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Summary

The network of interactions between proteins is the scaffold that shapes
the properties of every living cell. Whether it is enzymatic pathways or
cascades of signal transduction, most processes rely on the ability of proteins
to recognise and bind each other. New experimental techniques have fuelled
interest in these networks, leading to a rapid increase in available data on

protein interactions from various species.

In the first part of this thesis, I investigate to what extent networks of
protein interactions are mediated by conserved regions in proteins, gener-
ally called domains. I make use of a set of domain pairs which have been
shown to interact in 3-dimensional structures. By analysing the frequency
of co-occurrence of these domain pairs in networks of protein interactions
from five different species, I show that some domain pairs form reusable
recognition modules, while others are confined to a specific protein pair.
Overall, the number of known protein interactions that contain a domain
pair with known structure is small. This underlines the necessity to resolve
more structures of interacting proteins. Finally, I observe a large overlap in
the domain pairs present in different species, suggesting many recognition

modules are ancient in origin.

In the second part of my thesis, I combine sequence analysis techniques to
investigate the impact of protein interactions on human diseases. I make

use of the detailed information provided by 3-dimensional structures to
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identify interacting residues within known protein domains. I then use
hidden Markov models to search for structurally corresponding residues in
proteins that cause genetic diseases. I identify cases where these structurally
corresponding residues have been reported to cause Mendelian disorders,
such as an Ile to Val substitution in the dimerisation interface of the H-
Twist transcription factor leading to Baller-Gerold syndrome. I report 1428
mutations which potentially affect a protein interaction. This corresponds

to &~ 4% of all known single-residue mutations.

I found that mutations in interaction interfaces frequently cause dominant
phenotypes. I subsequently discovered that many dosage sensitive genes
related to human disease are members of protein complexes. From the anal-
ysis of recently published data of gene expression and structural variation
between individuals it emerges that members of protein complexes exhibit
lower expressional noise than the rest of the genome and that variation of
gene copy-number between individuals has a measurable effect on dosage.
I show that this effect causes negative selection against large scale copy-
number variations in dosage sensitive genes, such as members of protein

complexes.
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Chapter 1

Introduction

The interactions between proteins are an important component of organismal complex-
ity. As a result, there has been rising interest in protein interactions, bringing about
developments to automate their detection. This growing flood of molecular interaction
data has been compared to the development of genome sequencing in the past decade,
where the number of sequences deposited in public databases grew rapidly over the
years (Sharan and Ideker, 2006). For example, more than 20000 human and 45000
S. cerevisiae protein interactions have been deposited in protein interaction databases
(Gandhi et al., 2006) and many more can be inferred from other model organisms, but
it is assumed that this only constitutes a fraction of the full protein interaction network
in a human cell (Hart et al., 2006).

One of the key findings that has helped to tackle the data avalanche in genomics
is that genes, or at least parts of a gene, fall into evolutionarily related families with
homologous sequence. This means that it is possible to summarise thousands of in-
dividual sequences into a single group which is likely to share similar structural and
often also functional properties. For coding genes, protein family databases such as
Pfam (Finn et al., 2008) collect these data and allow to quickly search new sequences

for homology against known families.



1.1 Protein Interactions

The evolutionary relationships that can be inferred in this way hold great potential
for the analysis of interaction networks. They can both assist in understanding the
evolution of observed connections, as well as allow us to make predictions on the be-
haviour of proteins which belong to a family but have not themselves been thoroughly
studied.

In this introduction, I will first give an overview of the field of protein interaction
research, describing known structural properties of interactions, followed by an overview
of the most important experimental techniques used to infer protein interactions. I will
then discuss several previous finding relating to networks of protein interactions, before

introducing the Pfam and iPfam databases.

1.1 Protein Interactions

The combination of protein subunits into large multimeric complexes was first described
by Theodor Svedberg in 1929 (Svedberg, 1929). He observed that in a density ultra-
centrifuge, large proteins would separate into subunits of smaller molecular weight. His
findings did not meet a wider audience until, 30 years later, Gerhart et al. first de-
scribed allosteric regulation between proteins (Gerhart and Schachman, 1965; Gerhart
and Pardee, 1962). This discovery revealed the importance of interactions between
proteins and spawned a multitude of investigations into the quarternary structure of
proteins. In their excellent review, Klotz et al. (1970) outline the importance of sub-
unit stoichiometry, geometry, energetics and cooperativity for the function of protein

complexes.

Quarternary structure Figure 1.1 shows the structure of the bacterial HsIUV pro-
tein. On different levels of granularity, this complex can be described by merely listing
the composition of subunits, reflecting stoichiometry. On this level, we can distin-

guish between homo- and heteromeric complexes as well as combinations thereof. The
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Figure 1.1: Structure of bacterial AAA+ Protease (PDB 1lyyf). This chaper-
one consists of three homo-oligomeric subcomplexes which form a hetero-oligomeric
complex.  Illustration taken from the “PDB molecule of the month”, cour-
tesy of David S. Goodsell: http://www.rcsb.org/pdb/static.do?p=education_
discussion/molecule_of _the month/pdb80_1.html.


http://www.rcsb.org/pdb/static.do?p=education_discussion/molecule_of_the_month/pdb80_1.html
http://www.rcsb.org/pdb/static.do?p=education_discussion/molecule_of_the_month/pdb80_1.html

1.1 Protein Interactions

structure in Figure 1.1 for example is composed of two homo-oligomeric components of
hslU and one homo-oligomeric hslV protease, which assemble into a hetero-oligomeric
complex. Several technological advances, reviewed in brief further below, have greatly
accelerated the detection of interactions between proteins without requiring crystal
structures. However, these methods cannot determine the molecular details of the in-
teraction, such as the region of the protein which contains the binding site or even the

exact atoms which mediate the contact between the bound proteins.

Interaction interfaces Beyond stoichiometry, it is important to identify the inter-
faces through which the individual subunits of a protein interact. This information can
usually only be acquired by crystallography or, in some cases, by nuclear magnetic reso-
nance imaging (NMR), and is therefore only available for a small number of complexes.
Even more difficult to elucidate are mechanisms of information transfer between protein
subunits. Thus, it is often not clear how the stoichiometry and geometry contribute to

the function of the complex as a whole.

Duration of interaction Finally, it is important to differentiate between protein
complexes which are permanent, or even necessary for the correct folding of the subunit
proteins (obligate complexes) and interactions which only occur under certain physio-
logical conditions and are usually time-limited (¢ransient interactions). The complex
shown in Figure 1.1 is obligate, i.e. it stays permanently assembled, whereas Figure 1.2
shows the G-protein coupled receptor signalling cascade where information is transmit-

ted between proteins through transient interactions.

Properties of binding interfaces A range of investigations have attempted to de-
scribe the properties of interaction interfaces in terms of geometry and residue compo-
sition. In their comprehensive review, Jones and Thornton (1996) noted that interfaces

of both homo- and heteromeric complexes vary substantially in size and shape. They
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Figure 1.2: Schematic view of the G-Protein coupled receptor signalling path-
way. Ilustration taken from the “PDB molecule of the month”, cour-
tesy of David S. Goodsell: http://www.rcsb.org/pdb/static.do?p=education_
discussion/molecule_of _the month/pdb58_2.html. Structures in this picture were
taken from PDB entries 188, 1got, 1cul and 1tbg. Colour-filled areas denote regions
for which no structure is available.
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http://www.rcsb.org/pdb/static.do?p=education_discussion/molecule_of_the_month/pdb58_2.html

1.1 Protein Interactions

also found that large hydrophobic and uncharged polar residues were more frequent in
the interfaces compared to the rest of the surface. It has furthermore been established
that transient interactions generally employ smaller interfaces compared to obligate
interactions (Janin et al., 2007).

Another important discovery regarding protein interaction interfaces was the exis-
tence of so-called hot-spots within the interface which contribute over-proportionally to
the free energy upon binding (Cunningham and Wells, 1989). Measuring the individual
contribution of a residue to the overall binding energy through targeted mutagenesis
is a laborious process. Thorn and Bogan (2001) have created a repository for the re-
sults of such alanine-scanning experiments called ASEdb which I will describe in more
detail later in this thesis. However, even though progress has been made, the current
knowledge about protein interfaces is not sufficient to reliably predict the position of

such interfaces in monomeric structures, let alone from sequence alone.

1.1.1 Methods to detect protein interactions

There have been several attempts to identify all interactions between all proteins in an
organism by means of automated high-throughput approaches. Two techniques have
proven most suitable for this purpose: Affinity Purification and Yeast-Two-Hybrid.
Each of these methods has its own advantages and drawbacks, which have to be taken
into consideration when handling the resulting data. It is therefore instructive to review

the fundamental principles of the most common techniques.

1.1.1.1 Afflinity purification based methods

Several methods for the detection of protein interactions are based on affinity purifi-
cation (AP) (Berggard et al., 2007). In all AP methods, a bait protein is fused to
a retrievable tag. The tag should be alien to the host cell into which the construct

is transfected, and not interfere with the function of the tagged protein. The cells
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are eventually lysed and the tagged protein is retrieved using column chromatography
against the tag. Interactors bound to the bait protein will be eluted with the bait.
After washing, all purified components are identified by e.g. mass-spectrometry.

Figure 1.3 outlines the popular Tandem-Affinity-Purification (TAP)-tagging method
(Rigaut et al., 1999). In this protocol, the bait protein is fused to a construct of two
affinity tags, spaced by a short sequence that can be cleaved by tobacco etch virus
(TEV) protease. The TEV protease recognition sequence is very rare in mammalian
cells, which minimises the risk of cleaving the bait or a target protein. The advantage
of TAP-tagging is the use of two subsequent chromatography steps which substantially
reduces the false positive rate. After expression of the bait-tag construct in a suitable
cell line, the bait will associate with its target proteins in the cell. After lysis, the first
chromatography extracts the entire bait-target complex wvia the first part of the con-
struct, e.g. Protein A. After rinsing, TEV protease is added to release the bait-target
complex from the beads. In a subsequent purification step, the second part of the
construct, commonly calmodulin binding peptide, is recognised by calmodulin-coated
beads. After elution, the components bound to the bait protein are usually identified
via mass-spectrometry. The combination of two purification steps greatly reduces the
number of false-positive results, at the slight expense of sensitivity. Weak transient
interactions and interactions involving low abundance proteins are particularly prone
to be lost during the consecutive washes. Therefore, new techniques have been devised
which improve the sensitivity and concentration requirements of AP methods in mam-
malian cells (GS-TAP, strep-tag III and others) (Burckstummer et al., 2006; Junttila
et al., 2005).

AP methods can be sensitive and specific and provide a robust system to detect pro-
tein interactions. Nevertheless, there are a number of inherent problems with certain
types of interactions (Berggard et al., 2007). Firstly, weak and transient interactions

with low binding affinity are prone to be lost during the washing stages. Therefore, AP
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TEV protease cleavage site Cell extract
Calmodulin binding tag Protein A O

| | L
Bait protein TAP tag O

|

First affinity

IgG beads column

Second affinity
column

Calmodulin

Gel electrophoresis

Mass spectrometry

Figure 1.3: Tandem affinity purification with mass spectrometry: A bait protein is fused
to calmodulin binding protein, which is in turn connected to a protein anchor (originally
Staphylococcus aureus Protein A) with a TEV cleavable linker. Complex formation
occurs in vivo. The first purification step involves a column of IgG beads against
the protein A anchor. Subsequently, the protein anchor is removed by TEV protease
cleavage and the bait-target complex is recovered in a second column of calmodulin
beads. Identification of complex components is performed via mass spectrometry, after
fractions were separated with electrophoresis. Illustration adapted from Huber (2003)
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methods are biased towards stable, high-affinity interactions. Secondly, AP methods
are biased towards proteins with high abundance. This is mainly a result of the detec-
tion stage: low concentrations of a protein are likely to be missed in the electrophoresis
step, and might not yield enough peptide to be confidently detected with a mass spec-
trometer. Other issues can also arise by introducing a foreign peptide into the host

cell, as well as through unwanted interactions between the bait protein and the tag.

1.1.1.2 The yeast-two-hybrid approach

The yeast-two-hybrid analysis was first described by Fields and Song (1989). It has
since become one of the most widely used methods to detect protein interactions. Due
to its simplicity and cost-effectiveness, it was also the method of choice for the first
whole-genome interaction assays.

The method is based on the fact that some transcription factors, such as the yeast
enhancer Gal4, are composed of two independent domains: a promoter domain, which
binds a promoter region upstream of the transcription start site, and a separate activa-
tor domain which is required for the assembly of the transcriptional machinery. Neither
of the two domains can act independently, as the activator domain needs to be directed
to the correct transcription site by the promoter domain. Therefore, transcription of
the downstream gene is disrupted if the two domains are physically separated.

Figure 1.4 shows an outline of the yeast-two-hybrid method. The promoter domain
(BD) and activator domain (AD) are separated into two plasmids and each fused to a
bait and a target protein, respectively. In case the bait and target proteins interact, the
BD and AD domain are brought into sufficient spacial proximity to initiate transcription
of the reporter gene. Initially, lacZ was used as a reporter, but today nutritional
selectors such as HIS3 are often used because they accelerate the screening of large
libraries on fewer plates (Bartel and Fields, 1997).

Intuitively, the Y2H method was first applied to study interactions between yeast
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Target AD

’

Target Plasmid

Bait Plasmid

BD Transcription
—_—

“ | Reporter Gene (e.g. LacZ)

|

Target W Target X TargetY TargetZ

Bait A

Bait B

Bait C

Bait D

Bait E

Figure 1.4: Schematic outline of Yeast-two-Hybrid analysis. Two proteins (bait and
target) are fused to two separated components of a S. cerevisiae transcription factor,
e.g. Galj. Both components, the activator domain (AD) as well as the promoter domain
(BD) are required in close spacial proximity to activate transcription of the reporter
gene. When a library of target vectors is screened against a collection of baits, a
matrix is derived where the presence of colonies denotes the successful binding of bait
and target.
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1.1 Protein Interactions

proteins. However, the system can also be applied to identify interactions between pro-
teins of other species. Viral and prokaryotic genes are more easily cloned and inserted
into the yeast system. For higher eukaryotes, un-spliced open-reading frames (ORF's)
are required to generate the hybrid constructs. Since large cDNA libraries for sev-
eral eukaryotic model organisms have been created, it is possible to use recombination
cloning technology to create the required hybrid constructs for Y2H screening (Koegl
and Uetz, 2007).

The Y2H system allows detection of interactions at lower concentrations than AP.
Another advantage (as well as a disadvantage) of the system is that it resolves binary
interactions. On the one hand, this allows the exact identification of physical inter-
actors, but on the other hand renders it difficult to define which proteins belong to
complexes. On the downside, the Y2H system cannot deal with proteins which require
post-translational modifications, or interactions which depend on certain host-specific
physiological conditions. This is the case, for example, with extracellular proteins or
integral membrane proteins, both of which will not fold correctly in the yeast nucleus.
Some proteins, such as active tyrosine kinases, can actually be toxic to yeast if ex-
pressed at too high concentrations, and are therefore unsuitable to be used as baits

(Berggard et al., 2007).

1.1.1.3 Literature Curation

Scanning the existing literature for reports of interactions between proteins is not, in a
literal sense, a method to detect protein interactions. Nevertheless, a large fraction of
the known protein interaction networks have been extracted from thousands of individ-
ual publications, rather than being identified by high-throughput methods. Literature
curation has the advantage that obvious annotation errors can be detected and removed
by human curators. Furthermore, a number of literature curation efforts are based on

publications which are focused on a small number of genes and as such are likely to

11
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adhere to higher standards of positive and negative controls than high-throughput
methods can do (Mewes et al., 2008; Reguly et al., 2006). As a consequence, curated
protein interaction datasets are generally thought to be more reliable than data from
single high-throughput experiments. This increase in quality requires a large number
of human annotators and is therefore slow and costly. Furthermore, human annotators
will almost inevitably introduce a bias, depending on their understanding of the subject

matter. Several groups' have tried to address these issues by

e distributing the annotation of new publications between different groups to reduce

redundancy

e agreeing to strict guidelines for annotators in order to harmonise rules for accep-

tance of identified interactions.

To my knowledge, there has been no comparative assessment of the quality of literature
curated data, so the reputation of literature-curated data to be a “gold-standard” for
protein-interaction data cannot be verified. However, in this thesis I do follow the
notion that literature curated data is of high quality and contains few false positive

interactions.

1.1.1.4 X-ray crystallography

The determination of protein structure has a long history, dating back to the pioneering
work of Kendrew and Perutz in the 1950s and 60s (Kendrew et al., 1958; Perutz et al.,
1960). Since then, more than 50000 structures have been deposited in the Protein
Data Bank (PDB) (Kouranov et al., 2006), see Figure 1.5. It cannot be the aim of this
section to give a comprehensive overview of the field of structural biology. Rather, I
want to introduce basic facts about protein structures of interacting proteins that are

relevant to various parts of this thesis.

!Currently, the IMEx consortium consists of the IntAct, DIP, MINT, MPact and MatrixDB
databases. Details can be found in Section 1.1.3.

12
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1.1 Protein Interactions

X-ray crystallography requires that the protein under investigation can be grown
into crystals of sufficient size and purity to diffract X-rays. This is a difficult and time-
consuming process which usually requires many attempts to determine the optimal
crystallisation conditions. This is the reason why the PDB contains a biased repre-
sentation of the protein universe: some proteins are significantly easier to crystallise,
especially if suitable parameters have already been determined for a similar molecule,
whereas other proteins, most notably membrane-associated proteins, are difficult, and
sometimes impossible, to grow into a crystal without substantially interfering with their
natural structure (Branden and Tooze, 1991).

Once a suitable crystal has been grown, it can be used to create diffraction pat-
terns which are characteristic of the arrangement and properties of the atoms in the
structure. Without going into too much detail, it should be noted here that the object
of observation in a crystallisation experiment is not necessarily a single molecule, but
rather the smallest unit that, when repeated in all three dimensions, forms the crystal.
This is called the asymmetric unit (ASU) and is a fundamental property of the crystal.
The ASU does not necessarily correspond to a biological unit: it might contain a single
protein, which is nevertheless biologically able to bind to itself. It can also show two
proteins in contact, however the contact is a non-physiological interaction which only
occurs under the conditions of crystal formation. The latter case is often referred to
as crystal packing or crystal contacts and is the major potential source of error when
inferring protein interactions from crystal structures (Krissinel and Henrick, 2007).

The desired result of a crystallisation experiment is an electron density map which
reflects the three-dimensional landscape of the molecule. While the intensities and the
diffractions of the X-rays by the crystal can be immediately observed, a third parameter,
the phase of the rays, is lost in the experiment. However, phase information is needed
in order to perform a Fourier-transformation and calculate the electron density map.

Several methods exist to infer the phase for larger molecules: Isomorphous replacement,
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pioneered by Kendrew et al. (1958), uses heavy atoms which are introduced into the
crystal through soaking as a marker to infer the phase from the differences between
the diffraction patterns of the original and multiple “soaked” crystals. Today, the
most popular method is multi-wavelength anomalous diffraction (MAD) which requires
synchrotron radiation and the presence of metal ions or sulphur atoms which cause
anomalous scattering (Jhoti, 2001). If sulphur is not naturally present in the protein,
methionine can be replaced by selenomethionine to artificially introduce sulphur atoms
into the structure.

After an electron density map has been mathematically derived from the observed
diffraction patterns using Fourier transformation, a structure model is fitted into the
map. This step usually relies on previous knowledge about the molecule under in-
vestigation, such as its amino-acid sequence. Model-building and refinement are not
absolutely deterministic steps, so errors can be introduced by the crystallographer, even
though nowadays there are many computer programs which attempt to detect badly
fitted regions or non-biological arrangements in a structure model (Kleywegt, 2000).

The great utility of protein structures stems from the fact that sequence similarity
almost always implies structural similarity. This means that a single structure can
provide valuable information not only for the particular protein and species the crys-
tallised proteins were derived from, but also for many other related proteins within the
same species and, importantly, also for proteins in other evolutionarily distant species
(Chothia and Lesk, 1986). There is now evidence that this conservation of structure
also extends to the geometry of binding sites (Aloy et al., 2003). As I will discuss
in subsequent chapters, protein structures of molecular complexes therefore provide a

template for the mode of interaction of other related proteins.
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1.1.1.5 Other methods

AP and Y2H are without doubt the most widely used methods for high-throughput
interaction detection. There are, however, a range of other methods which are used
either individually on a small scale or in order to validate interactions derived in a high-
throughput fashion. These methods encompass co-immunoprecipitation (Markham
et al., 2007), protein arrays (MacBeath and Schreiber, 2000), phage display (Sidhu
et al., 2003), surface plasmon resonance (Smith and Corn, 2003) and others. Some
methods are also specifically designed to deal with certain types of proteins: For exam-
ple, I was involved in evaluating the performance of a technique specifically targeted
towards extracellular interactions which are not typically well detected with other meth-
ods (Bushell et al., 2008). Many publications which were collected by literature curation
efforts are based on such slower and less easily automated methods.

Furthermore, there are methods that detect genetic interactions rather than phys-
ical interaction between proteins. A genetic interaction is a functional relationship,
stating that two proteins have a combined phenotypic effect (epistasis) (Mani et al.,
2008). Genetic interaction between proteins can sometimes be detected from indirect
evidence, for example correlated gene expression. It is intuitive and could also be
shown experimentally that interacting proteins have to be expressed at similar times
and appropriate rates in order to be able to interact. Therefore, gene expression pro-
files derived under different physiological conditions allow the identification of sets of
genes whose expression changes are correlated, hinting towards a functional relation-
ship. Similarly, co-localization is a requirement for an interaction to occur, allowing for
the verification of a suspected interaction by means of e.g. confocal microscopy.

A direct way to detect genetic interactions are so-called synthetic lethal screens
which have so far been performed systematically in S. cerevisiae and C. elegans (Lehner
et al., 2006; Tong et al., 2004). A synthetic lethal denotes a combined deletion of

two genes which is fatal, whereas each individual deletion is viable. Screening genetic
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interactions with synthetic lethals is a powerful way to identify genes that act in related

processes, but it cannot be inferred that they also physically interact.

1.1.2 Error rate and coverage

After the first large automated screens for protein interaction in yeast had been pub-
lished (Ito et al., 2001; Uetz et al., 2000), criticism was voiced regarding what seemed to
be a soaring error rate of the high-throuhput methods (Deane et al., 2002; von Mering
et al., 2002; Sprinzak et al., 2003). Some estimates of the false positive rate are as high
as 50% for the early Y2H experiments. The error rate of interaction detection methods
has since become both a hotly debated issue in the protein interaction community and
an intensely investigated area of research.

As a response to the criticism surrounding both AP and Y2H sceens, the methods
were improved to include more positive and negative controls as well as repeat experi-
ments in order to reduce noise. In modern screens, the error rate is usually evaluated
as part of the experiment and a reliability index is provided with the resulting data.
For example, in the yeast proteome survey performed by Gavin et al. (2006), the error
rate was estimated by repeat experiments and a confidence score for all detected inter-
actions was derived. Similarly, Rual et al. (2005) performed a Y2H screen where they
tested both reproducibility of the Y2H experiments themselves and the reproducibility
of the interactions in a separate AP screen, while also taking into account several other
sources of error such as auto-activating constructs.

The other important question that was raised shortly after the first high-throughput
experiments were published is: how large are the interactomes of different species? This
is relevant because it defines the search space for future experiments. It was noted that
many experimental screens for protein interactions show low overlap (von Mering et al.,
2002), but without knowledge of the expected size of the interactome, it is impossible

to say whether this lack of overlap is due to the vast number of interactions or a result
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of the large error rate of the experimental method.

Estimates for the size of the interactomes of different species vary substantially.
Sprinzak et al. (2003) estimated no more than ~ 16000 interactions make up the entire
S. cerevisiae interactome. In contrast, Hart et al. (2006) predict up to 75500 interac-
tions for S. cerevisiae. For human, the numbers range from 154000 to 650000 (Stumpf
et al., 2008).

1.1.3 Protein Interaction Databases

The large volume of interaction data generated by high-throughput experiments and
literature curation efforts has necessitated the inception of public databases for storage
and accessibility. Several groups around the world have created resources for this

purpose:

IntAct The interaction database provided by the European Bioinformatics Institute
has a broad focus and contains both actively curated data as well as high-
throughput datasets. IntAct is not restricted to model organisms but tries to
capture all available interaction data. Recently, a small number of negative data

have been added to the database (Kerrien et al., 2007).

The BioGRID BioGRID focuses on a selection of model organisms and human. They
have performed a thorough manual evaluation of the literature to identify inter-
actions in both budding (S. cerevisiae) and fission yeast (S. pombe). The data
also comprise genetic interactions, i.e. interactions inferred from synthetic lethal

screens (Breitkreutz et al., 2008).

MPact The MIPS protein interaction resource on yeast is a collection of interactions
of high confidence, including the widely used set of complexes usually referred to

as the “MIPS complexes”. (Mewes et al., 2008).
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DIP The Database of Interacting Proteins has been one of the earliest efforts to catalog
protein interactions from various sources in a single database. It contains inter-

action data of varying quality for numerous organisms (Salwinski et al., 2004).

Mint The Molecular INTeraction database, hosted by the University of Rome, fo-
cuses on manually searching the scientific literature to find reports of interactions

between proteins (Chatr-aryamontri et al., 2007).

HPRD The Human Protein Reference Database aims to collect annotations for all
human proteins, including an extensive collection of literature derived interac-

tions (Mishra et al., 2006).

Table 1.1: Overlap between different interaction databases. The numbers in the upper
right part of the table denote the number of protein pairs (excluding self-interactions)
that are shared between two databases. The lower left part of the matrix lists the
fraction of protein pairs of the smaller of the two databases that are shared. The
“matrix model” was applied to convert complexes into pairwise interactions. The last
row of the table lists the fraction of the respective database that is shared with any

other database.

A

& < o 0, Z e

A + — 2 = [alf

= k= A M = I Total
MPact 29283 16515 8771 8101 0 51455
IntAct 56.9% 39260 38021 51782 9523 797431
DIP 32.1% 36.6% 24610 22137 316 107396
BioGRID 17.0% 47.5% 30.8% 32113 6194 79999
MINT 15.7% 62.5% 26.7% 40.1% 6708 82800
HPRD 0.0% 24.1% 0.8% 15.7% 17.0% 39545
Total 61.9% 11.9% 454% 67.6% 73.2% 41.6% 968084

Table 1.1 lists the size and overlap between the different databases. It clearly shows
that no single resource is comprehensive. Even between a small database like MPact
and IntAct, the largest resource, there is only a 56.9% overlap (relative to the size of

MPact). In the bottom row of Table 1.1, the total fraction of shared interactions is
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listed. Again, it emerges that all databases contain a substantial number of unique
interactions that are not found in any other database.

In order to gradually overcome these inconsistencies, a number of the listed databases
(IntAct, MINT, DIP and MPact) have recently agreed to collaborate in curating and
sharing the data. The IMEx initiative (http://imex.sourceforge.net/) aims to dis-
tribute the curation effort by assigning specific journals to just one group, and then
exchange the extracted data. However, at the time of writing, the exchange of records
was still in progress and thus incomplete. It is therefore still necessary to merge the
data acquired from several databases in order to create the most complete available

interaction network for any one species.

1.1.4 Interactomics - The science of networks

The technological advances described in the previous section have resulted in a deluge
of molecular interaction information. In the same way that genome-related science was
referred to as genomics, the term interactomics was coined (Sanchez et al., 1999). The
interactome is the sum of all physical protein interactions in an organism. The first
attempts to elucidate the complete interactome of an organism were performed by Uetz
et al. (2000) and Ito et al. (2001). Using a systematic, automated Y2H approach, they
were able to identify several thousand protein interactions in S. cerevisiae.

As more and more interaction network information became available, the structure
and global properties of these networks became the subject of great interest. Barabasi
and Albert (1999) suggested that a wide variety of systems, from social interactions to
the world-wide web, had similar topological properties and were governed by the same
principles. It was observed that most nodes are only sparsely connected, while a small
number of nodes accumulates the majority of connections (often called hub proteins).
This so-called “scale-free” distribution of edges per node (the degree distribution) fol-

lows a Power law of the form P(k) ~ c¢- k™7, where ¢ and v are constants.
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The “Power-law” and “scale-free network” concepts attracted a lot of interest by
the scientific community (Luscombe et al., 2002), because they were thought to lead
to several corollaries. It was noted that the overall low number of connections per
node leads to greater robustness towards random node deletions (Albert and Barabasi,
2002). Robustness in this context is defined as the impact of node deletions on the
connectedness of the network. The other important inference that was made from
the network topology concerns the mechanism by which the network evolved. Power
laws are thought to emerge through a process called preferential attachment, whereby
whenever a node is added to the network, it is likely to connect to a node that already
has many connections. Translated into biology, preferential attachment was argued to
be a result of evolution through gene duplication. Under the assumption that there
is no bias as to which gene is duplicated and the rate of gene loss is low, older genes
will gradually accumulate connections. Karev et al. (2002) extended this concept and
described how a simple model of domain duplication, loss and de-novo creation can
explain the observed size distribution of protein domain families. They argue that the
same model should also be applicable to other evolving networks.

Jeong et al. (2001) applied the principles of network analysis to protein interaction
networks. They did not only show that the yeast interactome, to the extent it was avail-
able at the time, is a scale free network, they also claimed that there is a correlation
between the degree of a protein and its essentiality. This was remarkable as it seemed
to prove that the network-theoretical concept of robustness could be extrapolated to
biological systems. Subsequently, it was also claimed that the principle of preferen-
tial attachment underlies the evolution of protein interaction networks (Barabasi and
Oltvai, 2004; Eisenberg and Levanon, 2003).

The interpretation of protein interaction networks under the paradigm of scale-
free networks has since attracted criticism. It was shown by Khanin and Wit (2006)

that other distributions than power-laws better fit the observed degree distributions in
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various protein interaction and metabolic networks. It is also important to consider
that the available protein interaction data is just a sampling from the actual biological
network. Stumpf et al. (2005) and Han et al. (2005) showed both theoretically and
by examples that subnetworks sampled from a larger scale-free network are not them-
selves scale free, and that the degree distribution of a sampled subnetwork does not
reliably predict the distribution of the global network. The real mechanisms by which

interaction networks have evolved are thus still not satisfactorily explained.

1.2 Genetic variation

A simple but fundamental principle of Darwin’s theory of natural selection is that there
is no evolution without variation. In the plant and animal kingdom, such variation can
be observed in abundance. Darwin himself was inspired by the variability in birds that
he witnessed during his journey on board H.M.S. Beagle (Darwin, 1859). Similarly,
differences in shape and colour of flowers and seeds of pea plants lead Mendel to deduce
the first systematic description of a link between observable phenotypes and a then-
unknown genetic substance that induces such phenotypes (Mendel, 1865). Today, we
know that the main carrier of genetic information is DNA. The consequential next
questions are: what are the sources of variation, and how is phenotypic diversity related

to genetic variation?

1.2.1 Types and causes of mutations

In sexually reproducing organisms, individuals carry two versions of the genetic infor-
mation that is passed on from the parent generation®, each version called an allele,
grouped together on two homologous chromosomes. Variation between individuals is

to a large degree the result of the combinatorial shuffling of alleles, where for every

!Notwithstanding exceptions such as e.g. sex chromosomes or mitochondrial DNA, where only one
copy is inherited from one parent.
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corresponding gene there are four possible allele pairs an individual can inherit. This
alone does not explain the existence of differing alleles itself. Variation between alleles
is a result of mutations that change their genetic sequence. There are four broad types

L In

of mutations: Point mutations, insertions/deletions, translocations and inversions
this thesis, I consider only the first two types of mutations.

For each type of mutation, there can be numerous causes. Point mutations are the
most frequent mutation event to occur. They are randomly introduced in the genetic
code mostly vie mistakes during replication and as a result of mutagens. It is often
assumed that point mutations occur by chance with a constant frequency uniformly
across the genome, which makes it possible to use the mutation rate as a kind of
molecular clock (Zuckerkandl and Pauling, 1962).

Not all mutations lead to a phenotypic effect. This is partly a result of the fact that
the majority of eukaryotic genomes are composed of long regions of non-coding DNA
which is insensitive to mutations. Furthermore, even point mutations inside coding
regions do not necessarily alter the encoded protein. The genetic code is degenerate,
i.e. some nucleotide changes will not affect the encoded protein sequence because there
are multiple codons encoding for the same amino-acid. This redundancy in the genetic
code can be used to quantify the selective pressure on a gene. This is done by calculating
the ratio of active (non-synonymous) to silent mutations (synonymous mutations) for a
gene, where a mutation is defined by comparing the DNA sequence to the sequence of
an orthologous gene from another species (Kafatos et al., 1977). The resulting measure
is referred to as the dN/dS ratio?>. dN/dS values below 1 indicate negative selection,
whereas values above 1 are taken as a sign of positive selection (Hughes and Nei, 1988).

Apart from point mutations, larger chromosomal rearrangements can be caused

by errors during homologous recombination. Usually, homologous recombination is a

'For the sake of simplicity, I subsume chromosomal deletions and duplications into the “inser-
tion/deletion” category.
2Sometimes also denoted as K, /K ratio.
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controlled process which allows the swapping of genetic information between the two
homologous chromosomes during meiosis. However, there are numerous errors that can
occur. Most notably, non-allelic homologous recombination is a process in which re-
combination occurs not between the corresponding allelic regions on the chromosomes,
but between homologous regions within the same chromosome, causing a deletion. Such
regions can be low copy repeats (LCRs) or segmental duplications. Beyond that, there
are numerous other less frequent causes of mutations such as viruses or transposable
elements, e.g. Alu repeats, which can cause insertions, deletions and other genomic

rearrangements (Batzer and Deininger, 2002).

1.2.2 Human variation

H. sapiens is subject to mutations, natural selection and thus evolution the same as
any other species. However, history has shown that this fact is easily misinterpreted or
even deliberately misused to justify arbitrary discrimination! . It is for these ethical
reasons that it is difficult to discuss variation in humans in quite the same way as
we discuss variations in animals: concepts such as race or ethnicity predate modern
population genetics and are as such hard to define for a scientific purpose (Feldman
et al., 2003; Sankar and Cho, 2002). In fact, it has been suggested that variation on
the DNA level is larger amongst individuals thought to belong to the same “race” as
between different “races” (Barbujani et al., 1997; Disotell, 2000). The sequencing of
genomes of individuals which is currently underway (Siva, 2008) will hopefully shed
new light on the question whether “race” has a clearly detectable genetic footprint or
whether we have to redefine our concepts of “race”. For the remainder of this thesis,
I will try to focus not on differences between populations but on differences between

individuals.

!As an example, I refer to the insightful documentary on biology and medicine in fascist Ger-
many provided by the United States Holocaust Memorial Museum: http://www.ushmm.org/museum/
exhibit/online/deadlymedicine/
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1.2.3 Variation in healthy individuals

One of the first types of human variation that were used to study genetics in entire
populations were the blood groups. Since Landsteiner’s initial description of the ABO
system at the beginning of the 20th century, numerous other blood type systems have
been defined. The key property of blood types is that they constitute distinct classes
with a simple Mendelian pattern of inheritance, hence they must be determined by
individual genetic loci. In the 1950s and 60s, studies on haemoglobin variants offered
a first glimpse at the molecular mechanisms as well as the distribution of genetic vari-
ation in humans (Boyd, 1963; Livingstone, 1958). Together, these data allowed a first
assessment of genetic diversity between individuals and populations (Lewontin, 1972).

DNA technology has since greatly accelerated the identification of genomic vari-
ants. The human genome is now known to contain millions of single-nucleotide poly-
morphisms (SNPs). Understanding the distribution, frequency and linkage between
these variants holds great promise for the analysis of human evolution as well as for
the understanding of complex diseases. Therefore, a concerted effort was undertaken
to identify up to one million tagSNPs across the entire human genome of individuals of
European, Asian and African descent (The International HapMap Consortium, 2003).
The key property of tagSNPs is that they occur at a frequency of > 0.1% in the popu-
lation and they are linked to a haplotype block, i.e. a region of the chromosome which
is relatively stable to recombination.

Recently, it has also been discovered that there are frequent insertion and deletion
polymorphisms, so-called copy-number variations (CNVs) that are abundant in the
human genome. They are defined as regions of > 1kb which are deleted or duplicated
in the genome of an individual (Freeman et al., 2006). They seem to be closely related to
segmental duplications, i.e. regions larger than 1kb and > 90% sequence identity which
occur multiple times in the genome. The main distinction between CNVs and segmental

duplications is that a region which is duplicated in all members of a population is called
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a segmental duplications but not a CNV. There have been numerous reports of CNVs
in individuals sampled from different populations (Conrad et al., 2006; Iafrate et al.,
2004; Redon et al., 2006; Sebat et al., 2004). Interestingly, these initial results were
derived from seemingly healthy individuals, even though many CNVs seem to overlap
protein coding genes. This indicates that many genes are robust against changes in
copy number. In Chapter 4, I will discuss the issue of dosage sensitivity in the context
of protein interactions in more detail.

Many studies regarding CNVs were performed using a technique called array-based
comparative genomic hybridisation (array CGH) (Shinawi and Cheung, 2008). Samples
of genomic DNA of two individuals, one reference and one target, are labelled with
different fluorescent dyes. Upon hybridisation to an array containing > 25000 large
insert clones reflecting most of the human genome as probes, regions with uneven
hybridisation can be detected by the shift in colour. The start and end position of
putative CNVs are then calculated from the overlaps between the clones. Given the
length of the clones (=~ 200kb), the resolution of the CNV coordinates is coarse, but

new methodologies with substantially higher resolution are currently being developed.

1.2.3.1 Genetic diseases

Another form of variation that has been studied extensively are genetic diseases. A
wealth of investigations have been undertaken to identify loci responsible for Mendelian
diseases. Botstein and Risch (2003) give an insightful historical perspective into the
development of the field. Since the late 1980s, the prevalent method to identify genes
responsible for a disease phenotype has been positional cloning, preceded by linkage
analysis of affected individuals and their families. This approach works best if the phe-
notype is unambiguous and the genotype-to-phenotype relationship is simple. Before
a physical map of the human genome was available, positional cloning relied on the

genetic map, often using polymorphic repeats as a marker. The effectiveness of this
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method is evident from the fact that almost all known Mendelian disease loci were
mapped in this way.

Today, the Online Mendelian Inheritance In Man (OMIM) database (Hamosh et al.,
2005) contains over 14000 disease associated genetic variants in more than 1800 genes.
Studying these variants, it could be shown that genes carrying dominant mutations are
slower evolving than recessive genes (Blekhman et al., 2008). Interestingly, the same
study also found that only 45% of genes in OMIM carry recessive mutations. According
to the classic explanation of dominance provided by Wright (1934), most mutations
were expected to be recessive: Wright argued that dominance of the wild type allele is
a result of the fact that most metabolic pathways can maintain their function even if one
step has reduced capacity. In other words, not all components of a metabolic pathway
are rate-limiting steps, hence the pathway is robust against a reduction in the amount
of one particular catalyst. However, it is emerging now that this theory does not in
the same way apply to proteins other than enzymes. Kondrashov and Koonin (2004)
described that recessive mutations are in fact most common in enzymes, but mutations
in transcription factors or structural proteins are more often dominant. This shows
that the genetics of diseases and their underlying molecular mechanisms are tightly
linked. Currently, there are few mechanistic explanations for the disease-causing effects
of the majority of mutations. Identifying such molecular mechanisms hence presents
an interesting field for further development.

This becomes even more striking if one considers that Mendelian diseases only reflect
a subset of human genetic disorders. Many disease, from diabetes over schizophrenia
to susceptibility to infectious diseases such as tuberculosis, have been shown to have a
genetic component, however unlike Mendelian diseases, the contribution of individual
loci is small, 4.e. an unknown number of individual mutations contribute to the dis-
ease. Genome-wide association studies have been used to identify such loci which are

significantly but weakly associated with a disease (Risch and Merikangas, 1996). In
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such a study, large cohorts of case and control individuals are tested for the presence
of one or several diseases, before each individual is genotyped. Recent studies used
array-based methods to query known SNPs along the entire genome (Wellcome Trust
Case Control Consortium, 2007). In the future, it will likely be possible to re-sequence
entire genomes in order to detect all sequence variants. Finally, statistical analyses of
the data provide putative associations between certain SNPs and the disease status of
an individual. The problem is that the identified SNPs only point towards genes that
are likely to be relevant for a disease, however little is known about the mechanism by
which a polymorphism induces disease susceptibility. In such cases, using information
on biochemical pathways and protein interactions can help to uncover connections be-
tween target genes or provide a ranking which SNPs are most worthwhile to be studied

in more depth.

1.3 Protein Domains and the Pfam database

In structural biology, it has long been known that proteins are to a large extent com-
posed of conserved modular building blocks commonly called domains. It was also
quickly noted that structures with even just remotely related sequences usually shared
stronger structural similarity (Chothia, 1992). As a consequence, methods for detect-
ing remote sequence homology were being developed. Initially, most methods employed
scoring functions that incorporated manually defined weights, in an attempt to capture
“expert knowledge” about a particular family of proteins.

A major leap towards a more generalised concept of homology detection was the
use of a probabilistic framework called Hidden Markov Models (HMMs) (Krogh et al.,
1994). HMMs are a way to model stochastic processes. Their great advantage is
the fact that efficient algorithms exist to calculate the probability that an observed

phenomenon was produced by the stochastic model. In the case of sequence homology,
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the model describes the composition of the representative parts of a sequence family.
A hypothesis test can then be performed on a query sequence, comparing the chance
that the query was created by the predefined model. The model itself does not have
to be manually created, but can be automatically generated from a multiple sequence
alignment containing typical members of the family. This short description cannot
do justice to the complexity and power of HMMs and their applications. More detail
can however be found elsewhere (Durbin et al., 1998; Schuster-Bockler and Bateman,
2007a).

One of the key features of HMMs is that any sequence family is modelled using
a common framework. It is hence possible to create a collection of many sequence
families and search a new sequence against a range of such family descriptions in order
to identify putative evolutionary relationships. The Pfam database (Finn et al., 2008) is
one of the largest resources for domain annotation. In the Pfam terminology, a domain
denotes any conserved sequence region, rather than just referring to an independent
structural element in a protein. The Pfam database today contains over 10000 protein
families and is still constantly growing (Sammut et al., 2008). For every release, the
entire UniProt database (Wu et al., 2006) is searched for occurrences of any domain
in Pfam. The Pfam database to date covers =~ 75% of all sequences, i.e. 75% of all
sequences in UniProt contain at least one region that matches an HMM listed in Pfam.
For proteins in the PDB, the coverage is substantially higher (currently ~ 95%).

Thus, by projecting the protein universe, i.e. all known protein sequences!, down
to the domain universe, one can achieve a reduction in complexity of several orders of
magnitude. At the level of conserved domains, the traces of evolutionary history can
be observed more clearly. This has been exploited e.g. in inferring the evolutionary
history of nematodes with respect to chordates and insects, see Wolf et al. (2004).

In this thesis, Pfam was used extensively to investigate the function and evolution of

! Currently, UniProt contains over 3 million sequences, not including the expected deluge of metage-
nomics derived sequences
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interacting proteins.

1.3.1 :Pfam

I have so far described how protein interactions can be identified biochemically as well
as by crystallography. I have also introduced the relationship between sequence and
structure conservation. As the function of a protein, including its interaction preference,
is dependent on its three-dimensional structure, it is an obvious next step to describe
the interactions between proteins in terms of conserved sequence regions such as Pfam
families. Several recent studies have indeed found that protein domains can mediate
protein interactions. There seems to be a limited set of domain interactions that is
being reused in proteins of different backgrounds (Aloy and Russell, 2004).

Figure 1.6 shows a typical example of a protein structure of an interacting protein,
in this case the F. coli Oxidoreductase, where a specific domain mediates the interac-
tion. The asymmetric unit of the structure only contains two of the four subunits that
make up the functional macromolecule. The two subunits bind each other through a
large interface (shown as a surface representation in the figure) which matches the Pfam
family 2-Hacid_dh [Pfam-id: PF00389]. The interface exhibits structural complemen-
tarity, thus excluding solvent and creating the necessary binding energy to maintain a
stable interaction.

Pfam domains are defined solely through sequence, but a conserved structure is
very often associated with them. In order to find structures that match a certain
Pfam domain, one could search the raw sequences stored in the PDB entries against
the library of Pfam HMMSs. However, a complete search of the UniProt database is
performed at every release of Pfam. Rather than searching the complete Pfam database
again, it is more efficient to map every residue in the PDB structures to a residue
in a UniProt sequence. Such a mapping is conveniently provided by the Molecular

Structure Database (MSD) at the EBI (Velankar et al., 2005). Identifying regions in
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PDB structures that match a Pfam domain thus becomes a simple database query
which joins the two co-ordinate systems.

iPfam is a database of physically interacting protein domains that was derived
by gathering all interactions between distinct Pfam domains in asymmetric units as
deposited in the PDB (Finn et al., 2005). Figure 1.7 illustrates the steps that comprise
the generation of iPfam. For each pair of regions that match a domain within a
sequence, it is evaluated whether the backbone atoms are in sufficient proximity (<
20 A) to each other to allow a contact between the sidechains. This initial filtering
step substantially reduces the search space. Subsequently, all atoms in one domain are
tested for their exact distance to all other atoms in the adjacent domain. Depending
on the observed distance, geometry and type of atoms, a bond type is assigned to the
pair. The maximum distance between any two atoms still considered as a contact is
6 A. There is currently no lower limit to how many atom contacts are required for a
domain pair to be recorded. It is also important to note that the version if :Pfam used
throughout this thesis is based solely on interactions in the asymmetric units of PDB
entries. Therefore, interfaces involved in the assembly of large repetitive structures
such as virus capsids as well as other interactions between repeated individual units
are missing from ¢Pfam.

As illustrated in Figure 1.6, not only interactions between two distinct proteins are
considered, but also the residue contacts between two domains within one protein. The
rationale behind this is that many domains are structurally independent units which
can, over the course of evolution, be combined with other protein sequences. In such
cases, an intrachain interface can become a potential new interchain recognition site,

as described by Enright et al. (1999).
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The Pfam database Molecular
already contains pre- Structure PDB
calculated domain Database

location information for
every UniProt
sequences. The MSD
data links residues in

PDB structures to the Pfam PDB files
corresponding UniProt Database
entry

calculate_domain_domain_interactions.pl

First, sequences in the structure are
mapped to UniProt via MSD. All Pfam
domains per sequence are then selected.

In a first pass, the distances between all
backbone atoms of all pairs of domains
are calculated. These can be both domains
on different proteins or on the same
protein.

In a second pass, the distances between
all atoms of a residue in one domain and
all atoms of all residues in the opposite
domain within 20A of the backbone are
calculated. Depending on the distance of
the atoms and the type of amino-acid, the
following types of interaction are
assigned:

e Covalent bond

e Electrostatic interaction

e Hydrogen Bond (backbone or sidechain)
e Van-der-Waals interaction

The maximum distance between two
atoms still considered to be interacting is

6A.

Figure 1.7: Outline of ¢Pfam creation process. Structure data and PDB to UniProt
mappings are downloaded from the MSD and PDB, respectively. A single script (calcu-
late_domain_domain_interactions.pl) then performs a sequence of calculations on each
structure to identify all atoms in every pair of Pfam domains in the structure that are
in contact.
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1.4 Outline of this thesis

The remaining chapters of this thesis consist of three separate investigations. I first
analyse the coverage of iPfam in order to assess the power of the structural domain
annotations to explain existing protein interactions. This also allows me to make in-
ferences on the level of conservation and reusability of domain interactions amongst
different proteins and between species. This work lays the foundations for applying do-
main interaction information to human disease data. In the second chapter, I estimate
the impact of protein interaction defects on human genetic diseases and show how the
structural information can be practically applied to gain insights into the function of
a related protein complex. Finally, I follow up on an interesting observation related
to the evolution of protein interactions, namely the tendency of interacting proteins to
be more dosage sensitive. I use the newly available human population copy-number
variation data to investigate whether protein complexes are under stronger selective
pressure to maintain their abundance in the cell.

Parts of the results described in this thesis have been published (Schuster-Béckler
and Bateman, 2007b, 2008). The respective articles can be found in the Appendix.
In addition to that, I have published a paper on the visualisation of profile—profile
comparisons (Schuster-Bockler and Bateman, 2005) which is outside the focus of this
thesis. I was also involved in several collaborations which resulted in two publications

(Bushell et al., 2008; Finn et al., 2006).
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Chapter 2

Distribution and evolution of

interacting domains

2.1 Introduction

I have mentioned in the introduction the importance of evolutionary relationships for
the understanding of protein function. Families of related sequence regions, collected in
the Pfam database (Finn et al., 2008), usually constitute structurally and functionally
conserved modules. Categorising proteins according to their sequence similarity vastly
reduces the size and complexity of protein space. It is assumed that binding interfaces,
too, are conserved evolutionary modules that are reused between proteins of different
functions and retained during evolution (Aloy and Russell, 2004; Itzhaki et al., 2006).
Accordingly, it would be desirable to understand the relationships between interacting
proteins from a point of view of their sequence genealogy.

In recognising this, several groups have attempted to derive a set of domain—domain
pairs that are likely to comprise evolutionarily conserved modules for protein interac-
tion. Ng et al. (2003) described an approach to predict domain—domain interactions

using literature curation, evolutionary history and the distribution of domains in protein
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2.1 Introduction

interactions. More recently, other groups have come up with sophisticated statistical
methods to estimate putatively interacting domain pairs, based on the assumption of
domain reusability (Jothi et al., 2006; Lee et al., 2006; Nye et al., 2005; Pagel et al.,
2004; Riley et al., 2005). However, none of these approaches offers structural evidence
that the predicted domain pairs are able to form an interaction. As described in the
introduction, the iPfam database (Finn et al., 2005) provides this missing link between
sequence family membership in the form of Pfam domain annotations and protein inter-
actions, as derived from crystal structures of molecular complexes (Littler and Hubbard,
2005; Park et al., 2001) deposited in the PDB (Kouranov et al., 2006).

Theoretically, the iPfam database should thus provide a structural explanation for
most protein interactions. Unfortunately, the selection of complexes in the PDB is
rather small' and biased (Peng et al., 2004). There is often only a single structure that
shows a certain protein pair to interact, while other complexes like the haemoglobin
tetramer have been crystalized dozens of times. This makes it difficult to assess whether
some domain pairs act as reusable modules in protein interactions from PDB data alone.

One of the aims of the work presented in this chapter was therefore to understand
the possibilities and limitations of sPfam when applied to protein interaction networks.
To achieve this, I investigated how pairs of protein families taken from ¢Pfam are
distributed in protein interaction networks of five major model species. 1 specifically
addressed the question what proportion of each organism’s protein interaction net-
work, its interactome, can be attributed to a known domain—domain interaction, and
conversely, how many interacting domain pairs are still unknown. These insights, to-
gether with the tools and data-sources compiled for this analysis, lay the foundation
for the following chapters.

The other aim of this chapter is to shed some light on the conservation of domain—

LOut of a total of 31522 PDB entries, comprising 11338 distinct sequences, 12790 entries contain a
protein complex, corresponding to only 5938 proteins. In comparison, there were 3.17 - 10° sequences
in UniProt at the time of analysis.
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domain interactions between species. Despite the continuing growth of protein inter-
action databases, even the best studied protein interaction network of S. cerevisiae is
thought to be incomplete (Cusick et al., 2005; Grigoriev, 2003; von Mering et al., 2002).
Given that this network already comprises around 60000 interactions, questions arise
as to how such networks have evolved and how they are organised. By comparing the
sets of interacting domain pairs found in the investigated model organisms, I can make

inferences about the evolution of protein interactions.

2.2 Methods

2.2.1 Protein interaction data

The complete interaction sets from BioGRID (Breitkreutz et al., 2008), DIP (Salwinski
et al., 2004), HPRD (Mishra et al., 2006), IntAct (Kerrien et al., 2007), MINT (Chatr-
aryamontri et al., 2007) and MPact (Guldener et al., 2006) were downloaded on the
24th January 2008. A wide range of databases were used to cover as many distinct
experimental data sets as possible. Taken together, these databases represent most of
the protein interactions currently stored in machine-accessible form.

Despite great efforts to unify access to protein interaction data (Hermjakob et al.,
2004), acquiring large data sets from diverse sources is still far from trivial and er-
ror prone. The PSI-MI XML data exchange format version 2.5 (Hermjakob et al.,
2004) provided by the aforementioned databases was used to generate a local relational
database of protein interactions. For each protein participant, it was attempted to
assign a sequence, either from data provided by the source database or by mapping the
entry to UniProt via secondary annotations provided in the source file. A schematic

flow-chart of the database creation process is shown in Figure 2.1.
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M

BioGRID IntAct MPact DIP MINT HPRD
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parse_psimi.py

: Executable
.pl
Script.p program
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File File
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Web resource, id f
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pmatch_best_hit.pl

Integr8 ->
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do not map to an integr8 entry -
are removed. Only interactions
that fulfil the quality criteria are
kept.
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Pfam_Is/
Pfam_fs/
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sequences of
interacting
proteins

da1s 1xaN
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participant-to-
participant
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Create integr8 to iPfam table

_________ pfam_scan.pl

Figure 2.1: Flow-chart of protein-interaction database creation process. (1) Interaction
information is loaded from numerous online resources by parsing flat-files in PSI-MI
XML 2.5 format and subsequently stored in a database as 4 distinct tables. UniProt
identifiers are assigned to each protein if secondary references are available. For proteins
with no sequence information, the corresponding sequence in UniProt is assigned if
possible. Sequence files for model species are downloaded from Integr8 and stored in
the database. Integr8 sequences are then matched to interacting proteins of the same
species using pmatch. The resulting mapping is loaded back into the database. (2)
A new participant2participant table is created wvia a sequence of SQL queries. (3)
Pfam domain annotations for each interacting protein (after mapping to integr8) are
identified directly from the sequence using Pfam HMM:s.
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2.2.2 Filtering

There are many types of experiments used to derive protein interactions, with different
properties and error rates. For this analysis, solely the properties of physically interact-
ing proteins are of interest. Therefore, only interactions between exactly two proteins
per experiment were considered. This is desirable because the real combination of in-
teractions cannot be inferred from the data: Assuming a complex of 3 proteins A, B

and C, several combinations are possible:
e A Band A C
e A—>Band B~ C
e A—>B, A~ (Cand B« C

Any one of these three combinations could reflect the biological condition, whereas the
remaining two would introduce an error into the analysis. As a consequence, all protein
complex data that were derived by co-purification methods were removed, unless a par-
ticular experiment had identified exactly two binding partners. All genetic interactions
were also removed. For a list of the experimental method identifiers that were excluded

see Table 2.1. This filtering step is applied at stage 2 in Figure 2.1.

2.2.3 Species

To allow cross-species comparisons, the data were split into five distinct species sets:
E. coli, S. cerevisiae, C. elegans, D. melanogaster and H. sapiens. It should be noted
that the proportion of proteins for which an interaction is known varies from 13% in
C. elegans to 92% in S. cerevisiae, see Table 2.2. This might affect the results if there
is a systematic bias on the composition of a protein interaction set.

To prevent bias from multiple alternative versions of the same protein, all interacting

proteins were mapped to reference proteomes as defined by Integr8 (Kersey et al., 2005)
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2.2 Methods

Table 2.1: List of experimental method identifiers that were excluded from the analysis.
The controlled vocabulary for the PSI-MI terms can be found at http://www.ebi.ac.
uk/ontology-lookup/browse.do?ontName=MI. The BioGRID terms are only available
as part of the complete interaction database download. The term definition is shown
in the Description column.

Method ID Method DB Description

MI:0001 PSIMI “Interaction Detection Method” - data source
unclear

MI:0045 PSIMI “experimental interaction detection” - contains
many data of unclear origin

10 BioGRID Synthetic Lethality

11 BioGRID Synthetic Growth Defect

12 BioGRID Synthetic Rescue

13 BioGRID Dosage Lethality

14 BioGRID Dosage Growth Defect

15 BioGRID Dosage Rescue

16 BioGRID Phenotypic Enhancement

17 BioGRID Phenotypic Suppression

using pmatch! (see Figure 2.1), a very fast pairwise sequence comparison algorithm
developed by Richard Durbin. Approximately 12% of original sequence identifiers were
lost in the mapping process, either if no sequence was provided with the original entry
or if no significant matching sequence could be found in Integr8. The total number of
missing unique proteins will be lower, as there are, on average, two original sequence

identifiers for each Integr8 identifier.

2.2.4 1Pfam

The iPfam database is derived from protein structures deposited in the PDB. Regions
in every protein structure that match a Pfam domain are scanned for atomic contacts
with residues in another Pfam domain. All such interacting domain pairs are stored

in a database together with detailed information on the residues involved (Finn et al.,

!Unpublished, however it forms part of the Ensembl pipeline. The source-code is available from
the Sanger Institute CVS repository: http://cvs.sanger.ac.uk/cgi-bin/viewcvs.cgi/rd-utils/
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2.2 Methods

2005). Every pair of Pfam families that are found to interact in a PDB structure
are called an «Pfam domain pair throughout the text. Single Pfam families that are
part of an ¢Pfam domain pair are then called iPfam domains. For example, in PDB
entry 1k9a the two iPfam domains SH2 (Pfam accession PF00017) and Pkinase Tyr
(PF07714) interact, therefore they form an iPfam domain pair. In this study, iPfam
version 21 was employed, containing 2837 iPfam domains, forming 4030 :Pfam domain
pairs. Some {Pfam domain pairs are seen to form interactions between distinct peptide
chains in the structure (interchain), while others form an interaction between two
distinct domains within the same chain (intrachain). Out of the 4030 domain pairs,
2859 are found exclusively on two different chains (interchain), 623 are found exclusively
within the same chain (intrachain) and 548 domain pairs are found both as inter-
and intrachain pairs. It has been assumed that intrachain interactions can become
interchain interactions and vice-versa as a result of a gene-fission/fusion events (Enright
et al., 1999). In this analysis, both inter- and intrachain interactions were used and
compared where appropriate.

Figure 2.2 shows the species distribution of iPfam domain pairs. H. sapiens, E. coli
and §. cerevisiae are clearly over-represented compared to the other 1113 species with
less than 179 complex structures. It is therefore expected to observe more matches to

these species compared to the worse represented ones.

2.2.5 Prediction of crystal contacts

Not all interaction interfaces observed in crystal structures also occur in wvivo. As
I described in Section 1.1.1.4, non-biological interactions, here referred to as crystal
contacts, are artefacts induced by the crystallisation process. I employed the NOXclass
predictor to discriminate between biological interfaces and crystal contacts (Zhu et al.,
2006). NOXclass uses a range of sequence and structure based properties as feature

vectors in a support-vector machine to classify interaction interfaces:
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iPfam pairs by source species

™ Homo sapiens

™ Escherichia coli

W Saccharomyces cerevisiae

" Mus musculus

W Rattus norvegicus

¥ Bos taurus

= Thermus thermophilus (strain HB8 / ATCC

27634 / DSM 579)
w Others (1113 Species)

Figure 2.2: This pie chart shows how many ¢Pfam domain pairs were found in PDB
structures from each species. The total number is larger than the 4030 unique iPfam
pairs in the database because an ‘Pfam pair can be found in structures from several
species.
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e Amino-acid (AA) composition of the interface

e Correlation between AA compositions of interface and the rest of the surface
e Distance between the AA compositions of the interfaces

e Conservation of interface residues

e Gap volume

e Interface area

e Solvent accessible surface

Reference values for these features were calculated on a set of 182 manually compiled
biological and 106 crystal contact interfaces. According to the developers, NOXclass

achieved 91.8% accuracy in a leave-one-out cross validation.

2.2.6 Random Networks

Randomised protein interaction networks with identical degree distributions were gen-
erated from the original filtered experimental interaction data for each species using
two different methods. The first method will be referred to as node sampling (NS): In
each randomisation step, a mapping is created that assigns every node a randomly cho-
sen replacement node. In this way the edges of the network remain in place, while the
nodes are shuffled randomly. It should be noted that the degree distribution per node is
not maintained. Instead, this behaviour simulates a network with a high false positive
rate, where random new connections between two proteins occur. The second method
is referred to as edge swapping (ES). The methods implements the algorithm described
by Maslov and Sneppen (2002). For a pair of randomly selected non-overlapping edges,
the start and end nodes are swapped, unless the resulting edge already exists. This

step is repeated 2 - n times, where n is the total number of edges in the network. This
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algorithm maintains the degree per node. This corresponds to the assumption that the
observed number of interactions per protein reflects the real number of interactions the

protein can form.

2.2.7 P-values

Unless otherwise specified, P-values for observations x were calculated as P(X > x) =
f(x;p,0), where f(x;u, o) is the probability density function of the normal distribu-
tion with mean p and standard deviation o, where p and o are estimated through
randomisation experiments. The density function thus provides the probability that
a value less than or equal to x is observed by chance, given the distribution esti-
mated by a random resampling method. Where appropriate, the inverse probability

P(X <x)=1— f(z;u,0) was applied.

2.3 Results

2.3.1 Coverage of :Pfam domain pairs on different interactomes

I analysed the distribution of Pfam families known to interact from a PDB structure
(iPfam domain pairs) in experimentally derived protein interactions (experimental in-
teractions). The experimental interactions were filtered to only include interactions
with exactly two partners (see Methods). The fraction of experimental interactions
that contain at least one iPfam domain pair is referred to as the iPfam coverage.
Accordingly, the fraction of experimental interactions that contains any pair of Pfam
domains (excluding the iPfam domain pairs) is called the Pfam coverage.

Figure 2.3 shows the Pfam and :Pfam coverage for the analysed species as a column
chart. The number of resolved protein interactions varies greatly between species, as
does the size of the underlying proteome (see Table 2.2). The Pfam coverage lies

between 51.74% and 82.38%. Given that almost 74% of all UniProt proteins contain
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2.3 Results

at least one Pfam match®, this is not by itself surprising. The iPfam coverage, shown
in light blue in Figure 2.3, is much smaller, ranging from 3.22% in D. melanogaster
to 15.32% in H. sapiens. In S. cerevisiae the species with the most comprehensively
studied interactome, the iPfam coverage is 5.51%, while the average between the five
species is 8.50%.

The fact that only a small fraction of protein interactions contain known domain
pairs could be a result of the scarcity of available structures of protein complexes.
Therefore, I asked whether the observed iPfam coverage is larger than would be ex-
pected by chance. To test this, I created 1000 random networks per species using
the algorithms described in Methods. 1 then calculated the iPfam coverage on the
protein interactions in each randomised network. The green bars in Figure 2.3 show
the random distribution calculated using the node-sampling algorithm. Results of the
edge-swapping randomisation are similar and therefore not plotted. Mean and standard
deviations of both randomisation experiments are however listed in Table 2.2. No P-
value (see Methods) was greater than 1.84-107%. This proves that the observed iPfam
coverage is significantly higher than expected and {Pfam domain pairs are enriched in

real experimental protein interactions.

2.3.2 Domain pair frequency within interaction networks

To understand why ¢Pfam domain pairs occur more often in experimental interactions
than expected by chance, I analysed the distribution of i{Pfam domain pairs relative to
the number of covered experimental interactions. Figure 2.4 shows a plot of the fre-
quency of iPfam domain pairs over the number of interactions they occur in, reflecting
how many iPfam domain pairs cover how many experimental interactions. Domain
pairs to the left of the plot can be called specific domain pairs, as they only occur in

very few covered experimental interactions. Conversely, domain pairs to the right of

'For Pfam version 21, 2343026 out of 3169275 sequences had at least one significant Pfam hit,
corresponding to 73.92%.
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2.3 Results

the plot occur in a large number of different covered experimental interactions and can
be called promiscuous domain pairs.

All five distributions in Figure 2.4 resemble a power law distribution, according
to the good fit of log-linear functions (log(f(z)) = klogz + loga) shown as dotted
lines. The slopes k of the eukaryotic distributions are very similar (between —1.31 and
—1.61), while E. coli has a markedly smaller slope (—2.13). If I assume E. coli to be
an exemplary prokaryote, this suggests that the ratio of specific to promiscuous iPfam
domain pairs differs between eukaryotes and prokaryotes, whereby E. coli features fewer
multiply reoccurring ¢{Pfam domain pairs.

The power law distribution of iPfam frequencies implies that the majority of covered
protein interactions can be attributed to a minority of Pfam domain pairs: 88.1% of S.
cerevisiae and 95.0% of H. sapiens covered experimental interactions contain an sPfam
domain pair that occurs more than once. This explains the highly significant P-values
listed in Table 2.2. Conversely, 46.0% of the iPfam domain pairs in S. cerevisiae and

37.3% in H. sapiens are seen in just one experimental interaction.

2.3.3 Promiscuous domain pairs

As I showed above, the distribution of {Pfam domain pairs is composed of both very
promiscuous pairs which are seen in many interactions and specific domain pairs which
occur in only very few distinct interactions. Appendix A lists the 20 most frequent
iPfam domain pairs in the experimental protein interactions of all 5 model organisms.
Similarly, Appendix B lists the 20 most frequent iPfam domains alone.

As expected, more frequent domains are also more likely to be found as pairs in
interacting proteins. The network randomisation experiments described earlier assert
that this relationship between frequency of the individual domains and the frequency
of the domain pairs is not the underlying reason for the observed iPfam coverage, oth-

erwise one would expect to observe a similar coverage in randomly reshuffled networks.
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2.3 Results

The only prokaryote in this comparative analysis, F. coli features many transcrip-
tion factor activity related iPfam domain pairs amongst the 20 most frequent pairs.
Examples include the HTH_1 domain (PF00126, Helix-Turn-Helix domain, a compo-
nent of transcription factors) or Helicase_C (PF00271, a component of DNA unwinding
proteins) with numerous binding partners, alongside some domains which are particu-
lar to prokaryotes, such as the Response_reg domain (PF00072), the signal receiver of
the bacterial two-component system.

The DNA-regulation related iPfam domains are also frequently observed in inter-
actions of eukaryotes. However, the most frequent pairs involve protein kinase domains
as well as recognition domains such as SH2 or SH3. This is likely to be a result of the
large number of signalling pathways that underpin the biology of complex multi-cellular
organisms.

It should be noted that in the PDB structures, some of the observed domain pairs
(Helicase_C <+ DEAD, Pkinase_C < SH3_1 and others) are only seen to interact within
one protein (intrachain interactions) as opposed to interactions between two distinct
proteins (interchain interaction). Out of 2169 iPfam domain pairs that are observed in
any of the 5 species, 307 (=~ 15%) are exclusively interchain. Table A.2 in Appendix A
lists the 20 most frequent ¢Pfam domain pairs, excluding those which are only observed
to interact within a chain. The key findings do not change: DNA-regulation and signal
transduction related domain pairs are still prevalent. Similarly, excluding the 10%! of
iPfam domain pairs which are only observed in structures which are likely to be crystal

contacts does not fundamentally alter the composition of the promiscuous domain pairs.

2.3.4 Domain co-ocurrences

A basic assumption of this study is that interacting proteins that contain an ‘Pfam

domain pair actually interact through these domains. This, of course, is not necessarily

1Out of the 2169 iPfam domain pairs which are observed in at least one interactome, 1690 pairs
could be checked for their crystal-contact status. Out of these 1690, 167 (=~ 10%) were removed.
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the case. Although it has been shown that sequence similarity is linked to the mode
of interaction (Aloy et al., 2003), not every protein interaction that contains an iPfam
domain pair is necessarily mediated by exactly this domain pair. In fact, the observed
high frequency of certain signalling domains such as SH2, SH3_1 or Pkinase_tyr can
partially be attributed to the fact that they often reside in succession on the same
protein. Table C.1 in Appendix C contains a list of the 30 most frequent {Pfam domain
architectures in the analysed interacting sequences.

While I cannot assign the correct interacting domains with certainty, I attempted
to ascertain that domain co-ocurrence is not causative for the observed enrichment
of iPfam domain pairs in interacting proteins. To do so, I analysed the distribution
of single-domain proteins only. These are proteins which contain only a single :Pfam
domain, and this domain stretches over at least 70% of the length of the sequence. In
the same way as before, I counted the number of interacting single-domain proteins

with an ¢Pfam domain pair and compared this to 1000 randomly reshuffled networks.

Table 2.3: Frequency of iPfam domain pairs on single-domain proteins. Real observed
number of iPfam domain pairs in interaction between single domain proteins is listed
in column two. Results of random resampling by node sampling (NS) or edge swapping
(ES) and associated P-values are also shown.

Species Real ob- Resampling Resampling P-value
served mean SD

NS ES NS ES NS ES
E. coli 361 260 6 10 2 28-100% <1071
S. cerevisiae 324 116 12 9 3 < 107100 < 10~100
C. elegans 43 10 1 3 1 9.9-10730 <1071
D. melanogaster 53 22 4 ) 2 86-10712 <1071
H. sapiens 513 143 19 11 4 < 107100 10100

The results summarised in Table 2.3 clearly show that real protein interactions are

enriched for iPfam domains even if only single-domain proteins are considered.
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2.3 Results

2.3.5 Pfam domain pairs in stable complexes of S. cerevisiae

I tested whether ¢{Pfam domain pairs are enriched in known protein complexes from
S. cerevisiae, using the collection of complexes described by Gavin et al. (2006) as
the reference. This is interesting because domain—domain interactions are thought to
be particularly important for strong, obligate interactions between subunits of protein
complexes, as opposed to weaker transient interaction which are thought to be also often
mediated by smaller linear motifs as described by e.g. Neduva and Russell (2005).

While the data of Gavin et al. provides a very systematic analysis of complexes in
S. cerevisiae, it was unfortunately derived by affinity purification, only containing very
few binary interactions (see Methods on “Filtering”). I therefore counted the number
of complexes with at least one iPfam domain pair between any two members of the
complex, rather than analysing binary interactions. Out of 491 complexes described
by Gavin et al., 472 contained at least one pair of proteins with an :Pfam domain pair
(96.13%). Testing the significance of this result can not easily be done by network re-
sampling: Shuffling the existing nodes will not change the network substantially when
all proteins within one complex are assumed to be connected. Instead, I replaced all
proteins in all complexes with randomly sampled proteins from the S. cerevisiae pro-
teome. This tests whether the observed iPfam coverage on the complexes is related to
the composition of the complexes. After 1000 resamplings, an average of 447 complexes
of randomly chosen proteins contained an iPfam domain pair, with a standard devia-
tion of 6, giving a P-Value of 5.7-107° to observe 472 complexes with an iPfam domain
pair purely by chance. This indicated that yeast complexes are slightly enriched for
iPfam domain pairs.

Are the iPfam domain pairs that occur in S. cerevisiae complexes evenly spread over
all complexes, or do some complexes contain more Pfam domain pairs than others?
In other words: If protein pairs were chosen by chance from all complexes, would I

observe the same distribution of pairs per complex? Employing a x>-test, I verified
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that the observed distribution of protein pairs with an i{Pfam domain pair per complex
deviates significantly from expectation, given the total number of protein pairs per
complex (P =4.9-10%). Some complexes contain a greater number of iPfam domain
pairs, while other complexes do not contain any at all. This suggests that some sets of
domain pairs are specific to certain complexes or pathways. A typical example is the
RNA polymerase II complex (IntAct id: EBI-815049) which contains numerous iPfam

domain pairs that are specific to this complex.

2.3.6 :Pfam domain pair conservation between species

Within the 3 to 15% of experimental interactions covered by iPfam, I analysed the
conservation of ¢{Pfam domain pairs between species. 1 call an ¢{Pfam domain pair
conserved when the same pair is observed in experimental interactions of two different
species. The matrix in Table 2.4 shows the pair-wise conservation of iPfam domain
pairs. The prokaryote E. coli shares fewer iPfam domain pairs (an average of 31.8%)
with the eukaryotic species, compared to the overlap between the eukaryotes (an average
of 69.3%).

I performed pair-wise Fisher-Exact-Tests to evaluate whether the overlap between
the sets of iPfam domain pairs is statistically significant, denoted as up- or down
pointing arrows in Table 2.4. The significance of the overlap between F. coli and the
eukaryotic species gradually gets smaller towards H. sapiens, where I in fact observe a
smaller than expected overlap.

Figure 2.5 shows a Venn diagram of the mutual overlaps between the two eukaryotes
S. cerevisiae and H. sapiens and the prokaryote E. coli. This figure outlines the results
in Table 2.4: While the two eukaryotes share 522 domain pairs, only 375 iPfam domain
pairs are shared between S. cerevisiae and E. coli, and only 245 between E. coli and
H. sapiens. However, it should be noted that 43.9% of the observed ¢Pfam domain

pairs in E. coli are also observed in one of the two eukaryotes, and 202 iPfam domain
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2.3 Results

Table 2.4: The Table shows the number of co-occurences of iPfam domain pairs between
two species. The right-most column lists the total number of unique iPfam pairs found
in each species’ experimental interactions. The lower triangle of the table show the
fraction of all iPfam domain pairs that is shared between the two species (relative to
the smaller set). Arrows denote significant enrichment (1) or depetion (|) for shared
domain pairs as determined by a Fisher exact test. If not explicitly stated, P-values
were below 10716

)

= g
3 < =
3 " ST g 2
[ e N S 2 e
. S 3 S k=
g S 3 S i
S 5 3 § = =
E. coli 375 63 64 245 952
S. cerevisiae 39.5% 1 138 193 522 949
C. elegans 30.7% 1 (P =0.01) 67.3% 1 116 183 205
D. melanogaster ~ 31.2% | (P =0.03) 588% T 56.6% T 201 328
H. sapiens 25.7% | (P =0.002) 55.0% 7 89.3% 1 88.7% 1 1183

pairs are even conserved amongst all three species. Appendix D contains a list of these
most conserved {Pfam domain pairs. The iPfam domains in these conserved pairs
are predominantly related to housekeeping activities such as translation, replication or
basic energy metabolism, suggesting that the shared iPfam domain pairs could trace
back as far as the last universal common ancestor. A list of GO annotation for the
overlapping iPfam domain pairs can be found in Appendix E.

Given that there are great differences between iPfam domain pairs regarding their
frequency in interacting proteins, I wondered whether this “promiscuity” is also con-
served between different species. I compared the :Pfam domain pair frequencies be-
tween H. sapiens and S. cerevisiae directly, as shown in Figure 2.6.

I measured a Spearman correlation coefficient of 0.43 between the coverages of S.
cerevisiae and H. sapiens conserved iPfam domain pairs. To test the significance of
this correlation, I recalculated the correlation 1000 times after shuffling the values in

one species. From these random results, I derive a P value of 1.8 - 1072, Evidently,
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Not in any:
1886

H. sapiens

N

S. cerevisiae

254

Figure 2.5: The three circles represent the iPfam domain pairs observed in the respec-
tive species. The overlaps denote co-observed iPfam domain pairs. The grey set in the
background represents ¢{Pfam domain pairs not found in the three species.
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2.3 Results

iPfam domain pairs with a large number of occurrences in S. cerevisiae tend also to
be more frequent in H. sapiens. In comparison, the correlation between E. coli and
H. sapiens is relatively weak (Spearman correlation: 0.13). Again, this difference is
most likely a result of the expansion of signalling-related interacting domains in the

eukaryotic lineage.

2.3.7 Predicting the total number of :Pfam domain pairs in nature

How many ‘Pfam domain pairs would be required to eventually cover all protein inter-
actions? Aloy and Russell (2004) attempted to predict this parameter, estimating that
~ 10000 domain pairs would cover all protein interactions. Similar to their approach,

I make a linear estimation with the following factors:
xs The number of iPfam domain pairs observed in species S

fs The number of observed interactions in species S that contain an ‘Pfam domain

pair
©g The total number of observed interactions in species S
g The number of proteins from species S that are seen in an interaction screen
Vs The proteome size for species S
&s The number of Pfam domains observed in all protein of species S
= The total number of known Pfam domains

I denote the estimated number of iPfam domain pairs in species S with £g. The
formula I apply is
. 0S5 Vg

Tg=xs" 75—

P . s (2.1)

This means I scale the observed number of iPfam domain pairs to cover all observed

interactions. I then use the relative proteome coverage to estimate the total number
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Table 2.5: Parameters for the prediction of the number of interacting domain pairs
in nature. Prediction results are shown in bold font.

Species xs* Ogt 0s° g Pg© igf £gY it
E. coli 952 7185 960 4346 2054 15075 2070 65234
S. cerevisiae 949 45804 2524 5834 5374 18696 2119 79027
C. elegans 205 5403 275 23491 3110 30422 2612 104324

D. melanogaster 328 31137 1002 23693 8564 28198 2777 90952
H. sapiens 1183 36040 5521 54035 10055 41499 3476 106936

% The number of ¢Pfam domain pairs observed in species S

b The total number of observed interactions in species S

¢ The number of observed interactions in species S that contain an iPfam domain pair
4 The proteome size for species S

¢ The number of proteins from species S that are seen in an interaction screen

f The predicted total number of {Pfam domain pairs in species S

9 The number of Pfam domains observed in all protein of species S

h The estimated total number of iPfam domains in all species

of iPfam domain pairs in all proteins. Finally, I follow the argument of Aloy and
Russell that the number of Pfam families seen in species S indicates the fraction of
the protein universe represented in the species. I therefore predict the total number of

iPfam domain pairs T as

=
I
>

nn

(2.2)

o m

Both parameters and results of the calculation are shown in Table 2.5. Depending on
the species the calculations were based on, the estimates for the total number of iPfam

domain pairs range from 65234 to 106936, with an average of 89295.
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2.4 Discussion

2.4.1 Many domain—domain interfaces remain to be resolved

iPfam in its current form covers only a small portion of the interactome of various
species. For S. cerevisiae, the species with the largest fraction of known interactions,
only 5.51% of the protein interactions contain an iPfam domain pair. Even in H. sapi-
ens, where I suspect slight ascertainment bias due to the overrepresentation of disease-
related proteins in both the PDB and protein interaction databases, 85% of protein
interactions do not contain an iPfam domain pair (see Figure 2.3). This reveals the
limits of our current understanding of the molecular structure of protein interactions.

In contrast, Figure 2.3 also shows that a majority of protein interactions contain
at least one pair of Pfam domains. While there is no structural information about
putative interactions between these pairs, this fraction can already be analysed using
statistical methods to identify putative domain interactions (Jothi et al., 2006; Lee
et al., 2006; Riley et al., 2005). This in turn creates new targets for future structural
genomics projects (Bravo and Aloy, 2006). Prioritising these targets according to the
number of covered experimental interactions could increase the coverage of databases
like Pfam quickly.

I thus tried to estimate how many {Pfam domain pairs exists in all interactomes.
My prediction is that there are approximately 90000 interacting domain pairs in na-
ture, almost an order of magnitude more than the 10000 domain interaction types
proposed by Aloy and Russell (2004) whose analysis was based on fewer data. While
all such estimates should be taken with caution, my results imply that only about 5%
of all structural domain pairs are represented in :Pfam. The aforementioned statistical
methods can currently only cover a small fraction of this domain interaction space.
For example, Riley et al. report only 3005 interacting domain pairs which could be

inferred from protein interactions. It thus seems that the majority of domain—domain
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2.4 Discussion

interactions remain unknown.

I maintain, nevertheless, that analysing the structures of more interacting proteins
is worthwhile. Solving protein structures is still a time-consuming task, so a call for
time and resources to be spent on solving domain—domain interaction examples requires
sufficient justification. I find that iPfam domain pairs occur significantly more often
in experimental interactions than would be expected by chance. This requires that at
least a subset of the iPfam domain pairs are reused in several experimental interactions.
Also, there is substantial conservation between the sets of interacting domain pairs in
different species. That means that a structural model for the interactions of numerous
proteins can be derived from a single structure. These models can for example be used

to investigate human disease genes, as I will demonstrate in the next chapter.

2.4.2 1Pfam domain pairs can act as modules

Despite the low overall coverage, iPfam domain pairs are found in more protein in-
teractions than would be expected by chance (see Table 2.2). This statistical overrep-
resentation suggests that certain 1Pfam domain pairs constitute modules of molecular
recognition which are reused in different protein interactions (Aloy and Russell, 2004).
In fact, the characteristic power law distribution seen in Figure 2.4 hints at the fact
that a minority of {Pfam domain pairs cover a large portion of the protein interactions.
I find the most frequent ¢{Pfam domain pairs in eukaryotes to be recognition domains
in signal transduction. This suggests that the most promiscuous domain pairs actually
function as reusable modules of molecular recognition. In a related study, Basu et al.
(2008) noticed that domains that co-occur with a large number of diverse other do-
mains often form protein interactions. They also note that signalling-related domains
are the most frequently co-occuring domains in eukaryotes, which agrees well with my
findings.

Conversely, a large number of iPfam domain pairs are specific to a small number
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of protein interactions. This implies that recognition specificity amongst proteins is
often achieved by maintaining an exclusive interacting domain pair. This could pose a
problem for purely statistical approaches to infer domain interactions that rely on the
frequency with which domain pairs are observed in interacting proteins: if for many
interfaces the real interacting domain pair will only occur in a single pair of proteins,
elucidating the corresponding domain pair will not be detected.

In my analysis, I addressed several potential sources of error that could introduce
a bias. Firstly, the collection of domain pairs in iPfam consists of both inter- and
intrachain interaction pairs. Also, there is a potential for false positive iPfam domain
pairs due to crystal contacts that are mistaken for biological interfaces. I analysed the
distribution of {Pfam domain pair frequency excluding both intrachain interaction- and
potential crystal contact derived iPfam domain pairs, respectively. Neither restriction
affected the basic finding that iPfam domains are enriched in real protein interactions

and that the most common iPfam domain pairs are recognition modules.

2.4.3 iPfam domain pairs are conserved during evolution

iPfam domain pairs are not only recurrent within the protein interaction network of
one species. They also appear to be conserved between species. In a small set of
protein structures from S. cerevisiae, it has been shown that interacting domain pairs
are more conserved than non-interacting domain pairs (Jothi et al., 2006). In another
study, Gandhi et al. (2006) have assessed the conservation of protein interactions by
counting the number of interacting proteins in various species that are orthologous to
each other (often called interologs). They found only 16 interologs that were conserved
in S. cerevisiae, C. elegans, D. melanogaster and H. sapiens.

Conversely, I find that 83 {Pfam domain pairs are conserved in the experimental
interactions of these four eukaryotic species. Even between a prokaryote like E. coli

and the two eukaryotes S. cerevisiae and H. sapiens there are 202 conserved iPfam
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domain pairs. These domains are predominantly related to transcription, translation
and other essential cellular activities, which is in congruence with the findings of Gandhi
et al.. However, conservation at the domain level appears to be stronger than at the
level of orthologous proteins. This not only supports the call for more structures of
domain—domain interactions to be resolved, but also raises the question of whether one
could establish a comprehensive set of domain interactions that were present in the last
universal common ancestor.

Although the low overall iPfam coverage somewhat hampers the interpretation of
my results, it looks as if there has been a diversification of domain interactions from
E. coli to H. sapiens. While more than half of the {Pfam domain pairs in E. coli
have been retained throughout evolution, numerous new ones seem to have emerged in
eukaryotic development. The significant positive correlation in the frequency of iPfam
domain pairs conserved between S. cerevisiae and H. sapiens also suggests that the
binding interfaces are more often kept or even reused rather than lost in the course of

evolution.

62



Chapter 3

Disease mutations in interaction

interfaces

3.1 Introduction

In the previous chapter, I described how iPfam and protein interaction data can be
combined to investigate the conservation of interaction interfaces within and between
species. Now I will focus on the effects of mutations in interaction interfaces, extending
the previously applied methods to the investigation of human disease.

I have mentioned in Chapter 1.2.2 that human genetic diseases with mendelian in-
heritance have been extensively studied since the 1980s. As a result, databases such as
the “Online Mendelian Inheritance In Man database” (OMIM) (Hamosh et al., 2005)
and UniProt (Wu et al., 2006) together contain almost 30000 experimentally verified
mutations in over 3000 genes. Nevertheless, the exact mechanisms by which muta-
tions alter a protein’s function are in many cases poorly understood. Collins et al.
(1997) estimated that 90% of the variation between individuals can be attributed to
single-nucleotide polymorphisms (SNPs). While recent studies (Lu et al., 2007; Redon

et al., 2006) have pointed out the importance of large-scale chromosomal structural
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variations, most of the known disease-related mutations are non-synonymous single nu-
cleotide polymorphisms in the coding regions of a gene (nsSNPs). It has been suggested
that up to 80% of disease-associated nsSNPs destabilize the protein through steric or
electrostatic effects (Wang and Moult, 2001; Yue et al., 2005), while a small subset
of disease-associated SNPs affect splicing and post-translational modifications (Buratti
et al., 2006) or cause stop or nonsense mutations (Savas et al., 2006).

Here, I focus on those diseases that are caused by mutations in protein interaction
interfaces. Ferrer-Costa et al. (2002) compared disease-associated and neutral nsSNPs
in 73 proteins and estimated that 10% of disease-associated nsSNPs may affect the
quaternary structure of the protein, thereby changing protein interactions. However,
compared to the over 3000 genes for which a mutation is known, 73 proteins reflect
only a very limited sample. In recent years, some interaction-related diseases such
as Alzheimer’s and Creutzfeldt-Jacob disease have received much attention (Chiti and
Dobson, 2006; Giorgini and Muchowski, 2005; Ross et al., 2005). These conditions
feature an induced aggregation of proteins, often called amyloidoses. Figure 3.1 outlines
the process of amyloid fibril formation from a native monomer.

Diseases can also be caused by the disruption of protein binding. A typical exam-
ple is Charcot-Marie-Tooth disease, which can be triggered by the loss of interaction
between myelin protein zero monomers which link adjacent membranes of the myelin
sheath (Shy et al., 2004). In other cases, protein binding is a means of allosteric regu-
lation. To give an example, mutations in the binding interface of pantothenate kinase
lead to inherited pantothenate kinase associated neurodegeneration (PKAN): Enzy-
matic function critically relies on dimerisation (Hong et al., 2007). Finally, there is also
the possibility for mutations to change the binding specificity of a protein and thus lead
to new and potentially disruptive interactions. For mutations in the family of human
crystallin genes it has been shown that they alter the affinity for the binding partners

(Fu, 2003). These erroneous interactions lead to congenital cataract.
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3.2 Materials and Methods

While there are numerous topical reports of such interaction related disease, there
is to my knowledge no systematic study which investigates the impact of mutations in
protein interactions on human disease. Extending the approach outlined in Chapter 2,
I describe a method that combines protein structure with experimental protein inter-
action data in order to computationally identify residues which form part of a binding
interface. I apply this algorithm to mutations from OMIM and UniProt, identifying
1428 mutations that are likely to affect protein interactions. Subsequently, I collected
numerous topical reports of changes in protein interaction that result in disease. I
present a list of 119 interaction-related mutations causing 65 different diseases that
was derived manually from the scientific literature. On the basis of these sets I discuss

general properties of interaction-related mutations.

3.2 Materials and Methods

3.2.1 Disease Mutations

Mutation data was collected from UniProt (Wu et al., 2006) and OMIM (Hamosh et al.,
2005). For UniProt, human sequences with variation information were acquired using
SRS (Zdobnov et al., 2002). The analysis was restricted to disease-related single residue
mutations by regular expression matching on the variant description line in UniProt

entries. Only lines in the form of the following example were parsed:

FT  VARIANT 264 264 N ->Y (in CPX).

FT /FTId=VAR_021830.

OMIM (omim.txt.Z, genemap) and Entrez gene mappings (mim2gene, gene2refseq.gz)
were downloaded from the NCBI FTP server (ftp://ftp.ncbi.nih.gov/) as flat files.
All files were acquired in December 2006. Mapping OMIM entries to a reference se-
quence is not trivial. Historically, OMIM does not use a well-defined reference database

for protein sequences. The curators of OMIM rather refer to the co-ordinates provided
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in the original publication for each mutation. Especially old publications frequently
refer to the processed protein product rather than the translated gene, which leads
to difficulties in assigning the correct locations to the annotated mutations. To ac-
complish this, protein sequences for every gene id reference in the OMIM entry were
acquired from NCBI and UniProt through SRS. To identify the correct co-ordinate
system that fits an OMIM entry, removal of combinations of signal peptide and other
post-translationally cleaved regions were considered. If the amino-acid annotations in
the OMIM entries for a gene matched the residues at the respective position in the ref-
erence sequence, that co-ordinate system was used. Figure 3.2 outlines the combination

of scripts and data involved in this process.

3.2.2 :Pfam

iPfam version 20 was employed, containing 3020 interacting domain pairs composed of
2147 individual domains (Finn et al., 2005). A detailed description of iPfam can be

found in the introduction (Section 1.3.1).

3.2.3 Predicting crystal contacts

As described in detail in the Methods for Chapter 2, the NOXclass classifier (Zhu et al.,
2006) was applied to the structures from which iPfam was derived. NOXclass requires
ConSurf conservation scores. The last release of pre-calculated ConSurf data (ConSurf-
HSSP, see Glaser et al. (2005)) has not been updated since March 2005. Hence, only
7588 out of the 9263 structures with two distinct protein chains in iPfam v20 could be
passed through NOXclass. 2592 structures contained a putative crystal contact with

greater than 90% probability.
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OMIM UniProt Entrez Entrez Gene
Protein
|
getz
omim.txt enema all OMIM mim2gene ene2refse
: 9 P UniProts 9 9 a
omim2mutation.pl uniprot2mutation.pl uniprot2protein.pl genbank2protein.pl
mutation gap l protein
Post-Processing
. . 3
assign_protein.pl |
mutation
identify_ref_proteins.pl ]|
Script.pl Executable program

Database Relational database

File ke

Resource Web resource, e.g. FTP

Figure 3.2: Workflow for generation the mutation database from OMIM and UniProt.
Several Perl scripts merge and format the data to be imported into a relational database.
The post-processing scripts then identify the sequence/post-translational modification
combination that best matches the observed mutations.
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3.2.4 Homology Detection and Alignment

Protein sequences were screened for iPfam families using hidden Markov models with
the pfam_scan.pl script which can be downloaded from ftp://ftp.sanger.ac.uk/
pub/databases/Pfam/Tools/. This script searches a collection of sequences in a
FASTA file against Pfam family definitions in the form of HMM files. It uses the
hmmpfam program which is part of the HMMer package (Eddy, 2001). It automat-
ically applies significance thresholds and clan overlap definitions before returning a
tab-delimited output of significant matches of families per sequence in the input file.
Here, a custom HMM library was employed which only contained ¢iPfam HMMs.
For each identified family, matching regions in query protein were aligned to the se-
quences for which an interacting structure is known. Alignments were performed using
hmmalign from the HMMER package. The percentage sequence identity between all
pairs of aligned regions was calculated using the exact (non-heuristic) implementation
in the Bio: :SimpleAlign BioPerl module. A flow-chart outlining the steps involved is

shown in Figure 3.3.

3.2.5 Residue prevalence

Residue prevalence denotes the frequency with which a certain amino-acid occurs at
a given position in a domain when numerous homologous sequence regions are com-
pared. Residue prevalence was extracted directly from the Pfam HMM that matched
a sequence region. Each emitting state in an HMM, i.e. Match and Insert states, con-
tain a distribution of observation probabilities (usually called emission probabilities)
for each amino-acid. This distribution is learned from the training files, involving the
application of elaborate prior models to account for possible biases due to small train-
ing sets. In addition to that, the HMM file also contains a background distribution
(the null-model) which is fixed and represents the global frequency of amino-acids.

Columns in the alignment were mapped back to states in the HMM wvia the RF line
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Figure 3.3: Outline of the computational steps leading to the mapping of interacting
residues to known disease mutations. The central script is called identify_int-res.pl
and takes an HMM library file and two sets of fasta files corresponding to domain re-
gions, one containing the structural seeds and another the target sequences, in this
case disease genes. It then aligns the target sequences to the structural template re-
gions using hmmalign which is part of the HMMER package. For each column in the
resulting multiple sequence alignment, the script then outputs all predicted interact-
ing residues and the originating template residues, as well as the percentage sequence
identity between the target and query sequences.
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in the Stockholm-format output of hmmalign. The HMM Perl library (Schuster-Bockler
et al., 2004) was employed to extract all data from the HMM file. For every column in
the alignment, the log-odds scores 10gs ( Pemission/ Prull—moder) Were calculated and used

as prevalence scores.

3.2.6 Alanine Scanning Database

The ASEdb database (Thorn and Bogan, 2001) containes data from 101 alanine scan-
ning experiments extracted from 74 publications (http://www.asedb.org). 81 mu-
tations extracted from five recent publications were added manually for this analysis
(Grace et al., 2007; James et al., 2007; Logsdon et al., 2004; Walsh and Kossiakoff, 2006;
Williams et al., 2006). In such an alanine scan, residues in the binding interface of a
protein are mutated to alanine by site-directed mutagenesis (Cunningham and Wells,
1989). The difference in binding free energy (AAG) between wild-type (AGp) and
mutated protein (AG 4) describes the contribution of a particular residue at position
i to the total binding free energy: AAG; = AGo — AGa,;. 3010 residue mutations
are recorded in ASEdb. Mutations leading to incorrectly folded proteins or premature
degradation were excluded from ASEdb if this information was available in the source
publication. In order to use hidden Markov models to search for i{Pfam domains, pro-
tein sequences corresponding to the gene name annotated in ASEdb were retrieved
from UniProt. Only proteins for which all amino acid annotations in ASEdb matched
the sequence were included. For 858 residue mutations, a UniProt sequence could be
identified.

109 mutations came from experiments that involved an antibody as the binding
partner. In this investigation, I am interested in evolutionarily conserved interactions
between molecules in living cells. Conversely, the interactions between antibodies and
antigens are not representative for normal biological interactions and were therefore

removed from ASEdb.
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3.2.7 Compiling the curated set of interaction-related mutations

In order to identify known interaction-related mutations, all OMIM “Description” fields
were searched for keywords such as “interaction”, “binding” or “complex”. For all
matching mutations, the available literature was manually evaluated. Subsequently,
PubMed was searched for the same keywords. Lastly, cases that were identified by
the prediction method were added if they were found to be known in the literature.
If a mutation was shown to be causative and described to directly affect a protein
interaction, it was added to the list. Mutations that lead to folding errors were excluded

from the data set. The complete list can be found in Table F in the Appendix.

3.2.8 Statistical Analysis

All statistical calculations were performed in R (R Development Core Team, 2006).
In particular, the test of difference in proportions was performed wvia the R function

prop.test with default settings.

3.2.9 Graphics

Three-dimensional protein images were prepared using VMD (Humphrey et al., 1996)

and rendered with PovRay (http://www.povray.org/).

3.3 Results

3.3.1 Prediction algorithm

In order to identify residues in a protein that are involved in a protein interaction, I
devised a method that combines structural and experimental information. Using the
iPfam (Finn et al., 2005) database of known interacting domains, I first select domain
regions on all target proteins that have a homologous structure including interaction

partners in the PDB (Kouranov et al., 2006) (see Section 3.2.4). I then select positions
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which form residue-to-residue contacts between distinct polypeptide chains in these
structural templates and record the corresponding positions in the target proteins as

potentially interacting residues, see Figure 3.4.

3.3.2 Prediction accuracy

To estimate the accuracy of my prediction approach, I undertook two independent
benchmarking experiments. First, I performed a cross validation experiment where
for each iPfam family, I attempted to identify the correct interacting residues in a
PDB structure not used for prediction. This process was repeated 5 times for different
combinations of training and target sequences. In a second experiment, I used the
ASEdb database of alanine scanning energetics experiments in protein binding (Thorn
and Bogan, 2001) as a “gold-standard” test set (see Section 3.2.6).

In order to apply an accuracy threshold, I needed to choose a scoring function that
discriminates between residues that are really involved and crucial for an interaction
and those that are not. For this purpose, I tested the effect of two different variables

on prediction accuracy:

3.3.2.1 Percent sequence identity with structural template

There is a well known correlation between sequence similarity and structural similarity
(Chothia and Lesk, 1986) which also extends to interacting domains (Aloy et al., 2003).
An interaction is more likely to be conserved and to display similar topology when
sequence similarity is high. For many target proteins, there are several structural
templates that could be applied to predict the interacting residues. I hypothesised that
the sequence similarity as measured by percentage sequence identity could discriminate
between trustworthy and less convincing predictions. Accordingly, percentage sequence

identity was tested as a threshold parameter in the following benchmark experiments.
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3.3.2.2 Prevalence of mutated residues

For all predicted interaction-related residues, I calculated a prevalence score (see Sec-
tion 3.2.5). This score reflects the frequency with which an amino-acid occurs at a
given position in a protein family, relative to a universal background distribution. If I
look at the frequency of prevalence scores over all wild type compared to all mutated
alleles (Figure 3.5), I find that the scores for both wild-type as well as mutated alleles
seem to follow a normal distribution, see Figure 3.5). The exceptionally large number
of original residues with log-odds scores around 3 can be attributed to the fact that
mutations are more likely to be severe in functionally important residues, which in turn
are more likely to be conserved. The mutated residues exhibit markedly smaller average
prevalence scores (2.4 vs. —2.2 than the original residues. Thus, a residue that is found
in the wild type of a protein will usually be more conserved than the residue found
in the mutated version (Ng and Henikoff, 2003). I therefore tested whether residue
prevalence could be used as an indicator of the functional importance of a residue, even

for surface exposed residues like the ones under investigation here.

3.3.2.3 Cross validation results

I performed a random sub-sampling cross validation experiment to determine if my
algorithm is capable of identifying interacting residues in proteins for which a similar
interacting structure is known. The cross-validation procedure included the following

steps:
1. Collect all structures with an interaction containing iPfam family P.
2. If there are less than 5 distinct sequences amongst all structures, skip the family.

3. If possible, check for each distinct chain pair in the structure if it is a potential

crystal contact by applying the NOXclass classifier (see Methods).
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Figure 3.5: Histogram of prevalence of wild-type and mutated residues. The prevalence
score distributions of mutated and wild-type residues are clearly separated. They in-
tersect around 0, suggesting that residues whose frequency is similar to the background
distribution are as common in mutations as in wild-type alleles. Trendlines are added
to delineate that both distributions are approximating a normal distribution.

76



3.3 Results

4. Select one target sequence at random out of the set of all sequences with at least

one interacting structure including family P

5. Apply the interacting residue prediction as described above, using all structures

except the ones including the target sequence.

6. Compare the predicted interacting residues to the residues actually observed in

any structure of domain P in the target sequence.
7. repeat for all {Pfam families. Then concatenate results and calculate performance.

Figure 3.6 shows the resulting receiver operator characteristic (ROC) curves (Fawcett,
2006), a plot of the frequency of true positive over the frequency of false positive predic-
tions for a given algorithm. From left to right, points mark decreasing score thresholds,
until no thresholds are applied any more and both true positive as well as false positive
rates reach 100% in the upper right corner. The different plots reflect combinations of
different thresholds and testing data. Notably, percentage sequence identity between
seed and target sequence is a good discriminator between true and false positive predic-
tions, as seen in Figure 3.6a. Removing crystal contacts and excluding residues involved
in intra-chain interactions also slightly improves prediction accuracy. Residue preva-
lence (Figure 3.6b) performs very similarily. In comparison, a combination of prevalence
and percentage identity where all predictions from seeds with < 30% sequence identity
were removed (Figure 3.6¢) performs significantly worse. This indicates that the most
important step in the prediction algorithm is the assignment of interacting residues
itself, whereas the subsequent filtering of residue according to percentage identity or

residue prevalence has only a small effect on accuracy.

3.3.2.4 ASEdDb results

The cross validation experiments verify that the algorithm can retrieve residues which

are involved in interaction interfaces from homologous sequences. In order to determine
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Figure 3.6: Receiver Operator Characteristic (ROC) curves calculated on cross-
validation results. Each curve is the combined classification result of all predictions
made on the sum of all the individual ¢Pfam families. Bars reflecting standard devia-
tion between repetitions with different training/target sets are shown. Red lines denote
benchmarks on all structures for all ;Pfam families (red). Green lines were calculated
on data excluding chain pairs with > 90% probability of being a crystal contact. For
blue lines, all interacting residues derived from intra-chain interactions were excluded
from the training data in addition to the crystal contacts. (a) Percentage sequence
identity between seed and target sequence as a threshold. (b) Only residue prevalence
as a threshold. (c¢) Mixture of percentage identity and residue prevalence as threshold:
Residues with < 30% identity to the seed sequence were set to minimum prevalence.
ROC curves were computed using the ROCr package for R (Sing et al., 2005).
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the impact of a mutation in a protein interaction interface, I also want to assess how
well I can predict the functional importance of individual interacting residues.

I assessed how well my method could predict residues with a large change in AG
upon mutation as recorded in the ASEdb database (see Methods). Randles et al. (2006)
showed that for two model proteins, AAG was correlated with the severity of disease.
They show that even changes < 2 kcal/mol could cause disruption of protein binding.
Here, I defined a residue as correctly identified (true positive) if AAG > 2.5kcal/mol.
This threshold is also used in another recent publication (Ofran and Rost, 2007).
Residues below this threshold were considered neutral (false positive). This criterion
might in itself cause some “false-negatives”, i.e. some residues might be crucial for the
function of the protein despite a measured AAG less than 2.5kcal /mol, but I considered
a conservative threshold to be preferable.

Figure 3.7 shows ROC curves for the ASEdb benchmark. The green and red lines
represent the performance of my algorithm using either percentage sequence identity
(green) or residue prevalence (red) to score the predictions. With both scoring methods,
my method retrieves more true positives than would be expected by chance. The
prevalence threshold however is far superior in distinguishing true from false positives.
At a false positive rate of ~ 20%, I can achieve a true positive rate of almost 60%.
These benchmark results underline that the algorithm is able to identify interaction
disruptive mutations with reasonable confidence.

I again tested a combination of the two measures, represented by a blue line in
Figure 3.7. In this case, only structural templates with at lease 30% sequence of
the interacting domain were selected before applying the prevalence threshold. The
performance improves slightly in the low false-positive region, yielding a true positive
rate of 40% at a false positive rate of only 7%. More importantly, a minimum sequence
identity threshold increases the confidence in the structural similarity between seed

and target proteins. Hence, I decided on a residue prevalence threshold of > 2 in
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Figure 3.7: Receiver Operator Characteristic (ROC) curves calculated on a set of ala-
nine scanning experiments. The red line represents the performance of my algorithm
when changing only the residue prevalence threshold, applying no percentage iden-
tity cutoff. The green line shows the performance using only percentage identity as a
threshold. The blue line reflects performance using prevalence as threshold after ap-
plying a 30% sequence identity cutoff. Confidence intervals where calculated using the
Statistics::ROC Perl module (Kestler, 2001).
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combination with a 30% sequence identity cutoff for all subsequent analyses.

3.3.3 Application to Disease Mutations

I applied the prediction algorithm as described above to all single-residue disease mu-
tations extracted from OMIM and UniProt (see Methods). In the case of disease
mutations, the disruptive nature of a residue mutation is already known. It is unclear,
however, whether an interaction is in fact taking place and is likely to be mediated by
the domain in question. Mutations were therefore only reported if the disease asso-
ciated protein has a close homolog which has been proven experimentally to interact
with a protein that contains the same binding partner domain as seen in the PDB
structure the interaction was modelled from: Target proteins had to have a homolo-
gous sequence (BLAST e-value of less than 107%) in one of five major repositories for
protein interaction information (IntAct (Kerrien et al., 2007), BioGRID (Breitkreutz
et al., 2008), MPact (Guldener et al., 2006) or HPRD (Mishra et al., 2006)) and DIP
(Salwinski et al., 2004) 1. Subsequently, target proteins were excluded if no homolo-
gous experimental interaction involved both interacting {Pfam domains that were seen
in the structural template. For example, [OMIM: +264900.0011] is a Ser576Arg muta-
tion of the human coagulation factor IX (PTA). The residue is part of a Trypsin domain
and seen to interact with Ecotin in several structures [e.g. PDB: 1xx9]. However, the
interaction between PTA and Ecotin is not yet recorded in any interaction database,
therefore the mutation cannot be included in my predictions.

Using these criteria, 1428 mutations from 264 proteins were predicted to be interaction-
related (see Figure 3.8). The full list is attached in Appendix G. In total, I collected
25322 mutations from OMIM and UniProt. This means that approximately 5.6% of all
mutations could be linked to a protein interaction.

Amongst these mutations, 454 mapped to a structure that exhibits an interac-

'MINT was temporarily unavailable when the analysis was performed and could thus not be in-
cluded.
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Figure 3.8: Schematic outline of data integration for the prediction of interacting
residues. Mutations from OMIM and UniProt for which a residue in a homologous
structure is involved in an interaction are selected. This set is restricted further by
searching for homologous proteins with known interactions, taken from a range of pro-
tein interaction databases. I require that the the homologous interacting proteins con-
tain the same pair of Pfam domains that was observed in the structural template. This
results in a set of 1428 interaction related mutations.
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tion between different proteins (hetero-interaction), while 1094 mutations mapped to
a structure with an interaction between two identical proteins (homo-interaction).
This means that 120 mutations are found in structures of both homo- and hetero-
interactions. The large proportion of homo-interactions can be explained by the over-
representation of homo-interactions in the structural templates set: 70% of all distinct
protein pairs in ¢{Pfam are homo-interactions, which is in accordance with recent find-
ings that homo-interactions are more common than hetero-interactions (Ispolatov et al.,
2005).

Finally, I test if some of the predictions are based on structures which are likely to
be a crystal contact. 309 interacting residues were predicted from a chain pair with
NOXclass P-values > 0.9, slightly reducing the fraction of interaction related mutations

to 4.4%.

3.3.4 Properties of mutations in interaction interfaces

Below, I explore differences between interaction-related mutations and non-interaction-
related mutations. I focus on the mechanism of the mutation, the mode of inheritance
and residue composition. For most of the 1428 mutations from the automatically
generated set, no information about their mode of inheritance or functional mechanism
was instantly available. I therefore randomly sampled 100 mutations out of those 1428

and conducted a manual search of the literature in order to annotate their properties.

3.3.4.1 Curated set of interaction-related mutations

In addition to the automatically derived data, I collected 119 mutations in 65 distinct
diseases from the scientific literature for which there is evidence that they change the
interactions of the protein they occur in (see Methods). I call this the curated set of
interaction-related mutations (see Appendix F). To my knowledge, it represents the

biggest dedicated collection of high confidence interaction-related mutations to date.
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3.3.4.2 Classification according to function

I suggest a classification that groups mutations according to their effects into loss of
function (LOF) and gain of function (GOF). Below this broad distinction, the GOF
mutations can be further divided into two groups: Pathological aggregation and aber-
rant recognition. Similarly, LOF mutations can be split into one class that disrupts
obligate interactions between protein subunits and another class which interferes with
transient interactions.

From the curated set of interaction-related mutations, 95 mutations result in LOF,
17 in GOF, four mutations were reported to change the interaction preference of the
protein and three could not be determined. The class of GOF mutations that result
in protein aggregation contains 12 cases, comprising amyloid diseases like Alzheimer
or Creutzfeldt-Jacob, but also for example sickle cell anaemia [OMIM: +141900.0243].
Five cases result in aberrant recognition, for example a Gly233Val mutation in glyco-
protein Ib that leads to von Willebrand disease [OMIM: *606672.0003] by increasing
the affinity for von Willebrand factor.

Amongst the LOF mutations, 61 affect transient interactions and 34 affect obligate
interactions. The latter usually render proteins dysfunctional, for example in the case
of lipoamide dehydrogenase deficiency caused by impaired dimerization (Shany et al.,
1999). LOF mutations in transient interactions cause changes in localization or trans-
mission of information, exemplified by a mutation in the BRCA2 gene that predisposes
women to early onset breast cancer: a Tyr42Cys mutation in BRCAZ2 inhibits the inter-
action of BRCA2 with replication protein A (RPA), a protein essential for DNA repair,
replication and recombination (Wong et al., 2003). Lack of this interaction inhibits
the recruitment of double stranded break repair proteins and eventually leads to an

accumulation of carcinogenic DNA changes.
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3.3.4.3 Mode of inheritance

I investigated the mode of inheritance for all mutations in the curated set, if information
was available in the literature. All GOF mutations showed dominant inheritance (the
two hemoglobin mutations exhibit incomplete dominance). Out of 61 LOF mutations
for which inheritance information was available, 24 were autosomal dominant and 37
were recessive. Jimenez-Sanchez et al. (2001) studied the mode of inheritance of human
disease genes. According to them, mutations in enzymes are predominantly recessive,
while mutations in receptors, transcription factors and structural proteins are often
dominant. Overall, they find a ratio of 188 : 335 of dominant to recessive diseases. In
my data set, the ratio of dominant to recessive mutations is 41 : 37'. This enrichment
for dominant mutations, compared to Jimenez-Sanchez et al., is statistically significant,
as determined by a two-sided test for equality of proportions (P-value < 0.014). In the
100 randomly chosen mutations from the predicted set, I found a ratio of dominant to
recessive mutations of 38 : 41, which is very similar to the ratio observed in the curated
set (P-value > 0.68, i.e. no significant difference between the predicted and the curated

set).

3.3.4.4 Residue frequency

The residue frequency of the predicted interaction-related mutations was compared to
the frequencies of residues over all mutation in OMIM and UniProt (Vitkup et al.,
2003). I find that the frequency distribution of wild-type residues in interaction-related
mutations is mostly similar to the overall mutational spectrum, with the exceptions of
a significant enrichment in Gly and, to a lesser extent, a higher frequency of Trp and
Gln and a reduced frequency of Ala, Ser and Val (see Figure 3.9). The enrichment in

Gly can not be readily explained by the composition of residues on the protein surface

! Jimenez-Sanchez et al. counted diseases, not individual mutations. In terms of diseases, I observe
a ratio of 31 : 29
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or in interaction interfaces (Chakrabarti and Janin, 2002; Ofran and Rost, 2003) but
might be due to the disruptive nature of the residues Gly is most likely to mutate to,

namely Arg, Ser and Asp (Vitkup et al., 2003).

3.3.5 Examples of putative interaction-related mutations

In the following section I describe four diseases identified by my method which appear

likely to be related to changes in protein interaction.

3.3.6 2-Methyl-3-Hydroxybutyryl-CoA Dehydrogenase Deficiency [OMIM:
#300438]

Ofman et al. (2003) identified a Leu to Val mutation at position 122 in the short-
chain 3-hydroxyacyl-CoA dehydrogenase (HADH2) that causes a defect in isoleucine
metabolism. The clinical effect was psychomotor retardation and non-progressive loss
of mental and motor skills. Ofman et al. investigated the molecular effects of the
Leul22Val mutation. Immunoblotting showed almost no reduction in the amount of
enzyme, but enzyme activity was greatly reduced.

Powell et al. (2000) resolved the crystal structure of the homologous protein for
HADH?2 in rat [PDB: 1e3s, le3w, le6w], see Figure 3.10. The rat protein shares 84%
sequence identity with the human homolog. Like other members of the short-chain
dehydrogenase (SDR) family, HADH2 forms a homotetramer. The mutated Leul22 is
part of the aD helix adjacent to the NAD binding pocket, as shown in Figure 3.10.
NAD binding does not seem to affect the conformation of the aD helix, according to the
three crystal structures of the complex at different stages of the enzymatic reaction.
Kissinger et al. (2004) crystallised the human form of HADH2. Their investigation
focused on the effect of HADH2 on Alzheimer’s disease, specifically on the binding of
HADH2 to amyloid § precursor protein. They did not mention the effect of mutations

in the dimerization domain on protein function. The human structure shows the same
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characteristics as the previously described rat structure.

The Leul22 residue forms part of the obligate interaction interface between the
two monomeric subunits. Each Leul22 forms non-covalent bonds with Phel14, Tle118,
Alal70 and Leul22 from the opposite chain. The amino acids change from leucine
to valine does not change the physico-chemical properties of the residue significantly.
In fact, the conservation scores show that the two amino acids are similarly frequent
at position 122 (Leu: 1.64, Val: 1.54). The likely reason for the severe effect of this
mutation is a steric clash of the valine sidechain with serine at position 171 of the same
chain. Even a small conformational change will affect the residue contacts Leul22 is

involved in.

3.3.6.1 Griscelli syndrome, type 2 [OMIM: #607624]

Griscelli syndrome is a disease which features abnormal skin and hair pigmentation as
well as, in some cases, immunodeficiency due to a lack of gammaglobulin and insuf-
ficient lymphocyte stimulation. Without bone marrow transplantation, the disease is
usually fatal within the first years of life (Klein et al., 1994). The type 2 form of Griscelli
syndrome usually maps to the Rab-27A gene (Menasche et al., 2000). The RAS do-
main of Rab-27A shares 46.8% sequence identity with the same domain in Ras-related
protein Rab-3A from Rattus norvegicus. The crystal structure of Rab-3A interacting
with Rabphilin-3A was solved by Ostermeier and Brunger (1999) [PDB: 1ZBD], see
Figure 3.11. I found that a Trp73Gly mutation in Rab-27A affects a residue that is
both highly conserved (Scores of 5.62 for Trp and —1.84 for Gly) and in the center of the
interaction interface. There is strong evidence that Rab-27A interacts with Myophillin
(Strom et al., 2002). For these reasons the Trp73Gly mutation seems likely to affect

vesicle transport by reducing affinity of Rab-27A to Myophilin.
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Figure 3.10: Structure of Rat brain 3-hydroxyacyl-CoA dehydrogenase with bound
NADH [PDB: 1e3s]. The molecule is composed of 4 monomers, shown as different
coloured ribbons. The Leul22 residue is highlighted in red with its binding partners
shown in green. As Leul22 also interacts with the Leul22 of the other bound monomer,
it is intuitive to assume that a mutation at this residue will affect binding.
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Figure 3.11: The small G protein Rab3A with bound GTP interacting with the effector
domain of rabphilin-3A. The residue corresponding to the mutated Trp73 from human
RAB27A, is highlighted in red, while the two residues in contact with it are coloured
green.
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3.3 Results

3.3.6.2 ACTH deficiency [OMIM: #201400]

Adrenocorticotropin hormone (ACTH) deficiency is characterized by a marked decrease
of the pituitary hormone ACTH and other steroids. Its symptoms include amongst
others weight loss, anorexia and low blood pressure. Lamolet et al. (2001) identified a
Ser128Phe mutation in the T-box transcription factor TBX19 that leads to a dominant
loss of function phenotype [UniProt: 060806, VAR_018387]. The crystal structure of
the homologous T-Box domain from the Xenopus laevis Brachyury transcription factor
(Miiller and Herrmann, 1997) (81% sequence identity to the human TBX19 protein;
[PDB: 1XBR]) shows that this particular residue is at the core of the dimerization
interface, see Figure 3.12. The mutation substitutes a small polar with a large aromatic
side-chain. Accordingly, the residue features strong conservation, while Phe is very rare
at this position (Scores of 3.31 and —1.78 for Ser and Phe respectively). Pulichino et al.
(2003) report that the Ser128Phe mutation shows virtually no DNA binding affinity. I
predict that this loss of affinity is due to a drop in binding free energy between monomer

and DNA, as compared to the dimer.

3.3.6.3 Baller-Gerold Syndrome [OMIM: #218600]

Baller-Gerold syndrome is a rare congenital disease characterized by distinctive mal-
formations of the skull and facial area as well as bones of the forearms and hands. The
disease phenotypically overlaps with other disorders like Rothmund-Thomson syndrome
or Saethre-Chotzen syndrome. Seto et al. (2001) reported a case of Baller-Gerold syn-
drome that also included features of Saethre-Chotzen syndrome. They identified an Ile
to Val substitution at position 156 of the H-Twist protein as the causative mutation.
Experimental studies using yeast-two-hybrid have reported the loss of H-Twist/FE12
dimerization ability as a possible cause of Saethre-Chotzen syndrome (El Ghouzzi et al.,
2000).

The basic helix-loop-helix domain of H-Twist shares 45% sequence identity with

91
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Figure 3.12: The crystal structure of a T-domain from Xenopus laevis bound to DNA.
The residues highlighted in red are the mutated Ser128, with green residues representing
the contact residues in the partner protein. Blue dashed lines show residue contacts.
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the c-Myc transcription factor that was crystalized by Nair and Burley (2003), see
Figure 3.13. The structure shows a dimer of ¢-Myc and Max bound to DNA. The
c-Myc/Max dimerization is essential for the transcriptional regulation. The Ile156Val
mutation is located at the core of the interaction interface. Although the Ile156Val
mutation constitutes a biochemically similar substitution, reflected by the relatively
high frequency of Val at this position in other helix-loop-helix proteins (prevalence
scores 2.76 for Ile and 1.23 for Val), the change in volume could slightly change the
interaction propensity. Correspondingly, the Ile156Val mutation causes a mild form of

Baller-Gerold Syndrome.

Figure 3.13: Both Myc-c and Max form a basic helix-loop-helix motif. They dimerize
mainly through their extended helix II regions. The residue that corresponds to Ile156
in H-Twist is [1e550, shown in red. The residue sits at a key position of the interface,
forming bonds with seven residues in Max, shown in green.
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3.4 Discussion

3.4.1 Accuracy of interacting residue prediction

The wealth of information provided by protein structures of interacting proteins can
be applied to evolutionary related sequences (Aloy and Russell, 2002). I developed
an algorithm that identifies structurally corresponding residues in sequences that con-
tain a domain which is homologous to a known structural interaction. Two distinct
benchmarks provide evidence that the algorithm can identify interacting residues with
reasonable accuracy. A cross-validation experiment showed that percentage identity
between the predictions source and the target sequence is the best determinant for
prediction quality. This finding fits the relationship between sequence similarity and
similarity of interaction geometry described by Aloy et al. (2003).

A benchmark against a database of alanine scanning energetics experiments (ASEdb)
reveals that the residue prevalence threshold is particularly suitable for identifying
residues with a large change of binding energy upon mutation. The percentage identity
threshold does not perform as favourably in the ASEdb benchmark as in the cross-
validation experiments. It has to be considered in this context that alanine scanning
experiments are often guided by homologous structures in order to restrict the number
of mutated residues. Therefore, the true positive to true negative ratio decreases and
the performance decreases. Conversely, the residue prevalence score improves because
fewer false positives can be detected. As a consequence, I decided to employ a threshold
that combines percentage identity and residue prevalence. In this way, any prediction
should have be sufficiently likely to represent a real interaction, while the results are

also enriched for structurally important residues.
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3.4.2 Disease causing interacting residues occur frequently

Protein interactions can be the root cause of genetic pathologies, yet their significance
for health and disease remained to be quantified. When I apply the prediction algorithm
to all disease causing mutations from OMIM and UniProt, I retrieve a set of 1428
interaction-related mutations. This suggests that approximately 5% of mutations could
have an effect on protein interactions. On the one hand, low structural coverage of
iPfam domains on protein interactions described in Chapter 2 could mean that this
is a large underestimate. On the other hand, there are a number of potentially false
positive predictions due to crystal packing which could result in an overestimation of
the importance of interaction related mutations. Taking into account previous work on
this matter (Ferrer-Costa et al., 2002), I believe that an estimated fraction of 4 to 5%
of interaction related mutations is well justified given the presented observations.

My curated list of interaction-related diseases further underlines that a variety of
proteins are susceptible to mutations that alter protein interaction. The list provides
examples to categorise mutations according to their functional and molecular proper-
ties. Namely, many interaction related mutations can lead to a gain of function, usually
by losing the interface for an inhibitory protein or by aggregating uncontrollably and
causing various forms of amyloidosis. Analysis of the amino-acid spectrum of residues in
interaction-related diseases reveals marginal deviations from the distribution of amino-
acids in all mutations. These properties could in the future be combined with other
features to improve the accuracy of prediction algorithms.

Further mutagenesis and protein interaction experiments on selected examples from
my predicted set could shed new light on the molecular mechanisms behind human
genetic diseases. In turn, knowledge of more cases of interaction-related disease will

help to improve the accuracy of prediction algorithms.
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3.4.3 Enrichment for dominant mutations

In comparison to non-interaction related mutations, I observed an enrichment for dom-
inant or co-dominant mutations in both the curated as well as in the predicted set. In
GOF mutations, dominant inheritance is not surprising, but the high proportion (39%)
of dominant LOF mutations is noteworthy. Dominant inheritance in LOF mutations
can be explained by either haploinsufficency or dominant negative effects (Veitia, 2002).

Inhibiting one of the two alleles of a gene is likely to reduce the overall dosage level
of functional protein. If this leads to a visible phenotype, the effect would be labelled
as haploinsufficiency, i.e. a phenotype is caused by a shortage of functional protein.

Conversely, “dominant negative” refers to cases where a mutated allele actively
inhibits other proteins which are otherwise functional. This effect is also often referred
to as interallelic complementation in cases were the combination of two slightly differing
alleles of a gene causes a change in the overall function of the protein.

For example, mutations of phenylalanine hydroxylase can lead to phenylketonuria
(Leandro et al., 2006) by inhibiting necessary conformational changes between monomers.
In such cases where the protein function relies on the dynamic interactions between sub-
units, a mutation in one of the binding interfaces can actively inhibit the function of
the other bound members of the complex. From my results, it is not clear whether
hapoinsufficiency or interallelic complementation are the driving force behind the en-
richment for dominant mutations amongst mutations in interaction interfaces. Detailed
experimental analysis of dominant LOF mutations could reveal the relative importance
of dominant negative effects compared to haploinsufficency.

In summary, however, the observation remains that interaction related mutations
are more often dominant than expected by chance. Previous results also confirm that
there is a relationship between dosage sensitivity and the protein interactions (Papp
et al., 2003). In the next chapter, I will further investigate this issue using a more

global, genome-wide approach.
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Chapter 4

Protein complexes, dosage
sensitivity and copy-number

variations

4.1 Introduction

In the previous chapter, I described the bias towards dominant mutations amongst
mutations in protein interaction interfaces. As I mentioned there, dominance can be
explained by haploinsufficiency or dominant negative effects. In either case, a 0.5 fold
change in gene dosage of the functional (or mis-functional) protein causes a visible phe-
notype. It has been estimated that at least 20% of the entries in the OMIM database
cause a phenotype as a heterozygous mutation (Kondrashov and Koonin, 2004). In con-
trast, the popular hypothesis explaining gene dominance formulated by Wright (1934)
states that dominance is caused by “bottlenecks” in metabolic pathways and should
generally be rare (Orr, 1991). Apparently, there are far more proteins that are dosage

sensitive than can be explained by perturbations of biochemical pathways alone.
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Papp et al. (2003) attempted to explain a similar observation made by Steinmetz
et al. (2002) in S. cerevisiae. The latter had systematically created heterozygous dele-
tion mutants for a range of genes orthologous to human disease-related genes. Papp
et al. found that many haploinsufficient genes were members of protein complexes.
They postulated that multi-protein complexes need to maintain the stoichiometry of
their subunits to perform their biological function (the balance hypothesis). If this bal-
ance is disturbed, the function of the entire complex is disrupted. This conveniently
explains the enrichment of haploinsufficiency amongst members of protein complexes.
A range of other experiments also lend support to the balance hypothesis. It has been
noted that expression levels of interacting proteins are highly co-ordinated (Jansen
et al., 2002), hinting that proportionality of subunit abundances is important. It has
also been argued that tolerance towards polyploidization, compared to the sometimes
severe effects of smaller duplications can be explained by conservation of stoichiometry
(Aury et al., 2006). The proposition in this case is that single gene duplications or dele-
tions will cause a stronger negative fitness effect than copying all components of the
complex, maintaining stoichiometric balance. Finally, it has been noted that highly-
interacting proteins in higher organisms belong to small gene families (Yang et al.,
2003), which could be conveniently explained by a bias against duplication acting on
multi-protein complexes.

There have been, however, several conflicting reports. Deutschbauer et al. (2005)
performed a heterozygous deletion screen in S. cerevisiae that incorporated all open
reading frames (ORFs) available for cloning at the time. They reported only 3% of
genes to be haploinsufficient. While these genes were enriched for members of protein
complexes, their subsequent overexpression did not cause a similar phenotype as their
deletion. Unfortunately, it is not clear from the publication how the well described
whole genome duplication that is characteristic for the S. cerevisiae lineage (Kellis

et al., 2004) affects these results. Subsequently, Sopko et al. (2006) systematically

98



4.1 Introduction

induced gene overexpression for all ORFs in S. cerevisiae. The genes found to be
toxic when overexpressed did not overlap with the haploinsufficient genes described by
Deutschbauer et al., and were not significantly enriched for protein complexes. This is
in conflict with the dosage hypothesis in so far as it shows that deletion and duplication
of the same gene do not usually lead to loss-of-function of the entire complex, as was
initially suggested by Papp et al.. One important issue that has to be noted about
the study by Sopko et al. is related to their experimental set-up. To assure that
overexpression of the gene is controllable, they used an inducible promoter. They
found that duplication sensitive genes were highly enriched for cell cycle proteins. A
likely explanation for this bias is that the untimely expression of the proteins due to the
non-physiological promoter is responsible for the negative fitness effect, rather than the
actual dosage. The second important fact to consider is that single-cellular eukaryotes
such as S. cerevisiae which are able to sustain both a haploid and diploid life-cycle, are
likely to have different regulatory and dosage-compensatory mechanisms than multi-
cellular organisms. One hint towards this difference is the increasing constraint on the
number of paralogs of highly-interacting proteins in higher organisms, as described by
Yang et al. (2003).

In light of the above points, Birchler et al. (2007) argued for a more elaborate
concept to explain dosage sensitivity that they refer to as regulatory balance. Experi-
ments in plants and later in D. melanogaster showed that duplications or deletions of
some chromosomal regions cause no change in gene expression (Birchler, 1981; Devlin
et al., 1982), while variations of other genes causes up- or downregulation of various
distal genes (Birchler et al., 2001). One example referred to by Birchler et al. is D.
melanogaster white eye colour controlled by the single gene white. Over the years, du-
plications of some and deletions of other genes (47 in total so far) have all been found
to affect the expression of white. The majority of modulators of white act as negative

regulators, i.e. a duplication of the regulator leads to lower expression of white. Birchler
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et al. suggest that these regulators form a complex regulatory network where informa-
tion transfer happens mostly through protein interactions, see for example Figure 4.1.

Considering these findings, it appears that there are multiple possible causes of
dosage sensitivity, whereby deletion and duplication of the same gene do not necessarily

lead to the same outcome:

e A limited number of enzymes are sensitive to low dosage because they are the

rate limiting factor in a biochemical reaction.

e A range of proteins are likely to cause non-physiological binding or even agglomer-
ation as a result of overexpression, as exemplified by susceptibility to early-onset
Alzheimer’s disease as a result of duplication of the APP locus (Lee and Lupski,

2006).

e Haploinsufficiency as well as duplication sensitivity are likely to affect the reg-
ulators controlling the balanced expression of a range of other proteins. As I

described above, these proteins are in fact often complexes.

Dosage sensitivity and the concept of regulatory balance have important implica-
tions for gene duplicability and thus for the understanding of gene evolution. The widely
accepted paradigm states that gene duplications can either create a non-functional pseu-
dogene (nonfunctionalization) or relax selection constraints on one of the paralogous
sequences, allowing it to diverge into related (subfunctionalization) or, in rare cases,
new functions (neofunctionalization) (Prince and Pickett, 2002). Historically, it was as-
sumed in this context that most genes can be duplicated without substantial negative
fitness effects. It has been shown, however, that there are distinct differences between
genes as to their duplicability (Veitia, 2005; Yang et al., 2003) and that duplicated
genes are in many cases still under negative selection (Kondrashov et al., 2002; Lynch
and Conery, 2000). How exactly these pressures on gene evolution are linked to dosage

sensitivity and thereby to protein complexes is the focus of this chapter.
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It has been estimated that at least 2% of the human genome is affected by struc-
tural variations (Cooper et al., 2007), such as inversions, small insertions/deletions or
large copy-number variants (CNVs) (Conrad and Hurles, 2007). These sometimes large
rearrangements may be seen as an important driving force of genome evolution. As a
consequence, theories on gene evolution have to be re-evaluated in the context of such
rapid and widespread large scale variation. Previous studies have already shown that
the locations of CNVs and the function of genes inside CNV regions are biased (Cooper
et al., 2007; Nguyen et al., 2006). CNVs are found more often in pericentromeric and
subtelomeric regions, they overlap significantly with regions of segmental duplications
and are more gene dense than the average for the genome. Genes within CNV regions
are frequently involved in sensory perception and immune system activity, to a lesser
extent in cell adhesion and in a number of cases signal transduction (Cooper et al.,
2007). Two theories have been postulated to explain this non-random distribution of
CNVs. The mutational hypothesis states that most CNVs are in effect phenotypically
neutral, but are carried by flanking genomic elements like ALU repeats which cause the
bias in CNV distribution. The opposing theory could be called the selection hypothesis,
stating that negative and positive selection shape the distribution of CNVs through the
functional elements they encompass.

In this work, I use gene expression and copy-number variation data to study the
relationship between protein complexes, dosage sensitivity and recent gene evolution in
the human population. Firstly, I show that changes in gene copy number have a weak
but measurable effect on gene expression. Next, I describe how genes involved in pro-
tein complexes are enriched for known dosage sensitive genes and exhibit substantially
lower expressional noise than other genes. Consequentially, I observe that dosage sen-
sitive genes tend to be underrepresented in CNV regions. Given these functional and
positional biases on genes in CNV regions, I hypothesise that the regulatory balance

of dosage sensitive genes exerts negative selective pressure on chromosomal structural
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variations.

4.2 Methods

A wide range of diverse sources of data were combined in order to perform the analyses
in this chapter. In the following paragraphs, I describe the provenance and composition
of these different datasets. When no web URL is given, the data was extracted from

supplementary materials files provided with the referenced publication.

4.2.1 Gene identifiers

A common problem when combining several independent data sets is inconsistencies
in naming conventions. To assure that all gene identifiers were consistent, all data
sets were mapped to the most recent HUGO Gene Nomenclature Committee (HGNC)
identifiers in March 2008 (Bruford et al., 2008). In case a gene name did not correspond
to a primary gene symbol in HGNC, the HGNC previous symbols column was searched
for an exact match, followed by a search in aliases. If no exact match could be found,

the gene was removed from the set and not included in any further analysis.

4.2.2 Mammalian protein complexes

The CORUM database (Ruepp et al., 2008) is a manually annotated resource, contain-
ing, at the time of writing, 1679 protein complexes from 10 mammalian species, with a
strong focus on human. Entries are based on individual publications, not including high-
throughput experiments. Table 4.1 lists Gene Ontology annotations for which CORUM
deviates significantly from the rest of the genome. CORUM is enriched for nuclear pro-
teins and contains a large number of transcriptional regulators. Conversely, extracel-
lular and membrane proteins are underrepresented in the dataset. Figure 4.2 visually

conveys an idea of the size distribution of this network of human complexes, as well
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as reflecting its highly interconnected nature. Relationships for 2080 proteins in 1109
human complexes were downloaded from http://mips.gsf.de/genre/proj/corum on
the 29th January 2008. 2028 proteins could be mapped to 1975 HGNC identifiers.

Genomic coordinates for these gene identifiers were retrieved from Ensembl (v49)

(http://www.ensembl.org) via BioMart.

Figure 4.2: A network representation of the CORUM database. Nodes represent com-
plexes and are ordered by number of unique components (shown as number next to
groups). Edges denote shared components between complexes. The number of shared
components is reflected in the colour (from yellow (few) to red (many) shared com-
ponents) as well as in the line width. The large, highly overlapping complexes in the
first row are mainly modules of the ribosome (6 out of 12) and spliceosome (3 out of
12). Other large complexes include RNA polymerase, respiratory chain complex and
the proteasome. The group of complexes with only one member are homo-multimers.
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Table 4.1: Composition of the CORUM database. Underrepresented terms are set in
bold font. P-Values were calculated using Fisher’s Exact Test, see Methods.

GO-Slim Term Number of P-Value
CORUM genes

protein binding 1348 1.78 - 107210

nucleus 1058 3.73- 107207

macromolecule metabolic pro- 1321 1.59 - 107299

cess

nucleobase, nucleoside, nu- 852 4.52.107148

cleotide and nucleic acid
metabolic process

nucleic acid binding 708 5.73-10786
cytoplasm 933 2.72-10762
regulation of biological pro- 722 1.24-107°!
cess

chromosome 168 7.95 10746
structural molecule activity 227 5.51-10738
transcription regulator activ- 301 1.63-1073Y
ity

biosynthetic process 279 5.37-10726
helicase activity 53 1.14-10715
cell death 146 1.12-10712
protein transporter activity 45 3.32.107 11
response to stimulus 378 3.42-10798
translation regulator activity 34 2.29-10796
cell differentiation 232 1.54-107%°
extracellular region 77 1.94-10796
membrane 532 3.35-10°1°

4.2.3 Interaction and complex data

As an alternative to the manually compiled set of complexes in CORUM, an inde-
pendent set of putative complexes was computationally derived from high-throughput
protein interaction experiments by identifying highly connected clusters of proteins in
an extended network of human protein interactions (Krogan et al., 2006). Interaction
data for three recent high-throughput studies (Ewing et al., 2007; Rual et al., 2005;

Stelzl et al., 2005) were retrieved from IntAct (Kerrien et al., 2007) and subsequently
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merged into a single network. As for CORUM, UniProt identifiers were mapped to
HGNC identifiers to ensure consistency. This was achieved by extracting the HGNC
annotations in the “cross-references” section of the UniProt flat-files. Clustering analy-
sis was performed using the Markov clustering tool mcl (van Dongen, 2000) (parameter
I = 3.0). The “alternative complex set” was defined as containing all clusters with

more than three components (2325 unique genes).

4.2.4 Set of dosage sensitive genes

Dosage sensitive genes were extracted from the annotations of the Baylor College of
Medicine Medical Genetics Laboratory 105k diagnostic Chromosomal Microarray (ver-
sion 7), available at http://www.bcm.edu/geneticlabs/cma/. This post-natal screen-
ing tool comprises a manually compiled set of 146 genes (after mapping to HGNC)
known to be sensitive to chromosomal imbalances (Cheung et al., 2005). A complete
list of the genes and the associated diseases can be found in Table H.1.

A separate set of genes overexpressed in cancer tissue was also used (Axelsen et al.,
2007). The dataset contains 2362 genes which are at least 4-fold overexpressed in brain
(astrocytoma and glioblastoma), breast, colon, endometrium, kidney, liver, lung, ovary,

prostate, skin, and thyroid cancers compared to healthy tissue of the same type.

4.2.5 Expression profiles

Gene expression can be measured on a large scale using expression arrays. Stranger
et al. (2007) performed gene expression analysis on Eppstein-Barr virus transformed
lymphoblast cell lines from each of the HapMap individuals. Gene expression was
quantified using high-throughput human whole-genome expression arrays designed by
Mumina (Kuhn et al., 2004). These arrays consist of ~ 48000 bead types, where
each bead consists of several hundred thousand copies of a gene specific oligonucleotide

probe. After RNA was extracted from the cell lines, it was carefully amplified and
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labelled with Biotin-16-UTP. After hybridisation to the array, Cy3-streptavidin was
applied to the array which binds to Biotin and subsequently allows the measurement of
luminescence intensities for each bead type in a specially designed scanner. Kuhn et al.
showed in a benchmark experiment that luminescence intensities are directly propor-
tional to the expression strength within a defined dynamic range (Limit of Detection:
~ 0.13pM, dynamic range: = 3.2-fold). Each bead type is also replicated several times
on the array, thus providing robustness and redundancy for quality control. Subsequent
to data readout, the raw intensities for each redundant bead type were summarised by
proprietary software provided by Illumina. Stranger et al. performed 4 replicate hy-
bridisations per cell line, the results of which were summarised on a log scale using a
quantile normalisation method across replicates of a single individual, followed by a
median normalisation method across all 270 individuals. The resulting data, consist-
ing of a matrix of gene expression values of 47293 probes over 270 individuals, were
downloaded from http://www.sanger.ac.uk/hungen/genevar/.

Due to the sensitivity and dynamic range limitations of the Illumina WG6 expression
arrays used by Stranger et al., there is a correlation between detectable expression
variation and total expression strength for genes with low overall expression, or no
expression at all. Notably, there is a cluster of genes with both low detected expression
and markedly lower coefficients of variation (CV, defined as the standard deviation of
expression between individuals per gene, normalised to the mean absolute expression
level) than the majority of genes, plotted in grey in Figure 4.3. These genes may be
distinguished from the remaining genes by their lower absolute variation, that is the
standard deviation between individuals before normalisation to the expression mean.
In total, 6440 genes with an absolute population standard deviation < 7 were removed
from the dataset, as they are likely to be expressed below the confident detection
threshold or not to be expressed at all.

A second set of expression data for 44760 probes applied to samples from 79 different
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Relationship between total expression and relative variation
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Figure 4.3: Coefficients of gene expression variation (CV) relative to absolute expression
level. The measurable variation in gene expression is limited by the sensitivity of the
employed array technology. Genes which are expressed at extremely low levels, or not
expressed at all, cluster in the low expression/low CV region. Shown in grey are genes
which were excluded from further calculations (standard deviation < 7).

108



4.2 Methods

tissue types were provided by GNF SymAtlas (Su et al., 2004) (http://symatlas.gnf.
org). For the latter, different Affymetrix expression arrays were employed, raw results
of which were normalised using global median scaling.

Probe identifiers for both data sets were mapped to HGNC gene names through
Ensembl BioMart. Probes which could not be mapped to a gene name were exluded
from further analysis. The resulting matrices contained expression data for 17122 genes

(HapMap set) and 15012 genes (tissue set), respectively.

4.2.6 Correlation computation

As a measure of correlation between expression levels of two genes in different tis-
sues/individuals, the Pearson product-moment correlation coefficient was employed.
For two vectors x and y representing genes with n expression levels, the correlation r,

is given by

> i1 (i —T)(yi — ) (4.1)

(n—1)sgsy

Ty =

where ¥ and 7 are the means and s, and s, are the standard deviations of x and y,
respectively. For complexes with more than 2 components, correlations for all n(n—1)/2

combinations of gene pairs were averaged.

4.2.7 Copy-number variations

Chromosomal locations of variations relative to the NCBI36 human genome assembly
were downloaded from the Database of Genomic Variants (DGV) (Iafrate et al., 2004):
http://projects.tcag.ca/variation/. This data also contains information on num-
ber of individuals and gain/loss annotation per CNV. CNV locations and whole genome
tiling-path (WGTP) array hybridisation values for each HapMap individual were down-
loaded from http://www.sanger.ac.uk/humgen/cnv/data. The distribution of CNVs

on selected human chromosomes is shown in Figure 4.4.
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4.2.8 Segmental duplications

Human segmental duplications of > 90% sequence identity and > 1 kilobase length
were provided by the segmental duplication database (She et al., 2004) (http://

humanparalogy.gs.washington.edu).

4.2.9 Gene Ontology analysis

181651 Gene Ontology (GO) annotations for 34591 human UniProt entries were pro-
vided by the GOA project (Camon et al., 2004), available at http://www.ebi.ac.uk/
GOA/. UniProt enries were mapped to HGNC identifiers through BioMart, resulting
in 16213 annotated HGNC gene identifiers. There were 6775 unique GO terms in the
full GOA dataset. The complexity of this hierarchical data structure was reduced by
mapping GO terms to 64 GO-slim categories as defined by the GOA project themselves

(ftp://ftp.ebi.ac.uk/pub/databases/G0/goa/goslim/).

4.2.10 Identification of paralogs

In-species paralogs for 10755 HGNC gene identifiers were downloaded from Ensembl
Compara via BioMart. The paralog prediction uses automatically generated phyloge-
netic trees of all species in the Ensembl database. According to the Ensembl compara
help website (http://www.ensembl.org/info/about/docs/compara/homology method.

html), the algorithm to identify orthologs comprises the following steps:

1. Align all pairs of full-length protein sequences of the longest transcript of two

genes from two species using WUBlastp and subsequent Smith-Waterman.

2. Cluster genes by single-linkage clustering according to Best Reciprocal Hits and

Best Score Ratio.

3. Create a multiple sequence alignment (MSA) for each cluster using MUSCLE
(Edgar, 2004).
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4. For each MSA, calculate a phylogenetic tree using TreeBeST (http://treesoft.
sourceforge.net/treebest.shtml) and infer orthology and paralogy. TreeBeST
in this case combines 5 tree building methods (maximum likelihood on protein and
codon sequences via phyml (Guindon and Gascuel, 2003) and neighbour-joining

on p-distance as well as AN and dS distances) and calculates a consensus tree.

4.2.11 Analysis of selection pressure

dN/dS values for human genes relative to mouse orthologs were acquired from Ensembl
via BioMart. The calculation of dN/dS values is part of the automatic gene tree gener-
ation described above: dN/dS values are generated by codeml (model=0, NSsites=0)
from the PAML package (Yang, 1997) for all genes from closely related species after
the initial tree generation. In this analysis, only genes with a single unique ortholog in

mouse were used in the analyses.

4.2.12 P-Values

Statistical significance of overlaps between gene sets was computed with Fisher’s exact
test (FET). The Mann-Whitney-U test (MWU) was employed to determine significance
of differences between two distributions. In cases of multiple testing, Bonferroni cor-
rection was applied. All calculations were performed in R (R Development Core Team,
2006). Significance of differences in dN/dS ratios was calculated by random resam-
pling: For the null hypothesis, 1000 sets of genes with identical size as the test set were
each created by randomly drawing without replacement from the complete gene set.
P-Values were calculated as the probability of observing a result at least as extreme,

given the normally distributed null model derived from the resampling.
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4.3 Results

In order to investigate the relationship between copy-number state, protein complexes
and dosage, I need to assert several preconditions. Firstly, I investigate the impact of
copy-number change on gene expression. Secondly, I analyse the relationship between
protein interactions and dosage sensitivity. Finally, I combine these points to describe
the effects of dosage sensitivity of protein complexes on the evolution of chromosomal

structural variations.

4.3.1 Effects of CN'Vs on gene expression

Association studies (Stranger et al., 2007) have shown both cis and trans effects of
copy-number variations (CNVs) on genes. Stranger et al. also measured the relative
contribution of single-nucleotide polymorphisms (SNPs) and CNVs on the observed
variation in gene expression. They report that 83.6% of variation can be attributed
to SNPs, whereas 17.7% of variation is associated with CNVs. However, the study
was designed to identify associations between all genes and CNVs within a 2 million
base-pair (MB) window simultaneously and thus had to use stringent multiple-testing
correction. While Stranger et al. report 238 genes to be associated with a CNV within
a 2MB window, it is not immediately clear what immediate effects CNVs have on
contained genes, and whether there is a distinguishable effect between deletion and
duplication polymorphisms.

I therefore focused my attention on the relationship between copy-number variations
and gene dosage. I combined gene expression data derived from lymphoblast cell lines
of 270 HapMap individuals (Stranger et al., 2007) with the CNV dataset of Redon et al.
(2006) on the same individuals.

I find that duplications and deletions have distinguishable profiles of expression

ratios, see Figure 4.5. The expression ratio is defined as the average expression of a gene
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in individuals with a CNV phenotype, divided by the average expression in unaffected
individuals. Assuming a simple linear relationship between copy-number and expression
level, one would expect a distribution with peaks at 0.5, 1 and 1.5, corresponding to a
heterozygous deletion, balanced expression and heterozygous duplication, respectively.

The observed distribution shown in Figure 4.5 reflects a more complex relationship.

Expression change for genes in CNV regions
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Figure 4.5: Difference between deletion (white) and duplication (black) variations in
HapMap individuals. The histograms show the ratio of average expression levels be-
tween affected and unaffected individuals for all genes inside a copy number varied
region. The shift between the two distributions is significantly larger than would be
expected by chance (MWU: P = 1.22-10711).

The magnitude of the expression difference between CNV and wild type individuals
is smaller and more continuous than expected. However, the location shift between
the two distributions is highly significant (MWU: P = 1.22 - 10~!!). This indicates

that deletions reduce gene expression, while duplications tend to increase expression.
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As mentioned in the Methods, sensitivity and dynamic range of the expression arrays
could partly account for the observed noise, but I did not find a correlation between
absolute gene expression level and ratio of expression difference for genes overlapping

CNV regions (Figure 4.6).

Relationship between expression ratio and absolute gene expression
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Figure 4.6: Relationship between effect of CNV on gene expression and absolute expres-
sion levels. The horizontal distribution suggests that there is no discernible correlation
between absolute gene expression and expression ratio. A positive or negative correla-
tion between absolute detection level and the fold expression change between affected
and unaffected individuals could indicate a measurement-sensitivity induced bias, but
within the analysed data no such relationship is detected.

The expression ratio distribution reflects a summary over a wide range of individ-
uals. To elucidate the effects of CNVs on gene expression on a per-individual basis, I
plotted the logarithm of hybridisation strength on the genomic hybridization arrays rel-
ative to the reference individual (logﬁq ) against the logarithm of expression, relative to

the reference individual (log). As a positive control, I compared two X-chromosomal
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genes, one being inactivated (LICAM, Figure 4.7a), the other being known to escape
X-inactivation (UTX, Figure 4.7b). The latter exhibits a marked increase in expression
in female individuals relative to the (male) reference individual. In contrast, LICAM
maintains equivalent expression in males and females levels due to inactivation of one
gene copy in females.

I found 94 gene duplications and 98 gene deletions where the average logd! and
log¥ are at least one standard deviation below (deletions) or above (duplications) the
mean of the unaffected individuals. Figures 4.7c and 4.7d show two examples of genes
inside frequent CNVs exhibiting induced dosage effects. Deletions and duplications
have clearly distinguishable expression levels. Notably, though, the expression ratios
of the deletion/duplication individuals overlap with the expression ratios of unaffected
individuals. In other words, CN'Vs only partly account for the differences in expression
between individuals, while a large portion of the variance must stem from other sources.
Figures 4.7e and 4.7f show two examples of rarer CNVs which also show a clear deviation
of logh! and log¥ relative to the majority of unaffected individuals.

Notably, several individuals were not called as CNVs, despite similar l0g2H and logQE
ratios in the analysed region as the identified CNV individuals. These putative false
negatives will reduce the magnitude of expression ratios between CNV and unaffected
individuals. Summarising these individual effects leads to the conclusion that duplica-
tions and deletions have a measurable effect on gene expression, even though they are

just one source of expression variation amongst others.

4.3.2 Limited expressional noise of protein-complex genes

It has previously been reported that expression levels of proteins within a complex
are significantly more correlated across tissue types than would be expected by chance
(Hahn et al., 2005; Jansen et al., 2002). Using both the expression from HapMap

individuals mentioned above as well as a tissue-specific gene expression dataset, I verify
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Figure 4.7: Ratio of WGTP array hybridisation intensity over relative expression level
for four example genes. (a) LICAM and (b) UTX. The increase in expression as a
result of the copy-number increase in females is clearly visible for UTX which is known
to escape X-inactivation. (c) and (d) Examples of autosomal genes with common
CNV polymorphisms. Red crosses denote individuals in which a deletion phenotype
has been called by Redon et al., red triangles denote duplications. The plot highlights
several potential false negatives with similar expression and hybridisation strength as
the called deletions/duplications. Non-CNV related expression variation is substantial.
(e) and (f) Examples of rare CNV genotypes with significant expression change.
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that members of complexes from the CORUM database exhibit increased expression

correlation (Figure 4.8).

(a) (b)

Expression correlation of complex components over tissue types Expression correlation of complex components over HapMap individuals
5 3.57
= CORUM observed
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Figure 4.8: Distribution of average Pearson correlation coefficients between all members
of known protein complexes as defined in CORUM (black), and randomly sampled
proteins (white, N=100). (a) Expression intensities from 79 tissue types of different
individuals. (b) Expression intensities from lymphoblast cell lines of 270 HapMap
individuals.

In addition to that, the HapMap expression data allow me to perform a direct com-
parison of expression levels between individuals. I calculated coefficients of variation
(CV), defined as the standard deviation of expression between individuals per gene,
normalised to the mean absolute expression level. These values represent a dimension-
less magnitude of variation for each gene. The CVs are significantly lower for CORUM
genes than for the rest of the genome (MWU: P = 2.67 - 10719), see Figure 4.9a/b.
Interestingly, the average CV of genes within one complex decreases with the size of the
complex, as shown in Figure 4.9c. This is independent of the mean absolute expression
per gene, as shown in Figure 4.9d. I asserted that this effect is not a sampling arte-
fact: When splitting all CORUM genes into sets with complexes of size > 10 and size
< 10 and comparing the distribution of CVs, it emerges that small complexes possess
higher CVs (MWU: P < 2.2-10—16). These results indicate that members of protein

complexes are not just more likely to maintain relative expression levels between tis-

sue types, but they are also more restricted as to their expression variation between
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individuals within the same tissue.
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Figure 4.9: Coefficients of gene expression variation (CV) vary between CORUM and
non-CORUM genes. (a) CORUM genes have significantly lower CVs than random sets
of genes. (b) CORUM genes have significantly lower CVs than non-CORUM genes.
Outliers beyond 1.4 are not shown. (c¢) Large CORUM complexes exhibit lower average
CVs of their members. (d) Low absolute expression is not the reason for the lower noise
in large complexes: mean absolute expression of large complexes is above average.

CORUM is a manually curated data source and thus prone to ascertainment bias.
To ensure that these results are not biased by the composition of CORUM, I generated a
separate dataset of putative protein complexes extracted from several high-throughput
protein interaction detection experiments (see Section 4.2.3). The clusters represent
an alternative set of “complexes” composed of 2325 proteins, 505 of which are also
contained in CORUM. The CV distribution difference between these highly interacting

proteins and the rest of the genome is also skewed towards lower CVs (P = 7.0-1073).
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This suggests that highly connected proteins in general avoid imbalances in protein
expression.

Is there evidence that tight control of gene expression is actually relevant for human
disease? Axelsen et al. (2007) compiled a list of 2362 genes which are overexpressed in
various cancer tissues (see Section 4.2.4). I tested whether these cancer related genes are
enriched for dosage sensitive genes, under the assumption that dosage sensitive genes
are more likely to be causal in these diseases. In fact, I find that CORUM genes are
overrepresented in these cancer related genes (356 genes, FET: P = 6.56 - 107'3). The
fact that the tight regulation of expression of CORUM genes is disturbed in cancer tissue

provides an interesting link between cancer, protein complexes and dosage sensitivity.

4.3.3 Dosage sensitive genes and CNVs

I have so far assembled evidence that protein complexes seem to be under constraint to
maintain their relative expression levels and show limited expression variability between
individuals. For the further analysis of dosage sensitivity, I also used an independently
assembled set of 146 genes with known dosage-related disease phenotypes (see Sec-
tion 4.2.4). There is a significant overlap between CORUM and this set of dosage
sensitive genes (32 genes, FET: P = 1.2 - 107°), further supporting the link between
dosage sensitivity and protein complexes.

As previously stated, I found that CNVs can affect the expression levels of genes
they contain. I therefore hypothesised that a CNV that encompasses a gene which is
part of a protein complex will be more likely to have a negative effect on fitness. As
the Redon et al. CNV data were derived from healthy individuals, I expect that genes
encoding protein complexes will be underrepresented in CNV regions.

Out of 18534 protein coding genes for which both genomic locations and a unique
gene name could be retrieved, 2311 genes are fully inside a CNV region. From 1975

proteins in the CORUM database, only 165 are found in a CNV region, significantly
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fewer than one would expect by chance (FET: P = 3.5-10719). The set of automatically
clustered complexes were also underrepresented in CNV regions (256 out of 2325 genes,
P = 0.012). Lastly, both the set of 146 dosage sensitive genes (8 genes inside CNV,
P = 4.7-1073) as well as the 2362 genes overexpressed in cancer (246 genes inside
CNV, P =5.82-10*) are unlikely to be contained in CNV regions.

Nguyen et al. as well as Cooper et al. reported a highly significant depletion
of genes with the Gene Ontology (GO) category “binding” within CNV regions, but
they do not comment further on this fact. I verified independently that “binding” is
the second most underrepresented GO category after “intracellular” amongst genes in
CNYV regions. This lends further support to the hypothesis that dosage sensitivity due
to protein complex membership has an influence of the composition of CNV regions.

I speculated that a negative fitness effect due to a copy-number variation will in-
crease the likelihood of subsequent removal of that CNV from the gene pool. The
CNVs that contain CORUM genes occur in significantly fewer individuals (MWU:
P =1.6-10"%) than non-CORUM genes, indicating that purifying selection may have
acted on some of the genes.

I also tested whether CORUM genes are underrepresented in gains compared to
losses. Out of the 167 CORUM genes that overlap a CNV, 18.5% occur in a gain,
compared to 29.8% of non-CORUM genes. This significant difference in ratios (FET:
P = 9.6 - 10~%) suggests that amongst copy-number varied genes, there is indeed a
bias against duplications for genes in protein complexes, supporting the notion that

stoichiometric imbalance has a negative effect on protein complexes.

4.3.4 Compositional bias of copy-number varied genes

Various compositional biases on genes in CNV regions have been described (Cooper
et al., 2007; Nguyen et al., 2006). Most notably, it has been reported that genes within

CNV regions exhibit higher dN/dS than the rest of the genome. Is the observed low
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frequency of CORUM and other dosage sensitive genes in CNV regions merely a result
of a bias against slower evolving genes? I verified that dN/dS ratios of genes within
CNV regions were elevated compared to their mouse orthologs (Median: 0.131, P-
Value by resampling: P = 3.2-1077). Conversely, CORUM genes exhibit lower than
expected dN/dS (Median: 0.070, P < 10~%°). In contrast to non-complex genes, there
is no significant difference in dN/dS between CORUM genes that overlap CNVs and
those that do not. I therefore tested whether there is a causal relationship between
complex membership, low dN/dS and CNV overlap.

Like CORUM genes, the automatically clustered complexes also exhibited low
dN/dS (Median 0.08, P = 1.9 - 1073°). It has been argued that proteins with ob-
ligate interactions are under stronger selective pressure (Mintseris and Weng, 2005),
which could explain the low dN/dS in both CORUM and the automatically clustered
complexes. Interestingly, Cooper et al. showed that CNVs and segmental duplications
(SDs) are of fundamentally similar nature and frequently overlap. I thus hypothesised
that the reduction in negative selection within CNVs is related to the higher copy
number of some genes which have been recently duplicated in a fixed SD. If I split the
genes in CNV regions into those that overlap a SD and those that do not, it can be
measured that dN/dS ratios are highly significantly elevated in the genes that overlap
SDs (MWU: P < 2.2-10716), but not in the group outside SDs (P = 0.017).

Subsequently, I analysed the distribution of numbers of paralogs for human genes.
I found that genes in CNV regions have significantly more paralogs than would be
expected by chance (MWU, P = 1.45-107?),whereas genes from CORUM have signif-
icantly fewer (P < 2.2-10716). As with the evolutionary rate, the increase in numbers
of paralogs is largely driven by CNVs that overlap SDs. Removing all genes inside
SDs reduced the number of paralogs substantially (P-value reduced from 1.45 - 10~
to 0.0033). Conversely, the genes that are in both CNVs and SDs have significantly

more paralogs than genes only found in CNV regions (P = 4.3-107!1). T conclude that
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the increase in dN/dS in CNV regions is driven by an increase in gene copy number
and thus does not explain the underrepresentation of dosage sensitive genes in CNV
regions.

If SDs are largely responsible for the increased dN/dS within CNVs and the increase
in number of paralogs, can I still detect the underrepresentation of CORUM genes in
CNVs that do not overlap a SD? After removing all genes that overlap a SD, CORUM
genes were still significantly underrepresented (P = 3.3 - 107%) in CNV regions, indi-
cating that negative selective pressure not only affects regions of segmental duplication

but also other types of CNVs.

4.4 Discussion

4.4.1 Protein complexes are sensitive to alterations in gene expression

Correlated gene expression of interacting proteins is a well known phenomenon, to the
extent that correlation analysis is used to validate high-throughput protein interaction
experiments (Hahn et al., 2005). Usually, expression data is gathered under diverse
physiological conditions, e.g. at different stages of the cell cycle. In this analysis, I
have compared data from 79 different human tissue types. As expected, I observe
strong correlation between the changes in gene expression for members of the same
protein complex in different tissues. This observation hints at the importance of tightly
regulated gene expression for the correct functioning of protein complexes.

However, it does not directly verify if the stoichiometry of complexes is under the
same strong regulation. I therefore measured the variation in expression levels for
interacting proteins in different HapMap individuals. Expressional noise of protein
complexes has been analysed in S. cerevisiae and D. melanogaster(Lemos et al., 2004),
but the HapMap gene expression data allow the first systematic evaluation of pro-

tein complex expression in human. I find that genes in CORUM exhibit significantly
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lower variation in expression than the rest of the genome. This is direct evidence that
expression of complex genes is under tighter regulation than the rest of the genome.
Furthermore, I find that genes in large complexes maintain particularly low expression
variation. While I cannot rule out that this observation is due to functional constraints
on the particular complexes, it does suggest that sensitivity to expressional noise is
related to the number of subunits a complex maintains.

When I analysed the composition of genes in CNV regions, I made the curious
observation that the small number of CORUM genes that overlap a CNV (165 genes in
total) are biased towards deletions rather than duplications. If T assume that negative
selection is acting on CNVs, the intuitive biological explanation for this phenomenon
would be that CORUM genes are at least as sensitive to duplication as to deletion,
which in turn supports the concept that members of protein complexes are sensitive
not just to under- but also to overexpression.

I made another observation that supports this hypothesis. When comparing a
manually curated set of dosage sensitive genes derived from the scientific literature, I
found that a significantly larger than expected proportion of these genes were members
of a protein complex as defined by the CORUM database. Taken together, these

findings indicate that stoichiometric fluctuations negatively affect protein complexes.

4.4.2 CNVs affect expression levels of contained genes

A key proposition that underpins our understanding of dosage sensitivity is that du-
plication or deletion of the genomic region containing a gene will result in a significant
up- or downregulation of expression of the gene. There have been previous reports of
widespread expressional silencing of chromosomal amplifications (Platzer et al., 2002).
In contrast, I observed lower average gene expression in deletion CNVs compared to
duplication CNVs (Figure 4.5). It has to be noted, though, that these differences in

expression are small for the majority of genes within a CNV. Furthermore, there are
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numerous cases where deletions seemingly result in increased expression and vice versa.
Figures 4.7c and 4.7d exemplify how noisy the expression data for a gene can be, despite
a visible expression difference between deletion and duplication genotypes. Sensitivity
to detect expression differences at low concentration is not the main source of this vari-
ability in gene expression. Rather, I suspect there to be inherent fluctuations between
the different cell lines used in the analysis (Blake et al., 2003). Expressional noise alone
does not explain that some CNVs seem not to affect gene expression at all. Rather,
the inaccurate prediction of start and end coordinates of CNVs is likely to be largely
responsible for the lack of correlation between CNVs and gene expression. Individuals
with a CNV genotype falsely labelled as unaffected, or a gene erroneously placed inside
a CNV, will skew the distribution of expression ratios.

I speculate, however, that there could also be a physiological explanation for the
unexpectedly low change in gene expression upon copy-number variation. It is conceiv-
able that the cell attempts to compensate changes in copy number on gene expression
by e.g. increasing or decreasing transcription or modulating mRNA degradation. Such
autosomal dosage compensation was first observed in D. melanogaster (Devlin et al.,
1982) and a general mechanism for dosage regulation has been proposed (Birchler et al.,
2005). According to this theory, dosage balance is achieved through a network of regula-
tory genes which themselves are therefore dosage sensitive. The enrichment of CORUM
for regulatory and transcription related functions might thus explain its sensitivity to
copy-number variation and the low effect of CNVs on gene expression at the same time.
Interestingly, Kind et al. (2008) recently described the formation and binding properties
of a dosage-regulatory complex in D. melanogaster. They note that the components
of the complex are not only conserved in mammals, but there is also autosomal activ-
ity of the respective proteins which is not fully understood. With the arrival of new
CNV datasets featuring improved breakpoint accuracy, it should become possible to

better distinguish between false positive predictions and genes that are actually sub-
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ject to dosage compensation. Subsequently, this will make it possible to determine the

frequency of autosomal dosage compensation of copy-number varied genes.

4.4.3 CNVs as the source of recent duplications

It has been noted (Nguyen et al., 2006) that genes within CNV regions exhibit higher
than expected dN/dS ratios, suggesting a relaxation of selective pressure. On the
contrary, complex genes, dosage sensitive genes and highly connected genes in general,
show very low dN/dS ratios, irrespective of whether they overlap CNVs or not. Stronger
selective constraints in highly connected proteins have previously been attributed to
functional constraints on the protein surface in order to maintain multiple binding sites
(Mintseris and Weng, 2005).

Interestingly, I also show that genes in CNV regions have significantly more paralogs
than expected by chance, while genes in protein complexes possess, on average, fewer
paralogs (Yang et al., 2003). This suggests that CNV regions have been hot-spots of
large scale variation for a prolonged period of time, as it has also been shown that gene-
rich CNV regions correspond well with regions of segmental duplications (Cooper et al.,
2007). In fact, I found that those CNV regions that overlap segmental duplications are
primarily (though not exclusively) responsible for the high number of paralogs.

Conversely, the reason for the increase in dN/dS in many genes within CNV regions
could be attributed to their higher number of paralogous sequences: Even a partial
relaxation of selection pressure due to an additional gene copy is likely to increase the
observed dN/dS ratios. In fact, genes in CNVs overlapping segmental duplications are
again primarily, but not exclusively, responsible for the elevated dN/dS ratios. These
observations underline that CNV regions are a frequent source of gene duplicates which
occasionally get fixed over the course of evolution and thus drive evolution of some gene

families.
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4.4.4 Dosage sensitivity and negative selection on CNVs

I observed that CNV regions are less likely to contain genes encoding protein complexes,
as well as other dosage sensitive genes. Furthermore, CNVs which occur in multiple
individuals and can thus be assumed to be older than unique CNVs are particularly
depleted of CORUM genes. Hence, it appears that pressures on correct dosage limit
the set of genes which can sustain variation in copy-number, even though the effect of
CNVs on gene expression is not straightforward.

Dang et al. (2008) reported that haploinsufficient genes are seldom found between
two regions of segmental duplication. These results shed new light on this finding: It
seems that dosage sensitive genes in general are biased against regions in which they
are prone to suffer from copy-number variation. Segmental duplications are the most
common source of such rearrangements, however I show that other CNVs not related
to segmental duplications are also depleted of dosage sensitive genes. This indicates
that rearrangements due to CNVs are subject to negative selection.

These findings offer a partial but consistent explanation for the biased composition
of CNV regions. In addition to that, the correlation between dosage sensitivity and
protein complex membership provides a convenient way to predict which genes are likely
to be important in diseases which involve genomic rearrangements. The enrichment of
CORUM for genes upregulated in cancer clearly hints towards this possibility. Future
investigations should focus on the involvement of CNVs of putative dosage sensitive

genes in cancer and complex diseases.
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Chapter 5

Concluding Remarks

In the first part of this thesis, I have attempted to evaluate the potential and the
limitations of using structure information for the study of protein interactions. I have
shown that protein domains known to be part of an interaction interface in a protein
structure can be projected onto the protein interaction network. This reveals that
while our current knowledge of interacting domain pairs is small, these domain pairs
are significantly overrepresented in experimentally verified protein interactions in both
eukaryotes as well as prokaryotes. There is also significant conservation of domain
pairs between species, even though only approximately 5% of the protein interaction
network is covered by the structural data. This presents a strong argument for solving
the structures of more novel interacting domain pairs. A substantially higher coverage
could for example provide enough information to identify the most likely binary pairs of
interacting proteins in complexes identified using affinity-purification methods: those
protein pairs with known interacting domain pairs can be assumed to be more likely
to really interact.

In the following chapter, I demonstrated that the existing structural data can be
employed successfully to investigate disease mutations on a molecular level. I described
several genetic diseases which are the result of point mutations in a domain which is

known to be involved in an interaction through a homologous structure. In the future,
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binding kinetics experiments will hopefully confirm my predictions. My approach al-
ready exemplifies the power of structural homology based approaches applied to protein
interactions. Within the possibilities of the incomplete datasets available, I estimated
that 4% of all known disease mutations affect a protein interaction. Increased num-
bers of structural templates and more stringently defined domains, representing only
a particular binding geometry or binding partner, could improve the sensitivity and
specificity of my method further.

Interestingly, many of the mutations in interaction interfaces are inherited in a
dominant fashion. In the last part of this thesis, I extended my analysis beyond
structure-based domains to study the evolutionary pressures governing protein com-
plexes in human. Specifically, I investigated the distribution of protein complexes with
respect to large insertion and deletion polymorphisms often referred to as copy-number
variations (CNVs). It is known that proteins vary regarding their duplicability and
sensitivity to homozygous deletion. It has been argued that many dosage sensitive pro-
teins are members of protein complexes. I observed in human that expression variation
in members of protein complexes is significantly lower than in other selected proteins.
Furthermore, I could show that members of protein complexes are rarely found in-
side CNVs. Combined, these two facts suggest that frequently, purifying selection acts
against CN'Vs that contain genes encoding protein complexes, or genes in protein com-
plexes have evolved to reside outside regions which are enriched for CNVs. It seems
likely that such evolutionary pressures have been acting for some time, as the set of
protein complex genes also has fewer paralogs on average than other genes. In con-
gruence with the duplication/divergence theory of gene evolution, the studied genes of
members of protein complexes are under stronger negative selection than the rest of
the genome, as indicated by their low dN/dS rates.

An interesting alternative approach to the same question could be the analysis of

known knock-out mice mutants. With the increasing availability of knock-out models
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for various genes, it could be envisaged to differentiate between heterozygous as opposed
to purely homozygous phenotypes, in a similar way as dominant and recessive mutations
are defined in human disease. From my initial results presented in this thesis, I expect
knock-outs of genes in protein complexes to be more often phenotypicaly active than
other genes.

In summary, it can be said that the investigation of protein interactions has already
brought about many exciting insights and fostered interconnections between previously
unrelated fields. Combining structure information with protein interactions to explain
genetic diseases is an example of such an integrative approach that will probably be-
come more common in the coming years. Similarly, my analysis of large scale genomic
variation in the context of protein interactions shows how network biology can provide
insights into such fundamental questions as gene duplicability. However, as the field of
protein interaction research is still in a comparatively early stage of development, many
basic assertions still need to be made and many obstacles need to be overcome. Our
understanding of the evolution of protein interactions is still incomplete. Being able to
trace the processes that shaped the interaction networks of higher organisms would not
only shed light on the origins of organismal complexity, but could also be of practical
use: it is still unclear to what extent protein interactions are conserved between species.
Moreover, it is also not yet fully understood what distinguishes a protein interaction
interface from other surface regions. As a result of that, our ability to validate or even
predict protein interactions is still limited. My findings point towards the possibility
of reducing the complexity of protein interaction networks down to domain interaction

networks as a more conserved unit of interaction evolution.
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Appendix A

Table A.1: 20 most frequent iPfam domain pairs in protein interactions of 5 species.

Accession A Name A Accession B Name B Frequency
E. coli
PF00005 ABC_tran PF00005 ABC_tran 21
PF00072 Response_reg PF00072 Response_reg 19
PF00126 HTH_1 PF00126 HTH_1 17
PF03466 LysR_substrate PF00126 HTH_1 16
PF03466 LysR_substrate PF03466 LysR _substrate 16
PF00271 Helicase_C PF00271 Helicase_C 15
PF00313 CSD PF00313 CSD 14
PF00106 adh_short PF00106 adh_short 12
PF00532 Peripla_BP_1 PF00532 Peripla_BP_1 11
PF00293 NUDIX PF00293 NUDIX 10
PF00271 Helicase_C PF00270 DEAD 10
PF00216 Bac_DNA _binding PF00216 Bac_DNA _binding 9
PF00392 GntR PF00392 GntR 9
PF00575 S1 PF00575 S1 9
PF00009 GTP_EFTU PF00009 GTP_EFTU 9
PF00158 Sigmab4 _activat PF00158 Sigmab4 _activat 9
PF02518 HATPase_c PF02518 HATPase_c 9
PF03144 GTP_EFTU_D2 PF03144 GTP_EFTU_D2 9
PF03144 GTP_EFTU_D2 PF00009 GTP_EFTU 9
PF00270 DEAD PF00270 DEAD 9
S. cerevisiae
PF00069 Pkinase PF00069 Pkinase 266
PF00400 WD40 PF00400 WD40 141
PF00227 Proteasome PF00227 Proteasome 96
PF01423 LSM PF01423 LSM 84
PF00076 RRM.1 PF00076 RRM.1 79
PF00271 Helicase_C PF00271 Helicase_C 74
PF00134 Cyclin N PF00069 Pkinase 65



Accession A Name A Accession B Name B Frequency
PF00271 Helicase_C PF00270 DEAD 51
PF00018 SH3_1 PF00018 SH3_1 49
PF00004 AAA PF00004 AAA 46
PF00270 DEAD PF00270 DEAD 41
PF02984 Cyclin_C PF00069 Pkinase 35
PF00069 Pkinase PF00023 Ank 32
PF00433 Pkinase_C PF00069 Pkinase 30
PF00172 Zm _clus PF00172 Zm _clus 27
PF05739 SNARE PF00957 Synaptobrevin 26
PF02985 HEAT PF02985 HEAT 25
PF00125 Histone PF00125 Histone 24
PF00271 Helicase_C PF00176 SNF2_N 21
PF00575 S1 PF00069 Pkinase 20
C. elegans
PF00105 zf-C4 PF00105 zf-C4 33
PF00104 Hormone_recep PF00104 Hormone_recep 31
PF00105 zf-C4 PF00104 Hormone_recep 31
PF00595 PDZ PF00595 PDZ 12
PF00076 RRM_1 PF00076 RRM_1 12
PF00227 Proteasome PF00227 Proteasome 11
PF00069 Pkinase PF00069 Pkinase 11
PF02932 Neur_chan_memb  PF02932 Neur_chan_memb 9
PF02931 Neur_chan_LBD PF02931 Neur_chan_LBD 9
PF02932 Neur_chan_memb  PF02931 Neur_chan_LBD 9
PF00004 AAA PF00004 AAA 6
PF00412 LIM PF00018 SH3_1 5
PF01423 LSM PF01423 LSM 5
PF02188 GoLoco PF00503 G-alpha 5
PF00651 BTB PF00651 BTB 4
PF01849 NAC PF01849 NAC 4
PF00412 LIM PF00412 LIM 4
PF00595 PDZ PF00071 Ras 4
PF01849 NAC PF00627 UBA 4
PF01466 Skpl PF00646 F-box 4
D. melanogaster
PF00096 z{-C2H2 PF00096 zf-C2H2 117
PF00134 Cyclin N PF00069 Pkinase 63
PF00076 RRM_1 PF00076 RRM_1 54
PF00010 HLH PF00010 HLH 54
PF01466 Skpl PF00646 F-box 48
PF00069 Pkinase PF00069 Pkinase 38
PF00595 PDZ PF00071 Ras 22
PF00788 RA PF00071 Ras 21
PF02984 Cyclin_C PF00069 Pkinase 21
PF00612 1Q PF00036 efhand 21
PF00179 UQ_con PF00097 zf-C3HCA4 21
PF00046 Homeobox PF00046 Homeobox 20



Accession A Name A Accession B Name B Frequency

PF00069 Pkinase PF00023 Ank 20
PF00651 BTB PF00651 BTB 14
PF01423 LSM PF01423 LSM 14
PF00063 Myosin_head PF00036 efhand 13
PF00134 Cyclin-N PF00134 Cyclin-N 11
PF00018 SH3_1 PF00017 SH2 11
PF03931 Skpl POZ PF00560 LRR_1 10
PF02179 BAG PF00012 HSP70 10
H. sapiens
PFO7714 Pkinase_Tyr PF00017 SH2 464
PF00069 Pkinase PF00069 Pkinase 386
PFO7714 Pkinase_Tyr PF00018 SH3_1 318
PF00018 SH3_1 PF00017 SH2 241
PF00017 SH2 PF00017 SH2 200
PF00018 SH3_1 PF00018 SH3_1 179
PFO7714 Pkinase_Tyr PFO7714 Pkinase_Tyr 162
PF00076 RRM_1 PF00076 RRM_1 147
PF00433 Pkinase_C PF00069 Pkinase 112
PF00010 HLH PF00010 HLH 95
PF00069 Pkinase PF00023 Ank 74
PF00105 zf-C4 PF00104 Hormone_recep 72
PF00104 Hormone_recep PF00104 Hormone_recep 71
PF00096 zf-C2H2 PF00096 zf-C2H2 71
PF00089 Trypsin PF00079 Serpin 66
PF00105 zf-C4 PF00105 zf-C4 60
PFO7714 Pkinase_Tyr PF00102 Y _phosphatase 58
PF00169 PH PF00071 Ras 56
PF00046 Homeobox PF00046 Homeobox 54
PF00619 CARD PF00619 CARD 54

Table A.2: 20 most frequent iPfam domain pairs in protein interactions of 5 species, excluding
intrachain structures.

Accession A Name A Accession B Name B Frequency
E. coli
PF00005 ABC_tran PF00005 ABC_tran 21
PF00072 Response_reg PF00072 Response_reg 19
PF00126 HTH_1 PF00126 HTH_1 17
PF03466 LysR _substrate PF00126 HTH_1 16
PF03466 LysR_substrate PF03466 LysR _substrate 16
PF00271 Helicase_C PF00271 Helicase_C 15
PF00313 CSD PF00313 CSD 14
PF00106 adh_short PF00106 adh_short 12

PF00532 Peripla_BP_1 PF00532 Peripla_BP_1 11



Accession A Name A Accession B Name B Frequency
PF00293 NUDIX PF00293 NUDIX 10
PF00392 GntR PF00392 GntR 9
PF02518 HATPase_c PF02518 HATPase_c 9
PF00575 S1 PF00575 S1 9
PF00009 GTP_EFTU PF00009 GTP_EFTU 9
PF00158 Sigmab4 _activat PF00158 Sigmab4 _activat 9
PF00270 DEAD PF00270 DEAD 9
PF03144 GTP_EFTU_D2 PF03144 GTP_EFTU_D2 9
PF00216 Bac_DNA _binding PF00216 Bac_DNA _binding 9
PF03144 GTP_EFTU_D2 PF00009 GTP_EFTU 9
PF00004 AAA PF00004 AAA 8
S. cerevisiae
PF00069 Pkinase PF00069 Pkinase 266
PF00400 WD40 PF00400 WD40 141
PF00227 Proteasome PF00227 Proteasome 96
PF01423 LSM PF01423 LSM 84
PF00076 RRM_1 PF00076 RRM_1 79
PF00271 Helicase_C PF00271 Helicase_C 74
PF00134 Cyclin-N PF00069 Pkinase 65
PF00018 SH3_1 PF00018 SH3_1 49
PF00004 AAA PF00004 AAA 46
PF00270 DEAD PF00270 DEAD 41
PF02984 Cyclin_C PF00069 Pkinase 35
PF00069 Pkinase PF00023 Ank 32
PF00433 Pkinase_C PF00069 Pkinase 30
PF00172 Zn_clus PF00172 Zn_clus 27
PF05739 SNARE PF00957 Synaptobrevin 26
PF02985 HEAT PF02985 HEAT 25
PF00125 Histone PF00125 Histone 24
PF00575 S1 PF00069 Pkinase 20
PF01138 RNase_PH PF01138 RNase_PH 19
PF03725 RNase_PH_C PF01138 RNase_PH 19
C. elegans
PF00105 zf-C4 PF00105 zf-C4 33
PF00105 zf-C4 PF00104 Hormone_recep 31
PF00104 Hormone_recep PF00104 Hormone_recep 31
PF00076 RRM_1 PF00076 RRM_1 12
PF00595 PDZ PF00595 PDZ 12
PF00227 Proteasome PF00227 Proteasome 11
PF00069 Pkinase PF00069 Pkinase 11
PF02932 Neur_chan_memb  PF02932 Neur_chan_memb 9
PF02931 Neur_chan_LBD PF02931 Neur_chan_LBD 9
PF02932 Neur_chan_memb  PF02931 Neur_chan_LBD 9
PF00004 AAA PF00004 AAA 6
PF01423 LSM PF01423 LSM 5
PF00412 LIM PF00018 SH3_1 5
PF02188 GoLoco PF00503 G-alpha 5



Accession A Name A Accession B Name B Frequency
PF00595 PDZ PF00071 Ras 4
PF01849 NAC PF01849 NAC 4
PF01466 Skpl PF00646 F-box 4
PF00651 BTB PF00651 BTB 4
PF00210 Ferritin PF00210 Ferritin 3
PF00017 SH2 PF00017 SH2 3
D. melanogaster
PF00096 zf-C2H2 PF00096 zf-C2H2 117
PF00134 Cyclin-N PF00069 Pkinase 63
PF00076 RRM_1 PF00076 RRM_1 54
PF00010 HLH PF00010 HLH 54
PF01466 Skpl PF00646 F-box 48
PF00069 Pkinase PF00069 Pkinase 38
PF00595 PDZ PF00071 Ras 22
PF02984 Cyclin_C PF00069 Pkinase 21
PF00179 UQ_con PF00097 zf-C3HC4 21
PF00788 RA PF00071 Ras 21
PF00612 1Q PF00036 efhand 21
PF00046 Homeobox PF00046 Homeobox 20
PF00069 Pkinase PF00023 Ank 20
PF00651 BTB PF00651 BTB 14
PF01423 LSM PF01423 LSM 14
PF00063 Myosin_head PF00036 efhand 13
PF00134 Cyclin-N PF00134 Cyclin N 11
PF00018 SH3_1 PF00017 SH2 11
PF02179 BAG PF00012 HSP70 10
PF02196 RBD PF00071 Ras 10
H. sapiens
PF07714 Pkinase_Tyr PF00017 SH2 464
PF00069 Pkinase PF00069 Pkinase 386
PF00018 SH3_1 PF00017 SH2 241
PF00017 SH2 PF00017 SH2 200
PF00018 SH3_1 PF00018 SH3_1 179
PF07714 Pkinase_Tyr PFO7714 Pkinase_Tyr 162
PF00076 RRM_1 PF00076 RRM_1 147
PF00433 Pkinase_C PF00069 Pkinase 112
PF00010 HLH PF00010 HLH 95
PF00069 Pkinase PF00023 Ank 74
PF00105 zf-C4 PF00104 Hormone_recep 72
PF00104 Hormone_recep PF00104 Hormone_recep 71
PF00096 zf-C2H2 PF00096 zf-C2H2 71
PF00089 Trypsin PF00079 Serpin 66
PF00105 zf-C4 PF00105 zf-C4 60
PF07714 Pkinase_Tyr PF00102 Y _phosphatase 58
PF00169 PH PF00071 Ras 56
PF00046 Homeobox PF00046 Homeobox 54
PF00619 CARD PF00619 CARD 54



Accession A Name A Accession B Name B Frequency

PF00531 Death PF00531 Death 53
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Appendix C

Table C.1: The 30 most frequent iPfam domain architectures per species. The left column lists
the sequence of iPfam domains that comprises a distinct domain architecture, separated by a
“—”_. Non-i¢Pfam domains are omitted to underline the effect of domain architecture on iPfam
domain pair frequency. The right column contains the frequency of the architecture, defined as
the number of sequences which share the same architecture.

Architecture Frequency
E. colr
ABC_tran 32
HTH_1 — LysR_substrate 28
Peripla_BP_1 15
adh_short 13
Response_reg — Trans_reg_C 13
ABC_tran — ABC_tran 11
DeoR 10
NUDIX 10
HAMP — HisKA — HATPase_c 9
Aldedh 9
Aminotran_1_2 8
DEAD — Helicase_C 8
Response_reg — GerE 7
CSD 7
GntR 7
S1 6
Response_reg 6
TPP_enzyme N — TPP_enzyme M — TPP_enzyme_C 6
ADH_N — ADH zinc_N 6
Aminotran_3 6
Fe-ADH 6
GerE 6
Acetyltransf_1 6
Glycos_transf_2 6
Hydrolase 6
Radical SAM 6



Architecture Frequency
4HBT 5
NTP _transferase 5
Hydrolase_3 5
Pribosyltran 5
S. cerevisiae
Pkinase 93
Zn _clus 47
DEAD — Helicase_C 42
RRM_1 29
Mito_carr — Mito_carr — Mito_carr 26
Ras 24
zf-C2H2 — z{-C2H2 22
rve 20
Metallophos 20
WD40 — WD40 18
ADH_N — ADH zinc_N 16
LSM 16
WD40 14
Aldo_ket_red 14
PH 14
Proteasome 14
HSP70 14
DnalJ 13
AAA 13
UQ_con 13
zf-C3HC4 13
Abhydrolase_1 12
WD40 — WD40 — WD40 — WD40 — WD40 11
ABC_tran — ABC_tran 11
SH3_1 11
adh_short 11
WD40 — WD40 — WD40 — WD40 11
Aminotran_1_2 11
Acetyltransf_1 11
Hydrolase 11
C. elegans
Pkinase 60
zf-C4 — Hormone_recep 56
Collagen — Collagen — Collagen 30
zf-C3HC4 23
RRM_1 22
GST.N — GST_C 22
F-box 20
Metallophos 18
Collagen — Collagen 15
Homeobox 15
Kinesin 14



Architecture Frequency
AAA 14
p450 13
K_tetra 12
Proteasome 12
Neur_chan_LBD — Neur_chan_memb 11
BTB 11
Motile_Sperm 10
Filament 10
Ras 10
Arrestin. N — Arrestin_C 10
zf-CCCH — zf-CCCH 10
zf-C2H2 9
ubiquitin 9
MATH — BTB 9
COesterase 9
Ttm_1 9
Aminotran_1_2 8
RRM_.1 — RRM_1 — RRM_1 8
DEAD — Helicase_C 8
D. melanogaster

Pkinase 109
Trypsin 66
RRM_1 55
Homeobox 55
zf-C3HC4 45
RRM_1 — RRM_1 44
HLH 42
Ras 38
zf-C2H2 — zf-C2H2 — z{-C2H2 — z{-C2H2 37
zf-C2H2 — zf-C2H2 — zf-C2H2 — z{-C2H2 — z{-C2H2 36
p450 34
UQ_con 29
DEAD — Helicase_C 28
GST_.N — GST_C 27
BTB 26
adh_short 25
z{-C2H2 — z{-C2H2 — z{-C2H2 24
Proteasome 23
Ttm_1 22
Metallophos 22
zf-C2H2 — 2zf-C2H2 — z{-C2H2 — zf-C2H2 — z{-C2H2 — zf- 21
C2H2

Kinesin 20
zf-C2H2 20
zf-C2H2 — zf-C2H2 — z{-C2H2 — zf-C2H2 — zf-C2H2 — zf- 19
C2H2 — zf-C2H2 — z{-C2H2

zf-C4 — Hormone_recep 19



Architecture Frequency
COesterase 17
AMP-binding 17
zf-C2H2 — zf-C2H2 16
Tetraspannin 16
efhand — efhand — efhand 16
H. sapiens
Pkinase 200
Ttm_1 141
Ras 84
zf-C3HCA4 76
RRM_1 68
Homeobox 66
HLH 57
zf-C4 — Hormone_recep 52
RRM_1 — RRM_1 51
1L8 41
Filament 41
DEAD — Helicase_C 38
SH3_1 37
z{-C2H2 — z{-C2H2 — z{-C2H2 32
UQ_con 31
K_tetra 30
PH 28
PDZ 28
MHC.I — Cl-set 27
SH2 26
V-set 26
Trypsin 25
UCH 24
Lectin_C 23
c2—C2 23
TGF _beta 23
WD40 — WD40 — WD40 — WD40 — WD40 — WD40 22
bZIP_1 22
Kinesin 22
RRM_.1 — RRM_.1 — RRM_1 22




Appendix D

Table D.1: All iPfam domain pairs that are shared between F. coli, S. cerevisiae and H. sapiens.

Accession A Name A

Accession B Name B

PF00004
PF00005
PF00009
PF00011
PF00013
PF00027
PF00035
PF00043
PF00044
PF00056
PF00085
PF00091
PF00106
PF00107
PF00117
PF00118
PF00132
PF00149
PF00155
PF00156
PF00160
PF00166
PF00171
PF00180
PF00183
PFO00185
PF00199
PF00202
PF00204
PF00205
PF00206

AAA
ABC_tran
GTP_EFTU
HSP20

KH_1

cNMP _binding
dsrm

GST_C
Gp_dh_N
Ldh_1.N
Thioredoxin
Tubulin
adh_short
ADH _zinc_N
GATase
Cpn60_TCP1
Hexapep
Metallophos
Aminotran_1_2
Pribosyltran
Pro_isomerase
Cpnl0
Aldedh

Iso_dh

HSP90
OTCace
Catalase
Aminotran_3
DNA _gyraseB
TPP_enzyme M
Lyase_1

PF00004
PF00005
PF00009
PF00011
PF00013
PF00027
PF00035
PF00043
PF00044
PF00056
PF00085
PF00091
PF00106
PF00107
PF00117
PF00118
PF00132
PF00149
PF00155
PF00156
PF00160
PF00118
PF00171
PF00180
PF00183
PFO00185
PF00199
PF00202
PF00204
PF00205
PF00206

AAA
ABC_tran
GTP_EFTU
HSP20

KH_1

cNMP _binding
dsrm

GST_C
Gp_dh_N
Ldh_1_.N
Thioredoxin
Tubulin
adh_short
ADH _zinc_N
GATase
Cpn60_TCP1
Hexapep
Metallophos
Aminotran_1_2
Pribosyltran
Pro_isomerase
Cpn60_TCP1
Aldedh

Iso_dh

HSP90
OTCace
Catalase
Aminotran_3
DNA _gyraseB
TPP_enzyme M
Lyase_1



Accession A Name A

Accession B Name B

PF00208
PF00224
PF00227
PF00254
PF00258
PF00270
PF00271
PF00271
PF00271
PF00288
PF00289
PF00291
PF00293
PF00300
PF00317
PF00328
PF00334
PF00365
PF00378
PF00383
PF00389
PF00438
PF00448
PF00456
PF00462
PF00479
PF00483
PF00488
PF00491
PFO00515
PF00533
PF00534
PF00542
PF00570
PF00571
PF00578
PF00583
PF00586
PF00587
PF00596
PF00625
PF00627
PF00627
PF00636
PF00664
PF00664
PF00676
PF00679

ELFV _dehydrog
PK

Proteasome
FKBP_C
Flavodoxin_1
DEAD
Helicase_C
Helicase_C
Helicase_C
GHMP _kinases N
CPSase_L_chain
PALP

NUDIX

PGAM
Ribonuc_red_1gN
Acid_phosphat_A
NDK

PFK

ECH

dCMP _cyt_deam_1
2-Hacid_dh
S-AdoMet_synt_N
SRP54
Transketolase_N
Glutaredoxin
G6PD_N

NTP _transferase
MutS_V
Arginase

TPR_1

BRCT
Glycos_transf_1
Ribosomal 12
HRDC

CBS

AhpC-TSA
Acetyltransf_1
AIRS
tRNA-synt_2b
Aldolase_II
Guanylate_kin
UBA

UBA
Ribonuclease_3
ABC_membrane
ABC_membrane
El_dh

EFG_C

PF00208
PF00224
PF00227
PF00254
PF00258
PF00270
PF00176
PF00270
PF00271
PF00288
PF00289
PF00291
PF00293
PF00300
PF00317
PF00328
PF00334
PF00365
PF00378
PF00383
PF00389
PF00438
PF00448
PF00456
PF00462
PF00479
PF00483
PF00488
PF00491
PFO00515
PF00533
PF00534
PF00542
PF00570
PF00571
PF00578
PF00583
PF00586
PF00587
PF00596
PF00625
PF00009
PF00627
PF00035
PF00005
PF00664
PF00676
PF00009

ELFV _dehydrog
PK

Proteasome
FKBP_C
Flavodoxin_1
DEAD

SNEF2_N

DEAD
Helicase_C
GHMP _kinases N
CPSase_L_chain
PALP

NUDIX

PGAM
Ribonuc_red_1gN
Acid_phosphat_A
NDK

PFK

ECH

dCMP _cyt_deam_1
2-Hacid_dh
S-AdoMet_synt_N
SRP54
Transketolase_N
Glutaredoxin
G6PD_N

NTP _transferase
MutS_V
Arginase

TPR_1

BRCT
Glycos_transf_1
Ribosomal .12
HRDC

CBS

AhpC-TSA
Acetyltransf_1
AIRS
tRNA-synt_2b
Aldolase_II
Guanylate_kin
GTP_EFTU
UBA

dsrm

ABC_tran
ABC_membrane
El_dh
GTP_EFTU



Accession A Name A

Accession B Name B

PF00702
PF00731
PF00899
PF00923
PF00929
PF01000
PF01039
PF01053
PF01063
PF01138
PF01182
PF01192
PF01193
PF01193
PF01193
PF01227
PF01230
PF01259
PF01423
PF01467
PF01546
PF01612
PF01624
PF01751
PF01842
PF01926
PF01965
PF02142
PF02463
PF02518
PF02518
PF02518
PF02518
PF02729
PF02729
PF02769
PF02769
PF02772
PF02772
PF02773
PF02773
PF02773
PF02775
PF02775
PF02776
PF02776
PF02776
PF02779

Hydrolase

AIRC

ThiF
Transaldolase
Exonuc_X-T

RNA pol_A bac
Carboxyl_trans
Cys_-Met_Meta_PP
Aminotran_4
RNase_PH
Glucosamine_iso
RNA _pol_Rpb6
RNA pol L

RNA _pol L

RNA _pol L

GTP _cyclohydrol
HIT

SAICAR synt
LSM

CTP _transf_2
Peptidase_M20
3_5_exonuc
MutS_I

Toprim

ACT
MMR_HSR1
DJ-1_Pfpl

MGS

SMC_N
HATPase_c
HATPase_c
HATPase_c
HATPase_c
OTCace N
OTCace_N
AIRS_C

AIRS_C
S-AdoMet_synt M
S-AdoMet_synt_M
S-AdoMet_synt_C
S-AdoMet_synt_C
S-AdoMet_synt_C
TPP_enzyme_C
TPP_enzyme_C
TPP_enzyme_N
TPP_enzyme_N
TPP_enzyme_N
Transket_pyr

PF00702
PF00731
PF00899
PF00923
PF00929
PF00562
PF01039
PF01053
PF01063
PF01138
PF01182
PF00623
PF00562
PF01000
PF01193
PF01227
PF01230
PF01259
PF01423
PF01467
PF01546
PF00570
PF01624
PF00270
PF01842
PF01926
PF01965
PF02142
PF02463
PF00183
PF00204
PF01119
PF02518
PF00185
PF02729
PF00586
PF02769
PF00438
PF02772
PF00438
PF02772
PF02773
PF00205
PF02775
PF00205
PF02775
PF02776
PF00456

Hydrolase

AIRC

ThiF
Transaldolase
Exonuc_X-T

RNA _pol_ Rpb2_6
Carboxyl_trans
Cys-Met_Meta_PP
Aminotran_4
RNase_PH
Glucosamine_iso
RNA _pol_Rpb1_2
RNA _pol_Rpb2_6
RNA _pol_A _bac
RNA _pol L

GTP _cyclohydrol
HIT

SAICAR _synt
LSM
CTP_transf_2
Peptidase_ M20
HRDC

MutS_I

DEAD

ACT

MMR_HSR1
DJ-1_Pfpl

MGS

SMC_N

HSP90

DNA _gyraseB
DNA _mis_repair
HATPase_c
OTCace
OTCace N

AIRS

AIRS_C
S-AdoMet_synt_N
S-AdoMet_synt_M
S-AdoMet_synt_N
S-AdoMet_synt_M
S-AdoMet_synt_C
TPP _enzyme M
TPP_enzyme_C
TPP_enzyme_ M
TPP_enzyme_C
TPP_enzyme_N
Transketolase N



Accession A Name A

Accession B Name B

PF02779
PF02779
PF02780
PF02780
PF02780
PF02781
PF02781
PF02786
PF02786
PF02786
PF02786
PF02786
PF02787
PF02787
PF02787
PF02787
PF02787
PF02798
PF02798
PF02800
PF02800
PF02812
PF02812
PF02826
PF02826
PF02852
PF02852
PF02866
PF02866
PF02867
PF02867
PF02881
PF02881
PF02887
PF02887
PF02978
PF02978
PF02978
PF03129
PF03129
PF03144
PF03144
PF03372
PF03477
PF03477
PF03725
PF03725
PF03764

Transket_pyr
Transket_pyr
Transketolase_C
Transketolase_C
Transketolase_C
G6PD_C
G6PD_C
CPSase_L._D2
CPSase_L._D2
CPSase_L._D2
CPSase_L_D2
CPSase_L._D2
CPSase_L._D3
CPSase_L._D3
CPSase_L._D3
CPSase_L._D3
CPSase_L._D3
GST.N

GST.N

Gp-dh_C
Gp_dh_C

ELFV _dehydrog N
ELFV _dehydrog N
2-Hacid_dh_C
2-Hacid_dh_C
Pyr_redox_dim
Pyr_redox_dim
Ldh_1_.C
Ldh_1_.C
Ribonuc_red_lgC
Ribonuc_red_IgC
SRP54_N
SRP54_N

PK_C

PK_C

SRP_SPB
SRP_SPB
SRP_SPB

HGTP _anticodon
HGTP_anticodon
GTP_EFTU_D2
GTP_EFTU_D2
Exo_endo_phos
ATP-cone
ATP-cone
RNase_ PH_C
RNase_PH_C
EFG1IV

PF00676
PF02779
PF00456
PF02779
PF02780
PF00479
PF02781
PF00117
PF00289
PF00988
PF02142
PF02786
PF00117
PF00289
PF00988
PF02786
PF02787
PF00043
PF02798
PF00044
PF02800
PF00208
PF02812
PF00389
PF02826
PF02817
PF02852
PF00056
PF02866
PF00317
PF02867
PF00448
PF02881
PF00224
PF02887
PF00448
PF02881
PF02978
PF00587
PF03129
PF00009
PF03144
PF03372
PF00317
PF02867
PF01138
PF03725
PF00009

El_dh
Transket_pyr
Transketolase_ N
Transket_pyr
Transketolase_C
G6PD_N
G6PD_C
GATase
CPSase_L_chain
CPSase_sm_chain
MGS
CPSase_L._D2
GATase
CPSase_L_chain
CPSase_sm_chain
CPSase_L._D2
CPSase_L._D3
GST_C

GST.N

Gp_dh_N
Gp_dh_C

ELFV _dehydrog
ELFV _dehydrog N
2-Hacid_dh
2-Hacid_dh_C
E3_binding
Pyr_redox_dim
Ldh_1.N
Ldh_1_.C
Ribonuc_red_lgN
Ribonuc_red_IgC
SRP54

SRP54_N

PK

PK_C

SRP54

SRP54_N
SRP_SPB
tRNA-synt_2b
HGTP_anticodon
GTP_EFTU
GTP_EFTU_D2
Exo_endo_phos
Ribonuc_red_1gN
Ribonuc_red_1gC
RNase_PH
RNase_PH_C
GTP_EFTU



Accession A Name A

Accession B Name B

PF03764
PF03764
PF03807
PF03953
PF03953
PF04983
PF04997
PF04998
PF05188
PF05188
PF05190
PF05192
PF05192
PF05192
PF05192
PF06026
PF06418
PF06418
PF07687
PF07687
PF07973
PF07992
PF07992
PF08240
PF08240
PF08544
PF08544

EFG1IV

EFGIV
F420_oxidored
Tubulin_C
Tubulin_C

RNA _pol Rpb1_3
RNA pol Rpbl_1
RNA _pol_Rpb1.5
MutS_II

MutS_II
MutS_IV
MutS_III
MutS_III
MutS_III
MutS_III
Rib_5-P_isom_A
CTP_synth_N
CTP _synth N
M20_dimer
M20_dimer
tRNA_SAD
Pyr_redox_2
Pyr_redox_2
ADH.N

ADH.N

GHMP _kinases_C
GHMP _kinases_C

PF00679
PF03144
PF03807
PF00091
PF03953
PF01192
PF01192
PF01192
PF00488
PF01624
PF05190
PF00488
PF01624
PF05188
PF05190
PF06026
PF00117
PF06418
PF01546
PF07687
PF00587
PF02852
PF07992
PF00107
PF08240
PF00288
PF08544

EFG_C
GTP_EFTU_D2
F420_oxidored
Tubulin
Tubulin_C

RNA _pol_Rpb6
RNA _pol_Rph6
RNA _pol_Rpb6
MutS_V

MutS_I
MutS_IV
MutS_V

MutS_I

MutS_II
MutS_IV
Rib_5-P_isom_A
GATase

CTP _synth N
Peptidase_M20
M20_dimer
tRNA-synt_2b
Pyr_redox_dim
Pyr_redox_2
ADH _zinc_N
ADH.N

GHMP _kinases N
GHMP _kinases_C




Appendix E

Table E.1: Most frequent Gene Ontology annotations on all {Pfam families shared between F.
coli, S. cerevisiae and H. sapiens.

Accession Function Freq Process Freq Compartment Freq
PF00291 catalytic activity 9 metabolic process 13
PF00702 catalytic activity 9 metabolic process 13
PF01063 catalytic activity 9 metabolic process 13
PF00171 oxidoreductase ac- 9 metabolic process 13
tivity
PF00378 catalytic activity 9 metabolic process 13
PF00106 oxidoreductase ac- 9 metabolic process 13
tivity
PF00180 oxidoreductase ac- 3 metabolic process 13
tivity, acting on
the CH-OH group
of donors, NAD or
NADP as acceptor
PF00389 oxidoreductase ac- 3 metabolic process 13
tivity, acting on
the CH-OH group
of donors, NAD or
NADP as acceptor
PF00289 ligase activity 2 metabolic process 13
PF02817 acyltransferase ac- 2 metabolic process 13
tivity
PF01842 amino acid binding 2 metabolic process 13
PF00676 oxidoreductase ac- 1 metabolic process 13
tivity, acting on
the aldehyde or oxo
group of donors,
disulfide as accep-
tor
PF00583 N-acetyltransferase 1 metabolic process 13

activity



Accession Function Freq Process Freq Compartment Freq
PF00623 DNA-directed 8 transcription 7 nucleus 1
RNA  polymerase
activity
PF04998 DNA-directed 8 transcription 7
RNA  polymerase
activity
PF01193 DNA-directed 8 transcription 7
RNA  polymerase
activity
PF01000 DNA-directed 8 transcription 7
RNA  polymerase
activity
PF04997 DNA-directed 8 transcription 7
RNA  polymerase
activity
PF04983 DNA-directed 8 transcription 7
RNA  polymerase
activity
PF00562 DNA-directed 8 transcription 7
RNA  polymerase
activity
PF01624 ATP binding 26 mismatch repair 6
PF05190 ATP binding 26 mismatch repair 6
PF00488 ATP binding 26 mismatch repair 6
PF05188 ATP binding 26 mismatch repair 6
PF01119 ATP binding 26 mismatch repair 6
PF05192 ATP binding 26 mismatch repair 6
PF00208 oxidoreductase ac- 9 amino acid 5
tivity metabolic pro-
cess
PF02812 oxidoreductase ac- 9 amino acid b
tivity metabolic pro-
cess
PF01053 pyridoxal phos- 4 amino acid b
phate binding metabolic pro-
cess
PF02887 magnesium ion 3 glycolysis 5
binding
PF00044 NAD binding 3 glycolysis 5
PF02800 NAD binding 3 glycolysis 5
PF00224 magnesium ion 3 glycolysis 5
binding
PF00185 carboxyl- and car- 2 amino acid 5
bamoyltransferase metabolic pro-
activity cess
PF02729 carboxyl- and car- 2 amino acid b
bamoyltransferase metabolic pro-
activity cess



Accession Function Freq Process Freq Compartment Freq
PF00365 6- 1 glycolysis 5 6- 1
phosphofructokinase phosphofructokinase
activity complex
PF00166 ATP binding 26 protein folding 4
PF00155 pyridoxal phos- 4 biosynthetic  pro- 4
phate binding cess
PFO01467 nucleotidyltransferase 2 biosynthetic  pro- 4
activity cess
PF00483 nucleotidyltransferase 2 biosynthetic  pro- 4
activity cess
PF00183 unfolded  protein 1 protein folding 4
binding
PF00534 biosynthetic — pro- 4
cess
PF00254 protein folding 4
PF00160 protein folding 4
PF00438 ATP binding 26 one-carbon  com- 3
pound  metabolic
process
PFO02772 ATP binding 26 one-carbon  com- 3
pound  metabolic
process
PF02773 ATP binding 26 one-carbon  com- 3
pound  metabolic
process
PF03725 RNA binding 7 RNA processing 3
PF00636 RNA binding 7 RNA processing 3
PF01138 RNA binding 7 RNA processing 3
PF03129 ATP binding 26 translation 2
PF02852 oxidoreductase ac- 9 cell redox home- 2 cytoplasm 3
tivity ostasis
PF00056 oxidoreductase ac- 9 tricarboxylic acid 2
tivity cycle intermediate
metabolic process
PF02866 oxidoreductase ac- 9 tricarboxylic acid 2
tivity cycle intermediate
metabolic process
PF02881 GTP binding 8 SRP-dependent 2 signal recognition 2
cotranslational particle, endo-
protein targeting to plasmic reticulum
membrane targeting
PF00448 GTP binding 8 SRP-dependent 2 membrane 1
cotranslational

protein targeting to
membrane



Accession Function Freq Process Freq Compartment Freq
PF02781 glucose-6- 2 glucose metabolic 2
phosphate 1- process
dehydrogenase
activity
PF00479 glucose-6- 2 glucose metabolic 2
phosphate 1- process
dehydrogenase
activity
PF00542 structural con- 1 translation 2 intracellular 6
stituent of ribo-
some
PF00199 catalase activity 1 electron transport 2
PF00462 protein disulfide ox- 1 cell redox home- 2
idoreductase activ- ostasis
ity
PF03807 electron transport 2
PF01182 carbohydrate 2
metabolic process
PF00923 carbohydrate 2
metabolic process
PF02463 ATP binding 26 DNA metabolic 1 chromosome 2
process
PF00204 ATP binding 26 DNA  topological 1 chromosome 2
change
PF00664 ATP binding 26 transport 1 integral to mem- 1
brane
PF00334 ATP binding 26 UTP biosynthetic 1
process
PF00118 ATP binding 26 cellular protein 1
metabolic process
PF00587 ATP binding 26 tRNA  aminoacy- 1
lation for protein
translation
PF00288 ATP binding 26 phosphorylation 1
PF00988 ATP binding 26 nitrogen compound 1
metabolic process
PF03953 GTP binding 8 protein polymeriza- 1 protein complex 1
tion
PF01192 DNA-directed 8 transcription, 1
RNA  polymerase DNA-dependent
activity
PF02978 RNA binding 7 protein targeting 1 signal recognition 2
particle, endo-
plasmic reticulum
targeting
PFO01751 nucleic acid binding 5 DNA modification 1



Accession Function Freq Process Freq Compartment Freq
PF02787 carbamoyl- 2 arginine biosyn- 1 cytoplasm 3
phosphate synthase thetic process
activity
PF01227 GTP cyclohydro- 1 aromatic com- 1 cytoplasm 3
lase I activity pound biosynthetic
process
PF00731 phosphoribosyl- 1 de novo’ IMP 1 phosphoribosyl- 1
aminoimidazole biosynthetic  pro- aminoimidazole
carboxylase activ- cess carboxylase com-
ity plex
PF02867 ribonucleoside- 1 DNA replication 1 ribonucleoside- 1
diphosphate reduc- diphosphate reduc-
tase activity tase complex
PF00227 threonine endopep- 1 ubiquitin- 1 proteasome core 1
tidase activity dependent protein complex (sensu
catabolic process Eukaryota)
PF01259 phosphoribosylamino- 1 purine nucleotide 1
imidazolesuccino- biosynthetic  pro-
carboxamide syn- cess
thase activity
PF01546 metallopeptidase 1 proteolysis 1
activity
PF06026 ribose-5-phosphate 1 pentose-phosphate 1
isomerase activity shunt, non-
oxidative branch
PF06418 CTP synthase ac- 1 pyrimidine nu- 1
tivity cleotide biosyn-
thetic process
PF01423 mRNA  metabolic 1 ribonucleoprotein 1
process complex
PF00156 nucleoside 1
metabolic pro-
cess
PF00004 ATP binding 26
PF02786 ATP binding 26
PF02518 ATP binding 26
PF00270 ATP binding 26
PF00271 ATP binding 26
PF00176 ATP binding 26
PF00005 ATP binding 26
PFO02775 catalytic activity 9
PF00586 catalytic activity 9
PF00206 catalytic activity 9
PF00258 oxidoreductase ac- 9
tivity
PF00899 catalytic activity 9
PF00117 catalytic activity 9



Accession Function Freq Process Freq Compartment Freq

PF00578 oxidoreductase ac- 9
tivity

PF01926 GTP binding 8 intracellular 6
PF00679 GTP binding 8
PF00009 GTP binding 8
PF03144 GTP binding 8
PF03764 GTP binding 8
PF00013 RNA binding 7
PF00570 nucleic acid binding 5 intracellular 6
PF01612 nucleic acid binding 5 intracellular 6
PF00383 hydrolase activity 4
PF00202 pyridoxal phos- 4
phate binding
PF00149 hydrolase activity 4
PF0O7687 hydrolase activity 4
PF00293 hydrolase activity 4
PF02776 thiamin pyrophos- 3
phate binding
PF02826 oxidoreductase ac- 3
tivity, acting on
the CH-OH group
of donors, NAD or
NADP as acceptor
PF00205 magnesium ion 3
binding
PF00596 metal ion binding 2
PF01039 ligase activity 2
PF00132 acyltransferase ac- 2
tivity
PF00491 metal ion binding 2
PF00035 double-stranded 1 intracellular 6

RNA binding
PF00328 acid  phosphatase 1
activity
PF00533 intracellular 6




Appendix F

Table F.1: List of disease mutations linked to protein interaction defects, derived from the

scientific literature.

MutationVariant Seq ID

Description

Inh.

Mech.

604312  .0001 P01034

107300  .0021 P01008
121011 .0020 P29033
123580  .0001 P02489
123590  .0001 P02511
123680  .0001 Q53R50

125647  .0002 Q4LE79
134850  .0010 P02679
134850  .0017 P02679

138040  .0009 P04150

139250  .0020 P01241

In patients with Icelandic-type cerebroarterial amy-
loidosis (105150), Abrahamson et al. (1987) iden-
tified a 358T-A transversion in the CST3 gene, re-
sulting in a leu68-to-gln (L68Q) substitution.The
dimerization was highly temperature-dependent,
with a rise in incubation temperature from 37 to
40 degrees centigrade resulting in a 150% increase
in dimerization rate.

Antithrombin III defficiency

gap-junction protein (no direct functional link)
Crystallin change of preference in polymers
Crystallin change of preference in polymers
Crystallin change of preference in polymers in Cop-
pock cataract

Desmoplakin; This region of the desmoplakin pro-
tein interacts with intermediate filaments to anchor
them to the desmosome

Fibrinogen G, impaired polymerisation

Fibrinogen G, impaired polymerisation
GLUCOCORTICOID receptor, reduced cofactor
binding

Growth Hormone, in a prepubertal Spanish child
with familial short stature (604271), Lewis et al.
(2004) found an ile179-to-met (I179M) amino acid
substitution. Molecular modeling studies suggested
that the I179M substitution might perturb inter-
actions between GH and the GH receptor loop
containing residue trpl69, thereby affecting signal
transduction.

139320  .0032 Q5JWD2 GNAS

AD
AD
AD
AD
AD

AR
AR
AR
AD

AD

IM

GF

LF
LF
CF
CF
LF

LF
LF
LF

LF

LF

LF



MutationVariant

Seq ID

Description

Inh.

Mech.

139350
139350
141800

141900
147545
147557

147557

600576

235200

300300

300490

.0004
.0015
0179

.0038
.0002
.0014

.0015

.0001

.0011

.0025

.0013

P04264
P04264
Q5RIM5

P68871
P35568
P16144

P16144

P43694

Keratin

Keratin

HBAI; Hb Yuda has a very low oxygen affinity and
slightly decreased cooperative subunit interaction.
HBB; HEMOGLOBIN C [HBB, GLUGLYS]

IRS1

Koster et al. (2001) reported that this muta-
tion renders integrin beta-4 unable to interact with
plectin (601282) and prevents the localization of
plectin in hemidesmosomes.

Koster et al. (2001) reported that this muta-
tion renders integrin beta-4 unable to interact with
plectin (601282) and prevents the localization of
plectin in hemidesmosomes.

Garg et al. (2003) demonstrated that GATA4
(600576) interacts with TBX5 and showed
that a missense mutation in GATA4, G296S
(600576.0001), abrogated this interaction.

NP_620575By performing immunoprecipitation studies in

Q32ML5

060880

HeLa cells, Ka et al. (2005) found that the
Q283P mutation prevented the normal interaction
between HFE protein and beta-2-microglobulin
(B2M; 109700) and between HFE protein and
transferrin receptor (TFRC; 190010).

de Weers et al. (1994) identified a C-to-T tran-
sition at position 993, resulting in a substitution
of tryptophan for arginine-288. This mutation was
found in the SH2-like domain where arg288 is highly
conserved and crucial for the interaction with the
aromatic ring of phosphotyrosine. Therefore, the
replacement of arg288 by a nonpolar tryptophan
would entirely abrogate the formation of the high-
affinity comosine binding pocket. The change to a
neutral glycine residue is highly likely to disrupt the
binding potential of this region. This patient has
less than 1% B cells and undetectable immunoglob-
ulin levels, indicating that the replacement of this
highly conserved arginine residue completely abol-
ishes the functioning of Btk.

SH2 Domain Protein 1A; Based on the molecular
structure of the SH2D1A-SLAM (603492) interac-
tion, this mutation was predicted to disrupt binding
between the SH2 domain of SH2D1A and the cyto-
plasmic domain of SLAM. The mutation was also
predicted to interfere with SH2D1A-2B4 (605554)
binding because of the strong amino acid homology
shared by SLAM and 2B4.

AD
AD

M
AR
AR

AR

AD

CH

XL

XL

LF
LF
LF

GF
LF
LF

LF

LF

LF

LF

LF



MutationVariant

Seq ID

Description

Inh.

Mech.

305371

305371

600160

601130

601769

.0002

.0005

.0016

.0002

.0010

P15976

P15976

P42771

P11712

P11473

Freson et al. (2001) described a family with
isolated X-linked macrothrombocytopenia without
anemia but with some dyserythropoietic features
(see 300367) in 13 males in 9 sibships of 3 gen-
erations connected through carrier females. A
novel mutation in the GATA1l gene, asp218 to
gly (D218G), resulted in a weaker interaction with
FOG1

Freson et al. (2002) described a 2-generation fam-
ily with deep macrothrombocytopenia (see 300367),
marked anemia, and early mortality. The muta-
tion is predicted to result in substitution of tyrosine
for aspartate-218 (D218Y). Zinc finger interaction
studies revealed a stronger loss of affinity of D218Y-
GATA1 than of D218G-GATA1 (305371.0002) for
the essential transcription factor FOG1 (601950)
and a disturbed GATA1 self-association.

CDK inhib 2a; A val59-to-gly mutation in the
CDKN2A gene was found in 4 families segregat-
ing cutaneous malignant melanoma; The mutation,
which occurs in a hydrophobic region with the sec-
ond ankyrin repeat, impairs pl6-INK4a function,
as shown by studies of protein-protein interactions
and cell proliferation assays.

Cytochrome P450; the CYP2C9*3 variant is less
than 5% as efficient as the wildtype enzyme, while
CYP2C9*2 shows about 12% of wildtype activity,
apparently as a result of the amino acid substitu-
tion altering the interaction of the enzyme with cy-
tochrome P450 oxidoreductase. Aithal et al. (1999)
studied the frequency of the 2 variant alleles in in-
dividuals with a low warfarin dose requirement; see
122700. Patients in the low-dose group were more
likely to have difficulties at the time of induction of
warfarin therapy and had an increased risk of major
bleeding complications.

Whitfield et al. (1996) identified a mutation in
the VDR gene, resulting in an ile314-to-ser (1314S)
substitution in the hormone-binding domain of the
protein. The mutation caused decreased 1,25-
(OH)2D3-dependent transactivation of the VDR
and impaired heterodimeric interaction with the
retinoid X receptor

XL

XL

AD

PM

AR

LF

LF

LF

LF

LF



MutationVariant

Seq ID

Description

Inh.

Mech.

601769

603273

603273

603714

606860

608014
608014
608537

103850

256540

.0011

.0009

.0010

.0002

.0002

.0001
.0002
.0019

.0002

.0014

P11473

QI9H3D4

Q9H3D4

095343

P05155

QIUJY1
QIUJY1
P40337

P04075

P10619

In a patient with vitamin D-dependent rickets type
IT (277440), Whitfield et al. (1996) identified a mu-
tation in the VDR gene, resulting in an arg391-to-
cys (R391C) substitution in the hormone-binding
domain of the protein. The mutation caused
decreased 1,25-(OH)2D3-dependent transactivation
of the VDR and impaired heterodimeric interaction
with the retinoid X receptor (RXR; 180245).

In a 6-year-old patient with Hay-Wells syndrome
(106260) who lacked any limb defects, McGrath
et al. (2001) identified an A-to-T transversion at
nucleotide 1542 of the TP63 gene, resulting in a
leu518-to-phe substitution in the sterile alpha mo-
tif (SAM) domain. Molecular modeling suggested
that the substitution would alter protein-protein in-
teractions.

In a 10-month-old infant with typical features
of Hay-Wells syndrome (106260), McGrath et al.
(2001) identified a T-to-G transversion at nu-
cleotide 1564 of the TP63 gene, resulting in a
cysb26-to-gly substitution in the sterile alpha motif
(SAM) domain. Molecular modeling suggested that
the substitution would alter protein-protein inter-
actions.

Laflamme et al. (2004) demonstrated that the SIX3
protein carrying this mutation did not interact with
NOR1 (600542) in vivo.

Complement Component 1 Inhib; Davis et al.
(1992) showed that the dysfunction demonstrated
by this mutation results from a block in the inter-
action with target protease.

HS 22kd Prot, Increased binding!

HS 22kd Prot, Increased binding!

Ang et al. (2002) concluded that the R200W sub-
stitution impairs the interaction of VHL with HIF'1-
alpha

Mutation of Glu to Arg in subunit interface. How-
ever, this is not proved to disrupt protein-protein
interaction but it seems likely and the authors ar-
gue this is the case

A structural model of the mutant PPCA was con-
structed by amino acid substitution of 453glutamic
acid for lysine in the crystal structure of the wild
type PPCA precursor reported. The results show
that the K453E mutation is located at the dimer in-
terface of the PPCA and reduces the hydrogen bond
formation in the dimer. This structural change may
cause instability of the PPCA dimer.

AR

AD

AD

AD

AD
AD
AR

AR

LF

LF

LF

LF

LF

GF
GF
LF

LF



MutationVariant

Seq ID Description

Inh.

Mech.

305900

193400

606869

193400

141850

.0051

.0013

.0009

.0024

.0005

NP_0003931In a study of the causative mutation in 12 cases of

G6PD deficiency associated with chronic nonsphe-
rocytic hemolytic anemia, Vulliamy et al. (1998)
found 1 patient to have a novel mutation, which
they called G6PD Serres: a 1082C-T change, caus-
ing an ala361-to-val substitution in the dimer inter-
face where most other severe G6PD mutations are
found. Blood. 2000 Feb 15;95(4):1499-501.

NP_000543J Biol Chem. 1991 Jul 25;266(21):13499-502. In

P06865

previous studies, we have mapped the epitope for
an anti-vWF monoclonal antibody which inhibits
the interaction between FVIII and vWF to a region
spanning Thr78 to Thr96 of the mature protein. We
now report the identification of a mutation within
this region of vWF that results in decreased FVIII
binding.

Paw et al. (1990) identified a G-to-A transition at
nucleotide 1511 resulting in substitution of histidine
for arginine at position 504 in the HEXA molecule.
Cultured fibroblasts from the patient synthesized
an alpha subunit that could acquire mannose 6-
phosphate and be secreted, but which failed to as-
sociate with the beta~-subunit to form the enzymat-
ically active heterodimer.

NP_000543 Schneppenheim et al. (1996) demonstrated a het-

P69905

erogygous cys2010-to-arg mutation in the mature
vWF subunit causing the type IID von Willebrand
disease phenotype in 2 unrelated patients. Re-
combinant expression of mutant vWF fragments
demonstrated that the mutation was responsible for
defective disulfide bonding of the C-terminal do-
mains, thus impairing dimer formation.

Goossens et al. (1982) described another nondele-
tion mechanism: mutation in the 125th codon of
the alpha-2 gene resulted in substitution of proline
for leucine in a region of the H helix of the alpha-
globin chain, which is critical for alpha-beta con-
tact, resulting in impediment to alpha-beta dimer
formation, the initial step in hemoglobin tetramer
assembly.

XL

CH

AR

AD

AR

LF

LF

LF

LF

LF



MutationVariant

Seq ID

Description

Inh.

Mech.

125660

190160

235200

607008

176300

174763

157140

.0006

NA

.0001

.0001

.0039

.0002

.0003

Q53SB5

P10828

The leu345-to-pro mutation (L345P) in this kindred
was located in an evolutionarily highly conserved
position of the desmin coiled-coil rod domain im-
portant for dimer formation. L345P desmin was
incapable of forming filamentous networks in trans-
fected HeLa and SW13 cells. Sjoberg et al. (1999)
concluded that the L345P mutation causes myopa-
thy by interfering in a dominant-negative manner
with the dimerization-polymerization process of in-
termediate filament assembly.

Proc Natl Acad Sci U S A. 1997 Jan 7;94(1):248-53
Here we describe a novel leucine to valine mutation
in codon 454 (L454V) of the thyroid hormone beta
receptor. [...] indicating that the interaction of this
residue with accessory proteins is critical for tran-
scriptional activation. (Not in OMIM nor UniProt)

NP_620575J Biol Chem. 1997 May 30;272(22):14025-8:

P11310

P02766

P54098

P10636

Co-immunoprecipitation studies demonstrate that
wild-type HLA-H binds beta2-microglobulin and
that the C282Y mutation completely abrogates this
interaction.

MCAD DEFICIENCY; the amount of K329E
tetramer formed was distinctly less than wildtype
at any point up to 60 minutes after import, indicat-
ing that the assembly of K329E was defective. Af-
ter further incubation, K304E decayed more rapidly
than did wildtype, indicating a reduced stability. In
similar studies K329R behaved like the wildtype,
while K329D closely resembled K329E, indicating
that a basic residue at 304 is essential for tetramer
formation and intramitochondrial stability of ma-
ture MCAD.

Jenne et al. (1996) identified a 'new’ amyloidogenic
val20ile mutation of the TTR gene. tetramer sta-
bility was significantly reduced in agreement with
the expected change in the interactions between 2
opposing dimers via the side chain of ile20.

J Biol Chem. 2005 Sep 9;280(36):31341-6: the
A467T mutant enzyme failed to interact with and
was not stimulated by the accessory subunit.

J Neurochem. 2000 Jun;74(6):2583-9: Mutated tau
is less phosphorylated than its normal counterpart
at serines 396 and 404. Furthermore, the phospho-
rylated mutant protein is unable to bind to micro-
tubules.

AD

AD

AR

AR

AR

AD

LF

LF

LF

LF

CF

LF

LF



MutationVariant

Seq ID

Description

Inh.

Mech.

191044

P51587

276000

P00156

238331

P04275

606672

.0001

P19429

VAR_020705P51587

.0006

Q5NV57

VAR _013653P00156

NA

P09622

VAR_005800P04275

.0003

P07359

Biochemistry. 2002 Jun 11;41(23):7267-74: the
affinity is reduced by approximately 14-fold by the
T142 phosphorylation and approximately 4-fold by
the mutation R145G.

Oncogene. 2003 Jan 9;22(1):28-33: the cancer-
predisposing mutation Y42C in BRCA2 signifi-
cantly compromised the interaction between RPA
and BRCA2

Hum Mutat. 2004 Jan;23(1):22-31: E7T9K markedly
inhibited autoactivation of cationic trypsinogen.
Remarkably, however, E7T9K trypsin activated an-
ionic trypsinogen PRSS2 (601564) 2-fold.
European Journal of Biochemistry, Volume 271, Is-
sue 7, April 2004, Pages 1292-1298: The mitochon-
drial cytochrome b missense mutation, G167E, has
been reported in a patient with cardiomyopathy.
The residue G167 is located in an extramembranous
helix close to the hinge region of the iron-sulfur pro-
tein. Analysis of the enzyme activity indicated that
the mutation affected its stability, which could be
the result of an altered binding of the iron-sulfur
protein on the complex. [...|This suggested that
the mutation G167E could hinder the movement of
the iron-sulfur protein, probably by distorting the
structure of the hinge region.

Biochem Biophys Res Commun. 1999 Aug
19;262(1):163-6: Asp for Val at position 479 of the
precursor form - the mutation resides within the
interface domain and likely perturbs stable dimer-
ization

PubMed=1409710: von Willebrand disease type B:
a missense mutation selectively abolishes ristocetin-
induced von Willebrand factor binding to platelet
glycoprotein Ib; J Thromb Haemost. 2006
Feb;4(2):417-25: The interaction of von Willebrand
factor-A1 domain with collagen: mutation G1324S
(type 2M von Willebrand disease) impairs the con-
formational change in A1l domain induced by colla-
gen

J Thromb Haemost. 2003 Oct;1(10):2198-205: The
125I-labeled VWF binding to mutant compared
with the wild type displayed three patterns, gain-of-
function (G233S, G233V, and M239V), equivalent
function (G233A), and loss-of-function (G233K and
G233D)

AD

AD

CH

AD

LF

LF

CF

LF

LF

LF

GF



MutationVariant

Seq ID

Description

Inh.

Mech.

193400

193400

193400

075695

075695

603693

607759

300384

300384

605906

.0018

.0008

.00012

NP_000543 Proc Natl Acad Sci U S A. 1992 Oct 15;89(20):9846-

9: the type B variant VWF displayed an aber-
rant interaction with the gpIb platelet receptor that
seemed to be independent of multimeric structure.

NP_000543J Biol Chem. 1992 Oct 15;267(29):21187-92: the

Argh78-;Gln mutation increases the affinity of
vWF for GPIb but does not directly impair vWF
interaction with collagen or heparin. Arg578 may
therefore be necessary to prevent normal vWF from
interacting with GPIb.

NP_000543Blood. 1992 Feb 1;79(3):563-7: These results illus-

VAR_008499075695

VAR_018074075695

.0001

NA

.0008

.0009

.0009

QSWW38

P08514

P50402

P50402

075112

trate the importance of Arg 53 of the mature vWF
subunit for the binding of FVIII to vWF
Structure 2006 Feb;14:367-378: The abilities of RP2
to bind Arl3 and cause retinitis pigmentosa seem
to be correlated, since both the R118H and E138G
mutants show drastically reduced affinity to Arl3
Structure 2006 Feb;14:367-378: The abilities of RP2
to bind Arl3 and cause retinitis pigmentosa seem
to be correlated, since both the R118H and E138G
mutants show drastically reduced affinity to Arl3
Although the mutant protein retained the ability to
bind the partner protein GATA4 (600576) and re-
press GATA4-mediated gene activation, it was sub-
tly impaired in this function.

J Thromb Haemost. 2004 Jul;2(7):1167-75: A novel
Phel71Cys mutation in the alpha(IIb) gene of pa-
tients with GT is associated with abrogation of al-
pha(Ilb)beta(3) complex formation

Hum Genet. 1999 Mar;104(3):262-8: Biochemical
analysis has demonstrated that the mobility and
expression levels of the mutant forms of emerin are
indistinguishable from that of wild-type emerin, but
that they have weakened interactions with nuclear
lamina components

Hum Genet. 1999 Mar;104(3):262-8: Biochemical
analysis has demonstrated that the mobility and
expression levels of the mutant forms of emerin are
indistinguishable from that of wild-type emerin, but
that they have weakened interactions with nuclear
lamina components

J Biol Chem. 2004 Feb 20;279(8):6746-52: o reveal
the biochemical changes due to the mutation, we
performed a yeast two-hybrid assay and a pull-down
assay. It was demonstrated by both assays that
the D626N mutation of Cypher/ZASP increased
the affinity of the LIM domain for protein kinase
C

AD

AD

AR

AR

AD

LF

GF

LF

LF

LF

LF

LF

LF

LF

GF



MutationVariant Seq ID

Description

Inh.

Mech.

603959

193400

P04275

P98172

P98172

P98172
P98172
Q99574

P98172
P98172
P98172
610550

610550

.0015 QIY5I7

Am J Hum Genet. 2003 Dec;73(6):1293-301: The
T233R mutation was found to abolish binding of
CLDN16 to ZO1

NA NP_000543J Thromb Haemost. 2004 Jul;2(7):1135-42: The

VAR_010242P04275

VAR _023135P98172

VAR_023130P98172

VAR_023131P98172
VAR_023128P98172
VAR_008520Q99574

VAR_023132P98172
VAR_023133P98172
VAR_023134P98172
.0007 Q00266

.0009 Q00266

mutation L1503Q does not significantly disrupt the
conformation of the protein; thus the subtle loss
of multimers in this patient may be due to altered
interactions with the ADAMTS13 protease.

Blood. 2000 Jul 15;96(2):560-8: Multimer analy-
sis showed that rFVWFR273W failed to form high-
molecular-weight multimers present in wild-type
rVWF

Twigg S.R.F., Kan R., Babbs C., Bochukova E.G.,
Robertson S.P., Wall S.A., Morriss-Kay G.M.,
Wilkie A.O.M. ”"Mutations of ephrin-B1 (EFNB1),
a marker of tissue boundary formation, cause cran-
iofrontonasal syndrome.” Proc. Natl. Acad. Sci.
U.S.A. 101:8652-8657(2004)

Twigg S.R.F., Kan R., Babbs C., Bochukova E.G.,
Robertson S.P., Wall S.A., Morriss-Kay G.M.,
Wilkie A.O.M. ”"Mutations of ephrin-B1 (EFNB1),
a marker of tissue boundary formation, cause cran-
iofrontonasal syndrome.” Proc. Natl. Acad. Sci.
U.S.A. 101:8652-8657(2004)

Am J Hum Genet. June 2004; 74(6): 12091215
Am J Hum Genet. June 2004; 74(6): 12091215
Nature. 1999 Sep 23;401(6751):376-9; polymeriza-
tion disease: Familial dementia caused by polymer-
ization of mutant neuroserpin.

Am J Hum Genet. June 2004; 74(6): 12091215
Am J Hum Genet. June 2004; 74(6): 12091215
Am J Hum Genet. June 2004; 74(6): 12091215

J. Biol. Chem., Vol. 276, Issue 17, 13803-13809,
April 27, 2001; Chamberlin et al. (1997) identified
a heterozygous 791G-A transition in the MAT1A
gene, resulting in an arg264-to-his (R264H) substi-
tution. In vitro studies suggested that residue 264
is involved in salt bridge formation essential for sub-
unit dimerization and that the dominant effect of
the R264H mutation is exerted by the formation of
enzymatically inactive R264/R264H dimers.
Unlike the R264H (610550.0007) mutation, which
behaves as an autosomal dominant, the authors
found that the R264C mutation behaves as an au-
tosomal recessive.
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MutationVariant

Seq ID

Description

Inh.

Mech.

134850

134850

P05166

P05166

P05166

600160

P42771
P42771
P42771
P42771
P42771
P42771
P42771
P42771

.0004 P02679

.0005 P02679

VAR_000280P05166

VAR _000281P05166

VAR_009086P05166

.0007 P42771

VAR _001409P42771
VAR _001410P42771
VAR_001411P42771
VAR_001420P42771
VAR_001424P42771
VAR _001449P42771
VAR _001447P42771
VAR_001448P42771

Ebert and Bell (1988) identified Baltimore-3 as a
congenital abnormal fibrinogen with defective fib-
rin monomer polymerization. Bantia et al. (1990)
demonstrated an asn308-to-ile mutation. Polymer-
ization is also affected by asn308-to-lys (Kyoto-1).
Ebert and Bell (1988) identified Baltimore-3 as a
congenital abnormal fibrinogen with defective fib-
rin monomer polymerization. Bantia et al. (1990)
demonstrated an asn308-to-ile mutation. Polymer-
ization is also affected by asn308-to-lys (Kyoto-1).
Molecular Genetics and Metabolism, Volume 74,
Number 4, December 2001, pp. 476-483(8): To
clarify the molecular effect associated with gene al-
terations causing propionic acidemia, 12 different
mutations affecting the PCCB gene were analyzed
for their involvement in alpha-beta heteromeric and
beta-beta homomeric assembly.

Molecular Genetics and Metabolism, Volume 74,
Number 4, December 2001, pp. 476-483(8): To
clarify the molecular effect associated with gene al-
terations causing propionic acidemia, 12 different
mutations affecting the PCCB gene were analyzed
for their involvement in alpha-beta heteromeric and
beta-beta homomeric assembly.

Molecular Genetics and Metabolism, Volume 74,
Number 4, December 2001, pp. 476-483(8): To
clarify the molecular effect associated with gene al-
terations causing propionic acidemia, 12 different
mutations affecting the PCCB gene were analyzed
for their involvement in alpha-beta heteromeric and
beta-beta homomeric assembly.

Oncogene. 1999 Sep 23;18(39):5423-34; Harland
et al. (1997) identified a met53-to-ile mutation in
the CDKN2A gene in affected members of a fam-
ily with melanoma. They showed that the protein
expressed from this previously described mutation
did not bind to CDK4/CDKS6, confirming its role
as a causal mutation in melanoma.

Oncogene. 1999 Sep 23;18(39):5423-34

Oncogene. 1999 Sep 23;18(39):5423-34
Oncogene. 1999 Sep 23;18(39):5423-34
Oncogene. 1999 Sep 23;18(39):5423-34
Oncogene. 1999 Sep 23;18(39):5423-34
Oncogene. 1999 Sep 23;18(39):5423-34
Oncogene. 1999 Sep 23;18(39):5423-34
(39):

39
39
39
39
39
Oncogene. 1999 Sep 23;18(39):5423-34
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MutationVariant

Seq ID

Description

Inh.

Mech.

603868

608897

.0010

0007

P51159

Q70J99

Q99574 VAR_008521Q99574

100710

015273

104760

.0003

VAR_029446

.0001

P11230

P05067

In a study of the spectrum of mutations in chil-
dren with primary emophagocytic lymphohistio-
cytosis (267700), Zur Stadt et al. 2006) identi-
fied 2 mutations in RAB27A in 3 patients with
Griscelli syndrome type 2 (607624), which can
present with hemophagocytic lymphohistiocytosis.
One of these was the missense mutation ala87 to pro
(A87P). In functional studies using a mammalian
2-hybrid system, they found that the A87P mu-
tation in RAB27A and leu403 to pro in UNC13D
(608897.0007) each prevented the formation of a
stable UNC13D/RAB27A complex in vitro.

In a study of the spectrum of mutations in chil-
dren with primary emophagocytic lymphohistio-
cytosis (267700), Zur Stadt et al. 2006) identi-
fied 2 mutations in RAB27A in 3 patients with
Griscelli syndrome type 2 (607624), which can
present with hemophagocytic lymphohistiocytosis.
One of these was the missense mutation ala87 to pro
(A87P). In functional studies using a mammalian
2-hybrid system, they found that the A87P mu-
tation in RAB27A and leu403 to pro in UNC13D
(608897.0007) each prevented the formation of a
stable UNC13D/RAB27A complex in vitro.
Nature. 1999 Sep 23;401(6751):376-9; polymeriza-
tion disease: Familial dementia caused by polymer-
ization of mutant neuroserpin.

Quiram et al. (1999) demonstrated that the mu-
tation impairs AChR assembly by disrupting a
specific interaction between the beta and delta
(100720) subunits.

J Am Coll Cardiol. 2004 Dec 7;44(11):2192-201:
Two TCAP mutations, T1371 and R153H, were
found in patients with HCM, and another TCAP
mutation, E132Q, was identified in a patient with
DCM. It was demonstrated by the qualitative as-
says that the HCM-associated mutations augment
the ability of Tcap to interact with titin and
calsarcin-1, whereas the DCM-associated mutations
impair the interaction of Tcap with MLP, titin, and
calsarcin-1

In Levy et al. (1990) identified a 1852G-C transver-
sion in the APP gene, resulting in a glu693-to-
gln (E693Q) substitution. Miravalle et al. (2000)
demonstrated in vitro that the E693Q mutation re-
sulted in a high content of beta-sheet amyloid con-
formation and fast aggregation/fibrillization prop-
erties.

AR

AR

AD

CH

AD

LF

LF

GF

LF

GF



MutationVariant Seq ID

Description

Inh.

Mech.

104760

176640

141900

P00439

P00441

P00441

602533

P00492

.0013 P05067
.0001 Q53YKT
.0243 P68871

VAR_000900P00439

VAR_007131P00441

VAR_007155P00441

.0002 Q99497

VAR_006756P00492

In a patient with early-onset familial Alzheimer dis-
ease (104300), Kamino et al. (1992) identified an
A-to-G transition in the APP gene, resulting in a
glu693-to-gly (E693G) substitution. n vitro, the
Arctic mutant form of A-beta forms protofibrils and
fibrils at higher rates and in larger quantities than
wildtype A-beta. In transgenic mice that expressed
the Arctic mutant in neurons, Cheng et al. (2004)
found that amyloid plaques formed faster and were
more extensive compared to control mice. Cheng
et al. (2004) concluded that the Arctic mutation is
highly amyloidogenic in vivo.

The PRNP gene has an unstable region of 5 variant
tandem octapeptide coding repeats between codons
51 and 91. Extension of this repeat causes rapid for-
mation of amyloid plaques and neurodegeneration
HEMOGLOBIN S [HBB, GLU6VAL] The classic
sickle cell anaemia

Molecular Genetics and Metabolism 73, 230 238
(2001) : The R157N mutation, associated here with
the most marked decrease in two-hybrid interac-
tion, also showed in all other expression systems
the most severe effects, including rapid and very
extensive aggregation.

Proc Natl Acad Sci U S A. 2004 April 20; 101(16):
59765981: The crystal structures of the A4V and
1113T mutants of SOD1 reveal a significant reorien-
tation of the two subunits at the monomermonomer
interface. This destabilization of the dimeric inter-
face may result in an increased tendency to unfold
or lose metals in vivo.

Proc Natl Acad Sci U S A. 2004 April 20; 101(16):
59765981: The crystal structures of the A4V and
[113T mutants of SOD1 reveal a significant reorien-
tation of the two subunits at the monomermonomer
interface. This destabilization of the dimeric inter-
face may result in an increased tendency to unfold
or lose metals in vivo.

Mutations in DJ-1, a human gene with homologues
in organisms from all kingdoms of life, have been
shown to be associated with autosomal recessive,
early onset Parkinson’s disease. The structure
suggests that the loss of function caused by the
Parkinson’s-associated mutation L166P in DJ-1 is
due to destabilization of the dimer interface.
Human Mutation 23 (6), pp. 599-611: Destroys the
helix thus the dimerization
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AD

IM

AD
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GF
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MutationVariant

Seq ID

Description

Inh.

Mech.

P00492

P00492

P00492

P01241

P01241

107680

107680

107680

VAR _006802P00492

VAR_006803P00492

VAR_006765P00492

VAR _015805P01241

VAR_015814P01241

.0016 P02647

.0010 P02647

.0024 P02647

Human Mutation 23 (6), pp. 599-611: Interrupts
hydrogen bond in A-B interface

Human Mutation 23 (6), pp. 599-611: Interrupts
hydrogen bond in A-B interface

Human Mutation 23 (6), pp. 599-611: Removes one
hydrogen bond, but not severe effect

Hum Mutat. 2003 Apr;21(4):424-40: two of the
amino acids involved (K41 and T175) are among
eight key residues identified as being necessary for
tight binding affinity between site 1 of GH and the
GHR.

Hum Mutat. 2003 Apr;21(4):424-40: two of the
amino acids involved (K41 and T175) are among
eight key residues identified as being necessary for
tight binding affinity between site 1 of GH and the
GHR.

In an English family with autosomal dominant
nonneuropathic systemic amyloidosis, Soutar et
al. (1992) identified a CTG (leu)-to-CGG (arg)
transversion at codon 60. The affected individuals
were heterozygotes.

n a family of English-Scottish-Irish extraction, Van
Allen et al. (1968) studied a form of amyloido-
sis in which neuropathy dominated the clinical pic-
ture early in the course and nephropathy late in the
course.

Hamidi Asl et al. (1999) found that autosomal
dominant hereditary amyloidosis with a unique cu-
taneous and cardiac presentation and death from
heart failure by the sixth or seventh decade was as-
sociated with a 1389T-C transition in exon 4 of the
APOAT1 gene. The predicted substitution of leu90-
to-pro (L90OP) substitution was confirmed by struc-
tural analysis of amyloid protein isolated from car-
diac deposits of amyloid. The subunit protein was
composed exclusively of NH2-terminal fragments
of the variant APOA1 with the longest ending at
residue 94 in the wildtype sequence. Amyloid fib-
rils derived from 4 previously described APOA1
variants were composed of similar fragments with
carboxy-terminal heterogeneity, but contrary to
those variants, which all carry one extra positive
charge, the leu90-to-pro substitution did not result
in any charge modification.
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MutationVariant

Seq ID

Description

Inh.

Mech.

601145

152780

015273

.0004

.0004

VAR _029447

P04080

P01229

Lalioti et al. (1997) identified a homozygous G-
to-C transversion at nucleotide 426 in exon 1 of
the cystatin B gene in non-Finnish EPM1 (254800)
families from northern Africa and Europe. The
mutation resulted in a gly4-to-arg substitution and
was the first missense mutation described in asso-
ciation with EPM1. Molecular modeling predicted
that this substitution severely affected the contact
of cystatin B with papain. Alakurtti et al. (2005)
transiently expressed the G4R mutation in BHK-21
cells. The mutant protein failed to associate with
lysosomes.

In a 30-year-old man who presented with delayed
puberty and infertility and was found to have hy-
pogonadism associated with absence of circulating
luteinizing hormone, Valdes-Socin et al. (2004)
identified a homozygous gly36-to-asp (G36D) sub-
stitution in the LHB gene; the mutation disrupted
a vital cysteine knot motif and abrogated the het-
erodimerization and secretion of luteinizing hor-
mone.

J Am Coll Cardiol. 2004 Dec 7;44(11):2192-201:
Two TCAP mutations, T1371 and R153H, were
found in patients with HCM, and another TCAP
mutation, E132Q, was identified in a patient with
DCM. It was demonstrated by the qualitative as-
says that the HCM-associated mutations augment
the ability of Tcap to interact with titin and
calsarcin-1, whereas the DCM-associated mutations
impair the interaction of Tcap with MLP, titin, and
calsarcin-1

AR

AR

LF

LF




Appendix G

Table G.1: All predicted interacting mutations with the respective structural template se-
quences, percentage identity between query and target sequence as well as the predicted crystal
contact status of the template interaction.

Mut acc Variant Prot Acc Resid Cons Templ acc Templ resid % id Cryst Cont?
100650 .0001 P05091 504 2.27 P05091 504 100.00 No
100690 .0003 NP_000070 274 3.75 PO02711 278  81.77 No
100690 .0006 NP_000070 269 2.58 P02711 273 81.77 No
100690 .0009 NP_000070 276 3.79 P02711 280  81.77 No
100710 .0001 P11230 289 2.93 Q6S3I0 285  60.53 No
100720 .0002 Q07001 271  3.54 P02711 260 3431 No
102540 .0002 P68032 363  3.71 P68135 363  98.93 Yes
102560 .0003 NP_001605 332 2.59 P07830 332 9491 No
102600 .0004 NP_000476 65 2.02 P49435 67 4741 No
102610 .0002 P68133 117 2.62 P68135 117 100.00 No
102610 .0006 P68133 359  2.63 P68135 359 100.00  Yes
102610 .0010 P68133 336 3.26 P68135 336 100.00 No
102610 .0010 P68133 336 3.26 P68139 336 100.00 No
102610 .0013 P68133 334 259 P68135 334 100.00 No
102610 .0013 P68133 334  2.59 P68139 334 100.00 No
103600 .0007 P02768 143 2.26 P02768 143 100.00 Yes
103600 .0011 P02768 345 244 P02768 345 100.00 No
103850 .0001 P04075 128  3.95 PO00883 128 99.14 No
103850 .0002 P04075 206 3.20 P00883 206 99.14 No
107280 .0001 NP_001076 414  3.77 P01011 414 100.00 No
107300 .0007 P01008 416 2.84 P05619 335  40.27 No
107300 .0010 P01008 425 2.09 P01008 425 100.00 No
107300 .0011 P01008 426 2.65 P01008 426 100.00 No
107300 .0019 P01008 439 4.17 P05619 357  40.27 No
107300 .0020 P01008 425 2.09 P01008 425 100.00 No
107300 .0021 P01008 425 2.09 P01008 425 100.00 No
107300 .0022 P01008 414 2.94 P05619 333 40.27 No
107300 .0027 P01008 416 2.84 P05619 335  40.27 No
107300 .0041 P01008 402 3.09 P05120 357 3539 No



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

107400
107400
107400
107400
107400
107400
107400
107400
107400
107400
107680
107680
107680
107680
107680
107680
107930
109270
114240
114800
118504
120130
120130
120140
120150
120160
120160
120160
120160
120190
120290
120550
120580
121050
122500
123101
123610
123620
123690
123690
123690
123940
124020
125240
125270
125660
125660
125660

.0004
.0012
.0013
.0014
.0017
.0019
.0026
.0029
.0037
.0039
.0005
.0016
.0021
.0022
.0024
.0026
.0003
.0003
.0010
.0002
.0004
.0001
.0002
.0044
.0021
.0008
.0010
.0015
.0030
.0003
.0004
.0001
.0002
.0008
.0002
.0003
.0002
.0001
.0001
.0004
.0006
.0003
.0003
.0001
.0004
.0003
.0006
.0007

P01009
P01009
P01009
P01009
P01009
P01009
P01009
P01009
P01009
P01009
P02647
P02647
P02647
P02647
P02647
P02647
P20711
P02730
P20807
P00915
P43681
P02462
P02462
NP_001835
P02452
NP_000080
NP_000080
NP_000080
NP_000080
P05997
NP_542412
P02745
NP_958850
NP_001990
P08185
P35548
P05813
NP_000487
P07320
P07320
P07320
P19013
P33261
P08174
P13716
NP_001918
NP_001918
NP_001918

400
76
288
393
76
280
382
360
280
T
131
84
74
180
114
198
309
327
490
246
280
1408
921
717
1178
907
547
976
661
960
977
208
534
1169
389
172
91
155
14
23
23
449
212
87
240
393
345
406

2.37
3.59
3.24
4.17
3.59
2.40
2.73
2.98
2.40
3.58
2.04
2.73
3.82
3.02
2.44
2.75
2.41
2.02
3.92
4.22
2.61
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
2.06
2.12
5.87
2.51
3.65
3.67
2.02
2.66
3.23
3.23
3.97
3.14
6.30
2.28
3.13
2.79
4.16

P01009
P01009
P01009
P01009
P01009
P01009
P01009
P01011
P01009
P01009
P02647
P02647
P02647
P02647
P02647
P02647
P80041
P02730
Q07009
043570
P02711
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02746
P00734
Q9JJS8
P01011
P06601
P53674
P02522
P08209
P62697
P62697
P08670
P10632
P20023
P13716
P08670
P08670
P08670

400

76
288
393

76
280
382
361
280

(s
131

84

74
180
114
198
309
327
416
275
272
148
151
145
145
142
145
151
139
136
148
213
467
152
405
243
118
154

14
129
129
395
212

(0]
240
387
339
400

100.00
100.00
100.00
100.00
100.00
100.00
100.00
45.55
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
91.82
100.00
56.86
36.80
50.00
38.60
38.60
38.60
43.86
40.35
42.11
38.60
42.11
42.11
43.86
37.82
36.20
30.77
47.98
46.43
52.44
95.12
87.34
39.24
39.24
38.76
77.97
30.19
100.00
73.38
73.38
73.38



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

125660
125660
130130
130130
130130
130130
130410
130410
130410
131399
131550
131550
134370
134797
134797
134850
134850
134850
134850
134850
134850
134850
136351
136351
136351
136351
136351
136352
136352
136530
136850
136850
136850
137780
137780
138079
139250
139320
139320
139320
139320
139320
139320
139320
139320
139320
139330
139340

.0010
.0011
.0002
.0006
.0007
.0009
.0001
.0003
.0003
.0001
.0004
.0005
.0007
.0005
.0011
.0001
.0002
.0004
.0005
.0006
.0018
.0019
.0003
.0004
.0005
.0006
.0007
.0003
.0005
.0002
.0006
.0007
.0008
.0010
.0012
.0001
.0020
.0003
.0008
.0009
.0010
.0012
.0013
.0018
.0020
.0021
.0001
.0001

NP_001918
NP_001918
P08246
P08246
P08246
P08246
NP_001976
NP_001976
NP_001976
NP_000493
NP_005219
NP_005219
P08603
NP_000129
NP_000129
P02679
P02679
P02679
P02679
P02679
P02679
P02679
NP_004110
NP_004110
NP_004110
NP_004110
NP_004110
NP_891555
NP _891555
P01225
NP_000134
NP_000134
NP_000134
P14136
P14136
P35557
P01241
P63092
P63092
P63092
P63092
P63092
P63092
P63092
P63092
P63092
NP_653082
NP_005263

385
389
206
139
101
71
164
128
128
286
719
719
1207
1249
723
301
301
334
334
336
191
335
835
835
835
835
835
1041
1114
69
343
233
233
362
352
279
205
272
201
201
227
227
201
170
231
201
38
79

2.43
3.89
2.49
3.20
2.42
5.41
3.92
3.97
3.97
4.08
3.81
3.81
2.30
5.87
4.22
2.72
2.72
3.47
3.47
4.27
2.95
3.07
2.30
2.30
2.30
2.30
2.30
4.05
4.23
5.86
3.15
3.61
3.61
3.97
3.39
2.31
2.01
3.01
4.27
4.27
4.62
4.62
4.27
3.46
4.27
4.27
3.58
2.81

P08670
P08670
P00761
P00761
P08246
P08246
P38117
P38117
P38117
P05164
Q06187
Q06187
P63638
Q9JJS8
P07204
P02679
P02679
P02679
P02679
P02679
Q02020
P02679
P06213
P06213
P06213
P06213
P06213
Q07912
Q06187
P01225
P05042
P05042
P05042
P08670
P08670
P05708
P01241
P04896
P63096
P63096
P10824
P10824
P63096
P63096
P04896
P63096
P63096
P63096

379
383
189
114
101
71
164
127
128
314
408
408
240
152
441
301
301
334
334
336
227
335
1183
1183
1183
1183
1183
256
596
69
296
186
186
395
385
283
205
272
177
177
203
203
177
146
231
177
41
78

73.38
73.38
36.27
36.27
100.00
100.00
100.00
100.00
100.00
72.21
36.48
36.48
31.37
37.50
42.42
100.00
100.00
100.00
100.00
100.00
43.46
100.00
38.35
38.35
38.35
38.35
38.35
35.04
36.69
100.00
60.79
60.79
60.79
63.96
63.96
51.88
100.00
99.74
41.62
41.62
41.91
41.91
41.62
41.62
99.74
41.62
67.44
69.74

No
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

139350
139360
139360
139360
139360
140100
141800
141800
141800
141800
141800
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141850
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900

.0003
.0001
.0002
.0003
.0004
.0005
.0028
.0095
.0100
.0122
.0157
.0006
.0007
.0008
.0009
.0011
.0012
.0025
.0031
.0034
.0035
.0037
.0042
.0045
.0049
.0052
.0053
.0055
.0060
.0065
.0005
.0019
.0021
.0025
.0026
.0027
.0028
.0030
.0046
.0048
.0064
.0068
.0071
.0078
.0079
.0084
.0096
.0104

P04264
NP_002061
NP_002061
NP_002061
NP_002061
P00738
NP_000549
NP_000549
NP_000549
NP_000549
NP_000549
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871

481
179
179
179
200
265
75
75
75
75
75
62
109
61
27
16
47
47
104
74
80
126
20
66
72
95
37
31
65
99
19
15
102
88
119
127
100
67
99
66
19
98
26
T
79
79
127
26

4.94
4.27
4.27
4.27
3.56
2.36
2.25
2.25
2.25
2.25
2.25
3.12
2.56
2.40
2.10
2.30
2.60
2.60
3.59
2.25
2.20
2.03
2.28
2.37
3.17
3.08
3.98
2.86
2.18
2.52
2.34
5.78
2.60
2.86
2.23
2.16
3.08
3.12
2.45
2.40
2.34
2.88
2.10
3.17
2.25
2.25
2.16
2.10

P08670
P63096
P63096
P63096
P10824
P00742
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P01958
P01990
P02208
P02208
P69905
P02089
P02089
P69905
P02118
P02089
P02089
P69905
P01965
P69905
P02089
P02089
P02118
P02118
P68871
P68871
P68871
P68871
P68871
P02089
P68871
P02089
P02118
P68871
P68871
P02089
P02089
P02089
P68871
P68871

399
177
177
177
198
341
79
79
79
79
79
67
114
66
27
16
o7
o7
104
79
85
126
19
71
(i
95
37
31
70
64
19
15
102
88
119
127
100
67
99
66
19
98
26
7
79
79
127
26

38.76
87.90
87.90
87.90
87.90
32.38
42.19
42.19
42.19
42.19
42.19
42.19
42.19
42.19
87.69
67.69
30.77
30.77
100.00
42.19
42.19
100.00
41.41
42.19
42.19
100.00
83.85
100.00
42.19
42.19
69.40
69.40
100.00
100.00
100.00
100.00
100.00
79.85
100.00
79.85
69.40
100.00
100.00
79.85
79.85
79.85
100.00
100.00



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900

.0109
.0114
.0116
0118
.0119
.0120
.0126
.0130
.0131
.0143
.0144
.0145
.0146
.0148
.0151
.0158
.0162
.0163
.0164
.0168
.0169
.0172
.0184
.0186
.0192
.0193
.0195
.0197
.0199
.0201
.0203
.0212
.0213
.0220
.0229
.0230
.0234
.0236
.0241
.0250
.0253
.0256
.0269
.0272
0273
.0274
.0276
.0278

P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871

37
99
66
92
92
17
64
128
7
132
30
102
99
124
98
36
17
67
92
19
97
114
97
92
17
97
100
92
36
98
52
52
117
35
78
99
15
102
37
117
88
70
102
52
36
67
26
30

3.09
2.45
2.40
5.44
5.44
2.30
2.52
2.12
3.17
2.60
2.86
2.60
2.45
2.47
2.88
3.98
2.30
3.12
5.44
2.34
3.47
2.56
3.47
5.44
2.30
3.47
3.08
5.44
3.98
2.88
2.02
2.02
3.30
2.99
2.52
2.45
5.78
2.60
3.09
3.30
2.86
2.18
2.60
2.02
3.98
3.12
2.10
2.86

P68871
P68871
P02089
P02089
P02089
P68871
P02089
P68871
P02089
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P02089
P02089
P02118
P68871
P02089
P68871
P02089
P688T71
P68871
P68871
P02089
P68871
P68871
P02118
P02118
P68871
P68871
P02089
P68871
P02118
P68871
P68871
P68871
P68871
P02089
P68871
P02118
P68871
P02089
P68871
P68871

37
99
66
92
92
17
64
128
(s
132
30
102
99
124
98
36
17
67
92
19
97
114
97
92
17
97
100
92
36
98
52
52
117
35
78
99
15
102
37
117
88
70
102
52
36
67
26
30

100.00
100.00
79.85
79.85
79.85
100.00
79.85
100.00
79.85
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
79.85
79.85
69.40
100.00
79.85
100.00
79.85
100.00
100.00
100.00
79.85
100.00
100.00
69.40
69.40
100.00
100.00
79.85
100.00
69.40
100.00
100.00
100.00
100.00
79.85
100.00
69.40
100.00
79.85
100.00
100.00

Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
141900
142000
142000
142000
142000
142000

.0281
.0288
.0289
.0294
.0300
.0301
.0302
.0307
.0311
.0313
.0315
.0318
.0319
.0320
.0394
.0397
.0404
.0405
.0411
.0424
.0427
.0428
.0433
.0438
.0440
.0447
.0448
.0452
.0453
.0466
.0469
.0481
.0487
.0490
.0492
.0494
.0495
.0499
.0500
.0512
.0518
.0525
.0531
.0004
.0016
.0029
.0034
.0035

P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P02042
P02042
P02042
P02042
P02042

79
124
124
123

97

99
132

99

17

15

37

35
127
127
119
114

92

99

17
114

92

18

79

67

37

67
127

98

79

26

T
124

36

36
122
117
123
128
128

64

97

26

52

99

98

30

26

37

2.25
2.47
2.47
2.16
3.47
2.45
2.60
2.45
2.30
5.78
3.09
2.99
2.16
2.16
2.23
2.56
5.44
2.45
2.30
2.56
5.44
2.32
2.25
3.12
3.09
3.12
2.16
2.88
2.25
2.10
3.17
2.47
3.98
3.98
3.09
3.30
2.16
2.12
2.12
2.52
3.47
2.10
2.02
2.45
2.88
2.86
2.10
3.09

P02089
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P688T71
P02118
P68871
P68871
P68871
P68871
P68871
P02089
P02089
P68871
P68871
P02089
P02089
P02118
P02089
P02089
P688T71
P02089
P68871
P68871
P02089
P68871
P02089
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P02089
P68871
P68871
P02118
P68871
P68871
P68871
P68871
P68871

79
124
124
123

97

99
132

99

17

15

37

35
127
127
119
114

92

99

17
114

92

18

79

67

37

67
127

98

79

26

(i
124

36

36
122
117
123
128
128

64

97

26

52

99

98

30

26

37

79.85
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

69.40
100.00
100.00
100.00
100.00
100.00

79.85

79.85
100.00
100.00

79.85

79.85

69.40

79.85

79.85
100.00

79.85
100.00
100.00

79.85
100.00

79.85
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

79.85
100.00
100.00

69.40

92.54

92.54

92.54

92.54

92.54



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

142000
142000
142200
142200
142200
142200
142200
142200
142200
142200
142200
142200
142200
142250
142250
142250
142250
142250
142250
142250
142250
142250
142250
142250
142250
142360
142410
142984
142989
142989
142993
142993
142994
147450
147450
147450
147450
147450
147450
147450
147450
147450
147450
147450
147450
147450
148040
148041

.0039
.0041
.0001
.0002
.0006
.0006
.0007
.0008
.0008
.0016
.0016
.0018
.0032
.0009
.0014
.0019
.0021
.0022
.0031
.0034
.0036
.0039
.0045
.0048
.0049
.0004
.0005
.0001
.0004
.0007
.0001
.0002
.0008
.0001
.0002
.0003
.0004
.0006
.0007
.0008
.0011
.0016
.0017
.0020
.0026
.0033
.0016
.0004

NP_000510
NP_000510
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P05546
P20823
P28358
P35453
P35453
P58304
P58304
P50219
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P13647
NP_005545

37
89
75
128
37
37
79
97
97
36
36
75
75
7
117
26
125
66
66
92
15
75
75
17
19
462
272
319
314
298
200
200
248
37
38
41
41
85
93
93
113
104
144

126

93
472
469

3.98
2.86
2.38
2.12
3.09
3.09
2.25
3.47
3.47
3.98
3.98
2.38
2.38
3.17
3.30
2.10
2.06
2.40
2.40
5.44
5.78
2.38
2.38
2.30
2.34
2.49
4.16
2.82
2.38
3.65
4.16
4.16
3.39
3.51
2.87
3.40
3.40
3.55
3.69
3.69
2.73
3.07
2.22
3.81
3.05
3.69
3.36
3.39

P68871
P68871
P02089
P69891
P02070
P68871
P02089
P02070
P68871
P02070
P68871
P02089
P02089
P02089
P68871
P68871
P69891
P02089
P02089
P02089
P02118
P02089
P02089
P68871
P02118
P05546
P40424
Q6B2C0
P02836
P06601
P40424
P40424
P02836
P00441
P00441
P00441
P00441
P53636
P00441
P00441
P00441
P00441
P00446
P00442
P00441
P00441
P08670
P08670

36
88
7
128
36
37
79
96
97
35
36
(0]
(6]
(s
117
26
125
66
66
92
15
75
(0]
17
19
462
288
185
500
243
288
288
459
37
38
41
41
117
93
93
113
104
167

126

93
401
403

92.54
92.54
70.15
100.00
74.63
74.63
70.15
74.63
74.63
74.63
74.63
70.15
70.15
70.90
75.37
75.37
99.25
70.90
70.90
70.90
73.13
70.90
70.90
75.37
73.13
100.00
34.62
37.04
33.93
30.36
32.14
32.14
50.00
100.00
100.00
100.00
100.00
30.71
100.00
100.00
100.00
100.00
31.16
83.33
100.00
100.00
37.13
37.13



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

148066
148066
148066
148067
148080
150330
151385
151385
152780
152780
153450
153450
153450
156845
160710
160760
160760
160760
160760
160760
162280
164761
164790
164790
164840
164860
171060
171760
171760
172400
172400
172400
172400
172471
172471
173110
173110
173350
173350
173515
175100
176300
176300
176300
176300
176300
176300
176300

.0001
.0011
.0012
.0008
.0012
.0017
.0006
.0008
.0001
.0004
.0002
.0003
.0005
.0003
.0002
.0001
.0014
.0015
.0022
.0024
.0001
.0013
.0001
.0002
.0003
.0007
.0007
.0002
.0004
.0001
.0002
.0003
.0004
.0002
.0002
.0001
.0005
.0005
.0007
.0005
.0008
.0007
.0008
.0011
.0033
.0034
.0046
.0047

NP_000517
NP_000517
NP_000517
NP_005548
P13645
P02545
Q01196
Q01196
P01229
P01229
P61626
P61626
P61626
NP_000239
P13533
P12883
P12883
P12883
P12883
P12883
NP_006149
NP_066124
PO1111
PO1111
P04198
P08581
P21439
P05186
P05186
NP_000166
PO6744
PO6744
NP_000166
P15735
P15735
P28069
P28069
PO0747
PO0747
P14770
P25054
P02766
P02766
P02766
P02766
P02766
P02766
P02766

384
415
419
354
439
377
107
o8
74
56
85
82
82
217
795
403
403
403
532
743
333
918
13
61
394
1136
1161
71
71
158
346
524
539
189
189
172
143
616
751
24
713
131
136
134
134
127
73
38

2.70
4.94
3.39
241
3.93
4.16
2.92
2.90
4.14
3.85
2.78
6.08
6.08
3.51
4.13
2.33
2.33
2.33
2.27
2.52
2.92
4.05
3.01
4.56
3.51
5.25
3.24
4.02
4.02
3.79
2.58
2.99
3.10
3.47
3.47
4.06
4.06
5.08
2.42
5.79
2.29
2.94
4.70
3.84
3.84
2.12
3.86
4.03

P08670
P08670
P08670
P08670
P08670
P08670
Q01196
Q01196
P01233
P01233
P61626
P61626
P61626
Q12772
P13538
P10587
P10587
P10587
P13538
P10587
P08670
Q06187
P01112
P01112
Q12772
P00520
QICHLS
QIBHTS
QIBHTS
P06744
P06744
P06744
P06744
P05132
P00517
P10037
P14859
P00761
P00747
P07359
P35222
093330
P02766
P02766
P02766
P02766
P02766
P02766

368
399
403
336
389
400
107

98

74

56

85

82

82
343
795
405
405
405
5934
753
342
563

13

61
343
295
473

45

45
157
346
524
538
200
200
172
299

42
751

24
646
133
136
134
134
127

73

38

35.83
35.83
35.83
34.53
36.16
30.39
100.00
100.00
86.54
86.54
100.00
100.00
100.00
40.00
60.00
51.93
51.93
51.93
81.80
51.93
53.25
35.74
91.88
91.88
34.00
40.40
46.15
47.20
47.20
100.00
100.00
100.00
100.00
33.06
33.06
98.65
58.11
45.59
100.00
34.62
32.43
57.27
100.00
100.00
100.00
100.00
100.00
100.00



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

176300
176730
176730
176730
176860
176860
176860
176860
176860
176860
176860
176860
176930
176930
176947
180200
180200
180200
188540
188540
188540
188826
189980
190020
190020
190020
190020
190020
190070
190070
190070
190070
190070
190070
190070
190070
190070
190070
190450
190990
190990
190990
191010
191010
191030
191044
191170
191170

.0050
.0001
.0002
.0003
.0002
.0005
.0008
.0011
.0012
.0019
.0022
.0024
.0004
.0005
.0005
.0003
.0004
.0019
.0001
.0002
.0004
.0002
.0006
.0001
.0002
.0003
.0004
.0005
.0001
.0002
.0003
.0004
.0005
.0006
.0007
.0009
.0011
.0013
.0005
.0001
.0002
.0003
.0002
.0003
.0001
.0003
.0001
.0003

P02766
NP_000198
NP_000198
NP_000198
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P00734
P00734
P43403
P06400
P06400
P06400
P01222
P01222
P01222
P35625
P00519
P01112
P01112
P0O1112
PO1112
PO1112
NP_004976
NP_004976
NP_004976
NP_004976
NP_004976
NP_004976
NP_004976
NP_004976
NP_004976
NP_004976
P60174
P07951
P07951
P07951
P09493
P09493
NP_689476
NP_000354
P04637
P04637

89
49
48
34
444
301
343
334
289
226
339
149
425
601
465
445
567
661
49
32
69
191
351
12
61
12
12
13
12
12
13
59
12
12
12
60
58
34
170
91
147
117
175
95

82
248
245

4.94
3.54
3.24
3.49
5.62
3.00
3.37
2.89
2.88
3.30
2.75
3.20
2.37
2.93
4.05
3.83
3.66
4.22
3.85
3.57
4.14
2.22
5.05
2.54
4.56
2.54
2.54
3.01
2.54
2.54
3.01
3.71
2.54
2.54
2.54
3.86
4.11
3.06
3.99
3.43
4.37
2.08
2.93
2.48
3.30
2.49
3.89
3.65

093330
P01308
P01308
P01308
P00735
P00735
P00735
P00735
P00735
P00735
P00735
P00743
P00734
P00734
Q07912
P06400
P06400
P06400
P01225
P01225
P01225
P16035
P54763
PO1112
PO1112
P01112
P01112
P01112
PO1112
PO1112
P01112
P01112
P01112
P01112
P01112
P01112
PO1112
P01112
P04789
P42639
P42639
P42639
P42639
P42639
P04268
P19429
P04637
P02340

91
49
48
34
615
467
508
499
454
381
504
138
425
601
256
445
567
661
48
31
66
200
742
12
61
12
12
13
12
12
13
59
12
12
12
60
o8
34
172
91
147
117
175
95
50
81
248
242

57.27
100.00
100.00
100.00

40.61

40.61

40.61

40.61

40.61

40.61

40.61

54.84
100.00
100.00

38.98
100.00
100.00
100.00

42.31

42.31

42.31

45.88

42.80
100.00
100.00
100.00
100.00
100.00

94.38

94.38

94.38

94.38

94.38

94.38

94.38

94.38

94.38

94.38

53.59

85.59

85.59

85.59

98.73

98.73

78.39

99.24
100.00

88.66



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

191170
191170
191170
191170
191170
191170
191170
191170
191170
191170
191306
191315
217030
218030
227500
227500
227500
227500
227500
227500
229700
232050
232050
232800
232800
232800
234000
238331
250850
250850
250850
250850
256540
259730
264900
264900
264900
264900
300039
300075
300104
300206
300300
300300
300300
300300
300300
300300

.0006
.0008
.0009
.0010
.0013
.0019
.0024
.0030
.0032
.0038
.0001
.0008
.0001
.0007
.0003
.0004
.0006
.0007
.0018
.0023
.0004
.0005
.0008
.0003
.0004
.0006
.0001
.0002
.0001
.0002
.0007
.0009
.0009
.0007
.0010
.0011
.0014
.0015
.0003
.0017
.0002
.0002
.0001
.0005
.0021
.0022
.0025
.0026

P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
NP_002244
NP_001007793
P05156
P80365
P08709
P08709
P08709
P08709
P08709
P08709
NP_000498
P05166
P05166
NP_000280
NP_000280
NP_000280
P00748
P09622
Q00266
Q00266
Q00266
Q00266
P10619
NP_000058
P03951
P03951
P03951
P03951
P49335
P51812
P31150
NP_055086
NP_000052
NP_000052
NP_000052
NP_000052
NP_000052
NP_000052

249
242
245
248
241
245
280
175
138
189
1147
604
418
227
238
307
304
117
121
414
30
168
435
39
043
39
590
488
322
95
264
264
132
40
430
594
418
587
202
268
70
487
525
28
252
255
288
307

3.89
5.61
3.65
3.89
3.27
3.65
3.89
3.89
3.26
2.04
3.80
4.59
4.66
2.70
5.53
2.12
3.00
2.99
5.88
2.45
2.48
2.88
4.05
3.77
3.07
3.77
5.02
4.27
3.04
2.81
3.43
3.43
3.11
3.94
2.81
3.22
3.53
4.76
3.78
3.79
3.80
5.60
4.05
3.31
5.44
2.28
3.80
4.27

P04637
P04637
P02340
P04637
P04637
P02340
P04637
P04637
P04637
P04637
P08631
P32577
P03951
P19992
P00763
P00760
P00761
P00740
P00740
QIY5Y6
P09467
Q3GBW6
QIX4K7
P00512
P00512
P00512
P00747
P09624
P13444
P13444
P13444
P13444
Q8SW4X3
P23589
P00761
P03951
P00761
P00766
P14859
P49137
P39958
QINZN1
Q07912
Q06187
P08631
089100
060880
P35235

249
242
242
248
241
242
280
175
138
189
497
304
469
147

48
109

94
104
108
816

29
146
417

25
140

25
784
479
323

96
265
265
166

70

47
994

35
207
296
263

78
487
256

27
114
304

13

32

100.00
100.00
88.66
100.00
100.00
88.66
100.00
100.00
100.00
100.00
42.57
37.19
37.73
30.52
42.99
42.06
41.12
61.29
61.29
37.67
99.69
52.71
o7.77
48.00
35.96
48.00
43.93
77.98
97.08
97.98
97.08
97.08
30.87
52.36
40.38
100.00
40.38
40.18
78.38
30.96
95.76
100.00
41.30
100.00
54.72
33.33
30.14
32.43

Yes
No
Yes
No

Yes

Yes
No
Yes
No
No
No



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

300300
300300
300300
300300
300300
300300
300382
300382
300382
300386
300461
300461
300490
300490
300490
303900
305900
305900
305900
305900
305900
305900
305900
305900
305900
306900
306900
306900
306900
306900
308000
308000
312865
313700
314200
516020
516030
516050
600046
600046
600194
600194
600211
600211
600225
600225
600225
600225

.0027
.0032
.0036
.0037
.0047
.0047
.0008
.0015
.0016
.0003
.0004
.0025
.0001
.0004
.0013
.0001
.0011
.0015
.0024
.0027
.0029
.0035
.0039
.0040
.0050
.0015
.0016
.0022
.0024
.0062
.0016
.0017
.0007
.0024
.0003
.0007
.0008
.0006
.0014
.0015
.0004
.0006
.0010
.0012
.0002
.0008
.0015
.0017

NP_000052
NP_000052
NP_000052
NP_000052
NP_000052
NP_000052
Q96QS3
Q96QS3
Q96QS3
P29965
NP_000522
NP_000522
060880
060880
060880
P04000
NP_000393
NP_000393
NP_000393
NP_000393
NP_000393
NP_000393
NP_000393
NP_000393
NP_000393
P00740
P00740
P00740
P00740
NP_000124
NP_000185
NP_000185
015266
P10275
P05543
P00156
P00395
P00414
095477
095477
P35908
P35908
Q13950
Q13950
P30793
P30793
P30793
P30793

334
408
520
520
613
613
373
333
369
227
111
129

95

32

95
247
216
410
213
227
463
227
410
439
467

75

75
106
160
363

70

71
173
608
303
166
196

58
935
935
485
482
200
169
134
144
135
211

3.75
2.92
4.10
4.10
3.26
3.26
2.62
3.39
2.89
2.84
2.51
3.02
2.35
4.27
2.35
2.14
4.53
3.54
2.72
3.21
2.34
3.21
3.54
3.55
3.56
2.42
2.42
3.30
3.29
2.78
2.67
3.25
2.86
4.26
2.59
3.28
2.01
5.16
3.62
3.62
3.45
3.97
3.21
3.35
2.33
3.94
2.72
4.32

P27986
Q06187
P08069
P08069
P00520
P00519
P06601
P02836
P06601
P29965
P04391
P04391
060880
P35235
060880
P02699
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P00741
P00741
P00740
P09871
P00743
P00492
Q26997
P02836
P03372
P01011
P00157
P00396
P06030
QIYGAG6
QIYGAG6
P08670
P08670
Q01196
Q01196
P30793
P30793
P30793
P22288

670
407
1134
1134
455
455
258
459
254
227
76
94
95
32
95
231
215
409
212
226
462
226
409
438
466
29
29
106
161
370
69
81
510
234
311
166
196
66
38
38
398
395
149
118
134
144
135
202

33.80
100.00
34.94
34.94
48.19
48.19
69.64
42.86
69.64
100.00
43.26
43.26
100.00
30.14
100.00
45.97
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
92.68
92.68
100.00
31.43
47.00
100.00
38.10
48.21
53.33
44.39
81.54
93.64
50.00
31.25
31.25
35.18
35.18
91.04
91.04
100.00
100.00
100.00
97.12

No

Yes
Yes
Yes

Yes
Yes
Yes

No
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

600509
600509
600529
600584
600584
600644
600871
600983
600993
600993
600993
601107
601107
601145
601538
601538
601538
601542
601545
601545
601615
601622
601687
601769
601769
601789
601802
601928
601928
602018
602049
602153
602225
602225
602225
602298
602298
602298
602298
602421
602421
602421
602421
602421
602421
602421
602421
602438

.0003
.0011
.0001
.0001
.0013
.0001
.0002
.0010
.0001
.0003
.0011
.0001
.0005
.0004
.0006
.0011
.0012
.0005
.0001
.0006
.0005
.0010
.0005
.0002
.0011
.0002
.0001
.0003
.0005
.0001
.0001
.0002
.0001
.0005
.0006
.0001
.0002
.0002
.0003
.0010
.0011
.0012
.0022
.0032
.0048
.0063
.0114
.0003

NP_000343
NP_000343
NP_001689
P52952
P52952
NP_976030
Q99684
P08235
Q13485
Q13485
Q13485
Q92887
Q92887
P04080
075360
075360
075360
NP_700476
NP_000421
NP_000421
Q99758
Q15672
Q99456
P11473
P11473
Q92968
QIUBXO0
043790
043790
Q99748
P15153
Q14533
043186
043186
043186
P51149
P51149
P51149
P51149
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
QIULV5

716
1506
197
178
190
185
403
645
358
493
352
768
1382

88
99
99
91
149
31
568
156
429
73
391
326
160
402
402
191
o7
402
80
41
41
129
162
162
161
549
549
549
1282
1303
1291
1283
1303

3.84
3.85
2.66
2.30
4.16
6.16
2.74
5.86
2.11
2.48
3.51
3.65
4.20
3.43
4.46
3.65
3.65
4.16
4.99
3.95
3.62
3.54
4.94
4.26
2.95
2.44
4.16
3.97
3.97
2.04
4.23
3.97
2.89
3.12
3.12
2.78
3.47
3.47
3.86
3.70
3.70
3.70
2.52
3.39
4.20
2.74
3.39
2.65

P68187
QIKQW9
Q13825
P02836
P40424
P15151
P03001
P06536
Q13485
Q13485
Q13485
Q58206
QICHLS
P04080
P40424
P06601
P06601
P40424
P62871
P63005
P68187
P01106
P08670
P03372
Q13133
P08631
P40424
P08670
P08670
QO7731
P15153
P08670
P06601
P06601
P06601
P62825
P62826
P62826
P11233
P13569
P13569
P13569
QICHLS
QICHLS
QICHLS
QICHLS
QICHLS
P22121

39
506
197
494
288
179
166
482
358
493
352
153
430

4
252
243
243
288

93

30

38
403
399
234
415
127
288
395
395
205

57
395
254
215
215
126
156
157
163
549
549
549
421
442
430
422
442
196

33.72
33.33
100.00
48.21
30.36
31.33
31.82
89.19
100.00
100.00
100.00
31.65
37.99
100.00
33.93
67.86
67.86
33.93
33.33
100.00
33.33
44.90
33.11
46.67
39.44
32.08
33.93
37.66
37.66
45.26
100.00
37.66
64.29
64.29
64.29
32.91
32.91
32.91
36.25
100.00
100.00
100.00
31.67
31.67
31.67
31.67
31.67
36.98

Yes



Mut acc Variant Prot Acc Resid Cons Templ acc Templ resid % id Cryst Cont?
602445 .0001 NP_005016 49 3.58 035684 49  86.93 No
602445 .0002 NP_005016 52 3.19 035684 52 86.93 No
602533 .0004 Q99497 149  3.28 Q99497 149 100.00 Yes
602575 .0001 060663 246 4.42 P02836 504  37.50 No
602575 .0002 060663 198 3.12 P06601 215 35.71 No
602575 .0011 060663 226  3.65 P06601 243 35,71 No
602765 .0001 P78385 407 3.97 PO08670 395 37.66 No
602821 .0002 Q12840 280 4.20 P33173 307  44.04 Yes
603234 .0017 095255 1339 2.74 QYCHLS 422 36.11 Yes
603470 .0008 P00966 363 3.87 Q9X2Al 361  60.00 No
603470 .0009 P00966 390 3.83 Q9X2Al1 388  60.00 No
603470 .0010 P00966 304 3.22 QI9X2Al1 302  60.00 No
603470 .0012 P00966 86 2.52 QI9X2Al1 84  60.00 No
603470 .0013 P00966 279 422 Q9X2A1 277 60.00 No
603470 .0016 P00966 362 3.21 Q9X2Al1 360  60.00 No
603470 .0019 P00966 310 3.26 Q9X2Al 308  60.00 No
603851 .0005 Q99453 100 3.12 P06601 215  69.64 No
603868 .0001 P51159 73 5.75 P63012 76  46.88 No
603868 .0006 P51159 152 3.49 PO01112 134 3396 Yes
604277 .0004 QIUBPO 499  3.83 Q01853 637  40.66 No
604720 .0005 QIUP52 690 2.50 P02786 658  53.38 No
605020 .0001 QINZR4 166 3.12 P06601 215  62.50 No
605271 .0001 QIUKS5 324 5.69 P01011 299 3234 No
605481 .0005 QS8IZT6 3060 4.58 Q02440 775 36.84  Yes
605481 .0006 Q8IZT6 1326 4.17 Q02440 778  35.00 Yes
605481 .0008 Q8IZT6 2063 3.41 Q02440 787  35.00 Yes
605511 .0003 P57727 251 5.08 P00761 42 40.38 No
605511 .0004 P57727 404 3.88 P07338 216  41.28 No
606765 .0005 NP_783651 453 3.61 P05164 462 4752 No
606873 .0012 P07686 183 2.03 PO7686 183 100.00 Yes
606885 .0005 P16219 383 3.62 P15651 383 94.63 No
606989 .0002 NP_000241 173 441 P05164 173 100.00 No
606989 .0003 NP_000241 251 3.39 PO05164 251 100.00 No
606999 .0008 P07902 171 3.78 P09148 1561 52.30 No
606999 .0011 P07902 183 241 P09148 163 52.30 No
606999 .0016 P07902 194  3.47 P09148 174 5230 No
607379 .0005 P35240 535 2.05 P26038 517  38.76 No
607379 .0006 P35240 538  3.26  P26038 520  38.76 No
607809 .0002 P24752 183  3.07 P07097 146 43.14 No
608053 .0002 P13804 266 3.56 P13804 266 100.00 No
608310 .0002 P04424 286 2.79 P04424 286 100.00 No
608348 .0003 P12694 290 3.12 P84129 227  37.04 No
608537 .0025 P40337 155  2.93 P40337 155 100.00 No
608801 .0007 Q92947 337  3.08 Q06319 290  31.03 No
608845 .0003 QI9HOF7 31 3.88 P84080 30 4220 No
608845 .0003 QI9HOF7 31 3.88 P84079 30 4220 No
608845 .0003 QOHOF7 31 3.88 P84077 30 4220 No
608845 .0005 QOHOF7 31 3.88 P84080 30 4220 No



Mut acc

Variant

Prot Acc Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

608845

608845

609014

609014

609712

609712

609712

015266
043186
043186
043186
043790
043790
060663
060663
060806
060880
060880
095255
095255
095342
095477
P00156
Poo414
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441

.0005

.0005

.0002

.0003

.0003

.0004

.0006

VAR_012346
VAR_003750
VAR_003751
VAR_007946
VAR_018126
VAR_018127
VAR_004203
VAR_004205
VAR_018387
VAR_005612
VAR_018307
VAR_013390
VAR_013391
VAR_013334
VAR_009150
VAR_013653
VAR_002167
VAR_007132
VAR_007136
VAR_007137
VAR_007138
VAR_007139
VAR_007144
VAR_007146
VAR_007147
VAR_007148
VAR_007149
VAR_007155
VAR_007156
VAR_007157
VAR_007159
VAR_007160
VAR_007161
VAR_007162
VAR_007163
VAR_007164
VAR_008717
VAR_008719
VAR_008720
VAR_008722
VAR_008724

QIHOF7 31
QIHOF7 31
QIHCCO 99
QIHCCO 155
NP_870986 353
P30613 384
P30613 479
015266 173
043186 41
043186 80
043186 41
043790 402
043790 402
060663 226
060663 246
060806 128
060880 32
060880 55
095255 1339
095255 1347
095342 461
095477 935
P00156 166
P00414 78
P00441 7
P00441 37
P00441 38
P00441 41
P00441 41
P00441 85
P00441 93
P00441 93
P00441 93
P00441 93
P00441 113
P00441 115
P00441 125
P00441 139
P00441 144
P00441 148
P00441 148
P00441 149
P00441 151
P00441 6
P00441 93
P00441 104
P00441 124
P00441 144

3.88
3.88
3.09
2.11
4.05
4.05
2.41
2.86
3.12
2.89
3.12
3.97
3.97
3.65
4.42
3.32
4.27
2.35
2.74
4.20
4.04
3.62
3.28
3.54
3.01
3.51
2.87
3.40
3.40
3.55
3.69
3.69
3.69
3.69
2.73
3.75
3.92
4.10
2.22
3.38
3.38
3.53
2.66
3.81
3.69
3.07
4.20
2.22

P84079
P84077
Q3GBW6
QIX4K7T
P30613
P30613
P11974
P02836
P06601
P06601
P06601
P08670
P08670
P06601
P02836
P24781
P35235
060880
QICHLS
QICHLS
QIYGAG
QIYGAG
P00157
P00415
P00441
P00441
P00441
P00441
P00441
P53636
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00446
P00441
P00441
P00441
P00441
P00442
P00441
P00441
P00441
P00446

30
30
61
123
384
384
435
510
215
254
215
395
395
243
504
127
32
95
422
430
42
38
166
78
7
37
38
41
41
117
93
93
93
93
113
115
125
139
167
148
148
149
151

93
104
124
167

42.20
42.20
35.11
32.40
100.00
100.00
59.17
48.21
64.29
64.29
64.29
37.66
37.66
35.71
37.50
81.36
30.14
100.00
36.11
36.11
30.82
31.25
81.54
87.84
100.00
100.00
100.00
100.00
100.00
30.71
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
31.16
100.00
100.00
100.00
100.00
83.33
100.00
100.00
100.00
31.16



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00451
P00480
P00480
P00480
P00480
P00480
P00480
P00480
P00480
P00492
P00492
P00533
P00734
P00734
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740

VAR_013524
VAR_013526
VAR_013529
VAR_013531
VAR_013532
VAR_013535
VAR_013536
VAR_013538
VAR_013539
VAR 015134
VAR_004864
VAR_004875
VAR_004876
VAR_004922
VAR_004923
VAR_004924
VAR_004925
VAR_004926
VAR_006773
VAR_006774
VAR_019297
VAR_006715
VAR_006719
VAR_006543
VAR_006548
VAR_006549
VAR_006550
VAR_006564
VAR_006575
VAR_006576
VAR_006577
VAR_006578
VAR_006580
VAR_006584
VAR_006585
VAR_006586
VAR_006587
VAR_006591
VAR_006592
VAR_006594
VAR_006600
VAR_006601
VAR_006604
VAR_006605
VAR_006609
VAR_006610
VAR_006611
VAR_006612

P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00451
P00480
P00480
P00480
P00480
P00480
P00480
P00480
P00480
P00492
P00492
P00533
P00734
P00734
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740

38
49
76
86
89
105
108
114
126
2307
90
126
129
264
264
267
268
269
69
70
719
425
601
91
102
106
108
160
241
253
253
265
283
302
316
321
333
356
357
363
390
394
407
413
430
431
431
432

2.87
2.28
2.97
4.15
2.76
2.16
3.52
3.85
3.05
2.35
3.76
4.22
3.02
2.20
2.20
2.66
4.55
3.04
2.67
3.25
3.81
2.37
2.93
4.57
5.88
3.30
5.88
3.29
3.30
3.36
3.36
3.24
2.03
4.66
2.96
2.66
3.26
5.33
3.37
2.78
2.38
3.78
5.21
3.64
3.22
4.69
4.69
3.14

P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P00441
P12259
P04391
P04391
P04391
P04391
P04391
P00480
P00480
P00480
P00492
Q26997
Q06187
P00734
P00734
P00741
P09871
P00740
P00740
P09871
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00743
P08709
P00761
P00761
P00761
P00761
P00761
P00761
P00761

38
49
76
86
89
105
108
114
126
2183
95
91
94
232
232
267
268
269
69
81
408
425
601
45
143
106
108
161
23
34
34
46
62
81
93
98
110
129
130
370
383
168
181
187
200
201
201
202

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
42.54
43.26
43.26
43.26
38.06
38.06
100.00
100.00
100.00
100.00
38.10
36.48
100.00
100.00
92.68
37.93
100.00
100.00
31.43
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.71
47.00
42.79
45.71
45.71
45.71
45.71
45.71
45.71
45.71

No
No
Yes
No
Yes
Yes
No
No

Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00747
P00747
P00748
P00790
P00813
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P01008
P01008
P01008
P01008

VAR_006613
VAR_006620
VAR_017308
VAR_017312
VAR_017315
VAR_017316
VAR_017317
VAR_017318
VAR_017319
VAR_017320
VAR 017321
VAR_017322
VAR_017324
VAR_017344
VAR_017346
VAR_017352
VAR_017353
VAR_017354
VAR_017355
VAR_017362
VAR_017363
VAR_017364
VAR_017365
VAR_006629
VAR_006630
VAR_006624
VAR_006483
VAR_002222
VAR_000683
VAR_000688
VAR_000690
VAR_000692
VAR_000693
VAR_000694
VAR_015892
VAR_015900
VAR_015901
VAR_015903
VAR_015904
VAR_016008
VAR_016009
VAR_016010
VAR_016011
VAR_016015
VAR_007042
VAR_007044
VAR_007047
VAR_007053

P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00740
P00747
P00747
P00748
P00790
P00813
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P00966
P01008
P01008
P01008
P01008

432
450

75
252
306
357
397
410
411
411
414
442
453

92
106
241
252
318
333
407
412
435
442
620
751
590

92
141

86
272
304
363
363
390

86
265
269
310
362
279
310
363
363
119

90
112
133
158

3.14
3.32
2.42
5.53
2.61
3.37
2.61
3.74
3.65
3.65
3.88
2.93
5.62
2.02
3.30
3.30
5.53
2.64
3.26
5.21
3.87
5.02
2.93
3.24
2.42
5.02
2.09
2.39
2.52
4.22
3.22
3.87
3.87
3.83
2.52
3.86
2.91
3.26
3.21
4.22
3.26
3.87
3.87
4.03
4.16
4.27
3.75
2.95

P00761
P00761
P00741
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00741
P00740
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00761
P00747
P00747
P07339
P56658
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
QIX2A1
P59846
035684
P05619
P07385
P05619

202
220
29
33
85
130
171
184
185
185
188
212
223
6
106
23
33
95
110
181
186
205
212
46
751
784
95
141
84
270
302
361
361
388
84
263
267
308
360
277
308
361
361
116
29
32
41
73

45.71
45.71
92.68
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.71
92.68
100.00
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.71
45.59
100.00
43.93
50.00
89.05
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
54.26
32.34
40.27
30.91
40.27

Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01009
P01009
P01009
P01009
P01009
P01009
P01009
P01009
P01009
PO1111
PoO1111
PO1111
Po1112
Po1112
PO1112
PO1116
PO1116
Po1116
PoO1116
P0O1116
PO1116
PO1116
Po1116
P01130
P01130
P01130

VAR_007056
VAR_007062
VAR_007063
VAR_007065
VAR_007069
VAR_007070
VAR_007071
VAR_007074
VAR_007075
VAR_007076
VAR_007077
VAR_007078
VAR_007079
VAR_007080
VAR_007082
VAR_007083
VAR_007084
VAR_007085
VAR_007087
VAR_007088
VAR_009258
VAR_012316
VAR_006980
VAR_006985
VAR_006986
VAR_006999
VAR_007001
VAR_007005
VAR_007006
VAR_007007
VAR_007009
VAR_006845
VAR_006846
VAR_021194
VAR_006836
VAR_006837
VAR_006838
VAR_006839
VAR_006840
VAR_006841
VAR_016026
VAR_016027
VAR_016028
VAR_016029
VAR_016030
VAR_005361
VAR_005362
VAR_005367

P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01008
P01009
P01009
P01009
P01009
P01009
P01009
P01009
P01009
P01009
PoO1111
PoO1111
PO1111
P01112
P01112
PO1112
P01116
P0O1116
P0O1116
P01116
P01116
P0O1116
P0O1116
P01116
P01130
P01130
P01130

198
283
302
334
414
416
416
425
425
425
426
434
434
434
437
438
439
439
456
457
438
95
58
7
84
280
354
382
386
386
393
13
61
12
12
12
61
12
12
61
12
12
12
13
59
327
329
343

4.46
5.14
2.12
2.34
2.94
2.84
2.84
2.09
2.09
2.09
2.65
3.53
3.53
3.53
3.08
3.31
4.17
4.17
3.57
2.58
3.31
4.09
2.83
3.58
3.01
2.40
3.32
2.73
2.33
2.33
4.17
3.01
4.56
2.54
2.54
2.54
4.56
2.54
2.54
4.56
2.54
2.54
2.54
3.01
3.71
3.20
5.88
3.29

035684
P01008
P01008
P01012
P05619
P05619
P05619
P01008
P01008
P01008
P01008
P05619
P05619
P05619
P01008
P01008
P05619
P05619
P05619
P01008
P01008
P05619
P01009
P01009
P05120
P01009
P05120
P01009
P01009
P01009
P01009
PO1112
PO1112
PO1112
Po1112
Po1112
PO1112
PO1112
PO1112
Po1112
PoO1112
PO1112
PO1112
PO1112
Po1112
P09871
P09871
P09871

132
283
302
262
333
335
335
425
425
425
426
352
352
352
437
438
357
357
374
457
438
16
58
7
38
280
352
382
386
386
393
13
61
12
12
12
61
12
12
61
12
12
12
13
99
145
147
161

32.34
100.00
100.00

31.81

40.27

40.27

40.27
100.00
100.00
100.00
100.00

40.27

40.27

40.27
100.00
100.00

40.27

40.27

40.27
100.00
100.00

40.27
100.00
100.00

31.15
100.00

31.15
100.00
100.00
100.00
100.00

91.88

91.88

91.88
100.00
100.00
100.00

94.38

94.38

94.38

94.38

94.38

94.38

94.38

94.38

38.24

38.24

38.24



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P01130
P01241
P01241
P01308
P01308
P01308
P01308
P01857
P02042
P02042
P02042
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02458
P02458
P02458

VAR_005373
VAR_015814
VAR_015815
VAR_003971
VAR_003972
VAR_003973
VAR_003976
VAR_003888
VAR_003104
VAR_003113
VAR_003114
VAR_001644
VAR_001646
VAR_001647
VAR_001648
VAR_001649
VAR_001650
VAR_001654
VAR_001655
VAR_001656
VAR_001657
VAR_001658
VAR_001659
VAR_001672
VAR_001675
VAR_001677
VAR_001683
VAR_001684
VAR_001688
VAR_001689
VAR_001690
VAR_001696
VAR_001697
VAR_001699
VAR_001708
VAR_001709
VAR_001710
VAR_001711
VAR_001719
VAR_001720
VAR_001725
VAR_001726
VAR_001727
VAR_001728
VAR_008118
VAR_001742
VAR_001749
VAR_001752

P01130
P01241
P01241
P01308
P01308
P01308
P01308
P01857
P02042
P02042
P02042
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02458
P02458
P02458

364
201
209
34
48
49
92
241
26
98
99
221
263
263
272
275
332
383
389
389
398
398
401
569
638
701
743
743
809
815
821
869
884
926
1049
1058
1061
1061
1106
1124
1166
1172
1181
1184
866
285
705
822

5.87
2.34
3.80
3.49
3.24
3.54
3.28
2.07
2.10
2.88
2.45
3.86
3.76
3.76
3.86
3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.76
3.76
3.86
3.86
3.86
3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.76
3.86
3.76
3.86
3.86
3.86
3.76
3.86
3.86
3.86

Q9JJS8
P01241
P01241
P01308
P01308
P01308
P01308
P01865
P68871
P68871
P68871
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452

152
201
209

34

48

49

92
240

26

98

99
151
133
133
142
145
142
133
139
139
148
148
151
139
148
151
133
133
136
142
148
136
151
133
136
145
148
148
133
151
133
139
148
151
133
142
142
136

40.63
100.00
100.00
100.00
100.00
100.00
100.00

61.63

92.54

92.54

92.54

47.37

35.09

35.09

35.09

35.09

45.61

40.35

40.35

40.35

40.35

40.35

40.35

43.86

43.86

40.35

40.35

40.35

42.11

42.11

42.11

43.86

43.86

42.11

43.86

43.86

43.86

43.86

45.61

45.61

43.86

43.86

43.86

43.86

43.86

49.12

42.11

47.37



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461

VAR_001757
VAR_001761
VAR_001764
VAR_001765
VAR_017641
VAR_017642
VAR_017644
VAR_017646
VAR_023929
VAR_023931
VAR_024820
VAR_024821
VAR_001769
VAR_001773
VAR_001780
VAR_001783
VAR_001786
VAR_001787
VAR_001788
VAR_001791
VAR_001793
VAR_001797
VAR_001798
VAR_001799
VAR_001800
VAR_001801
VAR_001802
VAR_001803
VAR_011098
VAR_011099
VAR_011100
VAR_011111
VAR_011112
VAR_011113
VAR_011114
VAR_011117
VAR_011119
VAR_011120
VAR 011124
VAR_011128
VAR_011131
VAR 011134
VAR 011135
VAR_011140
VAR_011141
VAR_011144
VAR_011145
VAR_011149

P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02458
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461
P02461

948
1074
1119
1128

702

711

825

879

648

828

648

702

201

567

756

804

936

936

939

996
1050
1104
1164
1167
1170
1173
1176
1182

204

204

210

264

267

321

327

444

501

519

636

699

744

879

882

924

942

984

999
1044

3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.86
3.76
3.76
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.76
3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.86
3.86
3.76
3.86
3.76
3.86
3.76

P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452

142
148
133
142
139
148
139
133
145
142
145
139
139
139
148
133
145
145
148
145
139
133
133
136
139
142
145
151
142
142
148
136
139
133
139
136
133
151
148
151
136
148
151
133
151
133
148
133

45.61
45.61
43.86
43.86
42.11
42.11
47.37
43.86
38.60
47.37
38.60
42.11
49.12
42.11
42.11
40.35
42.11
42.11
42.11
38.60
43.86
43.86
38.60
38.60
38.60
38.60
38.60
38.60
49.12
49.12
49.12
40.35
40.35
42.11
42.11
36.84
42.11
42.11
42.11
43.86
42.11
52.63
52.63
42.11
42.11
38.60
38.60
43.86

No
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P02461
P02461
P02461
P02461
P02461
P02461
P02533
P02533
P02533
P02533
P02533
P02533
P02533
P02538
P02545
P02545
P02545
P02647
P02647
P02647
P02679
P02679
P02679
P02679
P02679
P02679
P02708
P02708
P02708
P02730
P02730
P02766
P02766
P02766
P02766
P02766
P02766
P02766
P02766
P02766
P02766
P02768
P02768
P03951
P03951
P04070
P04070
P04070

VAR_011150
VAR_011155
VAR_011156
VAR_011157
VAR_011158
VAR_011159
VAR_003843
VAR_003844
VAR_003845
VAR_010450
VAR_010451
VAR_023724
VAR_023725
VAR_017076
VAR_009985
VAR_009986
VAR_016205
VAR_000610
VAR_000616
VAR_021362
VAR_002409
VAR_002410
VAR_002412
VAR_002413
VAR_002414
VAR_015853
VAR_000285
VAR_021207
VAR_021208
VAR_000800
VAR_013786
VAR_007548
VAR_007549
VAR_007551
VAR_007577
VAR_007592
VAR_007594
VAR_007595
VAR_007596
VAR_007597
VAR_007598
VAR_000511
VAR_000523
VAR_012093
VAR_012096
VAR_006648
VAR_006649
VAR_006657

P02461
P02461
P02461
P02461
P02461
P02461
P02533
P02533
P02533
P02533
P02533
P02533
P02533
P02538
P02545
P02545
P02545
P02647
P02647
P02647
P02679
P02679
P02679
P02679
P02679
P02679
P02708
P02708
P02708
P02730
P02730
P02766
P02766
P02766
P02766
P02766
P02766
P02766
P02766
P02766
P02766
P02768
P02768
P03951
P03951
P04070
P04070
P04070

1050
1164
1164
1170
1173
1179
383
414
418
376
387
407
412
468
358
371
377
84
132
180
301
301
334
334
336
335
299
294
301
327
147
38
38
44
89
127
131
134
136
136
134
143
345
430
594
108
109
147

3.86
3.76
3.76
3.86
3.86
3.86
2.70
4.94
3.39
2.96
3.13
3.26
3.03
3.39
3.66
2.86
4.16
2.73
4.16
3.02
2.72
2.72
3.47
3.47
4.27
3.07
3.75
2.58
3.79
2.02
2.32
4.03
4.03
4.22
4.94
2.12
2.94
3.84
4.70
4.70
3.84
2.26
2.44
2.81
3.22
2.19
3.30
5.88

P02452
P02452
P02452
P02452
P02452
P02452
P08670
P08670
P08670
P08670
P08670
P08670
P08670
P08670
P08670
P08670
P08670
P02647
P02647
P02647
P02679
P02679
P02679
P02679
P02679
P02679
P02711
P02711
Po2711
P02730
P02730
P02766
P02766
P02766
093330
P02766
093330
P02766
P02766
P02766
P02766
P02768
P02768
P00761
P03951
P00740
P00740
P00742

139
133
133
139
142
148
368
399
403
361
372
392
397
403
381
394
400

84
132
180
301
301
334
334
336
335
278
273
280
327
147

38

38

44

91
127
133
134
136
136
134
143
345

47
594
105
106
136

43.86
38.60
38.60
38.60
38.60
38.60
35.83
35.83
35.83
35.83
35.83
35.83
35.83
37.13
30.39
30.39
30.39
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
81.77
81.77
81.77
100.00
100.00
100.00
100.00
100.00
07.27
100.00
57.27
100.00
100.00
100.00
100.00
100.00
100.00
40.38
100.00
43.33
43.33
48.39

Yes
Yes
Yes
Yes
Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04075
P04080
P04181
P04181
P04181
P04181
P04264
P04264
P04264
P04264
P04275
P04275
P04424
Po04424
P04424
P04629
P04629
P04629
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637

VAR_006658
VAR_006670
VAR_006671
VAR_006673
VAR_006679
VAR_006681
VAR_006682
VAR_006683
VAR_006687
VAR_006691
VAR_006693
VAR_006695
VAR_006697
VAR_006698
VAR_006699
VAR_006702
VAR_006704
VAR_006705
VAR_006706
VAR_006707
VAR_006708
VAR_006709
VAR_000550
VAR_002206
VAR_000568
VAR_000569
VAR_000570
VAR_000579
VAR_017825
VAR_017826
VAR_017827
VAR_017828
VAR_005802
VAR_005803
VAR_000677
VAR_000678
VAR_000679
VAR_009630
VAR_009631
VAR_009632
VAR_005880
VAR_005881
VAR_005923
VAR_005927
VAR_005928
VAR_005929
VAR_005930
VAR_005931

P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04070
P04075
P04080
P04181
P04181
P04181
P04181
P04264
P04264
P04264
P04264
P04275
P04275
P04424
P04424
P04424
P04629
P04629
P04629
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637

149
226
243
253
289
298
301
301
321
334
343
367
385
388
388
401
423
426
433
436
441
444
128

93
154
180
319
478
478
481
485

1374
1374
111
193
286
649
654
674
137
138
172
174
175
175
175
175

3.20
3.30
2.86
5.33
2.88
3.22
3.00
3.00
3.20
2.89
3.37
2.03
3.78
2.61
2.61
3.74
3.14
5.02
2.93
2.77
3.32
5.62
3.95
3.43
3.59
3.07
3.11
4.95
4.09
4.09
4.94
3.39
3.59
3.59
2.39
2.22
2.79
4.10
4.05
2.30
2.41
3.26
3.34
2.74
3.89
3.89
3.89
3.89

P00743
P00735
P00735
P00735
P00735
P00735
P00735
P00735
P00735
P00735
P00735
P00735
P00735
P00761
P00761
P00735
P00735
P00735
P00735
P00735
P00735
P00735
P00883
P04080
P04181
P04181
P04181
P04181
P08670
P0O8670
P08670
P08670
P04275
P04275
P11447
P24058
P04424
P08069
Q07912
P06213
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637

138
381
399
409
454
464
467
467
487
499
508
533
551
171
171
570
594
997
604
607
612
615
128
4
93
154
180
319
396
396
399
403
1374
1374
107
195
286
1134
256
1183
137
138
172
174
175
175
175
175

54.84
40.61
40.61
40.61
40.61
40.61
40.61
40.61
40.61
40.61
40.61
40.61
40.61
37.67
37.67
40.61
40.61
40.61
40.61
40.61
40.61
40.61
99.14
100.00
100.00
100.00
100.00
100.00
38.76
38.76
38.76
38.76
100.00
100.00
47.62
71.77
100.00
43.61
39.92
44.91
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

Yes
Yes

No

No

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P05164
P05164
P05165
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05186
P05186
P05186
P05186

VAR_005932
VAR_005933
VAR_005934
VAR_005935
VAR_005939
VAR_005943
VAR_005944
VAR_005952
VAR_005955
VAR_005965
VAR_005969
VAR_005970
VAR_005971
VAR_005972
VAR_005973
VAR_005974
VAR_005975
VAR_005980
VAR_005981
VAR_005982
VAR_005983
VAR_005984
VAR_005985
VAR_005986
VAR_006000
VAR_006007
VAR_006008
VAR_006009
VAR_015377
VAR_015378
VAR_009088
VAR_000274
VAR_000275
VAR_000278
VAR_000279
VAR_000281
VAR_009082
VAR_009086
VAR_023849
VAR_023851
VAR_023852
VAR_023856
VAR_023857
VAR_023858
VAR_006149
VAR_006150
VAR_011087
VAR_013975

P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P05164
P05164
P05165
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05166
P05186
P05186
P05186
P05186

175
176
176
177
184
189
190
198
213
237
241
242
245
245
245
245
245
247
248
248
248
248
249
249
277
280
280
280
173
251

52
165
168
410
497
519
205
536
112
165
188
435
439
468

71

71
381

71

3.89
5.61
5.61
4.12
2.31
2.04
2.53
3.54
3.89
4.78
3.27
5.61
3.65
3.65
3.65
3.65
3.65
4.00
3.89
3.89
3.89
3.89
3.89
3.89
5.61
3.89
3.89
3.89
4.41
3.39
2.72
3.66
2.88
2.90
2.64
2.12
2.47
2.68
3.86
3.66
2.45
4.05
3.66
2.95
4.02
4.02
3.47
4.02

P04637
P04637
P04637
P04637
P04637
P04637
P02340
P04637
P04637
P04637
P04637
P04637
P02340
P02340
P02340
P02340
P02340
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P04637
P05164
P05164
P24182
Q3GBW6
Q3GBW6
QIXAKT
QIXAKT
Q8GBW6
QIXA4KT
QIXAKT
QIXAKT
Q8GBW6
QIX4KT
QIX4KT
QIXAKT
QIXAKT
QIBHTS
QIBHTS
P00634
QIBHTS

175
176
176
177
184
189
187
198
213
237
241
242
242
242
242
242
242
247
248
248
248
248
249
249
277
280
280
280
173
251

16
143
146
392
488
503
185
527

92
143
168
417
421
450

45

45
394

45

100.00
100.00
100.00
100.00
100.00
100.00
88.66
100.00
100.00
100.00
100.00
100.00
88.66
88.66
88.66
88.66
88.66
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
55.36
52.71
52.71
o7.77
ov.77
52.71
57.77
o7.77
o7.77
52.71
o7.T7
57.77
57.77
o7.77
47.20
47.20
32.61
47.20

Yes
Yes
Yes
No

No

Yes
Yes
Yes
Yes
Yes

Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P05997
P06213
P06213
P06400
P06400
P06400
P06400
P06400
P06744
P06744
P06744
P06744
P06744
P06744
P06744
P06744
P06865
P07195
P07195
P07195
P07196
P07202
P07202
P07202
P07202
P07202
P07320
P07320
PO7477
P0O7741
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902

VAR_013588
VAR_015927
VAR_015928
VAR_005579
VAR_005581
VAR_005582
VAR_010049
VAR_010050
VAR_002528
VAR_002529
VAR_002530
VAR_002531
VAR_002532
VAR_002536
VAR_002537
VAR_002538
VAR_003203
VAR_004177
VAR_011634
VAR_011636
VAR_009703
VAR_006060
VAR_021623
VAR_021625
VAR_021629
VAR_021632
VAR_010733
VAR_021145
VAR_011656
VAR_006747
VAR_002553
VAR_002554
VAR_002559
VAR_002560
VAR_002563
VAR_002564
VAR_002583
VAR_002584
VAR_002585
VAR_002589
VAR_002594
VAR_002596
VAR_002597
VAR_002599
VAR_002601
VAR_002602
VAR_002618
VAR_002619

P05997
P06213
P06213
P06400
P06400
P06400
P06400
P06400
P06744
P06744
P06744
P06744
P06744
P06744
P06744
P06744
P06865
P07195
P07195
P07195
P07196
P07202
P07202
P07202
P07202
P07202
P07320
P07320
PO7477
P0O7741
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902
P07902

960
1158
1158

567

654

661

530

657

342

346

346

374

388

516

524

538

39

171

68

171

331

453

240

326

493

660

14
23
139
64
o1
55
97
98

117

118

171

179

183

194

201

209

209

217

231

249

323

323

3.86
4.10
4.10
3.66
2.94
4.22
3.97
2.96
3.27
2.58
2.58
2.60
5.37
2.65
2.99
3.10
2.01
2.01
2.07
2.01
2.92
3.61
3.95
2.35
3.30
4.30
2.66
3.23
4.20
2.02
3.44
2.49
3.15
3.15
3.46
2.31
3.78
3.23
2.41
3.47
2.00
4.60
4.60
2.50
3.48
6.28
3.43
3.43

P02452
P08069
P08069
P06400
P06400
P06400
P06400
P06400
P06744
P06744
P06744
P06744
P06744
P06744
P06744
P06744
P07686
P07195
P07195
P07195
P08670
P05164
P05164
P05164
P05164
P05164
P08209
P62697
P00761
P49435
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148
P09148

136
1134
1134

567

654

661

530

657

342

346

346

374

388

016

524

538

72

171

68

171

342

462

262

339

501

668

14
129
124

67

31

35

T

78

97

98

151

159

163

174

181

189

189

197

211

229

300

300

42.11
82.71
82.71
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
38.46
100.00
100.00
100.00
53.25
47.52
47.52
47.52
47.52
47.52
87.34
39.24
78.97
47.41
52.30
52.30
52.30
52.30
52.30
52.30
52.30
52.30
52.30
52.30
60.36
60.36
60.36
60.36
60.36
60.36
60.36
60.36

No
Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P07902
P07902
P07949
P07949
P07949
P07949
P07951
P07951
P07951
P07954
P07954
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08185
P08237
P08237
P08237
P08246
P08246
P08519
P08559
P08559
P08559
P08581
P08581
P08581
P08581
P08581
P08603
P08603
P08603
P08603
P08603
P08709
P08709
P08709
P08709

VAR_008042
VAR_023328
VAR_006338
VAR_006342
VAR_006345
VAR_006347
VAR_013468
VAR_013469
VAR_016086
VAR_002447
VAR_013501
VAR_001862
VAR_001866
VAR_001874
VAR_001878
VAR_001879
VAR_001884
VAR_001885
VAR_001886
VAR_001887
VAR_001888
VAR_001900
VAR_001901
VAR_008120
VAR_016223
VAR_006063
VAR_006064
VAR_006067
VAR_009538
VAR_009539
VAR_006633
VAR_004952
VAR_004954
VAR_004957
VAR_006290
VAR_006291
VAR_006292
VAR_006293
VAR_006294
VAR_019406
VAR_025865
VAR_025868
VAR_025876
VAR_025877
VAR_006506
VAR_006508
VAR_006509
VAR_006516

P07902
P07902
P07949
P07949
P07949
P07949
P07951
P07951
P07951
P07954
P07954
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08123
P08185
P08237
P08237
P08237
P08246
P08246
P08519
P08559
P08559
P08559
P08581
P08581
P08581
P08581
P08581
P08603
P08603
P08603
P08603
P08603
P08709
P08709
P08709
P08709

45
o1
873
918
946
973
117
147
91
312
233
433
047
670
730
736
778
784
787
790
796
1078
1096
973
389
38
38
542
32
177
4193
167
205
231
1228
1228
1230
1230
1250
959
630
951
1142
1157
238
304
307
402

2.27
3.44
4.10
4.05
3.01
4.13
2.08
4.37
3.43
2.47
3.61
3.86
3.86
3.86
3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.76
3.86
3.86
2.51
3.77
3.77
3.07
3.08
2.19
4.61
2.36
3.02
3.70
2.30
2.30
3.29
3.29
4.05
5.88
5.88
2.61
3.98
6.30
5.53
3.00
2.12
3.76

P09148
P09148
P08069
Q06187
Q07912
P11362
P42639
P42639
P42639
QILCC6
P05042
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P01011
P00512
P00512
P00512
P00747
PO0747
P00747
P08559
P08559
P08559
P06213
P06213
P06213
P06213
Q06187
P08174
P08174
P08174
P68638
P20023
P00763
P00761
P00760
P00763

25
31
1134
563
325
722
117
147
91
265
186
151
145
148
145
151
133
139
142
145
151
133
151
148
405
25
25
140
o83
724
173
167
205
231
1183
1183
1185
1185
563
253
225
245
180
7
48
94
109
198

52.30
52.30
41.57
35.74
37.01
55.31
85.59
85.59
85.59
46.34
60.79
42.11
40.35
42.11
40.35
40.35
47.37
47.37
47.37
47.37
47.37
45.61
45.61
38.60
47.98
48.00
48.00
35.96
38.31
38.31
58.11
100.00
100.00
100.00
41.18
41.18
41.18
41.18
35.34
37.74
37.74
37.74
38.46
36.54
42.99
41.12
42.06
42.99

No
No
Yes
Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P08709
P08709
P08709
P08709
P08709
P08709
P08709
P08709
P08709
Po8779
P09417
P09493
P09622
P10153
P10275
P10275
P10275
P10275
P10275
P10275
P10275
P10619
P10619
P10721
P10721
P10721
P11177
P11217
P11230
P11230
P11362
P11362
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11473
P11473
P11488

VAR_006517
VAR_014407
VAR_014416
VAR_014417
VAR_014419
VAR_014420
VAR_015141
VAR_015143
VAR_015144
VAR_017067
VAR_006965
VAR_007601
VAR_006908
VAR_013150
VAR_004685
VAR_009746
VAR_009747
VAR_009749
VAR_009783
VAR_009788
VAR_009792
VAR_001386
VAR_001389
VAR_004107
VAR_004109
VAR_023828
VAR_021057
VAR_014004
VAR_000287
VAR_000288
VAR_017890
VAR_017891
VAR_002470
VAR_002476
VAR_002477
VAR_002478
VAR_002479
VAR_002480
VAR_002482
VAR_002483
VAR_002484
VAR_002503
VAR_002504
VAR_002506
VAR_002514
VAR_004662
VAR_004667
VAR_009279

P08709
P08709
P08709
P08709
P08709
P08709
P08709
P08709
P08709
PO8779
P09417
P09493
P09622
P10153
P10275
P10275
P10275
P10275
P10275
P10275
P10275
P10619
P10619
P10721
P10721
P10721
P11177
P11217
P11230
P11230
P11362
P11362
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11473
P11473
P11488

402
121
304
307
391
435
312
363
403
353
145
175
488
156
608
601
604
611
720
725
733

65
395
791
816
816
132
291
285
289
666
719
175
211
212
215
226
226
256
273
277
409
409
438
462

73
391

37

3.76
5.88
3.00
2.12
2.73
2.93
2.32
2.71
3.74
2.41
2.70
2.93
4.27
5.45
4.26
5.86
3.09
5.86
3.13
4.05
3.70
5.35
4.19
4.10
2.30
2.30
2.52
3.32
3.28
2.93
6.26
3.75
3.95
2.66
2.72
4.53
3.21
3.21
3.89
3.59
2.74
3.54
3.54
3.55
2.34
4.26
2.95
3.58

P00763
P00740
P00761
P00760
P00747
P00763
P00761
P00761
P00763
P08670
P11348
P42639
P09624
P61823
P03372
P15207
P34021
P06536
P10275
P10275
P10275
Q8W4X3
Q8SW4X3
P08069
P06213
P06213
P11177
P00490
Q65310
Q65310
Q06187
P00519
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P11413
P03372
Q13133
P63096

198
108
94
109
747
227
102
149
199
336
142
175
479
145
234
584
309
492
720
725
733
97
409
1134
1183
1183
132
267
281
285
562
458
175
211
212
215
226
226
256
273
277
409
409
438
462
234
415
41

42.99
61.29
41.12
42.06
36.57
42.99
41.12
41.12
42.99
34.53
96.84
98.73
77.98
39.47
53.33
100.00
42.67
76.00
100.00
100.00
100.00
30.87
30.87
35.71
39.10
39.10
100.00
47.36
60.53
60.53
36.95
41.83
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
46.67
39.44
67.44



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P11498
P12107
P12107
P12107
P12694
P12694
P12883
P12883
P12883
P12883
P12883
P12883
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13645
P13645
P13645
P13647
P13647
P13647
P13716
P13804
P13942
P14136
P14770
P15153
P15735
P15735
P15735
P16144
P16219
P17661
P17661
P17661
P17661
P19013
P19429

VAR_015200
VAR_013583
VAR_013584
VAR_013587
VAR_004969
VAR_015101
VAR_004573
VAR_004574
VAR_004586
VAR_014199
VAR 017747
VAR_020803
VAR_000167
VAR_000176
VAR_000177
VAR_000178
VAR_000197
VAR_000200
VAR_000201
VAR_000261
VAR_000262
VAR_000264
VAR_000265
VAR_000266
VAR_000267
VAR_003833
VAR_010510
VAR_010511
VAR_003876
VAR_010466
VAR_023726
VAR_003635
VAR_002368
VAR_010655
VAR_017475
VAR_024997
VAR_017452
VAR_009518
VAR_009518
VAR_020854
VAR_011297
VAR_000316
VAR_007902
VAR_009189
VAR_018771
VAR_018772
VAR_016038
VAR_016078

P11498
P12107
P12107
P12107
P12694
P12694
P12883
P12883
P12883
P12883
P12883
P12883
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13569
P13645
P13645
P13645
P13647
P13647
P13647
P13716
P13804
P13942
P14136
P14770
P15153
P15735
P15735
P15735
P16144
P16219
P17661
P17661
P17661
P17661
P19013
P19429

451
625
676
1516
190
290
403
403
731
743
532
320
504
549
549
549
579
613
614
1282
1283
1291
1291
1303
1303
442
439
446
463
467
404
240
266
808
362
24
o7
189
189
157
336
383
392
344
384
388
449
81

2.07
3.86
3.86
3.86
2.44
3.12
2.33
2.33
2.19
2.52
2.27
2.88
2.89
3.70
3.70
3.70
3.99
2.15
3.21
2.52
2.74
4.20
4.20
3.39
3.39
3.26
3.93
4.09
3.26
4.09
2.34
2.28
3.56
3.76
3.97
5.79
4.23
3.47
3.47
2.62
2.73
3.62
3.13
2.79
2.43
3.89
3.97
2.49

P24182
P02452
P02452
P02452
P12694
P84129
P10587
P10587
P13538
P10587
P13538
P10587
P26361
P13569
P13569
P13569
P13569
P13569
P13569
QICHLS
QICHLS
QICHLS
QICHLS
QICHLS
QICHLS
P08670
P08670
P08670
P08670
P08670
P08670
P13716
P13804
P02452
P08670
P07359
P15153
P05132
P00517
P49137
P05106
P15651
P08670
P08670
P08670
P08670
P08670
P19429

410
148
139
136
190
227
405
405
733
753
534
322
504
549
549
549
579
613
614
421
422
430
430
442
442
392
389
396
392
396
333
240
266
133
395

24

57
200
200
190
347
383
387
339
379
383
395

81

31.43
42.11
52.63
42.11
100.00
37.04
51.93
51.93
81.80
51.93
81.80
51.93
85.96
100.00
100.00
100.00
100.00
100.00
100.00
31.67
31.67
31.67
31.67
31.67
31.67
36.16
36.16
36.16
37.13
37.13
37.13
100.00
100.00
40.35
63.96
34.62
100.00
33.06
33.06
35.77
35.37
94.63
73.38
73.38
73.38
73.38
38.76
100.00

No
No
No

Yes
Yes
Yes
Yes
Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P19438
P19438
P19438
P19438
P19438
P19438
P20594
P20807
P20807
P20807
P20807
P20807
P20807
P20807
P20807
P20823
P20823
P20823
P20823
P20823
P20823
P20933
P20933
P20933
P20933
P20933
P21439
P21953
P22033
P22033
P22830
P23760
P23760
P23760
P23760
P23760
P24752
P24752
P25054
P25054
P26367
P26440
P28069
P28358
P28360
P29400
P29400
P29400

VAR_013410
VAR_013411
VAR_019302
VAR_019303
VAR_019304
VAR_019329
VAR_022584
VAR_001367
VAR_009560
VAR_009561
VAR_009574
VAR_009584
VAR_009589
VAR_009595
VAR_009596
VAR_003759
VAR_010537
VAR_010553
VAR_010556
VAR_010563
VAR_012483
VAR_005069
VAR_005071
VAR_005075
VAR_015429
VAR_015432
VAR_023504
VAR_004974
VAR_004416
VAR_004417
VAR_002385
VAR_003804
VAR_003805
VAR_003806
VAR_017537
VAR_017538
VAR_007500
VAR_007501
VAR_005040
VAR_005044
VAR_003812
VAR_015966
VAR_003778
VAR_022582
VAR_003754
VAR_001915
VAR_001916
VAR_001923

P19438
P19438
P19438
P19438
P19438
P19438
P20594
P20807
P20807
P20807
P20807
P20807
P20807
P20807
P20807
P20823
P20823
P20823
P20823
P20823
P20823
P20933
P20933
P20933
P20933
P20933
P21439
P21953
P22033
P22033
P22830
P23760
P23760
P23760
P23760
P23760
P24752
P24752
P25054
P25054
P26367
P26440
P28069
P28358
P28360
P29400
P29400
P29400

59
62
99
62
99
51
115
490
214
215
440
490
567
705
705
272
12
200
229
272
20
60
101
306
135
257
1161
206
368
369
267
238
265
271
271
271
158
183
1027
1176
44
411
143
319
196
129
129
325

5.87
5.87
5.87
5.87
5.87
2.26
3.94
3.92
3.81
2.37
3.45
3.92
2.66
4.21
4.21
4.16
2.61
3.27
3.65
4.16
3.33
2.94
2.95
291
3.73
4.01
3.24
2.83
2.01
4.22
2.22
4.46
2.61
4.16
4.16
4.16
2.24
3.07
4.37
4.29
3.43
2.65
4.06
2.82
3.65
3.76
3.76
3.86

P19438
P19438
P19438
P19438
P19438
P19438
P18910
Q07009
Q07009
Q07009
Q07009
Q07009
Q07009
Q64537
Q64537
P40424
P22361
P06601
P06601
P40424
P22361
P20933
P20933
Q47898
P20933
P20933
QICHLS
P84130
P11653
P11653
P22830
P40424
P02836
P40424
P40424
P40424
P07097
P07097
P25054
P25054
Q02548
P26440
P14859
Q6B2C0O
P06601
P02452
P02452
P02452

102
62
102
62
99
91
128
416
189
190
366
416
494
154
154
288
12
214
243
288
20
60
101
304
135
257
473
139
345
346
267
252
500
288
288
288
120
146
1027
1024
96
411
299
185
243
133
133
145

33.33
100.00
33.33
100.00
100.00
33.33
41.89
56.86
95.44
55.44
56.86
56.86
56.86
07.14
57.14
34.62
94.86
36.54
36.54
34.62
94.86
100.00
100.00
37.41
100.00
100.00
46.15
53.11
63.48
63.48
100.00
35.71
37.50
35.71
35.71
35.71
43.14
43.14
100.00
53.33
77.42
100.00
58.11
37.04
42.86
47.37
47.37
42.11



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29965
P29965
P29965
P29965
P30613
P30613
P30613
P30613
P30613
P30613
P30613

VAR_001924
VAR_001929
VAR_001930
VAR_001939
VAR_001940
VAR_001942
VAR_001947
VAR_001950
VAR_001956
VAR_001964
VAR_001968
VAR_001973
VAR_001973
VAR_001974
VAR_007992
VAR_008000
VAR_008008
VAR_008009
VAR_008011
VAR_008012
VAR_008013
VAR 011221
VAR_011222
VAR_011229
VAR_011237
VAR_011241
VAR_011242
VAR_011249
VAR_011253
VAR_011269
VAR_011270
VAR_011271
VAR_011275
VAR_011276
VAR_011277
VAR_011281
VAR_011290
VAR_007524
VAR_017923
VAR_017927
VAR_017938
VAR_004042
VAR_004043
VAR_004044
VAR_004045
VAR_004052
VAR_004053
VAR_004054

P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29400
P29965
P29965
P29965
P29965
P30613
P30613
P30613
P30613
P30613
P30613
P30613

325
383
400
521
521
609
684
796
1104
1421
1517
1649
1649
1677
331
669
1107
1161
1220
1333
1427
192
204
319
524
603
609
681
802
1036
1039
1045
1158
1167
1170
1229
1677
227
170
174
226
337
337
339
341
384
392
393

3.86
3.76
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.76
4.30
2.97
2.97
4.20
3.86
3.86
3.86
3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.76
3.86
3.86
3.86
3.86
3.86
3.86
4.20
2.84
3.56
4.04
2.87
4.23
4.23
4.19
3.84
4.05
3.08
4.41

P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
Q7SIB2
Q7SIB2
P02462
Q7SIB2
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
Q7SIB2
P29965
P29965
P29965
P29965
P30613
P30613
P30613
P30613
P30613
P30613
P30613

145
133
151
136
136
151
151
142
142
133
61
193
1633
221
151
136
145
139
139
133
139
136
148
139
139
145
151
148
148
133
136
142
136
145
148
148
221
227
170
174
226
337
337
339
341
384
392
393

42.11
42.86
42.86
38.60
38.60
43.86
42.11
47.37
40.35
43.86
58.23
58.02
58.02
58.02
42.11
42.11
40.35
42.11
40.35
36.84
43.86
54.39
54.39
42.11
38.60
43.86
43.86
42.11
47.37
42.11
42.11
42.11
42.11
42.11
42.11
40.35
58.02
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30793
P30793
P30793
P30793
P30793
P30793
P30793
P30793
P31271
P31271
P33527
P35240
P35240
P35240
P35453
P35520
P35520
P35520
P35520
P35520
P35548
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555

VAR_004055
VAR_004061
VAR_004075
VAR_004076
VAR_011445
VAR_011454
VAR_011455
VAR_011456
VAR_011459
VAR_011460
VAR_011461
VAR_011478
VAR_011480
VAR_011482
VAR_002638
VAR_002640
VAR_002644
VAR_002647
VAR_016896
VAR_016902
VAR_016903
VAR_016904
VAR_017775
VAR_017776
VAR_011489
VAR_000814
VAR_000825
VAR_000826
VAR_015953
VAR_002172
VAR_002176
VAR_008051
VAR_008064
VAR_021792
VAR_010201
VAR_002278
VAR_002291
VAR_002323
VAR_002331
VAR_002339
VAR_017971
VAR 017974
VAR_017985
VAR_017986
VAR_017988
VAR_017989
VAR_017991
VAR_017995

P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30793
P30793
P30793
P30793
P30793
P30793
P30793
P30793
P31271
P31271
P33527
P35240
P35240
P35240
P35453
P35520
P35520
P35520
P35520
P35520
P35548
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555

393
431
559
566
222
341
342
348
376
387
390
385
479
569
134
144
186
211
135
199
211
213
371
372
671
117
535
538
314
87
130
84
151
108
172
129
723
1249
1893
2258
154
560
723
734
776
776
816
921

4.41
2.16
2.22
4.20
3.84
3.84
2.93
2.24
3.70
3.93
4.19
4.23
2.41
3.48
2.33
3.94
3.10
4.32
2.72
3.70
4.32
4.22
4.16
4.42
3.57
2.42
2.05
3.26
2.38
4.06
2.28
2.63
2.48
2.07
3.65
5.88
4.22
5.87
2.77
5.87
5.88
3.48
4.22
5.87
5.87
5.87
5.88
5.87

P30613
P30613
P11974
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P30613
P11974
P30613
P30793
P30793
P22288
P22288
P30793
P22288
P22288
P30793
P02836
P02836
P13569
P11171
P26038
P26038
P02836
P35520
P35520
QIWZD3
QIWZD3
P35520
P06601
P00740
P07204
Q9JJS8
P07204
Q9JJS8
P05106
P07204
P07204
Q9JJS8
Q9JJS8
Q9JJS8
P09871
Q9JJS8

393
431
515
566
222
341
342
348
376
387
390
385
435
569
134
144
177
202
135
190
202
213
503
504
451
304
517
520
500
87
130
7
66
108
243
108
441
152
443
152
562
469
441
152
152
152
143
152

100.00
100.00
99.17
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
99.17
100.00
100.00
100.00
97.12
97.12
100.00
97.12
97.12
100.00
37.50
37.50
42.69
31.02
38.76
38.76
33.93
100.00
100.00
46.15
46.15
100.00
46.43
50.00
42.42
37.50
44.83
40.63
34.78
45.16
42.42
38.24
34.38
34.38
37.50
30.77

No
No
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35556
P35556
P35557
P35557
P35557
P35557
P35557
P35557
P35625
P35908
P35908
P35908
P35916
P35916
P35916
P36897
P37173
P37231
P38117
P38117
P38117
P40337
P40337
P40337
P40337
P40337
P40337
P40337
P40692
P42771
P42771
P42771
P42771
P42771
P43034
P43034
P43246
P43403
P43681

VAR_018007
VAR_018019
VAR_023865
VAR_023871
VAR_023873
VAR_023881
VAR_023884
VAR_023885
VAR_023895
VAR_002350
VAR_010741
VAR_003698
VAR_003709
VAR_003711
VAR_003712
VAR_010586
VAR_010587
VAR_007509
VAR_009186
VAR_009187
VAR_010516
VAR_018413
VAR_018415
VAR_018416
VAR_022344
VAR_022352
VAR_010728
VAR_002369
VAR_025804
VAR_025804
VAR_005742
VAR_005743
VAR_005744
VAR_005746
VAR_005748
VAR_005749
VAR_008101
VAR_004438
VAR_001412
VAR_001440
VAR_001441
VAR_001453
VAR_001454
VAR_007724
VAR_015398
VAR_004488
VAR_015538
VAR_000295

P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35555
P35556
P35556
P35557
P35557
P35557
P35557
P35557
P35557
P35625
P35908
P35908
P35908
P35916
P35916
P35916
P36897
P37173
P37231
P38117
P38117
P38117
P40337
P40337
P40337
P40337
P40337
P40337
P40337
P40692
P42771
P42771
P42771
P42771
P42771
P43034
P43034
P43246
P43403
P43681

1374
1796
541
832
1058
1333
1475
1475
1900
1252
1252
175
279
300
300
108
137
191
482
485
490
1041
1114
1137
200
336
495
163
127
127
155
156
156
157
158
158
155
64
23
74
74
89
89
148
30
834
465
280

5.87
3.48
5.87
5.88
3.48
5.87
3.48
3.48
5.87
5.87
5.87
2.67
2.31
3.58
3.58
4.34
2.30
2.22
3.97
3.45
3.39
4.05
4.23
4.13
3.76
2.75
2.39
3.92
3.97
3.97
2.93
4.15
4.15
3.07
2.61
2.61
2.93
2.54
2.65
2.61
2.61
2.65
2.65
4.99
3.95
3.36
4.05
2.61

Q9JJS8
P07204
Q9JJS8
P08709
P07204
Q9JJS8
P07204
P07204
Q9JJS8
Q9JJS8
Q9JJS8
P19367
P05708
P0O5708
P05708
P19367
P19367
P16035
P08670
P08670
P08670
Q07912
Q06187
P11362
P36897
P36897
Q07869
P38117
P38117
P38117
P40337
P40337
P40337
P40337
P40337
P40337
P40337
P54278
P42771
Q60773
Q60773
P42771
P42771
P62871
P63005
P23909
Q07912
P02711

152
469
152
132
469
152
469
469
152
152
152
179
283
304
304
560
589
200
395
398
403
256
596
722
200
291
458
164
127
128
155
156
156
157
158
158
155

71

23

71

71

89

89

53

30
779
256
272

40.63
36.84
34.38
52.00
40.63
35.14
51.61
51.61
40.00
41.03
41.03
48.04
51.88
51.88
51.88
55.61
55.61
45.88
35.18
35.18
35.18
35.04
36.69
52.38
100.00
41.05
69.23
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
37.11
100.00
51.61
51.61
100.00
100.00
33.33
100.00
48.91
38.98
50.00

Yes
Yes
No

No

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
No



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P43681
P43699
P49748
P49748
P49748
P49748
P49748
P49748
P49748
P49748
P50219
P50219
P50219
P50219
P51149
P51149
P51149
P51159
P51159
P51587
P51587
P51812
P52333
P52952
P52952
P53634
P53634
P53634
P53634
P53634
P53634
P53634
P53634
P53634
P53634
P55084
P55084
P55084
P57727
P57727
P57727
P58304
P58304
P60174
P60174
P61457
P61626
P62070

VAR_017531
VAR_015189
VAR_000349
VAR_000350
VAR_000356
VAR_000357
VAR_000358
VAR_000359
VAR_000361
VAR_000362
VAR_017876
VAR_017879
VAR_017881
VAR_017882
VAR_018722
VAR_018723
VAR_018723
VAR_010654
VAR_011335
VAR_020718
VAR_020725
VAR_006196
VAR_010498
VAR_003752
VAR_010117
VAR_009541
VAR_009542
VAR_009544
VAR_016936
VAR_019038
VAR_019041
VAR_019042
VAR_019043
VAR_019046
VAR_019047
VAR_021130
VAR_021131
VAR_021132
VAR_011678
VAR_011679
VAR_013495
VAR_011618
VAR_011619
VAR_007535
VAR_007539
VAR_005530
VAR_004281
VAR_006848

P43681
P43699
P49748
P49748
P49748
P49748
P49748
P49748
P49748
P49748
P50219
P50219
P50219
P50219
P51149
P51149
P51149
P51159
P51159
P51587
P51587
P51812
P52333
P52952
P52952
P53634
P53634
P53634
P53634
P53634
P53634
P53634
P53634
P53634
P53634
P55084
P55084
P55084
P57727
P57727
P57727
P58304
P58304
P60174
P60174
P61457
P61626
P62070

280
213
366
366
453
454
456
459
469
469
248
292
295
295
129
162
162
73
152
1524
2072
431
910
178
188
249
252
301
429
236
300
300
301
319
412
118
122
134
251
404
407
200
200
72
170
96
85
72

2.61
4.16
3.75
3.75
3.62
3.23
2.95
2.02
2.65
2.65
3.39
4.16
4.16
4.16
2.78
3.47
3.47
5.75
3.49
4.41
2.87
3.87
3.26
2.30
4.42
3.15
4.57
3.78
6.32
4.19
3.79
3.79
3.78
3.20
4.46
4.26
2.70
3.58
5.08
3.88
4.23
4.16
4.16
3.80
3.99
2.39
2.78
4.56

P02711
P40424
P15651
P15651
P15651
P15651
P15651
P15651
Q06319
Q06319
P02836
P02836
P40424
P40424
P62825
P62826
P62826
P63012
PO1112
P51587
P51587
P05132
Q06187
P02836
P02836
P53634
P53634
PO7711
P53634
P53634
046427
046427
PO7711
PO7711
P53634
P28790
P28790
P28790
P00761
P07338
P07338
P40424
P40424
P00939
P04789
P61459
P61626
PO1112

272
288
297
297
383
384
386
389
374
374
459
503
288
288
126
156
157
76
134
1524
1538
52
481
494
504
249
252
181
429
236
183
183
181
199
412
73
7
89
42
216
219
288
288
72
172
96
85
61

50.00
32.14
38.10
38.10
38.10
38.10
38.10
38.10
36.49
36.49
50.00
50.00
35.71
35.71
32.91
32.91
32.91
46.88
33.96
100.00
44.12
33.75
32.26
48.21
48.21
100.00
100.00
38.54
100.00
100.00
42.79
42.79
38.54
38.54
100.00
37.50
37.50
37.50
40.38
41.28
41.28
32.14
32.14
98.32
53.59
100.00
100.00
61.88



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P63092
P63092
P63092
P63092
P63092
P63092
P63092
P63092
P68032
P68032
P68032
P68133
P68133
P68133
P68133
P68133
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871

VAR_003441
VAR_003442
VAR_003443
VAR_017844
VAR_017845
VAR_017846
VAR_017847
VAR_017848
VAR_012857
VAR_012861
VAR_012862
VAR_011682
VAR_015579
VAR_015583
VAR_015586
VAR_015587
VAR_002878
VAR_002879
VAR_002882
VAR_002883
VAR_002884
VAR_002885
VAR_002886
VAR_002887
VAR_002888
VAR_002907
VAR_002908
VAR_002914
VAR_002919
VAR_002920
VAR_002921
VAR_002922
VAR_002923
VAR_002924
VAR_002925
VAR_002943
VAR_002944
VAR_002961
VAR_002962
VAR_002963
VAR_002969
VAR_002979
VAR_002980
VAR_002981
VAR_002982
VAR_002983
VAR_002993
VAR_002994

P63092
P63092
P63092
P63092
P63092
P63092
P63092
P63092
P68032
P68032
P68032
P68133
P68133
P68133
P68133
P68133
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871

201
201
227
201
201
201
227
231
101
333
363
117
42
258
288
359
15
15
17
17
17
18
19
19
19
26
26
30
35
36
36
36
37
37
37
92
52
66
67
67
70
T
7
7
78
79
88
88

4.27
4.27
4.62
4.27
4.27
4.27
4.62
4.27
2.27
2.90
3.71
2.62
2.20
2.20
3.61
2.63
5.78
5.78
2.30
2.30
2.30
2.32
2.34
2.34
2.34
2.10
2.10
2.86
2.99
3.98
3.98
3.98
3.09
3.09
3.09
2.02
2.02
2.40
3.12
3.12
2.18
3.17
3.17
3.17
2.52
2.25
2.86
2.86

P63096
P63096
P10824
P63096
P63096
P63096
P10824
P04896
P68135
P68139
P68135
P68135
P68135
P68135
P68135
P68135
P02118
P02118
P68871
P68871
P68871
P02118
P02118
P02118
P02118
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P02118
P02118
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P68871
P68871

177
177
203
177
177
177
203
231
101
333
363
117
42
258
288
359
15
15
17
17
17
18
19
19
19
26
26
30
35
36
36
36
37
37
37
92
52
66
67
67
70
T
T
7
78
79
88
88

41.62
41.62
41.91
41.62
41.62
41.62
41.91
99.74
98.93
98.93
98.93
100.00
100.00
100.00
100.00
100.00
69.40
69.40
100.00
100.00
100.00
69.40
69.40
69.40
69.40
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
69.40
69.40
79.85
79.85
79.85
79.85
79.85
79.85
79.85
79.85
79.85
100.00
100.00



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892

VAR_003001
VAR_003002
VAR_003003
VAR_003004
VAR_003013
VAR_003014
VAR_003015
VAR_003016
VAR_003017
VAR_003018
VAR_003019
VAR_003020
VAR_003025
VAR_003026
VAR_003040
VAR_003041
VAR_003042
VAR_003051
VAR_003052
VAR_003053
VAR_003054
VAR_003058
VAR_003059
VAR_003060
VAR_003069
VAR_003070
VAR_010144
VAR_010145
VAR_025399
VAR_003141
VAR_003141
VAR_003142
VAR_003142
VAR_003163
VAR_003168
VAR_003168
VAR_003175
VAR_003131
VAR_003139
VAR_003156
VAR_003157
VAR_003162
VAR_003166
VAR_003171
VAR_003174
VAR_020646
VAR_020647
VAR_020651

P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69891
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892
P69892

92
92
92
92
97
97
97
97
98
99
100
100
102
102
117
117
119
123
124
124
124
127
127
128
132
132
114
114
117
36
36
37
37
79
97
97
128
15
26
66
66
T
92
117
125
17
19
75

5.44
5.44
5.44
5.44
3.47
3.47
3.47
3.47
2.88
2.45
3.08
3.08
2.60
2.60
3.30
3.30
2.23
2.16
2.47
247
2.47
2.16
2.16
2.12
2.60
2.60
2.56
2.56
3.30
3.98
3.98
3.09
3.09
2.25
3.47
3.47
2.12
5.78
2.10
2.40
2.40
3.17
5.44
3.30
2.06
2.30
2.34
2.38

P02089
P02089
P02089
P02089
P68871
P68871
P68871
P68871
P688T71
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P68871
P688T71
P68871
P02089
P02089
P68871
P02070
P68871
P02070
P68871
P02089
P02070
P68871
P69891
P02118
P68871
P02089
P02089
P02089
P02089
P68871
P69891
P68871
P02118
P02089

92
92
92
92
97
97
97
97
98
99
100
100
102
102
117
117
119
123
124
124
124
127
127
128
132
132
114
114
117
35
36
36
37
79
96
97
128
15
26
66
66
T
92
117
125
17
19
75

79.85
79.85
79.85
79.85
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
79.85
79.85
100.00
74.63
74.63
74.63
74.63
70.15
74.63
74.63
100.00
73.13
75.37
70.90
70.90
70.90
70.90
75.37
99.25
75.37
73.13
70.90



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905

VAR_002729
VAR_002731
VAR_002733
VAR_002734
VAR_002739
VAR_002740
VAR_002748
VAR_002749
VAR_002750
VAR_002752
VAR_002754
VAR_002756
VAR_002756
VAR_002759
VAR_002760
VAR_002761
VAR_002762
VAR_002763
VAR_002764
VAR_002765
VAR_002766
VAR_002774
VAR_002775
VAR_002779
VAR_002782
VAR_002783
VAR_002784
VAR_002790
VAR_002791
VAR_002792
VAR_002793
VAR_002801
VAR_002808
VAR_002809
VAR_002814
VAR_002815
VAR_002816
VAR_002817
VAR_002821
VAR_002823
VAR_002823
VAR_002825
VAR_002826
VAR_002827
VAR_002835
VAR_002837
VAR_002838
VAR_002839

P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905
P69905

11
14
16
16
20
20
27
27
27
31
37
40
40
44
44
45
45
47
47
47
47
56
56
99
61
61
62
72
74
74
74
80
87
87
94
95
95
97
109
112
112
114
114
114
122
126
126
127

2.28
5.78
2.30
2.30
2.28
2.28
2.10
2.10
2.10
2.86
3.98
2.44
2.44
2.17
2.17
3.01
3.01
2.60
2.60
2.60
2.60
2.63
2.63
2.52
2.40
2.40
3.12
3.17
2.25
2.25
2.25
2.20
5.44
5.44
2.45
3.08
3.08
2.60
2.56
3.30
3.30
2.07
2.07
2.07
2.46
2.03
2.03
2.60

P02118
P02118
P01990
P01990
P02118
P02118
P01958
P01958
P01958
P69905
P01965
P02074
P02070
P69905
P69905
P02208
P02208
P02208
P02208
P02208
P02208
P02208
P02208
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P02089
P69905
P69905
P69905
P69905
P02089
P01958
P01966
P69905
P69905
P69905
P69905
P69905
P69905
P01958

12
15
16
16
19
19
27
27
27
31
37
38
38
44
44
54
54
o7
o7
o7
57
71
71
64
66
66
67
7
79
79
79
85
92
92
94
95
95
97
114
112
112
114
114
114
122
126
126
127

41.41
41.41
67.69
67.69
41.41
41.41
87.69
87.69
87.69
100.00
83.85
46.09
46.09
100.00
100.00
30.77
30.77
30.77
30.77
30.77
30.77
30.77
30.77
42.19
42.19
42.19
42.19
42.19
42.19
42.19
42.19
42.19
42.19
42.19
100.00
100.00
100.00
100.00
42.19
87.69
87.69
100.00
100.00
100.00
100.00
100.00
100.00
87.69

Yes
Yes
Yes
Yes
Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

P69905
P69905
P69905
P78363
P78363
P78363
P78363
P78363
P78363
P78385
P78504
P80365
P80365
P80365
P80404
P82279
P82279
P82279
P82279
P82279
P82279
P82279
PO8172
P9O8172
P98172
P98172
P98172
Q00266
Q00266
Q00266
Q01955
Q01955
Q01955
Q01974
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388

VAR_025002
VAR_025389
VAR_025392
VAR_008430
VAR_008431
VAR_008436
VAR_012547
VAR_012558
VAR_012559
VAR_023052
VAR_013203
VAR_015639
VAR_015640
VAR_015642
VAR_008883
VAR_011642
VAR_022943
VAR_022946
VAR_022954
VAR_022966
VAR_022977
VAR_022980
VAR_023131
VAR_023132
VAR_023133
VAR_023134
VAR_023135
VAR_006935
VAR_006937
VAR_006939
VAR_011212
VAR 011217
VAR_011219
VAR_010771
VAR_001825
VAR_001826
VAR_001827
VAR_001830
VAR_001832
VAR_001836
VAR_011169
VAR 011184
VAR_011185
VAR_011188
VAR_011190
VAR_011194
VAR_011195
VAR_015520

P69905
P69905
P69905
P78363
P78363
P78363
P78363
P78363
P78363
P78385
P78504
P80365
P80365
P80365
P80404
P82279
P82279
P82279
P82279
P82279
P82279
P82279
P98172
P98172
P98172
P98172
P98172
Q00266
Q00266
Q00266
Q01955
Q01955
Q01955
Q01974
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388
Q02388

31
94
126
965
978
1087
971
1063
1087
407
386
227
237
250
220
250
195
383
681
894
1205
1321
111
115
119
119
119
95
264
322
1207
1334
1661
620
2073
2076
2079
2569
2623
2749
1812
2064
2079
2207
2263
2366
2369
1815

2.86
2.45
2.03
3.62
3.11
3.85
3.73
3.70
3.85
3.97
2.12
2.70
2.81
2.52
3.11
5.88
5.88
5.88
5.88
2.65
3.29
5.88
2.41
4.26
4.10
4.10
4.10
2.81
3.43
3.04
3.86
3.86
4.20
4.44
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86
3.86

P69905
P69905
P69905
QIYGAG6
QIYGA6
QIYGA6
QIYGAG6
QIYGAG6
QIYGAG
P08670
P00740
P19992
P19992
P19992
P80147
P08709
P09871
P08709
P09871
P00740
P09871
P08709
P52800
P52800
P52800
P52800
P52800
P13444
P13444
P13444
P02452
P02452
Q7SIB2
Q06187
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452
P02452

31

94
126

38

51
165

44
141
165
395
105
147
157
170
220
132
143
130
143
100
161
130
114
118
122
122
122

56
265
323
139
148
221
525
145
148
151
148
142
139
139
136
151
139
136
142
145
142

100.00
100.00
100.00
32.72
32.72
32.72
32.72
32.72
32.72
37.66
41.94
30.52
30.52
30.52
95.95
48.39
41.38
41.94
31.03
46.67
34.48
51.61
61.15
61.15
61.15
61.15
61.15
97.98
97.08
97.08
36.84
43.86
49.38
37.75
40.35
40.35
40.35
43.86
33.33
42.86
47.37
40.35
40.35
42.86
42.11
42.86
42.86
47.37

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

Q03692
Q06124
Q06124
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q07001
Q09428
Q09428
Q09428
Q13253
Q13253
Q13402
Q13402
Q13402
Q13485
Q13485
Q13608
Q13608
Q13950
Q13950

VAR_001844
VAR_015601
VAR_015613
VAR_006220
VAR_006221
VAR_006227
VAR_006231
VAR_006232
VAR_006239
VAR_006249
VAR_006251
VAR_006254
VAR_006255
VAR_006256
VAR_006267
VAR_006268
VAR_006269
VAR_006270
VAR_006272
VAR_006272
VAR_006273
VAR_006276
VAR_006277
VAR_006278
VAR_006280
VAR_008293
VAR_008305
VAR_008307
VAR_008319
VAR_008323
VAR_008326
VAR_008330
VAR_008331
VAR_021211
VAR_000100
VAR_008540
VAR_015009
VAR 011361
VAR_018324
VAR_009328
VAR_024047
VAR_024048
VAR_011380
VAR_019571
VAR_007918
VAR_007919
VAR_012132
VAR_012133

Q03692
Q06124
Q06124
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q06187
Q07001
Q09428
Q09428
Q09428
Q13253
Q13253
Q13402
Q13402
Q13402
Q13485
Q13485
Q13608
Q13608
Q13950
Q13950

598
42
139
27
27
287
306
333
407
508
519
524
524
525
591
593
593
597
612
612
618
632
640
640
646
27
287
306
508
524
562
618
618
271
715
1492
1505
35
35
503
519
756
493
352
812
812
113
118

3.71
2.34
2.38
3.31
3.31
3.80
4.27
3.75
2.92
5.05
4.10
4.05
4.05
4.44
2.29
3.57
3.57
4.47
3.26
3.26
4.13
5.76
4.27
4.27
2.31
3.31
3.80
4.27
5.05
4.05
6.26
4.13
4.13
3.54
3.84
3.35
3.85
4.16
4.16
3.77
2.04
4.13
2.48
3.51
3.51
3.51
2.98
2.83

Q00780
P35235
089100
Q06187
Q06187
060880
P35235
P27986
Q06187
P54763
P08069
Q07912
Q07912
Q06187
Q07912
Q07912
Q07912
Q07912
P00520
P00519
P08631
P08631
P08631
P08631
P08631
Q06187
060880
P35235
P54763
Q07912
Q06187
P08631
P08631
P02711
P68187
Q9CHLS
QIKQW9
Q13253
Q13253
P13538
P13538
P10587
Q13485
Q13485
Q01853
Q01853
Q01196
Q01196

661
42
84
27
27
13
32

670

407

742

1134

256

256

525

325

327

327

331

455

455

478

492

500

500

506
27
13
32

742

256

562

478

478

260
39

499

506
35
35

529

545

803

493

352

585

585
62
67

61.29
100.00
42.47
100.00
100.00
30.14
32.43
33.80
100.00
40.16
34.94
41.30
41.30
100.00
41.30
41.30
41.30
41.30
48.19
48.19
41.53
41.53
41.53
41.53
41.53
100.00
30.14
32.43
40.16
41.30
100.00
41.53
41.53
34.31
33.72
35.75
33.52
100.00
100.00
41.12
41.12
40.00
100.00
100.00
52.46
52.46
91.04
91.04

No
No
No



Mut acc

Variant

Prot Acc

Resid

Cons

Templ acc

Templ resid

% id

Cryst Cont?

Q13950
Q13950
Q13950
Q13950
Q13950
Q14533
Q15672
Q15672
Q16667
Q16836
Q51J48
Q6XZB0
QSNBP7
Q92838
Q92838
Q92887
Q92887
Q92947
Q92947
Q92947
Q92947
Q92968
Q99456
Q99497
Q99574
Q99574
Q99684
Q99697
Q99697
Q99758
QIGZU5
QIH3D4
QIH3D4
QIH3D4
QIH3D4
QIHCCO
QIHCCO
QINZRA
QIUBPO
QIUBXO0
QIUBX5
QIULV5
QIUM47
QIUM47
QIUM4T7
QIUM4T7
QIY458
QIY5X4

VAR_012137
VAR_012142
VAR_012145
VAR_012146
VAR 012147
VAR_018116
VAR_004496
VAR_015219
VAR_013849
VAR_024081
VAR_022986
VAR_023760
VAR_025453
VAR_011080
VAR_013487
VAR_000099
VAR_010756
VAR_000394
VAR_000396
VAR_000408
VAR_000409
VAR_009306
VAR_008528
VAR_020496
VAR_008520
VAR_008521
VAR_016213
VAR_003765
VAR_003766
VAR_023498
VAR_013876
VAR_020870
VAR_020871
VAR_020873
VAR_020874
VAR_012792
VAR_012793
VAR_014246
VAR_010198
VAR_010225
VAR_017153
VAR_017558
VAR_012878
VAR_012886
VAR_012887
VAR_012900
VAR_021832
VAR_010025

Q13950
Q13950
Q13950
Q13950
Q13950
Q14533
Q15672
Q15672
Q16667
Q16836
Q51J48
Q6XZB0
QSNBP7
Q92838
Q92838
Q92887
Q92887
Q92947
Q92947
Q92947
Q92947
Q92968
Q99456
Q99497
Q99574
Q99574
Q99684
Q99697
Q99697
Q99758
QIGZU5
QIH3D4
QIH3D4
QIH3D4
QIH3D4
QIHCCO
QIHCCO
QINZRA
QIUBPO
QIUBX0
QIUBX5
QIULV5
QIUM4T
QIUM4T
QIUMA4T
QIUMA4T
QY458
QIY5X4

169
193
200
205
209
402
131
156
187
258
116
95
253
332
302
768
1382
309
333
390
390
326
429
149
49
52
403
115
137
568
264
243
243
318
319
99
155
166
499
160
227
20
146
222
224
1261
183
97

3.35
3.89
3.21
3.07
2.48
3.97
3.34
3.54
3.46
3.56
2.77
3.82
3.05
3.13
3.03
3.65
4.20
2.30
2.79
3.77
3.77
2.44
4.94
3.28
3.58
3.19
2.74
3.65
4.16
3.62
3.75
3.89
3.89
3.89
3.89
3.09
2.11
3.12
3.83
4.16
2.97
2.65
5.88
5.88
5.88
5.88
3.80
4.26

Q01196
Q01196
Q01196
Q01196
Q01196
P08670
P01106
P01106
Q16667
Q16836
P01135
P29183
P04072
Q92838
Q92838
Q58206
QICHLS
Q06319
Q06319
P15651
P15651
P08631
P08670
Q99497
035684
035684
P03001
P06601
P40424
P68187
P41391
P02340
P02340
P04637
P04637
Q8GBW6
QIX4KT
P06601
Q01853
P40424
Q9JJS8
P22121
P08709
P08709
P08709
P00740
015119
P03372

118
142
149
154
158
395
377
403
187
258

54

62
104
332
302
153
430
262
286
368
368
127
399
149

49

52
166
243
288

38
132
172
172
248
249

61
123
215
637
288
162
196
132
130
132
108
191
234

91.04
91.04
91.04
91.04
91.04
37.66
44.90
44.90
100.00
100.00
43.33
35.37
33.04
100.00
100.00
31.65
37.99
31.03
31.03
31.51
31.51
32.08
33.11
100.00
86.93
86.93
31.82
62.50
33.93
33.33
38.10
57.22
57.22
56.19
56.19
35.11
32.40
62.50
40.66
33.93
41.94
36.98
38.71
58.06
58.06
38.71
50.95
44.00

No
Yes



Mut acc Variant Prot Acc Resid Cons Templ acc Templ resid % id Cryst Cont?

QIY6D9 VAR 019714 Q9Y6D9 516 2.08 QI9Y6D9 516 100.00 No




Appendix H

Table H.1: List of diseases and dosage sensitive genes compiled by the Baylor College of Medicine
Medical Genetics Laboratory.

Disease description Gene
1q41q42 deletion DISP1
van der Woude syndrome IRF6
Short stature, pituitary and cerebellar defects, and small sella turcica LHX4
Pituitary anomalies with holoprosencephaly-like features GLI2
Synpolydactyly/Syndactyly 1I//Split hand foot malformation 5 (SHFM 5) HOXD13
Feingold MYCN
nephronophthisis NPHP1
SATB2, cleft palate SATB2
Severe myoclonic epilepsy of infancy (SMEI) or Dravet syndrome SCN1A
Holoprosencephaly 2, SIX3 SIX3
ASHG 2006 SUMOL1
Mowat-Wilson ZEB2
Noonan SOS1
Heterotaxy 2 CFC1
Hypertension with CHD BMPR2
Blepharophimosis FOXL2
Waardenburg syndrome type II (WS2A) MITF
3329 microdeletion PAK2
microphthalmia SOX2
forebrain defects, left-right laterality defects TDGF1
TGFBR2
TP73L, split food/split hand 4 TP63
Dandy-Walker syndrome Z1C1, ZIC4
Noonan RAF1
Rieger PITX2
alfa synuclein SCNA
Cornelia de Lange NIPBL
microcephaly, CHD NKX2-5
microcephaly, CHD NPM1

Sotos NSD1



Disease description Gene
Treacher Collins syndrome TCOF1
ADLD adult onset aut. dom. leukodystrophy LMNB1
EGR2
Chronic pancreatitis SPINK1
Congenital 21-alpha hydroxylase deficiency CYP21A2
Cleidocranial dysplasia RUNX2
Prader-Willi-like phenotype SIM1
VEGF VEGF
Transient neonatal diabetes loci on 6q24 (OMIM 601410) ZAC
Iridogoniodysgenesis anomaly, Axenfeld-Rieger syndrome FKHL7 (FOXC1)
COL1A2 COL1A2
Williams ELN
speech delay FOXP2
Greig GLI3
Williams LIMK1
Split hand/foot SHFM1
Holoprosencephaly 3, SHH SHH
Saethre Chotzen TWIST1
Hereditary pancreatitis PRSS1
Schizophrenia & epilepsy CNTNAP2
CHARGE CHD7
Langer-Giedion EXT1
Branchiootorenal (BOR)/Melnick-Fraser/Oto-facio-cervical JOFC) EYA1l
Congenital heart disease GATA4
Bipolar disorder IMPA1
Langer Giedion TRPS1
Tetralogy of Fallot ZFPM2/FOG2
934 microdeletion EHMT1
GPR51, overgrowth GABBR2
Nail-Patella LMX1B
9934 microdeletion NOTCHI1
Gorlin syndrome/Holoprosencephaly 7 PTCH1
Robinow/brachydactyly 1 Olivieri et al ROR2
Sex reversal - Steroidogenic factor SF-1 SF-1
Loeys—Dietz syndrome TGFBR1
Tuberous sclerosis TSC1
Split food split hand 3 FBXW4
hypoparathyroidism, sensorineural deafness, and renal disease, HDR, GATA3
GRID1, 10g22q23 deletion GRID1
Nebulette NEBL
NRG3, 10q22¢23 deletion NRG3
PTEN, Cowden syndrome, Bannayan-Zonana syndrome PTEN
Hirschsprung RET
Potocki-Shaffer ALX4
behavioral problems and autistic spectrum disorder. (OMIM 114130) CALC1
behavioral problems and autistic spectrum disorder. (OMIM 114130) CALC2
Potocki-Shaffer EXT?2

Beckwith-Wiedeman

H19



Disease description Gene
Beckwith-Wiedeman 1GF2
Beckwith-Wiedeman KCNQ1
Mitochondrial complex 1 deficiency NDUFV1

Beckwith-Wiedeman

WAGR, Aniridia, PAX6

Craniosynostosis

WAGR, Wilms tumor, WT1

Stickler syndrome

Osteopoikilosis, short stature and MR,
Osteopoikilosis, short stature and MR
Microduplication, Ruiter et al 2007

Noonan

Microduplication, Ruiter et al 2008
Microduplication, Ruiter et al 2006

Timothy

Holt-Oram

ulnar-mammary syndrome

GPC5, brachydactyly and other skeletal anomalies
GPC6, brachydactyly and other skeletal anomalies
Retinoblastoma

Holoprosencephaly 5, ZIC2

Hirschsprung

Anophthalmia, pituitary hypoplasia, and ear anomalies

14q11.2 deletion syndrome
FOXG1B

14q11.2 deletion syndrome
Branchiootic syndrome-3
Oculoauriculovertebral spectrum (?)
15q13.3 microdeletion

Marfan

Severe IUGR, developmental delay, postnatal growth retardation

NR2F2, Diaphragmatic hearnia
PML

PWS/AS

PWS/AS

Rubinstein-Taybi
Rubinstein-Taybi

alpha thalasemia-MR, syndrome
alpha thalasemia-MR, syndrome
Tuberous sclerosis

Polycystic kidney disease
Townes-Brocks

Osteogenesis imperfecta type IV
17921.31 microdeletion
Cystinosis

Miller-Dieker

17g21.31 microdeletion

NF1

p57 (CDKNI1C)
PAXG6
SOX6
WT1
COL2A1
HMGA2
LEMD3
NOS1
PTPN11
RFC5
THRAP?2
CACNAIC
TBX5
TBX3
GPC5
GPC6
RB
7102
EDNRB
BMP4
CHDS
FOXG1B
SUPTI16H
SIX1
SIX6
CHRNA7
FBN1
IGFIR
NR2F?2
PML
SNRPN
UBE3A
CREBBP
DNASEL
HBA1
HBA2
PKD1
TSC2
SALL1
COL1A1
CRHRI1
CTNS
LIS1
MAPT
NF1



Disease description

Gene

CMT1A

SMS

Campomelic dysplasia

TCF2, renal cysts and diabetes
Miller-Dieker

Dyggve Melchior Clausen
Holoprosencephaly 4
Pitt-Hopkins

BMP2

Brachydactyly C

Alagille

Coloboma

Alzheimer - early onset

SIM2

Holoprosencephaly 1
Metachromatic leukodystrophy
NF2

22q13.3 deletion

DGS

PMP22
RAIl
SOX9
TCF2
YWHAE
DYM
TGIF1
TCF4
BMP2
GDF5
JAGI1
SNAP25
APP
SIM2
TMEM1
ARSA
NF2
SHANKS3
TBX1




