.
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DSSP was used to assign secondary structure states to the residues in the structure,
specifying residues as helical (‘'G', 'H', 'l'), extended ('B', 'E') and irregular elements ('S’,

‘T' or unassigned).

Ordered / Disordered /
Ordered Ordered
Helical 0.333 0.175 0.596
Secondary
Extended 0.249 0.103 0.110
structures
Irregular 0.418 0.722 0.294
Accessible H 0.567 0.565 0.558
surface p 0.433 0.435 0.442
H 0.623 0.671 0.750
Interface
Molecular p 0.377 0.329 0.250
surfaces Buried H 0.589 0.378 0.489
surface P 0.411 0.622 0.511
Interface/total surface 0.105 0.401 0.297
Buried/total surface _ 0.263 0.948
H-H 0.495 0.529 0.622
H-P 0.406 0.385 0.317
Interchain P-P 0.099 0.086 0.061
contacts B-B 0.086 0.095 0.071
B-Sc 0.382 0.401 0.347
Sc-Sc 0.531 0.504 0.582
Atomic H-H 0.457 0.364 0.377
contacts H-P 0.439 0.491 0.496
Intrachain P-P 0.104 0.145 0.127
contacts B-B 0.278 0.310 0.387
B-Sc 0.393 0.431 0.407
Sc-Sc 0.329 0.259 0.206
Ratio of inter/intrachain
0.104 0.820 0.348
contacts
Total interaction
. -0.191
Interaction energy/residue
energy Fraction of energy from

interchain interactions

Table 5: Normalized average structural properties of the protein interactions classes.
H - hydrophobic, P - polar, B - backbone, Sc - sidechain. Depth of the shading represents the
deviation from the average.
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From the three interaction classes, ordered/ordered protein complexes have the
most balanced composition between various secondary structure elements. IDPs
undergoing coupled folding and binding largely lack periodic secondary structures, and
often adopt irregular conformations. Disordered/disordered complexes strongly prefer
helices, and in a few cases, coil structures as well.

The analysis also suggested that in bound form, all three classes have nearly the
same hydrophobic/polar ratio of the solvent accessible surface area, due to the fact that
the complexes, after formation, have to exist in the same aqueous environment. However,
the interfaces that get buried during the interactions do not share the same hydrophobicity
characters, reflecting the different binding modes. IDPs usually shield a larger fraction of
hydrophobic residues by burying them, and this effect is most notable for
disordered/disordered complexes. In addition, there is a reverse trend between the fraction
of molecular surface a protein segment buries in the interface and by intramolecular
shielding. Ordered proteins bury large fractions of surfaces during folding, and only
donate a fairly small fraction to the binding. The reverse trend is true for IDPs in
disordered/ordered complexes, with the majority of surface being utilized in the interface.
Disordered/disordered IDPs fall between the two extreme cases on average.

Focusing on molecular interactions, IDPs in disordered/disordered complexes
mostly depend on intrachain interactions, whereas during coupled folding and binding,
interchain contacts are more involved in the final stability of the complex.
Disordered/ordered interactions are primarily mediated by a larger number of interchain
interactions, as these IDR segments are on average shorter (see Figure 14). The ratio of
interchain and intrachain contacts supports the observation that bound IDPs use their
residues more efficiently during binding, which is increasingly true for IDR undergoing
coupled folding and binding.

In order to asses the overall stability of the complexes, interaction energies were
calculated (based on the pairwise energy potentials used in IUPred [71]). Considering
these energetics, ordered/ordered complexes are the most tightly bound systems on
average, although the majority of this stabilizing energy come from the contacts providing
the stable fold for the individual domains. Disordered/ordered complexes in contrast have
the lowest overall per residue stabilizing energy, and the major contribution to this
stability comes from the interaction itself. Disordered/disordered complexes have similar
overall stability to ordered/ordered complexes, but the interchain interactions play a more

dominant role.
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4.2.3. Closer to the DNA, closer to the IDP-mediated interactions

The appropriate subcellular localization of proteins is critical because it provides
the spatial context for their function, determining - amongst other factors - the range of
possible interaction partners. It has been suggested that IDPs are specialized to various
functions, but how is that reflected in their localization? To address this question,
subcellular localizations were taken from the "cellular component"” namespace of GO, as
used in the MFIB and DIBS databases. For all complexes from the three interaction
categories a GO term was considered if at least two of the constituent chains were
annotated with that term. To make the selected GO terms comparable, a reduced set of
higher-level terms of typical subcellular localizations was selected, termed CellLoc GO
Slim (see Figure 15).
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Figure 15: Characteristic sub-cellular localizations of the three interaction classes,
visualized using a word cloud technique.

The relative frequency of occurrences for CellLoc GO terms is represented by the font sizes.
Color depth represents the specificity of the given term for that protein class. Localization names
in black show terms that ubiquitously occur in all types, terms in full color represent features that
are unique to the given class. The chosen main colors for the classes were blue for ordered/ordered
proteins, green for the disordered/ordered class and red for the disordered/disordered interactions.
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The extracellular space is dominated by ordered/ordered interactions. Furthermore,
we can often find ordered complexes embedded as receptors in the plasma membrane and
the membrane of extracellular vesicles, as part of the connection between the extracellular
and intracellular spaces in the cell. Moreover, the most characteristic localization of
complexes formed by ordered proteins is the cytosol. Moving closer to the
nucleus/nucleoplasm, more disordered/ordered complexes are present. In general, IDP-
mediated functions are typically centered around the DNA. These interactions can be
found in the nucleoplasm, and in non-membrane bounded organelles, such as ribosomes,
stress granules, or centrosomes. Localizations close to the DNA are also enriched in
disordered/disordered complexes, even more so than disordered/ordered complexes, as
they often interact directly with the DNA, and typically occur in chromatin organization
or DNA packaging. The dominance of disordered/disordered interactions around the
DNA is in line with the need for transient interactions in transcription related biological

processes.

4.2.4. Interactions of IDPs mediate distinct biological functions in the
cell

Protein disorder is related to numerous biological processes and molecular
functions, which have been addressed in several studies [86, 129]. It is also known that
IDPs are associated with distinctively different functions than ordered proteins [130]. |
assessed the typical biological functions of various IDP-mediated interactions using a
reduced set of GO biological process terms. From PP1 GO Slim (see Data and Methods),
we can recognize the most characteristic biological functions for the interaction classes.

The analysis highlights that all three interaction types are involved in all major high-

level/generic biological processes (such as transport or communication). However, lower-

level processes show preferences between different interaction classes (see Figure 16).
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Figure 16: The relative frequency of occurrence for PP1 GO terms for all interaction classes,
represented by the font sizes.

The used font colors are similar to Figure 15, with font color depth marking the specificity of a
cellular process for the given interaction type.

The most notable functions of ordered proteins are connected to the maintenance of
homeostasis, including different regulatory processes, such as gene expression, control of
catalysis of chemical reactions as enzymes, stress response, they also function as transport
vehicles for other molecules in circulating blood, and they are heavily involved in
replication and the repair of DNA to ensure the biological quality in the cell.

IDP-mediated functions are usually involved in DNA-related functions, though,
there is a separation of processes depending on the structural state of the partner proteins.
Chromosome organization and DNA repair pathways are enriched in disordered/ordered
complexes. Disordered/disordered interactions often connect to the information storage
function of DNA, including direct DNA contact. Thus, proteins with MSF often play a
crucial role in transcription and gene regulation.

The analysis of different sequential, structural properties, together with various
localization preferences strongly support the idea that certain biological processes have
strong preferences for distinct interaction types. From the side of the formed protein
complexes, the ordered or disordered state of the interacting partner of a protein has a
strong effect on the sequential, structural and functional properties of the formed

complex.
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4.2.5. Protein disorder extends the biologically relevant sequence,
structure, and functional spaces of proteins

The previous analyses only consider the average values of various features, without
quantifying their heterogeneity across each interaction class. To assess this heterogeneity,
we need to directly quantify and visualize the sequence, structure and function spaces
covered by various interaction categories. The three levels (sequence, structure and
function) were evaluated separately for all three interaction classes. The functional
annotations were represented by a 23-element vector, as the GO PPI Slim contains 23
possible high level cellular/organismal processes. For visualization, Principal Component
Analysis (PCA) was employed, and | used the first 2 components for the best 2D
representation, as they are carrying the highest fraction of variation of data, and can
highlight the main differences of the different interaction classes (see Figure 17).
Ordered/ordered and disordered/disordered complexes dominate different sequential and
structural spaces. Protein complexes with coupled folding and binding
(disordered/ordered) overlap with the other two classes according to their sequential
features, however, in the structural space they occupy a more distinct subregion.
Distribution in the functional space shows high overlap in all three interactions classes,
to support the fact, that at a higher functional level, the roles of different interaction

classes are intertwined, instead of separately accomplishing various biological roles.

To more objectively quantify the extent of various spaces used by different
interactions, sequence-, structure-, and functional heterogeneity values were calculated
for all three types of interactions (see Data and Methods for full description and
definitions). Heterogeneity values were defined as the average dissimilarity between two
randomly chosen complexes from the same class. The so calculated heterogeneity values
lie between 0% and 100%, with 0% corresponding to all complexes being identical and
100% corresponding to all pairs of complexes being as different as possible. Dissimilarity
between two complexes from the same class was defined based on the hierarchical
clustering of complexes (see Data and Methods), being defined as the Euclidean distance
of complexes in the tree constructed by the clustering. Heterogeneity values are defined
as the geometric averages of dissimilarity values between all protein pairs from a specific
interaction class, and dissimilarity of two proteins is the quotient of the linkage distance

given by the clustering of Ward algorithm and the maximal linkage distance.
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For functional heterogeneity, no clustering was employed, instead the GO ontology
tree was used. Distances between parent/child terms were defined as 1. The dissimilarity
between two complexes was defined based on their most similar GO term pairs. For each
complex from a pair, | chose the biological process selected for minimal distance in the
ontology. Based on these dissimilarity values, heterogeneity values were calculated as
described for other features. The calculated heterogeneity values are again in a range of
0-100%, 100% means that all pairs of complexes being as different as possible, and 0%

corresponding to all complexes being identical.
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Figure 17: Distribution of various complexes considering the best two dimensional (the first
two principal components) representation of the sequence-, structure- and functional
spaces.

Insets show the total variance of the data carried by the plotted components.
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Figure 18: Variability of sequences, structures, and functions, using calculated
heterogeneity values for all three interaction classes.

Figure 18 shows the calculated heterogeneity values for all three interaction classes.
In general, the highly variable sequence compositions of proteins utilize a much narrower
set of the structure space; nevertheless, it does not limit the functional possibilities of the
complexes. Disordered/disordered proteins show a balance between the heterogeneity of
sequences and functions. Ordered/ordered complexes have restricted sequence
compositions to fulfill a wide range of functions, and in opposition to disordered/ordered
interactions, the restricted range of functions are accomplished by a highly variable

sequence space.

4.2.6. IDPs are heavily regulated via post-translational modifications

As different levels of GO-annotations suggested, the three studied interaction
classes play essential roles in vital biological processes, and need to be precisely
regulated. Many studies shed light on the general importance of various post-translational
modifications that occur in response to a dynamic change in the external and internal
environment of a given cell type. Works conducted in recent years highlighted that IDPs
are under especially strong regulation [131].

In the presented analysis, | studied the four most commonly occurring types of
PTMs (phosphorylation, acetylation, methylation, and ubiquitination) using the low-
throughput, experimentally verified data from PhosphoSitePlus, Phospho.ELM and
UniProt (see Figure 19).
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[ Ordered / Ordered ] [ Disordered / Ordered }

Figure 19: The occurrence of PTMs in interacting proteins from the three interaction
;::asiszséetylation, me - methylation, p - phosphorylation, ub - ubiquitination. The width of
connecting lines shows the amount of mutual information between the occurrence of PTM pairs
over proteins in the given interaction class. The percentage values and color depth represents the
fraction of proteins affected.

All four types of PTMs occur in all three interaction classes, and they are present
in both ordered and disordered interacting proteins. Disordered/disordered proteins have
more known PTMs than the other two classes, with IDPs in general harboring more PTMs
than ordered proteins. Furthermore, IDPs not only contain more PTM sites that can affect
complex formation, but the occurrence of these PTMs seem to be more overlapping,
suggesting a coordinated regulatory system between various PTM types. IDPs in
disordered/disordered complexes show an extremely high cooperation between
methylation and acetylation events, whereas IDPs in disordered/disordered complexes

show a more general coordination among all four types of PTMs.
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Figure 20: Location of PTM sites in the complex structure.

Values next to circles indicate the amount of PTMs found. Colored bars represent occurrences in
the three types of structural elements (exposed, buried and interface/”in contact” residues).
Energy values show the mean and the standard deviation of estimated AAG values of introducing
the PTMs to interface residues, evaluated with the use of mimetic residues in FoldX. Colors
indicate the destabilizing effect of the average value (grey — neutral, light red — slightly
destabilizing, deep red — strongly destabilizing). As there are no usable mimetic substitutions for
ubiquitination, free energy calculations have not been performed for these PTMs.

The structural location of PTMs offers insights into the mechanistic effects they
have on the binding event. As Figure 20 highlights, PTMs in ordered/ordered complexes
are enriched in the solvent accessible surface of the domains (exposed surface) which
probably do not have a direct influence on the binding, however, they can have an indirect
impact. On the other hand, a smaller fraction of PTMs do affect residues in direct contact
with the partner, and substitution calculations for these PTMs show (when modeling the
PTM with mimetic residue substitutions, and calculating the estimated change in stability
when introducing the “mutation”), they change the estimated free energy of the resulting
complex moderately. The number of PTMs that have a direct effect on the binding (in
contact residues) in case of disordered/ordered complexes is relatively higher, providing
a larger possible control over the binding event, albeit the energy contribution of single
PTMs remains fairly subtle. The change of free energy brought about by the introduction

of in contact PTMs for disordered/disordered complexes is higher than for
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disordered/ordered and globular proteins, but the number of PTMs is in the middle
between the two other classes.

PTMs are capable of producing significant changes in the interaction properties of
IDPs, and hence play a role in the modulation of IDP-mediated interactions. My analysis
suggests that IDP-ordered complexes in general are regulated through a high number of
PTMs each with subtle energetic changes, while a restricted number of PTMs have a more
significant effect on stability in the case of disordered/disordered complexes. PTMs in
ordered proteins might indirectly modulate the given interactions, but in IDPs they have

a more direct role.
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4.2.7. Cooperation between ordered proteins and IDPs in different
interaction modes

Figure 21 shows representative interactions from each of all three analysed
interaction classes, illustrating the intertwined connection between structural and

sequential characteristics.

o - Disordered /
[ Ordered / Ordered } { Ordated

Figure 21: Representative examples of the three classes of interaction mechanisms.
The analyzed partner is shown in ribbon representation, while the partner is shown as a surface.
Hydrophobic residues are red (orange for surfaces), aromatic side chains are shown in stick
representation. Prolines are shown in blue sticks. A: interaction between the nuclease NucA and
its inhibitor NuiA. B: the LC3-interacting region of FYCOL1 bound to the ubiquitin-like domain
of autophagy-related protein LC3 A. C: Homodimer of the DNA-binding IDR region of the Trp
repressor. D: the two transactivator regions (TAD1 and TAD2) of human p53 bound to ordered
domains from p300 and TFIIH, respectively (top), and TAD1+TAD2 bound to an IDR of CBP
(bottom). Examples in panels A-C have both sequence and structure features very close to the
averages of their respective interaction classes.

NucA inhibition by NuiA is an example from the ordered/ordered category (Figure
21A). Nuclease A is a small, extracellular monomeric enzyme. Its inhibitor is NuiA,
which can specifically bind to it with a high affinity. Both proteins are ordered in the

monomeric form. The stable monomeric form is required as a prior condition for the
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enzymatic activity of NucA. Both proteins have hydrophobic cores on their own, enriched
in aromatic residues. NuiA can specifically recognize and bind to NucA owing to its
native structure that is very close to the bound conformation [132].

The disordered/ordered class is represented by the disordered LC3-interacting
region (LIR) of FYCOL1 and the ordered ubiquitin-like domain of autophagy-related LC3
(Figure 21B). In this case, the IDP undergoes coupled folding and binding. This
interaction has to be reversible and fast with high specificity, as a microtubule-based
kinesin motor and autophagosomes interact with each other. LIR adopts a largely
irregular conformation, and lacks buried residues. The relatively high number of prolines
is able to lower the need for structural adaptation.

The DNA-binding domain of Trp repressor is a structurally malleable homodimer
from the disordered/disordered category (Figure 21C). The flexibility of the complex
ensures that this protein can bind to three different operator sites. The chains are enriched
in hydrophobic residues to form the hydrophobic core together in order to stabilize the
resulting complex, and they exhibit extreme plasticity that enables them to mutually bind

to each other.

These examples indicate that certain biological processes require one definite type
of interactions. However, these interaction types are not clearly segregated, as they show
cooperation on at least two different levels: individual binding site-level and the network
level. The former scenario corresponds to specialized cases of IDRs that have evolved to
satisfy the requirements of both ordered and disordered partners. In the case of the
transactivation domain of p53, the corresponding IDR can function as two independent
domain-recognition IDRs in tandem (TAD1 and TAD?2), or can work together as a single
binding site that recognizes a disordered region of the CREB-Binding Protein (CBP)
(Figure 21D). The transition between the two scenarios is highly non-trivial and requires
the structural adaptation and re-positioning of several residues, especially for TAD2. The
key to this duality lies in the fact that for both TAD1 and TAD2, the main force being
their interactions is hydrophobicity, resulting in a fairly high fraction of hydrophobic
residues. Yet, both binding sites are small enough to avoid mutual synergistic folding on
their own, due to the lack of a sufficient amount of hydrophobic amino acids. However,
the two TADs working in synergy surpass this size boundary, and while they are still
small enough not to fold on their own, they are large enough to be able to form a stable

structure with a suitable IDP partner.
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The uncovered differences and similarities between the types of interaction classes
can provide a cornerstone for a basic understanding of how the interplay between protein
folding and interaction modulates the various features of the complexes. Amongst these,
the presented analysis also shows how sequential properties are recognized at the
structural level, and thus intrinsic disorder means a bona fide regulation mechanism for
the activity of the subunits and the complex. In the last few years, interactions between
IDPs and the other proteins have been an exciting research topic, as their detailed analysis
might open new opportunities for therapeutic targeting. Some of the studies based on IDP
interactions have already led to successful pharmaceutical targeting [133], and the better
understanding of the intricate details of these binding modes have the potential to serve

with further, currently overlooked therapeutic options.
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4.3. Classification of MSF complexes

The disordered and ordered nature of the proteins enables to characterize them in
different ways. For ordered proteins, the typically used groupings are rooted in the three-
dimensional structures expressed as various domain or fold types, collected for example
in the CATH or SCOP databases. The fold classes can also be a starting point to the
structural classification in the case of IDPs bound to domains via coupled folding and
binding. This classification approach is employed in the DIBS database, where the
assignation of the complexes primarily relies on the domain type of the ordered
interacting partner(s). However, MSF complexes cannot be classified using this approach
because they do not incorporate ordered proteins. However, the previous analyses
focusing on sequence/structure heterogeneity (see section 4.2.5) suggested that
disordered/disordered complexes have distinctive sequential and structural features,
which enable their recognition as a separate interaction category. The MSF protein class
also shows large enough variations to group them into subgroups, moreover the previous
PCA calculations also suggested the existence of well separated subcategories as well
(Figure 17). In the following chapters | use these features to propose the first hierarchical

classification for MSF complexes.

4.3.1. Sequence and structure features of MSF complexes

Previously | analyzed ordered proteins and IDPs involved in the interactions, but in
this scenario instead of analyzing proteins, | focused on full complexes formed
exclusively by IDPs. | recalculated the previously mentioned sequence and structure
features for these complex structures (see chapters 4.2.1 and 4.2.2). MSF complexes have
been assigned a feature vector describing the sequence composition of the entire complex,
with an additional parameter quantifying the compositional difference between subunits
(see Data and Methods), and these vectors were used as input for hierarchical clustering
(Figure 22). K-means clustering indicated 4 as the most appropriate number of clusters in

case of sequence features.
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Figure 22: Sequence-based hierarchical clustering of complexes with mutual synergistic
folding.

The red line indicates the optimal cut in linkage distance to define clusters, derived from k-means
clustering (not shown).

Cluster | Cluster | Cluster | Cluster
1 5 3 4 Average
34 25 59 85 -
Number of members
Aromatic 0.0531 | 0.0436 | 0.0547 | 0.0724 | 0.0605
Hydrophobic 0.3301 | 0.3239 | 0.3218 | 0.3227 | 0.3238
Flexible 0.0661 | 0.0425 | 0.0319 | 0.0625 | 0.0517
Average amino acid composition | Rigid 0.0319 | 0.0376 | 0.0209 | 0.0338 | 0.0302
Charged 0.3199 | 0.3049 | 0.3811 | 0.2587 | 0.3102
Polar 0.1931 | 0.2399 | 0.1819 | 0.2366 | 0.2138
Cysteine 0.0058 | 0.0076 | 0.0077 | 0.0133 | 0.0097
Heterogeneity (average dissimilarity between 0.2319 | 0.4146 0 0.0064 [ 0.0926
subunits)
The difference compared to disordered proteins [ 0.192 0.171 0.297 0.174 0.212
undergoing coupled folding and binding
. . 0.154 0.186 0.260 0.100 0.166
The difference compared to ordered proteins

Table 4: Sequence features calculated for MSF complexes.
Blue and red shadings mark values that are more than 20% lower or higher than the average,
respectively.
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Table 6 highlights the main average sequence features of the resulting clusters.
Sequence clusters 1 and 4 mostly resemble ordered/ordered complexes, and cluster 4
contains more cysteines and aromatic residues, possibly to enhance stability. Moreover,
protein chains of cluster 4 are almost identical, while cluster 1 is dominated by hetero-
oligomeric complexes. The amino acid composition of the complexes in cluster 2 shows
the highest similarity to disordered proteins undergoing coupled folding and binding.
They are exclusively hetero-oligomers, enriched in polar residues and prolines. Sequence
cluster 3 contains homo-oligomers, enriched in charged amino acids, depleted in glycines

and prolines.

Structural properties of complexes were quantified using the secondary structure
composition, atomic contacts, and various molecular surface parameters, as detailed in
the section above (see chapter 4.2.2). | discarded the features with relatively high pairwise
correlation values to avoid selection bias. The remaining parameters were used to
represent the complexes in a feature vector, which - similarly to the sequence feature
vectors - were used in hierarchical clustering (see the resulting tree in Figure 23). K-

means clustering indicates again 4 as the optimal number of structural groups.
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Figure 23: Structure-based hierarchical clustering of MSF complexes.
The red line indicates the optimal cut in linkage distance to define clusters, derived from k-means
clustering (not shown).
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Cluster Cluster Cluster Cluster

1 5 3 4 Average
Number of members 42 42 70 49 )
alpha 0.127 0.908 0.699 0.509 0.578
Secondary structures | strand 0.417 0.001 0.029 0.131 0.128
coil 0.457 0.091 0.272 0.360 0.294
Hydrophobic SASA 0.560 0.563 0.558 0.553 0.558
Hydrophobic 0.680 0.783 0.781 0726 | 0.747

interacting surface

Molecular surfaces Hydrophobic buried surface |  0.591 0.386 0.510 0.497 0.498

Interface/ total 0.198 0.347 0.278 0.301 0.281
Buried/total 1.632 0.656 0.997 0.720 0.990
Interchain,

backbone- backbone 0.161 0.008 0.041 0.108 0.075

Intrachain,

Atomic contacts
backbone- backbone

0.280 0.483 0.376 0.394 0.382

Interchain/ total 0.117 0.225 0.186 0.274 0.201

Table 7: The structure features calculated for complexes formed exclusively by IDPs.
Blue and red shadings mark values that are more than 20% lower or higher than the average,
respectively.

All four groups exhibit distinct structural features (see Table 7). Complexes from
cluster 1 contain the highest amount of non-helical secondary structure elements, in
contrast to clusters 2 and 3, which adopt mainly helical structures (complexes in cluster
2 on average have over 90% of their residues in a-helical conformation), and have more
intermolecular interactions between the chains to stabilize the resulting complex.
Members of cluster 1 also have a large number of buried hydrophobic residues, and have
a large number of intramolecular interactions for stability. Complexes from cluster 2 on
average use a high fraction of their interchain backbone-backbone atomic contacts.
Complexes from Cluster 4 seem to be the most balanced regarding the studied structural
properties (such as the composition of secondary structures or various molecular surfaces,

or the ratio of atomic contacts). They utilize more interchain contacts paired with low
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fractions of buried surface, meaning the stability of these complexes typically comes from

interchain interactions.

Based on the calculated sequence and structure features, and considering them
together, 16 complex types can be defined, as shown in Figure 24. There are many
strikingly not favored types, with very few or no known examples in them. Categories
with 10 or fewer representatives were omitted or merged with the adjacent sequence
clusters. This resulted in 5 main interactions types (near-ordered, multi-chain domains,
coils/zippers, compacted coils and histone-like), each of which has over 30 members, and
the 6th class is termed the “other” category to include the rest of the MSF complexes not
classifiable using the 5 well-defined clusters.

This division only considers sequence and structure properties, however these
categories can be biologically meaningful as well. If that is the case and they represent
"true" classes in nature, there should be noticeable differences in their regulation or

energetics, and they are expected to have characteristic functional roles in biological
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Figure 24: Definition of interaction types considering sequence and structure clusters.
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4.3.2. Energetic properties of interactions

The protein interactome is dominated by a large number of weak interactions that
are, nevertheless, more important for overall network topology than the smaller number
of strong interactions [134]. The PPI network is critically dependent on the strengths of
interactions between constituent chains of complexes. Unfortunately, we do not have
enough targeted measurements for IDPs in MSF complexes to experimentally assess the
overall binding properties. To circumvent this limitation and to assess the energetics of
MSF interactions, | used low-resolution energy calculations based on statistical potentials
described in [71]. Using this force field | was able to quantify the residue-level interaction
energies for the entire complex. As a reference, | used the ordered/ordered and
disordered/ordered sets of proteins from the previous analyses to give context to the
results, as shown in Figure 25.

Based on these predictions, ordered/ordered complexes typically have strongly
bound structures, with low stabilizing energies per residue, the constituent chains having
stable structures on their own, gaining only a limited amount of stabilizing energy from
interchain interactions. In contrast, disordered/ordered complexes are comparatively
weakly bound, with interchain interactions playing a major role in the stability of the
complex. In comparison, MSF complexes seem to cover the whole available range of
energetic properties, with characteristic differences between the defined groups. While
most groups are in-between the reference interaction classes, both in terms of overall
stability, and the importance of the interaction. However, there are two extreme groups
of MSF complexes. Type 3 complexes (coiled coils) on average are the least stable types
of structures, and they gain virtually all of their stability from inter-subunit interactions.
At the other extreme are type 1 (near-ordered) complexes, that are on average display the
same level of stability as ordered/ordered complexes, with subunit interactions playing

only a limited role in overall stability.
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Figure 25: Energetic parameters of various interaction classes.

The relative energetic importance of intersubunit interactions as a function of the overall energy
per residue for ordered complexes and complexes formed by coupled folding and binding (left),
and the five well-defined types of MSF complexes (right).

The transient and reversible nature of certain interactions is a fundamental pillar of
the interactome. In the case of IDPs with coupled folding and binding, there is a large
number of Kq values in DIBS (see chapter 4.1.5), but these values are lacking in MFIB,
as MSF interactions are surprisingly rarely studied in this regard. In order to further assess
MSF complex binding properties, Kq dissociation constants were predicted based on the
PDB structures (see Data and Methods). Figure 26 shows the distribution of estimated Kg
values for the six previously described MSF complex groups. The lowest average Kg
values were calculated for histone-like and near-ordered complexes, as they possibly
include the highest fraction of obligate interactions. Non-classifiable complexes have the
highest Kq values, presumably they contain the most transient interactions with unusual
sequence and structure features.

These results suggest that MSF complexes are energetically the most diverse type
of interactions from the three studied classes. They seem to cover the whole range of
biologically relevant stability, including both highly transient and reversible, and obligate
interactions, with a wide range of energetic properties and dissociation constants. Certain
groups of MSF interactions form complexes that are highly similar to ones formed by

ordered proteins, while others resemble IDPs stabilized via coupled folding and binding.
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Figure 26: K, value distributions for complexes formed via mutual synergistic folding.

4.3.3. Regulatory mechanisms of MSF complexes

The energetic properties fundamentally define the transient or obligate nature of
MSF interactions. However, cellular processes typically require even more precise
control over crucial interactions with regard to the presence of the right amounts of
precisely activated IDPs, at the right localization, and at the right time. There are several
regulatory mechanisms that are often used for the precise control of protein-protein
interactions, including PTMs, competing interactions, and alternative splicing to control
the presence or absence of protein binding regions. | studied the prevalence of these three
regulatory mechanisms in proteins participating in MSF complexes. In chapter 4.2.6 |
already established the role of various PTMs in IDP-mediated interactions. In addition, |
collected alternative splicing events and the presence of alternative binding partners
competing for the same interaction region present in the studied MSF complexes (see
Data and Methods). About 40% of proteins participating in the studied MSF complexes
incorporate at least one of the three studied regulatory mechanisms. As MSF complexes
are generally lacking focused studies, these numbers most probably are conservative

estimates of the true extent of MSF regulatory mechanisms.
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Figure 27A shows the fraction of MSF complexes that are affected by various
experimentally validated PTMs identified in low throughput experiments. The most
prevalent PTM is phosphorylation, but acetylation and methylation can also often
modulate MSF complexes. Apart from PTMs, alternative splicing also plays a role in the
regulation of about 10% of MSF interactions. In these cases, the presence of the binding
region of at least one of the interaction partners depends on the splicing of the mRNA of
the corresponding gene(s) (see Figure 27B). In general, alternative splicing tends to avoid
protein domains [135] , and the spliced segments are enriched in IDPs and contain linear
interaction motifs or PTM sites [136]. Analysis of MFS complexes shows that the
existence of various isoforms and their regulation should be taken into account when
studying MSF binding events. The relationship between alternative splicing and the
binding event can be quantified by assessing the “precision” of the splicing event with
respect to the binding site. | define this precision value as the fraction of residues affected
by the splicing event that belong to the binding site. If the splicing removes a large protein
region, that contains a lot of other functional sites apart from the MSF binding region,
precision values will be low. However, for splicing events that only remove the MSF
binding site and no other regions from the protein, precision will be 1. Figure 27B shows
the precision values for each MSF binding site affected by alternative splicing (if for the
same region multiple splice variants are known, only the one with the highest precision
is taken into account). These data not only show that alternative splicing affects
synergistically folding IDP sites, but that it specifically targets them, thus alternative
splicing is likely a bona fide regulatory mechanism for MSF complexes. Apart from
PTMs and alternative splicing events, about 15% of the studied interactions are subject
to competition from other molecular partners. Furthermore, Figure 27C illustrates that the
different regulation modes are intertwined for several interactions. Alternative splicing
and competing interactions seem to present two mostly mutually exclusive alternative
mechanisms for interaction control, however PTMs seem to readily coexist with both,
with seven complexes featuring all three studied regulatory mechanisms. These studies
show that MSF interactions are typically heavily regulated via independent, but often

intertwined mechanisms at both the protein and mRNA level.
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Figure 27: Regulatory mechanisms of MSF complexes.

A: the fraction of complexes with verified PTM sites, and the fraction of complexes where at least
one interactor is regulated via alternative splicing or by competing interactions. B: The number
and specificity of isoforms affecting the binding regions of IDPs with MSF. Specificity represents
the ratio of the spliced residues belonging to the binding site. For each protein, only the specificity
of the most specific isoform is shown. C: Number of MSF complexes affected by the three types

of regulatory mechanisms.
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4.3.4. Catalog of MSF complexes

The previous subchapters present an outline of different biological aspects of MSF
complexes, covering sequential, structural, and regulatory properties. To complement the
described features, and to consider the previously calculated parameters, for each of the
six defined MSF groups | also calculated and compiled the main subcellular localizations
(see chapter 4.2.3), biological processes (chapter 4.2.4), and heterogeneity values (chapter
4.2.5). Taking all of these features into consideration, | propose the first systematic
annotated classification of MSF complexes. While | defined the groups based on
sequence and structure properties, this approach yields biologically meaningful groups,
with markedly different associated functions, subcellular localizations, heterogeneity, and
regulatory mechanisms. The following six figures detail these features for each of the six
groups. Group IDs are consistent with the group definitions in chapter 4.3.1. Example
structures and the associated protein classes were taken from entries in MFIB (chapter
4.1.2). The sequence and structure sections summarize the main distinguishing features
of the group. Stability summarizes the average energetic parameters analyzed in chapter
4.3.2. Subcellular localizations and Functions are based on the CellLoc Slim and PPI Slim
used in chapters 4.2.3 and 4.2.4. Regulatory mechanisms are taken from chapter 4.3.3
with the most prevalent PTMs shown in icons. Heterogeneity values were re-calculated
using only the proteins involved in the complexes of the specific groups, using the same

approach as presented in chapter 4.2.5.
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Figure 28: Basic properties of near-ordered type complexes (Group 1).

Figure 28 highlights the main features of Type 1, near-ordered complexes.
Proteins forming this type of interactions show high similarity to the sequences of
interacting ordered proteins, as they have a high number of polar and aromatic residues,
together with a high cysteine content. The subunits are bearing near identical sequence
compositions, and these (predominantly homo-)oligomers are stabilized via mostly
interchain contacts. They are strongly bound structures with restricted interchain
interaction energies. The complexes are mainly localized in the extracellular space and
the mitochondria, including transporter proteins, nerve growth factors and enzymes.
These complexes are mainly regulated by PTMs, mostly by phosphorylation and
acetylation.

Complexes from Type 1 often have catalytic activities and play roles in cellular
component organization, regulation of programmed cell death, and gene expression. A
prime example of this type of interaction is the human glutathione S-transferase (PDB:
1k3y, MFIB: MF2100012), that functions by the addition of glutathione to target
electrophilic compounds, including carcinogens, therapeutic drugs, environmental toxins,
and products of oxidative stress. This action is an essential step in detoxification. The
previously mentioned nucleoside diphosphate kinase (PDB: 1npk, MFIB: MF6110001)
also belongs to this cluster, it is an enzyme required for the synthesis of nucleoside
triphosphates other than ATP.

Near-order complexes can be considered to mark the edge of the spectrum of
disorder, as these MSF proteins are disordered in isolation, but even the limited energetic
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contribution from the subunit interactions are able to stabilize them. This near-ordered
character is also reflected at the functional level, fulfilling similar biological functions as
ordered proteins, such as enzymatic activity, and are localized mostly in the extracellular
space, which is in general depleted in IDPs. However, one of the particular functional
advantages of disorder manifests in their tight regulation - e.g. PTMs govern the
formation of the SOD (superoxide dismutase) complex, which in turn governs the
adoption of a stable structure, a prerequisite of catalytic activity. Overall, near-order
complexes represent the fine balance between characteristics of ordered proteins and

IDPs, as they exhibit the main features from both subgroups to fulfill their biological

roles.
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Figure 29: Basic properties of multichain domain type complexes (Group 2).
NMBO - non-membrane-bounded organelle.

Type 2, multi-chain domain structures are less tightly bound than the previous
near-ordered complexes, and their stability depends more heavily on the interchain
contacts between their highly similar subunits (see Figure 29). Their amino acid
composition is highly variable, but usually markedly different from that of ordered
proteins. These complexes prefer helical secondary structure elements, and they have
relatively large hydrophobic interfaces. In terms of regulation, only a few of these
interactions are under control via PTMs or alternative splicing.

Type 2 complexes play major roles in regulatory processes including transcription,
gene expression and the cell cycle. This group includes ribbon-helix ribbon proteins and
members of the p53 tetramerization family. The tumor suppressor protein p53 is crucial
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in multicellular organisms, where it prevents cancer formation. Formation of a tetrameric
structure of p53 is critical for its activation through DNA binding. A small destabilization
of the tetrameric structure could result in dysfunction of tumor suppressor activity p53
(PDB: 2joz, MFIB: MF4100003) [137]. Multi-chain domains are often involved in

processes which are vital for the cell.
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Figure 30: Basic properties of coils and zippers type complexes (Group 3).
NMBO - non-membrane-bounded organelle.

Type 3, coils and zippers is a structurally homogeneous group, as shown in Figure
30, composed entirely of coiled-coils. Despite the similar structures, their sequences are
highly variable with no discernable unifying theme. They are enriched in helical and
irregular secondary elements, and constituent protein chains bury only a small fraction of
their polar surfaces upon interaction. The members of the group are weakly or moderately
bound structures, where the interchain interactions are the most dominant. Proteins
building up type 3 complexes mainly play role in membrane and organelle organization,
and regulation of gene expression; and their interactions are often regulated by PTMs
(mainly phosphorylation). A prime example, the cartilage oligomeric matrix protein may
play a role in the structural integrity of cartilage via its interaction with other extracellular
matrix proteins, such as collagen and fibronectin (PDB: laq5, MFIB: MF3110001).
Despite their highly similar structures, coils and zippers convey a large variety of

functions.
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Figure 31: Basic properties of compacted coils type complexes (Group 4).

Type 4, compacted coils are shown in Figure 31. Members of this group are
sequentially similar to type 2, multi-chain domain complexes, while structurally being
similar to type 3, coiled-coil complexes; however they contain additional structural
elements, such as helix-loop-helices, resulting in a structural preference for both helices
and irregular segments. Their interchain interactions between typically highly similar
subunits are stronger, and their intrachain connections are relatively weak. A
representative example is the Trp repressor protein (PDB: 3wrp, MFIB: MF2120008),
which is an aporepressor. When complexed with L-tryptophan, it binds the operator
region of the Trp operon, and prevents the initiation of transcription. Type 4 complexes
in general resemble coils and zippers in terms of function as well, as they often occur in

functions related to gene expression and transcription, and cell cycle regulation.
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Figure 32: Basic properties of histone-like complexes (Group 5).

NMBO - non-membrane-bounded organelle.

Type 5, histone-like complexes include the L27 dimers, and complexes adopting

the handshake fold of histone-like dimers (see Figure 32). They have variable sequences

with a narrow structure space, depleted in extended structures. These complexes are

formed by different subunits with large hydrophobic interfaces.

They have mostly chromosome and nucleosome-related functions, with direct

contacts with the DNA. These interactions are often regulated by competitive binding,

and to a lesser extent by alternative splicing, together with all of the four studied PTMs.

Histones form parts of the nucleosome particle by dimerization and subsequent
multimerization (PDB: 3afa, MFIB: MF2200005). The histone dimer contains both
histone subunits in a highly intertwined conformation with a possible domain-swapped
origin [138].
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Figure 33: Basic properties of other type complexes (Group 6).
NMBO - non-membrane-bounded organelle.

Type 6 is the “other” group, consisting of complexes that are not members of any
previous classes, containing highly unique complexes, most probably specialized to well-
defined cellular functions. In accord, there is very little common among members of this
group: their structure space has the widest range, often mixing helical, extended and coil
elements to varying degrees (see Figure 33). These interactions are unique according to
their sequence and structure features, they have specialized functions, including
regulation of transcription and gene expression, cellular component organization,
programmed cell death, and they occur in almost all compartments of the cell.

A well studied example is the S100B complex, which is a homodimeric member of
the EF-hand calcium-binding protein superfamily (PDB: luwo, MFIB: MF2100013). It
has been implicated in cellular processes such as cell differentiation and growth, and also
plays a role in cytoskeletal structure and function. The previously mentioned interaction
between nuclear receptor coactivators CBP and ACTR is also a member of this family
(PDB: 1kbh, MFIB: MF220100).

This structure and sequence based classification of MSF complexes yields
biologically meaningful complex groups. This not only enables a novel way for the
classification and categorization of this previously understudied interaction class, but also
has implications in biological inference. For example, the aggregation of transthyretin
(PDB: 3a4d, MFIB: MF4100001) has been reported as the cause of the life-threatening
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pathological conditions [139]. On the other hand, the aggregation of superoxide
dismutase 1 (SOD1) (PDB: 2c9v, MFIB: MF2100014) often appears to accompany
amyotrophic lateral sclerosis [140]. The localization and function of transthyretin and
SOD1 are different, but their molecular pathogenesis is similar, and they both belong to
the same complex type (type 1) in the proposed classification scheme. This suggests the
possibility of other type 1 complexes to aggregate, and this can serve as a basis for future
targeted biochemical characterization of other type 1 complexes, which in turn can serve
as a lead to finding potential therapeutic targets. Similarly, certain pieces of biological

and biomedical knowledge might be transferable within other complex types as well.
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5. Conclusions and Future Directions

The growing number of known IDPs and their known crucial functions in signaling
and regulatory pathways - typically mediated by their interactions with other proteins -
motivate us to analyze protein complexes where either one or all participating partners
are disordered. The structural and functional understanding of IDP-mediated interactions
is essential for the understanding of the molecular basis of critical functions in the cell,
the molecular basis for the architecture of protein-protein interaction networks, as well as
the development of future approaches for therapeutic interventions. However, currently
large-scale, systematic analyses focusing on the interactions of IDPs and the conveyed
functions are lacking. This is not due to the lack of interest, but due to lack of data.

In order to understand and analyse the characteristics of the various binding modes
of IDPs, | built the first, separate repositories for protein complexes that are formed
between IDPs through mutual synergistic folding (MFIB), and for IDPs binding to
ordered partner proteins via coupled folding and binding (DIBS). These databases present
the first systematic and by far the most extensive collection of IDP complexes in structural
detail, supported by high-quality manually curated annotations.

Reliable databases can serve as a stepping stone for a better understanding of IDP-
mediated interactions, and in general, IDP functionality. Recent years have seen the
development and major updates of several IDP-focused databases. DisProt, the central
resource of experimentally verified instances of protein disorder was relocated to Europe
and underwent a major overhaul. In parallel, MobiDB 3.0 became the central hub for
intrinsic disorder sequence annotation, integrating data from DisProt, prediction methods
and other sources. In turn, information from MobiDB (and thus from DisProt as well) is
now part of UniProt annotations, serving as part of an ELIXIR core resource. Database
integration is key in bioinformatics, and in line, both MFIB and DIBS are already
integrated into MobiDB [103], and hence - at least indirectly - into UniProt as well.
Further integration into DisProt has already commenced, and the majority of MFIB and
DIBS data is expected to be included in the next major DisProt update, scheduled for late
2019. Regions described in MFIB and DIBS are also used to add experimentally verified
annotations to the results of the newest incarnation of one of the most widely used
disorder prediction methods, IUPpred2A. Apart from data integration, a high quality
dataset is always a reliable and robust resource for the development, training and testing

of various bioinformatics methods, contributing to the development of improved
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prediction algorithms. In the case of the newest version of ANCHOR, ANCHOR?2,
complexes from the DIBS database provided a reliable basis for recognizing disordered
binding regions, with DIBS entries serving as training and test sets [89].
In parallel with serving with raw data for individual studies and bioinformatics
development efforts, MFIB and DIBS also serve as a basis for a comprehensive analyses
of interactions of IDPs. In my work, | uncovered the principal differences between the
three fundamental types of interactions regarding sequence, structure, function,
localization and regulation. This is the first major step in the basic understanding of how
the interplay between protein folding and interaction modulates critical properties of the
constituent chains and the resulting complexes. As a next step, further studies aiming at
the delineation of the physical background of homooligomer MSF-proteins has already
commenced in our research group [141].

The three studied interaction classes all have distinctive features that make them
characteristically different from other types of interactions. However, none of the
interaction classes are homogeneous, and all can realistically be divided into subgroups.
In the case of ordered proteins, this grouping can be done by the tertiary structure
classification of constituent domains, based on domain-focused databases (CATH [115]
or SCOP [142]). These already defined fold classes can also be used as the basis for the
definition of subgroups in case of IDPs that interact with ordered partner proteins, and
this classification is already implemented in the DIBS server [126]. However, there is no
already existing, evident way for the classification of MSF complexes, as these
interactions have lacked focused structural studies, and have largely stayed in the
uncharted territories of IDP-interactions.

Classification of MSF complexes based on structure and sequence properties yields
biologically meaningful complex type definitions. The strength of the applied approach
is that it is inherently scalable by choosing the appropriate number of clusters, and thus
can be used to generate many more types or subtypes if the future accumulation of
structural data warrants it. This classification system - apart from providing the first such
effort for MSF complexes - can have direct applications as well, as knowledge gained for
a specific complex - such as aggregation tendency, participation in the emergence of
disease states, etc. - might be transferable to other complexes of the same type. Since its
launch, MFIB has incorporated a grouping system for the contained complexes (see Table
4) to aid searches. However, this grouping system was created manually at the curation

step of the database assembly (see chapter 4.1.2). The newly proposed automated
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classification system will be implemented in the MFIB server, to offer a better way of
searching, navigating, and comparing the presented MSF complexes.
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