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Abstract

Structural Maintenance of Chromosomes Hinge Domain-containing protein 1 (SMCHD1)
has been established as an epigenetic regulator, with critical roles in X-chromosome
inactivation, autosomal gene silencing and genomic imprinting. Recently, variations
in SMCHD1 have been associated with two human conditions: facioscapulohumeral
muscular dystrophy (FSHD) and Bosma arhinia microphthalmia syndrome (BAMS).
There has therefore been a growing interest in unveiling SMCHD1’s atomic structure
and the molecular mechanisms underlying its function in both a healthy and diseased

state.

To provide a better understanding of Smchdl’s molecular structure and function, I
successfully expressed and purified the full-length 2007-amino acid mouse Smchdl
protein. Electron microscopy analyses of the Smchdl dimer revealed an elongated
rod-like structure that displays a high conformational flexibility, similar to that of
other structural maintenance of chromosomes (SMC) proteins. This flexibility is
largely conferred by the intermediate region of the protein that connects Smchdl’s two
functional domains: the N-terminal GHKL ATPase and the C-terminal SMC hinge
domain. In follow-up studies of the two individual domains, we revealed the first
atomic-resolution structure of Smchdl’s hinge domain, providing a novel insight into
its DNA-binding and dimerisation modes. Contrary to previously suggested models
describing the DNA interaction mode of canonical SMC proteins, I showed that nucleic
acids are not threaded through the central pore region of the Smchdl hinge domain.
Subsequent immunofluorescence studies additionally revealed that the hinge domain
targets full-length Smchdl to chromatin, and that a functional hotspot within the

hinge is required for chromatin localisation in cells.

SMCHD1’s ATPase domain has been of particular interest due to the identification of
disease-related variants that are frequently located within this region of the protein.
However, the mechanisms by which some of these pathogenic variants affect SMCHD1
function are poorly understood. Using analytical ultracentrifugation, I demonstrated
that the wild-type SMCHD1 ATPase undergoes dimerisation, which was reliant on the

inclusion of both the UBL domain and the presence of substrate, ATP. Follow-up cellular



v

studies revealed that Smchdl’s catalytic activity, as well as the presence of the newly-
identified UBL domain, are both necessary for the localisation of full-length Smchd1 to

chromatin.

Together, these studies provide an insight into the molecular basis of Smchdl function
and highlight how chromatin binding may be compromised in human disease. Future
studies will further investigate the cellular localisation and dimerisation properties of
disease-associated SMCHD1 variants, contributing towards our ongoing drug

development program aimed at developing therapeutic treatments for FSHD patients.
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Introduction



Introduction 2

1.1 Epigenetic Control of Gene Expression

1.1.1 Introduction

All the information required to sustain an organism is stored within its DNA, measuring
approximately two metres in every nucleus of a human cell. It must therefore be very
tightly packaged, yet in such a way that allows it to be easily accessible by enzymes
such as transcriptional or DNA repair machinery. Chromatin, describing the complex
of DNA with specialized associated proteins, is the basic organizational form of DNA in
the eukaryotic nucleus and represents the first level of packaging into higher orders of
organization. The functional repeat unit of chromatin is a nucleosome, where 147 base
pairs of DNA are wrapped around a histone octamer that consists of two of each core
histones: H2A, H2B, H3 and H4 (Figure 1.1). This structure is further held together by
the linker histone H1, which interacts with the exterior of the nucleosomal core particle,

around the DNA entry and exit sites [1, 2].

A higher-order chromatin arrangement is achieved, which is required to further
compact the genome into one of two core chromosomal packaging patterns:
heterochromatin or euchromatin (Figure 1.1). Genes located in heterochromatic
regions are typically inaccesible to transcriptional machinery and less likely to be
expressed, whereas euchromatin describes a more loosely packed structure that is
therefore associated with transcriptionally active regions [3]. Differential chromatin
packaging thus affects which underlying genes can be expressed, acting as a key

regulator of gene expression regulation.

Chromatin is a very dynamic structure that globally alters its packaging state every
cell cycle. During interphase, chromatin is found in its least condensed state and is
more loosely distributed throughout the nucleus. As cells begin to divide, it remains
largely condensed throughout the various stages of mitosis as transcription is globally
silenced [4]. Proteins such as cohesin and condensin also contribute to the highly
condensed state of chromatin during cell division. For example, cohesin promotes sister
chromatid cohesion thereby allowing sister chromatids to separate and move towards
opposite spindle poles [5], whereas condensin is thought to directly interact with
chromatin and promote its condensation by linking distant segments of a single

chromatid [6]. Both cohesin and condensin additionally play important roles during
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interphase, as both are required for the spatial organization of the genome by
extruding DNA into large loops [7]. Manipulating interactions between different

chromatin regions is therefore another means of transcriptional regulation.

Epigenetics can be described as the study of mitotically heritable changes in gene
expression that occur without altering the underlying DNA sequence [2]. Studies of
epigenetic mechanisms largely focus on modifications added to DNA or histone
proteins and the way these are able to influence the overall chromatin structure,
resulting in changes in gene expression. As the epigenome essentially dictates a unique
gene expression program in each cell type, it defines a cell’s functional identity
throughout development [8]. A precise coordination and organization of which genes
can be expressed at a given time is therefore crucial for ensuring correct cellular
function is maintained. As such, aberrant changes in epigenetic regulation are
associated with a vast spectrum of consequences that include disorders such as cancer,
autoimmune diseases and neurological disorders, overall highlighting the importance of

epigenetic regulation throughout an organism’s lifetime [9].

1.1.2 DNA Methylation

DNA methylation is one of the best characterized chemical modifications of chromatin.
This modification preferentially occurs at sites known as CpG dinucleotides, describing
sections of DNA where cytosine is positioned adjacent to a guanine nucleotide. CpG
methylation is established by DNA methyltransferase (DNMT) enzymes, which
catalyze the covalent addition of a methyl group at position 5 of the pyrimidine ring of
cytosine [10]. Different subgroups of DNMTs are known to carry out different
functions. For example, DNMT3a and DNMT3b are required to establish de novo
DNA methylation at CpG sites, whereas DNMT1 is responsible for maintaining
methylation patterns by propagating them between cell generations during replication.
In mice, targeted mutations in DNMTs results in embryonic lethality, indicating that

their dysfunction is incompatible with life [11].

Regions of DNA that are CpG-dense are known as CpG islands (CGIs) [12]. CGIs are
highly prevalent in the human genome and are commonly located at gene promoter
regions, where they play an essential role in transcriptional regulation. The majority of

CGIs are found in an unmethylated state in somatic cells denoting a permissive
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transcriptional state. However, CGIs can be hypermethylated, a phenomenon that is
associated with compact chromatin that prevents transcription initiation and thereby
gene expression. There are two ways that DNA methylation is thought to result in
transcriptional repression: first by directly inhibiting transcription factors from
binding their cognate DNA sequence, and secondly, by recruiting specialized proteins
that directly mediate gene silencing [13]. CGI hypermethylation is a common
occurrence at imprinted genes or genes located on the inactive X chromosome in

females where constitutive DNA methylation is critical for gene silencing [13].

1.1.3 Histone Modifications

Each of the core histones that constitute a nucleosome has a long N-terminal tail that
extends out of the nucleosomal core. These are highly conserved in sequence, owing to
their critical role in regulating chromatin structure. Histone tails are subject to a
variety of covalent post-translational modifications (PTMs), such as acetylation,
methylation, phosphorylation, ubiquitylation and sumoylation [14] (Figure 1.1).
Various modifications can lead to several different consequences, where the overall
outcome is the ability to control chromatin structure [3]. For example, histone
acetylation involves the transfer of an acetyl group from acetyl coenzyme A to lysine
residues on histone tails via histone acetyltransferase (HAT) enzymes, a modification
that tends to be associated with transcriptional activation. This is partly due to the
addition of the acetyl group leading to the removal of the positive charge on the lysine,
therefore destabilising the compacted chromatin state, as the positive charge of
unmodified histones facilitates interactions with negatively charged DNA and promotes
a closed chromatin state [15]. Conversely, deacetylation of lysine residues on histone

tails is associated with chromatin compaction and transcriptional inactivation.

Histone methylation can either promote or repress transcription, depending on which
residue is modified and how many methyl groups are added. For example, di- or
tri-methylation of H3K9 is associated with transcriptional repression [16], whereas
methylation of H3K4 is a conserved hallmark of promoters and enhancers and is
associated with transcriptional activation [17]. H3K27 tri-methylation is also a
repressive histone mark where its action often involves suppressing the expression of

developmental genes. This histone mark is laid down by the polycomb repressive
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complex 2 (PRC2) and is recognized by the polycomb repressive complex 1 (PRC1),
which in turn catalyzes mono-ubiquitylation of lysine 119 of H2A (H2AK119ub), a
histone mark that is also required for establishing or maintaining a heterochromatic
environment [18]. Of note, PRC1 and PRC2 can also work in the reverse, with PRC1
being attracted first before PRC2. Therefore, aside from directly altering chromatin
structure and conformation, histone modifications can also act as docking sites for
“reader” enzymes which are able to further recruit transcriptional activators or
SUppressors. Additionally, as many combinations can result from different
modifications added to different histone tails, at different locations, the number of

combinatorial patterns and thereby the breadth of downstream effects is quite

extensive.
/4 Y/ y/ /4
Chromosome Heterochromatin Euchromatin

Histone Tail
Modifications

Nucleosome

DNA Methylation

FiGURE 1.1: Chromatin structure and epigenetic modifications. DNA is wrapped
around histone proteins, forming nucleosomes which are further packaged into chromatin.
Chromatin fibers can form condensed structures, termed heterochromatin, or have a more
accessible conformation, known as euchromatin. Both DNA as well as the histone tails protruding
from nucleosomes are subject to post-translational modifications, including Methylation (Me),
Acetylation (Ac), Phosphorylation (P) and Ubiquitylation (Ub).
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1.1.4 Chromatin Remodelling

Histone PTMs commonly result in the recruitment of specialized proteins such as
chromatin remodelling complexes that can directly contribute to chromatin
compaction by manipulating nucleosomal position on DNA. This process is
energetically unfavourable as the electrostatic interactions governing DNA-nucleosome
interactions are substantial, and therefore it occurs in an ATP-dependent manner.
Chromatin remodellers generally form large multi-subunit complexes where accessory
subunits are thought to manipulate the ATPase activity of the core subunits [19, 20].
Accessory subunits commonly comprise interaction domains that are able to
additionally facilitate interactions with transcription factors and other chromatin
modifying enzymes, alongside targeting the complex to DNA or modified histones [20].
The exact mechanism of action of most chromatin remodelling complexes and

specifically how they are recruited to precise chromatin sites are not well understood.

The first family of chromatin remodelling complexes identified is the large
multi-subunit complex called SWI/SNF, which is highly evolutionarily conserved as
homologous proteins have been identified in Drosophila flies, and even plants [21].
Additional chromatin remodelling complexes commonly include the INO80/SWRI,
ISWI and CHD families. Members of these families are classified in these groups based
largely on the sequence homology of their conserved ATPase subunits [22, 23].
Proteins that form the SWI/SNF complex are required for transcription by
sequence-specific transcription factors, and the complex was therefore initially
proposed to act as a general activator of transcription [21]. In wvivo experiments
suggested that SWI/SNF helps expose promoter regions by pushing the nearby
nucleosomes away from each other and destabilizing or ejecting promoter nucleosomes
[24]. ISWI and CHD chromatin remodellers are thought to equalize DNA linker length
on both sides of a nucleosome and therefore promote uniform intragenic nucleosome
spacing, whereas members of the INOS80 family are implicated in deposition and
removal of the histone variant H2A.Z [25-27]. Chromatin remodellers therefore play a

variety of roles in transcriptional regulation, from activation to repression.
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1.2 Monoallelic Gene Expression

Monoallelic gene expression occurs for various genes, describing the occurrence where
only one of two alleles of a given gene is actively expressed while the other is silenced.
Monoallelic gene expression can either be determined by the parent of origin, a
phenomenon also known as genomic imprinting, or it can occur randomly [28].
Random autosomal monoallelic gene expression has been recognized for large gene
families such as the protocadherins, the olfactory receptor gene family and
immunoglobulins [29]. In these cases, monoallelic gene expression is thought to be
important for generating cellular diversity and identity, in addition to providing a

mechanism for fine-tuning the expression of particular genes.

1.2.1 X-chromosome Inactivation

The most widely-studied example of monoallelic expression is the process of X
chromosome inactivation (XCI), which occurs during the developmental stages of most
female mammals and is stably maintained throughout an organism’s lifetime [30]. XCI
ensures a balanced dosage of X-linked genes between XX females and XY males by
silencing one of the two X chromosomes in female mammals. An incorrect dosage of
X-linked genes can result in human disorders such as Turner (XO) and Klinefelter
(XXY) syndromes [30]. There are two different forms of XCI: random XCI and
imprinted XCI. Random XCI has no specific preference for which parental X
chromosome becomes inactivated, and this takes place in all somatic cell lineages of
placental mammals. Conversely, imprinted XCI results in the preferential inactivation
of the paternal X chromosome and occurs in female marsupials and mouse placental

tissues [30].

The long non-coding RNA (IncRNA), Xist, is a critical regulator of XCI [31, 32|, with
Xist deletion in female mice resulting in embryonic lethality during the early
post-implantation stage. Xist is exclusively expressed by the inactive X-chromosome
(Xi) where it initiates XCI by coating the Xi, resulting in a chromosome-wide
inactivation of gene expression. This coordinated process involves the silencing of
approximately 1000 genes and is completed in the epiblast lineage of the blastocyst

which gives rise to all somatic cells [33]. XCI is thereby stably propagated, with the
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same X chromosome maintained silenced in successive mitotic divisions. XCI is
achieved via several mechanisms, such as by attracting polycomb repressive complex 1
(PRC1) complexes to the Xi which establish H2AK119ub repressive histone marks,
exclusion of RNA polymerase II, removal of active histone marks and deposition of
repressive marks, and robust DNA methylation. Taken together, these modifications
lead to a strong condensation of the chromatin into a perinuclear structure which is

also known as the Barr body, ensuring long-term transcriptional silencing [34, 35].

1.2.2 Genomic Imprinting

Both maternal and paternal contributions are required for mammals to develop into
viable organisms, owing largely due to the parent-of-origin specific expression of
imprinted genes. Genomic imprinting is a form of epigenetic regulation in which the
expression of a gene depends on the parent of origin, such that there is unequal
expression of the maternal and paternal alleles at an imprinted locus [36]. Therefore, a
full complement of imprinted genes with contributions from both parents is essential
for correct development to ensue. This phenomenon therefore subjects mammals to a
greater genomic risk as a mutation in one allele can result in the complete absence of
one or more gene products, which can lead to several imprinting disorders such as
Beckwith-Wiedemann syndrome, Silver-Russell syndrome, and Prader-Willi and

Angelman syndromes [37, 38|.

Over the years, studies in mice and humans have shown that imprinted genes are
essential for the prenatal development of normal embryonic and extra-embryonic
components, but also for postnatal mechanisms that include behaviour, metabolism,
and physiological adaptations [39]. A large selection of imprinted genes undergo
tissue-specific imprinting, particularly genes found in the placenta [36]. The placenta is
an extra-embryonic organ that is essential for supplying nutrients to the growing fetus.
Consistent with this, imprinted genes have been implicated in insulin-like growth
factor (IGF) signalling pathways, and as a consequence they have been recognized to

play a role in human cancers [40].

The majority of genes that are subject to genomic imprinting are located in clusters of
up to 1 Mb in length [36]. Present within each of these is an imprinting control region

(ICR) which are regulatory sequences that influence the monoallelic expression of the
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full cluster. ICR’s exhibit parental allele-specific DNA methylation as a primary imprint
signal, but are subsequently decorated with post-translational histone modifications,
non-coding RNAs and a represive higher-order chromatin structure [36]. Upon germline
deletion of an ICR, loss of imprinted gene expression is observed for the linked genes
which further demonstrates the requirement for the ICR in establishing their imprinted

expression [41].

1.3 Structural Maintenance of Chromosomes Hinge

Domain-containing protein 1 (SMCHD1)

SMCHD1/Smchdl is a 2005-amino acid chromosomal protein in human and a 2007
amino acid protein in mouse, that has been established as an epigenetic regulator. It
was first identified via an N-ethyl-N-nitrosourea (ENU) transgene mutagenesis screen in
mice aiming to find modifiers of gene silencing [42]. Blewitt et al. demonstrated that a
homozygous mutation of Smchdl in female mice resulted in embryonic lethality, causing
failed silencing of a subset of genes that are conventionally targets of X inactivation
[42, 43]. Smchdl was then revealed as essential for the maintenance of X-chromosome

inactivation and has since been identified as a transcriptional repressor.

More recent studies have shown that Smchdl also has a role in the silencing of various
autosomal genes, as well as in genomic imprinting [44, 45]. Most importantly,
heterozygous mutations in SMCHD1 are associated with autosomal dominant
facioscapulohumeral muscular dystrophy (FSHD) and the rare craniofacial disorder
Bosma arhinia and microphthalmia syndrome (BAMS) [46-48]. However, despite the
identification of SMCHD1’s many critical roles, how it is recruited to chromatin, its
high-resolution structure, and complete mechanism of action remain to be elucidated.
Characterisation of SMCHD1’s structure and molecular function would therefore
provide a tremendous insight, moreover contributing towards drug development aimed

at therapeutic treatments for FSHD patients.
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1.3.1 SMCHDL1 is involved in transcriptional repression

It has been well-established that repeat sequences are subject to repeat-induced gene
silencing via epigenetic mechanisms, such as DNA methylation [49]. The
N-ethyl- N-nitrosurea (ENU) mutagenesis screen via which Smchd! was first identified
was performed on a mouse line that consisted of a multicopy GFP transgene subject to
repeat-induced silencing [42, 43] (Figure 1.2). Mice treated with the ENU mutagen can
be screened for a phenotype of interest, leading to the mapping and identification of
the responsible candidate gene. In this mouse model, an increased expression of the
GFP transgene would indicate less effective silencing and therefore the potential
targeting of an epigenetic repressor, whereas decreased GFP expression would
represent an enhanced repressive ability or failed activation activity (Figure 1.2). The
modifier of murine metastable epialleles dominant 1 (MommeD1) was a murine line
generated via the ENU mutagenesis screen which introduced a nonsense mutation in
Smchdl that resulted in nonsense-mediated decay of the transcript. These mice
presented with a dose-dependent increase in the expression of the GFP transgene,

providing the first evidence of Smchdl acting as an epigenetic repressor [43].

1.3.1.1 SMCHDL1 is critical for X-chromosome inactivation

Many studies have revealed that Smchdl is critical in the process of XCI [42-45, 50-55].
Blewitt et al. first demonstrated that Smchdl is enriched on the inactive X-chromosome
(Xi), suggesting a role in XCI maintenance. Whereas Smchd1-null male mice were able
to survive to adulthood, Smchdl-null female mice resulted in embryonic lethality by
mid-gestation stage (E11.5) [42, 43]. Further analyses of Smchd-null female embryos
revealed that several X-linked genes either escaped XCI shortly after the initiation of
silencing, or failed to maintain XCI altogether [43]. This phenomenon is associated with
CpG island (CGI) hypomethylation on the Xi which is the most prominent phenotype
observed in the absence of Smchdl, suggesting that Smchdl acts upstream of DNA
methylation [44, 45, 50]. Yet exactly how Smchdl enables transcriptional repression

remains unknown.

While Smchdl has not been detected to directly interact with Xist, it was shown that

Smchdl localizes to the Xi in an Xist-dependent manner in both humans and mice [51,
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FiGURE 1.2: Schematic of the ENU mutagenesis screen. The GFP transgene array
is linked to the human a-globin gene promoter and enhancer. Mice that are homozygous
for the GFP transgene array have approximately 55% GFP-expressing erythrocytes. Upon
ENU-induced mutagenesis, offspring of transgenic, mutant mice can be screened for changes in
GFP-expressing erythrocytes. A decrease in GFP expression suggests the mutation targeted a
transcriptional activator, whereas an increase in GFP expression indicates the mutation occurred
in a transcriptional repressor, required for silencing the GFP transgene.

53, 55, 56]. Smchdl’s localisation to the Xi is additionally dependent on the
heterogenous nuclear ribonucleoprotein K (HnrnpK), a direct interactor of Xist. Jansz
et al. [55] demonstrated that HnrnpK-knockdown in mouse embryonic fibroblasts
(MEFs) results in the loss of Smchdl’s localization to the Xi in approximately 85% of
cells. However, no direct interaction between Smchdl and HnrnpK was detected,
suggesting that Smchdl may depend on factors downstream of HnrnpK. One of
HnrnpK’s roles is the recruitment of the non-canonical PRC1 complex that catalyzes
H2AK119ub deposition via its catalytic subunit RinglA/RinglB. Removal of RinglA
and RinglB in MEFs resulted in the loss of Smchdl in 80-95% of female nuclei.
Importantly, this effect could be rescued by overexpression of RinglB, but not a
catalytically inactive RinglB, suggesting that Smchdl’s localization to the Xi, as well
as global stability, is dependent on PRCl-mediated H2AK119ub-marked chromatin
[55].

Nozawa et al. reported that SMCHD1 occupies sites on the Xi that are enriched for
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H3K27me3 and XIST, and that its additional interaction with H3K9me3 contributes to
Xi compaction [51]. More recent studies in mouse neural stem cells (NSCs) showed that
there was no difference in the mean volume of Xi in wild-type compared to Smchdl-
deleted NSCs. Chromatin accessibility studies additionally confirmed these findings as
no X-linked changes in chromatin accessibility were detected, suggesting that Smchdl
is not involved in maintaining chromatin compaction of the mouse Xi [52]. Instead,
Wang et al. reported that SMCHD1 interacts with the two chromatin compartments
the Xi forms, S1 and S2, and merges them to create a compartment-less architecture,
in agreement with the study by Jansz et al. [52]. The absence of SMCHDI1 therefore
leads to disruption of Xi compartments, alongside defects in Xist spreading and erosion
of heterochromatic silencing [53]. It is therefore proposed that SMCHD1 is necessary

for the maintenance of Xi architecture.

1.3.1.2 SMCHDI1 regulates the expression of clustered genes

Genome-wide expression analyses of Smchdl-null mouse tissue samples revealed that
autosomal monoallelic gene expression was disrupted at several imprinted gene clusters,
as well as at clustered protocadherins (Pcdh) [44, 45]. Pcdh proteins are a group of cell-
cell adhesion molecules that are predominantly expressed in the nervous system where
they play an essential role in dendrite development and neural circuit formation. Pcdh
genes are subject to random, combinatorial monoallelic gene expression, resulting in
Pcdh diversity that relies on epigenetic regulation of promoter choice and alternative
transcripts [57]. Chromatin immunoprecipitation followed by sequencing (ChIP-Seq)
and quantitative gene expression analyses demonstrated that Smchdl down-regulates
the expression of Pcdh genes by direct interaction with promoters and enhancer regions
of the cluster [58]. In the absence of Smchdl, a marked increase in the expression
of Pedha and Pedhb clusters was detected [58]. Furthermore, this coincides with CGI
hypomethylation at the cluster, suggesting Smchdl is implicated in DNA methylation
in this region. Interestingly, Smchdl was reported to act in an opposing way to the
transcription factor CCCTC-binding factor (Ctcf), occupying the same sites on promoter
and regulatory elements controlling the expression of the Pcdh cluster where they display

antagonistic effects [58].
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Loss of Smchdl results in biallelic expression of genes within the Snrpn and
Igf2r-imprinted clusters, which normally exhibit monoallelic expression [45, 52, 58]
(Figure 1.3). Several studies reported that Pegl2, Magel2 and Ndn genes within the
Snrpn cluster exhibit complete loss of imprinted expression without Smchdl [44, 45,
59]. ChIP-Seq studies additionally demonstrated that Smchdl directly binds promoter
and enhancer regions of these same genes from the Snrpn cluster [58], indicating a
direct role for Smchdl in regulating imprinted expression at this locus. While the
mechanism by which Smchdl regulates the expression of its target genes is not well
understood, the most prevalent changes that occur in the absence of Smchdl are DNA
hypomethylation, architectural changes in the local chromatin environment and

up-regulation of stably silenced genes.

Snrpn cluster
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FIGURE 1.3: A schematic representation of the Snrpn cluster of genes. The maternal
(top) and paternal (bottom) alleles of the Snrpn cluster are depicted. The maternal allele
represents the genomically imprinted and therefore silenced allele, controlled by the methylated
primary (germline) and secondary (post-zygotic) differentially methylated regions (DMRs).
Here, Smchdl has a role in silencing the four genes: Peg12, Mrkn3, Magel2 and Ndn. The
majority of genes from the paternal Snrpn allele are actively expressed, as highlighted in green,
with unmethylated primary and secondary DMRs.

Studies investigating changes in chromosome conformation upon Smchdi-deletion in
female cells revealed genome-wide changes to long-range chromatin interactions at
Smchdl targets, most significantly at the HoxB cluster for which Smchdl’s role was
not previously explored [52]. There are four Hox clusters in vertebrates: HoxA, HoxB,
HoxC, and HoxD [60], all of which encode for transcription factors that are major
regulators of development. The effects of Hoz-gene dysregulation observed in
Smchdl-null male mice were most pronounced in the embryonic skeleton, with varying
malformations in the vertebral morphology that are consistent with Hoz-gene

activation. These studies therefore implicate Smchdl in the developmental regulation
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of Hoz-gene silencing in wvivo. As absence of Smchdl correlates with changes in
long-range chromatin interactions, it is suggested that Smchdl mediates Hox-gene
silencing via higher-order chromatin structure regulation, potentially behaving as an
insulator that prevents promoter-enhancer interactions as a means of epigenetic

repression.

1.3.2 SMCHD1 has a GHKL-type ATPase domain and an SMC-like

Hinge Domain

SMCHD1/Smchdl encodes a 230-kDa nuclear protein that is conserved across
vertebrates. This large protein consists of an N-terminal GHKL-type ATPase domain
and a C-terminal SMC hinge domain [61, 62]. The two terminal domains are separated
by a long central region that shares no homology with other characterised proteins or
functional domains. However, many FSHD2-associated mutations in SMCHD1 which
are known to lead a loss of protein function are located within this middle region [63],
highlighting a functional importance that is yet to be determined. Recent studies on
SMCHD1’s isolated domains have revealed more detailed structural and functional

information, which form the foundation of this thesis.

1.3.2.1 SMC family of proteins

The structural maintenance of chromosomes (SMC) family of proteins are considered key
organizers of chromatin architecture in all living organisms, and are conserved across all
kingdoms of life. In eukaryotic organisms, condensin and cohesin are the two main SMC
complexes [64]. As their names suggest, their key roles include chromosome condensation
and cohesion, which they are thought to carry out by tethering DNA in a way such that
it results in the formation of DNA loops. Nonetheless, cohesin and condensin manipulate

distinct cell processes and therefore hold different key roles [7].

Cohesin was first discovered as an essential factor in promoting sister chromatid
cohesion and segregation during cell division. Cohesion of two newly-duplicated sister
chromatids ensures their correct attachment to microtubules of the spindle by resisting
their opposing pulling forces. Removal of cohesin then triggers the equal segregation of

sister chromatids to opposite poles in anaphase [65]. It has since become evident that



Introduction 15

cohesin also plays a key role in maintaining genomic stability by facilitating DNA
repair and in interphase manipulating the 3D organization of chromatin, which is
critical for gene expression regulation. Specifically, it mediates the formation of
chromosome loops and topologically associated domains (TADs), which are described
as chromatin regions that more frequently interact within themselves than amongst
each other [7, 66]. TADs and their boundary regions are critical for correct gene
expression, as their disruption has been shown to result in disease [66]. Defects in
human cohesin and its regulators can additionally lead to genetic developmental
disorders, including Cornelia de Lange syndrome and Roberts syndrome, and have

furthermore been implicated in various cancers [67].

Condensins promote cell-wide chromatin condensation in preparation for chromosome
segregation during mitosis, which is essential for the accurate genetic transmission to
each daughter cell [68, 69]. Impaired condensin function has been shown to result in
entangled chromosome arms which have failed to separate [70, 71]. Most eukaryotes
possess two condensins, condensin I and II, which comprise of the same SMC core
subunits but different sets of non-SMC subunits [68, 72]. Despite their structural and
functional similarities, the way condensin I and II associate with chromosomes differ [73].
Condensin 1 is largely cytoplasmic during interphase and becomes chromosome-bound
from prometaphase until telophase, whereas condensin II is nuclear during interphase

and enriched on chromosomes from prophase until telophase [6].

In terms of protein architecture, cohesin consists of subunits SMC1 and SMC3, whereas
condensin is composed of SMC2 and SMC4 (Figure 1.4). In either complex, each SMC
subunit presents as an elongated rod-shaped protein of approximately 50 nm in length
which consists of a centrally-located hinge domain that serves as the interface for both
homo- and heterodimerization of SMC subunits, as well as a DNA interaction site [74,
75]. The hinge domain is flanked by long coiled-coil structures, in addition to a Walker
A and B motif on either side consisting of phosphate-binding loops that are required for
ATP-binding (Figure 1.4). Each SMC protein brings together its N- and C-termini to
form a functionally active ABC-type ATPase domain, also known as an SMC head. This
is followed by heterodimerization of SMC proteins at the hinge domain, resulting in the
formation of a tripartite ring-like structure in the presence of other accessory proteins,

such as kleisin, which links the ATPase heads of the cohesin complex [74, 75].
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FIGURE 1.4: Cohesin and condensin form ring-like structures. Showing (a) a schematic
of the canonical SMC protein architecture, with a central SMC hinge domain flanked by coiled
coils and a Walker A and B motif on either side. Diagrams representing (b) cohesin and (c)
condensin protein complexes, highlighting the long coiled-coils forming the SMC arms of the
ring-like structures. (b-c) The hinge domain serves as the heterodimerization as well as DNA-
binding site for SMC proteins, whereas the ATPase 'head’ domains at the opposing end drive
conformational changes of the SMC complexes. The head domains also interact with accessory
proteins, such as (b) Sccl in cohesin and (c) H/H2 in condensin I/IT which are critical for closing
the ring structure, in addition to promoting ATPase activity.

The presence of architectural similarities between different SMC complexes has suggested
they may function via a similar, conserved mode of action. However, the relationship
between SMC protein structure and their function is not yet fully understood. Most
proposed models agree that the presence of long coiled-coil regions indicate the complexes
are able to topologically embrace DNA, whereby for cohesin, for example, two sister
chromatids become topologically entrapped within a single cohesin ring [76, 77]. The
idea of topological entrapment can be envisioned as a 'ring on a string’” model where
DNA entrapment by SMC complexes is dependent on the structural integrity of their
ring-like arrangement. Topological entrapment is a widely-accepted functional model
for the initial loading onto DNA of SMC complexes, as they transition from a V- to a

ring-like configuration following entrapment of either one or two DNA strands [74, 75].



Introduction 17

Exactly how SMC complexes are able to progressively compact DNA has remained
elusive until very recently. The ’loop extrusion’ model became one of the most widely-
accepted theories describing their ability to translocate along DNA, which relies on
an intrinsic motor activity that allows DNA to pass through the central SMC ring
[78]. Such an interaction between SMC complexes and DNA has been characterized as
pseudo-topological or non-topological and is thought to describe the initial contact of
SMC complexes with a promoter or enhancer region on DNA. This is followed by ATPase
activity which drives loop elongation through the central ring, such that at least one or
both DNA interaction sites translocate away from the other site (Figure 1.5). The loop
extrusion model was recently confirmed for condensin using purified complexes from
Saccharomyces cerevisiae via in vitro single-molecule imaging experiments. In addition
to demonstrating that condensin is able to translocate along DNA and generate loops in
an ATP-dependent manner [79-81], Ganji et al. also established that condensin-induced
loop extrusion occurs in an asymmetric fashion as the complex anchors itself onto DNA
and reels it in from one side [80]. This model may therefore elucidate how condensin is

able to compact DNA in mitotic chromosomes in order to enable faithful chromosome

segregation.
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Ficure 1.5: The predicted loop extrusion mechanism of cohesin and condensin
complexes. (Left) DNA loop extrusion by cohesin is thought to occur bidirectionally as a
DNA strand is extruded symmetrically from either side. CTCF and cohesin are known to co-
localize, where CTCF acts as a barrier to the loop extrusion process by stabilizing cohesin
at CTCF-binding sites and therefore creating the base of the established DNA loop. (Right)
Condensin-induced loop extrusion was shown to occur asymmetrically as the complex is thought
to anchor onto DNA via its ’head’ domains, reeling DNA in from one side only (as indicated by
arrow). In both cases, DNA loop extrusion occurs in an ATP-dependent manner.

While the exact molecular mechanism of function of condensins remains unclear,
recently obtained structural evidence for yeast condensin has implied a model for its

ATP-binding cycle. It illustrates that the binding of ATP to the Smc4 subunit induces
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conformational changes that weaken and release its interaction with one of its
accessory subunits, allowing Smc4 engagement with Smc2 via the bound ATP.
Smc2-Smc4 dimerization induces further conformational changes that lead to the
binding of the second ATP molecule and, simultaneously, to re-arrangements of the
coiled-coils that open the condensin ring [82]. A DNA loop can hence be formed by the
capture of DNA regions which would become the initial base of the loop within the
tripartite ring-like structure of the condensin complex, expanding with the repeat of
each ATPase cycle [83]. On the contrary, cohesin was previously reported to slide
along DNA in an ATP-independent manner, relying solely on passive diffusion [84-86].
Most recently, however, two separate studies have indicated that human cohesin
likewise holds the ability to generate loops by extrusion in an ATP-dependent manner,
but it does so symmetrically in both directions, as opposed to condensin where DNA is
reeled in from one side only [87, 88]. Although this loop extrusion mechanism may
account for how chromosome organisation is achieved during interphase, the role it

may play in cohesion is not yet clear.

Previous studies investigating cohesin function have established that its loading onto
DNA depends on conserved cohesin-loader complexes, named Scc2-Scc4 in yeast and
Nipbl-Nau2 in mammals [5, 89]. The Scc2 subunit interacts with Sccl, an accessory
protein that links the two core SMC proteins at the head domain. Scc2 promotes
cohesin’s ATPase activity, which is thought to lead to the separation of the head domains
and the opening of the ring structure which allows DNA entry. Scc4 does not directly
participate in this reaction, however it was shown to stabilize Scc2 in vivo, as well as

aid in targeting of the cohesin-loader complex to chromatin [90, 91].

Recent in vitro assays suggested that cohesin’s interaction with DNA depends on the
ATP-binding event rather than ATP hydrolysis. It was shown that the binding of non-
hydrolyzable ATP-analogs, which faithfully mimic the ATP-bound state, is sufficient
to initiate DNA loading without hydrolysis [92, 93]. The ATP-binding event is likely
to therefore lead to conformational changes in the SMC subunits that facilitates DNA
entry in the ring. A crystal structure of the yeast Scc3—Sccl cohesin complex additionally
revealed the complex undergoes direct DNA-binding via surface residues (Figure 1.6),

suggesting the SMC head domains are also involved in DNA association [94].



Introduction 19

Smc1-Smc3
complex

FIGURE 1.6: Structure of the yeast Scc3-Sccl cohesin complex bound to DNA. (a)
A cartoon representation of the yeast Scc3 (green) bound to a yeast Sccl fragment (blue), in
complex with a 19 base pair (bp) double-stranded DNA substrate (yellow). An image of a 90
degree rotation around the y-axis of the complex is shown on the right, highlighting the position
of the Scc3-Scel complex around DNA (PDB: 6H8Q). (b) A model depicting Scc3-mediated
DNA loading by cohesin complexes, where the Scc3-Sccl DNA-binding interface recruits cohesin
to target sites.

In humans, the association of cohesin with chromatin is known to additionally depend on
CTCF [95-97]. CTCEF plays a crucial role in transcriptional activation and repression as
well as promoter and enhancer insulation, contributing to the establishment of a higher-
order genome structure by defining TAD boundaries. CTCF has been shown to form a
cohesin retention side as it physically restrict cohesin movement, acting as a boundary
to further loop extrusion and therefore creating the base of the DNA loop established
by cohesin [84, 97, 98]. CTCF-bound sites thereby co-localize with cohesin complexes,

where both are required for the formation and maintenance of TAD regions.

1.3.2.2 GHKL ATPases

Gyrase, Hsp90, histidine kinase, MutL. (GHKL) ATPases describe a large superfamily
that encompasses members such as the molecular chaperone heat shock protein 90
(Hsp90), DNA mismatch repair proteins of the MutL family, DNA topoisomerases and
members of the Microrchidia (MORC) family of proteins. All members of this diverse
superfamily consist of a conserved Bergerat ATP-binding fold which is essential for
their ATPase activity [99]. First described by Bergerat et al., this fold comprises an
a/f sandwich where three o-helices form a layer parallel to a four [-stranded
antiparallel sheet (Figure 1.7). The lining of the ATP-binding pocket is formed by the
three a-helices which are connected by a long flexible loop, termed the ATP-lid. This

structure is the most diverse among members of the GHKL family, varying in both
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composition and conformation, yet indispensable for function as it regulates ATPase

activity by closing over the nucleotide-binding site [99].

ATP-lid
/} m
a

5

FI1GURE 1.7: Schematic representation of the Bergerat fold. The Bergerat fold describes
an «/f sandwich, where the bottom layer consists of four 8 strands (31-84, light purple) and
the top layer comprises three a-helices (al-a3, dark purple), where a2 and 3 flank the long,
flexible ATP-lid. The location of the four conserved motifs are highlighted in yellow and labelled
accordingly (M1-M4).

Highly-conserved residues of the GHKL module are largely involved in making direct
contact with ATP. These are positioned within the four conserved motifs of the Bergerat
fold, which are surprisingly situated within loop regions that connect the secondary
structures of the GHKL ATPase, with the exception of Motif I which is located within the
first a-helix [99]. In the classical Bergerat fold, various conserved residues situated within
Motif T include the conserved glutamic acid (Glu) that activates the water molecule for
ATP hydrolysis, and an asparagine (Asn) that is responsible for coordinating a Mg?*
ion to the active site, connecting all ATP phosphates to the GHKL entity via solvent-
mediated hydrogen bonds [99]. Motifs II and III consist of conserved glycine (Gly)
residues that confer ATP-lid flexibility, as they form the hinges on either side of the
loop. Motif IV consists of only two residues, a Gly and a threonine (Thr), which contact
residues within Motif II, helping maintain the structural integrity of the ATP-binding
site [99]. An additional critical conserved site includes a lysine (Lys) or arginine (Arg)
that is located within the transducer domain, downstream of the GHKL ATPase [99)].
This residue is positioned within a ’switch loop’ which extends into the ATP-binding site

and becomes positioned adjacent to the y-phosphate of the bound ATP, demonstrated
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as necessary for catalytic activity as it is thought to stabilize the transition state of ATP

hydrolysis [100].

The ATP-binding event induces additional intermolecular interactions that can result
in the homodimerization of various GHKL ATPases [99]. A domain-swapping event of
the N-terminal S-strand from each monomer occurs, which makes additional contacts to
the ATP-lid and stabilizes the dimer state. Further conformational changes that take
place upon ATP-binding include a rotation of the transducer domain with respect to the
GHKL ATPase via a re-arrangement of the switch loop that positions the Arg/Lys into
the ATP-binding site [101]. These changes result in an intertwined interaction between
two GHKL monomers that are triggered by the ATP-binding event. In some cases, the
cavity formed between two GHKL monomers is able to accommodate double-stranded
DNA, reported for Gyrase B and MutL. GHKLs [102, 103], or accessory proteins in the
case of Hsp90 [104, 105]. ATP hydrolysis is then required to release the bound DNA or
protein, as this event leads to the opening of the GHKL dimer. The ATPase cycle of

GHKLs has therefore been described to drive a molecular clamp mechanism [99].

Hsp90

Hsp90 is a molecular chaperone that plays a vital role in cells and is highly conserved
from bacteria to humans [106]. Under stress conditions, its function comprises folding,
maturation and activation of unfolded substrate proteins. Hsp90 is a functional dimer
whose ATPase cycle consists of large-scale conformational changes that include inter-
and intra-protomer interactions.  Each monomer consists of three regions: an
N-terminal ATP-binding domain, a middle domain, and a C-terminal dimerization
domain; all of which are connected by long, charged, flexible linkers that aid
conformational rearrangements [106] (Figure 1.8). An N-terminal ’strap’ swapping
event is conserved across the Hsp90 GHKL, however it is not entirely essential for ATP
hydrolysis as deletion of this strap in one Hsp90 subunit was demonstrated to abolish
ATPase activity in the opposing monomer only [107, 108]. Nonetheless, this highlights

that importance of inter-domain contacts between Hsp90 N-terminal domains.

Hsp90’s activity is additionally regulated by the conserved ATP-lid structure that closes
over the bound ATP. The Hsp90 ATP-lid is considerably longer compared to other

GHKL ATPases, leaving the bound nucleotide completely exposed as the ATP-lid points
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away from the ATP pocket [99, 109, 110]. Surprisingly, while deletion of the ATP-lid
across both subunits completely abolishes ATPase activity, deletion of this loop in only
one subunit dramatically enhances activity in the opposite subunit [111, 112]. Removal
of the ATP-lid is thought to block early intra-protomer conformational changes that are

required to drive ATP hydrolysis.
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FIGURE 1.8: The ATPase cycle of Hsp90. The Hsp90 homodimer (green and pink
monomers) depict the three different domains: N-terminal (N), middle (M) and C-terminal
(C) domains. The Hsp90 dimer adopts a V-like conformation in the apo state. ATP-binding to
the N domain induces a conformational change causing the ATP-lids to close over the bound
nucleotide. This further induces the dimerization of the N domains, followed by an N-terminal
strap swapping event which results in a closed conformation. Upon ATP hydrolysis, Hsp90
reverts back to a more open, ADP-bound dimer state, followed again by an entirely open, V-like
conformation as ADP is released.

The activity of Hsp90 is additionally regulated by several co-chaperone proteins that
control its progression through the ATP-dependent substrate activation cycle, likely
by regulating the transition between Hsp90’s conformational states that control ATP
hydrolysis [110, 113, 114]. One of its most potent stimulators is Ahal, a co-chaperone
that plays a crucial role in kinase activation and membrane protein folding in mammals
[105]. It is suggested that Ahal stimulates Hsp90 activity by accelerating its progression

through different conformational states [112].



Introduction 23

MORC family

MORCs are a family of transcriptional regulators that are highly conserved across
eukaryotic organisms as they are key players in mechanisms of epigenetic regulation,
with emerging roles in chromatin compaction processes [115-118]. In humans, there
are four MORC proteins, MORC1-4, all of which share a similar domain architecture.
They are large, multi-domain proteins that consist of an N-terminal GHKL domain, a
central CW-type zinc finger (CW) domain and a C-terminal region that is thought to
be involved in dimerization [115, 119, 120] (Figure 1.9). Their conserved GHKL
ATPase has been shown to dimerize upon ATP-binding, contributing to the hypothesis
that MORC proteins function as molecular clamps [120, 121]. The way that MORC
proteins may interact with chromatin may therefore be analogous to SMC proteins
such as cohesin and condensin, which use topological entrapping of DNA as their

mechanism of action.

MORCT is primarily expressed in male germ cells and regulates mammalian germ cell
development and meiosis [122]. It was recently demonstrated that Caenorhabditis elegans
MORCI is able to form DNA loops in an ATP-independent manner, yet able to be
stimulated by ATP or a non-hydrolyzable ATP analogue [123]. Studies additionally
reported that MORC1 forms nuclear puncta as the protein was observed to diffuse along
DNA and emerge into growing MORCI1 foci in cells that can undergo phase-separation
in vitro [123]. These observations therefore highlight a mechanistic insight into how

MORCI is able to to regulate silencing via chromatin compaction.

MORC?2 is ubiquitously expressed in human cells and tissues [124-126]. It contains a
chromo-like domain, commonly found in chromatin-associated proteins such as the
chromodomain-helicase-DNA-binding (CHD) family members, chromobox protein
homolog (CBX) members and chromatin remodelling complexes such as the SWI/SNF
complex. Chromo-like domains are known to be involved in epigenetic regulation and
gene expression control. MORC2 exhibited ATP-dependent chromatin remodelling
activity, hence its function is associated with altering chromatin architecture [126]. In
humans, MORC2 is part of the human silencing hub (HUSH) complex where it is
implicated in epigenetic silencing at H3K9me3-marked chromatin sites, requiring both

ATP-binding and dimerization of MORC?2 for faithful silencing [115, 118].
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(b) MORC2 (PDB: 50F9)

F1GURE 1.9: Comparison of gene architecture and protein structure between different
MORC family members. (a) All members of the MORC family have a conserved GHKL
ATPase domain at their N-terminus (red), a zinc-finger CW-type motif (CW) which is an
N-terminally truncated version of the zinc-binding plant homeodomain (PHD) located in the
central region (purple), and various coiled-coil domains (yellow). MORC2 additionally contains
a chromo-like domain at its C-terminus (pink). Cartoon representation of crystal structures of
(b) human MORC2 and (¢) human MORC3, encompassing the underlined domains in black
from panel (a). (b-c) Ribbon diagrams are represented in the colour scheme shown in panel (a),
with the addition of a transducer-like domain (gray) shown for (b) MORC2. Zinc is shown in
magenta, AMP-PNP is shown in cyan and Mg?* is shown in green.

Recent structural and biochemical studies revealed that like many other GHKL ATPses,
MORCS3 also undergoes ATP-dependent dimerization [120]. The crystal structure of a
MORC3 construct encompassing the ATPase and CW domains illustrated the binding

of a H3K4me3 peptide within an aromatic cage of the CW domain of each protomer,
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confirming its ability to localize to H3K4me3-marked chromatin [120]. Interestingly,
the CW domains of MORC1 and MORC2 lack the ability to interact with H3K4me3,
suggesting that different MORCs may engage with chromatin via different mechanisms.
The ATPase domain of MORC3 was also reported to display a DNA-binding ability that
is able to enhance its ATPase activity [127]. Similarly to MORC1, MORC3 was also
shown to accumulate in nuclear bodies [121, 128] where its histone binding ability plays

an essential role in its recruitment to chromatin [127].

Taken together, these studies demonstrate that GHKL ATPases are emerging players in

epigenetic regulation, hypothesized to function as molecular clamps on DNA.

1.3.2.3 SMCHD1’s GHKL ATPase region

SMCHD1 is considered a member of the GHKL superfamily owing to the presence of
an N-terminal GHKL ATPase domain [61]. The first study that examined SMCHD1’s
ATPase region generated recombinant protein encompassing the predicted GHKL
domain alongside the downstream region, which is homologous to the transducer
domain in canonical GHKL proteins [61]. Chen et al. demonstrated that Smchdl’s
N-terminal region (residues 111-702) was catalytically active and present as a
monomer in solution [61]. Interestingly, this study also revealed via small-angle X-ray
scattering (SAXS) experiments that this construct adopts a conformation that is
highly similar to that of full-length Hsp90, despite the proteins sharing only
approximately 8% sequence identity [61] (Figure 1.10). The catalytic rate of Smchdl’s
N-terminal region was measured to be approximately 0.6 ADP/minute [61], making it
a weak ATPase, yet comparable to the rate observed for Hsp90 [129, 130].
Interestingly, Like Hsp90, Smchdl’s ATPase activity can be antagonized by the
compound Radicicol [61, 131], which exhibits an IC50 value in the nanomolar range
which is comparable to that observed for Hsp90 [61, 132]. Structural homology to
Hsp90 may therefore suggest the extended Smchdl ATPase could interact with

additional proteins that may regulate its activity, which is a key feature of Hsp90.

The first crystal structure of a SMCHD1 ATPase construct (residues 25-580) was
recently solved and it revealed the conserved Bergerat fold as its catalytic domain
(residues 110-395) [133]. Pedersen et al. also identified a novel ubiquitin-like (UBL)

domain at the N-terminus (residues 25-110) that undergoes a domain-swapping event
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between two SMCHD1 monomers via an N-terminal S-strand (residues 110-120) [133]
(Figure 1.10 a). The group was the first to describe a dimerization event of SMCHD1’s
ATPase domain, which is not an unexpected finding considering GHKIL ATPases
universally sustain the ability to homodimerize [99]. The group showed that SMCHD1
dimerization requires not only the UBL domain, but also the presence of ATP, in
addition to the downstream transducer domain. Surprisingly, the solved structure does
not reveal any interface contacts between SMCHD1 monomers at the transducer
domain as dimerization appears to instead create a cavity between the transducer
domains of two monomers. An explanation for the inability of SMCHD1 to dimerize
upon absence of the transducer domains was not postulated. It would therefore be
interesting to further investigate whether extending the SMCHD1 ATPase construct at
the C-terminus may reveal contacts between the transducer domains, as these
commonly serve as the sites of homodimerization across members of the GHKL family

[99].

Despite providing highly valuable insights into the molecular structure of SMCHD1, it
is important to note that the solved structure of the ATPase construct represents a
catalytically inactive point mutant form. The E147A mutation introduced has
previously been reported and shown to completely abolish the ATPase activity of
Smchdl [61], as the Glu residue is conserved across members of the GHKL superfamily
and is indispensable for the ATP hydrolysis step [99]. As this crystal structure was
solved in the presence of ATP, it is presumed the E147A mutant retains the ability to
bind ATP but fails to hydrolyze it. Interestingly, dimerization triggered by
ATP-binding is a common feature among GHKL ATPases [115, 119, 123, 134]. This is
closely followed by the closing of the ATP-lid over the active site and the ATP
hydrolysis event that leads to the dissociation of the dimer. If the E147A mutant is
trapped in the ATP-bound state, this phenomenon likely justifies its preferential
dimerization over wild-type SMCHDI1. This idea is further supported by native PAGE
analyses where only the E147A variant of SMCHD1 appears to migrate in a dimeric
form under native conditions, while the wild-type or any other SMCHD1 variant tested
remain largely monomeric [133]. Such a discrepancy raises the value of a wild-type
SMCHD1 atomic structure and prompts more in-depth biophysical experiments to
establish parameters such as dimerization affinity for both wild-type as well as the

catalytically inactive E147A mutant.
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(a) SMCHD1 (25-580 aa); PDB: 6mw7

Ficure 1.10: Comparing the crystal structures of SMICHD1’s ATPase region and
full-length Hsp90. Cartoon representations of (a) the N-terminal ATPase region of SMCHD1
(teal and purple monomers) and (b) full-length yeast Hsp90 (pink and grey monomers). (a-b)
ATP is shown in orange in stick form and an Mg?* ion is depicted as a yellow sphere for (a)
SMCHDI1. Images of a 45 degree rotation around the y-axis are shown on the right. These
highlight (a) the N-terminal domain swap occurring in the SMCHD1 homodimer and (b) the
compact, twisted structure formed by the Hsp90 homodimer where an N-terminal S-strand
swapping event also occurs.

1.3.2.4 SMCHD1’s SMC hinge domain

SMCHD1 is considered a member of the SMC family owing to presence of an SMC hinge
domain [62]. As opposed to canonical SMC proteins, SMCHD1’s hinge domain is located
at the C-terminus of the protomer rather than centrally (Figure 1.11). Structural and
biochemical studies including SAXS and analytical ultracentrifugation (AUC) analyses
revealed that Smchdl’s hinge domain likewise forms a homodimer [58, 62]. These SAXS
models suggested that the globular central hinge domain is flanked by two stalks of
different lengths emerging from either side [62]. This is consistent with the presence of
two intermolecular parallel coiled coils surrounding the Smchdl hinge domain, consisting

of N- or C-terminal a-helices. Such a configuration differs from the long, intra-molecular
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coils that flank the hinge domain of canonical SMC proteins (Figure 1.11). Overall,
these data suggests that the full-length Smchdl protein may assemble into a head-to-
head parallel dimer without adopting a hairpin shape at the hinge domain, which differs
from the dimeric arrangement that is conventionally found in all members of the SMC
protein family characterized to date. Further evidence for this model is provided by
previously reported negative stain electron microscopy images where full-length Smchd1
appears to form extended dumbbell-like rods with globular domains observed at either
end of the Smchdl dimer [131], likely corresponding to the ATPase and SMC-hinge
domains.
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FIGURE 1.11: Comparison of canonical SMC proteins and the proposed arrangement
of full-length SMCHD1. (Top) Schematic representation of the proposed full-length SMCHD1
arrangement, comprising of an N-terminal ATPase region that consists of a UBL domain (green),
a GHKL-type ATPase (purple) and a transducer domain (yellow). The SMC hinge domain (deep
red) is located at the C-terminus and is connected to the N-terminus by a long uncharacterized
'middle’ region (grey). Two SMCHDI1 protomers are thought to dimerize in a parallel fashion,
where the hinge domain is flanked by short inter-molecular coiled-coils. (Bottom) Schematic
representation of a full-length canonical SMC protein, highlighting the centrally located SMC
hinge domain (deep red) that mediates heterodimerization of SMC proteins and has a role in
DNA-binding. The flanking long intra-molecular coiled-coils fold in an anti-parallel manner,
connecting the terminal Walker A and B motifs to form a functionally active ABC-type ATPase
domain as it folds upon itself. Upon heterodimerization with another SMC protein, the SMC
complex forms a ring-like structure.
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Chen et al. showed that in addition to providing an interface for Smchdl
homodimerization, the hinge domain also exhibits DNA-binding activity [58]. In wvitro
DNA-binding assays as well as AUC experiments demonstrated that Smchd1’s hinge
domain displays the highest affinity for single stranded DNA, and in some instances
methylated DNA. Chen et al. also reported that Smchdl has the potential to bind
RNA [58], suggesting the protein may interact with RNA molecules as part of its
epigenetic function, yet without any sequence specificity in vivo as demonstrated
recently by Jansz et al. [55]. The additional investigation of an FSHD2-compromised
mutation located within Smchdl’s hinge domain, R1867G, revealed the mutant’s
DNA-binding ability was substantially compromised [58], providing a likely
explanation for the loss of SMCHD1 function exhibited by the patient. Taken together,
these findings raise the possibility that Smchd1’s hinge domain is a likely candidate for

recruiting the full-length protein to chromatin binding sites.

1.3.3 Mutations in SMCHD1 lead to human disease

1.3.3.1 Facioscapulohumeral Muscular Dystrophy (FSHD)

FSHD is the third most common form of muscular dystrophy, with a prevalence of
approximately 1 in 8000 people. The condition is specifically characterized by facial,
shoulder and upper arm muscle weakness [135] and is separated into two disease types:
FSHD type 1 (FSHD1) and type 2 (FSHD2), with FSHD1 being the more common
form. In both cases, FSHD occurs due to the de-repression of a macrorepeat array,
D/Z}, located in the subtelomeric region of chromosome 4q. Healthy individuals have
between 11 and 100 D4Z4 repeats, with each repeat unit of approximately 3.3 kb in size
[136]. In FSHD1 patients, this array of repeats is contracted to 1-10 units, which results
in a more permissive local chromatin structure [137]. In the presence of a polymorphic
polyadenylation signal (PAS) on the last D4Z/ repeat, a stabilized DUX/ mRNA can be
produced which is followed by the ectopic expression of DUX4 in skeletal muscle (Figure
1.12). DUX4 is a transcription factor that is normally expressed in germ cells in the
testis and early pre-implantation embryos, but is epigenetically silenced in somatic cells
[138, 139]. Its specific function and exactly how it confers muscle toxicity is not well-
understood. However, it is thought that its aberrant expression triggers the activation of

signalling pathways that are solely required during embryonic development [138]. This
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ultimately leads to skeletal muscle cell death and consequently the phenotypic changes
and symptoms common to patients suffering of either FSHD1 or FSHD2, as ectopic
DUX4 expression appears to underlie both FSHD types [140].

Conversely, FSHD2 patients do not have a contracted D4Zj repeat array, yet
approximately 80% of them harbour heterozygous SMCHD1 mutations, in addition to
a D4Z4 allele with a permissive polyadenylation signal (4qA) on chromosome 4 [141].
Therefore, FSHD2 follows a digenic inheritance pattern that requires both the 4qA
allele as well as the presence of a SMCHDI1 mutation [48] (Figure 1.12). SMCHD1 has
been shown to directly bind and maintain a repressed chromatin structure at D47/
repeats [45, 137]. In FSHD2 patients, reduced functional SMCHD]1 levels results in the
de-repression of the local chromatin structure at the D4Z/ repeat array, leading to the
downstream DUX/ mRNA expression. A 30-40% reduction in DNA methylation levels
within D47} CGI’s have also been reported in FSHD patients [142], alongside a loss of
repressive histone 3 lysine 9 tri-methylation (H3K9me3) marks [143, 144]. These
results are consistent with SMCHD1’s repressive epigenetic role at the D47/ locus.
Further studies have identified SMCHD1 mutations in FSHD1 patients, where these
resulted in an augmented disease severity. These findings demonstrate that mutations
in SMCHD1 are not exclusively found in FSHD2 patients and they may also act as a
disease modifier in FSHD1 patients [145].

FSHD2-associated mutations in SMCHD1 are loss-of-function mutations that range
from deletions and frameshift mutations, to chromosomal translocations and deletions.
These span the entire length of the 2005-amino acid protein, but are least prevalent in
the DNA-binding C-terminal hinge domain [63]. Nonsense mutations are thought to
lead to haplo-insufficiency and therefore less overall presence of functional SMCHD1
dimers. On the other hand, because SMCHD1 forms a homodimer, missense mutations
could exert a dominant negative effect in the dimeric protein, with the presence of a
mutant SMCHD1 subunit in an estimated three-quarters of the dimer population
resulting in malfunctioning dimers [137]. We have recently shown via in vitro studies
utilizing the extended ATPase domain of Smchdl that in the presence of
FSHD2-associated missense mutations in Smchdl, a decreased ATPase function may
contribute to its overall loss of function as an epigenetic repressor [146]. This
highlights the possibility of therapeutically targeting the ATPase region in an attempt
to boost the activity of the functional SMCHD1 subunits in FSHD2 patients.
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FIGURE 1.12: Molecular basis of FSHD. Healthy individuals have between 11-100 D4Z4
repeats, alongside functional SMCHD1 protein that directly binds and represses these. FSHD1
patients have a contracted D/Zj array, whereas FSHD2 patients have a normal D/Z/ array yet
they harbour heterozygous mutations in SMCHD1. In both cases, this results in the de-repression
of the D474 locus, and in the presence of a polyadenylation signal (PAS) which is permissive of
DUX} transcription, this ultimately leads to skeletal muscle cell death. Healthy individuals can
also harbour a PAS on the last D474 repeat, hence depicted in gray. The SMC hinge and ATPase
domains of the dimeric SMCHD1 protein are depicted in shades of green and pink, respectively,
where the light shades indicate a wild-type (WT) copy of SMCHD1, and the dark shades indicate
a SMCHD1 protein that harbours a mutation. Because FSHD2-associated mutations target only
one SMCHD1 allele, this can result in three possible forms of SMCHD1 heterodimers: WT/W'T
SMCHD1, WT/mutant SMCHD1 or mutant/mutant SMCHD1. This consequentially leads to
less overall functional SMCHD1 protein dimers in FSHD?2 patients, highlighted by a decreasing
presence of SMCHD1 bound to the D4Z/ repeats in FSHD2 patients.

1.3.3.2 Bosma Arhinia and Micropthalmia Syndrome (BAMS)

Bosma Arhinia Microphthalmia Syndrome (BAMS) is a very rare congenital condition,
with fewer than 100 patients identified to date worldwide. The condition is primarily
characterized by an absence of the nasal area, and is often accompanied by ocular defects
[147]. Affected newborns therefore suffer from severe respiratory and feeding difficulties
that typically require reconstructive surgery to allow for their normal development.
BAMS is thought to arise from a developmental defect during the early embryonic
stages, affecting the nasal placodes or surrounding neural crest-derived tissues [147,
148]. De novo heterozygous mutations in SMCHD1 were recently confirmed in studied
patient samples, suggesting a potential new role of SMCHD1 in craniofacial development
[46, 47]. Interestingly, all identified mutations are missense and they all reside in the
extended ATPase domain of SMCHD1 (Figure 1.13) [46, 47]. This indicates that BAMS-

associated mutations may affect SMCHD1 function by potentially altering its catalytic
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activity. Our studies have shown that several patient SMCHD1 mutants lead to a
gain of ATPase function in vitro, reflected also in Xenopus laevis embryo models where
the same mutations lead to ocular defects that partially recapitulate the phenotypic
changes observed in human patients [46, 146]. Further supporting a gain-of-function
model, treatment of Xenopus embryos with increasing amounts of wild-type SMCHD1

similarly resulted in a small-eye phenotype [46].

The rare occurrence of both loss- and gain-of-function mutations in the same protein
leading to two distinct conditions, BAMS and FSHD, has triggered a further interest
in uncovering SMCHD1’s molecular mechanism of function. While both conditions
share SMCHD1 mutations as an underlying factor, the idea that FSHD and BAMS
arise from distinct defects in SMCHD1 function has become fairly controversial. A
study by Shaw et al. reported that either knockdown or knockout of smchdl in
zebrafish resulted in a small-eye phenotype, suggesting that SMCHD1 loss-of-function
rather than gain-of-function may instead underlie the pathogenesis of BAMS [47].
However, they were unable to reproduce this phenotypic effect in mouse models upon
the introduction of BAMS-related mutations in SMCHD1. To further validate our
gain-of-function model, we showed via studies in Xenopus embryos that upon mRNA
injection of FSHD2-associated SMCHDI mutations, no phenotypic changes are
observed [46].

Only two SMCHD1 mutations common to both FSHD2 and BAMS patients have been
reported to date, G137E and L107P. Upon examination of the patient carrying the
L107P mutation, it was revealed their muscle phenotype was atypical of FSHD [149],
whereas studies in the Xenopus model revealed that the G137E mutant resulted in a
decreased eye diameter, alongside a gain of ATPase activity in our in vitro biochemical
assay [146]. This provides further evidence that the G137E and L107P mutations in
SMCHD1 are likely an underlying cause of BAMS and not FSHD2, and that the
patients may instead suffer from a phenotypically similar muscular dystrophy, such as
limb girdle muscular dystrophy, as the two conditions are often misdiagnosed for each
other [150]. Crucially, the potential gain-of-function phenotype observed in
BAMS-associated SMCHD1 mutants reveals the possibility of specifically targeting
active or allosteric sites in the extended ATPase domain to activate the one wild-type
copy of the two SMCHDL1 alleles in FSHD2 patients, and boosting SMCHD1 function

in FSHD1 patients even without SMCHD1 mutations. Of particular interest are
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small-molecule compounds that can increase SMCHD1’s catalytic efficiency in
individuals who are at high risk or in the early stages of developing FSHD2 in

anticipation of preventing further muscle cell death.

UBL ATPase Transducer SMC hinge

N 0 || | 1 | ¢

FSHD-associated mutations

FiGURE 1.13: Comparison of FSHD2- and BAMS-associated SMCHD1 mutations.
Schematic of the full-length SMCHD1 gene architecture, highlighting the different functional
domains in various shades of red. FSHD2-associated mutations in SMCHD1 are depicted in black
lines and are found across the full length of the protein, whereas BAMS-associated mutations
in SMCHD1 are highlighted in orange lines and are found exclusively in the extended ATPase
region encompassing the UBL, ATPase and transducer domains.

1.3.3.3 Prader-Willi Syndrome (PWS)

PWS is another rare developmental condition that occurs in approximately 1 in 20,000
births. It was first identified about 50 years ago and is characterized by many features
that include infantile hypotonia, hyperphagia leading to severe obesity, short stature,
secondary hypogonadism with genital hypoplasia, and mild cognitive impairment [151,
152]. There are 11 known paternally expressed genes which are thought to be involved in
the pathogenesis of PWS. This cluster of genes is normally imprinted, therefore it is only
expressed from one of the parental alleles, in this case the paternal allele. PWS patients
have lost the active paternal allele and therefore lack the ability to express several genes
within the cluster entirely [153, 154]. SMCHDI1 epigenetically represses four of the
genes on the inactive maternal allele, including a critical gene called MAGEL2 [44, 58].
Inhibiting SMCHD1 may therefore provide a potential treatment for PWS by enabling
re-activation of the maternal allele. Importantly, MAGELZ2 and the nearby PWS genes
are only considerably expressed in the hypothalamus in humans [155], enabling the idea

of tissue-specific targeted treatment.
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1.4 Aims

This project is focused on the biochemical and structural characterisation of Smchdl,
with the aim of providing a better understanding of its function as an epigenetic
regulator. In order to provide a complete understanding of Smchdl’s molecular
function, analysis of the full-length protein is essential. Therefore, I foremost aimed to
successfully express and purify the full-length Smchdl protein with the intent of
performing structural analyses via electron microscopy. The crystal structure of
SMCHD1’s N-terminal ATPase region was solved by Pedersen et al. during the course
of my studies, which led to my next aim of performing more in-depth biophysical
analyses investigating the dimerization requirements of SMCHD1’s ATPase domain
and how these may be affected by disease-associated mutations in SMCHDI1. With the
availability of the recently solved structure of Smchdl’s hinge domain, I additionally
sought out to further characterise its functional properties, with a primary focus on

investigating the DNA-binding mode of Smchd1’s hinge domain.
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2.1 Molecular cloning

cDNA encoding Smchdl (mouse) or SMCHD1! (human) was PCR-amplified and
cloned into pPROEx HTb vector (Life Technologies) for expressing N-terminally
6-His-tagged recombinant protein or into pGEX-2T-TEV (Life Technologies) for
expressing N-terminally GST-tagged recombinant protein, in BL21(DE3) Codon
Plus-RIL FEscherichia coli (E. coli) bacterial cells. For recombinant protein expression
in Sf21 insect cells, Smchdl or SMCHD1 were cloned into pFastBac HTb vector and
introduced into DH10MultiBac E. coli cells (ATG Biosynthetics) to produce bacmid
DNA for expressing N-terminally 6-His-tagged recombinant protein, as per
manufacturer’s instructions (Bac-to-Bac Baculovirus Expression System, Thermo
Fisher). For transfection and immunofluorescence studies in human embryonic kidney
(HEK293) cells, Smchdl constructs were sub-cloned into a pcDNA3 vector (provided
by Dr Tracy Willson, Walter and Eliza Hall Institute of Medical Research).

2.1.1 Oligonucleotides

A list of all oligonucleotide sequences used is outlined in section 2.7.2.

2.1.2 PCR-mediated site-directed mutagenesis

To introduce point mutations, the 5’ and 3’ arms of the construct of interest were
PCR~amplified in separate reactions with the corresponding mutagenesis primers (see
section 2.7.2). 50 uL reactions were prepared with 0.5 uL Phusion High-Fidelity DNA
Polymerase (Life Technologies), 10 wuL 5X Phusion High-Fidelity buffer (Life
Technologies), 50 ng of template plasmid (for Smchdl, a pS1180 plasmid containing
the murine Smchdl ¢DNA construct was provided by Dr Graham Kay, QIMR
Berghofer Medical Research Institute, Brisbane), 100 ng 5’ primer, 100 ng 3’ primer,
1.5 pLL 10 mM dNTPs and up to 50 pL. with dH2O. PCR reactions were carried out at
98° C for 2 min, followed by 30 cycles of 98° C for 15 s, 55° C for 30 s, 72° C for
30-120 s (depending on length of insert calculated by the extension rate of 15 s/kb);
and a final cycle of 72° C for 2 min with 4° C hold. Amplified PCR products were
cleaned up with a PCR clean-up kit (Qiagen) according to the manufacturer’s

instructions. PCR products were eluted in 30 pL. EB buffer [10mM Tris (pH 8)] and
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digested with the appropriate restriction enzymes in reactions containing 1 uL of each
restriction enzyme (20,000 units/mL, New England Biolabs), 5 uL 10x Cutsmart buffer
(New England Biolabs) and up to 50 puL with dH20. Reactions were incubated at 37°

C for 1.5 s and the digested fragments were gel purified, as outlined below.

2.1.3 Agarose gel electrophoresis and DNA purification

A 1% agarose gel (w/v) was prepared in 1X TAE buffer [40 mM Tris (pH 8.0), 1 mM
EDTA, 0.1% acetic acid], supplemented with 2 pg/mL ethidium bromide. The gel was
left to set at room temperature before immersion in 1X TAE buffer. DNA products
were mixed with 6X purple loading dye (New England Biolabs) to a final 1X
concentration before loading into wells, and electrophoresis was performed at 100 V for
30-40 min. A Generuler 1kb Plus DNA ladder (Thermo Fisher Scientific) was used as
a size marker. DNA bands were visualized under UV light and bands of interest were
excised and purified via a QIAquick Gel Extraction Kit (Qiagen) according to
manufacturer’s instructions. DNA was eluted in 30-50 puL of the provided elution

buffer [10 mM Tris-HCI (pH 8.5)] and stored at -20° C.

2.1.4 Ligation

Ligation reactions consisted of 100 ng of cut vector, 3 uL of insert prepared above, 1
U of T4 DNA ligase (Promega) in 1X T4 ligase buffer (Promega), and H2O to a final

volume of 10 uL. Ligation reactions were incubated overnight at 16° C.

2.1.5 Transformation

2 pL of ligation reaction from above was added to 50 uLi of freshly ice-thawed E. coli
DH10B electrocompetent cells (Thermo Fisher), transferred to a 0.2 cm aperture cuvette
and electroporated (2.5 kV) using a Micropulser Electroporator (Bio-Rad). Cells were
recovered with 200 uL Superbroth [3.5% (w/v) tryptone, 2.0% (w/v) yeast extract, 0.5%
(w/v) NaCl, 5 mM NaOH] and plated on LG agar plates [1.0% (w/v) tryptone, 0.5%
(w/v) yeast extract, 0.5% (w/v) NaCl, 0.2% (w/v) glucose, 1.5% (w/v) Difco agar, 10
mM Tris (pH 7.4), 1 mM MgCls] containing 100 pg/mL ampicillin and incubated at 37°

C overnight.
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2.1.6 Plasmid extraction

1.5 mL Superbroth containing 100 pg/mL ampicillin was inoculated with a single colony
and incubated overnight at 37° C, shaking at 220 rpm. Plasmids were extracted using

the QIAprep Miniprep Kit (Qiagen), following the manufacturer’s instructions.

2.1.7 Sequencing PCR

DNA sequencing was performed via the BigDye Terminator v3.1 Cycle Sequencing kit
(Thermo Fisher Scientific). Each reaction mix consisted of 1 pL Big Dye v3.1, 1X
sequencing buffer, 250 ng plasmid DNA, 4 uL of 1 M primer and HsO to a total
reaction volume of 20 pL.. PCR conditions were 96° C for 2 min, 25 cycles of 96° C for
10 s, 50° C for 10 s and 60° C for 4 min. DNA was precipitated using 1 volume 3 M
sodium acetate, 5.5 volumes 100% ethanol (v/v) and 3.5 volumes H2O, and incubated
on ice for 10 min. DNA was pelleted by centrifugation at 18,000 x g for 20 min at room
temperature. Pellets were washed with ice-cold 70% (v/v) ethanol and dried at 37° C
for 45 min. DNA sequencing analysis was performed by Micromon DNA Sequencing

Facility. Primers are listed in 2.7.2.

2.2 Cell Culture

2.2.1 Sf21 Insect Cells

Sf21 cells were cultivated in Insect-XPRESS Protein-free Insect Cell Medium with L-
glutamine (Lonza) and passaged when reaching a density of 3.0-3.5x10° cells/mL in
order to maintain log phase growth. For cultivation and viral amplification, cells were
grown in suspension in 1L Schott bottles with up to 200 mL total volume, shaking at

130 rpm, at 27° C. For protein expression, cells were grown in 0.5 L cultures in 2.8 LL

unbaffled Fernbach flasks shaking at 90 rpm, at 27° C.

2.2.2 Mouse Embryonic Fibroblasts (MEFSs)

Smchd16FP/GFP NMEFs were derived from a Smchd1GFP/GFP mouse strain generated

on a C57BL/6 background. This strain carries a GFP ¢DNA knock-in immediately
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prior to the stop codon in Smchdl to produce a Smchd1-GFP fusion protein [55].
Smchd1GFP/GFP MEFs were immortalized using a p53 knockdown, as described by
Dickins et al. [156]. MEFs were cultured in DMEM (Gibco) supplemented with 10%
(v/v) FBS (Life Technologies) at 37° C in a humidified atmosphere with 5% (v/v) CO2
and Oy. Cells were maintained by passaging every 3 days using 0.5% Trypsin-EDTA
(Life Technologies) to detach the cells from the plates.

2.2.3 Human Embryonic Kidney cells (HEK293)

Both HEK293 and HEK293T cells were cultured in DMEM (Gibco) supplemented with
10% (v/v) FBS (Life Technologies) at 37° C in a humidified atmosphere with 10% (v/v)
COg. Cells were maintained by passaging every 3 days using 0.5% Trypsin-EDTA (Life
Technologies) to detach the cells from the plates.

2.2.4 shRNA-mediated SMCHD1 knockdown in HEK?293 cells

shRNA nucleotides were designed by Dr Andrew Keniry (Walter and Eliza Hall Institute
of Medical Research) to target the 3’ untranslated region (UTR) of SMCHD1 (listed in
section 2.7.3). These were cloned into the LMPEBFP2 (LTR miR30 Puromycin IRES
EBFP2) vector [157]. Retrovirus was prepared as previously described in Majewski et
al. [158] using HEK293T cells. HEK293T cells at 80% confluency were transfected
using calcium phosphate with the MD1-gag-pol structural vector, CAG-FEco and shRNA
retroviral construct in the ratio 8:24:1. Plasmid DNA was made up in 250 mM CaCl2
and precipitated in 2X HBS solution, then added to the cells in media containing 25 uM
chloroquine (Sigma-Aldrich). The media was changed 8 and 24 h post-transfection, and
collected 48 and 72 h post-transfection via centrifugation to remove residual HEK293T

cells.

For SMCHD1-knockdown, HEK293 cells were transduced with shRNA retroviral
constructs, either non-silencing or designed for SMCHDI1-knockdown. Retroviral
supernatant was prepared 1:10 in media containing 4 pg/mL  polybrene
(Sigma-Aldrich) and added to HEK293 cells at 50% confluency. After 24 h, the media
was changed and 5 pg/mL puromycin (Sigma-Aldrich) was added for selection of

transduced cells.



Materials and Methods 40

2.2.5 Transfection of SMCHD1-knockdown HEK?293 cells

Smchd1l-knockdown cells were transfected for over-expression of wild-type or mutant
full-length Smchdl constructs. 2x10* SMCHD1-knockdown HEK293 cells were seeded
in a 12-well plate on a 13 mm coverslip (Marienfield Superior). 24 h after plating,
cells at 80% confluency were transfected using calcium phosphate-mediated transient
transfection. 1 ug plasmid DNA was made up in 250 mM CaCls, precipitated in 1
volume 2X HBS solution [50 mM HEPES (pH 7.05), 10 mM KCl, 12 mM dextrose, 280
mM NaCl, 1.5 mM NayHPO,] and added drop-wise to the plated cells. Cells were fixed

24 h later in preparation for immunofluorescence studies.

2.3 Recombinant protein expression and purification

2.3.1 Bacterial expression

Recombinant proteins were expressed in BL21(DE3) Codon Plus-RIL expression
competent E. coli cells (Agilent). Cells were cultured in Superbroth supplemented
with 100 pg/mL ampicillin until an optical density of 0.6-0.8 was reached, measured by
Agoo. Expression was induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) for 16 h at 18° C, shaking at 220 rpm. Cells were harvested by

ultracentrifugation at 5,000 x g for 10 min, at 4° C.

2.3.2 Insect cell expression

Baculovirus containing the recombinant gene of interest was generated by transfecting
Sf21 cells with bacmid DNA. 1 pug bacmid DNA diluted in 100 ul Insect-XPRESS
protein-free medium with L-glutamine (Lonza) was mixed with 6 pL of CellFectin IT (Life
Technologies) diluted in 100 uL insect cell medium and incubated at room temperature
for 45 min. 0.9x10% Sf21 cells were dispensed per well into a 6-well plate and incubated
at 27° C for 20 min to allow adhesion. 800 upL of insect cell medium was added to each
transfection mix and the mixture was pipetted dropwise onto the adhered cells. Cells
were incubated at 27° C for 5 h, after which the transfection mix was removed and fresh

media was added. After cells were maintained at 27° C for four days, passage 1 (P1)
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baculovirus supernatant was harvested by centrifugation at 1,500 x g for 5 min at room
temperature. 1 mL P1 virus was added to 100 mL Sf21 cells at 1.5x10° cells/mL and
grown in 1L Schott bottles with agitation at 130 rpm at 27° C for a further four days.
P2 viruses were harvested by centrifugation at 1,500 x g for 5 min at room temperature,
and stored at 4° C protected from light. For protein expression, 50 mL P2 baculovirus
was added to 500 mL 3x10° cells/mL in Fernbach flasks and cultured at 27° C for 2
days, shaking at 90 rpm. Cells were harvested by centrifugation at 1,500 x g for 5 min
at room temperature and cell pellets were snap-frozen in liquid nitrogen and stored at

-80° C.

2.3.3 Cell lysis

Purification was performed as previously described by Babon et al. [159]. Cells were
re-suspended in lysis buffer [0.5 M NaCl, 20 mM Tris-Hel (pH 8.0), 20% (v/v) glycerol,
5 mM imidazole (pH 8.0), 0.5 mM TCEP]| supplemented with 1 mM PMSF and 1X
cOmplete EDTA-free protease inhibitor (Roche). Sonication was performed on ice for
5 cycles with 1 s on, 0.2 s off, 22 s per cycle at 50% amplitude, using the Bandelin
sonicator fitted with the VS 70/T probe. To remove insoluble material, lysates were

centrifuged at 45,000 x g for 30 min at 4° C.

2.3.4 Protein purification
2.3.4.1 Immobilised metal-ion affinity chromatography (IMAC)

Following cell lysis by sonication, lysate supernatant from cells expressing N-terminal 6-
His-tagged proteins were incubated with nickel-nitrilotriacetic acid (Ni-NTA) cOmplete
His-tag purification resin (Roche) for 1 h at 4° C, on rollers. 1 ml of 50% resin slurry
was used per 1 L of cell culture. The resin was pelleted by centrifugation at 1,500 x g for
5 min at 4° C and the supernatant was removed as the unbound sample. The resin was
washed twice with 5 mM imidazole buffer (pH 8.0), followed by two washes with 35 mM
imidazole (pH 8.0) and eluted in 250 mM imidazole buffer (pH 8.0). The 6-His-tag was
cleaved by incubation of the pooled elutions with tobacco etch virus (TEV) protease (a
gift from Dr. Cheree Fitzgibbon, Walter and Eliza Hall Institute of Medical Research)

overnight at 4° C. Next day, cleaved protein was concentrated with a 30-kDa molecular
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mass cut-off concentrator (Millipore) by centrifugation for 5 min at 2,500 x g, 4° C,
then diluted either with lysis buffer with 5 mM imidazole (pH 8.0) prior to subtractive
Ni-NTA chromatography which was performed to remove uncleaved protein and any
remaining 6-His-tagged TEV protease, or diluted in the corresponding buffer for the

following chromatography step.

2.3.4.2 Subtractive immobilised metal-ion affinity chromatography

For purification of recombinant Smchdl hinge domain protein, subtractive IMAC was
performed with Ni-NTA cOmplete His-tag purification resin (Roche) to eliminate
undigested protein and 6-His-tagged TEV protease. The cleaved protein was diluted in
lysis buffer [0.5 M NaCl, 20 mM Tris-HCl (pH 8.0), 20% (v/v) glycerol, 5 mM
imidazole (pH 8.0), 0.5 mM TCEP] and incubated with Ni-NTA resin for 1 h at 4° C,
on rollers. The resin was centrifuged at 1,500 x g at 4° C for 5 min and the unbound
portion, containing the cleaved protein, was retained. The resin was washed with
increasing imidazole concentrations and samples of eluting fractions were verified via
SDS-PAGE. Fractions of interest containing the cleaved protein were pooled and

concentrated, after which size exclusion chromatography was performed.

2.3.4.3 GST affinity chromatography

For GST-tagged proteins, cell lysis was performed as described previously but cells were
instead re-suspended in a size exclusion chromatography (SEC200) buffer [200 mM NaCl,
20 mM HEPES (pH 7.5), 5% (v/v) glycerol] supplemented with 1 mM PMSF and 1X
cOmplete EDTA-free protease inhibitor (Roche). Lysate supernatants were incubated
with glutathione agarose resin (Ubiquitin-Proteasome Biotechnologies) for 1 h at 4° C,
on rollers; using 3 mL of 50% slurry for 1L of cell culture. The resin was pelleted by
centrifugation at 1,500 x g for 5 min at 4° C and the supernatant was removed as the
unbound sample. The resin was washed three times with lysis buffer after which TEV
protease was added to the resin and incubated overnight without agitation at 4° C for
cleavage of the GST-tag. Next day, the resin was washed three times with 5 mL lysis
buffer and these elution samples were pooled together and concentrated with a 30-kDa
molecular mass cut-off concentrator (Millipore) by centrifugation for 5 min at 2,500 x

g, 4° C.
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2.3.4.4 Ion exchange chromatography

Ion exchange chromatography was performed for the N-terminal ATPase region of
Smchdl as well as for full-length Smchdl protein. For the ATPase region, protein
concentrated in Buffer A [50 mM NaCl, 25 mM HEPES (pH 7.5), 0.5 mM TCEP, 10%
(v/v) glycerol] was loaded onto a MonoQ 5/50 GL column (GE Healthcare)
pre-equilibrated with Buffer A and exchanged into Buffer B [500 mM NaCl, 25 mM
HEPES (pH 7.5), 0.5 mM TCEP, 10% (v/v) glycerol] in a 0-100% gradient over 20
column volumes for protein elution. For full-length recombinant Smchdl, two separate
ion exchange chromatography conditions were trialled as a third purification step,
following size exclusion chromatography. The protein, which was concentrated in the
corresponding Buffer A, was either loaded on a MonoQ 5/50 GL column (GE
Healthcare) pre-equilibrated with Buffer A [50 mM NaCl, 25 mM Tris-HCI (pH 9.5),
0.5 mM TCEP, 10% (v/v) glycerol] and exchanged into Buffer B [500 mM NaCl, 25
mM Tris-HC1 (pH 9.5), 0.5 mM TCEP, 10% (v/v) glycerol], or loaded on a MonoS
5/50 GL column (GE Healthcare) pre-equilibrated with Buffer A [50 mM NaCl, 25
mM MES (pH 5.5), 0.5 mM TCEP, 10% (v/v) glycerol] and exchanged into Buffer B |1
M NaCl, 25 mM MES (pH 5.5), 0.5 mM TCEP, 10% (v/v) glycerol] in a 0-100%
gradient over 20-column volumes for protein elution. Fractions containing the
N-terminal ATPase region of Smchdl eluted at approximately 45% Buffer B. These
were pooled and concentrated to be further purified by size exclusion chromatography.
For full-length Smchdl protein, fractions of interest from the Mono@Q column eluted at
approximately 45% Buffer B, whereas from the MonoS column they eluted at
approximately 55% Buffer B. Samples were taken directly from eluting fractions and

subjected to negative stain and electron microscopy analysis.

2.3.4.5 Size exclusion chromatography (SEC)

For purification of recombinant full-length Smchdl protein, size exclusion
chromatography was performed on a Superose-6 Increase column (GE Healthcare)
pre-equilibrated with SEC500 buffer [500 mM NaCl, 20 mM HEPES (pH 7.5), 10%
(v/v) glycerol, 0.5 mM TCEP]|. Chromatography of recombinant Smchdl N-terminal
ATPase region or the C-terminal hinge domain was performed on a Superdex-200

10/300 GL column (GE Healthcare) pre-equilibrated with either SEC100 buffer [100
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mM NaCl, 20 mM HEPES (pH 7.5)] or SEC200 buffer [200 mM NaCl, 20 mM
Tris-HCl (pH 8.0), 10% (v/v) glycerol, 0.5 mM TCEP] for protein prepared for
small-angle X-ray scattering (SAXS) experiments. Fractions containing the
recombinant proteins of interest were pooled concentrated and snap-frozen in liquid
nitrogen for storage at -80° C. Protein concentration was measured using a DS-11 FX
Spectrophotometer (DeNovix), using protein Aggy absorbance values for 0.1 %
(=mg/mL) of 1.15 for SMCHD1 ATPase region, 0.78 for full-length Smchdl and 0.687
for the Smchd1l hinge domain.

2.4 Protein biochemistry

2.4.1 SDS-PAGE

Protein samples were mixed with 4X SDS sample reducing buffer [200 mM Tris-Cl (pH
6.8), 400 mM Dithiothreitol (DTT), 8% SDS, 0.4% bromophenol blue, 40% glycerol] to
a final 1X dilution and heated at 95° C for 5 min. Samples were resolved by SDS-PAGE
via either 4-12% Bis-Tris gels (Novex) or 4-20% Mini PROTEAN TGX Stain-Free gels
(Bio-Rad), using MES running buffer [50 mM MES, 50 mM Tris, 1 mM EDTA, 0.1%
(w/v) SDS; at a final pH of 7.3] or Tris-Glycine buffer [25 mM Tris, 190 mM glycine,
0.1% (w/v) SDS], respectively. Gels were either stained with Coomassie SimplyBlue
Safestain (Life Technologies) or visualised on a ChemiDoc Imaging System (Bio-Rad)

using a Stain-Free setting.

2.4.2 Preparation of whole cell extracts

Media was aspirated from cultured cells and cells were scraped off plates with cold PBS
buffer on ice, then lysed in KALB lysis buffer [150 mM NaCl, 50 mM Tris-Cl (pH 7.5),
1% (v/v) Triton X-100, 1 mM EDTA (pH 7.5)] supplemented with 1 mM PMSF and
1X ¢cOmplete EDTA-free protease inhibitor (Roche) on ice for 30 min with resuspension
every 10 min. Insoluble material was removed by centrifugation at 20,000 x g for 10 min
at 4° C and the supernatant was transferred to fresh tubes. Total protein concentration
of lysates was quantified via the Pierce BCA protein assay kit (Thermo Fisher Scientific),

following the manufacturer’s instructions.
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2.4.3 Immunoprecipitation

Immunoprecipitation (IP) of Smchd1-GFP from Smchd1G¥F/GFP MEFs was performed
with GFP-Trap-MA beads (Chromotek). 25 pul. of GFP-Trap-MA beads per IP were
washed three times in 500 pL dilution buffer [20 mM Tris-HCI (pH 7.5), 150 mM NaCl,
0.5 mM EDTA] and added to 500 uL lysate with incubation for 1 h at 4° C with end-to-
end rotation. The supernatant was discarded and the beads were washed three times in
500 pL dilution buffer. Bound proteins were eluted from the beads by re-suspension in 40
uL of 0.2 M glycine (pH 2.5) for 30 s under constant mixing, followed by neutralisation
with 10 pL of 1M Tris-HCI (pH 10.4). This step was repeated twice more to obtain a
total of three elution samples. Samples were analysed both by western blot and by mass

spectrometry.

Immunoprecipitation experiments testing for potential Smchdl interacting partners
were performed using Smchdl-GFP MEFs, where 500 pg of whole cell lysate was
incubated with 5 pg antibody of interest at 4° C for 2 h with end-to-end rotation. The
lysate-antibody mix was incubated with 20 pL pre-washed Dynabeads Protein G (Life
Technologies) for 1 h at 4° C under rotation. The unbound fraction was collected by
using a magnetic rack to separate the Dynabeads. Beads were washed with 500 pL
KALB lysis buffer three times and the immuno-complex was eluted from the beads
with 40 pL 2X SDS buffer, heated at 95° C for 10 min, after which samples were
analysed by SDS-PAGE and Western Blot, immunoblotting against Smchdl.

2.4.4 Western Blot analysis

Samples were resolved by standard SDS-PAGE analysis on 4-12% Bis-Tris gels (Thermo
Fisher Scientific) in MES buffer and transferred to a PVDF membrane (Osmonics, GE
Healthcare) by wet transfer at 100 V for 1 h in transfer buffer [25 mM Tris, 192 mM
glycine, 20% (v/v) methanol]. Membranes were blocked with a 5% (v/v) skim milk
powder in 0.1% (v/v) Tween-20/PBS for 1 h at room temperature. Primary antibody
was added to the membranes in 5 mL blocking buffer and incubated overnight at 4° C in
a capped tube, on rollers. Membranes were washed for 30 min at room temperature with
0.1% (v/v) Tween-20/PBS, followed by incubation with secondary antibody for 1 h at

room temperature, which was diluted in 5 mL blocking buffer. The 30 minute washing
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step was repeated as before and antibody binding was visualised using the Luminata

ECL system (Millipore) following the manufacturer’s instructions.

2.4.5 Blue-Native PAGE

Cell lysates or recombinant protein samples were supplemented with 10x loading dye [100
mM Bis-tris, (pH 7.0), 500 mM 6-aminohexanoic acid, 5% (w/v) Coomassie Brilliant
Blue] and samples were loaded onto a 4-12% pre-cast Bis-Tris gradient gel (Thermo
Fisher Scientific) and run at a constant current of 8 mA. The anode buffer remained
unchanged during electrophoresis, whereas the Coomassie-cathode buffer was replaced
with cathode buffer when the dye front had run approximately one third of the way
through the gel. Both buffers were prepared as per manufacturer’s instructions (Thermo
Fisher Scientific). The transfer of proteins onto PVDF membranes was performed as
stated in 2.4.4. Molecular masses were approximated using unstained native protein
markers (Thermo Fisher Scientific) following incubation under agitation with destaining
solution [50% (v/v) methanol and 25% (v/v) acetic acid]. Membranes were rinsed in

distilled water prior to western blot transfer.

2.4.6 Silver stain

Samples were resolved by standard SDS-PAGE analysis. The resulting gel was fixed in
a 30% (v/v) ethanol and 10% (v/v) acetic acid solution for 1 h, followed by a 1.5 h
incubation in a 30% (v/v) ethanol, 0.4 M sodium acetate, 12.5 mM sodium thiosulfate
and 2% (v/v) glutaraldehyde solution. The gel was washed with HoO for 30 min with
several changes, and incubated with a 0.1% (v/v) silver nitrate and 0.02% (v/v)
formaldehyde solution for 30 min. The gel was briefly rinsed with HoO and developed
with a 2.5% (v/v) sodium carbonate and 0.01% (v/v) formaldehyde solution until a
desired darkness was achieved. The reaction was quenched in a 12% (v/v) methanol

and 7% (v/v) acetic acid solution.

2.4.7 Differential Scanning Fluorometry (DSF)

DSF was performed for recombinant full-length Smchdl at the CSIRO Collaborative

Crystallisation Centre, Melbourne, Australia. Reactions were set up in 20 pL. volumes,
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containing 0.3 pL full-length Smchdl at 1.3 mg/mL, 0.3 uL SYPRO orange dye and
19.4 upli of corresponding buffer condition tested. 14 different buffer conditions were
analyzed, each set up in triplicates, alongside lysozyme as a positive control for each

testing condition.

2.4.8 Cycloheximide chase assay

0.36 x 105 Sf21 cells were seeded per well in a 12-well plate, to which P2 viruses were
added in corresponding volumes and incubated at 27° C. After 48 h, a fixed 10 uL
volume of cycloheximide (CHX) (Sigma-Aldrich) was added to corresponding wells at
final concentrations of either 50 or 200 pg/mL, or 10 uL. DMSO for control wells. At
either 0, 8 or 24 h after CHX addition, the media was aspirated and 100 uL of Cytobuster
lysis buffer (Merck, Millipore) was added to each well. The lysates were collected and
pelleted at 16,000 x g for 5 min at 4° C, and a Western Blot was performed (section
2.4.4).

2.4.9 Circular Dichroism (CD) spectroscopy

Far UV CD spectra were recorded for recombinant full-length Smchd1l protein (2.5 uM,
in PBS supplemented with 10 % glycerol) using an Aviv 410SF CD spectrometer
(Lakewood, NJ). Spectra were acquired between 190 and 260 nm (far UV), using a 1
mm path-length quartz cuvette, 0.5 nm step size, and 4 s averaging. CD spectroscopy
data were analysed for secondary structure content using the K2D2 online program

[160).

2.4.10 Limited Proteolysis and N-terminal Sequencing

400 pg of purified SMCHD1 N-terminal region protein (residues 111-702) in SEC100
buffer [100 mM NaCl, 20 mM HEPES (pH 7.5)] was incubated with varying
concentrations of trypsin (Promega), starting from an original 1 pg/ul stock solution
(diluted in SEC100 buffer), in ratios of 1:2000, 1:1000, 1:500, 1:250 and 1:125 (v/v) to
SMCHD1 protein.  Similarly, proteolytic digestion with chymotrypsin (Promega)
(prepared in SEC100 buffer), was set up from an original 1 pg/uli stock solution in
1:1000, 1:500, 1:250, 1:125, 1:62.5 and 1:31.25 (v/v) ratios. Reactions were performed
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at room temperature for 30 min and samples were analysed by reducing SDS-PAGE.
For N-terminal sequencing, samples were transferred to a PVDF membrane via
Western Blot (section 2.7.3). The membrane was stained with Ponceau S stain [0.1%
(w/v) Ponceau S, 5% (v/v) acetic acid] to visualise individual bands, and the band of
interest was excised with a clean scalpel and sent for N-terminal sequencing to the
Australian Proteome Analysis Facility (APAF), Macquarie University, Sydney,

Australia.

2.4.11 Hydrogen-Deuterium Exchange and Mass Spectrometry (HDX-
MS)

HDX-MS was performed as outlined in Petrie et al. [161]. Briefly, a final SMCHD1
(111-702 aa) protein concentration of 1 mg/mL was achieved by dilution in deuterated
buffer [10 mM Tris-d;; (pH 7.5)]. Aliquots were taken at multiple time points (30 s,
60 s, 10 min and 60 min) with the hydrogen/deuterium exchange reaction suppressed
by acidification of the sample to pH 2.5 using formic acid before snap-freezing in liquid
nitrogen. Digestion of the protein was carried out by thawing the sample in a ten-fold
dilution of HyO before addition of an equimolar concentration of pepsin (Sigma-Aldrich)
for 5 min on ice. Peptides were subjected to LC-MS analysis using an 1100 series HPLC
(Agilent) coupled to an LTQ-Orbitrap XL (Thermo Fisher Scientific). Peptides were
loaded onto an in-house packed, reverse-phase trap column (ReproSil-Pur C18 (Dr.
Maisch GmbH, Germany), 2 X 2 mm?, 5 um) before separation on an in-house packed,
reverse-phase analytical column [ReproSil-Pur C18 (Dr. Maisch GmbH)], 200 gm X 150
mm, 3 um) housed at 1° C. Peptides were loaded onto the trap column at 5% acetonitrile
and 0.2% formic acid, and elution was performed using a gradient rising from 5% to
40% acetonitrile over 12 min, then 85% acetonitrile for 5 min before reconditioning the
column at 5% acetonitrile for 15 min. Spectra were acquired in positive ion mode with
m/z range from 350 to 1850. Deuteration of peptides was determined by analysis of
samples using HDX workbench followed by additional analysis of the HDX workbench
output was performed using in-house scripts written in R (version 3.3.1). Deuterium
exchange per residue was calculated by summing and averaging deuterium exchange

across overlapping peptide regions for each residue.



Materials and Methods 49

2.4.12 Preparation of Fab fragments

Fab fragments were prepared with the Pierce Fab Preparation Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions, using the in-house anti-Smchdl
(N-terminal ATPase region) monoclonal antibody (clone 1D6, see section 2.7.1) raised

in rats at the WEHI antibody facility.

2.4.13 Fluorescence polarization assays

Fluorescence polarization (FP) assays were performed with the Transcreener ADP? FP
assay kit (BellBrook Labs), as outlined in the manufacturer’s instructions and

summarised below.

2.4.13.1 ATPase assay

ATPase assays were performed as outlined in Chen et al. [61]. 10 uL reactions were set
up in triplicates in 384-well low flange, black, flat-bottom plates (Corning) containing
7 pL reaction buffer [50 mM HEPES (pH 7.5), 4 mM MgCly, 2 mM EGTA], 1 uL
recombinant protein at concentrations ranging from 0.1-0.6 M or SEC buffer control,
1 pL nuclease-free water and 1.25-10 M ATP substrate. Reactions were incubated at
25° C for 1 h in the dark. Reactions were stopped by the addition of 10 ul. detection
mix [1X Detection buffer, 4 nM ADP AlexaFluor 633 Tracer, 128 ug/mL ADP?
antibody] and incubated for another h in the dark. Fluorescence polarization readings
(mP) were measured with an Envision plate reader (PerkinElmer Life Sciences) fitted
with excitation filter 620/40 nm, emission filters 688/45 nm (s and p channels) and
D658/fp688 dual mirror. Readings from a free tracer (no antibody) control were set as
20 mP as the normalization baseline of the assay for all reactions. The amount of ADP
produced by each reaction was estimated by a 12-point standard curve, as outlined in

the manufacturer’s protocol. Data were plotted and analysed in GraphPad Prism.

2.4.13.2 DNA-binding assay

12.5 nM of 6-Fam fluorescently-labeled single-stranded DNA (HPLC purified, IDT)

(listed in section 2.7.4) as previously reported [162] was incubated with recombinant
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Smchdl hinge domain protein at final concentrations of 0-100 yuM diluted in SEC100
buffer [100 mM NaCl, 20 mM HEPES (pH 7.5)] in 10 uL reactions. Reactions were set
up in 384-well low flange black flat bottom plates (Corning) in duplicate and incubated
at room temperature for 15 min in the dark. The emission polarization values were
measured with Envision Multilabel plate reader (PerkinElmer) with a 480 nm
excitation filter, a 535 nm static and polarized filter, and FITC FP dual mirror. Data

were plotted and analysed in GraphPad Prism.

2.4.14 ADP-Glo ATPase assay

A second type of ATPase assay was performed using the ADP-Glo Kinase Assay kit
(Promega). Each reaction was performed in a total volume of 5 uL, consisting of 0.5 uM
or 1.0 uM full-length Smchdl protein, 10 uM ATP and reaction buffer [50 mM HEPES
(pH 7.5), 4 mM MgCly, 2 mM EGTA]. Reactions were incubated at room temperature
for 1 h, followed by the addition of 5 ul. ADP-Glo reagent to terminate the reaction
by depleting ATP, and a further incubation for 40 min at room temperature. 10 uL of
Kinase Detection Reagent was then added to each reaction and incubated for a further
60 min at room temperature. Luminescence was measured using the FLUOstar Omega

microplate reader (BMG Labtech). Data were plotted and analysed in GraphPad Prism.

2.4.15 Electromobility Shift Assay (EMSA)

EMSA was performed as previously described by Griese et al. [163]. Briefly, 50 nM
of 6-Fam-labelled oligonucleotides (Integrated DNA Technologies), as listed in section
2.7.4, were mixed with recombinant Smchdl protein (either full-length or hinge domain
only, wild-type or mutants) in 0-, 5-, 10-, 25-, 50-fold molar excess over DNA in SEC100
buffer [100 mM NaCl, 20 mM HEPES (pH 7.5)] in a total volume of 20 uL. Samples
were incubated for 30 min at room temperature, following the addition of 5 uL of 50%
(v/v) glycerol. The samples were loaded onto a 0.5% (w/v) agarose gel in 1X TBE
buffer [890 mM Tris base, 890 mM boric acid, 20 mM EDTA (pH 8.0)] and separated
for 1.5 h at 4 V/cm at 4° C. Gels were scanned on a Typhoon 9410 fluorescence scanner

with a 526-nm short-pass filter (GE Healthcare).
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2.4.16 Filter-Aided Sample Preparation (FASP) and Mass

Spectrometry

Elutions obtained following immunoprecipitation experiments were reduced with 100
mM TCEP for 30 min at room temperature. Each sample was added onto a FASP
column, to which 200 pL of urea/Tris solution (12.5 M urea, 100 mM Tris-HCl) was
added and centrifuged at 14,000 x g for 15 min at room temperature. This step was
repeated once more and the flow-through was discarded. 100 puL of 50 mM iodoacetamide
was added to each FASP column and vortexed briefly before incubation in the dark for
20 min. The columns were centrifuged at 14,000 x g for 10 min at room temperature.
100 puL of urea/Tris-HCl was added to each FASP column and centrifuged at 14,000 x
g for 15 min at room temperature; this step was repeated a total of three times. 100
pL of 50 mM ammonium bicarbonate was added to each FASP column and centrifuged
at 14,000 x g for 10 min at room temperature; this step was performed a total of three
times. 2 pg of Trypsin Gold (Promega) was added to each FASP column and incubated
overnight at 37° C under agitation. Next day, the FASP columns was transferred to
new FASP collection tubes. 40 uL of 50 mM ammonium bicarbonate was added to each
FASP column and centrifuged at 14,000 x g for 10 min at room temperature; this step
was performed twice. The peptides collected in the final spin were acidified with formic

acid at a 1% (v/v) final concentration and stored at -80° C prior to lyophilising.

Peptides were resuspended in 2% (v/v) acetonitrile and 1% (v/v) formic acid and injected
and separated by reverse-phase liquid chromatography on a M-class UHPLC system
(Waters) using a 250 mm x 75 mm column (1.7 mm C18, packed emitter tip, Ion
Opticks, Australia) with a linear 90-minute gradient at a flow rate of 400 nl/min from
98% (v/v) solvent A (0.1% (v/v) formic acid in H2O) to 35% (v/v) solvent B (0.1%
(v/v) formic acid. 99/9% acetonitrile). The nano-UHPLC was coupled in-line to a Q-
Exactive Orbitrap mass spectrometer equipped with an EASY-spray ionization source
(Thermo Fisher Scientific). The Q-Exactive was operated in a data-dependent mode,
switching automatically between one full scan and subsequent MS/MS scans of the ten
most abundant peaks. The instrument was controlled using Exactive series version 2.8
build 2806 and Xcalibur 4.0. Full-scans (m/z 350-1,850) were acquired with a resolution

of 70,000 at 200 m/z. The 10 most intense ions were sequentially isolated with a target
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value of 100,000 ions and an isolation width of 2 m/z and fragmented using higher-
energy collisional dissociation with stepped normalised collision energy of 19.5, 26, 32.
Maximum ion accumulation times were set to 80 ms for full MS scan and 200 ms for

MS/MS.

Raw files consisting of high-resolution MS/MS spectra were processed with MaxQuant
(version 1.5.8.3) [164] for feature detection and protein identification using the
Andromeda search engine [165]. Extracted peak lists were searched against the Mus
musculus Uniprot database in addition to a separate reverse decoy database to
empirically assess the false discovery rate (FDR) using a strict trypsin specificity
allowing up to 2 missed cleavages. The minimum required peptide length was set to 6

amino acids.

2.4.17 Analytical Ultracentrifugation (AUC)

Sedimentation velocity experiments were performed with a XL-I analytical
ultracentrifuge (Beckman Coulter) using double sector quartz cells and epon
center-pieces in an An-50 Ti 8-hole rotor. Data were obtained at 50,000 rpm using 380
uL protein at 1.0 mg/ml concentration in buffer SEC100HEPES (100 mM NaCl, 20
mM HEPES pH 7.5) as the sample, and 400 pL of buffer SEC100HEPES as the
reference. A total of 100 scans were collected at 20° C using radial absorbance scans at
290 nm and a step size of 0.003 cm. All data were analysed using SEDFIT [166].
Sedimentation data were fitted to a continuous size distribution [c(s)]. Fit data is
presented using GUSSI [167]. The buffer density, buffer viscosity and an estimate of
the partial specific volume of the protein sample based on the amino acid sequence

were also determined using SEDNTERP.
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2.5 Structural Studies

2.5.1 Small angle X-ray scattering

2.5.1.1 Data collection

SAXS data were collected on the SAXS/WAXS beamline at the Australian
Synchrotron, coupled with in-line size exclusion chromatography. 55 pL at 4.5 mg/mL
of recombinant Smchdl hinge domain samples were each loaded onto a Superdex-200
5/150 (GE Healthcare) pre-equilibrated in purification buffer [200 mM NaCl, 20 mM
Tris-HCl (pH 8.0), 10% (v/v) glycerol, 0.5 mM TCEP]. 55 uL at 4 mg/mL of
recombinant wild-type full-length Smchdl was loaded onto a Superose-6 Increase
10/300 GL (GE Healthcare) column, pre-equilibrated in SEC500 buffer [500 mM NaCl,
20 mM HEPES (pH 7.5), 10% (v/v) glycerol, 0.5 mM TCEP]. For Smchdl hinge
domain, samples were eluted via a 1.5 mm glass capillary at 16° C positioned in the
X-ray beam. Diffraction data were collected with a 1M, 170 mm x 170 mm Pilatus
detector at 2 s intervals over the course of the elution. For full-length Smchdl, samples
were eluted via a 1.5 mm glass capillary at 16° C positioned in the X-ray beam and
diffraction data was collected with a 1M 170 mm x 170 mm Pilatus detector at 2 s
intervals over the course of the elution. Data were processed by the beamline control
software, ScatterBrain. 2D intensity plots from the size exclusion chromatography
peak of the eluting protein sample were radially averaged and normalised to sample
transmission.  Scattering profiles from buffer alone were averaged for background

subtraction of 1D profiles.

2.5.1.2 Data analysis

Data analyses were performed with the ATSAS suite [168]. PRIMUS [169] was used
to perform Guinier analysis for examining scattering curves at small angles (¢Rg below
1.3). From this, estimation of two parameters can be obtained: the radius of gyration
(Rg) value, which represents the square root of the average distance of each scattering
atom from the particle centre, and zero angle intensity (/(0)), which is proportional
to the molecular weight and the concentration of the protein. The linearity of the

Guinier plot reflects the quality of the scattering data obtained, indicating the absence
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of high molecular weight aggregates or inter-particle interference. Real-space interatomic
distance distribution function, P(r), and maximum dimension of the scattering particle,
Diax, were computed by indirect Fourier transform via GNOM [170]. Low resolution
shape envelopes were generated via the ab initio bead-modeling program, DAMMIF
[171]. 10 independent models were built from each scattering profile and were further
compared in the program DAMSEL, where the mean value of the normalised spatial
discrepancy (NSD) of the 10 models were calculated. The most probable models were
aligned by DAMSUP, and an averaged model was obtained via DAMAVER. The final
model was adjusted to correspond with the experimentally obtained data via the program

DAMFILT [169].

2.5.2 Crystallisation trials

Crystallisation trials were conducted at the CSIRO Collaborative Crystallisation
Centre, Melbourne, Australia. Recombinant SMCHD1 protein (residues 111-702) at
concentrations of either 5 or 10 mg/mL in SEC100 buffer [100 mM NaCl, 20 mM
HEPES (pH 7.5)], either in the apo state or pre-incubated with 0.5 mM Radicicol
(Sigma-Aldrich). Crystal trays were set up via the sitting drop method in 96-well
plates under various chemically defined conditions, using the C3 screens: C3-1, C3-2,
C3-3, C3-4, C3-5, C3-6, Shotgun and Proplex, all at 20° C. For each well, 150 nL
protein was mixed with 150 nL crystallant and equilibrated against 50 pL crystallant

in the reservoir, via nano-dispensing robots.

A lysine methylation reaction was prepared prior to one crystallisation trial, as described
by Walter et al. [172]. Briefly, 1 mg of SMCHDI1 protein (residues 111-702) in 1 mL
volume was mixed with 20 pL dimethylamine-borane (Sigma-Aldrich) and 40 pL of 1M
formaldehyde (Sigma-Aldrich). The mixture was incubated for 2 h at 4° C, on rollers.
20 pL. dimethylamine-borane and 40 ul of 1M formaldehyde was again added to the
reaction, and incubated for a further 2 h. The process was repeated once more and the
reaction was incubated overnight 4° C, on rollers. The following day, the sample was
centrifuged at 5,000 x g and soluble protein was collected and applied onto a Superdex-
200 10/30 GL (GE Healthcare) column for size exclusion chromatography. Chosen
fractions containing the protein of interest were pooled and concentrated to 15 mg/mL

for crystallisation.
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2.6 Microscopy

2.6.1 Electron Microscopy

To prepare samples for negative stain, 1.2/1.3 um grids with 2 nm ultrathin holey carbon
(300 mesh) (Quantifoil) were glow-discharged (PELCO easiGlow) for 30 s. 200 ng of
purified full-length Smchdl protein was applied on the grid and incubated for 30 s,
after which excess protein was blotted with filter paper. The grids were washed and
blotted twice with HoO and twice with 1% (v/v) uranyl acetate solution, then air-dried
for 20 s or until completely dry. Prepared grids were visualized on a FEI Talos L.120C
transmission electron microscope (Bio21 Institute, University of Melbourne, Australia).

Images were obtained at x 150,000 magnification.

2.6.2 Immunofluorescence

Immunofluorescence was performed on SMCHDI1-knockdown or SMCHD1-knockout
HEK293 cells, either untransfected as a negative control or transfected with various
full-length Smchdl constructs containing point mutations of interest. The protocol
followed is described in Chaumeil et al. [173], with minor modifications. Briefly,
prepared cells which were cultured on coverslips were washed in PBS and fixed in 3%
(w/v) paraformaldehyde made in PBS for 10 min at room temperature. Cells were
washed three times in PBS for 5 min each, followed by permeabilisation in 0.5% Triton
X-100 in PBS on ice for 5 min. Cells were washed three times in PBS for 5 min each
and then blocked in 1% (w/v) Bovine Serum Albumin (BSA) (Life Technologies) for 15
min at room temperature. Cells were incubated with primary antibody diluted in 1%
(w/v) BSA overnight at 4° C in a dark and humid chamber. Next day, cells were
washed three times in PBS for 5 min each at room temperature and incubated with a
secondary antibody conjugated to a fluorophore diluted in 1% (w/v) BSA for 40 min
at room temperature in a dark and humid chamber. Cells were washed three times in
PBS for 5 min each and counterstained with DAPI for 10 min at room temperature in
a dark chamber. Coverslips were mounted in Vectashield Mounting Medium H-1000
(Vector Laboratories). Cells were visualised on a LSM 880 (Zeiss) microscope at 63x
magnification and z-stacks were acquired. Images were analysed using the open source

ImagelJ distribution package, FI1JI.
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2.7 Reagents

2.7.1 Antibodies
Antibody Manufacturer Catalogue Number | Use Host
o-Smchdl WEH]I, in-house | Clone 1D6 WB (1:2000) | Rat
o-Smchdl WEH]I, in-house | Clone 2B8§ IF (1:100) Rat
o-Tubulin Sigma-Aldrich T5168 WB (1:1000) | Mouse
o-H3K27me3 Millipore 07-449 IF (1:100) Rabbit
o-H2AK119ub Cell Signalling 82408 IF (1:100) Rabbit
o-Mouse IgG HRP-conjugated | Southern Biotech | 1036-05 WB (1:10,000) | Goat
o-Rat IgG HRP-conjugated Southern Biotech | 3010-05 WB (1:10,000) | Goat
a-Rabbit IgG HRP-conjugated | Southern Biotech | 4030-05 WB (1:10,000) | Goat
o-Rat-568 Life Technologies | A-11077 IF (1:500) Goat
o-Rabbit-647 Life Technologies | A-21245 IF (1:500) Goat
o-B23 Santa Cruz Sc-32256 IP, 5 pg per IP | Mouse
o-RBM3 Santa Cruz Sc-390139 IP, 5 pg per IP | Mouse
o-NAPILI1 Santa Cruz Sc-81328 IP, 5 pg per IP | Mouse
o-DDX3 Santa Cruz Sc-81247 IP, 5 pg per IP | Mouse
o-p54/nrb Santa Cruz Sc-376804 IP, 5 ug per IP | Mouse
o-Smarca4 Abcam ab110641 WB (1:1000) | Rabbit
o-Smarccl Cell Signalling D7F8S WB (1:1000) | Rabbit
o-RYBP Abcam ab185971 WB (1:1000) | Rabbit
o-Trim37 Sigma-Aldrich SAB2702009 WB (1:1000) | Rabbit
o-Histone 3 Abcam ab1791 WB (1:1000) | Rabbit
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2.7.2 Cloning and mutagenesis oligonucleotides

5’ BamHI Smchdl 1683 aa

cgcggatccacacaacagacaactcatattgaageac

5’ BamHI Smchdl 1699 aa

cgcggatccgaacagaacgagcettaagaagaggc

3’ EcoRI Smchd1l 1899 aa

cggaattcactgctttggtactggagetccgaag

3’ EcoRI Smchdl 1881 aa

cggaattcagctttattctgaaggcccccaaac

5 Smchdl A667E

ctgtgcecattgCaaagetggatagg

3’ Smchdl A667E

cctatccagetttGeaatgggcacag

5 SMCHD1 A667E

gtgcccattgCaaagcetggatagg

3’ SMCHDI1 A667E

cctatccagetttGceaatgggceac

5’ Smchdl V1774G

caaggtcgccagcaagGgttgccccttgatte

3’ Smchdl V1774G

gaatcaaggggcaacCcttgetggegaccttg

5’ Smchdl G1872A/G1875A/G1876A

gagatagaattagaagtaatgCgaagtttgCggCccttcagaataaagctccgecaatgg

3’ Smchdl G1872A/G1875A/G1876A

ccattggcggagctttattctgaaggGeeGeaaacttcGeattacttctaattctatcte

5’ Smchdl R1848A

geagccaatcattatGCaaaagaggttgttaaaate

3’ Smchdl R1848A

gattttaacaacctcttttGCataatgattggetge

5’ Smchdl R1867G

ctagagatggagatGgaattagaagtaatg

3’ Smchdl R1867G

cattacttctaattcCatctccatctctag

5’ Smchdl R1790A

cttccagattggaaaGCacctctacctcattte

3’ Smchdl R1790A

gaaatgaggtagaggtGCitttccaatctggaag

5’ Smchdl R1796A

cctetaccteatttcGCaaatggtaaattacac

3’ Smchdl R1796A

gtgtaatttaccatttGCgaaatgaggtagagg

5’ Smchdl D1842A

cattattttggataatctggCtgcagcecaatcattatag

3’ Smchdl D1842A

ctataatgattggctgcaGecagattatccaaaataatg

5’ Smchdl R1869A

gatggagatagaattGCaagtaatgggaagtttg

3’ Smchdl R1869A

caaacttcccattacttGCaattctatctccate

5’ Smchdl K1873A

gaattagaagtaatgggGCgtttgggggccttcag

3’ Smchdl K1873A

ctgaaggcccccaaacGCcccattacttctaatte

5’ Smchdl S1870M

ggagatagaattagaa T Gaatgggaagtttggg

3’ Smchdl S1870M

cccaaacttcccattCAttctaattctatctce

5’ Smchdl S1870N

ggagatagaattagaaAtaatgggaagtttggg

3’ Smchdl S1870N

cccaaacttcccattaTttctaattctatctce

5’ Smchdl S1870Q

ggagatagaattagaCAGaatgggaagtttggg

3’ Smchdl S1870Q

cccaaacttcccattCTGtctaattctatctee
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5” Smchd1l H1856W gttgttaaaatcacaTGGtgecccacactc
3’ Smchd1 H1856W gagtgtgggocaCCAtgtgattttaacaac
5’ Smchdl L1710_M1884 aa del cgagcttaaaaagaggcccagaagggacaaacttcggggaatggtettcgg
3’ Smchdl L1710_M1884 aa del ccgaagaccattcccegaagtttgteccttetgggectctttttaagetcg
5’ BamHI SMCHDI1 111 aa cgcggatccacgaaagaacgaattgacttcttace
5> BamHI SMCHDI1 25 aa atagatcgcggatcccacaggacggtgtacttgtttgatc
3’ Notl SMCHD1 580 aa acacttcgtgcggecgctcaccttaaaaagtgtaaattttatttg
3’ Notl SMCHD1 702 aa acacttcgtgcggccgctcattcatctecttcaggee
3> SMCHD1 199 aa ccaaaataggaaatatcactcacggcccagttgttaagcetgtttag
5 SMCHD1 230 aa gtacagcttaacaactgggccgtgagtgatatttectattttggtgttegg
3> SMCHD1 200 aa ggaaatatcactatttaaactgcgatacacggeccagttgttaagetgtttag
5> SMCHD1 226 aa cttaacaactgggccgtgtatcgcagtttaaatagtgatatttcctattttgg
5’ Bglll MORC2 2 aa acagaaagatctgctttcacaaattacage
3> Xbal MORC2 603 aa ctagtctagatcaagtggaaggtctggtgg
M13 reverse caggaaacagctatgacc
5’ pUC reverse (pProEX HTb) agcggataacaatttcacacagg
3’ pProEX reverse (pProEX HTb) tcaggctgaaaatcttctctc
5’ BacUp (pFastBac HTb) ccggattattcataccgtc
3> BacDown (pFastBac HTb) cctctagtacttctcgaca

2.7.3 shRNA oligonucleotides

Non-silencing tgctgttgacagtgagegatctcgettgggcgagagtaagtagtgaagecacagatgtac
ttactctctcgcccaagegagagagtgectactgectcgga

SMCHD1 tcgagaaggtatattgctgttgacagtgagegcttggttgtcactaccttgeaatagtgaage

3’UTR 3 Forward | cacagatgtattgcaaggtagtgacaaccaaatgcctactgectcgg

SMCHDI1 aattccgaggcagtaggcatttggttgtcactaccttgcaatacatctgtggcttcactattgea

3’UTR 3 Reverse | aggtagtgacaaccaagcgctcactgtcaacagcaatataccttc

2.7.4 DNA-binding assays oligonucleotides

15mer ssDNA polyC 6-Fam-CCCCCCCCCCCCCCC

HS5-1b sense methylated | 6-Fam-ATCTGCCACCTGGTGTTC*GA (* denotes methylation)




Chapter 3

Biochemical and structural

characterization of full-length

Smchd1l

3.1 Abstract

Smchdl plays important roles in epigenetic silencing and normal mammalian
development.  Recently, heterozygous substitutions in SMCHD1 were found to
contribute to two distinct conditions: FSHD and BAMS. Despite Smchdl’s essential
role in epigenetic regulation, its atomic structure and the molecular mechanisms
underlying its function in both a healthy and diseased state remain to be elucidated.
To provide a better understanding of Smchdl’s molecular structure and function, I
have successfully expressed and purified the mouse full-length 2007-amino acid protein.
Follow-up electron microscopy analyses of the Smchdl dimer revealed an elongated
rod-like structure that displays a high conformational flexibility, similar to that of
other structural maintenance of chromosomes (SMC) proteins. I have shown that
Smchdl co-purifies with DNA, which can be substituted for shorter, single-stranded
DNA oligonucleotides in wvitro. Immunoprecipitation and Mass Spectrometry studies
revealed known interacting partners of Smchdl, in addition to several new putative
interactors. However, these proteins could not be validated as Smchdl binding

partners in orthogonal assays.
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3.2 Introduction

Previous studies have focused on investigating the individual domains of Smchdl: the
N-terminal region containing the catalytic GHKL ATPase domain [61, 133], and the C-
terminally located SMC hinge domain [62, 162]. Expressing the large 2007-amino acid
full-length protein remained unsuccessful, furthermore hindered by the uncharacterized
central region that connects the two terminal ends. To provide a complete understanding
of Smchd1’s function at the molecular level, I aimed to express and analyse the full-
length Smchdl protein. A comprehensive understanding of Smchdl function relies on
obtaining a molecular structure of the full-length protein, which will inform how the
two protomers assemble into dimers, the dispositions of the component UBL, ATPase
and hinge domains, and organisation of the uncharacterised intermediate domain that
connects the ATPase and hinge domains. Such information will also help uncover the
functional effects of various mutations in SMCHD1 found in cohorts of patients suffering
of FSHD and BAMS, thereby providing a foundation for structure-based drug design as

a therapeutic treatment.

3.2.1 Preliminary studies

As part of my Honours research project, 1 assessed the effects of human SMCHD1
missense mutations associated with either FSHD or BAMS, using an N-terminal
GHKL ATPase-containing fragment of mouse Smchdl (residues 111-702) to examine
the biochemical properties of protein variants. In wvitro ATPase analysis revealed that
FSHD2-associated mutations in Smchdl generally perturb the ATP hydrolysis ability
of recombinant protein, whereas enhanced ATPase activity was observed in several
BAMS-associated variants [146] (Figure 3.1). Our collaborators have subsequently
used a Xenopus laevis model of craniofacial development to study the functional effects
of SMCHD1 mutations. We previously used this model organism [46], where mRNA
transcripts encompassing either wild-type or specific full-length SMCHD1 that include
point mutations were injected into the two dorsal animal blastomeres of the eight-cell
embryo.  Western blot analyses confirmed protein expression of the introduced
SMCHD1 constructs incorporating BAMS-associated mutations G137E, W342S,
N524S and R552Q) [146] (Figure 3.2). Varying protein expression levels were detected

for these variants, which may be explained by the decrease in protein thermal stability
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observed for several of these mutants in the context of the SMCHD1 ATPase region
[146]. Upon examination of these BAMS-associated mutations in the Xenopus model,
we observed a dose-dependent small eye phenotype that partially recapitulates the
BAMS phenotype in human patients [146] (Figure 3.2). A similar phenotype was
achieved by overexpressing wild-type SMCHD1 in these embryos, suggesting these
mutations behave as gain-of-function alleles [46]. In contrast, the injection of an
FSHD2-associated mutation, Y353C, did not result in any phenotypic change
regardless of dosage [146] (Figure 3.2). Because FSHD2-related mutations in SMCHD1
are well-established to lead to a loss of overall function of the protein, these results
further support the idea that BAMS-associated mutations exhibit a gain-of-function

phenotype.
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FiGURE 3.1: In vitro ATPase analyses indicate FSHD-associated Smchdl mutants
display a loss of catalytic ability, whereas varied changes are observed across BAMS
mutants. Relative fold-change of in ATPase activity (y-axis) of all studied mutants compared
to wild-type (WT) protein, where individual mutations are indicated in the x-axis. G137E is
indicated with a number symbol as the mutation was reported in both a BAMS patient and an
FSHD2 patient, and is included in the BAMS cohort for analysis purposes. -Fold change values
were calculated by direct comparison of 16 points (four ATP and protein concentrations tested
per mutant) obtained for each mutant, compared with the corresponding 16 values obtained
for the WT protein within each assay performed. Statistical analysis was carried out using the
Wilcoxon matched-pairs signed-rank test, additionally applying a correction for multiple testing.
p values were obtained, as indicated in the outlined box. This figure is reproduced from [146].

Whether a change in ATPase activity accounts for SMCHD1’s dysfunction in both
BAMS and FSHD is unclear, particularly for BAMS where approximately half of the
studied mutants exhibited a gain in ATPase activity, while the remaining showed

either no change, or a loss in activity (Figure 3.1). These discrepancies observed in the
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in vitro biochemical assays across BAMS mutants compared with their universal effect
on Xenopus eye formation indicates they may behave differently in an in vivo context.
In particular, analysis of the full-length SMCHD1 protein may be required to fully
recapitulate mutation-associated changes in vitro. One of my aims was therefore to
examine the effects of FSHD and BAMS-associated mutations in the context of
full-length Smchd1. The main challenge I anticipated was the successful expression and
purification of full-length Smchdl. Smchdl is a large protein of 220 kilodaltons (kDa)
that assembles into homodimers, and is predicted to be conformationally flexible. We
have recently made advances in studying the structural and biochemical properties of
Smchdl’s two terminal domains: the C-terminal hinge domain (Chapter 4) [162] and
the N-terminal ATPase (Chapter 5). However, the central region that links these two
entities together consists of a ~1000 amino acid stretch of unknown function or
tertiary structure. Structural studies of the full-length Smchdl protein will therefore
inform what lies in this central region, and overall contribute to our understanding

about the molecular mechanisms that underlie its function.
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FicUrRe 3.2: BAMS-associated mutations in SMCHD1 result in a decreased eye
diameter in Xenopus laevis. (a) Synthesized mRNA encoding full-length human SMCHD1
was injected into the two dorsal animal blastomeres at the 8-cell stage to target the head
structures. (b-e) Representative images of stage 45 tadpoles that were (b) uninjected, (c) injected
with WT mRNA, or (d-e) injected with R552Q mRNA. (f) Western blot showing that all injected
mRNAs produced full-length SMCHD1 protein. Y353C mRNA has been tested previously [46].
(g) Measurements of eye diameter of tadpoles show that all BAMS-associated mutants cause a
significant reduction in eye size. n indicates the number of embryos analyzed. Data are shown
as mean values + standard deviation (S.D.), and p values were calculated by one-way ANOVA
followed by Dunn’s post-test. n.s., not significant; *** p<0.001. This figure is reproduced from
[146].
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3.3 Results

3.3.1 The Smchd1 gene is well-conserved among orthologs

The mouse Smchdl encodes a 2007-amino acid protein, compared to 2005 residues
present in human SMCHDI1. This large protein is ubiquitously expressed and
well-conserved across mammals, sharing beyond 80% sequence identity (Figure 3.3). In
particular, a high sequence conservation is highlighted within the two functional
domains of SMCHD1: the N-terminal GHKL ATPase domain (core residues 121-395)
and the C-terminal SMC hinge domain (core residues 1710-1884) (Figure 3.3).

3.3.2 Secondary structure prediction of the full-length Smchd1 protein

As mentioned above, the central region of full-length Smchdl that links the ATPase
and SMC hinge domains remains entirely uncharacterised, yet this region constitutes
approximately half of the full-length protein. Using the secondary structure protein
prediction software, PredictProtein [176], it is suggested the central region of Smchdl
is composed almost entirely of S-strands (Figure 3.4). This differs from canonical SMC
proteins, where the central region linking the ATPase and SMC hinge domains is
predominantly a-helical, forming long coiled-coil regions that are thought to enable
their unique role in chromatin manipulation. In Smchdl, short coiled-coil regions are
instead predicted to flank the hinge domain [62, 162], highlighted also by the predicted
extended a-helical regions in Figure 3.4. Such a difference in gene architecture and
protein arrangement between Smchdl and canonical SMC proteins likely reflects

important functional differences.
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FiGURE 3.3: Multiple sequence alignment of Smchd1l orthologs from selected species.
Multiple sequence aligment of human (Homo sapiens) SMCHD1 with ortholog sequences from
mouse (Mus musculus), rat (Rattus norvegicus), chicken (Gallus gallus) and pig (Sus scrofa).
Identical residues conserved across the five species are shown in red boxes, whereas residues
conserved in across only three or four species are in red text. The alignment was generated using
the program MultAlin [174], and the image was generated using ESPript3.0 [175].
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FIGURE 3.4: Secondary structure prediction of the full-length Smchdl protein.
Secondary structure of the full-length mouse Smchd1 protein was predicted using PredictProtein
[176]. «-helices are shown in red and [-strands are denoted in blue. Amino acid sequence
numbers are noted above, where the positions of the core GHKL ATPase (residues 121-395) and
the core SMC hinge domain (residues 1710-1884) are indicated by a black line.
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3.3.3 Full-length recombinant Smchd1 can be expressed in insect cells

The insect cell-based baculovirus expression vector system (BEVS) is a commonly used
eukaryotic cell system largely due to its ability of introducing selected
post-translational modifications and the presence of a protein-folding machinery,
together yielding the production of highly authentic recombinant proteins. I previously
used this system to express Smchdl’s N-terminal region, comprising of either residues
111-702 or 25-702, as trials using bacterial cells proved unsuccessful. As this is likely
due to the requirement of more extensive folding, and possibly the introduction of
post-translational modifications, it indicates the expression of full-length Smchdl

likewise requires a eukaryotic cell expression system.

Initial 6-well plate expression trials of full-length mouse Smchdl (~225 kDa) proved
successful, yielding optimal protein expression at the 36-hour post-transfection time
point, with minimal degradation present in the soluble fraction (Figure 3.5 a). Follow-
up harvest times of 36, 48 and 54 hours highlight similar protein expression levels in the
soluble fraction, however increasing amounts are present in the cell pellet which indicates
an increase in insolubility due to potential protein misfolding or aggregation. This test
expression was performed in a non-shaking 6-well plate, whereas large-scale expression
occurs under shaking conditions which accelerates the rate of infection and expression.
Hence, for large-scale expression of full-length Smchd1, cell pellets were harvested 24-
hours post-transfection rather than 36-hours to ensure the majority of protein remains

soluble and to minimize protein degradation.
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F1cURE 3.5: Full-length recombinant Smchdl1 is expressed in Sf21 insect cells. A time-
course experiment monitoring the expression of full-length recombinant Smchdl by Western blot
at (a) 24 and 36 hours and (b) 48 and 54 hours post-transfection. Both pellet and supernatant
(SN) fractions were analysed from insect cells that were transfected with various amounts of
passage 2 (P2) virus, as illustrated. Molecular weight (MW) marker positions are indicated on
the left in kilodaltons (kDa).
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3.3.4 Purification of recombinant full-length Smchd1l protein

Immobilised metal-ion affinity chromatography (IMAC) was the first purification step
performed, which uses the introduced 6x-histidine N-terminal tag on Smchd1 that is able
to interact with a nickel-charged resin. As an initial trial, snap-freezing of cell pellets
and cell sonication requirements were compared. For the purification of the N-terminal
region of Smchdl, we incorporated five sonication cycles in the cell lysis procedure
[146]. However, due to the larger molecular weight of full-length Smchd1l and its lower
expression level compared to the N-terminal region, I examined the use of two or three
sonication cycles instead. The addition of both snap-freezing and three sonication cycles
compared to only two appeared to aid cell lysis as more full-length Smchd1l protein was
released (Figure 3.6). Subsequent protein purifications of Smchdl therefore included a
snap-freezing step, and three sonication cycles.

(b)

(@) MW without snap-freezing with snap-freezing MW x 2 sonication cycles x 3 sonication cycles
(kDa) P SN UB W ETE2E3 PSNUBW ETE2E3 (kDa) P SN UBW E1 E2 E3 P SN UBW E1 E2 E3
HE 150 o b

100
75

3
T

50

37

Ll g

)

FIGURE 3.6: Immobilized metal-ion affinity chromatography (IMAC) of full-length
recombinant Smchdl protein. Pellets of insect cells expressing recombinant His6-Smchdl
protein were harvested and the effect of (a) snap-freezing (with or w/o = without) and (b)
number of sonication cycles were varied to test the amount of recombinant Smchdl protein
released. IMAC was performed as a first purification step where samples were obtained at each
step: P=pellet, SN= supernatant, UB= unbound, W= wash and E1-3= elution samples (1-3).
Samples were analysed by reducing SDS-PAGE and the resulting gels were SafeStain-stained. A
molecular weight (MW) marker is shown on the left in kilodaltons (kDa).

Subsequent size exclusion chromatography (SEC) purification increased the purity of
Smchd1l, where the protein elutes as the second major peak seen in the chromatography
profile (Figure 3.7). The elution volume indicates a protein with a molecular weight
of approximately 900 kDa, conflicting with the assumption of a dimeric Smchdl that
corresponds to approximately 450 kDa. However, this estimation relies on the overall
shape of a protein, also known as the Stokes radius, and is mostly reliable for globular
proteins. As Smchdl is predicted to adopt an elongated structure, the protein would
therefore display a larger Stokes radius which would likely cause it to elute in earlier

fractions as indicated in Figure 3.7 (b). To further validate the identity of Smchdl,
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Western blot analysis was performed on the eluted fractions (Figure 3.7 d). Fractions
27-32 were found to contain most Smchdl protein and hence were routinely pooled in
subsequent purifications. The protein was further concentrated to obtain a final sample

in the concentration range of 1-3 mg/ml of protein.
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FIGURE 3.7: Size exclusion chromatography (SEC) of full-length recombinant
Smchdl. SEC was performed on a Superose 6 increase 10/30 GL column for (a) a calibration
sample with the protein standards (Thyroglobulin 670 kDa dimer and 330 kDa monomer,
Aldolase 158 kDa, Ovalbumin 44 kDa, Myoglobin 17 kDa and Vitamin B12 1.35 kDa)
indicated for the corresponding peaks in kilodaltons (kDa) and (b) the purification of full-length
recombinant Smchdl, for comparison. (b) Smchdl-containing fractions are highlighted in blue
which are also analysed by (c¢) a SafeStain reducing SDS-PAGE gel and (d) Western blot. (c-d)
Molecular weight (MW) marker positions are indicated on the left in kDa.

3.3.5 Circular dichroism spectroscopy indicates purified Smchdl is a

folded protein

Circular dichroism (CD) spectroscopy is a technique that examines the difference in
absorbance of right- and left-circularly polarized light of substances. Because different

secondary structural elements of proteins carry varying light absorption properties, this
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technique is commonly used to assess the presence of secondary structures within a
protein sample, acting as an indicative measure of its folded state [177]. I performed
CD spectroscopy on the purified full-length Smchdl protein using an Aviv 410SF CD
spectrometer. A spectral signature for a-helical content is indicated by negative bands
at 208 and 222 nm. In the obtained results, a clear minimum at 208 nm was observed for
the full-length Smchd1 protein, however it is difficult to distinguish whether a negative
band is also present at 222 nm as this is very proximal to 218 nm band suggestive of
B-strand content (Figure 3.8 a). Nonetheless, the overall CD spectrum obtained for

Smchdl is indicative of a folded protein.

While CD spectroscopy does not provide a quantitative estimation of secondary
structure content, various databases can be used to provide comparisons to solved
protein structures and their available CD spectra. I used the K2D2 online database
[160] to analyse the CD spectra obtained for the full-length Smchdl protein, which
predicted an a-helical content of approximately 84% and [-stranded content of only
approximately 1% (Figure 3.8 b). The remaining values to a 100% coverage may
correspond to unstructured regions, such as loops. Overall, the
experimentally-obtained curve appears comparable to the predicted spectrum obtained
via the K2D2 database, as similar negative bands at 208 and 222 nm can be observed

(Figure 3.8 b).
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FIGURE 3.8: Circular dichroism (CD) spectroscopy suggests purified full-length
Smchdl is a folded protein. (a) Experimental data, indicating expected wavelength
absorption for the corresponding secondary structures as per legend. The y-axis denotes the CD
output signal, ellipticity (q), in millidegrees (mdeg), while the x-axis indicates the wavelength
in nanometers (nm). (b) Experimental CD spectrum (red) compared with the predicted
CD spectrum (blue) obtained from the K2D2 online database [160], showing the percentage
prediction of secondary structure in the outlined box.
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3.3.6 Examining the thermal stability of the recombinant full-length
Smchd1l protein

To examine buffer conditions that promote the protein stability of full-length Smchd1,
differential scanning fluorimetry (DSF) was performed at the CSIRO Collaborative
Crystallisation Centre (C3) [178]. DSF is a means of investigating protein stability by
determining the temperature at which a protein unfolds. This process is monitored by
an increase in the fluorescence of an added dye with affinity for hydrophobic parts of
the protein, which become exposed as protein unfolding proceeds [179]. The expected
resulting fluorescence curve is sigmoidal, and a melting temperature (Ty,) value can be

obtained from the midpoint of the sigmoidal transition.

DSF was performed on purified full-length Smchdl protein using 14 different buffers
over a range of pH conditions, at high and low salt concentrations. The obtained
melting curves lacked detectable unfolding transitions in all tested conditions (Figure
3.9). These observations are likely due to the multi-domain property of the full-length
Smchdl protein which is expected to result in multiple transitions during thermal
denaturation, with transitions expected for each component domain. Rather than
resulting in multiple peaks, the unfolding of distinct domains may coalesce into the
observed flat melting curves. Overall, the obtained melting curves yielded unreliable
melting temperatures for all tested conditions and DSF seemed an inappropriate

measure of protein stability for the full-length Smchdl protein.
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FIGURE 3.9: Differential scanning fluorometry (DSF) of full-length Smchdl under
different buffer conditions. (a-n) Melting curves of Smchdl obtained under the indicated
conditions. Temperature is indicated on the x-axis of each graph, in degrees Celsius. Outlier

curves are excluded from melting temperature (Ty,) calculations. Curves represented by dashed
lines have unreliable T, estimates.
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3.3.7 Examining the catalytic activity of the full-length recombinant
Smchd1l protein

Smchdl consists of an N-terminal GHKL ATPase domain that has been previously
established as catalytically active [61]. As a way of examining whether the purified full-
length Smchdl protein was likewise functional, I performed an in vitro ATPase assay
using the same fluorescence polarisation system previously reported for the isolated
N-terminal region of Smchdl (residues 111-702) [61]. The assay was performed in an
endpoint mode, where the reaction was terminated following a one-hour incubation of
protein with the ATPase reaction substrates. In the presence of magnesium (Mg?T),
a co-factor required for the ATP hydrolysis reaction among all members of the GHKL
ATPase family [99], full-length Smchdl exhibits a catalytic rate of approximately 0.05
uM ADP /min/uM protein (Figure 3.10 a). This value is comparable to the catalytic
rate obtained for the Smchdl N-terminal GHKL region alone [61].
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Fi1cURE 3.10: Examining the catalytic activity of the full-length recombinant Smchd1
protein. (a-b) The x-axis denotes the ATP concentrations used: 1.25, 2.5, 5.0 and 10 M and
the y-axis indicates ADP produced (uM) in both graphs, using full-length purified Smchdl
protein (a) with Mg?* and (b) without Mg?*, where reactions took place for 1 hour. Protein
concentrations tested are displayed in the different shades of blue as indicated in the legend on
the right. Each measurement was performed in triplicates, where error bars represent + standard
deviation (S.D.) of the mean. (¢) Reducing SafeStain SDS-PAGE analysis of prepared Smchd1l
protein dilutions used in the assay in (a-b), showing a molecular weight marker position on the
left, in kilodaltons (kDa).

As formerly described, substitutions in SMCHD1 underlie human conditions BAMS
and FSHD. We previously examined the effects of several disease-associated variants
that localise within Smchdl’s ATPase domain by examining their ATP hydrolysis rates
in vitro. However, these studies were limited to the context of the Smchdl ATPase
domain only (residues 111-702) [146]. The strongest gain-of-function missense variant
we identified was the BAMS-associated mutation, Ser135Cys (S135C), which exhibited a
~3-fold increase in the ATPase activity of Smchdl relative to wild-type protein (Figure

3.1) [146].
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An additional missense mutation of interest in Smchdl is Ala667Glu (A667E), located
in the C-terminal region of the extended Smchdl ATPase domain. This mutation was
identified via an ENU mutagenesis screen, closely following the discovery of Smchdl.
A667TE was recognised as an enhancer of variegation, thereby eliciting an enhanced
repressive function in Smchdl (manuscript in preparation). However, following in vitro
ATPase analysis of this mutant in the context of a Smchdl ATPase region construct,
an ATP hydrolysis rate similar to that of wild-type protein was observed (Figure 3.11).
These results provided initial evidence that the enhanced function of Smchdl introduced

by the A667E mutation may not be due an increase in ATPase activity.
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FI1GURE 3.11: Smchdl variant A667E displays a comparable ATPase activity to wild-
type protein in the context of the N-terminal region (111-702 aa). (a-b) The x-axis
denotes the ATP concentrations used: 1.25, 2.5, 5.0 and 10 pM and the y-axis indicates ADP
produced (M) in both graphs, using N-terminal region Smchdl protein (111-702 aa) in (a)
wild-type (WT) form or (b) the A667E variant; where ATPase reactions took place for 1 hour.
Protein concentrations tested are displayed in the different shades of blue as indicated in the
legend on the right. Each measurement was performed in triplicates, where error bars represent
+ standard deviation (S.D.) of the mean.

I sought to determine whether SMCHD1 mutants S135C and AG667E exhibit similar
catalytic rates in the context of the full-length protein. As shown in Figure 3.12 (b),
mutant A667E displays a comparable catalytic rate to wild-type protein, consistent with
previous studies performed with the isolated ATPase region. Unexpectedly, variant
S135C also displays a similar catalytic rate to wild-type SMCHD1 (Figure 3.12 e), in
disagreement with the gain in ATPase activity observed for this mutant in the context

of the Smchdl N-terminal region [146] (Figure 3.1).
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Ficure 3.12: SMCHD1 mutants A667E and S135C display a similar ATPase activity
to wild-type protein in the context of the full-length protein. (a,b,d,e) The x-axis
denotes the ATP concentrations used: 1.25, 2.5, 5.0 and 10 pM and the y-axis indicates ADP
produced (uM), using (a,d) wild-type full-length purified Smchdl protein or (b,e) full-length
SMCHD1 mutants, where all reactions took place for 1 hour. Experiments (a,b) and (d,e) were
performed independently, and therefore they are to be compared only to each other. Protein
concentrations tested are displayed in the different shades of blue as indicated in the legend on
the right. Each measurement was performed in triplicates, where error bars represent + standard
deviation (S.D.) of the mean. (c,f) Reducing Stain-Free SDS-PAGE analysis of prepared Smchd1
protein dilutions used in the corresponding assays, showing a molecular weight marker position
on the left, in kilodaltons (kDa).

In the competition binding fluorescence polarisation (FP) assay initially used, the ADP
produced from the hydrolysis reaction can specifically interact with an ADP-antibody.
A fluorescently-labelled ADP probe is also added to the reaction, which competes with
and can become displaced from the antibody by the ADP produced from the hydrolysis
reaction. The displacement of the labelled ADP probe results in a tumbling motion
which can be detected as a decrease in FP value. Non-specific binding of the protein of
interest to the labelled ADP probe can occur, an event that is more likely to happen in

the presence of a larger molecular weight protein, such as full-length Smchd1.

To provide further confidence in the obtained results, I used a different ATPase assay
system to examine whether similar trends in activity were observed. Rather than using
fluorescence polarisation as a readout of ATPase activity, the ADP-Glo system detects
ADP production using an indirect approach, where the ADP is converted to ATP,
which is used to generate light in a luciferase reaction. Included in this analysis was an
additional SMCHD1 mutant, E147A, which was previously shown to completely
abolish the ATPase activity of Smchdl in the context of the N-terminal region of the

protein (residues 111-702) [61, 133]. As depicted in Figure 3.13, similar catalytic rates
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were observed across the tested mutants as they all exhibit an ATPase activity
comparable to that of wild-type full-length Smchdl. Surprisingly, this includes the
E147A mutant where ATPase activity was expected to be completely abolished.
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FiGure 3.13: SMCHD1 mutant E147A exhibits ATP hydrolysis activity in the full-
length protein. ADP-Glo assay results, using 10 uM ATP across all reactions and testing either
(a) 0.5 uM or (b) 1.0 uM full-length Smchdl protein. (a-b) The y-axis represents the relative
light units (RLU) produced by the reactions, whereas the x-axis denotes the full-length Smchdl
protein tested, as depicted by the colour legend on the right. (c) A standard curve for the 10
uM ATP used was plotted for RLU units (y-axis) against amount of ADP produced (x-axis)
to obtain (d) a representation of protein concentration tested (x-axis) and ADP concentration
produced (y-axis) for all tested Smchdl samples combined. (e) The same ADP-Glo assay was
performed in the presence (dotted lines) or absence (solid lines) of 10 pM Radicicol, an inhibitor
of Smchdl ATPase activity, representing the amount of ADP produced (uM) at varying protein
concentrations (uM). (f) Reducing Stain-Free SDS-PAGE analysis of prepared Smchdl protein
dilutions used in the ADP-Glo assay, showing a molecular weight marker position on the left, in
kilodaltons (kDa).
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To determine whether a protein contaminant may have compromised the assay results,
I performed the same ADP-Glo assay on wild-type protein and mutants E147A and
AG67TE, this time in the presence of an established Smchdl inhibitor, Radicicol [61]. As
shown in Figure 3.13 (e), comparable ATPase rates were observed for Smchd1l samples in
the presence of Radicicol compared to absence of inhibitor, indicating all protein samples
fail to be catalytically inhibited by Radicicol. Additionally, varying mutant-specific
ATPase rates were observed which differ to the catalytic trends depicted in Figure 3.13
(d). Despite all protein samples being quantified via a spectrophotometer in preparation
for the ATPase assays, it appears that while relatively comparable protein amounts are
highlighted by SDS-PAGE for wild-type, A667E and S135C samples, mutant E147A is
very faintly visible (Figure 3.13 f). Nevertheless, ATPase activity was still detected for
the E147A mutant (Figure 3.13 d,e), suggesting the protein concentration measured for
this mutant was overestimated. Taken together, these results suggest the presence of
a protein contaminant may interfere with the ATPase analysis of full-length Smchdl

protein samples.

3.3.8 Negative stain electron microscopy (EM) of full-length Smchd1

reveals elongated, rod-shaped particles

Following the successful expression and purification of full-length Smchd1, I sought to
perform structural studies on the obtained protein sample. As formerly discussed,
Smchdl is a large ~450 kDa dimeric protein, consisting of two known functional
domains: an N-terminal GHKL ATPase and a C-terminal SMC hinge domain (Figure
3.14 a). While the connecting intermediate domain remains entirely uncharacterised to
date, it is thought to be conformationally flexible, a property permissive of its
anticipated functional role in chromatin manipulation. Considering these factors,
X-ray crystallography seemed an inappropriate technique for structural studies on the
full-length Smchdl protein. Instead, I employed electron microscopy, which is a

commonly used method for visualising the structure of higher molecular weight species.

I first performed Blue Native PAGE (BN-PAGE) followed by Western Blot analysis, a
method that allows the visualisation of migrating native protein complexes to enable
the identification of different oligomeric states of a protein. In BN-PAGE, complex

migration depends on its tertiary conformation, hence the molecular weight marker is
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largely not indicative of an accurate molecular weight of the protein of interest. Instead,
by comparing the detected bands for the native Smchdl protein sample to the denatured
Smchd1 protein or lysate, it can be inferred the bottom band is indicative of a monomeric
Smchd1, while the top band represents a dimeric Smchdl (Figure 3.14 b). These results
suggest the native full-length Smchd1l purified from insect cells exists as a dimer, thereby
it may be assumed the images obtained upon negative stain EM are representative of

dimeric Smchd1 particles.

Initial EM trials using full-length Smchd1 protein following IMAC and SEC purification
steps revealed small aggregate structures upon negative staining (data not shown). I
therefore incorporated an additional purification step, using either cation (Figure 3.14
¢ (i)) or anion exchange (Figure 3.14 ¢ (ii)), at pH conditions of 9.5 or 5.5, respectively.
A relatively poor protein yield was obtained, however the additional purification step
provided a more homogeneous Smchdl protein sample that was suitable for negative
stain EM studies. The resulting EM images I obtained revealed elongated, rod-like
particles of approximately 50 nm in length with small globular entities at either terminus
of Smchd1 sometimes detectable (Figure 3.14 d (i,ii)). However, the visualised structures
appeared to adopt varying conformational states, indicating protein flexibility. Because
of the observed heterogeneity, follow-up 2D class averaging analysis and cryo-EM studies

were unattainable.
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FIGURE 3.14: Negative stain electron microscopy (EM) of full-length Smchd1 reveals
elongated, rod-shaped particles. (a) Schematic representation of the full-length Smchdl
protein. The ATPase region comprising of a ubiquitin-like (UBL) fold, a GHKL ATPase and
a transducer domain, are located at the N-terminus, and the SMC hinge domain flanked by
coiled-coil regions is located at the C-terminus of Smchdl. (b) Blue Native-PAGE (BN-PAGE)
followed by Western blot analysis of insect cell lysate, compared to both denatured and native
purified Smchdl protein. Molecular weight (MW) marker positions are indicated on the left, in
kilodaltons (kDa). (c) Eluting fractions analysed by reducing Stain-Free SDS-PAGE following
a third purification step of full-length Smchdl by either (i) cation exchange (MonoS column) or
(ii) anion exchange (MonoQ column) chromatography. (d) (i-ii) Representative negative stain
images of full-length Smchd1l, with a zoomed-in imaged of one particle shown on the right.
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3.3.9 Full-length recombinant Smchdl co-purifies with DNA and
Histone 3

Following SEC purification of full-length Smchdl1, the eluting protein was predominantly
present in the second peak, further validated by SDS-PAGE analysis (Figure 3.15 a,b).
However, faint bands representative of full-length Smchdl protein were also present in
fractions ~22-25, which correspond to the first peak of the SEC chromatography profile
(Figure 3.15 a,b). This initial peak depicts the elution of aggregate proteins or species
that are too large to be separated by the Superose 6 column used. Smchd1’s presence in
fractions ~22-25 was an indication the protein may form larger, oligomeric complexes,

potentially accompanying histone proteins which are the core components of chromatin.

I therefore analysed samples from SEC fractions 22-34 by gel electrophoresis to detect
the presence of any co-eluting DNA. I additionally performed Western blot analysis on
the equivalent fractions, probing for both Smchdl and Histone 3 proteins. As revealed
in Figure 3.15 (c), there was an abundant presence of DNA in fractions 23-26, which
correspond to the first peak of the chromatography profile. Interestingly, the DNA
species detected was of a consistent molecular weight of approximately 1.2 kilobases,
likely due to sonication and therefore fragmentation of genomic DNA. Among fractions
~27-31, corresponding to the second SEC peak where the majority of Smchdl protein
elutes, DNA is distributed as a smear of different-sized nucleic acids, indicating a
heterogenous population of DNA. It therefore appears that the high salt concentration
(500 mM NaCl) buffer used in SEC chromatography is unable to remove the
contaminating DNA, indicating a tight interaction and its potential requirement for
Smchdl’s protein stability. The abundant nucleic acid presence in fractions 23-26
coincided with the high detection of Histone 3 in these samples following Western blot
analysis, which was only faintly-detected in later fractions (Figure 3.15 d). These
results suggest the first eluting peak following full-length Smchd1 chromatography may
represent a high molecular weight species composed of chromatin-bound Smchdl,
whereas the second peak comprises of Smchdl that remains DNA-bound following

chromatin shearing upon insect cell lysate sonication.
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FIGURE 3.15: Full-length Smchd1l co-purifies with DNA and histone 3. (a) SEC profile
of recombinant full-length Smchd1 and (b) corresponding selected fractions analysed by reducing
Safestain SDS-PAGE. (c) Agarose gel (1%) of SEC fractions analysed in panel (b), with a DNA
ladder indicating size in kilobases (kb) on the left. (d) Western blot analyses of SEC fractions
against Smchdl (top) and histone 3 (bottom). (b,d) Molecular weight (MW) marker positions
are indicated in kilodaltons (kDa) on the left.

To provide a further insight into this hypothesis, I performed mass spectrometry
analyses on fractions obtained from the first and second peaks of SEC chromatography
on full-length recombinant Smchdl. As expected, Smchdl was highlighted as the most
abundant protein in both peaks (Figure 3.16 a,b), particularly in the second peak
where majority of the protein elutes as indicated by SDS-PAGE (Figure 3.7 ¢). Histone
proteins were likewise most abundant in the first peak relative to Smchdl, supporting
my hypothesis that this population may represent a chromatin-bound Smchdl. 1
performed additional Smchdl immunoprecipitation experiments, using anti-GFP resin
to capture Smchdl-GFP from MEFs derived from Smchd1G¥P/GFP mice (refer to
section 3.3.10). I performed immunoblotting for selected proteins of interest that were
identified by mass spectrometry studies (Figure 3.16 a,b). These included Smarccl and
Smarca4, which are components of the SWI/SNF chromatin remodeling complex [180];
RYBP is a protein that is involved in mediating histone H2A ubiquitylation [181] and
was additionally suggested as a RinglA/B interactor [182]; and Trim37, which has
been recognised as a histone H2A ubiquitin ligase [183]. As shown in Figure 3.16 (c-f),
none of these proteins are present in the Smchdl-containing (bound, B) fraction,
indicating they do not interact with Smchdl under these conditions. While a faint
band was observed for Smarccl (Figure 3.16 e), it is not of the expected molecular

weight of ~123 kDa and likely indicates a non-specific detection by the antibody.
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FIGURE 3.16: Mass Spectrometry analysis of Smchdl SEC chromatography fractions.
(a-b) A summary of identified peptides upon mass spectrometry analysis of fractions from the
first and second peaks obtained upon SEC chromatography of full-length Smchd1, highlighting
the 25 most abundant species. The x-axis represents the gene name of the identified peptides,
whereas the y-axis denotes relative abundance of the peptides in arbitrary values. (c-f)
Immunoprecipitation studies followed by western blot analyses testing a potential interaction
between Smchdl and (c) Smarcad, (d) RYBP, (e) Smarccl and (f) Trim37, denoting the input
(Inp), unbound (UB) and bound (B) fractions. (c-f) Molecular weight marker positions are
indicated on the left, in kilodaltons.

3.3.10 DNA-bound Smchdl can exchange for shorter, single-stranded

oligonucleotides

The finding of Smchd1’s co-purification with DNA prompted further investigation into
its nucleic acid-binding preference. Because Smchd1 was already associated with DNA,
I performed a competitive electromobility shift assay (EMSA) where various
concentrations of 6-Fam fluorophore-labelled oligonucleotides were incubated with the

purified protein sample. EMSA experiments were previously performed for Smchdl’s
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isolated hinge domain, which revealed a slight preference for single-stranded DNA
(ssDNA), particularly for poly-C oligopnucleotides [58]. I therefore compared the
ability of DNA-bound Smchdl to substitute for and interact with either ssDNA or
dsDNA oligonucleotide probes. As shown in Figure 3.17, the full-length protein
appears to exchange for a ssDNA oligonucleotide probe but not for dsDNA, as complex
migration can be detected in the presence of 2 uM of a 15-base pair poly-C ssDNA
probe. As the Smchdl protein is likely purified bound to genomic dsDNA, these results
do not suggest that there is no affinity for dsDNA, but highlight the inability to
exchange for the dsDNA probe under these conditions. However, while full-length
DNA-bound Smchdl seems able to exchange for an ssDNA oligonucleotide probe in
vitro, an almost equimolar amount of DNA relative to Smchdl protein appears to be

required for this event to initiate (Figure 3.17).
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FIGURE 3.17: Electromobility Shift Assay (EMSA) indicates DNA-bound Smchdl
can exchange for shorter, single-stranded DNA. EMSA investigating whether full-
length purified Smchdl can interact with either (top) a 6-Fam-labelled 15-base pair poly-C
single-stranded DNA (ssDNA) or (bottom) a 6-Fam-labelled 30-base pair scramble double-
stranded DNA (dsDNA). The EMSA was performed either (left) in the presence of 2.5 yM
of purified Smchdl protein or (right) without Smchdl, acting as a negative control. Amount of
oligonucleotide present in each reaction are listed at the top, in nM. The 0.5% (w/v) agarose gel
was scanned on a Typhoon 9410 fluorescence scanner.
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3.3.11 Immunoprecipitation followed by Mass Spectrometry studies

reveal known interacting protein partners of Smchdl

Previous proteomics analyses revealed HBiX1, a heterochromatin protein 1
(HP1)-binding protein, and its mouse homologue, Lrifl, as protein interactors of
Smchdl [51, 131]. HBiX1 was previously shown to localize on the inactive
X-chromosome (Xi), also a property of Smchdl, and both were demonstrated as
essential in Xi compaction in human cells [131]. Using a similar experimental
approach, I performed immunoprecipitation (IP) studies using female mouse embryonic
fibroblasts (MEFs) obtained from Smchd1G¥P/GFP mice generated on a C57BL/6
background, with the aim of identifying novel protein interactors of Smchdl. I used
GFP-Trap beads (Chromotek), which have been established as highly effective in the
pulldown of GFP-fusion proteins and are considered the gold-standard for this
procedure, largely due to a high efficiency and binding affinity [184]. As shown in
Figure 3.18, Smchd1-GFP (~250 kDa) was largely identified in the first elution (E1)
sample following IP from Smchdl-GFP MEFs and was absent in the IP elution
samples from wild-type (WT) MEF's, which were used as a negative control as Smchdl
lacks the GFP tag in these cells.
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FIGURE 3.18: Western blot analysis of Smchd1-GFP immunoprecipitation. Smchdl-
GFP immunoprecipitation (IP) experiments were performed for wild-type MEFs as a negative
control, and for Smchd1-GFP MEFs as the test sample. Following cell lysis, samples from pellet
(P), input (Inp), unbound (UB) and bound (B) fractions were collected and analysed by Western
blot using an anti-Smchd1 antibody. Molecular weight (MW) marker positions are indicated on
the left, in kilodaltons (kDa).
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Following four independent immunoprecipitation experiments, E1 samples from each
experiment (Figure 3.18) were trypsinized and analysed by LC MS/MS with the aim of
identifying novel potential protein interactors of Smchdl. Peptides corresponding to a
total of 2153 proteins were identified (Appendix A), from which 82 were considered of
very high significance, and 218 of high significance (Figure 3.19 a,c). Both significant
groups represent peptides that are enriched in the test sample compared to the
negative control sample, with a p-value below 0.05, and are further distinguished by
being more than two-fold (high significance) or four-fold (very high significance)
enriched. P-values were obtained from a student’s t-test comparing peptides arising
from samples following anti-GFP immunoprecipitation of Smchd1l-GFP MEFs with
ones from WT MEFs, using a Benjamini-Hochberg correction. Highlighted in the
volcano plots are Smchdl and established protein interactors of Smchdl: Lrifl (LrifI)
and HP1y/a (Cbz3/Cbz5) [51, 131] (Figure 3.19 a,c). Displayed in Figure 3.19 (b,d) is
the distribution of peptides arising from Lrifl (Lrifl) and HP1lvy/a (Cbzx3/Cbz5).
These indicate all identified peptides for the two proteins, despite very few, were found
only in the Smchd1l-GFP MEFs IP samples and not in the negative control samples
from WT MEFs across the four experimental replicates, validating their specificity for

Smchdl.

A summary of MS-identified proteins are listed in Table 3.1 as they are of broad
interest due to either their involvement in epigenetic processes, or reported interactions
with the Xist long non-coding RNA which is required for X-chromosome inactivation
(XCI), in which Smchdl plays a critical role. Examples of these are the heterogenous
nuclear ribonucleoproteins (hnRNPs), which are a family of RNA-binding proteins.
Many of these have been established as Xist-associated factors, in particular hnRNPK
and hnRNPU [56], both of which are depicted as statistically significant (Table 3.1). In
addition to hnRNP proteins, non-POU domain-containing octamer-binding protein
(Nono), RNA-binding protein 3 (Rbm3), Splicing factor, proline- and glutamine-rich
(Sfpq), RNA-binding protein 14 (Rbml4), RNA-binding protein FUS (Fus) and
RNA-binding motif protein (Rbmx) (Table 3.1) represent some of the many
components of paraspeckles, a nuclear domain that is formed through multiple
RNA-protein and protein—protein interactions. While a complete understanding of
their functional role is unclear, paraspeckles have been proposed to sequester proteins

into nuclear bodies, which can modulate the local levels of active molecules and
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influence gene regulation [185, 186]. Nono, Fus and Sfpq have been established as core
components of paraspeckles [187], all of which show a statistically significant

enrichment upon MS analysis (Table 3.1).
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FIGURE 3.19: Mass Spectrometry studies reveal known interacting protein partners
of Smchdl. Volcano plots highlighting the position of (a) Lrif! and Smchd! and (c) Cbz3
and Smchdl. Other than Smchdl, the two most abundant identified peptides were Ahnak and
Plectin (Appendix A), which are highly expressed proteins involved in cell-cell adhesion and the
maintenance of the cellular cytoskeleton structure, respectively. As Smchdl is found exclusively
in the nucleus, the two proteins were therefore considered as non-specific interactors of Smchdl.
(a, ¢) Both the x- and y-axes represent the log of the fold change between output peptides
following anti-GFP immunoprecipitation (IP) from Smchd1l-GFP MEFs and WT MEFs. The
red dots represent the position of most statistically significant peptides, followed by blue and grey
dots. (b,d) Plots showing independent peptides identified in the each of the four experimental
replicates (x-axis) from Smchd1l-GFP MEFs and WT MEFs for (b) Lrifl and (d) Cbz3. (b,d)
Each coloured dot represents an independent peptide, and the crosses are imputed values for the
corresponding peptides to allow for an enrichment comparison.



Biochemical and structural characterization of full-length Smchdl

86

TABLE 3.1: Selected proteins identified by Smchd1-GFP IP-MS.

D Protein name Gene name P-value GFPMWT
37 Structural maintenance of chromosomes flexible hinge domain-containing protein 1 [Smchd1 3.80E-137
258 DNA topoisomerase 1 Top1;TOP 1.56E-11
950 [[ATP-dependent RNA helicase DDX3X Ddx3x 5.15E-10
992 Heterogeneous nuclear ribonucleoprotein U Gm28062;Hnrnpu 1.74E-09
178 Nucleophosmin Npm1;Gm5611 2.20E-09
1165 |[Heterogeneous nuclear ribonucleoproteins A2/B1 Hnrnpa2b1 9.80E-09
277 [|Splicing factor, proline- and glutamine-rich Sipg 6.52E-08
1166 |[Heterogeneous nuclear ribonucleoprotein A1 Hnrnpai;Hnrnpail2,Gm5269 2.30E-08
369 [[Non-POU domain-containing octamer-binding protein Nono 2.66E-08
562 RNA-binding protein 3 Rbm3 1.58E-07
520 Insulin-like growth factor 2 mRNA-binding protein 3 Igf2bp3 1.78E-07
1384 |[Nucleosome assembly protein 1-like 1 Napi1H 3.05E-07
333 Heterogeneous nuclear ribonucleoprotein M Hnrnpm 1.87E-06
557 ||Histone H2B Hist1h2bj;Hist1h2bk;Histth2bm;Hist1|4.76E-06
388 Heterogeneous nuclear ribonucleoprotein Q Syncrip;Hnmpr;Gm20537 1.56E-05
1047 |[Heterogeneous nuclear ribonucleoprotein H Hnrnph1 2.49E-05
613 Polypyrimidine tract-binding protein 1;Polypyrimidine tract-binding protein 3 Ptbp1;Ptbp3 5.31E-05

641 RNA-binding protein 14 Rbm14;p16,Gm21992 7.83E-05
892 [Histone H4 Hist2h4;Hist1h4a 8.10E-05
722 Heterogeneous nuclear ribonucleoprotein F Hnrnpf 0.000102878
851 Chromobox protein homolog 3;Chromobox protein homolog 5 Cbx3;Cbx5 0.000129311
1208 |[Heterogeneous nuclear ribonucleoprotein A3 Gm6793;Hnrnpa3;Gm9242,Gm171900.000209996
1161 |[Heterogeneous nuclear ribonucleoprotein K Hnrnpk 0.000219252
1388 ||Heterogeneous nuclear ribonucleoprotein DO Hnrnpd 0.000228358
462 [[Histone H1.4 Histthie 0.000277644
413 DNA helicase;DNA replication licensing factor MCM5 Mcm5 0.000328396
1582 |[High mobility group protein HMGI-C Hmga2 0.000621601
666 [ ATP-dependent RNA helicase DDX6 Ddx6 0.001287268
64 RNA-binding protein FUS Fus 0.00278297
1550 |[Ligand-dependent nuclear receptor-interacting factor 1 Lrif1 0.002952603
364 Y-box-binding protein 3 Ybx3;lgf2bp3 0.00302205
1002 J|ATP-dependent RNA helicase A Dhx9 0.004231441
1136 |[RNA binding motif protein RbmxI1;Rbmx 0.00608788
397 [IDNA helicase;,DNA replication licensing factor MCM3 Mcm3 0.006811737
2 E3 ubiquitin-protein ligase TRIM32 Trim32 0.006993007
1444 |[Heterogeneous nuclear ribonucleoprotein A/B Hnrnpab 0.008230024
464 [Histone H1.5 Histth1b 0.008711881
381 Histone H2A Hist1h2al 0.010044539
638 Poly [ADP-ribose] polymerase 1 Parp1 0.013194383
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Following up on these results, I aimed to validate the interaction between Smchdl and
selected MS-identified proteins by performing co-immunoprecipitation (co-IP)
experiments. I chose to examine the proteins: Nono, Rbm3, Nucleophosmin
(NPM1/B23), Nucleosome assembly protein 1-like 1 (Naplll) and ATP-dependent
RNA helicase (Ddx3). Nono and Rbm3 are paraspeckle proteins, while NPM1/B23
holds diverse roles in nuclear molecular mechanisms, including chromatin remodeling
processes via histone protein interaction [188]. Likewise, Naplll has been recognised as
a chromatin modulator [189, 190], while Ddx3 has been suggested to function as a
tumour suppressor as well as a transcriptional regulator [191, 192]. As depicted in
Figure 3.20 (a), co-IP experiments for the selected proteins of interest revealed that
while ample Smchdl was detected in the input samples, none was present in elution
samples. These results suggested the examined proteins do not directly interact with
Smchdl. T also performed immunofluorescence experiments in Smchd1-GFP MEFs in
order to examine the cellular localisation pattern of Smchdl and the core paraspeckle
protein, Nono, as an additional method of testing a potential interaction between these
proteins. In this experiment, Smchdl was endogenously GFP-tagged and mouse Nono
protein was detected by an anti-mouse Nono antibody (Dr. Archa Fox, University of
Western Australia). As depicted in Figure 3.20 (b), there was no co-localisation
detected between Smchdl and Nono, further suggesting the two proteins do not

detectably interact in the nucleus.
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FIGURE 3.20: Validation of potential Smchdl protein interactors. (a) Co-
immunoprecipitation (co-IP) experiments using antibodies against B23, Nono, Nap1ll, Rbm3
and Ddx3 as bait, probing for Smchdl as a potential interactor following Western blot analysis.
Input (I) and elution (E) fractions were analysed in each co-IP experiment. Molecular weight
is indicated in kilodaltons (kDa) on the left. (b) Immunofluorescence of Smchd1l-GFP MEFs
depicting Nono in red, Smchdl in green and DAPI in blue. Images are representative of n=10
imaged nuclei.
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3.4 Discussion

Serving as one of my main project aims, I have successfully expressed and purified the
full-length mouse Smchdl protein. I used a eukaryotic insect cell expression system
that, in contrast to bacterial cells, is capable of introducing post-translational
modifications and provides a complex protein folding machinery that is more similar to
that of mammalian cells. Following two purification steps, a relatively pure Smchdl
protein sample was obtained, as indicated by SDS-PAGE analyses. The secondary
structure prediction algorithm, ProteinPredict, revealed the intermediate domain of
Smchdl that connects the two functional domains to be predominantly S-stranded,
contrasting with canonical SMC proteins that consist of long, «-helical coiled-coil
arms. However, CD spectroscopy analysis of the purified full-length Smchdl protein
and follow-up quantitative predictions of secondary structure composition via the
K2D2 software estimated an a-helical content of approximately 85%, with only 1%
[B-stranded content. The K2D2 prediction method relies on obtained CD spectra for
proteins with a known tertiary structure, where the prediction accuracy may be
estimated by the similarity between the experimental and the predicted CD spectra.
Overall, the two curves appeared comparable in my analysis. However, the second
minima obtained for the experimental CD spectra does not clearly distinguish whether
it is indicative of S-stranded content at 218 nm, or a-helical content at 222 nm. In the
obtained predicted spectrum this minima became accentuated towards the 222 nm
wavelength, indicative of a-helical content, and likely providing an explanation for the
final 85% a-helical predicted estimate of the Smchdl protein. Recent publications have
additionally suggested that protein CD spectra does not yield accurate predictive value
for [-turns compared to a-helices [193], likely due to the heterogeneity of their
conformation. Nonetheless, while the obtained secondary structure content predictions
may not accurately reflect the composition of the full-length Smchdl protein, the
obtained CD spectra indicate the purified protein is folded. Further structural analyses
of the full-length protein are therefore required to validate the secondary structure

content of Smchdl’s intermediate domain.

As a feature of all canonical SMC proteins, the C-terminally located SMC hinge domain
is thought to act as the primary dimerisation site of Smchdl, a concept that is further

discussed in Chapter 4. On the other hand, the N-terminal region of Smchdl (residues



Biochemical and structural characterization of full-length Smchdl 89

111-702) that comprises of the GHKL ATPase domain was established as monomeric in
solution [61]. However, a new study that examined a different N-terminal construct of
SMCHD1, comprising of residues 25-580, has revealed a dimeric high-resolution structure
of the region [133]. These results suggest that dimerisation of full-length Smchdl occurs
at both termini, consistent with the rod-shaped particles I observed upon negative stain
EM studies. ATPase assays performed with the N-terminal region of Smchdl compared
to ones performed in the context of the full-length protein are therefore likely to reveal
differences in ATP hydrolysis rates due to a potential cooperative mechanism that may
be induced by the dimerisation of the ATPase domains. Indeed, ATPase activity rates
seemed to differ for various mutants of Smchdl in the context of the full-length protein
compared to the isolated ATPase region. However, rather than being able to attribute
these differences to the dimeric state of the full-length Smchdl protein, it seems likely

that other factors are at play.

A feasible explanation is that a potential co-purifying protein contaminant may have
interfered with the assay. This was speculated based on the inability of the established
Smchdl1 inhibitor, Radicicol, to abolish the ATPase activity of either the wild-type or any
of the mutants studied. Additionally, the E147A mutant, which was previously shown
to completely abrogate the catalytic activity of Smchdl’s N-terminal region, remained
catalytically active in the context of the full-length protein. Lastly, the ATP hydrolysis
rate of Smchdl is considered slow at ~0.05 M ADP/min/uM protein. Hence, even
the minimal presence of a contaminating enzyme that is likewise able to hydrolyse ATP
may easily interfere with the assay and result in a false positive output. I additionally
showed that full-length Smchdl co-purifies with DNA, indicating the in vitro ATPase
assays I performed were in the presence of contaminating DNA. It is therefore possible
that DNA-bound Smchdl may also alter the ATP hydrolysis rates observed, which were
dissimilar to rates obtained for the same mutants in the context of the N-terminal region

of Smchdl.

The presence of bound DNA may additionally justify the requirement for a third ion
exchange purification step to yield a homogeneous Smchdl sample prior to negative
stain EM. The obtained images revealed elongated, rod-like particles of approximately
50 nm in length that are indicative of dimeric Smchdl proteins, as highlighted by
Blue-Native PAGE analyses of the native protein sample. Unfortunately, the observed

conformational flexibility of the sample hindered further analyses, such as



Biochemical and structural characterization of full-length Smchdl 90

2D-clagsifications and averaging, where particles are separated into different classes
based on their observed orientation. Alongside purifying as DNA-bound, I showed via
Western blot analysis that Smchdl additionally co-purifies with Histone 3, whereas
follow-up mass spectrometry analyses confirmed the presence of other histone proteins
in both the first and second eluting peaks obtained from SEC chromatography. These
results may indicate a direct association of Smchdl with nucleosomes, a hypothesis
that remains to be further investigated. If, however, Smchdl is a direct interactor of
nucleosomes, a protein complex composed of purified nucleosomes and full-length
Smchdl may be subject to further electron microscopy studies. This would not only
reveal their mode of interaction, but may stabilise the Smchdl protein by reducing its

conformational flexibility.

Following EMSA experiments, it appeared that a ssDNA oligonucleotide probe was
able to substitute for bound DNA that accompanied purified recombinant Smchdl.
However, nearly an equimolar amount of the oligonucleotide relative to Smchdl protein
was required to compete off the DNA-bound Smchdl. EMSA experiments are unable
to reveal the fraction of the protein population exchanging for the oligonucleotide of
interest. However, in order to ensure the full Smchdl population undergoes this
exchange so that a homogeneous sample can be obtained, a concentration exceeding
equimolar amounts to Smchdl protein is likely necessary. While this may be one way
of reducing the heterogeneity derived from the co-purifying DNA, it seems
unattainable for larger Smchdl protein requirements such as for structural analysis.
Nonetheless, the presence of a homogeneous nucleic acid template would be crucial to
obtaining a less heterogeneous Smchdl protein sample for further electron microscopy.
As previously mentioned, one option may be to examine a nucleosome-Smchdl protein
complex, where the ~147 base-pair nucleosomal DNA could provide a scaffold for

Smchdl.

While it appears Smchdl exhibits some affinity for histones, I sought to understand
which other partners it may bind in cells. Paraspeckle proteins were abundantly found
and suggested as potential interacting partners of Smchdl upon immunoprecipitation
and mass spectrometry analyses. However, following validation studies via
co-immunoprecipitation and immunofluorescence experiments, none were successfully
confirmed as interactors of Smchdl. Paraspeckle proteins are RNA-binding proteins,

which are often non-specific interactors that arise upon immunoprecipitation studies
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due to their ’sticky’ nature, offering a potential explanation for their abundance. This
family of proteins was recently suggested to undergo liquid-liquid-phase separation
(LLPS), a process that describes macromolecules such as proteins or nucleic acids
condensing into a dense phase that resembles liquid droplets [194]. LLPS is thought to
underlie the formation of membrane-less compartments, such as heterochromatin [195,
196]. Phase separation was additionally suggested to drive the process of
X-chromosome inactivation [197], in which Smchdl holds a critical role. ~HP1
represents one of the two established protein interactors of Smchdl, for which I
provided additional evidence here. As part of its molecular function, HP1 is recruited
to histone H3, lysine 9 methylated sites (H3K9me) on chromatin, leading to the
formation of compact chromatin, termed heterochromatin. Recently, HP1 was also
shown to form phase-separated droplets in wvitro, where it is proposed to oligomerise in
order to compact chromatin into phase-separated condensates [195, 196, 198].
Together, these findings may suggest that Smchdl may likewise be a component of

phase-separated droplets.

In conclusion, I have provided biochemical analyses of the full-length Smchd1l protein,
which suggested a requirement for DNA interaction as the bound DNA failed to be
removed under the high salt conditions used in SEC chromatography. Follow-up
studies will be targeted at ways to try and remove the contaminating DNA, and any
potential proteins that may co-elute with Smchdl and have likely interfered with the
in vitro ATPase assays. One way of doing so may be to perform chromatography on
the full-length Smchdl protein in the presence of ATP. Across other studied GHKL
ATPases, the ATP-binding event has been shown to induce ATPase dimerisation [99,
115]. This is followed by ATP hydrolysis and the subsequent dissociation of the dimer
into a monomeric form. While any potential cross-talk between the ATPase and SMC
hinge domains of Smchd1l remains to be elucidated, it is proposed that ATP hydrolysis
may likewise result in dimer dissociation of the Smchdl ATPase domain, resulting in
an open, V-like conformation of the full-length protein as the dimer remains anchored
at the C-terminal hinge domain. The described conformational change may release the

bound DNA, facilitating the capture of a DNA-free Smchdl protein sample.






Chapter 4

Structure and function of

Smchd1’s hinge domain

4.1 Abstract

The hinge domain of SMCHD1 has previously been implicated in nucleic acid binding
and in the pathogenesis of FSHD2 when its DNA-binding capability is reduced. Yet,
its underlying mechanism of function as well as overall structure remained unclear. We
revealed the first atomic-resolution structure of Smchdl’s hinge domain, providing a
novel insight into its DNA-binding and dimerisation modes. Using structure-guided
mutagenesis, I found that the central pore of the hinge domain dimer is not involved in
nucleic acid interaction, and that DNA is not threaded through this region. As an
epigenetic regulator, Smchdl has been directly associated with chromatin association.
I was therefore interested in further investigating the requirements of Smchdl’s
localisation to chromatin in cells. Using immunofluorescence techniques, I found that
the hinge domain targets Smchdl to chromatin, while additionally identifying a

functional hotspot within the hinge that is required for chromatin localisation in cells.
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4.2 Introduction

At the molecular level, Smchdl occupies distinct regions across the genome where it
can exert epigenetic silencing effects [52, 58]. It was recently proposed that Smchdl
mediates long-range chromatin interactions by acting as an insulator protein that
sequesters chromatin from other DNA-binding proteins [52-54]. These functions are
thought to be, at least partially, imparted by the hinge domain which has been shown
to bind nucleic acids in vitro [58]. Additionally, the presence of an FSHD2-associated
variant in SMCHD1, R1866G which is located within the hinge domain region, was
shown to reduce SMCHD1’s silencing capacity [199] as well as its ability to interact
with DNA in wvitro [58]. These findings highlight the functional importance of the

hinge domain in SMCHD1’s overall silencing capacity.

SAXS studies have previously been performed on the hinge domain. These studies
indicated that in comparison to canonical SMC proteins, where the heterodimeric
hinge domain is flanked by antiparallel intramolecular coiled-coils, Smchdl adopts an
intermolecular parallel coiled-coil arrangement [62]. However, the atomic-resolution
structure of the hinge domain and the mechanism that underlies its interaction with
nucleic acids remained unclear. We have recently reported the crystal structure of the
mouse Smchdl hinge domain, which represents the first high-resolution structure of a

eukaryotic homodimeric SMC hinge domain [162].

4.2.1 The crystal structure of Smchdl’s hinge domain reveals

differences to canonical SMC proteins

The overall structure of Smchdl’s hinge domain is similar to that of other SMC hinge
domains, where two protomers assemble into a donut-shape and form a central pore
(Figure 4.1 a,c). The Thermotaga maritima SMC hinge (TmSMC) is the closest
structural homolog of the Smchdl hinge domain, as unlike other SMC proteins, it also
forms a homodimer [162]. Common to all SMC hinge domains, monomers of Smchdl
and TmSMC each comprise of subdomains I and II, which are connected by a flexible
linker (Figure 4.1 b,d). In comparison to TmSMC, Smchdl lacks an N-terminal strand
and two helices from subdomain I, and two -strands from the subdomain interface. In

subdomain II, a more extended helix is present at the interface side, alongside an
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additional g-strand at the C-terminus (Figure 4.1 b,d). Overall, due to subdomain II
of the Smchd1 hinge domain being rotated by 18° or 27° relative to the closed or open
TmSMC structure, respectively, the two subdomains II of Smchdl are brought closer

while subdomains I are placed further away (Figure 4.1 a,c).

(a) SMCHD1 ()

Subdomain | Interface Subdomain | Interface

Extended Linker
Linker

FIGURE 4.1: The structure of Smchdl’s hinge domain differs to canonical SMC
proteins. Comparing the cartoon representations of (a) the Smchdl hinge domain (PDB:6N64)
and (c) the canonical SMC hinge (PDB:1GXK) as seen from above, where individual protomers
are highlighted by a dashed line. A comparison of (b) Smchdl and (d) canonical SMC hinge
domain from T. maritima topology, using the same colour scheme as in (a) and (c). The figure
is reproduced from [162].

4.2.2 The Smchdl hinge domain interface comprises of canonical and

non-canonical interactions

Similar to canonical SMC proteins, dimerisation of Smchd1’s hinge domain is mediated
by two interfaces from each protomer. In Smchdl, the first interface is formed between
H3 of subdomain I and H6 of subdomain II of opposing protomers (Figures 4.1 b, 4.2
a). A second interface is formed by S-strands S1 and S2 of subdomain I from one
protomer, and S3-S8 of subdomain II from the opposing protomer. Aside from these,

there are contributing non-canonical dimer interface interactions, including a hydrogen
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bond between Y1765 in H3 and D1866 of S6, aliphatic interactions between Y1765 of
H3 and F1874 of S7, and a salt bridge between K1873 of S7 and D1749 of H2 (Figure
4.2 a). Surprisingly, mutagenesis of dimer interface residues does not affect the overall
structure of the hinge dimer but contributes to protein thermal stability [162]. In
addition, interface residues R1762 and R1848 also appear to contribute to DNA
binding as they display a reduced affinity for DNA in vitro upon their substitution to
Ala (Figure 4.2 b).
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S 3§0- R1762A |3.2+0.2
= - Y1765A
S o Y1765A 1.1 £0.1
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F1874A G1872A |1.0+0.1
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FIGURE 4.2: The Smchdl hinge domain interface comprises of canonical and non-
canonical interactions. (a) A zoomed-in view of the Smchdl hinge domain dimerisation
interface, where subdomain I is shown in light purple and subdomain II is shown in green; a 90°
rotation is shown on the right. (b) DNA-binding fluorescence polarisation assay testing mutants
of the Smchd1l hinge domain dimer interface. Protein concentrations are indicated on the x-axis
(uM) and polarisation values on the y-axis as a percentage of the maximum value. Plotted points
represent technical replicates for two independent experiments fitted to a hyperbolic binding
curve. DNA-binding assays were performed using a 20-base pair 6-Fam labeled single-stranded
DNA corresponding to the HS5-1b sense-methylated enhancer site (2.7.4). (¢) K4 and standard
deviation values calculated from the fitted curves are outlined for each protein sample, in pM.
Figure is reproduced from [162].
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4.2.3 Smchdl’s hinge domain mediates nucleic acid interactions via

two positively charged patches

Upon solving the three-dimensional structure of Smchdl’s hinge domain, the
electrostatic surface potential of the region was revealed as highly basic in charge. This
finding was not surprising as previous studies have shown that Smchd1’s hinge domain
has the ability to bind nucleic acids in vitro [58], a property shared across canonical
SMC complexes where the hinge domain holds a key role in DNA interaction [75,
200-203]. The next question was therefore to examine which residues of the Smchdl
hinge domain were involved in nucleic acid interactions. By performing
structure-guided mutagenesis, positively charged residues within three clusters of the
Smchdl hinge domain were substituted to Ala to help infer residues involved in nucleic
acid binding. These clusters were separated into cluster 1, located on one face of the
dimer, cluster 2 which consists of an extended linker, and cluster 3 surrounding the
central channel of the dimer (Figure 4.3 a). Examining the DNA-binding affinity of
these mutants, it was revealed that residues within cluster 2 and 3 contribute to

DNA-binding (Figure 4.3 b-d), alongside dimer interface residue R1848 (Figure 4.2).
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FIGURE 4.3: Smchdl’s hinge domain interacts with DNA via two positively charged

patches.

(a) A representation of the electrostatic surface potential of the Smchdl hinge

homodimer, with residues of interest highlighted and grouped in clusters based on their location.
(b-d) DNA-binding fluorescence polarisation assays testing (b) cluster 1, (c¢) cluster 2 and (d)
cluster 3 Smchdl hinge domain mutants. Protein concentrations are indicated on the x-axis (uM)
and polarisation values on the y-axis as a percentage of the maximum value. Plotted points
represent technical replicates for two independent experiments fitted to a hyperbolic binding
curve. DNA-binding assays were performed using a 20-base pair 6-Fam labeled single-stranded
DNA corresponding to the HS5-1b sense-methylated enhancer site (2.7.4). (e) K4 and standard
deviation values calculated from the fitted curves are outlined for each protein sample, in M.

Figure is reproduced from [162].
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4.3 Results

4.3.1 DNA-binding residues of the Smchd1l hinge domain are not well

conserved across SMC proteins

The crystal structure of Smchdl’s hinge domain revealed the presence of highly basic
surfaces, of which only clusters 2 and 3, but not cluster 1, were shown to contribute to
nucleic acid interaction in vitro (Figure 4.3). Surprisingly, these residues are not well
conserved across SMC proteins (Figure 4.4 a). Cluster 2 residue R1790 displays
charge-conservative substitutions across human SMC2 and SMC4, alongside mouse
SMC3 (Figure 4.4 a). Residue R1796, which is also located within cluster 2, is only
present in human SMC4. These two residues reside within the extended linker of
Smchd1’s hinge domain, which exhibits the greatest heterogeneity compared to other
SMC proteins. The length of this linker is highly variable across SMC hinge domains,
but most abundant in positively charged residues in Smchdl, suggesting a potential
role in nucleic acid interaction. Regarding cluster 3 residues, only K1880 appears to be
conserved in human SMC4. Finally, the dimer interface residue R1848 that also
contributes to DNA-binding in the Smchdl hinge domain is only conserved in the
TmSMC protein. Between orthologs of Smchdl, all residues that contribute to
DNA-binding in vitro display a high sequence conservation (Figure 4.4 b).
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FIGURE 4.4: Multiple sequence alignment of the Smchd1 hinge domain with orthologs
and canonical SMC proteins. (a) Multiple sequence alignment comparing the Mus musculus
Smchdl hinge domain (residues 1683-1899) with Thermotaga maritima SMC, Mus musculus
SMC1A, Homo sapiens SMC4, Mus musculus SMC3 and Homo sapiens SMC2. The linker

region of the mouse Smchdl hinge domain is depicted by a black line.

(b) Multiple sequence

alignment of the Smchd1 hinge domain (residues 1683-1899) from Homo sapiens, Mus musculus,
Rattus norvegicus and Gallus gallus. (a-b) Conserved residues are shown in red. Residues that
contribute to DNA-binding in wvitro from clusters 2 and 3, alongside dimer interface residue
R1848, are highlighted in purple. Residues D1749 and D1751 that are mutated in FSHD2 are
highlighted in yellow. Sequences were aligned using the program MultAlin [174] and images were
generated using ESPript3.0 [175].
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4.3.2 Expression and purification of Smchdl hinge domain torus

mutants

All SMC hinge domains studied to date have been shown to adopt a donut-like
structure with a central cavity formed between two hinge domain protomers [204]. A
highly conserved feature of the central channels of SMC hinge domains is the
abundance of positively charged residues that line the lumen region [205]. In cohesin’s
SMC1-SMC3 heterodimer, mutation of three positively charged residues within the
hinge domain lumen were shown to abolish DNA loading, but did not affect cohesin’s
recruitment to chromatin [202]. I therefore sought to examine whether nucleic acid
binding might also occur via the torus of the Smchdl hinge domain homodimer. To do
80, I introduced mutations that would occlude DNA from entering the central pore
formed by the dimer. Residues selected for substitution were S1870, which does not
engage in crucial interactions based on the three-dimensional structure, and H1856,
which lies on the rim of the central pore (Figure 4.5 a). Met, Asn or Gln were
introduced in place of S1870, and Trp was substituted for H1856 as a means of
obstructing the central channel via the presence of bulkier residues. Purification of the
four torus mutants resulted in a high protein yield (Figure 4.5 b) and follow-up SEC
analysis indicated they all retain a dimeric state, with an elution profile that
corresponds to the wild-type counterpart (Figure 4.5 ¢ (i)). Smchdl hinge domain
monomers can be identified as the lower molecular weight band by reducing
SDS-PAGE analysis, where the presence of a higher molecular band across fractions
~43-45 are likely representative of contaminating TEV protease which was not entirely

removed upon the preceding subtractive IMAC purification step (Figure 4.5 ¢ (ii)).
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FIGURE 4.5: Purification of Smchdl hinge domain torus mutants. (a) Cartoon
representations of the Smchdl hinge domain (PDB:6N64), where monomers are shown in pale
orange and blue. Residues H1856 and S1870 are shown in stick form for each monomer. (b)
IMAC purification of each torus mutant, showing eluting samples (E1-E3) analysed by reducing
Stain-Free SDS-PAGE. Molecular weight (MW) indicators are shown on the left in kilodaltons
(kDa). (c) (i) SEC profiles of wild-type and torus mutants of the Smchdl hinge domain with (ii)
selected fractions analysed by reducing Stain-Free SDS-PAGE.

4.3.3 Mutagenesis of the torus region or the consensus dimerization

site of the Smchd1l hinge domain do not alter its overall structure

To confirm the dimerization state and examine any gross structural changes that may
be caused by introducing mutations, I performed small angle X-ray scattering (SAXS)
analyses on the wild-type Smchdl hinge domain and all four torus mutants,
S1870Q/M/N and HI1856W. In parallel, I examined the triple mutant
G1872A/G1875A/G1876A that targets dimer interface residues and leads to a
reduction in protein thermal stability in vitro [162]. Overall, SAXS analyses indicated
that none of these mutations disrupted Smchdl dimer formation (Figure 4.6). The

overall size of the protein samples is indicated by the radius of gyration (R,) value,



Structure and function of Smchdl’s hinge domain 103

which represents the square root of the average distance of each scattering atom from
the particle centre, and is calculated by Guinier approximation. R, values were
additionally determined by computing the real-space interatomic distance distribution
function (P(,y). Both methods yield comparable R, values for all tested samples, as

summarised in Table 4.1.

Comparing torus mutants to wild-type Smchdl hinge domain, R, values range between
26.0 and 27.6 A for mutants, versus 27.0 A obtained for the wild-type protein (Table 4.1).
The triple mutant exhibits a slightly smaller R, value of 25.1 and 25.8 A obtained via the
two separate calculations. However, maximum dimension (D,,,,) values, which describe
the estimated maximum diameter of the protein based on the distance distribution
function (P(,)), measures at 100 A consistently across wild-type, torus mutants, as
well as the triple glycine mutant sample, indicating that all variants adopt a similar

conformation to the wild-type counterpart.

The obtained scattering data also allows the estimation of the intensity of radiation
scattered at zero angle I(0), a value that is extrapolated either from the Guinier
approximation or from the (P(,y) function (Table 4.1). I(0) is equal to the square of
the number of electrons in the scattering object and is thus proportional to the
molecular mass of a protein at a given concentration. This value, alongside the
linearity of the Guinier plot, reflect whether high molecular weight aggregates or
inter-particle interference are present, which may contribute measurably to scattering
and therefore the quality of the data. I(0) values obtained from the Guinier
approximation are consistent with values obtained from the (P(,)) function across the
protein samples (Table 4.1). Guinier plots depicted in Figure 4.6 (insets in panels i)
also highlight a linearity in scattering at low angles for all tested samples, indicating

the particles are monodisperse.

Overall, the observation that none of the mutations appear to disrupt Smchdl hinge
domain dimer formation was particularly surprising for the triple glycine mutant.
Substitution of this motif in other SMC hinge domains was reported to abrogate
dimerization [206], yet SAXS analysis indicates the Smchdl hinge mutant remains
homodimeric in solution. A previous study investigating Smchd1l introduced the same
triple mutation to Ala and observed a modest shift in elution time following SEC

analysis [131], however they did not further examine this disruption biophysically.
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These findings suggest the flanking a-helices present

construct may augment dimer formation.
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FIGURE 4.6: Mutagenesis of the torus region or the consensus dimerization site of
the Smchd1 hinge domain do not alter its overall structure. Small angle X-ray analysis
of (a) wild-type Smchdl hinge domain, (b-e) torus mutants and (f) a triple mutant replacing
the three consensus Glycine residues required for dimerization in canonical SMC hinge domains.
Scattering intensity profiles are shown in (i), where the background-subtract SAXS data are
indicated as black circles representing mean intensity I(q) as a function of momentum transfer
q in A-'. Guinier plot for qR, <1.3 are shown as insets in (i), where linearity indicates that
particles are monodisperse. The radius of gyration and initial scattering intensity I(0) were
approximated using the Guinier equation with PRIMUS, giving values as indicated in Table 4.1.
Pair-distribution functions, P,y plots calculated using GNOM are shown in (ii). The Ry and
maximum particle dimension D,,4, calculated from the P(,) analysis are as reported in Table

4.1.
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TABLE 4.1: Data collection and scattering parameters for SAXS analysis.

Data collection parameters

Instrument Australian Synchrotron SAXS/WAXS beamline

Beam geometry 120 pm point source

Beam wavelength (A) 1.033

grange (A1) 0.0114-0.4

Exposure time (seconds) 2

Protein concentration ~5 mg/ml sample injected via in-line size exclusion chromatography
Temperature (°C) 16

Structural parameters

Protein sample WT S1870M S1870N $1870Q H1856W G1872A/
G1875A/G1876A
10)(cm-1) 0.06757 0.01447 0.01041 0.01377 0.07781 0.08236
[from Guinier] +0.00022 +0.00085 +0.00086 +0.00094 +0.00079 +0.00069
Rg(A) 27.0 27.1 276 27.2 26.9 25.1
[from Guinier] +0.141 +0.242 +0.336 +0.283 +0.415 +0.332
[0)(cm-1) 0.06799 0.01455 0.01043 0.01384 0.07850 0.08284
[from P(r)] +0.00019 +0.00079 +0.00077 +0.00010 +0.00075 +0.00065
Rg (A) 27.70 27.8 28.0 28.0 279 258
ffrom P(7] £0.127 +0.274 +0.356 +0.380 +0.423 +0.457
Dinax (A) 100 100 100 100 100 100
Software
Primary data reduction ScatterBrain (Australia Synchrotron)

Data processing PRIMUS, GNOM
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4.3.4 The Smchd1l hinge domain does not thread nucleic acids through

its central pore

To examine the DNA-binding affinity of the torus mutants compared to wild-type
Smchdl hinge domain, I performed an in vitro fluorescence polarization assay using a
20 base-pair single-stranded DNA probe containing one methylated cytosine that was
previously tested and shown to interact with Smchdl [58, 162]. This oligonucleotide
represents a Pcdh cluster-specific sequence, termed the HS5-1b enhancer site, where
Smchdl was shown to localise by chromatin immunoprecipitation and sequencing
(ChIP-seq) studies [58]. These studies also showed that while Smchd1 exhibits a slight
preference for methylated DNA in vitro, differences in binding affinities compared to
both double-stranded DNA (dsDNA) and unmethylated DNA probes were within a
2-fold window [58]. I chose to only examine the methylated HS5-1b oligonucleotide
probe across all DNA-binding assays in order to enable direct comparisons between
test samples. However, it is anticipated that DNA-binding differences between mutants

will apply to all oligonucleotide probes.

As seen in Figure 4.7, the presence of bulkier residues at the torus region of the hinge
domain does not impact DNA-binding, as the mutants largely exhibit Ky values similar
to the wild-type counterpart. There seems to be a small decrease in the DNA-binding
affinity of S1870Q for the HS5-1b oligonucleotide, displaying a K; value of approximately
2.0 uM compared to wild-type protein which shows a value of ~1.2 M. The mutant
H1856W actually reveals a small increase in DNA-binding affinity, with a K, value of
~0.8 uM, however this difference is not considered substantial and may be accounted for
by technical error. Taken together, these results are consistent with the hypothesis that

nucleic acids are not threaded through the central pore of the Smchdl hinge domain.
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FIGURE 4.7: Torus mutants do not alter nucleic acid binding of the Smchd1l hinge
domain, suggesting binding does not occur by threading through the central channel.
(a) (i) DNA-binding fluorescence polarization (mP) of 12.5 nM 6-FAM labeled 20 bp single-
stranded DNA by wild-type (WT) and torus mutants of the Smchdl hinge dimer at indicated
protein concentration (uM). Data points are plotted for technical duplicates of three independent
experiments fitted to a hyperbolic binding curve, where error bars represent the standard
deviation. (ii) K4 and standard deviation values calculated from the fitted curves are outlined
for each protein sample, in uM.

4.3.5 Interface mutations in conjunction with shorter coiled-coil

regions in the Smchdl hinge domain disrupt the dimer

While our crystallised Smchd1 hinge domain construct comprised of residues 1683-1899,
electron density was observed only for residues 1710-1886. The predicted N-terminal
a-helices which are thought to form coiled-coils are therefore absent from the three-
dimensional structure, and any interactions that may be mediated by these regions
are yet to be determined. This also indicates the regions lacking electron density are
likely to be conformationally flexible. Previous SAXS analyses of the 1683-1899 amino
acid construct revealed a ’drumstick’ model where the hinge domain is flanked by an
N-terminal protruding region, thought to correspond to the N-terminal a-helices [62].
These data provide reasoning for the flanking coiled-coil domains forming head-to-head
dimers, which contrasts with previously reported SMC hinge domains that were shown
to form head-to-tail (N- to C-terminal) coiled-coils [204, 207]. Additionally, as the
introduction of mutations within the Smchdl hinge domain interface do not appear to
interfere with dimerisation, it was therefore speculated these coiled-coil regions may play

a role in hinge domain homodimerisation.

To answer this question, I expressed a shorter hinge domain construct encompassing
residues 1699-1883 of Smchdl which lacks the flanking a-helices (Figure 4.8 c). 1
additionally introduced mutations V1774G, triple mutant G1872A/G1875A/G1876A
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or R1848A in this construct, all of which are located at the dimer interface (Figure 4.8
d) and exhibit a reduced thermal stability in vitro [162], therefore they are expected to
further interfere with hinge domain dimerisation. While the wild-type protein was
successfully purified for this construct, all three mutants were poorly expressed (Figure
4.8) and majority of protein eluted in the void volume upon SEC analysis (data not
shown). However, the same mutants were successfully expressed in the context of the
longer hinge domain construct that comprises of the flanking a-helices and appeared
homodimeric [162], while deletion of these predicted coiled-coil regions compromised
their stability. Therefore, my data support the existence of the hinge domain dimer
interface observed in the crystal structure. These results are consistent with a role for
the flanking a-helices in augmenting the dimeric structure of the Smchdl hinge
domain, undeterred by mutation-induced disruption of the intersubunit hinge domain

interface.
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FIGURE 4.8: Dimer interface mutations in conjunction with shorter coiled-coil regions
in the Smchd1l hinge domain disrupt the dimer interface. (a) Schematic representation
of the full length Smchdl gene architecture, indicating domain boundaries of the SMC hinge
domain as amino acid residue numbers. Comparing constructs of (b) the crystallised Smchdl
hinge domain and (c) the Smchdl hinge domain with a shorter N-terminal coiled-coil region. (d)
Cartoon representation of the Smchdl hinge domain dimer (monomers shown in red and grey;
PDB:6N64) highlighting residues at the dimer interface: V1774 in orange, G1872/1875/1876 in
magenta and R1848 in cyan, as spheres. (e-h) IMAC followed by subtractive IMAC purification
of (e) wild type and (f-h) dimer interface mutants (1699-1881 aa). (e-h) Samples were analysed
by reducing Stain-Free SDS-PAGE, where UB=unbound, E1-E3= elution samples, cut= sample
following TEV-cleavage, 2%-50%= imidazole concentrations. Molecular weight (MW) indicators
are indicated on the left in kilodaltons (kDa).
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4.3.6 Mutation of R1848 and RI1867 alter Smchdl’s nuclear

localization pattern

To examine how residues that contribute to Smchd1’s nucleic acid binding in vitro may
affect its cellular function, cluster 2 mutations R1790A and RI1796A, interface
mutations D1842A and RI1848A, and cluster 3 mutations R1867G, R1869A and
K1873A, were introduced into full-length mouse Smchd1 by Dr. Tracy Willson (Walter
and Eliza Hall Institute). I transfected these constructs into human 293 cells in which
endogenous SMCHD1 expression was silenced by a short hairpin RNA (shRNA).
Crucially, shRNA-silencing is restricted to human SMCHDI1 in this system, therefore
enabling the examination of the introduced full-length mouse Smchdl constructs
containing point mutations of interest. = Successful knockdown of SMCHDI is
highlighted by Western blot analysis in Figure 4.9, which was performed by Ruoyun
Wang (Walter and Eliza Hall Institute), in addition to depletion of SMCHD1 nuclear
foci in SMCHD1-knockdown (KD) 293 cells (Figure 4.10). Bright nuclear foci are
known to correspond to SMCHD1’s localisation to the inactive X chromosome in
wild-type cells, as previously shown [51]. Importantly, all transfections were performed
in parallel, with an equivalent amount of construct transfected for each of the tested
samples, and imaging parameters identical between samples to allow for an accurate

comparison.

Nons uT KD
250 R v— a-SMCHD1

150

50 7

T e e | O-Actin
37 7

FI1GURE 4.9: SMCHD1-knockdown in HEK293 cells. Western blot analysis of HEK293
cells transduced with either a non-silencing (nons) shRNA, untransduced HEK293 cells (UT) or
cells transduced with a SMCHD1-knockdown shRNA (KD). Actin was used as a loading control.
Molecular weight markers are indicated on the left, in kilodaltons.
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Transfection of the wild-type mouse Smchdl construct into KD cells restore Smchdl’s
enrichment to nuclear foci. However, these appeared distinct from endogenous human
SMCHDL1 staining as multiple foci are observed (Figure 4.10 c), rather than only the
expected two foci corresponding to the two inactive X-chromosomes present in tetraploid
293 cells (Figure 4.10 a). This is likely due to the over-expression of the construct,
and hence all mutants of interest are compared to the over-expression of the wild-type
Smchdl construct rather than the non-silencing shRNA control. Across the various
mutants examined, a similar cellular localisation pattern to wild-type Smchdl over-
expression was observed for cluster 2 mutants, R1790A and R1796A, and cluster 3
mutants R1869A and K1873A. Likewise, mutant D1872A, which was chosen as a control
as it does not alter protein thermal stability or nucleic acid binding in vitro, exerted a
similar localisation in cells to wild-type Smchdl. Only two tested mutations, R1867G
(cluster 3) and R1848A (dimer interface), appeared to abrogate nuclear foci formation
(Figure 4.10 g-h). The R1867G mutant exhibited a visible decrease in the number of
nuclear foci present compared to the introduction of the wild-type counterpart, where
multiple nuclear foci were seen. A similar phenotype was observed for the R1848A
mutant, with a very diffuse presence of nuclear Smchd1 that exhibited a complete absence

of nuclear foci.

R1867G is an FSHD2-associated substitution, located within cluster 3 of Smchd1’s hinge
domain (Figure 4.3). Previous in vitro studies also investigated this mutation in the
isolated hinge domain of Smchdl and showed this residue is important in nucleic acid
interaction, as its substitution to glycine reduced its affinity for DNA [58]. We also found
similar results via our in vitro fluorescence polarisation assay, where the mutant exhibits
a 6.2-fold reduction in DNA-binding affinity relative to its wild-type counterpart (Figure
4.3 d). R1848 is positioned at the central pore region of the hinge domain, indicating
a potential role in mediating interprotomer contacts. Additionally, the Ala mutant
shows a 11.4-fold reduction in DNA-binding affinity in vitro (Figure 4.2 b), suggesting
R1848 may also mediate nucleic acid interactions. Taken together, these data indicate
that mutations that impact Smchd1’s nucleic acid binding in vitro do not typically
compromise its chromatin binding ability in cells, likely owing to due compensation
from adjacent residues. However, it appears that residues R1848 and R1867 contribute
to a functional hotspot in the hinge domain that plays a key role in localising Smchd1

to chromatin and their neutralisation cannot be compensated for.
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FIGURE 4.10: Mutation of R1848 and R1867 alter Smchdl’s nuclear localization
pattern. Immunofluorescence in (a) control, non-silencing shRNA transduced, or shRNA-
mediated SMCHD1-knockdown 293 cells 24 hours post-transfection with (b-j) the indicated full-
length Smchd1l variants. DAPI staining is depicted in blue, whereas Smchd1 staining is shown
in yellow, and merged channels are displayed below. Maximum intensity projection images are
shown as representative of n>150 nuclei positive for Smchdl overexpression per sample; data
shown are representative of 3 independent experiments. All images were obtained with identical
settings between controls and all transfected cells, to enable comparison between the images
provided in the figure. Scale bars, 20 pm.
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4.3.7 The hinge domain targets Smchdl to chromatin

To further investigate whether the hinge domain contributes to Smchd1’s chromatin
localisation, additional mutations were introduced in the full-length construct by Dr.
Tracy Willson (Walter and Eliza Hall Institute): V1774G and the triple mutant
G1872A/ G1875A/G1876A. We previously demonstrated these mutations reduce the
thermal stability of hinge domain dimers within the 1683-1899 aa construct that
retains an N-terminal coiled-coil region, therefore compromising the integrity of
Smchd1’s hinge domain [162]. Structurally, these residues reside at the dimer interface
(Figure 4.8 d), while the G1872A/G1875A/G1876A mutant additionally targets a
triglycine motif located at Smchdl’s C-terminus which is highly conserved and
necessary for dimerization across SMC hinge domains [206] (Figure 4.4). I also
examined the cellular localisation of a full-length Smchdl construct that lacks the
hinge domain altogether (A L1710-M1884). Importantly, the nuclear localisation signal
(NLS) of SMCHD1 was previously reported to be located within residues 1961-1992,
which was shown as sufficient for its localisation to the nucleus [208]. Deletion of the
hinge domain in my construct therefore did not interfere with the integrity of the NLS.
Upon transfection of these constructs into 293 cells and follow-up immunofluorescence
studies, it can be seen that either the introduction of mutations V1774G,
G1872A /G1875A /G1876A, or deletion of the hinge domain from full-length Smchdl,
lead to abrogation of focus formation (Figure 4.11 d-f). These results support a role

for the hinge domain in Smchd1’s chromatin localisation.
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FIGURE 4.11: Deletion or compromise of hinge domain integrity alter Smchdl’s
nuclear localisation pattern. Immunofluorescence in (a) control, non-silencing shRNA
transduced, or (b-f) shRNA-mediated SMCHD1-knockdown 293 cells 24 hours post-transfection
with the indicated full-length Smchdl with mutations (d,e) in the dimer interface or (f) deleted
hinge domain. DAPI staining is depicted in blue, whereas Smchdl staining is shown in yellow,
and merged channels are displayed below. Maximum intensity projection images are shown as
representative of n>100 nuclei positive for Smchdl overexpression per sample; data shown are
representative of 2 independent experiments. All images were obtained with identical settings
between controls and all transfected cells, to enable comparison between the images provided in
the figure. Scale bars, 20 pm.

4.3.8 Smchdl hinge domain residues D1749 and D1751 exhibit an
enhanced affinity for DNA n wvitro and an altered cellular

localisation when substituted for Gly or Val

Given the FSHD2-associated mutation, R1867G, affects both Smchd1’s DNA-binding
in vitro in addition to chromatin localisation in cells, I sought to investigate whether
residue D1749, which is spatially situated adjacent to RI1867, contributes to
DNA-binding (Figure 4.12 a). When substituted for small neutral residues, D1749G
and D1749V appeared to exhibit an enhanced affinity for DNA in the in witro
DNA-binding assay (Figure 4.12 b,d). During the course of my study, two new
FSHD2-related mutations in SMCHD1 were added to the LOVD open-source database
[209]: D1750G and D1750V, corresponding to substitutions of mouse Smchdl D1751.
While D1748 of human SMCHD1 (D1749 in mouse Smchdl) does not show sequence
conservation across SMC hinge proteins, the FSHD2-affected residue in SMCHDI1,
D1750 (D1751 in mouse Smchdl), is conserved across mouse SMCI1A and human
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SMCA4 proteins (Figure 4.4). Variants D1751G and D1751V also exhibit an enhanced
affinity for DNA in wvitro (Figure 4.12 c,d). This is an unexpected finding as
FSHD2-associated mutations in SMCHDI are associated with loss of SMCHDI1

function.
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FIGURE 4.12: Two Smchdl hinge domain residues, D1749 and D1751, exhibit an
enhanced affinity for DNA when substituted for Gly or Val.(a) Cartoon representation
of the Smchdl hinge domain dimer (PDB: 6N64), where monomers are depicted in light purple
and pink. A zoomed-in image is shown on the right, depicting residues D1751, D1749 and R1867
in each monomer. (b-¢) DNA-binding fluorescence polarization (mP) of 12.5 nM 6-FAM labeled
20 bp single-stranded DNA by wild-type (WT), (b) D1749 mutants and (c¢) D1751 mutants of
the Smchd1 hinge dimer at the indicated protein concentration (uM). Data points are plotted for
technical duplicates of two independent experiments fitted to a hyperbolic binding curve, where
error bars represent the standard deviation. (d) Ky and standard deviation values calculated
from the fitted curves are outlined for each protein sample and oligonucleotide tested in uM,

rounded to one significant figure.

These results prompted me to further investigate the effect of mutations D1749G and
D1749V in the context of full-length Smchdl by examining their localisation in cells.
Similar to the previous experiments, I transfected the full-length constructs into
SMCHD1-knockdown 293 cells and immunofluorescence was performed 24 hours later.
As can be seen in Figure 4.13 (d-e), these mutations alter Smchdl’s localisation to
chromatin as a complete absence of nuclear foci is observed. In wvitro experiments

performed in the context of the hinge domain suggested these mutations enhance



Structure and function of Smchdl’s hinge domain 116

Smchdl’s affinity for DNA, therefore absence of nuclear foci formation may suggest
Smchdl mutants D1749G and D1749V undergo non-specific DNA interactions that

may result in the diffuse staining pattern observed.
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FIGURE 4.13: Smchdl hinge domain mutants D1749G and D1749V alter its nuclear
localisation pattern. Immunofluorescence in (a) control, non-silencing shRNA transduced, (b)
shRNA-mediated SMCHD1-knockdown 293 cells and (¢) SMCHD1-knockdown 293 cells 24 hours
post-transfection with the full-length Smchdl containing point mutations (d) D1749G or (e)
D1749V. DAPI staining is depicted in blue, Smchd1 staining is shown in yellow and H3K27me3 is
shown in purple, with merged images shown below as indicated. Maximum intensity projection
images are shown as representative of n>100 nuclei positive for Smchdl overexpression per
sample; data shown are representative of 2 independent experiments. All images were obtained
with identical settings between controls and all transfected cells, to enable comparison between
the images provided in the figure. Scale bars, 20 pm.
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4.4 Discussion

The availability of the first crystal structure of the Smchdl hinge domain enabled
structure-guided mutagenesis studies to better investigate its mechanistic properties.
Of three identified positively charged patches on the hinge domain surface, two were
revealed as key sites of nucleic acid interaction. One of these, termed cluster 3,
encompasses residues surrounding the central channel therefore highlighting the
possibility that DNA may be threaded through the central pore. By introducing
bulkier residues as a means of occluding nucleic acids from passing through the torus
region, I have provided evidence that disproves this hypothesis as mutations in the
hinge torus did not affect DNA-binding in vitro. However, residues R1867 and R1848,
which were revealed as key sites of nucleic acid interaction both in vitro as well as in
cellular localisation studies, are located in close proximity to the central pore region.
Their position is too distal from the hinge domain surface to interact directly with
nucleic acids, suggesting that the hinge domain may undergo a conformational
transition from the closed state observed in the crystal structure, to an open hinge
conformation that may expose this region and allow direct interactions with DNA and
chromatin. A recent study investigating the canonical SMC complex, cohesin, has
proposed a similar mechanism for its hinge domain, where a crystal structure of the
heterodimeric SMC hinge was obtained in an open conformation while bound to

single-stranded DNA [210].

Experimental evidence suggests that the a-helices flanking the Smchdl hinge region
likely play a role in dimer formation. Based on sequence prediction and structural
similarities to other hinge domains, the flanking a-helices of the Smchd1 hinge domain
are predicted to form coiled-coils. Unfortunately, atomic detail of this region was absent
from the electron density of our solved hinge domain crystal structure. Surprisingly, we
found that the introduction of interface mutations did not affect hinge dimer formation,
but resulted in a reduced protein thermostability [162]. To further test the importance
of the flanking a-helices in dimer formation, I introduced dimer-disrupting mutations
in a Smchdl hinge domain expression construct that lacks the surrounding a-helices
and I produced the recombinant protein in E. coli cells. While the wild-type construct
was successfully purified, all dimer-disrupted mutants were poorly expressed and eluted

in the void volume upon SEC analysis. Because the same mutants were previously
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successfully expressed in the context of a construct that comprises of the flanking a-
helices [162], these data suggest a role for the adjacent a-helical regions in augmenting
Smchdl dimer formation. Therefore, interface mutations introduced in the extended

construct are being suppressed by dimerisation of the predicted coiled-coil regions.

Previous SAXS studies on the Smchdl hinge domain suggested a head-to-head
arrangement of the dimer based on the observed polarity of the flanking a-helices [62].
Low-resolution electron microscopy images of full-length Smchdl support this finding,
with globular domains observable at either apex, which likely represent the ATPase
and hinge domains that segregate at the N- and C-terminus, respectively [131].
However, our crystal structure of the Smchdl hinge domain reveals the N- and
C-termini of the two monomers are on the same face. It may therefore be possible that
in response to a stimulus such as DNA interaction, the a-helices surrounding the hinge
domain may re-arrange to adopt either a head-to-tail or head-to-head arrangement. It
additionally remains unclear whether these helices also play a role in chromatin
interactions. Removal of the coiled-coil regions in the presence of an intact hinge
domain within a full-length Smchdl construct and follow-up immunofluorescence

studies may help answer this question.

Here, I have shown via cellular studies that the hinge domain is required for Smchdl’s
localisation to chromatin, and compromising its integrity such as via dimer interface
mutations results in an altered nuclear localisation pattern. These findings therefore
suggest that Smchdl dimer stability may also play an essential role in nucleic acid
binding. While residues from clusters 2 and 3 were implicated in DNA-binding in wvitro,
their introduction into full-length Smchd1 and follow-up cellular studies revealed only
two residues were critical in chromatin localisation in cells: R1867 from cluster 3, and
R1848 within the dimer interface. These results indicate most nucleic acid-binding
residues are dispensable for chromatin localisation in cells, whereas R1848 and R1867
likely contribute to a functional hotspot in the hinge domain that cannot be compensated
for by other adjacent DNA-binding residues. However, the possibility of these two
mutations interfering with hinge domain stability cannot be excluded, particularly as I

have shown that hinge domain integrity is required for Smchdl’s chromatin localisation.

I have additionally identified mutations that enhance Smchd1l’s DNA-binding affinity in
vitro, affecting residues D1749 and D1751. Interestingly, residue D1749 is situated only
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3.7 A apart from the FSHD2-affected residue, R1867, based on the crystal structure
of the Smchdl hinge domain. Given the importance of R1867 in nucleic acid binding,
these results may suggest a potential interaction between D1749 and R1867, where
the negatively charged D1749 may normally act as a brake to nucleic acid binding by
interacting with the positively charged R1867. Therefore, upon substitution of D1749
to either Gly or Val, and the removal of the negative charge, it would allow R1867
to freely interact with the negatively charged DNA, providing a potential explanation
for the enhanced DNA-binding affinity observed for this mutant. This hypothesis may
not apply for residue D1751 as it is located 10.4 A away from R1867 based on the

three-dimensional structure.

An enhanced DNA-binding capability of residues D1749 and D1751 is further translated
into an altered chromatin localisation upon their introduction into human SMCHD1-
knockdown 293 cells via full-length mouse Smchd1l, where the mutants fail to localise
to nuclear foci. A possible explanation for this may be that enhancing Smchd1l’s DNA-
binding affinity can result in non-specific interactions that may visually present as a
diffuse staining pattern within cellular nuclei. Whether an enhanced interaction with
DNA may represent an enhanced epigenetic silencing capability of Smchdl is unknown.
Considering Smchdl variants D1751G and D1751V are FSHD2-related, where it has
been established that the condition arises due a loss of SMCHDI1 function, it indicates
this might not be the case. Instead, an aberrant or prolonged occupancy of Smchdl
on chromatin may prevent it from performing its original function as it likely requires
a specific balance that allows it to engage and disengage with target chromatin sites

accordingly.

Relating these findings to the functional properties of another epigenetic regulator, the
polycomb repressive complex-2 (PRC2), it has been proposed that its non-sequence
specific affinity for nucleic acids acts to retain the complex on chromatin long enough
for it to enzymatically modify histone proteins [211]. We have previously shown that
Smchdl is likewise able to associate with RNA without sequence specificity [55].
Additionally, we have found that Smchdl’s targeting to chromatin is dependent on the
PRC1-mediated ubiquitylation of histone 2A (H2AK119ub) [55]. Therefore, similar to
the targeting of PRC2 to chromatin, the nucleic acid-binding capacity of Smchdl’s
hinge domain may be necessary to stabilise its chromatin-bound state to enable

efficient silencing. An enhanced nucleic acid-binding capacity of Smchdl, as observed
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for variants of residues D1749 and D1751, would thereby prolong its residence time on
chromatin. Although the specific consequences of this behaviour remain unknown,
these findings highlight the possibility that either a gain or loss in DNA-binding
affinity may lead to a loss of overall function of Smchdl, and the associated FSHD

condition in humans.



Chapter 5

Structure and function of

SMCHD1’s ATPase domain

5.1 Abstract

SMCHD1’s ATPase domain has been of recent interest due to the identification of
disease-related variants that are frequently located within this region of the protein.
However, the mechanisms by which some of these pathogenic variants affect SMCHD1
function are poorly understood. To provide more in-depth information about
SMCHD1’s ATPase dimerisation properties, I used analytical ultracentrifugation
studies to demonstrate that the wild-type SMCHD1 ATPase region undergoes
dimerisation in the presence of both the UBL domain and ATPase substrate. In witro
ATPase assays revealed that the presence of either the N-terminal UBL domain, or a
C-terminal extension of the SMCHD1 ATPase region, do not alter the protein’s
catalytic activity. Using cellular studies, I revealed that Smchdl mutations that alter
the catalytic activity of the SMCHD1 ATPase region protein in vitro also exhibit an
altered cellular localisation upon their introduction in cells, in the context of
full-length Smchdl. Via the same cellular assay, I additionally demonstrated that the
UBL domain is necessary for the localisation of full-length Smchdl to chromatin.
Together, these studies suggest that either a perturbed dimerisation or catalytic

activity of the ATPase region are required for Smchd1’s interaction with chromatin.
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5.2 Introduction

Until recently, little was known about the N-terminally located GHKL ATPase domain
of SMCHD1. Previous in vitro assays demonstrated that the ATPase region was
catalytically active and was present as a monomer in solution, with further SAXS
analyses revealing its low-resolution structure which was suggested to resemble the
full-length molecular chaperone protein, Hsp90 [61]. However, the high-resolution
structure and biological function of this domain in relation to the overall molecular
function of SMCHD1 remained unknown. To provide a better understanding of the
structure-function properties of SMCHD1’s ATPase region that may underpin the
protein’s mechanistic level, I sought to determine its three-dimensional structure via

protein crystallisation and electron microscopy methods.

5.2.1 FSHD- and BAMS-associated SMCHD1 mutations do not map

to specific regions of the ATPase region

Variants in the human SMCHDI gene have been associated with two debilitating
conditions: FSHD and BAMS. FSHD-related variants in SMCHD1 span the full-length
of the gene, while BAMS-associated variants are tightly clustered within the extended
ATPase region of SMCHD1 (Appendix B). The confined localisation of
BAMS-associated SMCHD1 variants initially suggested that an altered ATPase
activity may underlie the disease pathogenesis. We recently showed that BAMS-related
variants resulted in altered catalytic rates of the SMCHD1 ATPase region, where

several of the variants we investigated exhibited a gain in ATPase activity [146].

The recent publication of a human SMCHD1 ATPase crystal structure provided the
ability to spatially map pathogenic variants [133]. As depicted in Figure 5.1, disease
variants do not appear to localise to specific regions of the SMCHD1 ATPase. However,
there is a BAMS-associated cluster within a loop region that is situated at the dimer
interface, suggesting these may potentially interfere with dimerisation (Figure 5.1 a).
This hypothesis was briefly explored via native PAGE and cross-linking experiments,
which suggested that dimerisation was instead reduced in FSHD-associated variants,
but unaffected in BAMS-associated variants [133]. Nonetheless, these findings require

further investigation and should extend to more rigorous, biophysical methods that
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are able to reveal more specific information about SMCHD1’s ATPase self-association

properties.

How disease-associated mutations in SMCHDI may influence other functions of the
protein, such as specific chromatin or protein interactions, remains to be explored. We
previously observed a diminished ATPase activity across FSHD-associated SMCHD1
variants, however mutations found in these patients span the full-length of the SMCHD1
gene and are not limited to the ATPase region, in contrast to BAMS-associated variants.
Hence, while defects in ATPase activity or dimerisation properties of the SMCHD1
ATPase region may account for a loss of function in SMCHD1 in some FSHD cases,
there are likely other contributing factors. For example, we previously demonstrated that
an FSHD-related variant located within SMCHD1’s C-terminal hinge domain, R1867G,
reduced its affinity for DNA [58]. In Chapter 4, I furthermore revealed that two separate
FSHD-related mutations that also localise to the SMCHD1 hinge domain resulted in an
enhanced DNA-binding affinity in wvitro. It is therefore evident that many aspects of

SMCHD1 function are associated with human disease if compromised.

(@)

Ficgure 5.1: BAMS- and FSHD-associated missense variants within SMCHD1’s
ATPase region. Cartoon representation of the human SMCHD1 ATPase monomer (25-580
aa) (PDB:6MWT7), highlighting (a) BAMS-associated variants in orange, with a box surrounding
the location of hotspot residues, and (b) FSHD-associated variants in magenta. (a-b) Residues
shown as yellow spheres have been associated with both diseases.
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5.2.2 A ubiquitin-like (UBL) domain is present at the N-terminus of
the extended SMCHD1 ATPase region

During the course of my studies, the first three-dimensional structure of a human
SMCHD1 ATPase region was reported [133]. This structure was of a catalytically
inactive point mutant of SMCHD1, E147A, which is unable to hydrolyse ATP. This
study additionally identified an N-terminal ubiquitin-like (UBL) domain within
SMCHD1’s extended ATPase region, which was proposed to be required for

dimerisation [133].

Proteins that contain UBL domains have been largely recognised for their role in
recruitment of ubiquitinated substrates to the proteasome for degradation, however
not in all cases. In the E3 ligase protein, Parkin, the UBL domain inhibits its
auto-ubiquitination by competing with ubiquitin for binding to Parkin [212]. In the
chromatin-modifying complex polycomb repressive complex 1 (PRC1), the UBL
domain of its core component protein, BMI1 (PCGF4), undergoes
homo-oligomerisation and thereby contributes to histone H2A Lys119 ubiquitination
(H2AK119ub) [213]. Hence, UBL domains can hold various functions that are largely

linked with mediating a broad range of protein interactions.

As their name suggests, UBL domains share a high structural homology to ubiquitin,
which is best known for its role in mediating protein degradation upon its covalent
addition onto target proteins [214]. The sequence conservation between SMCHD1’s UBL
domain and human ubiquitin or the UBL domain of Parkin are both relatively poor, with
a sequence identity of only approximately 16% observed for both comparisons (Figure
5.2 a). However, the UBL region of SMCHD1 and ubiquitin share a similar spatial
arrangement, with a Root Mean Square Deviation (RMSD) value of 5.325 A (Figure 5.2
b,c). As distinguished from the structure of the SMCHD1 ATPase, the newly-identified
UBL domain undergoes a domain-swapping event, where the UBL domain from one
SMCHD1 monomer crosses over to the monomer on the opposing side (Figure 5.2 b).
Yet, apart from contributing to SMCHD1 ATPase dimerisation, the functional role of
the UBL domain in terms of SMCHD1’s overall mechanism of function and recruitment

to specific chromatin sites remains unclear.
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UBL domains may possess Lys residues, which in the case of ubiquitin, function as
poly-ubiquitination sites and are conserved across orthologues. While human ubiquitin
contains seven Lys residues, SMCHD1’s UBL domain has only four (Figure 5.2 d).
Their position within the SMCHD1 UBL domain also differs compared to human
ubiquitin, where only Lys80 (Lys48 in ubiquitin) appears to localise to a similar region
in three-dimensional space (Figure 5.2 d). Whether these Lys residues are of functional
importance in SMCHD1 remains unknown, however, experimental evidence obtained
to date has not yet identified a role for ubiquitination or proteasomal degradation for
SMCHD1. Yet, notably, several disease-related mutations in SMCHD1 localise to the

UBL domain, highlighting an overall functional importance (Figure 5.1 a,b).
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FIGURE 5.2: A ubiquitin-like (UBL) domain is present at the N-terminus of the
extended SMCHD1 ATPase region. (a) Multiple sequence alignment comparing the Homo
sapiens SMCHD1 UBL domain (25-110 aa) with the Homo sapiens Parkin UBL domain (1-76 aa)
and Homo sapiens Ubiquitin, where conserved residues are boxed in red. Sequence alignment
was obtained using MultAlin [174] and the image was generated using ESPript3.0 [175]. (b)
Superimposition of the human SMCHD1 ATPase (25-580 aa; PDB: 6MWT7) crystal structure
with human ubiquitin (PDB:1UBQ), where two SMCHD1 monomers are depicted, in grey and
slate, and ubiquitin is shown in cyan. Magnesium (Mg?") is shown as an orange sphere, and
ATP is depicted in stick-mode. (c) Superimposition of SMCHD1’s UBL domain (slate) and
ubiquitin (cyan), with (d) lysine residues depicted for each, in orange and yellow, respectively.
Images were obtained via PyMOL.
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5.3 Results

5.3.1 Co-purification of the SMCHD1 ATPase (111-702 aa) with a
fragment antigen-binding (Fab)

Previous crystallisation trials of the SMCHD1 ATPase region (111-702 aa) by other
members of our group were unsuccessful, likely due to conformationally flexible regions
in the protein. As part of pursuing new experimental approaches to aid protein
crystallisation, I generated fragment antigen-binding (Fab) fragments from antibodies
raised against the ATPase region of Smchdl (clone 1D6, WEHI antibody facility),
using a Pierce Fab preparation kit (Thermo Fisher). As outlined in Figure 5.3 (a), Fab
fragments can be obtained from immunoglobulin G (IgG) antibodies following a
digestion step with the cysteine protease, papain, resulting in one Fc portion and two
Fab fragments from one antibody. Non-reducing SDS-PAGE analysis identified an
obtained Fab population representative of ~45 kDa, further evident at a molecular
weight of ~25 kDa under reducing conditions due to the removal of the inter-chain
disulfide bond (Figure 5.3 b). Upon Papain-mediated digestion, the Fc region can be
visualised as a ~28-30 kDa species under both reducing and non-reducing conditions
(Figure 5.3 b). A subsequent purification step using a Protein A column to bind and
remove the IgG Fc portion was performed. However, as observed in Figure 5.3 (b), the
Fc region remains highly abundant in the eluted samples following this step, failing to

interact with the Protein A resin.

As my aim was to obtain a SMCHD1 ATPase-Fab protein complex, I first purified the
SMCHD1 ATPase protein (111-702 aa) which was expressed in Sf21 insect cells, as
previously described [61, 146]. T incubated the purified SMCHD1 ATPase with the Fab-
containing sample obtained above, and performed co-purification of the protein complex
via size exclusion chromatography (SEC) to remove the unbound Fc portion (Figure 5.3
c (i)). As highlighted in Figure 5.3 (c) (i-ii), the SMCHD1 ATPase region co-elutes with
the Fab fragment in fractions 32-37 following SEC, whereas the Fc portion is present
in later fractions, depicted by the shoulder peak in the chromatography profile (Figure
5.3 ¢ (i)), and via SDS-PAGE analysis in fractions 39-41 (Figure 5.3 c (ii)). Fractions
of interest (32-37) were pooled and concentrated, and subjected to either crystallisation

trials or electron microscopy.
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FIGURE 5.3: Co-purification of the SMCHD1 ATPase (111-702 aa) with a fragment
antigen-binding (Fab). (a) A schematic representation depicting the Papain-mediated
digestion step of IgG antibodies to obtain Fab fragments, where digestion of one antibody
yields one Fc portion and two Fab fragments. The Fc portion specifically interacts with
Protein A, which is used to obtain a purified Fab population. (b) Fractions collected from
the Fab purification step were analysed by Stain-Free SDS-PAGE, either under non-reducing
or reducing conditions. (c) (i) A SEC profile of SMCHD1 (111-702 aa) alone compared with
the co-purification of SMCHD1 (111-702 aa) in complex with a Fab, with (ii) selected fractions
analysed by reducing Stain-Free SDS-PAGE, with black arrows distinguishing the representative
band for the Fc portion and the Fab. (b, c(ii)) Molecular weight marker position is shown on
the left, in kilodaltons (kDa).

I set up crystal trays with either the SMCHD1 ATPase protein (111-702 aa) alone,
in combination with an equimolar concentration of the SMCHD1 inhibitor, Radicicol,
or, in complex with the Fab fragment obtained above. Crystallisation trials were set
up using the Shotgun, Proplex, C3-1, C3-2, C3-3, C3-4 and C3-5 defined screens at
the Collaborative Crystallisation Centre (C3), Melbourne. These were prepared using a
robotic sitting drop method in 96-well plates, at 22°C and at a protein concentration of 5
mg/ml. From all 96-well plates, only one condition produced protein crystals for all three
protein samples, consisting of 1 M diammonium hydrogen phosphate, 0.1 M imidazole
and 0.2 M sodium chloride (Figure 5.4). As an initial method of confirming whether the
observed crystals were formed from protein and not salt, imaging under UV light was
performed to detect the presence of tryptophan residues, which fluoresce when excited
by UV light. As observed in Figure 5.4, the obtained crystals were not illuminated by
UV light. The presence of salt crystals was further confirmed by diffraction data which
was collected by Dr Richard Birkinshaw at the MX2 beamline, Australian Synchrotron.
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(a) SMCHD1 111-702 aa apo (b) SMCHD1 111-702 aa + Radicicol (c) SMCHD1 111-702 aa + Fab

FIGURE 5.4: Crystallisation trials of the SMCHD1 ATPase region (111-702 aa).
Images obtained upon crystallisation trials of (a) the SMCHD1 ATPase region (111-702 aa)
protein alone, (b) with an equimolar amount of Radicicol or (¢) in complex with a Fab fragment.
(a-c) All crystals were obtained using 1 M diammonium hydrogen phosphate, 0.1 M imidazole
and 0.2 M sodium chloride. The same images are shown below, but were taken under UV light.
Images were acquired at the CSIRO Collaborative Crystallisation Centre (C3) facility.

I additionally subjected the purified SMCHD1 ATPase-Fab protein complex to
electron microscopy analysis, using negative stain as a sample preparation method.
The SMCHD1 ATPase region is a ~65 kDa protein, representing a low molecular
weight protein for negative stain electron microscopy studies, which is a technique that
is commonly used for proteins larger than 100 kDa. This is mainly due to the absolute
resolution being limited to ~2 nm by the grain size of the negative stain [215]. The
addition of a 45-50 kDa Fab fragment would therefore enhance the overall molecular
weight of the protein complex, while furthermore providing a defined feature for image
alignment. Previous small-angle X-ray scattering (SAXS) analyses of the SMCHD1
ATPase region (111-702 aa) revealed a particle diameter of 105 A, corresponding to
10.5 nm (Figure 5.5 a) [61, 146]. Combined with a Fab fragment of ~45-50 kDa, a
slightly larger protein complex would be expected to be visualised. The resulting
negative stain images of the SMCHD1 ATPase-Fab protein complex revealed a
homogeneous protein population, highlighting the presence of boomerang-shaped
particles of approximately 15-20 nm in length (Figure 5.5 b), corresponding to a

predicted molecular size as indicated by previous SAXS analyses.
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(b)

FIGURE 5.5: Negative stain electron microscopy images of a SMCHD1 ATPase-Fab
fragment protein complex. (a) Bead model of the SMCHD1 ATPase region (111-702 aa)
obtained via SAXS analyses. (b) Representative negative stain images of a SMCHD1 ATPase-
Fab fragment complex, with a zoomed-in image of one particle shown on the right. Images were
obtained via a FEI Talos L120C transmission electron microscope at x150,000 magnification.
Samples were prepared using a 1% (v/v) uranyl acetate solution.

5.3.2 Reductive lysine methylation as a protein crystallisation strategy

Reductive surface lysine methylation of protein samples has been used previously to
improve the likelihood of protein crystallisation [172, 216]. Surface residues, such as
lysines, have long side chains and therefore a high conformational entropy that may
prevent the formation of a highly ordered crystal lattice. Reductive methylation can be
achieved chemically, where the primary amine groups of lysine residues are modified to
tertiary amines [172]. Upon performing the methylation step as outlined by Walter et
al. [172], the reaction led to a population of precipitated SMCHD1 ATPase protein,
which was removed by centrifugation. The soluble SMCHD1 protein was then
subjected to size exclusion chromatography (Figure 5.6 a). This step led to the
isolation of lysine-methylated SMCHD1 ATPase protein that was free from aggregates,
eluting as a single peak that is comparable to the elution profile of unmodified
SMCHDL1 protein (Figure 5.6 a). However, upon crystallisation trials using the defined
conditions in the Shotgun, Proplex, C3-5 and C3-6 screens (CSIRO Collaborative

Crystallisation Centre (C3), Melbourne), no crystals were obtained.
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FIGURE 5.6: Reductive lysine methylation of the SMCHD1 ATPase region (111-702
aa) prior to crystallisation trials. (a) A size exclusion chromatography profile of wild-type
SMCHD1 111-702 aa (black line) and SMCHD1 111-702 aa following a lysine methylation step
(green line), showing (b) selected lysine methylated SMCHD1 fractions analysed by reducing
Stain-Free SDS-PAGE. (b) Molecular weight marker position is shown on the left, in kilodaltons
(kDa).

5.3.3 Limited proteolysis of the SMCHD1 ATPase region

Following many unsuccessful crystallisation trials of the SMCHD1 ATPase region, it
seemed likely the 111-702 aa construct was not well suited for crystallisation, possibly
due to the presence of unstructured or highly dynamic regions. Limited proteolysis
involves the incubation of a purified protein sample with a limited amount of protease
that is able to undergo sequence-specific cleavage of the peptide. This method can be
used to examine the conformational features of a protein, under the assumption that
resistance to proteolytic cleavage denotes a well-folded, sterically unavailable region
to the protease. Conversely, sites of limited proteolysis often occur within areas of
protein flexibility, such as loops or poorly-folded regions, hence this method may be used
to identify sites of conformational flexibility in a protein. Consequently, by removing
regions that contribute to protein conformational heterogeneity, a protein sample that

is more amenable to structural elucidation by X-ray crystallography may be obtained.
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I performed limited proteolysis on the purified SMCHD1 ATPase region (111-702 aa)
using the serine proteases: trypsin and chymotrypsin. Trypsin cleaves peptides at
arginine and lysine residues, while chymotrypsin has a preference for larger
hydrophobic residues, such as tryptophan, tyrosine, phenylalanine, and methionine.
Following proteolytic cleavage by either trypsin or chymotrypsin, a protein fragment of
a molecular weight of ~50 kDa was identified by SDS-PAGE (Figure 5.7). I excised
this protein band and subjected it to N-terminal sequencing (Australian Proteome
Analysis Facility, Macquarie University) to identify the site of proteolysis. The
N-terminal 6-amino acid sequence was identified as SLNSDI, encompassing residues
227-231 of SMCHD1, denoting a solvent-exposed and poorly structured region within
SMCHD1’s ATPase.
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FIGURE 5.7: Limited proteolysis of the SMCHD1 ATPase region (111-702 aa) with
trypsin and chymotrypsin. Reducing Stain-Free SDS-PAGE analysis depicting detected
protein fragments following proteolytic digestion of the SMCHD1 ATPase protein (111-702 aa).
Concentrations of trypsin and chymotrypsin used are indicated above each sample as a dilution
factor from a starting concentration of 1 ug/ul, where an untreated SMCHD1 protein sample
(UT) was used as a comparison. The fragment chosen for N-terminal sequencing and the 6-amino
acid sequence subsequently identified is depicted by a black arrow, present as the second band
following either trypsin or chymotrypsin-mediated proteolysis. Molecular weight marker position
is shown on the left, in kilodaltons (kDa).
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5.3.4 Hydrogen Deuterium Exchange (HDX) and mass spectrometry
(MS) of the SMCHD1 ATPase (111-702 aa) reveals flexible

regions in the protein

To further confirm the results obtained above via limited proteolysis and to identify
the exact boundaries of regions within the SMCHD1 ATPase that display large
conformational dynamics, I performed hydrogen deuterium exchange (HDX) coupled
with mass spectrometry (MS) analyses with Dr Jarrod Sandow (Walter and Eliza Hall
Institute). HDX-MS is a powerful tool often used to identify dynamic regions within a
protein [217]. HDX relies on the exchange of hydrogen atoms with deuterium, which is
incorporated into the surrounding solvent, where the most accessible regions within a
protein become more rapidly deuterated. As the deuterium that becomes incorporated
into side chain groups is rapidly back-exchanged, this method is sensitive to the
backbone amide exchange. A global uptake of deuterium can be monitored by
quenching of the HDX reaction and subsequent proteolytic digestion at various time
points, giving rise to peptides that can be subjected to MS analysis [217]. In addition,
by revealing the most and least solvent-exposed regions of the protein, this technique
also provides a global indication of protein fold, thereby facilitating structural

interpretation.

For the HDX-MS analysis of SMCHD1’s ATPase, 1 used four different deuterium
labeling times, of 30, 60, 600 and 3600 seconds, to ensure sufficient time was provided
to allow deuterium uptake of the majority of amides in the protein, while also allowing
the capture of fast exchange events with the use of shorter time ranges. A 97.46%
sequence coverage was achieved, with obtained results highlighted in Figure 5.8 (a).
Regions that were most protected from solvent deuterium uptake can be observed
across several locations within the protein, such as where the percentage of deuteration
was below 10% after a 30-second pulse, correlating with an involvement in protein
secondary and tertiary structure. However, proteins are highly dynamic in nature,
exhibiting local and global conformational fluctuations, where even stable secondary
structural elements undergo transient breakage and re-formation of hydrogen bonds.
Such events are often represented by time-dependent increases in deuteration levels,

and are typically indicative of secondary structural elements. As depicted in Figure 5.8
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(a), these trends were detected at localised regions throughout the SMCHD1 ATPase

protein.

The highest levels of deuterium incorporation, following only 30 seconds of labeling,
occurred across residues ~200-230 aa, 270-300 aa and 670-690 aa (Figure 5.8 a,c).
Importantly, these regions exhibited a similarly elevated percentage of deuteration
across all time-points and are therefore indicative of solvent-exposed structures within
the protein, which do not partake in hydrogen bonding. Interestingly, the
rapidly-deuterated region encompassing residues 200-229 (Figure 5.8 b) incorporates
the previously identified proteolytic site following both trypsin- and
chymotrypsin-mediated limited proteolysis of the protein (Figure 5.7). I was therefore
interested in further exploring this potential loop region and examining whether its

removal may impact the protein folding or activity of SMCHD1’s ATPase region.
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FIGURE 5.8: Hydrogen Deuterium Exchange (HDX) mass spectrometry of the
SMCHD1 ATPase (111-702 aa) reveals flexible regions in the protein. (a) Full
experimental results with (b) a zoomed-in version (150-250 aa) highlighting a region of interest
(200-229 aa) in grey. (a-b) The x-axis represents the residue number of the SMCHD1 (111-702
aa) protein and the y-axis depicts residue deuteration as an absolute percentage. HDX labelling
was carried out over four time points of 30, 60, 600 and 3600 seconds, as indicated by the legend
on the right. (c) A cartoon representation highlighting regions of deuterium exchange within
the SMCHD1 ATPase (25-580, PDB: 6MW?7) following 30 seconds of labeling. A colour legend
is shown on the right, depicting regions that were less than 25% (dark blue), between 25-50%
(slate) or above 50% (red) deuterated following the 30 second labeling time.
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5.3.5 Removal of a loop region from the SMCHD1 ATPase (111-702

aa) diminishes the protein’s catalytic activity

As shown above, both limited proteolysis and subsequent HDX-MS analysis of the
SMCHD1 ATPase region (111-702 aa) revealed a flexible region in the protein that
corresponds to an “ATP-lid” structure across members of the GHKL family of proteins
[99]. While varying conformations and sequence lengths are present among the
ATP-lid structures across members of the GHKL family, all hold a conserved role in
ATPase activity regulation [99]. T was therefore interested in investigating whether the
identified dynamic region in the SMCHD1 ATPase may represent the conserved
ATP-lid structure and may therefore also hold a role in regulating the protein’s
catalytic activity. To do so, I used overlapping PCR to remove the sequence encoding
the residues 200-229 from the SMCHD1 111-702 aa construct. These residues
encompass the majority of the identified flexible region, leaving only a few extra amino
acids to minimise any potential perturbation to the surrounding secondary structural
regions that may be induced by the loop deletion. The protein was successfully
expressed in Sf21 insect cells and purified via a TEV protease-cleavable N-terminal
Hisg tag. Subsequent size exclusion chromatography revealed a predominant peak,
highlighted by fractions ~37-41 and further confirmed as representative of a ~60 kDa
protein by SDS-PAGE analysis (Figure 5.9 a-b). These fractions were pooled and

concentrated.
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FIGURE 5.9: Size exclusion chromatography (SEC) of a loop-deleted SMCHD1
ATPase. (a) SEC profile of a wild-type 111-702 aa SMCHD1 ATPase (black) compared to
a loop-deleted version, lacking residues 200-229 (teal). (b) Reducing Stain-Free SDS-PAGE
analyses of the input (Inp) sample and selected fractions following SEC of the loop-deleted
SMCHD1 ATPase region. Molecular weight (MW) indicators are shown on the left in kilodaltons
(kDa).
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Upon the release of the three-dimensional structure of a human SMCHD1 ATPase
(25-580 aa), which was not available at the time these experiments were performed, I
was able to map the position of the flexible loop region. As depicted in Figure 5.10 (a),
the identified loop region corresponds to the ATP-lid structure identified among
GHKL proteins. The structure is positioned over the ATP-binding site within the
GHKL ATPase pocket, and consists of a short a-helical unit. The structural
representation of ATP-lid residues 200-229 highlights the small remainder of the loop
that is left, allowing contact to the adjacent a-helix without perturbing the local
protein fold (Figure 5.10 a). Upon in vitro ATPase analyses, an evident reduction in
the catalytic rate of the loop-deleted SMCHD1 ATPase was observed compared to the
wild-type protein (Figure 5.10 b-c). While wild-type SMCHD1 exhibited a catalytic
rate of ~0.03 puM ADP/min/uM protein, the loop-deleted protein displayed
approximately a three-fold reduction in ATPase activity, with a catalytic rate of ~0.01
uM ADP/min/uM protein. These results are therefore consistent with a regulatory
role of the ATP-lid in SMCHD1’s catalytic activity, as established for other GHKL
proteins [115, 218].



Structure and function of SMCHD1’s ATPase domain 137

(a) Wild-type SMCHD1 (111-702 aa) (b) Wild-type SMCHD1 (111-702 aa)
— 1.5+
111 aa 2
c
2 1.0 y
°
£
2 g
< b | 8 0.5 ¥
5
< popte—— 4
0 5 10
ATP concentration (uM)
(c) SMCHD!1 loop deletion (A200-229 aa)
g 1.5+
= -~ 0.1 uM
580 aa 5 = 02puM
= 1.0 —— 0.4 uM
£ -+ 0.6 uM
3
§ 0.5
702 aalL o
2 rY B
< o=ttt

o
o
-
o

ATP concentration (uM)

FIGURE 5.10: Removal of a loop region from the SMCHD1 ATPase (111-702 aa)
diminishes the protein’s catalytic activity. (a-b) Showing the three-dimensional structure
of the SMCHD1’s ATPase (25-580 aa; PDB: 6MW?7) as part of the 111-702 aa SMCHD1 construct
used in this experiment. (a) Highlighting the loop region of interest that resides over the active
site on SMCHD1, where the deleted residues 200-229 are shown in red. ATP is shown in
stick form and Mg?* is depicted as a green sphere. ATPase assay results of (b) wild-type
SMCHD1 compared to (c) SMCHD1 with the loop deletion. (b-c) The x-axis denotes the ATP
concentrations used: 1.25, 2.5, 5.0 and 10 gM and the y-axis indicates ADP produced (uM).
Protein concentrations tested are displayed in the different shades of blue as indicated in the
legend on the right. Each measurement was performed in triplicates, where error bars represent
+ standard deviation (SD) of the mean, and are representative of two independent experiments.
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5.3.6 Presence of the ubiquitin-like (UBL) domain or a C-terminal
extension do not alter the catalytic activity of the SMICHD1
ATPase region

While trialing various protein crystallisation strategies of the SMCHD1 ATPase 111-702
aa construct, the first three-dimensional structure of a human SMCHD1 ATPase (25-580
aa) emerged [133]. Upon identifying various discrepancies in the experimental procedures
presented in the study, I aimed to reproduce and expand on selected findings. 1 was
foremost interested in investigating whether the wild-type SMCHD1 ATPase underwent
dimerisation in the presence of the newly-identified UBL domain (25-110 aa), or whether
the observed dimerisation of the E147A variant presented in the study was potentially

induced by the point mutation or was the result of a crystallisation artefact.

I initially expressed and purified two of the SMCHD1 ATPase constructs presented in
the published study, comprising of residues 25-580 and 111-580. In order to pursue
their experimental procedures, I originally used bacterial cells as an expression system,
however, a poor protein yield was obtained (result not shown). I therefore expressed
the constructs in Sf21 cells instead, a system that I previously used to successfully
express the 111-702 aa SMCHD1 construct. Subsequent purification steps included
IMAC followed by SEC, for which resulting profiles are displayed in Figure 5.11 (a). Both
new constructs eluted at a position most consistent with a monomer form, comparable

to the profiles obtained in the published study [133].
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FIGURE 5.11: Size exclusion chromatography (SEC) of new SMCHD1 ATPase
constructs. (a) Comparing the SEC elution profiles of SMCHD1 constructs 111-702 aa (black),
25-580 aa (pink) and 111-580 aa (teal), with molecular weight standard values indicated above in
kilodaltons. (b-c¢) Reducing Stain-Free SDS-PAGE analysis of selected fractions following SEC
of the (b) 111-580 aa and (c) 25-580 aa constructs. Molecular weight marker position is shown
on the left, in kilodaltons (kDa).
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Following the successful expression and purification of the two new SMCHD1 ATPase
constructs, I sought to determine their in vitro catalytic rates. Comparing 25-580 aa
and 111-580 aa SMCHD1 would therefore elucidate whether the newly-identified UBL
domain (25-110 aa) alters SMCHD1’s ATPase activity, whereas the 111-702 aa
construct I previously investigated excludes the UBL region but extends past the
transducer domain (Figure 5.12 a). As shown in Figure 5.12 (b-d), all three tested
proteins exhibited comparable catalytic rates. At low protein concentrations (0.1 and
0.2 uM), SMCHDI1 constructs 25-580 aa and 111-580 aa exerted a ~three-fold higher
ATP turnover than the 111-702 aa SMCHD1 counterpart, however similar trends were
observed at higher protein concentrations (0.4 and 0.6 M) across all three constructs

(Figure 5.12 b-d).
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FI1GURE 5.12: Comparing the catalytic rates of various SMCHD1 ATPase constructs.
(a) A schematic representation depicting the gene architecture of full-length Smchdl, with
domain boundaries of the ATPase region indicated below (in amino acid residues). (b-d) The
x-axis denotes the ATP concentrations used: 1.25, 2.5, 5.0 and 10 M and the y-axis indicates
ADP produced (uM). Protein concentrations tested are displayed in the different shades of blue
as indicated in the legend on the right. Each measurement was performed in triplicates, where
error bars represent + standard deviation (SD) of the mean. (e) Reducing Stain-Free SDS-PAGE
analysis of prepared Smchd1 protein dilutions used in the corresponding assays. Molecular weight
marker position is shown on the left, in kilodaltons (kDa).
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I additionally aimed to express and purify a new construct that encompasses residues
25-702 of SMCHD1, thereby providing the most extended version of a SMCHD1 ATPase
region that contains both the N-terminal UBL domain (25-110 aa) and the C-terminal
extension following the transducer domain (580-702 aa). As depicted in Figure 5.13,
this construct was well expressed and eluted as a single peak following SEC analysis,

corresponding to a monomeric species that is analogous to the elution profile of the

111-702 aa SMCHD]1.

(a) (b)
0.15- MW IMAC SEC
— 111-702 aa SMCHD1
kD
— 25702 23 SMCHD1 (kba) E1E2E3 33 34 35 36 37 38 39 40 41
= 250 g
S 010- 150
g 100
£ i UUU CeWUWW W
8
E 0.05- 50
S 37
N
<
25
0.00 T T 1 T fome—aesy

Fraction

FIGURE 5.13: Size exclusion chromatography (SEC) of the 25-702 aa SMCHD1
ATPase construct. (a) Comparing the SEC elution profiles of SMCHD1 constructs 111-702
aa (black) and 25-702 aa (purple). (b) Reducing Stain-Free SDS-PAGE analysis of elutions
fractions (E1-E3) following the first IMAC purification step, followed by selected fractions
obtained following SEC of the 25-702 aa construct. Molecular weight marker position is shown
on the left, in kilodaltons (kDa).

The next step was to analyse the catalytic activity of the 25-702 aa SMCHD1
construct compared to the 111-702 aa construct that lacks the UBL domain. I
additionally performed this experiment in the presence and absence of the SMCHD1
inhibitor, Radicicol [61, 131]. As highlighted in Figure 5.14, the two SMCHD1 ATPase
constructs exhibit a comparable catalytic rate, of an estimated 0.03 uM ADP /min/uM
protein, consistent with the previously examined wild-type SMCHD1 ATPase
constructs (Figure 5.12).  As expected, both constructs displayed a diminished
catalytic rate in the presence of 10 uM Radicicol. While the ATPase activity of the
UBL-containing 25-702 aa SMCHD1 was completely abolished (Figure 5.14 b), the
111-702 aa construct displayed very low levels of catalytic activity in the presence of
Radicicol. However, the compound’s efficacy was previously demonstrated for this
construct and shown to fully abrogate its ATPase function [61, 131]. The low activity

levels observed are therefore thought to arise from contaminating proteins. Together,
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these results therefore demonstrate that the presence of both the N-terminal UBL
domain and the C-terminal extension do not alter the catalytic activity of SMCHD1’s

ATPase, additionally displaying an equal inhibition by Radicicol.

SMCHD1 25-702 aa + Radicicol

SMCHD1 25-702 aa apo
(a) (b)
1.09 1.0-
gi os = 0.1 uM
= V.09 = -
- =4 0.8 = 02uM
"E 0.6 % 0.6 A 04 HM
£ i
< = v 06uM
2 0.4+ § 0.4
3 8
% 0.2 [ ] % 0.24
* 0o < i
B L e S e S S | 0.0y
0 5 10 0 5 10
ATP concentration (uM) ATP concentration (uM)
() SMCHD1 111-702 aa apo (d) SMCHD1 111-702 aa + Radicicol
1.09 1.0
= < 0.1 uM
= 0.8+ = 0.81 = 02uM
s 5
;§ 0.6+ Y E 0.6 A 04uM
g. g v 0.6uM
S 0.4 S 0.4
8 8
o 0.2 Q. 0.2
[a)
2 N P e —
0.04~—/ 77—+ 0.0~ —+—FFT—+—+— 7
0 5 10 0 5 10
ATP concentration (uM) ATP concentration (uM)
(e)
MW 25-702 aa 111-702 aa
(kDa) 0.10.2 040.6 0.10.20.40.6 uM protein
250
150
100
75| b
—_— — il _J_‘
50 | s —
37|~
25 |w— |

FIGURE 5.14: The presence of the ubiquitin-like (UBL) domain does not alter the
catalytic activity of the SMICHD1 ATPase region. Comparing the in vitro catalytic rates
of SMCHD1 ATPase constructs (a) 25-702 aa and (c¢) 111-702 aa, (b,d) in the presence of 10 pM
Radicicol, respectively. (a-d) The x-axis denotes the ATP concentrations used: 1.25, 2.5, 5.0 and
10 pM and the y-axis indicates ADP produced (uM). Protein concentrations tested are displayed
in the different shades of blue as indicated in the legend on the right. Each measurement was
performed in triplicates, where error bars represent + standard deviation (SD) of the mean, and
are representative of two independent experiments. (e) Reducing Stain-Free SDS-PAGE analysis
of prepared Smchdl protein dilutions used in the corresponding assays. Molecular weight marker
position is shown on the left, in kilodaltons (kDa).
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5.3.7 Analytical ultracentrifugation (AUC) studies reveal dimerisation

of the wild-type SMCHD1 ATPase

Despite providing valuable insights into the molecular structure of SMCHDI, the
recently published structure of the human SMCHD1 ATPase represents the
catalytically inactive point mutant of the ATPase, for which preferential dimerisation
was observed over the wild-type counterpart [133]. These results therefore prompted
an interest in establishing whether the wild-type SMCHD1 ATPase adopts a similar
dimeric conformation to the E147A mutant, alongside determining the domain’s
dimerisation  parameters via  biophysical experiments such as analytical

ultracentrifugation (AUC).

AUC is a commonly used method for determining the self-association properties of
proteins by monitoring their sedimentation velocities in a centrifugal field [219]. As I
was interested in investigating the dimerisation properties of the wild-type SMCHD1
ATPase region, I performed sedimentation velocity analyses for two wild-type
SMCHD1 ATPase constructs, 111-702 aa and 25-702 aa, to validate the reported
involvement of the UBL domain in SMCHD1’s dimerisation [133]. I additionally
examined the requirement of AMPPNP, a non-hydrolysable form of ATP, and Mg?*,
which is a co-factor for the ATP hydrolysis reaction, for the dimerisation of the two
constructs. As outlined in Figure 5.15 (a-b), the 111-702 aa SMCHD1 ATPase region
that lacks the UBL domain is present as a monomeric species both in the absence and
presence of 1 mM AMPPNP/Mg?*, with sedimentation coefficient (S) values of 4.09
and 4.10, respectively, and a predicted molecular weight of ~65 kDa which is
consistent with the calculated value of 68 kDa for this construct (Table 5.1). The
UBL-containing SMCHD1 ATPase encompassing residues 25-702 was also identified as
a monomeric species in the absence of ligand, with a sedimentation coefficient value of
4.45 and an indicated molecular weight of ~74 kDa, corresponding to the calculated
value of 78 kDa (Figure 5.15 ¢, Table 5.1). In the presence of 1 mM AMPPNP/Mg?*,
however, a higher molecular weight species emerged, depicted by a second peak that
coincides with a higher sedimentation coefficient of 7.01 and is representative of a
molecular weight of ~126 kDa (Figure 5.15 d, Table 5.1). These results therefore
confirm the dimerisation of the wild-type SMCHD1 ATPase, an event that is

dependent on the presence of both the N-terminal UBL domain and ligand.
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FIGURE 5.15: Analytical ultracentrifugation (AUC) studies reveal dimerisation of the
wild-type SMICHD1 ATPase. Sedimentation velocity analyses demonstrate that the 111-702
aa SMCHD1 ATPase construct is a monomer in solution in both (a) in the absence and (b)
the presence of 1 mM AMPPNP and Mg?t. The SMCHD1 25-702 aa construct that contains
the UBL domain is (¢) monomeric in the absence of ligand but (d) undergoes AMPPNP and
Mg?*-dependent dimerisation. (a-d) Panels (i) represent a continuous size, c(s), distribution
plotted as a function of the sedimentation coefficient (S), whereas panels (ii) (top) represent the
raw sedimentation profiles of absorbance at 290 nm versus cell radius and (bottom) the residuals
for the continuous size, c(s), distribution best fits plotted as a function of radial position (cm)
from the axis of rotation. Analyses were performed using the program SEDFIT [166].
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TABLE 5.1: Summary of sedimentation velocity analysis of SMCHD1 ATPase
constructs.

Wavelength  Sedimentation coefficient Molar mass  Calculated molar  Frictional ratio  Fit RMSD

(nm) (S) (kDa) mass (kDa) (f/fo)
SMCHD1 111-702 aa apo 290 4.09 65.1 68.0 1.33 0.007
SMCHD1 111-702 aa + ImM AMPPNP/MgCl, 290 4.10 65.3 68.0 1.33 0.007
SMCHD1 25-702 aa 290 4.45 73.8 78.0 1.39 0.006
SMCHD1 25-702 aa + ImM AMPPNP/MgCl, 290 7.01 126.0 78.0 1.21 0.006
Fixed parameters
Buffer density (g/cm?) 1.004
Buffer viscosity (cP) 1.027
Partial specific volume 0.7369

5.3.8 Mutations within Smchdl’s ATPase region alter the cellular

localisation of the full-length protein

To assess the cellular effects of SMCHD1! ATPase mutations on full-length Smchd1
function, I transfected wild-type or mutant forms of full-length Smchd1l constructs into
SMCHD1-knockdown (KD) HEK293 cells, a system that I previously described in
Chapter 4. Human SMCHD1-KD cells were transfected with mouse full-length Smchdl
constructs to restrict the shRNA-mediated KD to the human SMCHDI, thereby
confining the investigation to the introduced mouse Smchdl constructs. As previously
mentioned in Chapter 4, transfection of wild-type full-length Smchdl into
SMCHD1-KD HEK293 cells results in the formation of multiple nuclear foci, a
localisation pattern that differs from the non-silencing control cells where two bright
nuclear foci are observed, which correspond to SMCHD1’s localisation to the two
inactive X-chromosomes present in tetraploid 293 cells (Figure 5.16 a,c). Smchdl’s
abundant presence and multiple nuclear foci formation upon transfection in
SMCHD1-KD cells is likely due to the over-expression of the construct. All mutants of
interest are thereby compared to the over-expression of the wild-type Smchdl

construct rather than the non-silencing shRNA control.

I was interested in three Smchdl mutations that localise to the ATPase region of
Smchdl: E147A, A667E and S135C. E147A represents an established catalytically
inactive mutant that is unable to hydrolyse ATP, representing a loss-of-function
variant [61, 131, 133]. AG67TE represents a neomorphic mutant that was initially shown
to result in an enhanced Smchdl function in vivo, however more recent studies suggest
it does not always result in a gain-of-function phenotype (manuscript in preparation).

Lastly, S135C is a BAMS-associated variant that exhibited the strongest gain in
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ATPase activity following an in wvitro ATPase assay, of approximately three-fold
compared to wild-type Smchdl (Figure 3.1) [146]. Immunofluorescence results
following transfection of either three full-length Smchdl ATPase variants into
SMCHD1-KD HEK293 cells all indicated a distinct nuclear localisation pattern (Figure
5.16 d-f). All introduced mutations resulted in a failure of Smchdl localisation to
nuclear foci, exhibiting a very diffuse Smchdl staining pattern that differs from
wild-type Smchdl transfected cells (Figure 5.16 ¢). Overall, these results suggest that
mutations that either abolish or enhance Smchdl’s ATPase activity in vitro also alter

the protein’s ability to localise to chromatin in the transient transfection cellular assay.
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FIGURE 5.16: Mutations within Smchdl’s ATPase region alter the cellular
localisation of the full-length protein. Immunofluorescence in (a) control, non-silencing
shRNA transduced, (b) shRNA-mediated SMCHD1-knockdown 293 cells and (¢) SMCHD1-
knockdown 293 cells 24 hours post-transfection with the full-length Smchdl containing point
mutations (d) E147A, (e) A667E or (f) S135C. DAPI staining is depicted in blue, Smchdl
staining is shown in yellow and H3K27me3 is shown in purple, with merged images shown
below as indicated. Maximum intensity projection images are shown as representative of
n>100 nuclei positive for Smchdl overexpression per sample; data shown are representative
of 2 independent experiments. All images were obtained with identical settings between controls
and all transfected cells, to enable comparison between the images provided in the figure. Scale
bars, 20 pm.
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5.3.9 Smchdl’s UBL domain is required for its localisation to

chromatin

Following the identification of an N-terminal UBL domain in SMCHD1, I was interested
in investigating its functional role in the context of the full-length protein. Using the
same cellular assay described above, I transfected either a full-length wild-type Smchd1
or a full-length Smchd1 construct that lacks the UBL domain (A1-110 aa) into SMCHD1-
KD HEK293 cells. Transfection of the wild-type mouse Smchdl construct into SMCHD1-
KD cells restored Smchd1’s enrichment to nuclear foci, but as previously discussed, this
results in a distinct Smchd1 staining pattern compared to endogenous human SMCHD1
due to the overexpression system used (Figure 5.17 ¢). However, deletion of the UBL
domain from Smchd1 led to abrogation of focus formation, resulting in a diffuse Smchd1
staining pattern instead which does not resemble wild-type Smchdl-transfected cells
(Figure 5.17 d). These findings suggest that Smchd1’s UBL domain is required for its

localisation to chromatin.
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FIGURE 5.17: Smchdl’s UBL domain is required for its localisation to chromatin.
Immunofluorescence in (a) control, non-silencing shRNA transduced, (b) shRNA-mediated
SMCHD1-knockdown 293 cells and (¢) SMCHD1-knockdown 293 cells 24 hours post-transfection
with the full-length Smchdl or with (d) a Smchdl construct that lacks the UBL domain (A1-110
aa). DAPI staining is depicted in blue, Smchdl staining is shown in yellow and H2AK119ub is
shown in purple, with merged images shown below as indicated. Maximum intensity projection
images are shown as representative of n>100 nuclei positive for Smchdl overexpression per
sample; data shown are representative of 2 independent experiments. All images were obtained
with identical settings between controls and all transfected cells, to enable comparison between
the images provided in the figure. Scale bars, 20 pum.
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5.4 Discussion

Upon trialing various protein crystallisation strategies of the SMCHD1 ATPase
111-702 aa construct, no protein crystals were obtained. Following the release of the
first structure of a human SMCHD1 ATPase region and the identification of a UBL
domain that was proposed to be required for its dimerisation, potential explanations
for unsuccessful crystallisation trials became more evident. The 111-702 aa SMCHD1
construct I was investigating lacked the UBL domain (25-110 aa) and was always
present as a monomeric species in solution. A dimerisation event would likely reduce
the dynamics within SMCHD1’s ATPase, providing a greater overall stability and
propensity for crystal formation. However, the published structure was obtained using
the catalytically inactive SMCHD1 mutant, E147A, in the presence of ATP. Therefore,
it may be inferred that the E147A mutant retains the ability to bind ATP but fails to
hydrolyze it. Interestingly, dimerisation triggered by ATP-binding is a common feature
present among GHKL ATPases [115, 119]. This phenomenon may justify the observed
preferential dimerisation of the E147A mutant over wild-type SMCHD1 depicted by
Native-PAGE studies [133], as it is likely a result of this mutant being trapped in an
ATP-bound state.

Despite the high-resolution structure of SMCHD1’s ATPase being unavailable at the
time, using limited proteolysis followed by HDX-MS analysis, I identified a loop region
within the protein that corresponds to the conserved ATP-lid structure present across
members of the GHKL family of proteins [99, 101, 115, 119]. To investigate its functional
role, I removed this region from the SMCHD1 ATPase construct to produce a stably
expressed protein. Subsequent in vitro ATPase analysis revealed a reduced catalytic
activity of the loop-deleted SMCHD1 ATPase, by approximately three-fold compared to
the wild-type counterpart. Following the availability of the published SMCHD1 ATPase
structure, it became evident that a residue located within SMCHD1’s ATP-lid, Arg207,
directly interacts with the ATP nucleotide and helps its positioning for hydrolysis [133].
Hence, upon deletion of ATP-lid residues 200-229, I thereby disrupted the stabilisation

of ATP, consequently reducing its catalytic efficiency.

Across the different SMCHD1 ATPase constructs studied, comparable catalytic
activities were obtained via in vitro ATPase assays, revealing that SMCHD1 catalytic

rates were unaffected by either the presence of the N-terminal UBL domain or a
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C-terminal extension past the transducer domain. These results suggest that the
dimerisation event of the SMCHD1 ATPase region does not contribute to an altered
ATP turnover, furthermore inferring the absence of a synergistic behaviour upon
dimerisation of the ATPase region. This contrasts with previous findings obtained for
the GHKL ATPase, Hsp90, where monomeric constructs exhibited a reduced ATPase

activity compared to the wild-type dimeric counterpart [220].

The identification of an N-terminal UBL domain in SMCHD1 raised a great interest
regarding its functional role. UBL domains have been commonly shown to interact with
the 26S proteasome, stimulating proteasomal activity in a similar fashion to ubiquitin
chains [221, 222]. In the E3 ubiquitin ligase, Parkin, its UBL domain inhibits Parkin’s
auto-ubiquitination as it competes with ubiquitin for the binding site [212]. Parkin’s
UBL domain was additionally suggested to regulate the activity of its RING1 domain,
as the two directly interact [223]. In the case of SMCHD1, the UBL domain may play a
role in targeting SMCHD1 to H2AK119ub-marked chromatin, as removal of H2AK119ub
chromatin marks were shown to result in a global loss of Smchdl protein stability and
genome-wide changes in gene silencing [53, 55]. Such interactions may occur either
directly, via SMCHD1’s UBL domain, or via specific protein interactions that have not

yet been determined, to therefore regulate SMCHD1’s residence time on chromatin.

I have shown via AUC studies that the UBL domain is required for the dimerization of
the wild-type SMCHD1 ATPase region, which is likely driven by the domain-swapping
event of the UBL regions [133]. It is therefore possible the UBL domains may likewise
undergo domain-swapping with protomers of adjacent SMCHD1 dimers, resulting in a
higher-order assembly. Such a phenomenon may account for the absence of nuclear foci
formation upon the transfection of a UBL-less full-length Smchdl construct into
SMCHD1-knockdown cells, failing to oligomerise and to arrange into regions of high
local protein concentrations. Immediate future studies will aim to further investigate
the dimerisation properties of disease-associated mutants affecting the ATPase region
of SMCHD1 via AUC studies, which may reveal differences that might account for an
altered molecular function of SMCHD1 in patients suffering from either FSHD or
BAMS. I will also perform additional AUC experiments to examine the dimerisation of
ligand-bound wild-type SMCHD1 ATPase (25-702 aa) at varying protein
concentrations to quantify its equilibrium dissociation constant (Kq) for

self-association into dimers. Obtaining a crystal structure of the wild-type 25-702 aa
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SMCHD1 ATPase, as opposed to the 25-580 E147A SMCHD1 that was recently
published, may also reveal additional contacts at the extended C-terminal end of the
region that may contribute to the dimerisation interface. The neomorphic Smchdl
mutation, A667E, that revealed an altered cellular localisation in cells, is also located
within this C-terminal extension of the SMCHD1 ATPase. SAXS analysis of this
mutant in the context of 111-702 aa Smchdl additionally exposed gross conformational
changes in the protein compared to the wild-type counterpart (manuscript in
preparation). Hence, unveiling its exact location and contact sites within the protein
may elucidate how the substitution mutation might alter both SMCHD1’s activity and

its three-dimensional arrangement.

Using immunofluorescence studies, I additionally revealed that mutations that display
either a gain or loss of ATPase activity of Smchdl in witro exhibit an altered cellular
localisation in cells. These results suggest that Smchdl’s localisation to chromatin is
dependent on its catalytic ability, and that a specific “sweet-spot” of ATPase activity
is required for Smchd1’s optimal function. This interpretation is further supported by
the altered in wvitro catalytic rates observed across FSHD- and BAMS-associated
Smchdl variants. We can therefore further utilise this cellular-based assay as a
supporting method to assess the effects of disease-associated mutations upon Smchdl
function, which will aid in providing a better understanding of its molecular
mechanism. We additionally plan to develop a stable cellular transfection system with
the use of fluorescently-labelled SMCHD1 to enable live imaging studies and the

investigation of SMCHD1’s dynamic behaviour.

GHKL ATPase-containing proteins, such as Hsp90 or the MORC family of proteins,
have commonly been described as 'molecular clamps’, where N-terminal dimerisation
dictates the opening and closing of the ATPase dimer and is directly coupled to the
ATPase cycle [99, 109, 115]. MORC proteins were recently proposed to capture
chromatin via a clamping or compaction mechanism, resulting in chromatin looping
[123]. In contrast, SMC proteins comprise an ATP-binding cassette (ABC)-type
ATPase domain, which have most commonly been recognised across diverse families of
transporter proteins where they are involved in translocating solutes across a biological
membrane [224]. However, they are also implicated in chromosome segregation and
DNA repair, as described for canonical SMC proteins, cohesin and condensin [225].

Both were recently demonstrated to also induce chromatin looping, via an
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ATP-dependent loop extrusion mechanism [80, 87]. Considering that SMCHDI1
contains both a canonical SMC hinge domain as well as a GHKL-type ATPase domain,
its molecular mechanism of function may incorporate functional features from both the
SMC and GHKL protein families. If SMCHD1 acts as a molecular clamp, the lifetimes
of its open and closed states, and therefore its residence time on chromatin, would
likely be determined by the dimerisation dynamics of its ATPase region. Further
examination of the full-length Smchdl protein, such as via single-molecule imaging
studies as recently performed for cohesin and condensin [80, 87, 88], may best reveal
how Smchdl interacts with DNA or chromatin, the ATP-driven molecular functions it

possesses, and its overall mobility mechanism along DNA.
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There has been a growing interest, and consequently, many recent advances made in
our current understanding of Smchd1l’s molecular structure and function. Contributing
to this field, I conducted preliminary structural studies investigating the full-length
Smchdl protein which revealed low-resolution images of conformationally flexible,
rod-like particles. Using immunofluorescence microscopy, I demonstrated the
requirement of Smchdl’s GHKL ATPase activity, the N-terminal UBL domain, and of
the C-terminal hinge region, in Smchdl’s localisation to chromatin and nuclear foci
formation. I have additionally provided an insight into Smchdl’s mode of interaction
with nucleic acids and the role of the coiled-coil regions that border Smchdl’s hinge
domain in augmenting its homodimerisation. Furthermore, I was able to demonstrate
that the wild-type Smchdl ATPase region undergoes dimerisation in the presence of

the newly-identified UBL domain and the GHKL ATPase subtrate, ATP.

Based on experimental evidence presented in this thesis and on related published
studies, I propose a model for how Smchdl may be recruited to chromatin to result in
gene expression silencing. I hypothesize that Smchdl’s functional cycle is initiated
upon the ATP-induced dimerisation of the N-terminal region, a process that results in
a UBL-domain swapping event and a compact arrangement of the dimeric ATPase
(Figure 6.1 a). Following ATP hydrolysis, I propose the dimeric ATPase reverts back
to a monomeric form, resulting in the transition of full-length Smchdl from a rod-like
conformation to a V-like structure that remains anchored at the C-terminally located
hinge domain (Figure 6.1 a). Smchdl’s hinge domain has been established to hold a
role in nucleic acid interaction, with in vitro studies suggesting it has a mild preference
for single-stranded DNA as opposed to double-stranded DNA, and inappreciable
sequence specificity [58]. It is therefore likely that nucleic acid interactions via the
hinge domain do not confer selectivity, but instead increase Smchdl’s residence time
on DNA to facilitate further specific interactions, such as with H2AK119ub-marked
chromatin which holds the highest degree of cellular co-localisation with Smchdl

reported to date [55].

Smchd1’s hinge domain may undergo conformational changes, potentially triggered by
its initial interaction with DNA (Figure 6.1 a). This was recently demonstrated for
human cohesin, which was captured in crystal form as an “open” SMC1-SMC3
heterodimer at either the south- or the north-facing end. For cohesin, this mechanism

may denote an initial interaction with DNA at the north-end of the hinge domain,
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followed by its threading through to the south-end. This event may then allow DNA to
permeate the adjacent coiled-coil region of the SMCI1-SMC3 heterodimer that
separates the hinge domain from the ABC-type ATPases, which adopts a ring-shaped
structure where DNA is thought to become entrapped upon loop extrusion. A similar
process may therefore underlie Smchd1l’s mechanism of DNA entrapment (Figure 6.1
a). Furthermore, a conformational change within Smchdl’s hinge domain that would
result in buried residues becoming exposed would account for the demonstrated
requirement of the two buried hinge domain residues, R1848 and R1867, in Smchdl’s
localisation to chromatin in cells (Chapter 4). To best reveal the precise DNA
interaction sites within Smchd1’s hinge domain, and potentially expose whether the
hinge dimer may obtain an open conformation, obtaining a crystal structure of a

nucleic-acid bound Smchd1l hinge would be most favourable.

Whether Smchd1’s interaction with DNA results in chromatin loop formation via an
ATP-dependent loop extrusion mechanism, as described for SMC proteins cohesin [87,
88] and condensin [80, 81], or via chromatin compaction, which involves entrapping
DNA loops via a process that is not driven by ATP and previously demonstrated for
the MORC1 GHKL protein [123], remains to be investigated. = Notably, the
intermediate region of Smchdl that connects its two functional domains is predicted as
predominantly S-stranded based on sequence prediction softwares, potentially
indicating a different functional role to canonical SMC proteins, whose central regions
comprise of long a-helical coiled-coils. However, short a-helical regions that are
likewise predicted to arrange into coiled-coils immediately flank the hinge domain of
Smchd1l on either side. Remarkably, similar short coiled-coil regions are present across
all members of the MORC family of proteins, where their role has not been clearly
determined but are thought to be involved in their dimerisation, protein-DNA
interactions, and gene transcription [226]. The described similarity in gene
architecture, alongside the presence of a GHKL-type ATPase that is shared between
Smchdl and MORC proteins, may indicate a closer functional resemblance of Smchdl
to the MORC rather than the SMC family of proteins. Nonetheless, further functional
assays are required to examine this hypothesis. The removal of bound DNA from
purified full-length Smchdl protein would allow single-molecule imaging studies,
enabling the investigation of Smchdl’s behaviour on DNA or chromatin, with the

added ability of incorporating associated nucleosomes in the experimental setup.
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Based on my findings outlined in Chapter 3, the co-purification of Smchdl with DNA
and histone proteins may indicate a requirement of nucleosomal chromatin for

Smchd1’s protein stability, a hypothesis that prompts further investigation.
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FIGURE 6.1: A model of Smchdl’s molecular mechanism and recruitment to DNA.
(a) A hypothetical model proposing that Smchdl initially interacts with DNA via its C-
terminal hinge domain, and is then specifically recruited to H2AK119ub-marked chromatin via
its ATPase region, potentially via the UBL domain. Smchd1’s interaction with DNA may trigger
a conformational change that results in the opening of the hinge domain dimer to reveal buried
residues, such as R1867 and R1848, shown to be critical in Smchdl’s localisation to chromatin
(Chapter 4). This conformational change could further result in the opening of the central
intermediate region of Smchdl, allowing DNA to reel through and lead to the formation of
chromatin loops. Upon ATP-binding, the ATPase region of Smchdl undergoes dimerisation,
leading to a UBL domain-swapping event. Following ATP hydrolysis, the Smchdl protomers
disengage at the ATPase region, resulting in the opening of the dimer and the release of DNA.
(b) Long-range chromatin loop formation induced by Smchdl prevents interactions between
distal promoter and enhancer regions, leading to a transcriptionally repressive environment. (c)
When Smchd1 is absent, short-range chromatin interactions take place which facilitate promoter-
enhancer interactions, thereby promoting a transcriptionally permissive environment.
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The presence of a UBL domain within SMCHD1’s N-terminus has sparked a great
interest regarding its functional role. Using AUC studies, I revealed that the UBL
domain is required for the dimerization of the wild-type SMCHD1 ATPase region,
which is likely driven by the domain-swapping event of the UBL regions [133]. It is
therefore possible the UBL domains may likewise undergo domain-swapping with
protomers of adjacent SMCHD1 dimers, resulting in a higher-order assembly (Figure
6.2). Such a phenomenon may account for the absence of nuclear foci formation upon
the transfection of a UBL-less full-length Smchdl construct into SMCHD1-knockdown
cells, failing to oligomerise and to arrange into regions of high local protein
concentrations. Alternatively, Smchd1l’s inability to localise to nuclear foci in the
absence of the UBL domain may potentially indicate a disruption in the formation of
phase-separated droplets. Liquid-liquid phase separation may represent a functional
property of Smchdl that could manifest as the discrete nuclear foci observed upon
Smchdl-specific immunofluorescence studies, and is a phenomenon that we are

furthermore interested in exploring in regard to Smchdl function.
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FIGURE 6.2: A model of Smchd1 oligomerisation. (a) A cartoon representation of the full-
length Smchdl protein and its component domains. (b) Smchdl is proposed to be recruited to
H2AK119ub-marked chromatin sites, where it may undergo a higher-order arrangement driven
by UBL domain-swapping events between protomers of other Smchdl dimers, resulting in a
high localised Smchdl presence. The associated chromatin loop formation that is proposed to be
induced by Smchdl may thereby create a transcriptionally repressive hub, where distal promoter
and enhancer regions are unable to interact.
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The discovery that BAMS-associated variants in SMCHD1 lead to a gain-of-function
phenotype alongside an enhanced ATPase activity in vitro raises the possibility that
SMCHD1’s function could be augmented [46, 146], an idea that may be exploited for
the treatment of FSHD2 where patients suffer from SMCHD1 haploinsufficiency.
Small-molecule activators would target the functional SMCHD1 allele that is not
affected by heterozygous mutations, whereby boosting its function may represent a way
to compensate for the dysfunctional allele. We are additionally interested in developing
SMCHD1 inhibitors as a potential therapeutic treatment for Prader-Willi Syndrome
(PWS). SMCHD1 normally silences several genes within the PWS cluster [44, 45, 52],
whose reactivation would provide one active allele in these patients, and may be
achieved via the removal of SMCHD1 function. Importantly, the targetable PWS
cluster is predominantly expressed in the hypothalamus, enabling a localised treatment
option. The recently reported crystallisation of the ATPase region of SMCHD1 may
additionally enable its co-crystallisation with small molecule compounds emerging
from the high-throughput screens we are conducting. The resulting information would
be incredibly informative, facilitating compound optimisation to improve target
specificity and selectivity, particularly regarding other GHKL-type ATPases that share
a similar ATP-binding pocket to SMCHD1 and represent undesirable off-targets.

The work that I have presented here has contributed to our current understanding of
how Smchdl may interact with chromatin to facilitate gene expression regulation.
Ongoing efforts are directed at visualising the high-resolution structure of full-length
Smchdl and the role of ATP hydrolysis in manipulating chromatin structure to result
in gene silencing events. New approaches in identifying novel Smchdl interaction
partners may additionally help provide a further insight into its function and
recruitment to chromatin, and highlight its potential mode of association with
nucleosomes. Such findings may in turn facilitate the structural stabilisation of the
full-length Smchd1 protein, reducing its observed conformational flexibility to allow
high-resolution structural studies, such as cryo-EM. Providing a comprehensive
understanding of Smchdl’s distinct functional properties furthermore highlights the
requirement of different experimental approaches that are necessary to study the
enigmatic protein that Smchdl is proving to be. Nonetheless, the resulting information
will be critical to our understanding of SMCHD1’s involvement in human disease and,

consequently, pave the way to novel therapeutic treatments.
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|LeadingRazor |PValue _WRST) Leading GFP GFP WT ignificant
ProteinlD Protein GFp/WT Gene names |Protein names N N ST GFP/WT
37 QepsD8 3.80E-137 Smchd1 Structural ce of flexibld Q6P5D8 31648737 |25.40034 |31.6440989 |0 ++
150 E90616 2.14E-123 (Ahnak E9Q616 30.547555 [28.573096 |30.5326331 |28.416301 [++
67 Q9Qgxs1-2 9.86E-106 Plec Plectin Q9Qaxs1-2 32766646 |31.042126 |32.7603967 |30.994858 |++
262 Q8BTM8 1.47E-46 Fina Filamin-A Q8BTMSE 31004864 |29.903828 |30.9971742 |29.863226 |+
126 P70227 5.51E-46 Itpr3 Inositol 1,4,5-tris phosphate receptortype 3 P70227 27.76288 |25.657484 |27.7248179 |25.109982 |[++
105 Q55WZ5 6.81E-37 Mprip Q55WZ5 28628651 |26.834028 |28.6093963 |26.654191 [++
157 Q5SXR6 6.47E-36 Citc;mKIAAQQ athrin heavy chain;Qathrin heavy chain 1 QSSXR6 27.880838 |26.352931 |27.843479% |26.087596 |[++
118 QIEPTL 3.67E-32 Raild Ankycorbin Q9EPT1 28273037 |26.353009 |28.2574805 |26.180372 [++
53 AZAVIT 6.04E-32 Rrbpl Ribosome-binding protein 1 A2AVI7 29.505441 |26.803226 |29.49677 26.625666 |++
634 Q9DBR7 2.58E-31 Ppplrli2a Protein ph 1 y subunit 12A |Q9DBR7 28.530148 [26.444631 |28.5142500 |26.262859 |[++
65 ADAORAJOIE  |2.96E-31 Speccll Cytospin-A ADAOR4)JMIE  [27.931397 |26.054063 |27.9130204 [25.823832 |++
154 Q6PSH2 9.20E-31 Nes Nestin Q6P5H2 28967713 |26.358548 |28.9501056 |26.066147 [++
279 Q62261 5.02E-30 Sptbnl Spectrin beta chain, non-erythrocytic 1 Q62261 28.988904 [27.677909 |28.9625942 [27.513532 [+
219 P16546-2 9.32E-29 Sptanl Spectrin alpha chain, non-erythrocytic 1 P16546-2 29.223634 |28.044703 |29.1887279 [27.882401 [+
270 QBVHX6 5.67E-28 Finc Filamin-C Q8VHX6 27.613943 [26.127086 |27.5741317 |[25.825612 [+
59 Q7Ta07 5.79E-27 Myolb Unconventional myosin-lb Q71QD7 28675046 |26.30075 |28.6621576 |26.110101 [++
956 Q9JHU4 1.60E-26 Dyncihl Oy dynein 1 heavy chain 1 Q9JHU4 25.343799 [23.72471 |25.1891666 |21.569673 [+
217 E9Q325 2.52E-26 Svil Supervillin E9Q3Z5 27.351597 |26.015138 |27.3121532 |25.738555 [++
151 B2RRED 3.15E-26 Akapl2 A-kinase anchor protein 12 B2RREQ 26.005447 [24.024592 |25.9469697 [23.116454 [+
317 Q545R0 3.98E-26 Ctnnal;nnaj Gatenin alpha-1;Catenin alpha-3 Q545R0 26.76998  [24.711952 |26.7410171 |24.259307 [++
238 S4R1PS 3.16E-25 Dst Dystonin S4R1PS 25.95399 [24.36565 |25.812388 [22.990663 [+
135 Q7TPR4 5.83E-25 Actnl Alpha-adtinin-1 Q7TPR4 29.675451 |28.243667 |29.6672659 [28.191067 [+
54 Q80x90 1.94E-24 Finb Filamin-8 Q80X90 30.026794 |29.24771 |30.008619 |29.193034
661 QsFwi3 2.42E-24 Vim Vimentin QSFWI3 33.830269 |32.631899 |33.8295035 |32.627783 |++
131 BOEK95 4.86E-24 Myof Myoferiin BOEKIS 26.407185 [24.248075 |26.3403223 [23.190656 [+
276 (ADAQJIYUR2 |2.70E-21 Specc];Codc®| Oy tospin-B; Coiled-coil domai ining proteil ADAQIOYURZ  126.270832 |23.65483 |26.2427048 |22.730353 |++
106 Q99104 1.97E-20 Mya5a Unconventional myosin-Va Q99104 29.017819 [28.006735 |28.995672 [27.916217
107 (ADAORAJIHG |6.93E-20 Golga3 Golgin ily Amember 3 IADAOR4JIHGE  [26.282512 |23.905028 |26.2146436 [22.442663 |++
659 Q3UBAG 2.48E-19 Hspa8 Heat shock cognate 71 kDa protein Q3UBAG 28.876345 [27.207101 |28.8653344 [27.136651 [+
564 P38647 1.25E-18 Hspa9 Stress-70 protein, mitochondrial P38647 27.720442 [25.940674 |27.7045893 |25.784351 |[++
400 [ADADRAIIE3 |3.63E-18 AOAOR4JIE3  [28974349 [27.23741 [28.9632145 [27.146714 [++
28 FBVPU2 3.80E-18 Fampl FERM, RhoGEF and pleckstrin domain-containin{ F8VPU2 26.590791 [24.378847 |26.5649084 |23.986872 [++
13 E9Q825 9.58E-18 Ctnnd1 Catenin delta-1 E9Q8ZS 25.901508 |23.886023 |25.8567288 |23.185036 [++
159 Q3U9G2 1.73E-17 HspaS 78 kDa glucose-regulated protein Q3U9G2 29.168647 |27.615294 |29.1624967 |27.55881 +
1036 P51655 1.77E-17 Gpcd Gly pican-4;Secreted glypican-4 P51655 27.601599 [24.784235 |27.581451 |24.391949 [++
243 (A6MDD3 3.40E-17 Cd109 (D109 antigen A6MDD3 26.093112 [23.410487 |26.061309 |22.250912 |++
182 QBKIN2 4.81E-16 Phidh2 Pleckstrin homology-like domain family B mem | Q8K1N2 26.659538 |25.301301 |26.6275399 [25.039518 [+
472 E9PXX7 2.03E-15 Tandc5 Thioredaxin domai protein 5 E9PXX7 26.585299 [23.364107 |26.570201 |22.706757 |[++
261 F274A3 6.14E-15 Fatl F224A3 26.34703  |24.966698 |26.2502148 [24.419444 |+
862 ADADAGYY47 |6.78E-15 Necaml Neural cell adhesion molecule 1 ADAQAGYY47 [25.139168 |22.411885 |25.0953016 [20.785791 |++
204 P62204 1.18E-14 Calm; Galmi3{ Galmodulin; Calmodulin-like protein 3; Tropenin § P62204 29.511213 [27.674698 |29.509544 |27.641297 |[++
195 Q8BMS1 1.45E-14 Hadha Trifunctional enzyme subunit alpha, mitochondr| Q8BMS1 26.399547 |23.784514 |26.3667797 |23.059981 |++
38 K3W4L0 2.40E-14 Myol8a Unconventional myosin-XVilla K3W4L0 26.5494  [25.385055 |26.4828105 |25.040029 [+
167 P62141 2.58E-14 Ppplch /threcnine-protein ph PP1-betq P62141 27.384918 |25.597204 |27.3707385 |25.46332 [++
503 Q3uox 7.30E-14 Eef2 Elongation factor 2 Q3UDC8 27.374896 |25.876111 |27.3452275 |25.699628 [+
328 Q01853 8.64E-14 Vep reticulum ATPase Q01853 26.909366 |25.235029 |26.8761002 [24.911363 [+
471 Q3UDR2 9.56E-14 Pahb Protein disulfide-i Q3UDR2 27.905883 |25.518273 | 27.895! 25.338409 |++
295 asuaw2 2.31E-13 Mybbpla Myb-binding protein 1A aQsuzw2 25.315912 [23.46445 |25.2717866 [22.707596 [+
88 E9Q634 3.15E-13 Myole;Myol Unc | my le;Uncol I myd E9Q634 27.648505 |26.641564 |27.6266628 [26.523345 [+
138 Q6PEES 3.81E-13 Ap2a2 AP-2 complex subunit alpha-2 Q6PEE6 24.656348 [22.693663 |24.6016685 [21.147441 [+
756 Q3TaL4 5.63E-13 Immt MICDS complex subunit Mic60 Q3TaLs 25.898684 [23.837741 |25.8665604 |23.364065 |[++
115 Q3uzT? 9.01E-13 Ctnnbl Catenin beta-1 Q3uzT7? 25.263135 [22.365828 |25.2269719 |20.55717  [++
514 B2RQQT 1.15E-12 Cdc42bpb | Non-spedific serine/threonine protein kinase;Se|B2RQAT7 244312 [22.522752 |24.2879344 [20.034412 |+
127 Q53WR6 1.28E-12 Glgl Golgi apparatus protein 1 Q53WRE 26.480743 |22.822903 |26.4486723 |21.238802 |[++
398 Q3TX57 1.40E-12 Colla2 Collagen alpha-2{l) chain Q3TX57 29.115451 [26.845963 |29.1011932 [26.724139 [+
518 Q55WR1 2.07E-12 Ap2bl AP complex subunit beta; AP-2 complex subunit [Q55WRL 25.262637 [23.49566 |25.1756456 [22.909596 [+
325 Q564F4 3.28E-12 Cotd T-complex protein 1 subunit dekta Q564F4 25.646014 |23.847085 |25.5882594 [23.179603 [+
706 Q92289 4.68E-12 Ssfa2 Spenm-specific antigen 2 h I Q92289 24.84545 122602612 |24.7630181 |20.772032 |[++
409 A2AKHS 1.13E-11 Snap23;Snap]Sy ssociated protein;Synaptosomd A2AKH4 25.735152 [22.641934 |25.7022587 |21.324576 [++
228 E9Q6RT 1.20E-11 Utrn;utrophin E9Q6RT 25.890469 |24 796087 | 25.7892681 |24 236685
258 Q04750 1.56E-11 Topl;TOP | DNA topoisomerase 1 Q04750 25.162914 |22.603888 |25.1341787 |21.387942 |[++
406 P56480 2.08E-11 AtpSb ATP synthase subunit beta, mitochondrial P56480 26.984098 |25.060496 |26.9619337 [24.839781 [+
844 Q811N6 2.16E-11 e MLV-reated proviral Env poly protein;Surface p|Q811N6 24.258715 [21.403082 |24.2163853 [19.028855 [+
929 Q8BMK4 2.50E-11 Ckap4d Cytoskeleton-associated protein 4 Q8BMK4 26.367982 [24.9545  |26.3497062 [24.778389 [+
979 Q58E64 3.52E-11 Eeflal;EeflalEl ion factor 1-alpha factor 1-al| QS8E64 28.195121 |26.898004 |28.1780336 |26.809256 [+
244 (ATYYS0 4.20E-11 Epb4.1B ATYYB0 25.264728 [23.477043 |25.2053473 [22.774883 [+
152 Q3uzi3 4.376-11 Snd1 Staphylococcal nudease domain- ing proj Q3UZ13 25.179755 [23.764161 |25.1036418 [23.170209 [+
558 POB752 5.14E-11 Gnai2;Gnail |Guanine nudectide-binding protein G{i) subunit | P08752 27.626302 |25.718515 |27.6123823 [25.573843 [+
717 Q80T06 6.11E-11 Eefld Elongation factor 1-delta Q80T06 26.472213 |23.445321 |26.4543479 |22.927578 |[++
592 Q80Y52 1.07E-10 Hsp90aal _ |Heat shock protein HSP 90-alpha Q80Y52 25.909502 |23.998456 |25.858044 |23.524924 |[++
917 Q3TFA9 1.10E-10 Tmod3 Ti dulin-3 Q3TFA9 28.689239 [27.18949 |28.6826859 [27.147251 [+
9 QsoTM2 1.15€-10 Tinl Talin-1 Q80TM2 25.220083 |24.29354 |25.076349 |23.635582
101 Q81100-2 1.25E-10 Digl Disks large homolog 1 Q811D0-2 24.013475 [21.849051 |23.9132469 [20.114042 [+
136 Q3uLT2 1.28E-10 Actnd Alpha-actinin-4 Q3uLT2 27.991075 |26.920503 |27.971673 |[26.82911 [+
480 Q8BN32 1.33E-10 Pabpcl;Pabpq Polyadenylate-binding protein;Polyadeny late-bj Q8BN32 27.026594 [25.131152 |26.9939519 [24.864557 [+
393 B2RSUG 1.83E-10 Cgnll Gingulin-like protein 1 B2RSUG 23653521 [21.793112 |23.5112618 [17.724766 [+
69 Q3TFDO 1.97E-10 Shmt2 Serine hydroxymeth Q3TFDO 24.603614 |22 447614 |24.5320594 [21.187051 [+
405 Q3u22 2.06E-10 Cct8;Cctg T-complex protein 1 subunit theta Q3uL2 25.842092 [23.634276 |25.7973395 |22.852347 |[++
269 Q99K58 2.89E-10 Fhin2 Fibulin-2 Q99K58 25.119257 [23.364478 |25.0571573 [22.714237 [+
869 Q9IDa6 3.06E-10 Flot2 Flotilin-2 Q9DC36 25.341992 |23 400385 |25.2970794 [22.929832 [+
668 QIwm7-3 3.13E-10 Myolc Unconventional myosin-lc QIWTI7-3 29.860381 |29.056772 |29.84932% |29.0263
17 E9QAH1 4.16E-10 Golgbl E9QAH1 23.779689 |22.390828 |23.5539181 |0
408 (ADADBTW(Q.QY4.35E-10 Ktn1;mKIAADY Kinectin AOAOS7WQQS [23.982943 [22.530256 |23.8994317 [21.727738 [+
306 Q99L7s 4.78E-10 Hspad Heat shock 70 kDa protein 4 Q99L75 24.675699 [23.059981 |24.610707 |[22.407092 [+
247 Q3TNe4 4.85E-10 Pahal Prolyl 4-hydraxylase subunit alpha-1 Q3TN84 27.08365 |24.475923 |27.0703972 |24.23663  [++
538 B1AWBY 4.90E-10 Col5al Collagen alpha-1(V) chain B1AWB9 26.735816 |24.798366 |26.681769% [24.36675 [+
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802 Q806CT 4.99E-10 Eprs Bifunctional glutamate/proline—tRNA ligase;Glu| Q8CGCT 24.653152 [22.96303 |24.5559606 |21.870697 [+
950 BYEKE9 5.15E-10 Ddx3x;D1Pas] ATP-dependent RNA helicase DDX3X;Putative A/ BOEKED 25.790329 [24.304389 |25.7527941 [23.993097 [+
166 BYEHI3 9.87E-10 Tipl Tight junction protein 20-1 BOEHI3 25.576024 [24.296959 |25.5245832 [23.968869 [+
590 Q5RKP4 1.05E-09 Rpnl Dalichyl-diphosphool charide—protein glyd QSRKP4 24.895109 [22.976527 |24.8456755 [22.390449 [+
1853 QB8ETI8-3 1.146-09 Smm2 Serine/arginine repetitive matrix protein 2 Q8BTI8-3 22.523042 [20.500983 |22.4580617 [18.424381 [+
1244 QS8EUe 1.326-09 RplS 605 ribosomal protein LS QSBEUG 24.887637 [22.675992 |24.8262264 |21.749433 |[++
320 E9PX70 1.51E-09 Col12al Collagen alpha-1(XIl) chain E9PXT0 23.945705 |25.267851 |23.2370715 [25.095295

614 Q54014 1.51E-09 Flotl Flotilin-1 Q54014 24.90321 [22.615852 |24.8656312 [21.681147 [+
45 E90QAIS 1.71E-09 Cad CAD protein; d dent carbamoyl-g E9QAIS 23.165019 [21.558051 |22.9627997 |18.817204 [+
992 G3XA10 1.74E-09 Gm28062;Hni Heterogeneous nuclkear ribonudeoprotein U G3XA10 24952485 |23.259697 |24.9340439 |22.92514 +
178 Qs5u438 2.20E-09 Npm1;Gm561 Nuckeoph Q5U438 26.663327 [25.036208 |26.6433291 |24.901532 |[++
685 Qs44y7 2.35e-09 cfiL Cofilin-1 Q5447 27.90809 |25.921966 |27.9000429 |25.83 ++
845 QB8BMO 2.41E-09 Zyx Zyxin Q8CBMO 24.468816 [22.443342 |24.4249247 |21.283388 |+
110 P63038 2.99E-09 Hspd1 60 kDa heat shock protein, mitochondrial P63038 26.579964 |25.016935 |26.5528019 [24.797755 [+
542 P63094 3.23E-09 Gnas;Gnal | Guanine nudeatide-binding protein Gis) 63094 26.531716 [23.724323 |26.5205423 |23.407537 |[++
16 Q4FZK2 3.286-09 Eeflg Elongation factor 1-gamma Q4FZK2 25.762644 |23.020608 |25.7360731 |22.346506 |++
934 Q9IcYss 3.70E-09 Serbpl Plasminogen activator inhibitor 1 RNA-binding p| Q9CY58 25.985928 [23.739281 |25.9622979 |23.385338 [++
570 P29268 3.82E-09 Cigfifisp-12 | Connetive tissue growth factor P29268 27.441194 [25.118266 |27.4314364 [24.991559 [+
975 QsKi73 3.94€-09 Col3al Collagen alpha-1(111) chain Q8K173 26.053121 |23.113935 [25.9893991 |21.911227 |+
296 Q3ULF7 4.426-09 Actr3;Actr3b |Actin-related protein 3;Actin-related protein 38 [Q3ULF7 27.289283 [25.792742 |27.2775378 |25.697686 [+
414 P11881-8 14.55E-09 Itprl Inositol 1,4,5-tris phosphate receptor type 1 P11881-8 23.70326  [21.827086 |23.5747724 |18.310602
1157 Q3uals 4.55E-09 Rasa3 Ras GTPase-activating protein 3 Q3uais 23.389221 |21.459071 [23.2837328 |17.517761 |+
1139 Q3UHHS 7.83E-09 Gnaq Guanine nudeotide-binding protein Glq) subuni§ Q3UHHS 24.411425 |21.057716 |24.3724499 |0 +
1016 QBO0UES 8.14E-09 Epb4.1R QB0UES 24.970264 |23.399074 |24.8929654 [22.785499 [+
111 Q3TFE8 8.42E-09 Kpnbl Importin subunit beta-1 Q3TFES 24.972552 |23.599494 |24.8611944 |22.930052
1165 BTZP22 9.80E-09 Hnmpa2bl |Heterogeneous nuclearribonudeoproteins A2/§B72P22 26.510985 |23.903279 [26.4912016 |23.681067 [+
63 070400 1.09€-08 Pdliml PDZ and LIM domain protein 1 070400 25.257445 |22.544381 |25.2025939 [21.22802 |+
639 Qasvas 1.25E-08 Caldl Qsvcas 30.530142 |29.774396 |30.5243014 |29.759313

649 Q6PACL 1.30E-08 Gsn Gelsolin QePACL 2895799 |28.334113 |28.9502384 |28.305983
1460 D3YYTO 1.336-08 Cdh2;Cdh4 | Cadherin-2;Cadherin-4 D3YYTO 24.309232 [21.83339 |24.2613131 [19.282504 [+
10 Q8c8a5s 1.45E-08 Efhd2 EF-hand domain: ining protein D2 Q8C8AS 26.2593  [24.468009 |26.246901 |24.346429 |[++
425 asppQ7 1.53E-08 Corolc; Coroé | Coronin; Coronin-1G; Coronin-6 QspPQ7 28.637249 |27.481038 |28.6308462 |27.445842 |+
66 E9PWES 1.60E-08 DpysB Dihydropyrimidinase-related protein 3 E9PWES 24.351502 [22.182267 |24.3007132 [21.094078 [+
233 E9QLAS 1.65E-08 Inf2 Inverted formin-2 E9SQLAS 25.018935 [23.876437 |24.9248347 [23.34885 [+
404 Q3TEOS 1.84E-08 Wdrl WD repeat-c i protein 1 Q3TED6 26.089038 [24.90605 |26.0615028 [24.710427 [+
1166 Q3U7F3 2.30E-08 Hnmpal;Hnm Heterogeneous nuclear ribonudeoprotein A1;H§Q3U7F3 26.580821 |22.923727 |26.5695998 |22.29675 ++
369 Q4FK11 2.66E-08 Nano Non-POU domain- ining octal binding p| Q4FK11 25.203262 [22.886758 |25.1284739 [21.539871 [+
920 Q3TWG9 2.65E-08 Serpinhl Serpin H1 Q3TWGY 28.071528 |26.695589 |28.0594082 [26.62692 [+
206 P63321 2.70E-08 Rala Ras-related protein Ral-A P63321 23.358503 |20.375246 |23.2688437 |0 ++
114 Q7TPT? 3.18E-08 Vars Valine—tRNA ligase Q7TPT? 24.159525 [22.516292 |24.0481048 [21.561599 [+
123 Q3Ttan 3.28E-08 Gnbl;Gnb3 | Guanine nudeotide-binding protein G(1)/G{S)/G|Q3TQ70 27.347329 |25.366671 |27.3341644 [25.247514 [+
719 054724 3.31E-08 Ptrf Poh | and transcript release factor 054724 26.863355 [24.990947 |26.8485587 [24.770805 [+
346 P26041 3.71E-08 Msn Moesin P26041 26.068055 |24.540936 |26.0318233 [24.268725 [+
859 QIWVS55 3.83E-08 Vapa Vesicle-associated b protein-associatgd Q9WVS5 24.344843 [22.098581 |24.3294465 [21.71246 |+
121 asowi? 5.08E-08 Mtdh Protein LYRIC Qsows7 23.308514 |21.709634 |23.2978687 |21.313727 |+
962 [AOADRAIOZ1 |5.16E-08 Pdiad Protein disulfide Ad AOAOR4JOZ1 (25434166 [23.741499 [25.3701774 [23.230621 |+
85 Q8P1 5.37E-08 Yesl Non-spedfic protein-tyrosine kinase; Ty rosine-p| Q8CBP1 25.400478 [22.038696 |25.3729328 |20.135806 [++
1386 Qs45vs 5.85E-08 Csnk2a2 Casein kinase |l subunit alpha Q545v8 23.164233 [20.970786 |23.096618 |17.949232 [++
80 Qo2257 6.09E-08 Jup Junction plakoglobin Q02257 26.372049 [25.284582 |26.3514984 [25.16651 [+
265 Q91xXv3 6.18E-08 Baspl Brain acid soluble protein 1 Q91Xv3 27.830628 |25.68407 |27.8193369 |25.580556 [+
277 Qasvie 6.52E-08 Sfpg Splicing factor, proline-and ich Q8VL6 26.664663 [24.211179 |26.6382454 [23.73472 [+
102 E9PZ16 6.90E-08 Hspg2 Basement membrane-specific heparan sulfate jE9PZ16 25.9639 24.690421 |25.8660954 |24.088052

729 Q8csas 6.97E-08 Cct? T-complex protein 1 subunit eta Q8C5Q5 25.10974 |23.469849 |25.0569556 [22.958588 [+
517 Q52KG3 7.29-08 Cctba;Cctéb | T-complex protein 1 subunit zeta; T-complex proj Q52KG9 24.762271 |22.302391 [24.7330153 |21.576623 |++
332 P11983 7.51E-08 TepL;Tep-l | T-complex protein 1 subunit alpha P11983 25.54932 [23.724433 [25.5101473 [23.127798 [+
912 P21981 7.69E-08 Tgm2 Protei i gh y 21981 24.985256 |21.308305 |24.9453939 |0 +
1187 Q61177 8.02E-08 Csnk2al Casein kinase |l subunit alpha Q61177 23.509045 [20.928169 |23.448882 [19.023089 [+
461 Qsai3 8.66E-08 Eif3b Eukaryotic translation initiation factor 3 subunit |Q8C1I3 23.744015 [22.194679 |23.6518545 [21.186403 [+
738 Q4FZL1 1.01E-07 Eifdal Eukaryotic initiation factor 4A-1 Q4F7L1 25.568396 |23.800832 |25.5177733 [23.370385 [+
455 Q3uro3 1.01E-07 Ablim1 Actin-binding UM protein 1 Q3uPo3 24.849594 |23.300762 |24.774488 |22.650332

698 H7BX44 1.04E-07 Cdc42bpa Non-spedific serine/threonine protein kinase;Se|H7BX44 23.552384 [21.314402 |23.4470783 [17.698922 |+
319 GSE896 1.096-07 Edc4 Enhancer of mRNA-decapping protein 4 G5E896 22.853395 [21.305898 |22.7309825 [19.686978

716 (AQAORAIOI9  |1.13E-07 Lrpl Prolow-density lipoprotein receptor-related proff ADADRAJOI9  |23.974461 |22.48895 |23.8283151 |20.882136 |+
1077 Q63918 1.13e-07 Sdpr Serum deprivation-response protein Q63918 25.496229 [22.636102 |25.4679585 |21.568054 [++
36 Q9ERGO 1.16E-07 Limal LIM domain and actin-binding protein 1 QIERGO 289038 |27.633812 |28.8931148 |27.581973
549 P49817 1.24E-07 Cavl Caveolin-1;Caveolin P49817 27.445526 |25.405408 |27.4379568 |25.309416 |[++
1159 Q8BTS0 1.46E-07 DdxS;HIrl | Probable ATP-dependent RNA helicase DDX5 | Q8BTS0 25.775267 [24.456504 |25.7536119 [24.341133 [+
761 Q03265 1.47e-07 AtpSal ATP synthase subunit alpha, mitochondrial; ATP| Q03265 25.950396 [24.406789 |25.9295692 [24.202109 [+
562 Q545K5 1.58E-07 Rbm3 RNA-binding protein 3 Q545K5 24.86677  [20.756415 |24.8321578 |17.203377 |[++
665 Q60598 1.76E-07 Cttn Src substrate cortactin Q60598 26.624213 [25.07405 |26.6077587 [24.941822 [+
520 Q9CPNE 1.78E-07 Igf2bp3 Insulin-like growth factor 2 mRNA-binding prote| Q9CPN8 2437748 |22.372469 |24.3464343 |21.673722 |++
831 Q55wa3 1.796-07 Actr2 Actin-related protein 2 Q55W8a3 26.0257  [24.82919 |25.9873955 |24.643987 [+
229 Q6R891 1.88E-07 Ppp1rob;Pppl| Neura hin-2 Q6REI1 24.314474 [21.643594 |24.2808823 [19.92359 [+
991 P63101 2.25E-07 Ywhaz 14-3-3 protein zeta/deka P63101 26.823509 [23.984052 |26.8155703 |23.741839 [++
552 Qsavo 2.57€-07 Hadhb Trifunctional enzyme subunit beta, mitochondrid Q991Y0 24.719237 [22.550569 |24.6718824 [22.032877 [+
799 Q9IM76 2.65E-07 Arpc3 Actin-related protein 2/3 complex subunit 3 Q9IM76 25.318803 [24.1356  |25.2860119 [23.94738 [+
171 Q71Lx8 2.70E-07 Hsp90abl  |Heat shock protein HSP 90-beta Q71LX8 27.714815 [26.212049 |27.6920383 [26.080431 [+
84 Q64727 2.73e-07 vd Vinculin Q64727 25.362164 |24.135195 |25.2986045 |23.819134 |+
1588 Q9IROYS 2.83E-07 Ak 1 Adenylate kinase soenzyme 1 QIROYS 24.405412 [21.839321 |24.3601376 |20.485858 |[++
236 Q542G9 2.98E-07 Anxa2 AnnexipAnnexin A2 Q542G9 27.696891 |26.613028 |27.6836342 [26.553766 [+
1384 Q3TF41 3.05e-07 Naplll Nuck protein 1-like 1 Q3TF41 25.595206 [23.118614 |25.5719563 |22.741125 |[++
830 Q92580 3.28E-07 Pawr PRKC apoptosis WT1 regulator protein Q92580 25.647522 [23.535689 |25.6284093 |23.195427 |[++
1008 Q91v3a 3.50E-07 Hsp90bl s i Q91v3s 27.45652 |26.015201 |27.425701  |25.854573
1708 Q91x95 3.60E-07 Gnall;Gnal4) Guanine nudeotide-binding protein subunit alp Q91X95 23.902331 [21.272296 |23.8747955 [20.119595 [+
692 Q542x7 14.95E-07 Cot2 T-complex protein 1 subunit beta Q54247 25.320862 [23.241734 |25.2592411 (22 448163 [+
1500 Q561M4 5.04E-07 Tom1 Target of Myb protein 1 Q561M4 23.937478 [22.705182 |23.8122716 |21.896255 [+
417 Q8BGE7 5.32E-07 Efr3a Protein EFR3 h log A Q8BG67 22597189 |20.484544 |22.4960676 |0 +
688 Q9cvBe 5.60E-07 Arpc2 Actin-related protein 2/3 complex subunit 2 Q9Icves 26.394241 [24.895666 |26.376137  |24.803935
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935 Q569X4 5.58E-07 Psmcd 265 protease regulatory subunit 68 Q569%4 21819487 |20.30424 |21.4840484 |0

818 Q7Tms2 5.72E-07 Sipal Signal-induced proliferation-associated protein JQ7TMS2 22.829224 |20.615085 |22.7285443 |0 +
513 Q3u3zg 5.97E-07 Gpel Glypican-1;Secreted glypican-1 Q3usm 24.968772 |22.251831 |24.9034391 [20.596948 |+
130 Q3ugva 6.09E-07 Gnb2;Gnb4 | Guanine nudeaotide-binding protein G(1)/G(5)/G|Q3Uav4 25.911031 |22.998222 |25.9030683 |22.70103 |++
595 QSE4ES 6.61E-07 Rpl4 605 ribosomal protein L4 QS564E8 25.900412 |24.422941 |25.8762849 |24.231554 |+
488 Q8CD23 8.01E-07 Nel Nucleolin Qscpz3 27.540444 |25.865451 |27.5233816 |25.7748

163 Q8816 8.39E-07 Palm Paralemmin-1 Q8CB16 25100978 |22.954515 |25.0566482 |22.334323 |+
184 Qaspai3 9.18E-07 Capza2 F-actin-capping protein subunit alpha-2 asoaiz 26563778 |25.076831 |26.543462 [24.96795

366 Q54209 9.74E-07 Trc Transferrin receptor protein 1 Q54209 23.251812 |21.768436 |23.0776842 |19.492965 |+
1597 070251 9.87E-07 Eeflb;Eef1b2| Elongation factor 1-beta 070251 25.219783 |23.094926 |25.1983746 |22.810345 |+
629 P48678 9.98E-07 Lmna Prelamin-A/C;Lamin-A/C P48678 2566141 |24.074116 |25.6091547 |23.767469
1451 Q55%74 1.00E-06 Pdha2 Prolyl 4-hydroxylase subunit alpha-2 Q55xX74 24.895684 |22.254026 |24.8601236 |21.246339 |+
140 Q564F3 1.07E-06 Rps3al;Rps3al 405 ribosomal protein $3a Q564F3 26.420161 |24.424915 |26.3951552 [24.220148 |+
490 P27773 1.18€-06 Pdia3 Protein disulfide-isomerase A3 P27773 27.199561 |25.763295 |27.1768581 |25.654748
1346 QacpY7-2 1.33e-06 Lap3 Cytosol aminopeptidase QICPY7-2 22501225 |20.245225 |22.3251872 |0 4+
78 EIPV(H 1.40E-06 Eif4g1; elF 4Gl| Eukaryotic translation initiation factor 4 gammal E9PVCE 24157536 |22.571268 |24.004789  |21.413804

125 Q61553 1.50E-06 Fscnl Fascin Q61553 25.958996 |23.709913 |25.9306645 [23.348397 |+
1155 QiTsZ3 1.54E-06 Lars Leucine—tRNA ligase, cytoplasmic QiTs23 233172 21.299384 [23.1667944 |17.701662 |+
1783 Q91W53 1.69E-06 Golga 7;60LG| Golgin subfamily A member 7;Golgin subfamily|Q91W53 22.396738 |20.032459 |22.2799241 |0 +
837 Q3UWPE 1.85E-06 Calr Calreticulin Q3uwrg 27.166958 |24.630747 |27.148361 |24.388965 |++
333 Q3Tw40 1.87E-06 Hnrmpm Heterogeneous nuclearribonudecprotein M |Q3TW40 24.699761 [23.443485 |24.6510837 |23.107721 |+
1324 Q3UGes 1.94E-06 Ddost Dalichyl-diphosphooligosaccharide-—-protein glyd Q3UGES 23.276623 |20.767406 |23.2173456 |18.518918 |+
1133 LADAOULRNKY |2.23E-06 Dock 7; mKIAA Dedicator of cytokinesis protein 7;Dedicatorof JAOAQUIRNKZ |24.721221 [23.622165 |24.6014085 |22.923603

235 P26645 2.27e-06 Marcks Myristoylated alanine-rich C-kinase substrate |P26645 25.581868 |23.502972 |25.550202 |23.174526 |+
7 Q76MZ3 2.53E-06 Ppp2rla Serine/threonine-protein phosphatase 2A 65 k[ Q76MZ3 24.623027 |22.801738 |24.5455852 |22.039668 |+
119 Q61245 2.60E-06 Colllal Collagen alpha-1{X1) chain Q61245 25.174474 |22.353358 |25.1125973 [20.942481 |+
159 P51863 2.B4E-06 Atpbv0d1 V-type proton ATPase subunitd 1 P51863 23.901021 |21.78204 |23.8385172 |20.790439 |+
478 Q3THH1 3.51E-06 Pdiab Protein disulfide-isomerase A6 Q3THH1 26.240598 |24.229952 |26.2284163 |24.042571 |++
1203 Q91vi2 3.50E-06 Prkcdbp Protein kinase C delta-binding protein Q9ivi2 22.735376 |20.342098 |22.6157739 |0 +
98 Qapoig 3.52E-06 Rars Arginine—tRNA ligase, cytoplasmic Qapoig 23.580548 |21.603926 |23.4784142 [19.554989 |+
283 QIROE2 3.66E-06 Plod1 Procollagen-lysine,2-oxog lutarate 5-dioxygenas| QOR0E2 23.734945 |20.688262 |23.6880756 |0 +
1702 A2RS22 3.83E-06 Corolb Coronin;Coronin-18 A2RS22 25938675 |24.59301 |25.9210443 |24.415074 |++
58 Q90883 4.03E-06 Chmpab Charged multivesicular body protein 4b Q9D8E3 25.087621 [23.131013 |25.049161 |22.733455 |+
330 P21956-2 4.05E-06 Mige8;MFG-{ Lactadherin P21956-2 26.340058 [25.464171 |26.3185533 |25.355176 |+
635 Q3uiso 4.20E-06 Rplgé 605 ribosomal protein L8 Q3uiso 24.688202 |23.030809 |24.6789428 [22.833659 |[++
586 Q80WES 4.43E-06 Kirrel Kin of IRRE-like protein 1 Q80W68 23.123721 |21.522421 |23.0126908 |20.220346 |+
153 P11087 4.72E-06 Collal Collagen alpha-1{1) chain P11087 29.617242 |27.463812 |29.6033662 |27.367083

557 ADILV3 4.76E-06 Hist1h2bj; Hist| Histone H28;Histone H2B type 1-P;Histone H2B|AOILV3 2514742 |21.291822 |25.13532 20.277615 [++
954 Q9IDCY1 5.18E-06 Ppib Peptidy Hprolyl cis-trans isomerase; Peptidyl-pro| Q9DCY1 25.069611 |23.291229 |25.0534378 [23.049313 [++
1298 Q99N15 5.57E-06 Hsd17b10  |3-hydroxyacyl-CoA dehydrogenase type-2 Q99N15 22.547413 |19.915736 |22.510121 |0 4+
1306 Q3Us18 5.59E-06 Prkcsh Glucosidase 2 subunit beta Q3usis 23.521052 |21.642024 |23.4109024 |20.425045 |+
1210 Q3ugvs 5.70E-06 Psmd2;Gm54] 265 proteasome non-ATPase regulatory subunij Q3U9Y8 23.746937 |22.04521 |23.6673788 |20.996524 |+
1285 Q80292 5.77E-06 Kars Lysine—tRNA ligase Q8C292 23.802257 |22.129822 |23.7200448 |20.892589 |+
429 Q8BKCS 6.49E-06 Ipa5 Importin-5 Q8BKCS 24.301148 |22.724405 |24.0973762 |21.073847

160 P35700 6.71E-06 Prox1 Peroxiredoxin-1 P35700 25.214088 [23.100304 |25.1831386 |22.731154 |+
528 Q3U7R1 6.88E-06 Esytl Extended synaptotag min-1 Q3U7RL 22.891736 |21.831286 |22.7539481 |20.512492

246 Q55UC3 7.62E-06 Canx Calnexin Qassucs 25766964 |24.457452 |25.7179145 |24.235727

577 Q9zZoul 8.61E-06 Tip2 Tight junction protein Z0-2 Q9zoul 22.792051 |20.878573 |22.6382523 |17.601386 |+
969 Q3TUF3 8.93E-06 Calu Calumenin Q3TUF3 25.411621 |23.575627 |25.3539735 |23.070328 |+
86 Q9JKRE 9.36E-06 Hyoul Hypoxia up-regulated protein 1 Q9IKRE 23985057 |22.325916 |23.8298391 |20.959132

389 B7ZND7 9.40E-06 Ppplrl8 Phostensin B7ZND7 25.146751 |23.186226 |25.1081992 |22.785648 |+
873 Q91YR1 9.36E-06 Twfl Twinfilin-1 Q91YR1 25.179527 |23.462351 |25.147926 |23.21895 |+
985 E9Q3E2 1.11E-05 Synpo Synaptopodin E9Q3E2 23.698483 [21.706723 |23.6024279 |19.334544 |+
12 Q3THAQS 1.12E-05 Stipl Stress-induced-phosphoprotein 1 Q3THQS 24.800563 [22.015248 |24.7582742 |20.949437 |+
271 Q3V3R1 1.16E-05 Mthfdill Manofunctional Cl-tetrahydrofolate synthase, § Q3V3R1 22611644 |20.904772 |22.389819 |0

681 Q80Y09 1.17E-05 Pdcdbip Programmed cell death 6-interacting protein | Q80Y09 24243025 |23.081181 |24.1101509 |22.154078
1090 Q3TESS 1.16E-05 Ren2 Reticulocalbin-2 Q3TESS 23.142379 |22.060497 |23.0352756 [21.410917 |+
191 Q9128 1.21E-05 Flii Protein flightless-1 homolog Qgn2s 25828461 |24.841553 |25.763617 |24.572594

759 Q5XIF6 1.31E-05 Rpl10a Ribosomal protein; 605 ribosomal protein L10a_| Q5XIF6 25512407 |24.095222 |25.4977944 [23.96118 |++
787 Q8BTFO 1.39€-05 Copa Coatomer subunit alpha;Xenin; Proxenin Q8BTFO 23.618576 |22.528684 |23.5089937 |21.748168
1805 G3XIL6 1.48E-05 Gm10250;Atg ATP sy nthase subunit d, mitochondrial G3X9L6 23.781619 |21.951053 |23.7209082 |21.441433 |+
164 Q8vDDs 1.56E-05 My h9 Myosin-9 Q8vDDs 33.432638 [33.457481 |33.4285234 |33.452222

388 (ADADR4I259 |1.56E-05 Syncrip; Hnmp| Heterogeneous nuclearribonudeoprotein Q. |AOAOR4J259  |24.730809 [23.201503 |24.6712476 |22.729758 |+
924 Q3V1F2 1.56E-05 Sdcl Syndecan;Syndecan-1 Q3V1F2 23.871525 |20.754911 |23.8429239 |19.318492 |+
493 E9Q175 1.57E-05 Myo6 Unconventional myosin-V| E9Q175 25.819963 |25.259951 |25.722408 |25.049007
1020 G3IX910 1.59E-05 Sipall3 G3X910 22.21984 |22.311897 |22.0316873 [21.949234 |++
1533 Q91YKE 1.79€-05 Rpl23a;Gm604 605 ribosomal protein L23a QI1YKE 25559741 |22.326992 |25.5484498 |21.803452 |++
124 Q3TRI1 1.84E-05 Vps35 Vacuolar protein sorting-associated protein 35 |Q3TRI1 24072678 |22.651135 |23.863557 |21.219536
1978 P60766 1.83E-05 Cdcd2 Cell division control protein 42 homolog PE0766 24.38827 |22.806309 |24.3737675 |22.617335 |+
298 IADADRAIT69 |2 20E-05 Lrrfip2 Leucine-rich repeat flightless-interacting protein| ADADR41169  |25.588399 |24.51884 [25.5622988 [24.372145 |+
1047 Q811L7 2.49E-05 Hnrmphl Heterogeneous nuclearribonudeoprotein H;He§ Q811L7 24185889 [22.581417 |24.1464971 |22.306742 |+
1448 Q64521 2.64E-05 Gpd2 Glycerol-3-phosphate dehydrogenase, mitochod Q64521 22.006188 |20.227743 |21.7608167 |0 +
567 Q3U4U6 2.85E-05 Cct3;Cctg T-complex protein 1 subunit gamma Q3uaue 25.108856 |24.866291 |25.0206588 |24.713217

521 Q9IKF1 2.87E-05 Iggapl Ras GTPase-activating-like protein IQGAP1 Q9JKF1 26.536557 |25.982123 |26.4696205 |25.79858

1365 Q3UNNZ 3.01E-05 Cdd4 (D44 antigen Q3UNNZ 25475455 |24.030431 |25.4522869 |23.895655 |+
1740 P99027 3.08E-05 Rplp2 605 acidic ribosomal protein P2 P99027 26.560274 |25.271665 |26.5548133 |25.213364 |+
777 Q9ROEL 3.12E-05 Plod3 Procollagen-lysine,2-oxoglutarate 5-dioxygenas| Q9R0E 1 24.661748 [23.000145 |24.5483171 |22.323833

234 Q8RIUT 3.20E-05 Luzpl;mFLIOQ Leucine zipper protein 1 Q8Rau7 24.461092 |23.378088 |24.3238545 |22.878171

237 Q58EU3 3.26E-05 Rps2;Gm1802 405 ribosomal protein 52 QS8EU3 26128463 |24.546078 |26.1031856 |24 406077

619 Q91V55 3.26E-05 Rps5 405 ribosomal protein 55;405 ribosomal protein| Q91VS5 25.555966 |23.99987 |25.5338927 |23.863424 |+
1804 P42208 3.24E-05 Sep-02 | Septin-2 P42208 23.201971 |21.372512 |23.1072733 |18.431192
1201 Q544H0 3.50E-05 Eifg Eukaryotic translation initiation factor 3 subunit | Q544H0 23.206136 |21.756316 |23.1496016 [20.88793 |+
1038 Q91VRS 3.64E-05 Ddx1 ATP-dependent RNA helicase DDX1 QI1VRS 24.812376 |24.060953 |24.7302215 |23.806197

40 P&7778 3.74E-05 Phb; 1700071} Prohibitin P&E7778 26.163895 |22.569241 |26.1519622 |21.989072 |++
56 Q58E35 3.74E-05 Rplp1;Gm100] 605 acidic ribosomal protein P1 Q58E35 25.073962 |23.752782 |25.0544141 [23.616214 |+
210 Q8ERD3 3.77e-05 Nucbl Nucleobindin-1 Q8BRD3 23.04316  |20.849096 |22.9576027 |0 +
477 P50516-2 3.80E-05 Atpév1a V-type proton ATPase catalytic subunit A P50516-2 23.855268 |22.280465 |23.7620668 |21.455418

433 E9QPE7 4.10E-05 Myhl1 Myosin-11 ESQPE? 24342916 |24 49353 |24 1548346 (2442717 |-
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593 Q3u7al 4.15E-05 Ddx17 Probable ATP-dependent RNA helicase DDX17 |Q3U741 25.145909 [23.341041 |25.1128887 [22.932512 [+
401 Q55X50 4.24E-05 Pinl Profilin; Profilin-1 Q55X50 25.372097 [24.019429 |25.3151874 [23.78892 [+
1549 QsK2Jo 4.25E-05 Plcd3 1-ph i i 4,5-bisphosphate phospH Q8K210 22509732 |20.65842 |22.3840593 |0

553 P18872-2 14.33E-05 Gnaol Guanine nudeatide-binding protein G{o) subuni§ P18872-2 23.738759 [21.183677 |23.6693352 [18.095021 [+
766 AGPWE4 4.56E-05 P3h1;leprel |Prolyl 3-hydroxylase 1 AGPWB4 23.863088 [21.533919 |23.7704792 [20.259269 [+
1558 ascu? 4.62E-05 Aimp1 Aminoacy| tRNA synthase complex-interacting ] Q8C2U7 22.375175 |19.656923 |22.2937164 |0 +
300 Q55YD0 4.72E-05 Myold; Myol Unc | my 1d; Uncor I mydQS5YDO 26.314338 |25.321944 |26.2664761 |25.118042
487 Qasou72 4.77E-05 ScribjLirel | Protein scribble homalog; Leucine-rich repeat-col Q80U72 22.594098 [21.535843 [22.3236338 [19.751812
1181 Q4VAM-2  |4.91E-05 Plekhg3 Pleckstrin h logy domain- ining family {Q4VACS-2 23147655 |21 87146 |22 8504047 |20.5033

794 PO8032 5.21E-05 Sptal Spectrin alpha chain, erythrocytic 1 P08032 21635342 |20.10057 |21.3522001 |0

613 Q8RS09 5.31E-05 Ptbp1;Ptbp3 |Polypyrimidine tract-binding protein 1;Polypyrir] G8R509 24.364975 [22.312679 |24.3239665 [21.891599 [+
1063 [AOAOU1RPXT |5.32E-05 Myo7a;Myo?] Unconventional myosin-Vila; Unconventional mJAOAOULRPX7 |23.942144 |24.673485 |23.7848904 |24.509357
439 Q3uvovi 5.60E-05 Khsrp Far upstream element-binding protein 2 Q3uov1 23.793635 |21 853579 |23.6983799 |20.971129
701 Q3u094 5.61E-05 Arpclb Actin-related protein 2/3 complex subunit 18 |Q3U0%4 26.232917 [25.321839 |26.2196604 |25.270678
275 ALA4T2 6.02E-05 Ganab Neutral alpha-glucosidase AB AlA4T2 23.742105 [22.287882 |23.6326422 |21.067881
198 Q61768 6.15E-05 Kif5h; mKIAAQ Kinesin-1 heavy chain;Kinesin-like protein;Kined Q61768 22500817 |20.895435 |22.3671864 |18.464548
902 QIWVAL 6.55E-05 Tagin2 Transgelin-2 QIWVA4 24.776428 |23.540659 |24.739279 [23.277853 [+
1194 P62830 6.92E-05 Rpl23 605 ribosomal protein L23 P62830 25.0562  |24.134237 |25.0303052 |24.05987
1089 Q9azo9 7.17€-05 Eif3i Eukaryotic translation initiation factor 3 subunit |9Q209 23290739 |21 433319 [23.1823159 |19.19416

846 P23242 7.25E-05 Gjal Gap junction alpha-1 protein;Gap junction prote|P23242 25.038321 [23.553612 |25.001955 [23.299166 [+
93 E9Q5B5 7.38E-05 Hk2 Hexokinase;Hexokinase-2 E9Q585 21586198 |20.178392 |21.3446481 |0

344 E9QA63 7.76E-05 Madl Microtubule-actin cross-linking factor 1 E9QAB3 22912475 |21.892183 |22.6908572 |20.380614 [++
6541 Q3U6A2 7.83E-05 Rbm14;p16;G RNA-binding protein 14 Q3U6A2 24.968544 [23.236947 |24.930849 [22.922193 |+
1131 Q3ucs 7.81E-05 Sdcbp Syntenin-1 Q3uces 23.211654 [21.47967 |[23.0701025 |20.260596
578 P23116 7.97E-05 Eif3a Eukaryotic translation initiation factor 3 subunit |P23116 23.956014 [22.571754 |23.7709364 |21.489337
662 [AOADNASVT3 |8.09E-05 Gngl2 Guanine nudeotide-binding protein G{1)/G{S)/G|ADAONASVT3 |26.712901 |24.344645 [26.7047435 [24.219874 |++
892 B2RTMO 8.10E-05 Hist2hd;Hist1] Hstone H4 B2RTMO 25.907027 |22.333668 |25.8980699 |21.866194 [++
169 Q497e9 8.30E-05 Rps8 405 ribosomal protein S8 Q497E9 25.921219 [24.301273 |25.9086328 [24.186996 [+
251 Q67WZ6 8.33E-05 Rps12;Gm492 405 ribosomal protein $12 Q6ZW76 25587012 [23.842259 |25.5598393 [23.64249 [+
385 Q3uego 8.46E-05 Rpl3;Rp13  |60S ribosomal protein L3 Q3UB%0 25.397124 [24.077941 |25.3452605 |23.866884
523 P17426-2 8.69E-05 Ap2al AP-2 complex subunit alpha-1 P17426-2 21421086 |19.654005 |21.1775861 |0

507 E9Q557 8.73E-05 Dsp Dy E9Q557 2571827 |24.913301 |35.6456096 |24.659112
260 Q99PTL 8.81E-05 Arhgdia Rho GDP-dissodiation inhibitor 1 Q99PT1 24.138201 [22.491266 |24.0597685 [21.939613 [+
982 Q9910 8.88E-05 Aco2 Aconitate hydratase, mitochondrial Q99KI0 24312416 |22.47859 |24.23509 21.332889 |+
565 Q97329 9.52E-05 Itpr2 Inositol 14,5 hosphate receptortype 2 Q92329 22.768674 |21.249652 |22.5916756 |17.84671

363 Qa3ugs2 9.61E-05 Col5a2 Collagen alpha-2(V) chain Q3u9s2 25.796397 |24.005101 |35.7182377 |23.441009
674 Qos186 9.79E-05 Renl Reticulocalbin-1 Q05186 24402323 |22.655566 [24.3641811 |22.257106 |+
498 Q8BK18 0.000101405 |Dars tRNA ligase, cy i Q8BK18 22943284 |21.729312 |22.8154468 |20.956534
581 B2RSCB 0.000101771 | Nedd4 E3 ubiquitin-protein ligase NEDD4 B2RSCR 24.884824 [24.008944 |24 8305084 |23.784316
585 Qoowi9 0.000102805 |Rps23 405 ribosomal protein 523 QacwI9 24.019256 |21.604888 |24.013317 |21.401383 [++
722 Q9Z2X1 0.000102878 |Hnmpf Heterogeneous nuclear ribonudeoprotein F;Het| Q92 2X1 24785387 |23.075029 |24.7321269 |22.654228

18 Q9IIF7 0.000104264 |Copbl Coatomer subunit beta Q9JIF7 21976194 |20.208042 |21.69855%9 |0

782 (A2ASN2 0.000104652 |Ywhab 14-3-3 protein beta/alpha;14-3-3 protein beta/{A2ASN2 24.488028 [22.477508 |24.448576 [21.937576 |+
1283 Qe9z3s 0.000110361 |Peakl Pseudopodium-enriched atypical kinase 1 Q69238 22.406958 [20.728058 |22.2655513 |18.502232
972 Q9DGs1 0.000114102 |Gnai3 Guanine nudeotide-binding protein Gik ) subuni§ Q9DC51 25.358873 [23.452255 [25.3213292 [23.16979 [+
1573 Q8azvl 0.00011585 |Ei3l Eukaryotic translation initiation factor 3 subunit |Q8Q2Y1 23.590301 [21.94161 |23.506498 [21.036319
817 Q5250 0.000121857 |Raplb Ras-related protein Rap-1b Q52150 24.930533 [22.413057 |24.892736  [21.863344 [+
687 Q3UHW9 0.000125184 |Cfi2 Cofilin-2 Q3UHWI 25.130742 |23.565661 |25.1000597 [23.379846 [+
1037 P17751 0.000125184 |Tpil Tri hosphate i P17751 24.920817 [23.211955 |24.8993657 |22.993435 |[++
894 Q6PB66 0.000125646 |Lrpprc Leucine-rich PPR motif-c protein, mitod Q6PB56 2263572 [21.251486 |22.4679133 |18.700367
117 S4R189 0.000129181 |Arhgefa0 Rho guanine nucleotide exchange factor40 S4R189 22893756 |20.58028 |22.7839842 |0

851 QaDCcs 0.000129311 |Cix3;Chos [ Ch box protein homolog 3;Ch box protd Q9DCG 23.243996 [20.173723 |23.1746205 |0 +
1069 E9PYBO 0.000129311 |Ahnak2 E9PYBO 22638003 |20.633482 |22.5852247 |18.906535 [+
1991 008583-2 0.000129311 |Alyref;Alyref2 THO complex subunit 4;Aly/REF export factor 2| 008583-2 22.900199 [20.636186 |22.8195257 [19.045331 [+
1081 Q5MaL? 0.000136086 |Rps17 405 ribosomal protein 517 Q5MoL7 24.743192 [23.238954 |24.7375379 [23.117242 |+
1220 Q90065 0.000136086 |Mtap S-methy |-5-thi hosphoryl Q9Ca65 22561509 |21.222434 |22.4896536 |20.584203
209 Q543N7 0.000148468 |Pacsind Protein kinase C and casein kinase |l substrate Q543N7 2267135 |20.93717 |22.5071828 |17.106093
371 P61164 0.000148468 |Actrla Alpha-centractin P61164 23.037911 |21 410661 |22.94411 20.535916

30 Q60951 0.000152905 |Yix1 Nuckease-sensitive element-binding protein1 | Q60951 26.524245 |24.860894 |26.4966183 |24.683584
554 Q3Tuil 0.000155022 |Anxab Annexin Q3Tuil 25.355084 |24.151736 |25.2631911 |23.840824
1167 008807 0.000155115 | Prexd Peroxiredoxin-4 008807 24.032461 [21.931729 |24.0189123 [21.586264 [+
1725 070194 0.000155286 |Eif3d Eukaryotic translation initiation factor 3 subunit | 070194 23.60875 [21.36913 |23.5433259 [19.910197
919 Q8BU30 0.000161806 |lars Isoleucine—~tRNA ligase, oy Q8BU30 23.249874 |22.167113 |23.0687179 |21.415914

31 [AGH659 0.000176538 |Pagl Ph associated with glyc ABHB59 21986013 |20.094461 |21.8167206 |0

630 Q9CYLs 0.000178269 |Glipr2 Golgi-assodated plant path related prd Q9CYLS 27.639544 |26.069188 |27.6337287 [26.024945 [+
741 Q6Zwa9 0.000179381 |Myll2a QsZWQ9 30.460029 |29.94719 |30.4587878 |29.940945
292 Qs543m7 0.000190034 |Kpna3 Importin subunitalpha subunitalpha-4Q543M7 22494014 |19.995756 |22.3451595 |0 +
335 Q92273 0.000190034 |Trapl Heat shock protein 75 kDa, mitochondrial Q92273 21675373 |19.908293 |21.543314 |0

257 B2RXS4 0.000199994 | Plknb2;mKIAA Plexin-B2 B2RXS4 23.088801 [21.632883 |22.8477205 [17.729819
1577 Q3Tvoe4 0.000201172 |Ssrl Translocon-associated protein subunit alpha  |Q3TV94 22.333366 |20.404391 |22.2927458 [19.827358 [+
1330 Q08238 0.000205061 |lyar Cell growth-regubating nudeokr protein Q08288 22573949 |20.904736 |22.5013094 |20.128791
1208 B2RXM2 0.00020999% |Gm6793;Hnrm Heterogeneous nuckearribonudeoprotein A3 |B2RXM2 25.725952 [23.684403 |25.7075782 [23.504192 [+
116 QS5FWa7 0.000217245 |EGA33182;En{ Alph: A & ol Q5FW97 25.989496 |24.974866 |25.9283144 |24.778009
1161 QSFWIS 0.000219252 |Hnmpk Heterogeneous nuclear ribonudeoprotein K QSFWIS 25.193972 |23.833873 |25.15181 23.530127
785 P62814 0.000223986 |Atpév1b2;Atg V-type proton ATPase subunit B, brain soform |P62814 23.372089 [21.571489 |23.2928607 [20.483211 [+
563 Q8BHE0 0.000227661 |Vapb Vesicle-associated b protei ciatd Q8BH80 22.665243 |21.335569 |22.5565062 |20.570197
1150 Q3TGe 0.000228358 |Ptges3 din E synthase 3 Q3TIGe 23.829856 |21.35082 |[23.7975452 |20.257205 |+
1388 F6ZVS9 0.000228358 |Hnmpd Heterogeneous nuclearribonudeoprotein D0 |F6ZV59 24.436265 [22.154353 |24.4145652 [21.735433 [+
1414 Q8BGH2 0.000226971 |Samm50 Sorting and machinery o 50 Q8BGH2 23.19989 |21.519599 |23.1024107 |20.400933
133 P16045 0.000232638 |lgakl Galectin-1 P16045 26.867542 [25.104982 |26.8544925 [25.019906 [+
156 P63242 0.000234584 |Eif5a;EfSa2 |Eukaryotic translation initiation factor 5A-1;Euk|P63242 24.379198 [22.2192  |24.3027838 |21.325576
256 Q542F1 0.00024621 | Clicl Chloride intracellular channel protein;Chloride inj Q542F 1 24.023082 |22.541057 |23.9757664 |22.117358

15 Q9RBI 0.000250456 |Chchd3 MICOS complex subunit Mic19 Q9ICRBI 24.277399 |22.348237 |24.2528385 |21.878091
1041 Q6ZWS7 0.000250456 | Camk 2g;Cam Calcium/calimodulin-dependent protein kinase § Q6ZWS7 23547223 |21 807623 |23.4786995 |21.285966
176 Q3um2 0.000254844 |Rps1l 405 ribosomal protein 511 Q3ucn2 25.304767 |23.799564 |25.2897122 [23.648728 [+
814 Q973 0.000257974 |Pkp2 Qaca73 22028419 |20.36176 |21.868281 |17.428294
1236 Q55was 0.000257974 |Rab1;RablA |Ras-related protein Rab-1A Q55W8as 24.296374 |22 464952 |24.2814158 [22.208265 [+
1394 P51859 0.000257974 | Hdgf Hepatoma-derived growth factor P51859 22.779231 |20.096701 |22.6316981 |0
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1276 Q60932-2 0.000261127 |Vdacl Voltage-dependent anion-selective channel pro{ Q60932-2 25.696421 |23.023706 |25.6695186 [22.598988 |+
137 ALBNS4 0.000274392 |Actnl A1BNS4. 22.980108 |20.13161 [22.9327685 [19.068148 |+
259 Q8CCG5 0.000274392 |Ralb Ras-related protein Ral-B Q8CaG5 23.221896 |19.888297 [23.1726409 [18.143024 |+
1744 Q3uxg 0.000274945 |IIf2 Interleukin enhancer-binding factor2 Q3uxig 2195066 |20.108899 |21.7673738 |17.78323

462 P43274 0.000277644 |Histlhle Histone H1.4 P43274 26.220425 |24.832224 [26.210975 [24.764691 |++
1200 088P47 0.000285842 |Nars Asparagine—tRNA ligase, cytoplas mic Q8BP47T 23.161915 |21.159504 [23.0231199 [18.471592 |+
709 P80316 0.000289627 |CctS T-complex protein 1 subunit epsilon P80316 24.756281 |23.397204 |24.6683888 [22.876812
930 QSEBQ6 0.000290419 |Rpl9;Rpl9-ps 1) 605 ribosomal protein L9 QSEBQ6 25.506093 |24.000027 |25.484453 [23.800921
1556 S4R257 0.000290615 |Gapdh;Gm38] Glyceraldehyde-3-phosphate dehyd ;@ S4R257 26.747074 |25.402821 |26.7366748 [25.341254 |+
289 Q9p3ca 0.000298002_|Arpcd Actin-related protein 2/3 complex subunit 4 Qap3ca 25.368112 |23.9435  [25.3614197 [23.863313 |+
382 Q9EPUO-2 0.00030068  |Upfl Regulator of nonsense transcripts 1 Q9EPUO-2 24.287751 |23.149101 |24.1922335 [22.571632
682 Q3TI52 0.0003108  |Rad23b;Rad2] UV excision repair protein RAD23 homolog B;UV Q3TI52 20.600715 |18.85634 [20.4289219 |0 +
705 Q3ViIL5S 0.0003108  |Tpr Nucleoprotein TPR Q3viLs 21.156257 |18.94772 [20.9968658 |0 +
1262 A2BDX2 0.0003108 Dpml Dolichol-phos phate mannosy ltransfi subur] A2BOX2 21.086479 |22.489776 |21.01219 22.489776
1481 P70698 0.000319723 |Ctps1;Ctps | CTP synthase 1 P70698 23.355607 |21.085454 [23.2127472 [19.61088 |+
534 P68372 0.000322571 |Tubb4b Tubulin beta-4B chain P68372 27.38167 |26.735673 [27.363851 |26.682304
413 Q88003 0.000328396 |Mcm5S DNA helicase;DNA replication licensing factor M{Q8BQ03 23.178835 |21.457188 [23.0993037 |18.80007

438 EOCXB1 0.000328998 |Psmab Proteasome subunit alpha ty pe-6 EOCXBL 22.254226 |19.750403 [22.194573 |0 +
1999 O8R2K3 0.000329848 [Ssbpl Single-stranded DNA-binding protein; Single-strd Q8R2K3 2290022 |20.842434 |22 8703391 |19.552706
399 Q6PLA9 0.00033332 |Rpl7a;Gm5764 605 ribosomal protein L7a Q6P1A9 25.164525 |24.063508 |25.1358153 |23.965649
749 ABIPEY 0.00033332  |Ywhag 14-3-3 protein gamma; 14-3-3 protein gamma, | A8I P69 25611191 |23.8152 [25.5855979 [23.567692 |+
202 Q5216 0.000337977 |Enpep Glutamyl aminopeptidase Q5216 21.742531 |20.186356 |21.4542968 [0

1137 Q9ROX4 0.000337977 |Acot9;Acot10) AcyHcoenzyme A thi 9, mitochondrial{ Q9ROX4 22.407371 |20.145497 |22.3519107 [0

23 Q6ZPF4 0.000342585 |Fmnl3 Formin-like protein 3 Q6ZPF4 22799835 |20.979697 |22.6507854 |17.739814
1279 17HLV2 0.000342887 |Rpl10;Rpl10! |60S ribosomal protein L10;605 ribosomal protei| I7HLV2 24.305275 |23.159278 |24.2682163 |22.955348 |+
231 Q60930 0.000354266 |Vdac2 Voltage-dependent anion-selective channel pro{ Q60930 25313419 |23.231378 |25.2832592 |22.954179
273 Q3TWNS 0.000356897 |Aldh18al Delta-1-py rroline-5-carboxylate synthase;Gluta| Q3TWNS 25.927008 |26.00481 |25.8801052 |25.935752
1052 AOAOR4J0S7 |0.000359831 [Uaca Uveal autoantigen with coiled-coil domains and| ADAOR4I0S7 22346668 |20.902871 |22.199739  |19.502704
983 Q60865 0.000366156 |Caprinl;rng 10 Caprin-1 Q60865 26.187182 |24.86287 |26.1604887 [24.715982 |+
1427 Q9ESU7 0.000372206 |Skla5 Amino acid lmniﬂel’,Nﬁu{ml amino acid trand Q9ESU7 22.553413 |20.479724 [22.4172812 |18.211038 [+
1802 Q58023 0.000372206 |Rpl30 605 ribosomal protein L30 Q58DZ3 24.029201 |22.13081 [23.9973047 [21.664307 |+
2062 Q545%5 0.00037128  |Plaur Urokinase plasminogen activator surface recep§ Q545X5 23.324385 |20.068268 |23.3031388 |18.396603 |+
454 Q6PSE4 0.000373563 [Uggtl UDP-glucose:gly coprotein glucosyltransferase §Q6PSE4 24.051188 |22 860285 |23.8584413 |21.894176
1106 P62071 0.000388447 |Rras2 Ras-related protein R-Ras2 P62071 24.268316 |22.955599 [24.2261264 [22.657546 |+
112 O3TX57 0.000392437 |Psmd1;6m21{ 265 proteasome non-ATPase regulatory subuni|Q3TXS7 22461183 |20 826664 |22 3756217 |19.87102

905 P11276 0.000392437 |Fnl Fibronectin; Anastellin P11276 23.751061 |20.336582 [23.7204855 |18.953016
1290 Q8BU31 0.00039326  |Rap2¢;Rap2a |Ras-related protein Rap-2c;Ras-related protein {Q8BU31 22.871546 |20.478449 |22.7754604 [0 +
375 Q3ul2z 0.000394949 |Eif2s3x Eukaryotic translation initiation factor 2 subunit |Q3U112 24.347425 |23.140412 [24.2753902 [22.798067
378 BIEKBS 0.000400879 |Igf2r Cation-indep m phosp recq BIEKBB 22.617547 |21.059205 [22.4093855 |0

610 G3UYDO 0.000409904 |Gtf2i;Gtf2ird2| General transcription factor | 1-I;General transcri| G3UYDO 23.332314 |21.700062 [23.1861736 |20.028234
664 Q90262 0.000415242 |Dist Dihydrolipoy lly sine-residue suctinyltransferase |Q902G2 22.34127 |21.26059 [22.1857721 [20.622117
822 P62737 0.000453441 |Acta2 Actin, aortic smooth muscle P62737 31.356326 |30.925616 31.3542465 [30.921181
865 Q91ys2 0.000468756 |Rangapl Ran GTPase-activating protein 1 Q91Ys2 22.699873 |20.975365 |22.5275716 |19.93404

881 Q545F8 0.000482739 |Rps4x;Rps4l;§ 405 ribosomal protein $4;405 ribosomal protein| Q545F8 25.951354 |24.657123 |25.9339704 |24.551028
361 064337 0.000490252 |Sgstml Sequestosome-1 Q64337 25.13078 |23.808712 |25.0550873 |23.457802
1391 QO0VBAS 0.000495534 |Plau Urokinase-ty pe plasminogen activator; Urokinag QOVBAS 21.509542 |19.899293 [21.2995139 [18.435943
1626 Q5sBU7 0.000511256 |Rps13 405 ribosomal protein 513 Qseu? 25.090346 |23.377646 |25.0789875 |23.255491 |+
712 QA4VEF8 0.000552572 |Sipalll Signal-induced proliferation-associated 1-like pr| Q4VBF8 22078115 |27.354122 [21.7143735 [27.341263 |++
252 E9PYLY 0.000557234 |Gm10036;Rpl] 605 ribosomal protein L11 E9PYLY 24.771152 |23.383436 [24.7542354 [23.281191
746 Q3TF84 0.00055979  |Lrrc59 Leucine-rich repeat-containing protein 59 Q3TF84 25.267239 |24.218558 |25.2494052 [24.130732
1078 P09055 0.000585129 |Itgbl Integrin beta-1 P09055 24.519169 |23.66364 [24.4207262 |23.35152

735 Q99p72 0.000590619 |Rtnd Reticulon-4 Q99pr72 24.582371 |23.339976 |24.5006163 [22.916525
1141 Q5KU03 0.000590412 |Gsk3b Glycogen synthase kinase-3 beta QsKU03 20.7957 19.58941 |20.4896734 |0 +
280 QsyLw3 0.000594395 |Rps3 405 ribosomal protein 53 QsyLw3 26.850157 |25.808213 |26.8348269 |25.748545

92 Q3uLwo 0.000620515 |Ran;1700009] GTP-binding nuclear protein Ran;GTP-binding nd Q3ULWO 24.428283 |23.787354 [24.4001373 [23.679404 |+
990 Q55VG5 0.000621601 |Aplbl AP complex subunit beta; AP-1 complex subunit | Q55VG5 20.109021 |18 647256 |20.0284015 [0

1475 B1AQRS 0.000621601 |lgakd Galectim;Galectin-9 BLAQRS 21.591397 |18.536774 [21.5913972 |0 +
1582 QENSPI 0.000621601 |Hmga2 High mobility group protein HMGI-C QENSPI 21.293232 |19.731214 |21.2932325 |18.984736
676 Q3UDe7 0.000632572 |Aars Alanine—tRNA ligase, cytoplasmic Q3upe7 23.19452 |21.096917 [23.0822795 [19.097619 |+
505 Q3UKC1 0.000657503 |Tax1lbpl Tax1-binding protein 1 homolog Q3UKQL 23.856182 |22.96775 |23.6927523 |22.459296
616 GSEBC3 0.000656027 |GpreSa Retinoic acid-induced protein 3 GSEBC3 22.889957 |19.513523 |22.8584067 [17.598292 |+
1640 Q97163 0.000656027 |Atpévicl V-type proton ATPase subunitC 1 Q97163 21448844 11962277 |21.3201134 |0

760 Q3UCHO 0.00066908 |Rpl6;Gm5428| 605 ribosomal protein L6 Q3UCHD 25.550916 |23.851209 [25.5271216 |23.695738
1684 Q5MIM4 0.000667562 |Rps15a 405 ribosomal protein $15a QA5MIm4 23938316 |22 489045 |23.9089079 |22 238361
411 P09411 0.000677566 |Pgkl;Pgk2 | Phosphoglycerate kinase 1;Phosphogly cerate k|P09411 25.032064 [23.432651 |24.974451 [22.993432
190 P27546-3 0.000744169 |Mapd Microtubule-associated protein 4;Microtubule-4 P27546-3 22.728746 |21.758279 [22.4903775 [20.139435
1393 F70B83 0.000742533 |Ahnak2 F7DBB3 26.475387 |25.150726 |26.4480962 [25.02319
1620 Q8RO50-2 0.000747408 |Gsptl;Gspt2 |Eukaryotic peptide chain release factor GTP-bin| QBROS0-2 22.398754 |20.276344 |22.2187642 |0

1489 E9QBO2 0.000757447 |Mars Methionine—tRNA ligase, cytoplasmic E9QBO2 21.986171 |20.341091 [21.7603485 |0

311 B2ROAS 0.000767178 |Maplb;Mapl| Microtubule-associated protein 18;MAP1B heayB2RQQS5 22995677 |22 000453 |22.747531 |20.988533
334 Q5MB8RS 0.000785476 _|Rplp0 605 acidic ribosomal protein PO Q5M8R8 26.08118 |24 645972 |26 066017 |24 547475
1319 Q5PRO9 0.000835766 |Rpl32 605 ribosomal protein L32 QSPRO9 23.774675 |21.187775 [23.7025195 [20.425468 |+
304 Q99182 0.000848669 |Stoml2 Stomatin-like protein 2, mitochondrial Q99J82 22440413 |21.257264 |22.2722064 |20.301426
672 Q9EPK2-3 0.000857939 |Rp2 Protein XRP2 QIEPK2-3 2267742 |19.881435 |22.6295326 |17.840719
1205 061833 0.000870014 |Rpn2 Dalichyl-diphosphaoli charide--protein glyd Q61833 23.612568 |22.409172 |23.5337226 |21.873737
559 Qs0TI2 0.000872785 [Atp2a2;Atp24| Sarcoplasmic/endoplas mic reticulum calcium A1Q50TI2 24.287821 |22 912827 |24.1918169 |22 457696
450 P60335 0.000908423 |Pcbpl Poly{rC}-binding protein 1 P60335 24.313264 |22 867847 [24.2449589 (22597181

35 BIAWEQ 0.000999669 |Clta Clathrin light chain A BIAWEQ 24.508467 |22.191225 [24.4791365 [21.62219

313 P30416 0.000999669 |Fkbp4 Peptidy-prolyl cis-trans isomerase FKBP4;Peptid P30416 22.966457 |20.429278 [22.8573616 |0

4 035226 0.001059778 |Psmdd 265 proteasome non-ATPase regulatory suhmﬂolizzﬁ 21.404024 |20.068939 |21.0954125 |0

566 Q3Tv20 0.001060435 |Asns Asparagine synthetase ghlath-dezinﬂmTVZO 22468855 2141683 |22.1250286 |20.341016
215 G3X922 0.001087256 |Dnajcl3 G3X922 22.52906 |21.628181 [22.2593911 [19.909629
349 Qoveal 0.001087801 |Hsd17b12 | Very-long-chain 3-oxoacyHCoA reductase Qoveal 21.159704 |18.95206 [21.0077622 |0

1176 P19157 0.001087801 |Gstpl;Gstp2 |Glutathione S-transferase P 1;Glutathione S-traf P19157 21.495189 |19.345063 [21.33707 17.770803
1209 Q88BGUS-2 0.001087801 |Ceny Cydlin-¥ Q8BGUS-2 22.2551 18.454256 |22.1601864 |0

1412 08K298 0.001087801 |Anin Actin-binding protein anillin Q8K298 19.936814 |18.925249 |19.4135979 [0

1712 P62137 0.001083935 |Ppplca Serine//threanine-protein phosphatase PP1-alpH P62137 24.678173 |22.788492 |24.6550507 [22.549117 |+
651 Q3va3s 0.00111259 |Phb2 Prohibitin-2 Q3vass 22.865198 |21.02283 [22.8167449 [20.245094 |+
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1300 P40336 0.001114581 |Vps26a Vacuolar protein sorting-assodiated protein 26A] P40336 21.712597 |19.474083 [21.5878899 |0

355 PO8249 0.001130562 |Mdh2 Malate dehydrogenase, mitochondrial P08249 25.839394 |24.398327 [25.8090658 [24.243106
255 Q8R5L1 0.001160073 |Clgbp G €0 1 Q subcomponent-bif Q8R5L1 2411363  |21.960641 [(24.0723500 |21.693211
1080 Q3TMZ1 0.001163487 |Pycr2 Pyrroline-5-carboxy late reductase; Pyrroline-5-¢|Q3TMZ1 22.625029 |21.063695 |22.4843617 |19.81931

49 |AOAOG2JEUL |0.001202385 |Aldh2 Aldehyde dehydrogenase, mitochondrial ADAOG2JEUL  [23.024281 |21.831935 [22.888778 [21.129635
1255 Q61171 0.001238157 |Prdx2 Peroxiredoxin-2 Q61171 23.688638 |20.802721 [23.6560727 [19.745693 |+
1362 Qocams 0.001238157 |Rpl21 605 ribosomal protein L21 Qacams 23.262242 |21.082912 [23.211161 [20.165954 |+
1571 Q3uiss 0.001238157 |Csdel Cold shock domain- protein E1 Q3u1se 21933301 [20.227703 [21.855821 ]18.73971
1893 Q3TwWv4 0.001238157 |Ap2ml AP-2 complex subunit mu Q3TWv4 22.734428 |20.625673 [22.6908965 [19.498185
767 Q6PSF9 0.001271988 |Xpol Exportin-1 Q6PSF9 22.195096 |20.945101 (219392311 |18.531596
899 Q4FZH2 0.001271988 |Rpi26 605 ribosomal protein L26 Q4FZH2 25.188039 |23.199383 [25.1717841 [23.019605 |+
666 P54823 0.001287268 |Ddx6 Probable ATP-dependent RNA helicase DDX6  |P54823 23.904283 |22.27903 [23.7770729 |21.449814
541 Q8BFY9-2 0.001350077 |Tnpol Transportin-1 Q8BFY9-2 22462905 |21.301458 |22.2838497 ]19.351986
203 Q80ZZ0 0.001362146 |Ehdl;Ehd3 |EH domain: ing protein 1;EH domain-con| Q80ZZ0 23.277584 [22.596174 |23.0559883 |21.910735

24 Q3viM8 0.001379995 |Hdbp Vigilin Q3viM8 23.196208 |22.402716 (229271394 |21.643655
627 P39688 0.00143261 |[Fyn Tyrosine-protein kinase Fyn;Non-specific protei| P39688 22.014712 |20.002283 |21.8679622 |18.854046
680 Q545K4 0.001434955 |Eif6 Eukaryotic translation initiation factor 6 Q545K4 22217839 [20.3206 [22.0954015 |0

1456 DGREF7 0.00143261 |Sgpll h 1-phosphate lyase 1 DGREF 7 227008 |21.03216 [22.6375424 |20.758753
1589 P97450 0.00143261  [AtpSj ATP synthase-coupling factor 6, mitochondrial |P97450 21686591 |19.55187 [21.405445 [18.405167
134 QIpa9 0.001442136 |Paics Multifunctional protein ADE2; Phosphoribosylan] Q9DCL9 22.707271 |21.000139 [22.6105055 |20.017892
1149 QsM9r3 0.001593159 |Rps19 405 ribosomal protein 519 Qsm9P3 26196218 |24.41708 [26.1921654 [24.385351
434 Q3UFI3 0.001648178 |Pdhal Py deh Elc subunil Q3UFJ3 21.488927 |19.141797 [21.3690661 |0

801 E9QMQ3 0.001663241 |Triobp TRIO and F-actin-binding protein E9QMQ3 22.818857 [21.071106 [22.7262838 ]19.569907
921 Q543N5 0.001676761 |Clicd Chloride intracellular channel protein; Chloride inf Q543NS 21727513 [19.73015 [21.5424037 |0

945 P97855 0.001692601 |G3bpl Ras GTPase-activating protein-binding protein 1| P97855 25.795079 |24.36159 [25.7643414 [24.191305
509 Q7TMI0 0.001778827 |Psmd11 265 non-ATPase y subunilQ7TMIO 22.672758 |20.697711 (22.6170498 [18.693112 |+
1273 QaqQyio 0.001784334 |Dnaja2 DnaJ homolog subfamily A member 2 Qoqyio 23.231447 [21.194007 [23.1820921 |20.20138

481 Q91vZg 0.00184518 | Pabpcd; Gm1{ Polyadenylate-binding protein Q91YZ8 23.561008 [21.846859 |23.4841092 |21.0825

694 P63213 0.001864802 |Gng2 Guanine nudectide-binding protein G(1)/G(5)/G|P63213 21.735306 |19.84053 [21.6940268 [19.071373
1752 Q7ID03 0.001864802 |COX2;mt-Co2| Gytochrome c axidase subunit 2 Q7ID03 22.026065 |18.90714 [21.9270991 |0 +
1594 Q3TF25 0.00187728 |AtpSo ATP synthase subunit O, mitochondrial Q3TF25 22.846441 |20.869929 [22.6733121 |18.999941
1003 Q5BLKL 0.001905847 |Rpsé 405 ribosomal protein S6 Q5BLK1 25497086 |23.887763 |25.4717844 |23.767441
1518 Q4KL76 0.00194382 _|Hspe1;(pn10410 kDa heat shock protein, mitochondrial Q4KLT6 24693451 |22.277242 [24.6829367 [22.025%6 |+
670 Q62038 0.001973111 |Candl Cullin-associated NEDD8-dis sociated protein 1 |Q62Q38 22.884548 |21.564763 [22.6334205 [19.852698
821 Q8BFW7-4  10.001991323 |Lpp Lipos partner homol Q8BFW7-4 23.617652 |22.295203 [23.5500559 |21.767849

46 Q55540 0.002120919 |Ywhae 14-3-3 protein epsilon Q55540 26.584441 |25.257399 [26.561501 |25.130954
395 035646 0.002165549 |Capn6 Galpain-6 035646 23.151128 |20.5033  [23.0856693 [0 +
168 008749 0.002247676 |Did Dihy drolipoy | dehydrogenase, mitochondriab D 008749 21925564 |20.553076 [21.7605538 [19.855187
221 [A2RSVE 0.002247676 | Coxdil Cytochrome ¢ axidase subunit 4 isoform 1, mitod A2RSVE 23.422528 |21.49166 [23.3734265 [21.048134 |+
525 Q8c7a6 0.002316434 |Cdh11 Cadherin-11 Qscras 21.028681 [19.587572 [20.7615244 |17.88782
1632 Q92511-2 0.002354183 |Atad3;Atad3a ATPase family AAA domain- ining protein 1092511-2 22155016 [20.923483 [21.9722109 |19.6841

852 Q0PEB2 0.002393533 |Fubpl Far upstream element-binding protein 1 QOP6B2 21585823 |20.127445 [21.3194646 (0

890 PB4084 0.002393533 [Arf5 ADP-ribosylation factor 5 PBA0SS 23615088 |22.65404 [23.5917405 [22.467017
1332 Q92210 0.002393533 |U2af2 Splicing factor U2AF 65 kDa subunit Q92210 21913961 |20.593629 [21.6459075 [19.037885

73 Q8CHH7 0.00243142 |Genlll Q8CHH7 20.471491 |19.524456 [20.1697176 |0 +
1004 Q97247 0.002478968 |Fkbp9 Peptidyl-prolyl cis-trans isomerase FKBP9 Q97247 22958182 [21.377222 22 8881291 |20.029751
752 Q3uTo2 0.002535725 |Larpd La-related protein 4 Q3uTo2 22313581 [20.711991 [22.1427231 |18.106518
1452 Q9DBZ6 0.002535725 |Abcd3 ATP-hinding cassette sub-family D member 3  |Q9DBZ6 2250837 |[21.100143 [22.3930574 |20.07124
1494 Q8BUM1 0.002559421 |Tardbp TAR DNA-binding protein 43 Q8BUM1 2282568 |21.581803 [22.7762708 |21.176389
1553 Qacnss 0.002592801 |Sec61b;Gm1{ Protein trans port protein Sec6l subunit beta  |Q9CQOS8 24329396 |22.788624 (24.3228011 (22.702175
268 QsMImMo 0.002642631 |Rpll3a 605 ribosomal protein L13a QSM9IMO 24.385014 |23.052185 [24.3628452 [22.917001 |+
64 QBCFQ9 0.00278297 |Fus RNA-binding protein FUS Q8CFQ9 24345717 |21.159312 [24.304926  |19.435596

20 P28667 0.002793468 |Marcksll MARCKS-related protein P28667 23.078614 |20.938889 [23.0328603 |19.41468

174 Q6ZWM8 0.002939446 |Ppplcc fth prot h Serine/t|Q6ZWM8 22206232 |20.537924 [22.1331644 |19.946937
384 Q54259 0.002914511 |Sntb2 Beta-2-syntrophin Q54259 22.368408 |20.800052 |22.2230526 |18.724268
428 Q3UPKE 0.002914033 |Psma5;Gm83] Proteasome subunit alpha type;Proteasome sull Q3UPKE 23.027567 |20.144384 (229552253 [19.279816
432 Q4FZE6 0.002936794 |Rps7;Gm9493 405 ribosomal protein 57 Q4FZE6 25680143 [24.04357 [25.6701243 |23.976407
501 aQ3uvia 0.002856973 |Capl Adenylyl cyclase-associated protein;Adenylyl of Q3UVI2 23.331887 |22.018218 [23.2345292 |21.460957
643 QoawuD1 0.002914033 [Stubl STIPLh logy and U box-c protein 1)Q9WUD1 21.260318 |19.696897 [20.971652 |0

72 Q8BPG5 0.002936794 |Racl;Rac3;Ra{Ras-related G botulinum toxin substrate 1;Ras-|Q8BPGS 25211022 |22.775803 |25.1824823 |22.56863

796 Q52187 0.002952603 |Tubalc Tubulin alpha-1C chain Q52187 2115433 |19.061794 [20.9903155 |0 4+
960 Q3TIA9 0.002952603 |Dnaja3 Dnal homok A member 3, mitochor] Q3TJA9 21308826 |18.851597 [21.2766571 |0

1191 P54116 0.002939446 [Stom Erythrocyte band 7 integral membrane protein |P54116 20.516192 |19.673898 [20.419598 |0

1245 Q3UF30 0.002952603 |5100a10 Protein 5100-A10 Q3UF30 23.895371 |18.85141 [23.8953706 |0 +
1354 Q7TMGS8 0.002914033 |Gbas Protein NipSnap homaolog 2 Q7TMG8 21.162503 [19.083617 [20.9580091 |0

1417 Q9IESUS 0.002952603 |Sklad Amino adid transporter; Neutral amino acid trang Q9ESUS 20.825477 |19.011817 [20.6659687 |0

1515 Q91vm2 0.002939446 |Snpd3 Smal nudear ribonudeoprotein Sm D3 Q91vMm2 2264785 |20.176539 |22.6188226 |19.10367
1550 Q809 0.002952603 |Lrifl Ligand-dependent nudear receptor-interacting § Q8CDD9 22725235 |19.800113 [22.69271 0

1628 QIp@3 0.002952603 |Dnajcl0 DnaJ homok ily Cmember 10 Q9Inc3 20.768549 |19.730364 |20.6883481 |19.008648
1678 Q4VA29 0.002936794 |2700060E02R] UPF0S68 protein Cl4orf166 homolog Q4vA29 23.736913 [22.355005 |23.7066604 |22.078345
1737 Q3unI3 0.002952603 |Fkbp10 Peptidyl-prolyl cis-trans isomerase FKBP10 Q3UNI3 2143728 |18.820488 [21.3567096 |0

1824 Q3TWWE8 0.002914033 |[Srsf6;Srsf4 | Serine/arginine-rich splicing factor 6;Serine/arg| Q3TWWE 22.639652 |20.820232 [22.5555202 |20.199394
1947 Q9DBHS 0.002952603 |Lman2 Vesicularintegr protein VIP36 Q9IDBHS 21414386 [18.979556 [21.2197221 |0

2016 Q6ZWVT 0.002914033 |Rpl35;Gm102{60S ribosomal protein L35 Q6ZWV7 2431209 |19.968805 [24.3006316 |18.909711 |++
508 aQscix9 0.002969701 |Anxa3 AnnexinAnnexin A3 Q8C1X9 2423237 |22.784798 (24.1287868 [22.441248
364 Q9JKB3-2 0.00302205 | Ykx3;1gf2bp3 | Y-box-binding protein 3 Q9JKB3-2 25.193014 [23.343098 [25.1440138 |22 935488
284 Q3uaws 0.003079735 |Usp5 Ubiquitin carboxy Herminal hy drolase; Ubiguitin | Q3U4W8 21426941 |19.892751 [21.2866702 |0

1113 Q3TDD8 0.003087881 |Eifdb Eukaryotic translation initiation factor 48 Q3TDD8 22548087 [20.172673 [22.4445183 |18.450498
1613 008734 0.003087881 |Bak1 Bck-2 homologous antagonist/ killer 008734 21.546682 |19.931597 [21.4267251 (0

1175 PA7963 0.003157811 |Rpl13 605 ribosomal protein L13 P47963 25.492083 |24.118191 [25.4806829 [24.051621
1382 Q3TTYe 0.003330262 |Lin7c;Lin7a;Lif Protein in-7 homolog G Protein lin-7 homolog B Q3TTY6 22.816568 |20.708588 (227721243 [18.640373
348 QIcwI 0.003354482 |Atic Bifunctional purine biosy nthesis protein PURH;P|Q9CWI9 22968325 |21.688816 |22 8492828 |20.832515
367 QS61NS 0.00336011 |Rps18;Gm102 405 ribosomal protein 518 QS61INS 26.273443 |25.816558 [26.268165 |25.780468
376 Q6RI64 0.003425505 |Psmbl Proteasome subunit beta type;| sub|Q6RIG4 22.683617 |20.709541 [22.5514999 [19.830151
1073 Q8VEH3 0.003533771 |Ari8a ADP-ribosylation factor-like protein 8A Q8VEH3 23.22738 [21.247923 [23.1311948 |20.550788
1490 Q9DBS1 0.003533771 |Tmem43 Ti protein 43 Q9DBs1 22250616 |20.593382 [22.0917393 |18.740045
604 P05201 0.003636625 |Gotl i , oy i P05201 20.858573 |19.001068 [20.5122018 |0

744 [ADAOG2IGTS |0.003636625 |Eifde Eukaryotic translation initiation factor 4E ADAOG2IGTS [22.728263 |19.879688 [22.6751675 |18.842866
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1570 Q3TD51 0.003636625 |Picalm;5Snap9] Phosphatidylinositokbinding clathrin assembly g Q3TD51 21696374 |19.361029 |21.6220619 |0

1800 055108 0.003636625 |Bsg Basigin 055108 21.807517 [19.331897 |21.6377091 [0

1356 Q55F07 0.003765819 |1gf2bp2 Insulir-like growth factor 2 mRNA-binding prote| Q55F07 22 684195 |21.410816 |22 5911221 |20.393259
1945 P63168 0.003824005 |Dynill Dynein light chain 1, cytoplasmic P63168 23.968415 [23.046953 |23.9203161 (22.849476
840 Q8R1B4 0.003855052 |Eif3c; G 730044 Eukary otic translation initiation factor 3 subunit|Q8R1B4 23.555509 [22.405353 |23.3815555 (21.610046
1546 Q8C180 0.003849924 |Frs2;Frs3 Fibroblast growth factor receptor substrate 2;F i Q8C180 21164069 |18.858396 |21.0522646 |0

860 QSNTYO 0.003885006 |Dnajal Dnal homolog subfamily A member 1 QSNTYD 22.605542 |21.17549 |22.4948195 |20.335479
1499 Q3uevs 0.003885006 |Etf1 Eukaryotic peptide chain release factor subunit |Q3U6V5 21.745265 |20.370846 |21.5125648 [17.646809
872 H7BX95 0.003905478 |Srsfl Serine /arginine-rich splicing factor 1 H7BX95 23.673553 [21.134861 |23.6072474 [19.426706
43 Q8C4AD5 0.003923612 |Rftnl Raftlin Q8C4D5 21549375 |20.088737 |21.2442095 |18.040016
1112 Q8CHA4 0.003923612 |Sorcs2 VPS 10 domain-containing receptor SorCS2 Q8CHA4 21620416 |24.830487 |21 416734 |24.776644 |+
1002 (ADAOB7WPLS |0.004231441 [Dhxd ATP-dependent RNA helicase A ADAOBTWPLS |20.627987 [19.691902 |20.4077664 |0

324 Q994 0.004291511 |Psmd6 265 proteasome non-ATPase regulatory subunij Q99)14 22935786 |20.851938 |22 8524325 |19.124914
829 Q3ug3s 0.004318364 |Cnbp Cellular nucleic acid-binding protein Q3935 23.089258 |21.150494 |23.033054 |20.265655
809 ADAOG2JDVE |0.004430361 [Cnn3 Calponin-3 ADAOG2JDVS |21.932571 [20.070232 |21.8542084 |0

342 Q3UBBO 0.004513053 |Gns N-acetylglucosamine-6-sulfatase Q3UBBE0 21921566 |19.741167 |21.767771  |18.678635
415 B1AU25 0.004513053 |Aifm1;Pdcd8 | Apoptosis-inducing factor 1, mitochondrial B1AU2S 22.073984 |19.644538 |21.9780809 [0

618 Q4FIQ0 0.0045185 Rab7;Rab7a |Ras-related protein Rab-7a Q4FJa0 25.006912 [23.160963 |24.9515478 |22.861212
780 P68510 0.004513053 |Ywhah 14-3-3 protein eta P68510 22.624742 [20.556878 |22 5881549 (19.597469
1807 E9PYXT 0.004513053 |Mlied Afadin EIPYXT 20676735 [19.368759 |20.3082424 [0

1964 [ADAOAGYX73 |0.004513053 |Prkar2a cAMP-dependent protein kinase type |l-alpha rfAOAQABYX73 |21.495537 |19.800545 |21.3465213 (17.936109
1967 E906K3 0.004513053 |Pibf1 E906K3 23.007541 [19.875394 |22 9678579 [18.36676 [++
108 BIEHNO 0.004555541 |Ubal Ubiquitin-like modifier-activating enzyme 1 BIEHNO 24.142359 [22.951571 |24.0181037 |22.26402
287 Q8BRI2 0.004662005 |Palm2 Paralemmin-2 Q8BR92 21852439 |19.194728 |21.8299679 |0

545 Q3TDA7 0.004662005 |Pacsin2 Protein kinase C and casein kinase substrate in {Q3TDA7 21402566 |19.402986 |21.2147116 |18.289435
574 ADAOG2JEPO |0.004623781 [Furl Fragile X mental retardation syndrome-related j AOAOG2JEPO  |24.527145 [23.513824 |24 4621854 |23.235955
1320 E9Q5G3 0.004662005 |Kif23 Kinesin-like protein KIF 23;Kinesin-like protein  |E9Q5G3 20.626125 |18.80199 |20.5727353 |0

1562 Qscpl 0.004662005 |Rab5a Ras-related protein Rab-5A Q9capi 20.620456 |18.895631 |20.5292306 |0

2121 Q3THAG 0.004662005 |Srsf? Serine /arginine-rich splicing factor 7 Q3THAG 21598738 |20.006117 |21.5692738 |19.504283
82 Q5RL55 0.004882902 |Abcfl ATP-binding cassette sub-family F member1 |Q5RL55 22.366093 [21.123656 |22.1400792 |19.752555
1117 Q3u1P2 0.004948138 |Srx9 Sorting nexin;Sorting nexin-9 Q3uirz 23.183943 |21.611552 |23.0546607 |20.641489
1284 A1L0U3 0.005113346 |Histlh3e;| Histone H3; Histone H3.2;Histone H3. 3;Histone |A1L0U3 22.479819 [19.875024 |22 4264494 [0

200 Q9DB0S 0.005166141 |Napa;Napb |Alpha-soluble NSF attachment protein; Beta-sol§ QIDBOS 25219212 [21.134277 |25.1877488 (20.073789
600 Q3UE40 0.005351034 |Gnal3 Guanine nudectide-binding protein subunit alpH Q3UE40 20.790561 |18.764544 |20.667623 |0

927 Q8BK51 0.005351034 |Pmpca Mitochondriakprocessing i subunitalp| Q8BK51 21169398 |18.934861 |21.0800676 |0

281 Q3uUs30 0.005530342 |Tars Threonine—tRNA ligase, cytoplasmic Q3U630 23.203724 [20.671143 |23.109001 [0

877 Q90(P8 0.00555959  [Gng10;6m 204 Guanine nudeatide-binding protein G(1)/G(S)/ G| QICXPS 22.879604 [20.054412 |22 8433468 |18.724162
1344 Q9cYa3 0.005558238 |Rpl31 605 ribosomal protein L31 QICY93 24270241 |21.980951 |24.236691 |21.485206
1510 FBWIV2 0.00555959 _|Serpinbba;Seq Serpin B6 FAWIV2 24.217889 [22.633798 |24.1962278 |22 448624 |+
1545 Q8BVVE 0.00555959  |EifS Eukaryotic translation initiation factor 5 Q8BVV6 21587176 [19.83593 |21.408437 |17.817805
997 Q3vano 0.005598932 |Lonpl Lon protease homolog, mitochondrial Q3v2Do 21935089 |19.97015 |21.7805424 |0

1264 D3YU22 0.005818297 |Limch1 LIM and calponin homology domains-containing D3YU22 19.918664 |22.159363 |0 22.015991
1506 QB88IX0 0.005818297 |Psmhb2 Proteasome subunit beta type;Proteasome sub| Q8BJXD 22.042903 |20.849935 |21.8688288 |(20.101264
1487 Qsmsqo 0.00591703 |Rpl15;6m100] Ribosomal protein L15;605 ribosomal protein L1)Q5M8Q0 2499398 |23.730104 |24.9666959 |23.626179
537 Q9axTo 0.00608788 |Cnpy2 Protein canopy homolog 2 Q9axTo 21913164 |19.816922 |21.7911057 |18.462393
1136 Q91VMS5 0.00608788 |Rbmxl1;Rbmx| RNA binding motif protein, X-linked-like-1; RNA-§ Q91VMS5 22.320186 |19.818126 |22.3063667 [0

1331 Q6ZWNS 0.006098167 |Rps9 405 ribosomal protein 59 Q6ZWNS 24.491452 |23.166302 |24.4301708 |22.837634
918 Q81112 0.006267488 |LOC72520 Q81112 2281038 |20.408752 |22.7506396 |18.710121
41 055029 0.006311811 |Copb2 Coatomer subunit beta 055029 2262332 [21.875698 |22.346523 |20.925615
466 Q99LPe 0.006606155 |Grpell GrpE protein homolog 1, mitochondrial; GrpE prd Q99LP6 22907669 |20.512476 |22.8517979 |19.241834
1053 008547 0.006606155 |Sec22b Vesicle-trafficking protein SEC22b 008547 21.296618 [20.496115 |21 0580455 |19.498855
1325 Q49713 0.006606155 |Fabp5 Fatty acid-binding protein, epidermal 049713 23.13777 [19.945947 |23.1013243 [0

1429 Q5MER9 0.006606155 |Fdps Farnesyl pyrophosphate synthase Q5MER9 23.069995 |20.400029 |23.0119856 |18.425551
357 PS8871 0.006628359 |Trkslbpl 182 kDa tankyrase-1-binding protein P58871 23.950034 [22.920089 |23.7651646 (21.924524
1050 B2RT97 0.006715009 |Psmd13 265 proteasome non-ATPase regulatory subuni| B2RT97 22.258181 [20.611044 |22.1457392 |19.158922
314 PE2627 0.006811737 |Dynirbl Dynein light chain roadblock-type 1 P62627 21.703019 [20.088352 |21.6270133 |19.168211
397 Q3UZH2 0.006811737 |Mcm3 DNA helicase; DNA replication licensing factor M| Q3UZH2 21.178432 [19.650252 |20.8814293 [0

645 Q3TDM8 0.006811737 |Scamp3;Tu52| Secretory carrier-associated membrane protein| Q3TDM8 20.100311 [19.380961 |19.606464 [0

1387 IADAOAGYX18 |0.006818061 [AtpEvlh V-type proton ATPase subunit H ADADABYX18 |22.529942 [21.328115 |22.3940835 |18.570853
2 Q3TLR3 0.006993007 [Trim32 E3 ubiquitin-protein ligase TRIM32 Q3TLR3 21.000869 |18.84584 |20.9448592 |0

70 Q9DB15 0.006993007 |Mrpl12 395 ribosomal protein L12, mitochondrial Q9DB15 21293126 |18.624977 |21.1094808 |0

633 B2ROE8 0.006993007 |Arhgap42 Rho GTPase-activating protein 42 B2RAES 20.284309 |18.614008 |20.004791 |0

640 E9Q226 0.006993007 |Cenyll E9Q226 20.706449 |18.481945 |20.5360785 [0

774 Q3UIN2 0.006993007 |Ruvbll RuvB-like 1 Q3UIN2 20.451136 |18.748281 |20.394389 |0

808 E9QMV2 0.006993007 |Abracl Costars family protein ABRACL ESQMV2 21183832 |19.474251 |20.9807649 |18.662929
1058 Q5SNCBS 0.006993007 |Irgml Immunity-related GTPase family M protein 1 | QSNCBS 20.789538 |19.319026 |20.7472438 |17.612322
1127 Q5M9IP1 0.006993007 |Rpl36a;Gm65] 605 ribosomal protein L36a Q5M9P1 23.593449 |22.311556 |23.5852538 |22.196%
1322 (Q8BTA2 0.006993007 |Pafah1h2 Platelet-activating factor acety hydrolase |B sulj Q8BTA2 20161761 |18.34247 |19.9261922 |0

1531 G3UZA4 0.006993007 |Csnk2b;Csnk2 Casein kinase |l subunit beta G3UZA4 21.712447 [19.566737 |21.641292 [18.286308
1862 Q3Ttqyz 0.006993007 |Dctnd Dynactin subunit 4 Q3iTay2 20.786362 [19.447606 |20.657619 [0

2007 Q3UKC8 0.006993007 |Gng5 Guanine nudeotide-binding protein subunit gam Q3UKC3 22360289 |19.089533 |22 3463195 |0

677 P58022-2 0.007038765 |Loxi2 Lysyl oxidase homolog 2 P58022-2 22.367158 [20.353836 |22.2626452 [0

1709 Q9axs 0.007247285 |Cldndl Caudin domain-containing protein 1 QICaxs 22.019291 |19.753101 |21.8968462 |0

938 54389 0.007485168 |Prep Prolyl endopeptidase 054389 22.009886 |19.86127 |21.8231093 |0

476 Q3UIHS 0.007995382 |Psmc2 265 protease regulatory subunit 7 Q3UIHS 22.583209 |21.256152 |22.4629198 |20.727381
60 Q05SBN2 0.008025015 |PaZgd4 Proliferation-associated protein 2G4 Q05BM2 24.277724 |22.539143 |24.185087 |22.042175
800 Q9cYD3 0.008056393 |Crtap Cartilage-associated protein Q9CYD3 23.436992 |20.888736 |23.3269038 |18.915752
1444 Q90661 0.008230024 |Hnrmpab Heterogeneous nuclear ribonucleoprotein A/B | Q9D6G1 24 660642 |22 44877 |24 6449534 |22 171066
804 054962 0.008293161 |Banfl Barrier-t i ion factor;Ba rrier-to-auto] 054962 22.952307 [21.278294 |22 9469973 |20.971585
1642 Q9144 0.008293161 |Dut Q944 21576896 |19.671999 |21.4723126 |0

723 Q8BX10-2 0.00846349 |Pgam5 Serine/threonine-protein phosphatase PGAMS,| Q88X10-2 23518042 |22 454599 |23 5027157 |22.348149
928 P10852 0.00846349  |Slc3a2 4F 2 cell-surface antigen heavy chain P10852 23.072251 [20.623205 |23.0097817 |19.428877
1405 ESQIWO0 0.00846349  |Camk2d Calcium,/calmodulin-dependent protein kinase | E9Q1W0 23.235682 |22.084075 |23.1784501 |21.876761
1769 Q3TIC8 0.00846349 | Uqgercl Cytochrome b-c1 complex subunit 1, mitochond| Q3TICB 2256498 |20.885507 |22 4719522 |20.192545
463 Q3TKM9 0.008544372 |ArpcS Actir-related protein 2/3 complex subunit 5 Q3TKM9 25.004505 |24.005119 |24.9868618 |23.895052
1260 Q90p0M3-2  10.008601105 [Cycl Cytochrome cl, heme protein, mitochondrial | Q9D0M3-2 21.002176 |19.407007 |20.8146958 |0

1221 Q3UA17 0.008651039 |Mtch2 M itochondrial carrier homolog 2 Q3UA17 23.293386 |21.882106 |23.1885041 |21.438309
81 Q3UHTE 0.008714295 |Fasn Fatty acid synthase;[Acy-carrier-protein] §-ace] Q3UHT6 23912681 |23.009235 |23 6867867 |22.200191
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464 QIWWIKS 0.008711881 |Histlhlb Histone H1.5 QIWWK3 25.122384 [23.730524 |25.0943556 |23.655789
266 Q6IRU2 0.008893041 |Tpm4 Tropomyosin alpha-4 chain Q6IRU2 28.336394 [28.003113 |28.3251626 |27.982729
449 B2M1R7 0.009356868 |Pchp2;Pcbp3 | Poly(rC)-binding protein 2;Poly{rC)-binding protd B2M1R7 24.822625 |21.856292 |24.7803278 (21.114718
1955 QseU9 0.009483607 |Rpl27 605 ribosomal protein L27 Q5BU9 24570242 |23.44568 |24.5337731 (23.349773
1463 E9PUD2 0.009550533 |Dnmil Dynamin-1-like protein E9PUD2 21.28608 |19.580531 |21.0137498 [0

1915 P14115 0.009550533 |Rpi27a 605 ribosomal protein L27a P14115 24.639501 |23.04648 |[24.6272903 [22.862475
381 FBWIXB 0.010044539 |Histlh2al;HiY Histone H2A; Histone H2A ty pe 1-H;Histone H24FBWIX8 24920228 |22.318484 |24.9081159 |22.14476
441 Q8BK46 0.010055744 |Psmd3 265 non-ATPase y subunij Q8BK46 22811066 [21.193829 |22 6591877 |19.731628
1227 Q6ZWZ4 0.010044539 |Rpl36,Gm897] 605 ribosomal protein L36 Q6ZWZ24 24.144377 [22.563543 |24.1347715 |22.449736
2107 QSBLK2 0.010044539 |Rps20 405 ribosomal protein 520 Q5BLK2 22919522 [21.190685 |22.900545 |20.835925
532 Q99KEL 0.01041181 |Me2 NAD-dependent malic enzyme, mitochondrial; N Q99KE 1 21.830128 |18.798915 |21.7501308 |0

1302 P12787 0.01041181 |ComSa Cytochrome ¢ axidase subunit 5A, mitochondria| P12787 22.597332 |18.543969 |22.5575024 [0

1530 Q8CFE6 0.01041181 |Sk38a2 Sodum-coupled neutral amino acid transporter | Q8CFES 21910978 |18.678399 |21.8439504 |0

1537 P99026 0.01041181 |Psmbd Proteasome subunit beta type-4 P99026 21.539658 |20.13609 |[21.516542 [19.761454
1868 E9QOX0 0.01041181 _|Psmad Proteasome subunit alpha type; Proteasome sull ESQ0X0 21572525 |18.604026 |21.5225306 |0

2092 Q8R3X4 0.01041181 |Timm44 Mitochondrial import inner b translocg Q8R3X4 20.68579 |18.555182 |20.5331585 |0

1691 Q9CT23 0.010692097 |Eif3e Eukaryotic translation initiation factor 3 subunit|Q9CT23 23.308177 [22.020915 |23.2221517 |21.253759
170 Q14A01 0.01075553 _ |Psmcb 265 protease regulatory subunit 108 Q14A01 21975812 [20.415558 |21.8305881 |18.980839
967 Q3THE2 0.01075553 |Myl2b Myosin regulatory lightchain 128 Q3THE2 24.109668 [24.847708 |24.0963233 |24.815505
704 Q3K0qQ1 0.010951733 |Nsfllc NSFL1 cofactorpd? Q3kaal 22.079704 [20.67631 |21.8894338 |19.705668
132 QSRKPO 0.011206767 |Vatl Synaptic vesicle protein VAT-1 hom| Q5RKPO 22675973 [20.589181 |22 4986699 |18.660771
547 Q3THUS 0.011537737 |Sk25a3 Phosphate carrier protein, mitochondrial Q3THUB 24.100921 |22.447871 |24.0783329 |22.075073
212 QsDTs3 0.012020504 Sep-07 | Septin-7 Qs5DTs3 22.504767 [21.625153 |22.4202984 |21.090208
1070 Q3TFNT 0.012004235 |Rsul Ras suppressor protein 1 Q3TFNT 21.022672 |19.443159 |20.8629093 |0

527 Q8K4Q8 0.012093977 |Colecl2 Collectin-12 Qsk4Q8 2156874 [19.746144 |21 4044794 |0

866 Q91YNI 0.012093977 |Bag2 BAG family molecular chaperone regulator 2 |Q91YN9 22.008963 |19.448295 |21.9018724 |0

765 |ADADAOMOAH0.012120618 |Tubada Tubulin alpha-4A chain AOAOAOMQAS | 22.235666 [20.069308 [22.154543 |0

207 Q70569 0.012842328 |rps14;Rps14 |40S ribosomal protein $14 070569 25.372571 |24.058944 [25.350976  [23.989342
360 Q3UBRI 0.013194383 |Tanll Thioredaxin-like protein 1 Q3UBR9 22.688564 [20.984872 |22 5069871 |20.078583
638 Q3usss 0.013194383 |Parpl Poly [ADP-ribose] pol 1 Q3uses 21.727265 |20.237286 |21.4777489 [0

953 Q3uas 0.013194383 |Ppic Peptidyl-prolyl ds-trans isomerase;Peptidyl-pro| Q3UCT3 24133544 [21.331907 |24 0916459 |20.551936
502 Q37564 0.013561537 |Rslld1 Rib IL1 domain: ining protein 1 Q3Ts64 22.132494 |20.334308 |22.0526938 |18.908864
1478 Q3m39 0.014492507 |RabSc Ras-related protein Rab-5C Q3TJ39 22.208815 |20.900536 |22.1376404 (20.489295
1496 Q8BRF7-3 0.014492507 |Sdidl Secl family domain ing protein 1 Q8BRF7-3 20997164 [19.626948 |20.6973342 |18.347186
232 EOCY24 0.014763015 |Pard3 defective 3 h I EOCY24 20.420295 |18.756453 |20.0199889 [0

310 Q9ES97-3 0.014763015 |Rtn3 Reticulon-3 Q9ES97-3 21.452901 [20.761725 |21.3195943 |20.237086
1343 Q3TFD9 0.014763015 |Vim Q3TFD9 24960148 [21.509315 |24 9601482 |21.387861
1492 IADAORAJ034 |0.014763015 |Pdxdcl Pyridoxal-di dent decarboxylase domain-cof AOAOR4J034  |20.094869 [18.69358 |19.5062761 |0

1687 QB8BKED 0.014763015 |Psma2 Proteasome subunit alpha type;Proteasome sull QBBKED 21.318284 |18.878224 |21.1821577 |0

1972 YWS80|0.014763015 |Naal5;Naal6|N-alpha-acetyktransferase 15, NatA auxiiary sull AOADAGYWS0 |20.074442 |18.69706 |[19.8261473 |0

2088 Q99PVo 0.014763015 |Prpf8 Pre-mRNA -processing-splicing factor 8 QI9PVD 20.391495 |18.947957 |20.1198912 |0

326 Q3uire 0.015184754 |Gart Trifunctional purine biosynthetic protein adenos| Q3UIP8 21.632747 [20.193844 |21.3288237 |18.005625
390 Q91v28 0.015184754 |Pgd 6-phosph onate dehyd decarbox{Q91V28 21.967892 |20.47935 |21.7618236 (18.809205
536 A4FUS1 0.01627718 |Rps16 405 ribosomal protein S 16 A4FUST 25.267366 _|24.529885 |25.2492077 [24.472332
702 F7CBP1 0.016648393 |Eifdg2 Eukaryotic ion initiation factor 4 7CBP1 21538393 |20.252724 |21.3600654 [0

1838 [A2RTT4 0.016690044 |Ube2n Ubiquitin-conjugating enzyme E2N A2RTT4 22.463218 |21.141025 |22.3649202 (20.563396
2009 Q3ua2 0.016742394 |Sk2al Solute carrier family 2, fadiitated glucose transg Q3U2J2 23.234085 [20.803058 |23.1889438 |19.185559
340 P20108 0.016970246 |Prcx3 Thicredoxin-de pendent peroxide reductase, mit{ P20108 22.140255 |20.373718 |22.0762526 [19.136814
626 B7ZP28 0.016970246 |Dennd2a DENN di protein 2A B7ZP28 21.595806 |20.631375 |21.547488 [20.058709
1257 Q99184 0.016970246 |Capg Macrophage-capping protein Q99184 2191026 [20.282235 |21.8149158 |18.638074
1471 P57759 0.016970246 |Erp29 E ic reticulum resident protein 29 P57759 22.137978 |20.476792 [22.0130213 [18.134074
1665 Q642K1 0.016970246 |Rpl18 605 ribosomal protein L18 Qp42K1 25.218754 |24.215059 |25.2077549 (24.189674
29 Q5EBQ2 0.017271193 |Pebpl Ph lethanal binding protein 1;Hi|Q5EBQ 2 22552494 [20.189744 |22 485638 |[18.737541
32 P52480 0.017265476 |Pkm Pyruvate kinase PKM P52480 2653411 |25.525053 |26.500033  [25.395197
605 Q54219 0.017271193 |Psmcl 265 protease regulatory subunit 4 Q54219 2159605 |19.997822 [21.471452 [18.864403
700 QSHZY7 0.017271193 |Atpévlgl V-type proton ATPase subunitG 1 QSHZY7 23.020636 |20.647313 |22.9806783 [19.943086
1337 |ADADB7WQ52|0.017271193 |Bawl Basic leucine zipper and W2 domai AOADBTWQS2 |21.354498 |20.046649 |21.2812663 |18.02869
1241 Q9EQUS-2  |0.017858503 |Set;BCO8527Y Protein SET QIEQUS-2 24.895577 |22.49537 |24.8734056 [22.153656
87 Q8BMF4 0.018044095 |Dlat Dihy drolipoy by sine-residue acetyltransferase o Q8BMF4 20.034796 |18.860214 [19.821516 |0

1415 ENYE] 0.018044095 |Abcf2 ATP-binding cassette sub-family F member2 |Q3UVI9 23.730796 [19.603793 |23.7085693 |0

1905 Q9Qxs51-3  |0.018093579 |Plec Plectin Q9Iaxs1-3 26.292712 [23.455294 |26.2821822 |23.227026
358 Q9QZES 0.018634782 |Copgl; Copg2 | Coatomer subunit gamma-1;Coatomer subunit | Q9QZES 22791543 |21.660142 |22.5718267 |19.743113
535 B2RSN3 0.018931075 |Tubb2b Tubulin beta-2Bchain BIZRSN3 23.074628 |21.175148 |23.0219465 |20.69923
882 Q8BTa1 0.018931075 |Elavil ELAV-like protein; ELAV-like protein 1 Q8BTal 23.053105 [21.288505 |22 9803406 |20.826821
1315 EOCYM1 0.019286711 |Filipll Filamin A-interacting protein 1-lke EOCYM1 22.620939 |21.570379 |22.4259386 (21.109901
1017 [ADAOAGYVUS |0.020668221 (Gm9774;Adm Proteasomal ubiquitin receptor ADRM1 AOAOAGYVUS 21154702 [19.878133 |21.0757752 |19.399063
1511 Q91WP1 0.020668221 |Pvr QI1WPL 20.678058 [18.715326 |20.448537 |0

1614 IA3KG36 0.020668221 |G6pdx; Gepd2|Glucose-6 1-dehydrogenase;Glucosd A3KG36 21.0789  |18.875128 |20.79%1246 [0

1689 ascas 0.020489203 |AtpScl ATP synthase subunit gamma;ATP synthase su|Q8C2Q8 22441348 [20.98479 |22 3770802 |20.512252
1718 Q60960 0.020668221 |Kpnal; Kpnaé |Importin subunitalpha-5;|mportin subunit alphd Q60960 20.808672 [19.683618 |20.7151568 |19.132913
1782 G3UW4s 0.020668221 |Coro2b Coronin;Coronin-28 G3Uw43 20495181 |18.85457 |20.192277 [0

1792 Q3UAZ7 0.020668221 |Hmgb2 High mobility group protein B2 Q3UAZ7 20.68264 |18.860977 |20.4315927 [0

1857 Q922A2 0.020489203 |Anxa7 Annexing A nnexin A7 Q92242 21.788827 |20.327592 |21.5539772 |19.67699
1875 [ADAOAGYX02 |0.020668221 |Lamtorl Ragulator complex protein LAMTORL AOAOABYXD2 |22.037166 [19.001031 |21.9956267 |0

1926 Q8RS50-5 0.020668221 |Sh3kbpl SH3 domain kinase-binding protein §Q8RS50-5 20.328347 |19.082945 |20.01799 0

95 Q3UHL? 0.021076794 |Lambl Laminin subunit beta-1 Q3UHL? 22.050932 |20.176298 |21.9474266 |0

1103 B7ZNO2 0.021076794 |9430020K01R] Junctiona| protein assodated with coronary arte| B7ZZN02 21677844 |20.175885 |21.5690018 [0

1304 Q03145 0.021079919 |Epha2; Ephabj Ephrin type-A receptor 2;Receptor protein-tyros Q03145 21.615012 [20.496998 |21.4476214 |18.710202
482 Q54519 0.022718728 |Pomtl Protein-L- o hy ;Prg Q54509 23.138684 |21.61906 |23.0353397 (20.982111
1031 Q3TWZ9 0.023431039 |Citb Qathrin light chain B Q3TWZ29 2269665 |[21.024885 |22 6138702 |20.245789
1459 Q3uoT9 0.023431039 |Rab35 Ras-related protein Rab-35 Q3u0T9 23.814256 [21.287675 |23.790119 |20.568883
1713 Q80TX7 0.023845235 |mKIAA0567;( Dynamin-like 120 kDa protein, mitochondrial; Dy Q80TX7 20.691648 [18.744731 |20.3613745 |0

853 P47856-2 0.023896551 |GfptLGipt2 fructose-6 17856-2 22.006469 |20.758753 |21.7935197 [18.943393
122 Q4FIV4 0.02402801 |Anxal AnnexingA nnexin A1 Q4FV4 26.339651 [25.327627 |26.311248 |25.242635
684 Q3u292 0.024184256 |Histlhld Histone H1.3 Q3u292 24.722815 [23.013053 |24.7189342 |22.923449
824 Q3TL79 0.024184256 |Ahsal Activator of 90 kDa heat shock protein ATPase fQ3TL79 2166222 |20.042809 |21.6034445 [18.120341
1311 Qs4a217 0.024184256 |Lamtor3 Ragulator complex protein LAMTOR3 Q54217 21.846462 [20.421137 |21.7430749 |19.631141
1634 Q3uL43d 0.024184256 |NuplS55 Nuclear pore complex protein Nup155 Q3uL43 20.949872 |19.651171 |20.610629% |0
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1655 Q54502 0.024184256 |Surf4 Surfeit locus protein 4 Q54502 22.083537 |20.617619 |22.069433 |19.993325
1028 Q8VHYD 0.024280143 |Cspgd Chondroitin sulfate proteoglycan 4 Q8VHY0 23.413747 [22.483609 |23.1636764 |21.740838
857 Q5BLKD 0.024748117 |Rpl12;Gm165|60S ribosomal protein L12 Q5BLKO 24.858274 [23.872406 |24.829969  |23.755746
473 Q9D898 0.024916414 |Arpcs| Actin-related protein 2/3 complex subunit 5-like| Q9D898 22.945693 [21.071533 |22.8973267 |20.397349
301 Q60597 0.025692206 |Ogdh 2-oxoglutarate dehydrogenase, mitochondrial | Q60597 21.78574 |20.690443 |21.3365239 |19.455493
33 Q3u2zs 0.02599825 |Eps8 Epidermal growth factor rece ptor kinase substrd Q3U225 21.721011 |20.396911 |21.5360174 |19.178255
699 Q542K4 0.02599825 |Cat Catalase Q542K4 21.685012 |20.364733 |21.4033647 |18.96644
1907 Q14AX9 0.02619679% [Mre2 C-type mannose receptor 2 Q14AX9 21.197546 |19.695329 |21.0226829 |0

1198 Q14BH8 0.027147143 |Cacna2d1;CaqVoltage-dependent caldum channel subunit alp| Q148H8 22.281445 |21.291163 |22.0758513 |20.626677
230 Q3UKAL 0.028420698 | Dnajc3 Dnal homaolog subfamily Cmember 3 Q3UKA1 21.599799 |19.414922 |21.4229815 |0

368 Q6PDIS-2 0.028571429 |Ecm29;A1314] Proteasome-associated protein EOM29 homolo Q6PDIS-2 18.474398 |17.682997 |18.0978568 |0

646 Q9pao 0.028571429 |Atp5Sd ATP synthase subunit delta, mitochondrial Q90C20 22.698738 |17.707919 |22.6987382 |0

748 Q9G4 0.028571429 |ReepS Receptor expression-enhancing protein;Receptd Q9CQG4 21.379453 |18.023701 |21.2935577 |0

788 Q9z21Mm7 0.028571429 |Fam49b Protein FAM498 Q921M7 19.397999 |17.52139 |18.8119181 |0

797 B2RAS1 0.028571429 |Strm3 Striatin-3 B2RQS1 17.183294 [19.237135 |0 18.792603
836 Q3Tx21 0.028571429 |Cyr61 Protein CYR61 Q3Tx21 18.236979 |18.809376 |17.6058024 |0

847 QIZX7? 0.028127428 |Tmem55a  |Type 2 phosphatidylinositol 4 5-bis phosphate 4{ Q9CZX7 20.994383 |18.773666 |20.7745652 |0

868 Qsu4as 0.028571429 |SrsfS Serine/arginine-rich splicing factor 5 Qsu443 17.173304 [19.777253 |0 19.555832
1012 Q3usa3 0.028127428 |Cpnel Copine-1 Q3us93 20.288284 |18.926922 |20.0695899 |0

1101 Q8R5CS 0.028571429 |Actrlb Beta-centractin Q8R5C5 19.381324 |17.783373 |18.9493172 |0

1108 ADADAOUGW1]0.028571429 AOACADUGW1 [26.20116  [24.654843 |26.198639  [24.64398
1110 Q54900 0.028127428 |Cd63 Tetraspanin;(D63 antigen Q54900 23.408681 [21.64884 |23.4006433 |21.488364
1178 Q3u029 0.028571429 |Cpox Oxygen-depx coproporphyrinog id Q3U029 18.942543 |17.40615 |18.0801876 |0

1185 Q3TG58 0.028127428 |Eifah;mKIAAQ Eukaryotic translation initiation factor 4H Q3TG58 21.845164 [19.82112 |21.7731586 |19.048378
1261 Q55wY2 0.028224594 | Ppia;Gm5160] Peptidy Fprolyl cis-trans isomerase; Peptidyl-pro{ Q55VY2 26.474575 |25.144896 |26.4513741 |25.079506
1303 QITNCD 0.028127428 |Iinpp5a Q7TNG 21.620312 |19.106071 |21.6016186 |0

1335 Q543R4 0.028571429 |Cpe Carboxypeptidase E Q543R4 18.186417 |17.225362 |17.7260891 |0

1439 Q3UeE4 0.027896718 | Ptma;Gm125( Prothymosin alpha; Prothymosin alpha, N-termif Q3UGE4 24.640883 [22.224231 |24.6071815 |21.753084
1502 QIWVA2 0.028571429 |TimmB8al;Tim|{ Mitochondrial importinner membrane translocd Q9WVA2 20.628672 |17.242958 |20.4438861 |0

1569 P08228 0.028571429 |Sodl Superoxide dismutase [Cu-Zn] P08228 20.029259 |18.037776 |19.8729635 |0

1610 Q3TC38 0.028127428 |Atp2bl Plasma membrane calcium-transporting ATPasd Q3138 19.860131 [19.243087 |19.1968957 |18.086868
1646 Q922Mm3 0.028127428 |Ketd10 BTB/POZ domain-containing adapterfor QUL3-Q922M3 21.970303 [20.253708 |21.926883 |19.704496
1652 Q3THL1 0.028127428 |Tmed2 Transmembrane emp24 domain-containing proj Q3THLL 21.903064 [19.630893 |21.8016549 |18.7051
1661 F7D1I5 0.028571429 |Gype Glycophorin-C F7D115 20.202246 |17.917281 |20.0286713 |0

1703 ADAOG2IGX3 |0.028571429 |AtpSfl ATP synthase F(0) complex subunit B1, mitocho|AOAOG2JGX3  |20.911559 |17.530311 |20.9115589 |0

1742 Q3TXRI 0.028571429 |Hexb Beta-hexosaminidase;Beta-hexosaminidase sulf Q3TXR9 19.862382 |17.612738 |19.5754755 |0

1779 Qomms 0.028571429 |Txndcl? Thioredaxin domain-containing protein 17 Qacams 19.69803 |17.927977 |19.2803537 |0

1789 Q80xY1 0.028571429 |Ppap2a Lipid phosphate phosphohydrolase 1 Q80XY1 20.438875 |17.558432 |20.2894839 |0

1818 QIR0Q6 0.028571429 |Arpcla Actin-related protein 2/3 complex subunit 1A |Q9R0Q6 20.841947 [19.257904 |20.8419473 |18.858886
1819 D3Z581 0.028127428 |Zbeds; Chchd] Coiled-coil-helix-coiled-coil-helix domain-contair| D3Z5B1 20.737234 |18.933186 |20.5637219 |0

1914 Q3TG45 0.028571429 |Psmd8 265 proteasome non-ATPase regulatory subuni| Q3TG45 18.699126 |17.814891 |17.8783439 |0

1957 Q3URM4 0.028571429 |Erpdd Endoplas mic reticulum resident protein 44 Q3URM4 19.951535 |17.696923 |19.7011619 |0

2045 Q55ZA3 0.028571429 |Histlhlc Histone H1.2 Q55ZA3 21.528169 |17.321894 |21.5042263 |0

2075 QB6DFW4 0.028127428 |Nop58 Nucleolar protein 58 Q60F W4 20.312296 |19.109501 |19.7661087 |0

2090 FEWIGS 0.028127428 |Zprl Zinc finger protein ZPR1 FBWIGA 20.281148 |18.992835 |19.6917957 |0

2150 Qavaxo 0.028571429 | Ppp3ca;Ppp3qSerine/threonine-protein phosphatase; Serine/t{ Q4VIX0D 23.087333 [21.053485 |23.0873329 |20.935068
1305 Q9qgzmo 0.028796977 |Ubgin2 Ubiquilin-2 Qsazmo 22.09994 |20.050248 |21.9233402 |0

293 Q3uzzs 0.029011273 |Lrrfipl Leucine-rich repeat flightless-interacting protein| Q3UZ39 24.826053 |24.316416 |24.7584289 |24 146271
1151 Q5RKNS 0.030497737 |Capzal F-actin-capping protein subunit alpha-1 Q5RKNS 25.246462 |24.63084 |25.2189378 24535941
499 P52479 0.031842057 |Uspl0 Ubiquitin carboxy Hterminal hydrolase 10 P52479 21.578671 |19.843968 |21.3918239 |0

1647 P05132-2 0.031842057 |Prkaca cAMP-dependent protein kinase catalytic subur| P05132-2 22.176727 |20.855046 |22.0358935 |19.788953
582 QBNXXE 0.031936275 |Atpév0al V-type proton ATPase subunita;V-type proton { Q6NXX6 22.667603 [21.365594 |22.560748 |20.067814
249 FBVPRL 0.032957784 |Lmodl Leiomadin-1 FBVPR1 24.401366 [25.738391 |24.2279764 |25.682898
336 Q9D1RY 0.033241425 |Rpl34;Gm217]{60S ribosomal protein L34 Q9D1RY 23.979656 |22.852978 |23.9687291 |22.790803
1900 Q542M5 0.033241425 |lgak8 Galectin;Galectin-8 Q542M5 21.157292 [19.774825 |21.0801286 |17.739374
663 P05202 0.033817538 |Got2 Aspartate aminotransferase, mitochondrial P05202 23.215156 [21.84012 |23.1101362 |21.266379
71 AOA1BOGX25 |0.034740091 [Hdac6 Histone deacetylase 6 AOA1BOGX25 |[23.106402 (22.707244 |22.9001134 |22.270868
883 Q6GT24 0.035129968 |Proxé;Prdxéb | Peroxiredoxin-6 Q6GT24 23.780635 |22.045522 |23.6639664 |21.135022
1676 Q14AF6 0.035150037 |Snrpd2;Gm54|Small nuclear ribonucleoprotein Sm D2 Q14AFE 21.725642 |20.687632 |21.477219% |19.821956
697 Q3Tw74 0.036039611 |Mthfdl C-1-tetrahy drofolate synthase, cytoplasmic; Me|Q3TW74 22.143439 |21.208523 |21.9855614 |20.435973
242 Q61699 0.036734541 |Hsphl Heat shack protein 105 kDa Q61699 23.224205 |21.991361 |23.071166  |20.853142
297 ASGZX3 0.037917638 |Glol Lactoylglutathione lyase ASGZX3 25.857484 |19.069472 |25.8522232 |0

671 B1AUX2 0.037917638 |Hcfcl;Hdfc2 |Hostcell factor 1;HCF N-terminal chain 1;HCF N{B1AUX2 20.013041 |18.611061 |19.905768 |0

790 Q45VKS 0.037917638 |IIf3 Interleukin enhancer-binding factor 3 Q45VKS 20.373697 |18.912534 |20.002489 |0

879 Qsouus 0.037917638 |Pgrmc2 Merr iated p receptor ¢|Q80UUI 21.178223 |18.99293 |21.1064158 |0

1291 Qoaiza 0.037917638 |[Sarla GTP-binding protein SAR1a Q99)Z4 21.876671 |19.966506 |21.8577735 |19.352152
1423 035841 0.037917638 |ApiS Apoptosis inhibitor 5 035841 20.226796 |18.541506 |20.0263574 |0

1469 ADA0G2)DZ4 |0.037917638 [Myl10 AOAOG2JDZ4 |25.39242 [24.794098 |25.3903424 |24.780778
1616 F7CDTO 0.037917638 |UbeZm NEDDS-conjugating enzyme Ubcl2 F7CDTO 21.281454 |18.999511 |21.1698593 |0

1812 Qa3uwiz 0.037917638 |Anp3Zb Acidic leucine-rich nuclear phosphoprotein 32 fa| Q3Uw32 22.027282 |19.793365 |21.9556668 |19.14089
1842 QIcwu3 0.037917638 | Ppp2r2a;Ppp2) Serine/threonine-protein phosphatase 24 55 k(| Q9CWU3 21.246481 |19.166736 |21.1198208 |17.253815
331 Q3u781 0.038721139 |[Srsf3 Serine/arginine-rich splicing factor 3 Q3u781 23.782971 |21.491207 |23.7468102 |21.209212
871 Q8G671 0.038721139 |Srsf2 Serine/arginine-rich splicing factor 2 Q8C671 21.50796  |20.15598 |21.3715317 |19.253538
1115 Q517N 0.038736675 |Kras GTPase KRas;GTPase KRas, N-terminally proces|QSJ7N1 23.25457  [21.179632 |23.2233253 |20.632729
1128 D327P3-2 0.038721139 |Gls Glutaminase kidney isoform, mitochondrial D3Z7P3-2 21.50422 |20.224709 |21.4070402 |19.448852
1266 Q3TRK3 0.038721139 |Dbnl Drebrin Q3TRK3 22.950863 [22.123343 |22.895728 |21.876039
1426 Qsoxuz 0.038721139 |Src Non-specific protein-tyrosine kinase;Neuronal p| Q80XU2 21.523585 |19.585468 |21.4698158 |17.44452
1068 Q62074 0.040175085 |Daam1;Daam| Disheveled-associated activator of morphogend Q62Q74 21.695062 |20.358807 |21.545874 |17.800962
1454 Qsoug 0.040421346 |Wfsl Wolframin Qsoulg 21.209651 |18.661164 |21.1450257 |0

2029 Q99KPE-3 0.040421346 |Prpf19 Pre-mRNA -processing factor 19 Q99KP6-3 21.392945 |18.859526 |21.3461842 |0

512 Q3usze 0.040941496 |Pgam1;Pgam]Phosphoglycerate mutase 1;Phosphoglycerate |Q3U726 24174237 |22.731233 |24.1110023 |22 344529
739 Z4YIT3 0.042619461 |Larpl La-related protein 1 24Y1T3 21.786744 |20.203156 |21.6014869 |0

887 S4R219 0.042984633 |Prrc2c Protein PRRC2C S4R219 21.603519 |21.265603 |21.3506411 |20.665577
1032 QIERK4 0.042984633 |Csell Exportin-2 QIERKL 21.336506 |20.551176 |20.8563397 |18 898991
1022 Q55UW3 0.043657636 |Grb10 Growth factor receptor-bound protein 10 Qssuw3 21.21675 |22.058034 |20.3779757 |21.748688
1608 P57784 0.043923921 |Snrpal U2 small nuclear ribonudeoprotein A P57784 24.619873 |26.721359 |24.5746634 |26.701587
1377 Q6IWZ7 0.044901995 |Rpl17:Gm613] 605 ribosomal protein L17 Q62Wz7 23.390011 |19.525869 |23.3414389 |0

1763 QIDAVE 0.044901995 |Serpinb9b QIDAVE 20.408497 |19.408652 |20.0739895 |0
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377 Q924W7 0.045447243 |515 of i ity 5 protein Q924W7 22.887031 |22.296106 |22.6259316 |21.64223
440 [AOAOH2UH17 |0.045889995 |Ubap2l;lig-2a | Ubiquitin-assodiated protein 2-like [AOAOH2UH17 [22.901107 |21.816283 [22.6972833 [20.791326
690 Q3UKD8 0.046814993 |Tsgl0l Tumor susceptibility gene 101 protein Q3UK08 21688302 [20.461704 [21.5842759 ]19.57593
947 Q99IX4 0.046814993 |Ef3m Eukaryotic translation initiation factor 3 subunit | Q99I%4 22.467657 |20.944558 |22.4327276 |20.124642
145 [ADAD67XGS3 |0.048908253 |Cask Peripheral plasma b protein CASK ADAO67XGS53  [22.416876 |21.020658 [22.3267213 [18.689842
939 Q92363 0.049140067 |Capzb F-actin-capping protein subunit beta Q92363 26.979131 |26.093665 [26.9581298 |26.041695
856 Q80UNO 0.04988345 |Uspld Ubiquitin carboxy Herminal hy drolase; Ubiquitin | QB0UND 21.050353 |18.69231 [20.8743156 |0

1007 Q497N1 0.04988345 |Rps26 405 ribosomal protein 526 Q497NL 22.867845 |21.563551 [22.8450837 |21.395274
1104 Q8L 0.04988345 |Mcmé DNA helicase; DNA replication licensing factor M QB8C5L1 20.295943 [19.297248 [19.9107387 |18.027672
1410 |A7TVI98 0.04988345 |GmflbyGmfg | Glia maturation factor beta;Glia maturation fact] A7VI98 21.068284 |18.867161 [20.9522942 |0

1497 Q8BMP9 0.04988345 |Stt3a Dalichyl-diphosphool C —-protein glyd Q8BMP9 21.785764 |20.009742 [21.7314134 [19.461642
1566 QavaTe 0.04988345 |Ef1;Eflb Eukaryotic translation initiation factor 1;Eukaryd Q4V9T8 22.223128 |19.603746 [22.1321024 |18.654677
1721 Q3ucr9 0.04988345 |Itm2b Integral b protein 2B;BRI2, b Q3ucT9 21151027 |19.034375 [21.0807173 |0

1996 Q571A2 0.04988345 |Cul2 Cullin-2 Q571A2 19.386744 |18.603776 [18.9446708 |0

209 Q0VBA4 0.04988345 |Rpl2211 605 ribosomal protein L22-like 1 QOVBA4 21.397248 [19.192893 |21.2959 0

539 Q61753 0.051014406 |Phgdh D-3-phosphoglycerate dehydi Q61753 24321378 |23.622888 |24.2385456 |23.441388
708 Q3TPZ5 0.051341555 |Dctn2 Dynactin subunit 2 Q3TPZs 22410008 |20.948483 |22.3259415 |20.041279
1555 QS0HX3 0.051341555 |Rabl4 Ras-related protein Rab-14 Qso0HX3 22.112697 |20.292284 [21.9528801 |19.19835
161 Q6P1B9 0.05185702 |Binl Myc box-dependent-interacting protein 1 Q6P1B9 20.146566 |18.467813 [20.0300766 |0

843 P10639 0.051864611 |Txn Thioredoxin P10639 23.732381 |20.135959 [23.7126628 [18.642093
886 Q6PB52 0.051864611 |Lrpapl Alpha-2-maar in receptor-associated prof Q6PBS2 20.54974 |19.334212 [20.1901264 |0

51 Q3TAH3 0.053046278 |Npm3 Nuck in-3 Q3TAH3 22334251 [19.552661 [22.2807874 |0

1188 Q3upi2 0.053297186_|Impdh2 Inosine-5 dehydro Q3upi2 22.450587 |21.248456 (222844995 [20.150991
8 Q3UBE7 0.057142857 |Mthfd2 Bifunctional methylenetetra hydrofolate dehydr| Q3UBE7 20.545938 |17.841262 [20.5459385 (0

68 Q3v4B3 0.057142857 |Vtal Vacuolar protein sorting-assodiated protein VTA Q3V483 20.462156 |17.831865 |20.4621565 |0

71 Q9DER1-2 0.057142857 |Xm2 5-3 exoribonudease 2 QIDBR1-2 18923214 |17.657324 [18.7010617 |0

104 B2RUCT 0.055888439 |Strap S h kinase recepty iated prd B2RUCT 22.338732 |20.827883 [22.1681446 [19.199599
492 Q5ND51 0.057142857 |Crk Adapter molecule ark QSND51 18475313 |17.423682 [17.9094748 |0

658 P50518 0.057142857 |Atpévlel  |V-type proton ATPase subunitE 1 P50518 20.935087 |17.659923 [20.81574% [0

754 as3uam?7 0.056216317 |Sk7aS Large neutral amino acids transporter small subjQ3uQm? 22389257 [20.179668 [22.23412 17.755524
763 P40142 0.055809697 |Tkt Transketolase P40142 22.564311 |21.885816 [22.3394369 |21.25136
1035 Q3TRI2 0.057142857 |Dab2 Disabled homolog 2 Q3TRI2 20.053552 |18.030367 [20.0535518 |0

1192 Q3U8N1 0.057142857 |Sars Serine—~tRNA ligase, oy Q3UBN1 21086498 |18.191093 [21.0271878 |0

1235 Q6PDC2 0.057142857 |Tmedd Ti : emp24 domain: ining proj Q6PDC 21.292385 |17.76854 [21.2923845 [0

1269 P70699 0.057142857 |Gaa Lysosomal alpha-glucosidase P70699 18901713 |17.46716 [18.3383652 |0

1318 G5E898 0.057142857 [Ppl Periplakin GSE898 19.746836 |22.014918 [19.180169% [21.904527
1342 Q8BIY1 0.057142857 |PsmdS 265 non-ATPase y subuni| Q8BIY1 18.850675 |17.967316 [18.6221903 |0

1349 B2RQHO 0.056216317 |Dsglb;Dsgla]Di 1-alpha; D 1-beta;Desmq B2RQHO 2235963 |24.644065 |22.1710128 |24 625184
1435 Q3USF7 0.057142857 |Npc2 Epididymal secretory protein E1 Q3UBF7 19.891767 |17.385583 [19.6986619 |0

1438 Q8K2AL 0.057142857 |Gulpl PTB domain- ini adapter prof Q8K2A1 19.161629 [17.90556 [18.7682934 |0

1458 Q9Qze? 0.057142857 |Actrl0 Actin-related protein 10 Q9Qze? 20.344545 |18.443135 [20.2317727 [0

1473 Q9D6EKS 0.057142857 |Fundc2 FUN14 domai ining protein 2 Q9D6K8 21.085645 |19.619993 (20.9741187 [19.535918
1485 D3YWF6 0.057142857 |Otubl Ubiguitin 0TUB1 DIYWF6 17.545799 |18.459234 [0 17.676125
1544 D37789 0.057142857 |Smx3 Sorting nexin-3 D37789 19.701427 |18.077421 [19.1970387 |0

1674 |ADAOG2JEAY |0.057142857 RNA-binding protein 8A ADAOG2JEA9 (21447679 |17.542608 |21.4209974 [0

1699 Q1A602 0.057142857 |Actnd QlA602 23.186825 [21.183046 [23.1868251 |21 146879
1707 B2RRHI 0.057142857 |Gmps GMP synthase [glitamine-hydrolyzing] B2RRHI 17.922356 |19.9194% [0 19.472738
2000 D3Z563 0.057142857 |Dbi AcyHCoA-binding protein D37563 20.879417 |17.676778 [20.8143145 |0

2023 Q505A8 0.057142857 |Rpl39 605 ribosomal protein L39 QS05A8 21521041 |17.886875 [21.4897071 |0

2043 QBCGF9 0.057142857 |Serincl Serine incorporator 1 Q8C5F9 20.444045 |18.15152 |20.3360144 [0

245 Q8VDZ4-2  |0.059657061 |ZdhhcS Palmitoyltransferase ZDHHCS Q8VDZ4-2 21.641937 |20.15466 [21.4784483 ]18.368125
753 Q3UHW2 0.059657061 |Hsd17b4 multifunctional enzyme type 2;(3R|Q3UHW2 23.79758 |19.361219 [23.7738645 |0

775 E9Q153 0.059657061 |Sec23a Protein trans port protein Sec23A E9Q153 20.735628 |18.955422 [20.5091301 |16.428126
1336 D3YVE9 0.059657061 |Rab6a; Rab6b]Ras-related protein Rab-6A;Ras-related protein |D3YV69 23.978958 |22.594098 [23.961153 |22 446573
1696 Q6PSI1 0.059657061 |Sdf2 Stromal cellderived factor 2 Q6P5I1 22210094 [23.411799 [22.120388 |23.392593
447 [AOAOH3XWX3|0.061458212 |Igf2bpl Insulin-like growth factor2 mANA-binding prote{ ADAOH3XW)G |22.459687 [20.441968 |22.3786159 |19.021791
1075 Q53vYX2 0.062561084 |Thyl Thy-1 glycoprotein Q53YK2 26427872 |26.01994 [26.4176803 |26.010455
636 Q8VDP3-3  [0.064953837 |Micall Protein-methionine sulfoxide oxidase MICALL |Q8VDP3-3 21954879 |20.945298 [21.4470013 [19.480448
728 Q8BIF9 0.064957265 |Chmp2b Charged multivesicular body protein 2b Q8BJF 21846115 [19.659181 [21.728539 |18.750842
755 Q8KDC4 0.064957265 |CypSlal Lanosterol 14-alpha demethylase Q8KOC4 20.623511 |18.903077 [20.4820246 |0

1042 Qsaw? 0.064957265 |Cdk1 Cydin-dependent kinase 1 Q99IwW7 20.144278 |18.953936 [19.7626863 |0

1074 Q3UK39 0.064957265 |Mcm2 DNA helicase; DNA replication licensing factor MQ3UK39 20.374426 |18.770354 [20.2002525 (0

1083 Q4FIKD 0.064957265 |Decrl 2,4-dienoyl-CoA reductase, mitochondrial Q4F JKD 19.899859 [18.598111 [19.4953486 |0

1228 EOCXBY 0.064957265 |Ctnna2 Catenin alpha-2 EOCXBI 21.896427 |19.905081 [21.8528222 [18.927454
1622 Q8BFZ3 0.06461309 |Actbl2 Beta-actin-like protein 2 Q8BFZ3 27.027527 |26.193544 (27.0220228 |26.181917
1636 Q148R4 0.064957265 |Arf4 ADP-ribosylation factor 4 Q14884 21711439 |23.391677 |21.5288369 |23.380172
1677 Q4FKS7 0.064957265 |Eroll;Erollb |ERO1-like protein alpha;ERD 1-fke protein beta |Q4FK57 20.903176 |18.630299 [20.6624777 |0

1726 Q3us7s 0.064957265 |Dazapl DAZ-associated protein 1 Q3us7s 21639027 |18.695673 [21.5681783 |0

1705 P46460 0.065882764 |Nsf Vesicle-fusing ATPase P45460 20.785287 |18.868188 [20.714028 |0

113 QssuTo 0.067084794 |Ewsrl RNA-binding protein EWS QssuTo 21984659 [20.524464 |21.7058475 |19.512401
561 |ADAOS7WQEG|0.067501145 |Teebl Transcription elongation factor B polypeptide 1 |ADACS7WQEG |22.3445  |21.063688 |22.186952  |20.303539
984 QsaL? 0.067501145 |m(G_6739;Ry 405 ribosomal protein $21 Q8CILT 24002321 [22.279704 [23.9638601 |22.010176
213 QAFZH7 0.068361441 |Erh Enhancer of rudi y homok Q4FZH7 23.082998 [21.289779 |23.0396633 |20.987256
764 Q9DM3 0.068361441 |Psma3 Proteasome subunit alpha type;Proteasome su Q9DCD8 21830571 |20.746145 [21.698649% |20.238894
1478 |AOAORA150 |0.06890398 | Osbpl8;mKIAf Oxysterolbinding protein;Oxysterokbinding prd ADADR4J150  |21.021273 |19.725677 |20.7802052 |0

19 [ADAQIOYTYD |0.07095965 |Septll;Septé|Septin-11; Septin-6 ADAQISYTYO [22.470863 |22.249699 [22.2327732 [21.961389
386 Q5MINS 0.071215863 |Rpl7? 605 ribosomal protein L7 Q5MINS 25.736756 |24.630526 |25.6927666 |24 504448
819 Qanza3 0.071776753 |Actgl Q9Qzs3 29.48251 |27.811385 |29 4821233 |27 808575
1765 Q8CBE6 0.073391608 |Dagl Dystroglycan;Alpha-dystrogly can; Beta-dystrog | Q8CBEG 2157944 120.362607 [21.4299455 [18.953837
1268 Q3TiolL 0.076465408 |Rtch tRNA-splicing ligase RtcB homolog Q3Tiol 24320089 [23.782516 [24.2180194 |23.592366
597 Q3UJRE 0.078024345 |Btf3 Transaription factor BTF3 Q3UIRE 21538836 [19.809816 |21.3387947 |18.416526
1207 Q91vZl 0.078187428 |Smx2;5nxl | Sorting nexin-2;Sorting nexin-1 Q91vZi 21452679 |20.342821 |21.2893463 |18.98107
1374 Q91YUs 0.078024345 |Lzts2 Leucine zipper putative tumor suppressor 2 Q91YU6 21.054737 [19.938724 |20.8070881 |18.243835
1443 Q3Tar? 0.078187428 |Acatl Acetyl-CoA acety hransferase, mitochondrial _ |Q3TQP7 2143226 |20.163341 [21.3247205 |18.532289
1413 P4R036 0.07864961  [Anxa5S Annexin AS P48036 2564825 |23.924464 [25.6117978 [23.745927
937 P6R040 0.078926017 |Gnb2I1 Guanine nudeotide-binding protein subunit betd P68040 2471887 |23.340829 [24.6528947 [23.008845
1087 Q60749 0079567523 |Khdrbs1;Khdr] KH domain: RNA-binding, signal trand Q60749 23.266654 [20.870454 [23.1967655 |20.10028
410 P62717 0.080976306 |Rpl18a;Gm17] 605 ribosomal protein L18a P62717 24.090513 |22.819548 [24.0419583 [22.591332
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146 P63024 0.082983683 |Vamp3;Vamg Vesicle-associated membrane protein 3;Vesicle| P63024 21.98406 |20.394916 |21.9118611 [20.113577
430 P12382 0.082983683 |Pfkl ATP-dependent 6-phosphofructokinase, liver ty| P12382 20.72038 [19.002967 |20.5306308 [0

673 ADAOBTWRP7?|0.082983683 |Ly6cl;ly6c2 |Lymphocyte antigen 6C1;Lymphocyte antigen § AOADB7WRPT [22.105332 [20.089223 |21.983322 ]19.322381
695 Q3TSX8 0.082983683 |Tomm70a |Mitochondrial import receptor subunit TOM70 |Q3TSX8 20.693575 |18.740961 |20.6123588 [0

855 ESQ3Y7 0.082983683 |C530008M 17| Uncharacterized protein KIAA1211 E9Q3Y7 19.976776 |20.037053 |19.0938764 |19.672992
1039 A1L3B8 0.082983683 |Psmd7 265 proteasome non-ATPase regulatory subuni{ A1L388 21.053075 |19.793947 |20.8678717 [18.902589
1057 F7BE32 0.082983683 |Rab34 Ras-related protein Rab-34 F7BE32 20.700246 [19.448217 |20.6668275 |18.596715
1204 H3BKNO 0.082983683 |Nsun2 tRNA (cytosine{34)-C(5))-methyltransferase  |H3BKNO 20.21989 [18.923931 |20.1283911 [0

1894 P70460 0.082983683 |Vasp dilator-stimulated phosphoprotei P70460 20.633084 [19.103678 |20.5182192 |17.168882
1959 ADAOR4JORL |0.082983683 |Vamp8 Vesicle-associated membrane protein 8 ADAOR4JORYT 120571113 |18.920915 |20.409439 [0

416 FBWIKS 0.086460718 |5t13 Hsc70-interacting protein FEWIKS 23.272074 [20.579183 |23.1999772 (19.445379
427 Q52197 0.086460718 |Kpna2 Impoartin subunit alpha;importin subunitalpha-1Q52197 21.459422 [20.205153 |21.2292516 [18.465284
989 Q3U9A8 0.086460718 |Sh3bgrl SH3 domain-binding glutamic acid-rich-like prot| Q3U9A8 22.381904 [20.730388 |22 2285086 |19.624453
1010 Q8RO10 0.086460718 |Aimp2 Amincacyl tRNA synthase complex-interacting f Q8R010 20.821878 [20.537693 |20.1873091 (19.197779
908 P11031 0.088733786 |Subl Activated RNA polymerase |l transcriptional cog P11031 21.953009 [19.960158 |21 835158 |18.691072
1098 Q54407 0.088733786 |Atplb3 Sodium,/potassium-trans porting ATPase subuni{ Q544Q7 208165 19.536827 |20.582614 [0

1348 Q9120 0.088733786 |Sfn 14-3-3 protein sigma Q9120 24.803926 [22.405413 |24.7896946 (22.272694
1363 ADA140LHF7 |0.088733786 (Prmitl;Prmt8 | Protein arginine N-methyltransferase 1;Protein |ADAI40LHF7  |21.687705 |20.358985 |21.6006261 |19.449921
2057 (ADAOR4J1C2 |0.088733786 [Capnsl Calpain small subunit 1 ADAOR4IIC2  |21.866662 [20.605854 |21.7511285 |19.972069
932 D3Z6U8 0.091919028 |Fmrl Fragile X mental retardation protein 1 homolog | D3Z6U8 25168195 [23.85088 |25.1195141 |23.620515
452 A2AEX8 0.093046618 [Fhil Fourand a half LIM domains protein 1 A2AEX8 21.837062 [22.636438 |21.4252728 (22.382139
850 QBNXXT 0.093481766 |Abcel ATP-binding cassette sub-family E member1 | Q6NXX7 21.509628 [20.223111 |21.3537177 |17.167915
1097 Q4VAES 0.097204238 |Rhoa;Rhoc;49] Transforming protein RhoA;Rho-related GTP-birl Q4VAEG 22.928024 [21.548903 |22 8405732 (20.838718
423 Q9EQEE 0.100530443 [ASPH;Asph |Aspartyl/asparaginyl beta-hydroxylase QIEQGE 27.820886 |28.891152 |27.8191315 |28.888847
1367 QaTzzy 0.100530443 |Esyt2 Extended sy naptotagmin-2 Q31227 20.473603 [19.56741 |20.0100212 [0

1601 Q3vica 0.100530443 |Gpcb Glypican-6;Secreted glypican-6 aQsvicm 21.634136 |19.630914 |21 45823 0

218 QSEBP9 0.101506067 |Trim28 Transcription intermediary factor 1-beta QSEBPY 22.409497 [21.590569 |22.1884586 (21.032256
556 Q3usy? 0.101641785 |Psmc3 265 protease regulatory subunit 64 Q3usy7? 22.615789 [20.988406 |22 5398859 |20.244112
188 Q56415 0.104895105 |Cycs Cytochrome c, somatic Q56A15 20.801641 [19.573638 |20.7498021 (17.524596
491 Q3TTHI 0.104895105 |Pum2 Pumilio homolog 2 Q3TTHI 20.547496 [19.044688 |20.3646665 [0

806 Q3TG12 0.104895105 |Farsb Phenylalanine—tRNA ligase beta subunit Q3TG12 2041756 [19.194829 |19.8794112 [0

830 Q3TMB5 0.104895105 |Trip6 Thyroid receptor-interacting protein 6 Q3TMBS 20.181281 [18.862919 |19.9430379 [0

922 Q91wWB7 0.104895105 |Ubtdl;Ubtd2 | Ubiquitin domain-containing protein 1;Ubiguitin| Q91WB7 21421418 [19.072914 |21.2951966 [0

1242 A1LOUG 0.104895105 |Nckapl Nck-as sociated protein 1 AlLOUE 20.497509 [18.79965 |20.386464 [0

1270 FEQATS 0.104895105 |Apexl DNA-{apurinic or apyrimidinic site) lyase; DNA-{4 F6QA74 20.124295 (18.710908 |19.7291227 |0

1271 Q8CHP5-2 0.104895105 |Wibg Partner of Y14 and mago Q8CHPS-2 20.455784 [19.151036 |20.38648 0

1309 Q5SEBI8 0.104895105 |AtpSk;AtpSi |ATP synthase subunit e, mitochondrial QSEBI8 21.760802 [20.519807 |21.6909172 (20.075836
1808 Q60692 0.104895105 |Psmb6 Proteasome subunit beta type-6 Q60692 21.446717 [19.990468 |21 4201805 |19.348447
1986 Q99KU0 0.104895105 |Vmpl Vacuole membrane protein 1 Q99KUO 20.021104 [18.487233 |19.5872228 [0

453 Q3TED3 0.106589635 |Acly ATP-citrate synthase Q3TED3 23.004939 [22.160885 |22.7699879 |21.303392
21 QacrQ3 0.114285714 |Tomm22 Mitochondrial import receptor subunit TOM22 HQ9CPQ3 20.87603 [19.277278 |20.8760299 |18.889272
143 Q8BFZ9 0.113502328 |Erfin2 Erlin-2 Q8BFZ9 22.726006 |21.058668 |22.6622129 (20.790498
173 Q91vss 0.108077074 |Farp2 FERM, RhoGEF and pleckstrin domain-containin| Q91VS8 21.975556 |20.961777 |21.7885661 [19.488754
290 Q69ZW3-2  |0.114285714 |Ehbpl EH domain-binding protein 1 Q69ZW3-2 19.279691 [17.650065 |18.629978 [0

307 D3YX34 0.114285714 |Detnl Dynactin subunit 1 D3YX34 19.59715  [17.612908 |19.379605 [0

316 Q9CRER 0.114285714 |Ugerfsl Cytochrome bc1 complex subunit Rieske, mitod Q9CREE 20.855434 |18.349954 |20.7011186 [0

347 Q3Us41 0.110547711 |G3bp2 Ras GTPase-activating protein-binding protein 2| Q3U541 24.718127 [23.126938 |24.6950834 |22.929415
356 Q3TWG5 0.113502328 |Dyncllil Cytoplasmic dynein 1 light intermediate chain 1| Q3TWGS 21.200558 [19.486107 |21.0894506 (0

359 Q058H6 0.114285714 |Tcofl Treacle protein Q05BHE 17.666091 [18.348097 |0 17.935337
421 P70452 0.114285714 |Stxd Syntaxin-4. P70452 17.785249 [18.629447 |0 17.834664
445 Q8BSH3 0.114285714 |Tpml Q8BSH3 20.243064 [17.751919 |20.1729465 [0

467 Q6ZWRO 0.114285714 |Rap2b Ras-related protein Rap-2b Q6ZWRD 21.055378 |17.888567 |21.0185188 [0

497 Q8K297 0.108077074 |Colgaltl Procollagen galactosy kransferase 1 Q8K297 22.855964 [21.273271 |22.7425135 (20.912738
526 Q3uma3 0.109965793 |Rnhl Ribonuclease inhibitor Q3um23 21.30814 [21.643845 |20.815508  [21.361679
612 IA2ATS7 0.114285714 |Yars Tyrosine—tRNA ligase; Ty rosine—tRNA ligase, cy| A2A7S7 20987824 |17.354761 |20.8524264 |0

624 Q3uBs0 0.113502328 |Ppid Peptidy Fprolyl cis-trans isomerase D Q3UB&0 21.935649 [19.52727 |21.901162 [0

689 QBETXS 0.113502328 |Eif3h Eukaryotic translation initiation factor 3 subunit | Q8BTXS 21.50493 [20.710669 |21.3059972 |20.151955
691 B2RASE 0.113502328 |Dhx36 ATP-dependent RNA helicase DHX36 B2ROS6 20.981749 [19.600807 |20.7906633 [0

693 Q88TI1 0.108077074 |Psatl Phosphoserine aminotransferase Q8BTJ1 22.902979 [21.586722 |22.8299091 (21.084856
734 Q3iuwag 0.114285714 |Ncbpl Nuclear cap-binding protein subunit 1 Q3UYV9 18.762547 [17.866954 |17.9739187 [0

757 ADAOG2JGLE 0.113502328 [Dhx30; mKIAA Putative ATP-dependent RNA helicase DHX30 |ADAOG2JGLS  |20.580954 |19.797374 |20.3853505 |16.963022
762 QI9CRYD 0.114285714 |Sec62 Translocation protein SEC62 QICRYO 22.789609 [20.452336 |22.789609 |20.18833
826 P97792-2 0.114285714 |Cxadr Coxsackievirus and adenovirus receptor homold P97792-2 18.58857 [17.415617 |18.0986721 [0

889 Q9ET54-3 0.11048207 _|Palld Palladin Q9ET54-3 21.906848 [22.354901 |21.561757 [22.123819
895 Q8C)1 0.114285714 |Aldh3al;Aldhj Aldehy de dehydrogenase; Aldehy de dehydrogg Q8C5/1 17.838703 |18.248953 |17.4701692 [0

936 Q9DC8S 0.114285714 |Rpl35a 605 ribosomal protein L35a Q9DCEs 22.450804 |20.408614 |22 4508038 (20.150114
943 Q99LD8 0.114285714 |Ddah2 N(G),NiG)-dimethylarginine dimethylaminohy dj Q99LD8 18.456885 [17.43878 |17.6977772 [0

952 Q9ERET 0.114285714 |Mesdc2 LDLR chaperone MESD QIERE7 19.425518 [18.544589 |18.7467505 [18.231868
987 Q7M703 0.114285714 |Klc1;Klcd;Kic2| Kinesin light chain 1;Kinesin light chain 4;Kinesir| Q7M703 19.037654 [17.886153 |18.5970023 [0

1033 E9PWKL 0.109965793 |Ephxl Epoxide hydrolase 1 EIPWK1 21.635353 [20.832618 |21.5235806 (20.072574
1134 ESQ4KT 0.114285714 |Kif13b; Stard9] Kinesin-like protein;Kinesir-like protein KIF1C;K|E9Q4K7 27.112435 [18.957695 |27.1100668 [0

1162 QBCEID 0.114285714 |Lyn Non-specific protein-ty rosine kinase; Ty rosine-p| Q8CEI0 20.867208 |17.987988 |20.8226182 |0

1184 Q640N 0.114285714 |Aebpl;Cpxm2 Adipocyte enhancer-binding protein 1;Inactive ¢ Q640N1 18.031057 |17.312654 |17.6828229 |0

1195 Q3UIW3 0.114285714 |Adam9 Disintegrin and metalloproteinase domain-contd Q3U1W3 18.995133 [17.576459 |18.4421102 [0

1281 Q8VD75 0.109965793 |Hipl Huntingtin-interacting protein 1 Q8VD75 21.124895 |20.081183 |20.7804687 (0

1288 Q3ulde 0.114285714 |Nedd8 NEDD8 Q3Ul46 18.040411 [20.103001 |0 20.103001
1329 032316 0.114285714 |Paipl Polyadenylate-binding protein-interacting prote| D3Z316 18.856752 [17.686972 |18.2526731 (0

1371 G5EB50 0.109965793 |Cyb5a Cytochrome b5 G5EB50 21.696553 [20.921094 |21.5443664 [20.223384
1375 Q8096 0.114285714 |Rassf8 Ras association domain-containing protein8 | Q8CI% 19.036316 |17.999309 |18.581814 |0

1400 P62715 0.113502328 [Ppp2ch;Ppp2d Serine/threonine-protein phosphatase 2A catalf P62715 22.457684 [21.588878 |22.4117776 |21.399697
1440 Q80uJ8 0.109965793 |Lacth Serine beta-lactamase-like protein LACTB, mitod Q80UI8 21.975286 |20.665154 |21.7724707 |19.972035
1468 H3BKTS 0.114285714 |Ahcyl2;Ahcyl] Adenosylhomocy steinase; Putative adenosylho| H3BKTS 19.307022 |18.08056 |19.1386653 |0

1508 ADAQOULRQOS |0.10744538  [Cyfip; CGyfip2 | Cytoplasmic FMR1-interacting protein 1;Cytopld AOAOUIRQ05 |21.657376 |20.995924 |21.2259617 |19.809255
1516 Q3TIRG 0.114285714 |Vbpl Prefoldin s ubunit 3 Q3TIRG 19.430235 [17.61588 |19.0227516 (0

1564 IADAORAJOKL |0.114285714 Sep-15 | 15 kDa selenoprotein ADAORAJOK1  |19.992705 [17.839253 |19.9186373 |0

1633 Q6DFUS 0.114254481 |Mmpld Matrix metalloproteinase-14 Q6DFUS 22.443454 [21.769801 |22.2701545 |21.366597
1662 Q9D7HI 0.114285714 |Arl1 ADP-ribosylation factor-like protein 1 QID7HI 18519859 [17.855022 |18.21999 0

1814 FBWHT2 0.114285714 |Sshl Protein phosphatase Slingshot homolog 1 FBWHT2 18.556038 [17.672959 |17.7250808 [0
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1825 Q923F9 0.114285714 |Ndufs4 NADH deh [ubiqui ] i fur §A923F9 21.052717 |17.347059 |21.0216684 |0

1833 Q9p208 0.114285714 |5100al4 Protein 5100-A14 Q9p2Q8 18.279542 |19.981475 |18.0576802 |19.848755
1834 A2ACHE 0.114285714 |Sged Delta-sarcoglycan A2ACHE 19.71203 |17.923922 |19.5948318 |0

1836 Q5BKS5 0.114285714 |Hook3 Protein Hook homolog 3 Q5BKS5 18232613 |18.331936 [17.9872154 |0

1937 Qacawe 0.114285714 |Ifitm3 duced protein 3 |Q9CQW9 17.681341 [20.820706 |0 20.686777
2022 Q9D7Pl 0.109965793 |Rps24 405 ribosomal protein 524 Q9D7P1L 23.396582 [22.329918 |23.364803  [22.142632
2025 Q4FKT9 0.114285714 |Ssr3 Translocon-associated protein subunit gamma |Q4FK79 21492186 |19.59659 |21.4095018 |19.316942
2076 Q3TU8? 0.114285714 |Wnkl Serine/threonine-protein kinase WNK1 Q3TUs7 18466308 |18.644166 |17.9492165 |0

2082 Q66IR8 0.114285714 |Ptms Parathymosin Q66JR8 20.893889 |17.651305 |20.8056205 |0

2086 Q91Q5s6 0.114285714 Q91056 21439147 |17.6481  |21.3652025 |0

2089 E9Q4T8 0.114285714 |Cul3;mKIAAO§ Cullin-3 E9Q4TE 19.074306 |17.744721 |18.5698248 |0

2128 Q08189 0.114285714 |Tgm3 Prot g gl y Q08189 22582 18.0148  |22.5675061 |0

2133 Q9DAS3 0.114285714 |Dynitl Dynein ightchain Tctex-type 1 Q9DAS3 19.170636 |17.815691 |19.1706359 |0

751 Q8VDN2 0.116021774 |Atplal;Atpla Sodium/potassium-transporting ATPase subuni| Q8VDN2 23108353 |22.723747 |22.971943 |22 411311
942 P97434 0.118802984 |M prip Mpyosin phosphatase Rho-interacting protein _ |P97434 24.605867 [22.91805 |24.5681586 [22.716109
1692 A2A547 0.118802984 |Rpl19 Ribosomal protein L19;605 protein L1JA2A547 24.569646 [23.495845 |24.5565977 [23.431899
511 Qa3uwsg 0.120214723 |PrxS Peroxiredoxin-5, mitochondrial Q3UWs9 22620249 |21 895485 |22.4451771 |21.567541
175 Q6ZWX6 0.124042844 |Eif2s1 Eukaryotic translation initiation factor 2 subunit | 06ZWX6 2397811 |23.377473 |23.9027974 |23.1069%6
26 Q3™3s 0.125281744 |Vdac3 Voltage-dependentanion-selective channel proj Q3138 2399009 |22.186518 |23.9248029 |21.906456
1424 [AOAO87WNNS|0.125939785 [Scatl O-acy Sterol 0-ac) 1 |ADAOB7WNNS |20.737124 |19.517483 [20.4711207 |0

976 Q3USGS 0.126875167 |Emilinl EMILIN-1 Q3USGS 21.711548 |20.243897 |21.5459865 |0

90 QaFK49 0.12741907 |Ppal Q4FKag 22011159 [21.01418 |[21.7271921 [20.401371
1019 Q564E2 0.127326562 |Ldha;Ldhc | L-lactate dehydroj -lactate dehydrogend Q564E2 25.402308 [25.59963 |25.370495 [25.537679
529 QAFESE 0.1276879 Usp9xUspdy | Ubiguitin carboxyHerminal hy drolase; Probable | Q4F E56 20.369379 |19.924924 |20.0076471 |0

1913 D3YZ62 0.1276879 Myo5a D3YZ62 22.957838 [22.211863 |22.9353548 [22.024037
707 [AOAOAGYXK7 |0.128169518 [Cepl70 Centrosomal protein of 170 kDa AQAQAGYXK? (21497838 [20.450511 [21.430469 [18.989059
548 Q3uL4 0.128363683 |Ddbl DNA damage-binding protein 1 Q3ul4 22.710512 |22.618078 |22.3959742 [22.038524
589 Q8R2Y8 0.13038073 |Ptrh2 Peptidy HRNA hydrolase 2, mitochondrial QB8R2YS 20.473229 |18.688761 |20.3196457 |0

591 Q8R2Y2-2 0.13038073 |Mam Cell surface glycoprotein MUC18 Q8R2Y2-2 21077228 |18.739765 |20.9300103 |0

789 Q3Tazs 0.13038073 |Sk7a1;5LC7A] High affinity cationic amino acid transporter 1 _|Q3TQZ8 20.288963 |19.149602 |19.7914936 |0

1286 B7ZWL1 0.13038073 |Cnotl (CR4-NOT transcription complex subunit 1 B7ZWLL 20.22173 |18.725942 |20.1237115 |0

1310 Q904 0.13038073 |Cops7a Q0PI signalosome complex subunit 7a Q9Ccz04 20.43974 |19.45449 [20.1737349 |18.70202
1450 Q99K78 0.13038073 |Csnk1g2;Csnk] Casein kinase | isoform gamma-2;Casein kinasq Q99K78 21067452 |19.691042 |20.9400278 |18.550216
1517 QSFWK3 0.13038073 |Arhgapl Rho GTPase-activating protein 1 Q5FWK3 19.819534 |19.024346 [19.3745971 |0

1667 Q3ukQs 0.13038073 |M6pr Cation-d: c 6-phosphate recep| Q3UKQS 20.195363 |19.017343 |19.8360354 |0

1841 (AQADJIYUQS |0.13038073 ADAQISYUQS (22722888 |21.684854 |22.6886681 |21.451019
1948 QSMINS 0.13038073 |Rpl28 605 ribosomal protein L28 Q5MINS 23.72866 |22.973718 |23.7240125 |22.918521
1446 B2RSH3 0.130510373 |Cnnl Calponin;Calponin-1 B2RSH3 21466816 [22.942464 |20.7938063 [22.836714
451 Qr7szi8 0.133264965 |Rabl1b;Rabl]Ras-related protein Rab-118;Ras-related proteir| Q782)8 22909029 |22.248138 |22.8065279 |21.928528
495 Q9Zus 0.135903357 |Cs;Csl Gitrate synthase, mitochondrial; Citrate synthasq Q9CZU6 23.287746 |22.449412 |23.1808315 |22.169667
1126 035295 0.138082984 |Purb Transcriptional activator protein Pur-beta 035295 22.394418 [21.037816 |22.2638638 |20.010834
343 H3BIP2 0.140401103 |Esd S-fi hydrola H3BIP2 22.292246 [21.912897 |22.1815977 [21.547423
740 Q3UN&2 0.141705031 |Pcoke Procolbgen C-endopeptidase enhancer 1 Q3UN82 22.117548 |21.620797 |21.9310497 [21.356431
555 Q9ESP1 0.143167776 |Sdf2I1 Stromal cell-derived factor 2-like protein 1 Q9ESP1 21497813 |21.97137 |21.2631177 |21.945231
1119 FEVBME 0.143167776 |Atn2 Ataxin-2 FEVBME 20.661097 [19.534571 |20.2761291 |0

1214 Q9D1IM0 0.143167776_|Secl3 Protein SEC13 homoloy Q9D1IMO0 21.723744 |19.721657 |21.6068121 |0

1488 Q8C6E9 0.143167776 |Pura Transcriptional activator protein Pur-alpha QB8CBE9 21566467 |20.338094 |21.4025944 |19.229128
1892 Q3UF75 0.143167776 |Parva Alpha-parvin Q3UF75 20.295775 |21.104033 [19.6533325 [20.975535
2055 QIWVM1 0.143167776_|Racgapl Rac GTPase-activating protein 1 QIWVM1 20.42707 |19.577529 |20.0943861 |0

686 Q4FK36 0.143416831 |Dstn Destrin Q4FK36 24.069121 |23.523607 |24.0089372 |23.402091
798 F8VaD7 0.146022578 |Ptprg Protein-tyrosi Receptor-ty pe ty|FEVQD7 21.829562 |20.456523 |21.6386097 |0

995 Q60817 0.147193088 |Naca Nascent poly peptide-associated complex subun{ Q60817 23781868 |21.250644 |23.7193483 |20.332511
1790 Q62al3 0.148558242 |Mlec Malectin Q6ZQi3 21.302984 |21.041076 |21.191202 |20.491847
338 Q8VH34 0.14928356 |Lampl Ly ated glycoprotein JQ8VH34 23.568492 |21.573405 |23.5169154 |21.046635
402 Q3TA7S 0.153095027 |Fxr2 Fragile X mental retardation syndrome-related § Q3TA7S 22533998 |21.995828 |22.2786371 |21.596456
1353 Q8BHED 0.155949394 |Prril Proline-rich protein 11 Q8BHED 20.588385 |19.116123 |20.36154 0

1169 I7HIS1 0.157160056 |Emd Emerin 17HIS1 22.393931 [20.655127 |22.2944787 [19.560713
83 [AOAOB7WNP6|0.160528361 [Cdv3 Protein (DV3 IAOAOB7WNPE (21536659 |18.992214 |21.4185656 [0

272 QOVEI6 0.159611595 |Avi Advillin QOVEI6 22.780125 |20.150583 |22.7067961 |0

460 Q8BTU4 0.160528361 |Ssb Lupus La protein homok Q8BTU4 21.887338 |20.205653 |21.8049934 |19.553271
550 D32158 0.160528361 |Qars D3Z158 20.722793 |19.103018 |20.5401243 |0

647 P70349 0.160528361 |Hintl Histidine triad nudeatide-binding protein 1 P70349 22.505788 [19.5424 |22.4791561 |18.638892
959 [AOADAGYWH2|0.160528361 [Aifll Alograft y factor 1-lke IADAOAGYWH2 [23.871873 |18.985436 |23.8598064 [0

1143 Q8VHG2-2  ]0.160528361 [Amot Angiomotin Q8VHG2-2 20.688077 |18.988171 |20.5371629 |0

1153 P37040 0.160528361 |Por NADPH—cytochrome P450 reductase P37040 19.673803 [19.279624 |19.3849789 |0

1347 Q8871 0.160528361 | Trmx3 Protein disulfide-i TMX3 Q8BX71 19.90896 |18.58117 |19.3969086 |0

1351 D3Z689 0.159611595 |Aldhll Mitochondrial 10-formyltetrahy drofolate dehyd D3Z6B9 21.266267 |19.817363 |21.029545 |0

1477 Q4FK22 0.159973019 |Ergicl E ic reticulum-Golgi int diate comg Q4F K22 21463287 |20.748045 |21.2450179 |19.969124
1638 (A2AFQO0 0.160528361 |Huwel E3 ubiquitin-protein ligase HUWE1 A2AFQO 19.088043 |19.217238 |18.3649812 |0

1671 Q8026 0.160528361 |Nradd Death domai ini protein Nf Q8CI26 20.22297 |18.886412 |19.9881423 |0

1758 Q3TPD9 0.160528361 |Maca Amine oxidase [flavin-containing] A Q3TPD9 20.349043 |18.981567 |20.1788274 |0

1764 Q90828 0.160528361 |Tfg Q90823 20.139904 |19.074169 |19.8959064 |0

1849 aQIwva 0.159973019 |Cav2 Caveolin-2;Caveolin QIWVC3 235457  |20.757888 |23.5243421 |19.72505
1887 Q9zao 0.160528361 |Nudt21 Qeavage and polyadenylation specificity factor| Q9CZQ0 20.384853 |18.766298 |20.2833377 |0

1975 Q3TLW5S 0.159611595 |Aqgpl Aquaporin-1 Q3TLWS 20.647196 |23.085317 |19.8982241 |23.032283
2113 Q90880 0.160528361 | Timm50 Mitochondrial import inner membrane translocd Q90880 20.779152 |19.219374 |20.7431287 |0

2153 Q9D7Y7 0.160528361 |2210010C04Rk QaD7Y7? 29.493617 |32.429502 |29.4935278 |32.429468
214 QSF2E7 0.162326793 |Nufip2 Nuclear fragile X mental retardation-interacting | QSF 2E7 23.156144 [22.613704 |22.9076008 [22.101752
999 008553 0.165340019 |Dpysk2 Dihydropyrimidinase-related protein 2 008553 22.550086 |21 453602 |22.3805632 |21.24067
34 P37804 0.16793758 |Tagin Ti | P37804 25.668881 |25.086645 |25.64234 25.025232
1045 Q9D1D4 0.171256261 |Tmed10 Ti emp24 domain- projQ901D4 21927694 [20.373078 |21.7734321 |17.872779
129 Qa3Tvse 0.171256261 |Ctsh Cathepsin B;Cathepsin Blight chain;Cathepsin B|Q3TV56 22212234 |21.045517 |22.0777707 |20.358036
6548 A4FUIS 0.172550789 |Cedcl02a Coiled-coil domain i protein 102A A4FUIS 22.574781 [22.175306 |22.4258441 |21.72908
784 E9Q035 0.173828612 |Gm20425;5rp| Signal recognition partide receptor subunit beta| E9Q035 22193451 |21.198721 |21.9460775 |20.551047
839 Q91x98 0.173828612 |Vcaml Vascular cell adhesion protein 1 Q91X98 23309309 |21.550442 |23.2417351 |20.878406
309 Q3UKB1 0.176067041 |Pk3;Pls1 Plastin-3;Plastin-1 Q3UKBL 2378508 |23.019217 |23.6054907 |22.591904
55 Q3uer? 0.178182028 |Oxctl Succiny -CoA:3-ketoacid-coenzyme A transfera| Q3U9P7 21838674 [20.521168 |21.7696613 [19.701495
72 Q3USH8 0.178182028 |Hmox1 Heme oxygenase 1 Q3USH8 25.668247 [20.740049 |25.6539421 |19.669347
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606 QIOWZ5 0.178182028 |Ddx21 Nucleolar RNA helicase 2 QICwzs 21.388579 |20.645833 |21.2300263 |20.165871
1715 Q52KPO 0.178182028 |Rpl38 605 ribosomal protein L38 Q52KPO 24.304002 |24.328182 |24.2944119 |24.305174
1650 Q8566 0.18055693 | Tollip Tolkinteracting protein Q8CsGe 22.589168 |21.218463 |22.4834564 |20.349049
621 E9QKVE 0.182622171 |Myodb Unconventional myosin-IXb ESQKVE 22.563035 [22.16101 |22.2083334 |21.624472
660 (ADADG2JGD2 |0.183506762 |5100a4 Protein 5100;Protein S100-A4 ADADG2JGD2  |22.439627 |23.396435 |22.2894572 [23.340171
1251 G3UYV7 0.183506762 |Rps28;Gm102405 ribosomal protein 528 G3UwW?7 25420792 |23.93253 |25.4158338 |23.90034
792 Q3uuxe 0.185272618 |Gdi2;Gdil Rab GDP dissociation inhibitor beta;Rab GDP dis| Q3UUX9 22.530047 |21.500924 |22.2334478 |20.923987
185 FBVPVO 0.188404393 |Pent Pericentrin FEVPVO 22.618359 |22.735513 |22.1687961 |22.264713
6 Q8BMCS 0.2 Adk Adenasine kinase QBBMCS 19.379247 |17.410128 |19.0915207 |0

227 B7ZCTO 0.2 Rgs19 Regulator of G-protein signaling 19 B7ZCTO 20.409139 |17.668679 |20.3584983 |0

248 0624183 0.194871795 |Dbnl Drebrin-like protein Q62418-3 19.871513 |18.835566 |19.4621764 |0

282 [ADA140U79 (0.2 Synm Synemin ADAI40U79  |18.125314 |21.835226 |0 21.821363
288 Q3u9us 0.194871795 |Bcap3l B-cell receptor-associated protein 31 Q3u9us 22.345582 |20.608221 |22.3203178 |19.910415
318 QozD3 0.191751319 |Gars;F13al |Glycine—-tRNA ligase Qoczo3 22.795548 |20.790184 |22.6539266 |19.289035
353 H3BIWO 0.2 Zc3h18 Zinc finger CCCH domain-containing protein 18 |H3BIWO 18.448236 |18.122741 |17.8265671 |0

407 065393 0.2 Plec Plectin Q65393 20470482 |17.404981 |20.3667814 |0

435 Q542M2 0.2 Copzl Coatomer subunit zeta-1 Qs42m2 19.570024 |17.519641 |19.3004616 |0

469 [ADADAOMQHH0.2 Macfl AODACAOMQHS | 20.050387 |17.842637 |19.9886022 |0

470 Q69201 0.194871795 |Exocd Exocyst complex com ponent 4 Q69201 18985551 |18.73104 |18.3071305 |0

475 Q911G8 0.194871795 |Praf2 PRA1 family protein 2 Q91IG8 2092051  |19.621022 |20.6636641 |0

530 QIDBZS 0.2 Eif3k Eukaryotic translation initiation factor 3 subunit | Q9DBZ5 21.837707 |18.333393 |21.7634642 |0

568 Q9D1M4 0.2 Eeflel Eukaryotic translation elongation factor 1 epsiloj Q9D1M4 19.91287 [18.09404 [19.8357614 |0

625 Q9DBGS 0.2 Plin3 Perilipin-3 QIDBGS 18.622908 |17.828242 |17.9762002 |0

730 Q9ERR1-2 0.194871795 |Ndell;Ndel |Nuclear distribution protein nudE-like 1;Nuclear |Q9ERR1-2 20.364947 |18.836305 |20.1260733 |0

813 P68134 0.194871795 |Actal Actin, alpha skeletal muscle PE8134 18.623496 [19.884754 |0 19.376625
848 E90Q5F4 0.2 Actb E9QSF4 25.708945 [24.513541 |25.7089455 |24.504237
885 Q3793 0.2 Hs1bp3 HCLS1-binding protein 3 Q3Tm3 19.629908 |17.853959 |19.3395776 |0

906 Q9D8Y1 0.2 Tmem126a | Transmembrane protein 126A QID8Y1 17.773684 [19.109778 |0 18.904354
911 P62869 0.197808115 |Tceb2 Transcription elongation factor B poly peptide 2 | P62869 22522812 |21.694065 |22.4832157 |21.473443
913 Qacaed 0.2 Ugerb Cytochrome b-c1 complex subunit 7 Qacas4 21.747981 |18.623383 |21.7479814 |17.883463
941 D323D2 0.2 Ncbp2 Nuclear cap-binding protein subunit 2 D373D2 18.449044 |17.760504 |18.2072028 |0

973 Q6P2K2 0.2 Acot2; Acotb; 4 Acyl-coenzyme A thioesterase 2, mitochondrialj Q6P2K2 19.128699 |17.680231 |19.0305516 |0

1025 P14152 0.2 Mdhl Malate dehydrogenase, cytoplasmic P14152 21.205372 |18.005719 |21.1652891 |0

1082 AZRRIA 0.194871795 |XpoS Exportin-5 A2RRI4 19.89032 |19.250465 |19.4257428 |0

1091 BLAXNI 0.2 Rps6ka3;Rpsf| Ribosomal protein 56 kinase alpha-3;Ribosomal| BLAXN9 18.613107 [18.034277 [18.0734156 |0

1116 E9PVPL 0.2 Alml E9PVP1 17.82762 [19.189826 |0 18.581265
1121 Qopu2 0.194871795 |Cope Coatomer subunit epsilon Q9p1i2 20.820333 [19.85735 |20.6657148 |19.137077
1147 DOESZ6 0.2 Serpinel Plasminogen activator inhibitor 1 DOESZ6 18.913473 |19.536907 |18.5970357 |19.37698
1163 Q3U9K9 0.2 Trappc3 Trafficking protein partide complex subunit3  |Q3U9K9 19.213044 |17.518601 |18.7368498 |0

1247 Q5Y5T1-2 0.194871795 |Zdhhc20 Probable palmitoyItransferase ZDHHC20 Q5Y5T1-2 20.343985 |18.974286 |20.1770795 |0

1312 QIIve3 0.194871795 |Eif4a3; GmB99 Eukaryotic initiation factor 4A-111;Eukaryotic inif Q91VG 20.663341 |19.102741 |20.4735212 |0

1328 Q3TAMI 0.197808115 |Bag3 BAG family molecular chaperone regulator 3 |Q3TAMS 20.170009 |19.919502 |19.5231541 |0

1360 (158484 0.2 Scarf2 Scavenger receptorclass F member 2 Q58A84 18790799 |18.474857 |18.1664148 |0

1432 [ADA140LING 0.2 Dnah3 Dynein heavy chain 3, axonemal ADAI40LING  121.131978 |17.548025 |21.0528949 |0

1445 BLARWAS 0.2 Ndufs5 NADH dehydrogenase [ubiquinone] iron-sulfur  BLARW4 19.811768 |17.605384 |19.6421923 |0

1491 Q3TH46 0.2 Rlx Radixin Q3TH46 19.243223 |17.844467 |19.1138602 |0

1495 Q545G0 0.194871795 |Psmb3;Gm49] Proteasome subunit beta type; Proteasome sub| Q54560 19.952777 |19.724331 |19.2166195 |19.207849
1526 G3UYY2 0.2 Selenbp2;Seld Selenium-binding protein 2;Selenium-binding p G3UYY2 20.22814 |18.056215 |19.9064238 |0

1584 E9OQM38 0.2 Skc12a2 Solute carrier family 12 member 2 ESQM38 19.198722 |18.165479 |18.7676272 |0

1600 POBO30 0.2 Aprt Adenine phosphoribosy Itransferase POB030 19.959828 |17.839315 |19.8907527 |0

1619 Q3TI40 0.194871795 |Mtx2 Metaxin-2 Q3Tiso 20.795511 |18.785841 |20.6459092 |0

1624 Q9Z1NS 0.2 Ddx3%b Spliceosome RNA helicase Ddx39b Q9Z1INS 19.860771 |17.755358 |19.6510024 |0

1654 Q3um? 0.2 Pinl Peptidy Hprolyl cis-trans isomerase NIMA-intera| Q3UTI7 18.868855 |18.042934 |18.868855 |0

1664 Qagsaaas 0.2 Lsm7 U6 snRNA-associated Sm-like protein LSm7 Qacaas 18.425841 |17.290217 |17.9913395 |0

1698 Q58E29 0.2 Plp2 Protedlipid protein 2 Q58E29 21.965876 |18.990734 |21.9393615 |18.211046
1711 ADAOU1ROAS (0.2 MatZa S-adenosylmethionine synthase;5-adenosy me| ADAOUIRQA5 |17.840133 |19.338365 |0 19.166825
1733 P62965 0.2 Crabpl Cellular retinoic acid-binding protein 1 PB2965 18.326184 (20.175493 |0 20.065281
1777 Q617352 0.2 Cdd7 Leukocyte surface antigen CD47 Q61735-2 19.688409 |17.844735 |19.4289511 |0

1831 Q80YX0 0.2 Tnc Tenascin Q80YX0 18.508748 [17.99349 |17.7292238 |17.013381
1856 Qooau3 0.2 Rerl Protein RER1 Qocau3 20.460801 [19.355312 |20.3283375 |19.172017
1883 088587-2 0.2 Comt Catechol O-methyltransferase 088587-2 19.631348 |18.051382 |19.3360898 |0

1949 QO0SBRO 0.2 Empl Epithelial membrane protein 1 QO5BRO 21.351959 |19.918447 |21.3222532 |19.738996
1983 [ADAOULRPHY 0.2 Prrid Proline-rich protein 14 ADAOULRPHI |24.336857 |23.256575 |24.3368571 [23.229702
1984 Q3TCR4 0.2 Hps3 Hermansky-Pudlak syndrome 3 protein homoloj Q3TCR4 21.190598 |18.077004 |21.0919299 |0

1987 Q3ueQ4 0.2 Actb Q3ueas 20.700315 |23.067045 |20.5596661 |23.041697
2033 Q9eqQ2 0.2 Yipfs Protein YIPFS Q9eqq2 20.347477 |18.889911 |20.3474772 |18.288828
2042 [ADADKGG3HS 0.2 ADAOK6G3HS |18.071525 |28.328249 |0 28.328096
2049 Q3uxio 0.2 Tubal3 Tubulin alpha chairvlike 3 Q3uxio 19.787544 |17.807329 |19.7275487 |0

496 Q642K0 0.202741345 |Myl6 Myasin light poly peptide & Q642K0 20.451383 |29.341131 |29.4462564 |29.335219
1922 P62075 0.209871322 |Timm13 Mitochondrial importinner membrane translocg P62075 21.727381 |20.690266 |21.5442473 |19.971232
1598 Q4FIX4 0.215835374 |Csrpl Cysteine and glycine-rich protein 1 Q4F x4 23.543655 |22.807197 |23.4260803 |22.477342
1361 P19973-2 0.217867081 |Lspl Ly mphocyte-s pecific protein 1 P19973-2 23.183708 [22.722046 |23.1180978 |22.412097
442 Q14a17 0.218920802 |Cops4 COP3 signalosome complex s ubunit 4 Qi4a17 20.603902 |19.528277 |20.3597241 |0

971 Q99rCa 0.218920802 |Ppp2r5d;ppp2r5d Q99rPCca 20.53386  |19.486212 |20.102386 |0

1001 Q3va2 0.218920802 |Kidins220;mKIAA1250 Q3vaxz 2043934 |19.605189 |19.803336 |0

1527 062371 0.218920802 |Ddr2 Discoidin domain-containing receptor 2 Q62371 20.638944 [19.670858 |20.4066435 |17.545145
1574 Q9086 0.218920802 |Hnrmpal Heterogeneous nuclearribonudeoprotein A0 |Q9CX86 23.638739 |22.255324 |23.6182094 |22.139464
679 Q3TXH3 0.22599954  |Lox Protein-lysine 6-oxidase Q3TXH3 23.557208 |22.949177 |23.441818 |22.745355
623 Q3TiZ6 0.230404426 |Fam98a Protein FAMS8A Q3TiZ6 22.924922 |22.376646 |22.7992314 |22.121735
3 Q934 0.234498834 |Sugtl Suppressorof G2 allele of SKP1 homolog QIox34 19.682017 |18.995731 |19.1967829 |0

494 IADA1BOGRG0 |0.234498834 |Ftll;Fti2 Ferritin;F erritin light chain 1;F erritin light chain JA0A1BOGRS0 |21.981843 |20.624008 [21.9156611 (20.228284
981 D3Yu1? 0234498834 |Ncln Nicalin D3vu17 19.782688 |19.043642 |19.6753519 |0

1183 009131 0.234498834 |Gstol;Gsto2 |Glutathione S-transferase omega-1;Glutathiong 009131 20.956731 |18.934724 |20.7176919 |0

1581 D3YXTO 0.234498834 |Ndufs2 NADH dehydrogenase [ubiquinone] iron-sulfur g D3YXTO 20.348636 [19.137521 |20.1067538 |17.506301
1621 QOPD35 0.234498834 |Rab21 Ras-related protein Rab-21 QopPD35 20.542494 |19.538605 |20.2995723 |0

1971 P05533 0.234498834 |Ly6a Ly mphocyte antigen 6A-2/6E-1 PO5533 22.599807 |21.739794 |22.5872948 |21.629473
2074 QICWsS0 0.234498834 |Ddahl N(G) NiG)-dimethylarginine dimethylaminohyd Q9CWS0 20.703544 [19.831199 |20.6586144 |19.217193
267 Q7TQHO-2  0.238963011 |Atxn2| Ataxin-2-like protein Q7TQHO-2 23.306764 |22.613858 |23.1235662 |22.09669
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189 Q3upD3 0.241523788 |Poldip3 Poly delta-interacting protein 3 Q3upp3 21427596 |20.578613 |21.1859341 |18.889629
1129 Q7TsC1 0.244744964 |Prrc2a Protein PRRC2A Q7TsCL 21597704 |20.985154 |21.3685241 |20.287172
915 P09528 0.253379899 |Fthl Ferritin heavy chain;F emitin heavy chain, N-terr] PO9528 22 884396 |20.434669 |22.7690522 |0

543 F65QH7 0.258496022 |Poldip2 Poly delta-interacting protein 2 FESQH7 23.345013 |23.611382 |23.249442 |23.495184
1888 QIERUD 0.260132568 |Ranbp2 E3 SUMO-protein ligase RanBP2 Q9ERU9 20.832107 |19.851791 |20.7074418 |0

50 Q543H0 0.265669584 |Srm Spermidine synthase Q543H0 20.929886 [19.777912 |20.5511689 |18.83982
1504 Q8izu2 0.265669584 |Sk25al Tricarbaxylate transport protein, mitochondrial |QRI1ZU2 22038292 |22.538764 |21.9217626 |22.442703
192 Q3UHS9 0.266498846 |Myhl0 Myosin-10 Q3UH59 30.984007 |31.120995 |30.9732518 |31.109126
747 E9Q7U2 0.270325768 |Calcocol Calcium-binding and coiled-coil domain-containil E9Q7U2 21.433748 |20.43943 |21.1833642 |18.647706
1044 |ADADG2JDW7|0.270325768 |Rps27 405 ribosomal protein $27 ADADG2JDW7 |24.345539 |23.905614 |24.3161835 |23.854716
1100 QING7 0.269796079 |Cedc22 Coiled-coil domain i protein 22 Q9NG7 19.692159 |18.593962 |19.3720969 |0

89 Q3TDN2-2 0.278632479 |Faf2 FAS-associated factor2 Q3TDN2-2 20.613525 |20.19733 |20.4651844 |19.621637
129 Q543N3 0.278632479 |[Laspl UM and SH3 domain protein 1 Q543n3 22.060631 |20.841581 |22.0095689 |20.552004
205 Q3Tq7a 0.278632479 |Ehd4 EH domain protein4 Q3Tar4 19.777226 |19.502826 |19.3332357 |0

424 Q3Tare 0.278632479 [Mel Malic enzy me; NADP-d dent malic enzyme |Q3TQP6 20.743967 |18.917989 |20.5991842 |0

576 B2RTBO 0.278632479 |Pdapl 28 kDa heat- and acid-stable ph B2RTBO 21.428548 [20.164611 |21.3075837 |19.705424
617 F6YH22 0.278632479 |GmS5218;GmY 60S ribosomal protein L29 FEYH22 23.313754 |22.985848 |23.2966782 |22.954553
669 035127 0.278632479 |Grecl0 Protein C10 035127 20.655906 [19.438736 |20.5291341 |18.214708
768 Q4FIX1 0.278632479 |Kpnad Importin subunitalpha in subunit alpha-3 Q4F X1 20563934 [19.134693 |20.3720442 |0

770 Q9ivca 0.278632479 |Ghitm Growth h inducible projQ91vVea 20.553685 |19.005364 |20.3483191 |0

1067 D3YTQ9 0.278632479 |Rps15 405 ribosomal protein 515 D3YTQ9 20.974769 |19.670334 |20.8032733 |19.078825
1467 D32061 0.278632479 |Ubaé Ubiquitin-like modifier-activating enzyme 6 D32061 20.18922 [19.027224 |19.769592 |0

1585 IAOAQJ9YUDS |0.278632479 |Hmgbl;Hmglq High maobility group protein B1 AOAQIOYUDS |20.685134 |19.166816 |20.5286468 |0

1643 Q8BGBS 0.278632479 |Limd2 UM domain ing protein 2 QBBGES 21.746949 |21.578063 |21.7301504 |21.451147
1670 P26883 0.278632479 |Fkbpla Peptidylprolyl dis-trars i FKBP1A;Pep| P26883 22.074357 |20.906039 |21.9761203 |20.710679
2048 Q8vDT3 0.278632479 |Ddkl Serine//threonine-protein kinase DCLK1 QsvDT3 20.387298 |19.077216 |20.13976 17.395485
1762 aQ3Tw21 0.285371559 |Olal Obg-like ATPase 1 Q3Tw21 21.055666 |19.468121 |20.9484512 |0

805 |A2RRI6 0.291171026 _|Mibl E3 ubiquitin-protein ligase MIB1 A2RRI6 21.785387 [21.875308 |21.366943 |21.52816
1196 Q9R059 0.291342659 [Fhi3 Fourand a half LIM domains protein 3 QIR0S9 20.415416 |20.398394 |19.8937108 |19.645664
811 P26443 0.301131854 |Gludl Glutamate dehydrogenase 1, mitochondrial P26443 22.774023 |22.260071 |22.6110897 |21.747032
599 Q5NCU4 0.301890183 [Sparc SPARC Q5NCU4 22551026 |22.130649 |22.2436884 |21.548093
750 Q9DB77 0.304518416 |Uqorc2 Cytochrome b-c1 complex subunit 2, mitochond| Q9DB77 22.266092 |21.218586 |22.1836936 |20.96754
1109 E9PZFO 0.306584368 |Gm20390;Nmj Nucleoside diphosphate kinase;Nudeoside diph| E9PZFO 23.267113 [22.997212 |23.1033232 |22.713459
391 Q543F3 0.310444458 |Cnn2 Calponin;Calponin-2 Q543F3 23.504944 [22.99199% |23.4230274 |22.796106
225 QSMIKT 0.31858517 |Rps10 405 ribosomal protein 510 Q5M9K7 23.741916 |22.089118 |23.7040794 |21.962628
642 QB8BTUS 0.31858517 |Psmal Proteasome subunit alpha ty pe;Proteasome sul Q8BTUS 21293487 |19.616625 |21.1458124 |0

914 [AOAOR4I049 0.31858517  |PrmtS Protein arginine N-methyltrarsferase 5 ADAOR4J049  120.732091 |19.771029 |20.3053585 |18.336501
955 Q8as1 0.317271656 |Pdlim5 PDZ and LIM domain protein 5 Q8CI51 21.298783 |21.177005 |20.9384952 |19.658082
1521 Q3TN44 0.31858517 |CybSh Cytochrome b5 type B Q3TN 22994201 |21.302626 |22.9463521 |21.062137
1579 B2RUI2 0.31858517 |Erbb2ip Protein LAP2 B2RUI2 2071736 |19.698665 |20.4247902 |0

1840 Q8BGI5S 0.31858517 |Ppplrl2b Protein ph 1 y subunit 128;P| Q8BGI5S 22.031712 |20.506853 |21.9570815 |19.069594
27 D3Z3Q3 0.331590988 [Smtn Smoathelin D373Q3 24.077117 |23.761974 |23.9704361 |23.594539
39 070591 0.342857143 |Pfdn2 Prefoldin subunit 2 070591 20.036982 |18.67918 |19.8895815 |0

48 Q8K2B3 0.340418419 [Sdha Succinate dehyd [ubi ] flavoprd QBK283 23.824985 |24.345035 |23.7470999 |24.287239
61 [ADA140LHI4 10.342857143 [Stxbpl Syntaxin-binding protein 1 AOAL40LHJA  |19.724129 |18.075584 |19.7241295 |0

121 PA8962 0.337596519 |Sk25a4 ADP/ATP trarskocase 1 P48962 26.015111 |26.225577 |26.0009967 |26.199799
148 Q37607 0.342857143 |G 2 Golgi stacking protein 2 Q37607 17.910278 |18.674124 |0 18.217945
302 E9PWQ3 0.328205128 |Col6a3 E9PWQ3 19.52686 |20.437675 |18.8165087 |20.193691
312 [AZAWOS 0.342857143 |Ssipl FACT complex subunit SSRPL AZAWO0S 19.387952 |18.015264 |18.9745916 |0

362 Q9IDON4 0.330525182 |Etfh Electron transfer flavoprotein subunit beta Q9Incw4 22600047 |21.786673 |22.463323  |21.148537
373 F7CIPR 0.342857143 |Poyoxl Prenylcy steine oxidase F7CIP8 18826022 |17.306349 |18.5074942 |0

387 Q4VAGH 0.340784852 [Rpl22 605 ribosomal protein L22 Q4VAGH 24.253326 |24.083888 |24.2126816 |24.025464
448 Q3uwao 0.34086786  |Rpl24;Gm174{ 605 ribosomal protein L24 Q3UwW40 24.627738 |23.356976 |24.5866385 |23.225238
1465 E9Q221 0.342857143 |Sk29al E nucleoside 1 E9Q221 19.707682 |17.907193 |19.4929088 |0

571 Q99K70 0.342857143 |RragGRragd |Ras-related GTP-binding protein C;Ras-related  Q99K70 18475372 |20.274944 |0 20.178798
583 Q8ci29 0.342857143 |Lnpep Leucyl-cystiny| aminope ptidase Q8C129 19.226966 |17.810722 |18.8906736 |0

601 IA2A6US 0.342857143 Sep-09 | Septin-9 A2A6US 18.871448 |18.275968 |18.0132089 |0

602 EVE] 0.328205128 |Ass1;Gm5424 L cinate synth Q3uiz4 20886217 |27.104786 |20.4484064 |27.100054
632 Q80YP5 0.328205128 |itgaS Integrin alpha-5;Integrin alpha-5 heavy chain;1{ Q80YP5 20.473362 |19.661484 |20.3301376 |18.574264
737 Q90n91 0.342857143 |Ndufa3 NADH deh [ubi ] 1 alpha sub{ Q9CQ91 18.679685 |18.231233 |18.5768146 |0

781 [A3KML3 0.321134531 |Ywhagq 14-3-3 protein theta A3KML3 24959508 |24.15408 |24.9137881 |24.041224
832 Q8eZ2 0.342857143 |Nid2 Nidogen-2 Q8Cez2 18.58734 |18.132579 |18.2306624 |0

861 Q3V3R4 0.342857143 |itgal Integrin alpha-1 Q3V3R4 18271962 |17.651433 |17.6075732 |0

904 Q3TKP3 0.342857143 [Atnl0 Ataxin-10 Q3TKP3 18.791278 |18.881118 |18.221521 |18.122187
926 Q8R3X7 0.337736903 [Pck2 Phosphoenolpyruvate carboxykinase [GTP], mitf Q8R3X7 22.266081 |21.383619 |22.0673081 |19.85391
964 Q8RO16 0.342857143 |Bimh Bleomycin hydrolase QBRO16 18.636719 |18.220648 |18.1587399 |0

1006 Q3TK27 0.342857143 |GnB Guanine nudeotide-binding proteinike 3 Q3Tke? 18932644 |18.042379 |18.8492582 |0

1014 Q61176 0.328205128 Al Arginase-1 Q61176 19.101773 |20.44287 |0 20.186873
1060 FE6VQHS 0.342857143 |Hnmpdl Heterogeneous nuclear ribonudeoprotein D-likg FEVQHS 20.525179 |18.126253 |20.4239711 |0

1132 IAZRS58 0.342857143 |Crkl Crk-like protein A2RS58 1827302 |17.864293 |17.644716 |0

1138 P62835 0.342857143 |Rapla; Gm939 Ras-related protein Rap-1A P62835 21.276047 |18.909019 |21.2480866 |18.297143
1193 D3YXXS 0.342857143 |Ndufvl NADH deh [ubi ] fla D3VKXS 18.994525 |18.742701 |18.0292333 |18.351826
1206 E9Q620 0.342857143 [CulS Cullin-5 E9Q620 18.88728 |20.381137 |0 20.095059
1219 Q3UHMO 0.342857143 |Pafahlbl Platelet-activating factor acetyhydrolase 1B su Q3UHMO 19.470302 |18.749131 |19.3052651 |18.346137
1238 D327P2 0.342857143 [Tmem109 |Ti protein 109 D377P2 21.460184 |18.121037 |21.3912881 |0

1250 PO6837 0.328205128 |Gapd3 duli P06837 20.946587 [19.528947 |20.7628328 |0

1252 Q3TFP8 0.342857143 |Pgrmcl Memb ssociated receptor ¢| Q3TFP8 17.763472 |18.581464 |0 18.185276
1254 Q3vax9 0.342857143 |Prkar2b cAMP-dependent protein kinase type |I-beta re| Q3v2)X9 19.494728 |18.489659 |19.4947278 |18.12835
1292 Q8mVa-2 0.342857143 |Frmd6 FERM domai ining protein 6 Q8COVY-2 18510426 |18.250275 |18.0039611 |0

1295 Q99IY8 0.342857143 |PpapZb Lipid phosph hosphohydrolase 3 Q99J¥8 19.781641 |19.098691 |19.6515217 |18.683467
1308 Q99L61 0.342857143 [Tes;Gm4907 |Testin Q99L61 19.584892 |17.896666 |19.3462969 |0

1338 Q3U4F0 0.328205128 |Sfin3 Sideroflexin-3 Q3u4r0 19.436485 |19.997243 |18.3009871 |19.533985
1341 035685 0.328205128 |Nudc Nuclear protein nudC 035685 20.891315 |20.729491 |20.5885683 |20.541473
1368 IAZAKIS 0.342857143 |Itgav Integrin alpha-V;Integrin alpha-V heavy chain;I| A2AKI5 18.336511 |18.070804 |18.0860816 |0

1369 P62315 0.328205128 |Snrpdl Smal nudearribonudeoprotein Sm D1 P62315 21.107794 |19.235145 |20.9521976 |0

1370 K3IW4R2 0.342857143 |Myh14 Myosin-14 K3W4R2 28.25552 |27.653154 |28.2541836 |27.651545
1389 062426 0.342857143 |Cstb Cystatin-B Q62426 21638586 |18.239691 |21.6209087 |0

1419 Q8CSET 0.342857143 |SruS Sorting nexin-5 QBCSET 19.641355 |17.754062 |19.3870186 |0
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1455 Q3vce 0.342857143 |Des Desmin Q3vace 21.781606 |18.830781 |21.6947079 [0

1514 (AOAOR4J093 |0.342857143 |Cmpkl UMP-CMP kinase AODAOR4J093  |18.627286 |17.584907 18.5304302 [0

1536 Qowves 0.342857143 |Timm39 Mitochondrial import inner membrane translocd Q9WV98 19.820909 |17.827608 |19.5514061 [0

1541 QICWWE 0.342857143 |Pind Peptidy Hprolyl cis-trans isomerase NIMA-intera| Q9CWW6 19.670602 |18.147836 |19.2730998 |[17.569706
1567 B2RVPS 0.342857143 |H2afv;H2afz |Histone H2A;Histone H2A.V;Histone H2A.Z B2RVPS 21.139945 |17.975146 |21.0538464 [0

1578 QsQAl 0.342857143 |Cd34 Hematopoietic progenitorcell antigen CD34 Q8C2Al 18.778217 |17.666702 |18.316524 [0

1587 [AOA1BOGRIO |0.342857143 |Rabl1fipl Rab11 family-interacting protein 1 AOAIBOGRIO  |24.412333 |25.205799 |24.3976437 |25.202623
1595 Q3u0ss 0.342857143 |Plod2 Procollagen-lysine,2-oxog lutarate 5-dioxygenas| Q3U055 18.769312 |17.90712 [18.1953428 [0

1596 ADAONASUZ3 |0.342857143 |Lsm8 U6 snRNA-associated Sm-like protein LSm8 ADAON4SUZ3  |19.066804 |18.289682 [18.9616483 (0

1599 ADADG2IDK2 |0.342857143 |Gba Glucosylceramidase ADADG2JDK2 119.454306 |17.821615 [19.1856426 (0

1602 P48771 0.342857143 |Cox7a2 Cytochrome c axidase subunit 7A2, mitochondri| P48771 21.858616 |17.828327 |21.8205459 [0

1637 Q3T9X3 0.342857143 |Dnm2;Dnm3 | Dynamin-2;Dynamin-3 Q3T9x3 17.502936 |18.225017 |15.9064393 [0

1639 Q3iv4rl 0.328205128 |lgalk3 Galectim; Galectin-3 Q3va7l 21388243 19.384716 |21.2207656 [18.205821
1659 Q8BH78 0.342857143 |Rtnd Reticulon Q8BHT8 21.013207 |18.393274 |20.9816369 [0

1675 Q3TN35 0.342857143 |Sgta Small glutamine-rich tetratricopeptide repeat-cd Q3TN3S 20436626 |18.164748 |20.3873163 [0

1694 QEPI87 0.342857143 |Csnklal Casein kinase | isoform alpha Qe6PI87 19.280004 |17.565931 |19.2151678 [0

1728 QauY3 0.342857143 [Smpd3 Sphingomyelin phosphodiesterase 3 Qouy3 19.331191 |17.830153 |18.9670429 [0

1746 Q543pP7 0.342857143 |Arl3 ADP-ribosylation factor-like protein 3 Qs543r7 18.789999 [17.785016 |18.4778 u

1761 Q64735-2 0.342857143 |Crll Complement component receptor 1-like protein| Q64735-2 18797846 |18.244091 |18.1049962 [0

1767 Qsowweg 0.342857143 |Ddrgk1 DDRGK domain-containing protein 1 Qsowweg 18661076 |18.351221 |17.9131614 [0

1794 P43275 0.328205128 |Histlhla Histone H1.1 P43275 21.70921 |[20.926165 |21.6792782 [20.457482
1796 E9Q5H2 0.342857143 |Anp32e Acidic leucine-rich nuclear phosphoprotein 32 fa| E9Q5H2 18.868235 |18.153562 |18.6908593 [0

1822 A2A413 0.342857143 |Psme3 Proteasome activator complex subunit 3 A2A4)3 19.828822 [18.210222 |19.4464556 [0

1832 Q8VEI6 0.342857143 |Asnal ATPase Asnal QBVEI6 19.89881 |17.79896 |19.659397 [0

1852 ADA1BOGSY1 |0.342857143 |Pgpepl Pyroglutamy|-peptidase 1 ADAIBOGSY1 |18711236 |17.429958 [18.2222094 (0

1898 ADAONASUHS |0.342857143 |Nful NFUY iron-sulfur duster scaffold homolog, mitod ADAON4SUHS |20.850514 [18.255529 |20.7633529 [0

1908 (AOAOR4IOTE |0.342857143 |Arfgap3 ADP-ribosylation factor GTPase-activating protg AOAOR4J0TE  |18.880394 |17.74924 [18.0138127 [0

1909 D3zZ024 0.342857143 |Abcg3 ATP-binding cassette sub-family G member 3 |D320Z4 19.544432 |17.810591 [19.297328 |0

1911 Q3TLe 0.342857143 |SmpdBb Acid sphi weli like phosphaodi Q3TLX9 18497176 |17.184045 |18.1371573 [0

1919 QINnwo 0.342857143 |Chmpla Charged multivesicular body protein 1a Q921wo 20.075737 |19.03986 |19.7909244 |18.206056
1938 [ADADB7WSK7 |0.342857143 |Gm28778;0rj ORM1-like protein 2;0RM1-like protein 1 ADAD87WSK7 |17.768417 |18.047309 [16.5934482 [0

1943 Q3uwx7 0.328205128 |Tceal;Tcea2 | Transcription elongation factor A protein 1;Tran|Q3UWX7 19.491331 [18.830313 |18.9991918 [0

1953 D3Z568 0.342857143 |Ndufb5 NADH dehydrogenase [ubiquinone] 1 beta subd D3Z568 19.393119 |18.07385 [19.3931191 [0

1954 ADAOBTWSNG|0.342857143 |Fnl ADAO87WSNG |19.95999 |17.820086 19.80063% (0

1960 ADAO87WS310.342857143 |Dnpep Aspartyl aminopeptidase ADAO87WS31 |18.962527 |17.76158 [18.7834945 [0

1969 Q&acipo 0.342857143 |Spes3 Q8c1D0 20481921 |17.988259 |20.4312857 [0

1980 QecrQl 0.342857143 |Coxbiec Cytochrome c axidase subunit 6C Qacral 20.515822 |17.473371 |20.3798101 [0

1981 Q8RSH1-5 0.342857143 |Uspl5 Ubiquitin carboxy Hterminal hydrolase 15 Q8RSH1-5 18.869811 |18.272583 |18.8698114 [0

1992 Q8K273 0.342857143 |Mmgtl Membrane magnesium transporter 1 Q8K273 19.590649 |18.121091 |19.4399486 |16.743229
2068 Q3UaA0 0.342857143 |ll6st;il6st Interleukin-6 receptor subunit beta Q3uQao 19.224579 |17.86942 |18.9457104 [0

2129 Q3usrs 0.342857143 |lakl Tyrosine-protein kinase; Tyrosine-protein kinasd Q3U8P8 17.881007 |18.906634 |0 18.507183
179 Q60972 0.347357919 |Rbbp4 Histone-binding protein RBBP4 Q60972 20.53034 20.492909 |19.7574941 |19.830446
181 Q561N4 0.347357919 |Ube2I3 Ubiquitin-conjugating enzyme E2 L3 Qse61nd 22496491 |20.614557 |22.4201625 (19.924775
437 P99024 0.351411522 |TubbS Tubulin beta-5 chain P99024 25.790849 |24.737052 |25.7781699 [24.703287
711 Q545F0 0.351411522 [Mif Macrophage migration inhibitory factor Q545F0 24278736 |24.919609 |24.2383309 |24.891626
456 Q3USF5 0.353454493 |Psmd12 265 proteasome nor-ATPase regulatory subuni Q3USFS 21.788745 |22 669651 |21.556891 |22.33305
901 Q2YDw1 0.360808603 |Eif3j; Eif3j1;Eiff Eukaryotic translation initiation factor 3 subunit |Q2YDW1 22419206 |20.56381 |22.3039218 |18.770434
1333 Qocis 0.373099055 |Myl9 Myosin regulatory light poly peptide 9 Qocai9g 26.825202 |26.72849 |26.8202777 [26.714688
194 Q8BHe4 0.377685311 |Ehd2 EH domain-containing protein 2 Q8BH&4 20.815126 |20.350042 |20.5076069 |19.658809
1483 Q3mvis 0.377685311 |Ssrd Translocon-associated protein subunit delta Q3Tvia 22.087135 |20.457361 |22.0109185 [19.652984
1505 Q3uire 0.377685311 |Ap2sl AP-2 complex subunit sigma Q3ui7e 20.503591 |19.667732 |20.1455154 |17.948616
779 (ADADG2JECA |0.382284382 |Sh3glbl Endophilin-B1 ADAOGZJEC4 |19.580729 |19.40723 [18.3117878 [18.446784
898 QecaT9 0.382284382 |Nomol Nodal modulator 1 QeGATy 19.460094 |19.3844  |18.6257873 [17.928375
993 Q3uss4 0.380896465 |Lmanl Protein ERGIC-53 Q3u94s 21.350669 |20.59744 |21.0059154 [19.543237
1171 Q3UE99 0.382284382 |lgmn Legumain Q3UEN 19.925091 |19.285825 |19.4297521 (0

1274 Q8BXY4 0.382284382 |Rab2a;Rab2b]Ras-related protein Rab-2A;Ras-related protein | Q8BXY4 21.786465 |20.750919 |21.6321447 |20.442976
1441 Q4KML7 0.382284382 |Ear Ezrin Q4KMLT 20.445256 |19.425008 |20.0766892 [18.328593
1474 Q3uPeg 0.382284382 |Srx18 Sorting nexin;Sorting nexin-18 Q3upes 20.711732 |19.160592 |20.5184937 [0

1627 Q8VDX8 0.382284382 |Hars;Hars2 | Histidine—~tRNA ligase, cytoplasmic;Probable his| Q8VDX8 20.214322 [19.216103 |20.0490659 [16.714782
1672 a3svord 0.382284382 |Rbms1;Rbms3ANA-binding matif, single-stranded-interacting  Q3V0L4 21.083629 |20.37643 |20.9535612 [19.949748
1881 Qg 0.382284382 |Ndufal0 NADH dehydrogenase [ubiquinone] 1 alpha subjQ99LC3 20.499735 |18.979066 |20.2666643 [0

2105 ADAL40LHA2 |0.382284382 |Bub3 Mitatic checkpoint protein BUB3 ADAI40LHAZ |20.785006 |20.87474 [20.5582513 |20.48007
76 EOCZ72 0.386372964 |Kif2a;Kif2c  |Kinesin-like protein;Kinesirlike protein KIF2A;K|EOCZ72 20.487069 |19.925868 |20.2696631 [19.107908
1563 QopD38 0.395580536 |Rab18 Ras-related protein Rab-18 QopD38 22.815852 |22.351777 |22.6668786 [22.14502
736 Q55UH7 0.402401515 |Clint1 Cathrin interactor 1 Q55UH7 20.435031 |19.960091 |20.1656248 [18.595982
903 Q8vDPa 0.407115953 |Fhi2 Fourand a half LIM domains protein 2 Q8vDPI 22986288 |22.158625 |22.9111116 |21.864149
144 A2BFF8 0.409510398 |Dyncli2 Cytoplasmic dynein 1 intermediate chain 2 A2BFF8 21.433605 [20.43887 |21.2760714 [19.874922
239 QePDY2 0.409510398 |Ado 2-aminoethanethiol dioxygenase Q6PDY2 21012522 |22.233503 |20.7562395 |22.126909
1102 Q9IWVHI 0.409510398 |FhbinS Fibulirn-5 QIWVHI 20.173123 |20.061932 |19.4034049 |19.202924
1590 Q3u7 0.409510398 |Nov Protein NOV homolog Q3ux7? 20.95779 |19.554977 |20.7107741 [0

1461 Q8R326 0.423019989 |Pspcl Paraspeckle component 1 QB8R326 21.243231 |19.940279 |20.9869983 [0

1124 Qscz4 0.428629048 |Prkarla;Prkar) cAMP-dependent protein kinase type |-alpha rg Q8C324 22.273793 |21.014873 |22.032358 [20.518607
57 Q3uxp2 0.430768443 |Ruvb2 RuvB-like 2 Q3UXP2 22.084836 |21.187806 |21.7884157 (20.062777
323 E9Q5Y2 0.441802642 |U2af114;U2af] Splicing factor U2AF 26 kDa subunit;Splicing fad E9Q5Y2 21.056494 [20.226516 |20.8985283 [19.794151
575 Q3UAs4 0.44283318 |Psap Prosaposin Q3UAS4 21681845 |19.842256 |21.5433833 [0

1223 Q3uzsi 0.441802642 |Sarlb GTP-binding protein SAR1b Q3u2al 19.898926 |19.290474 |19.3325579 [0

1265 Q9QvEs 0.441802642 |Golgas Golgin subfamily A member 5 Q9QYEE 19.964993 |18.863782 |19.7887694 [0

1323 Q9pAuUl 0.441802642 |Cnpy3 Protein canopy homolog 3 Q9DAUL 20.354355 |19.162089 |20.0894462 [0

1380 B7ZN33 0.441802642 |Nisch Nischarin B7ZN33 19.982024 |18.880599 19.5914505 [0

1385 Q80YG4 0.441802642 [Sect3 Translocation protein SEC63 homolog Q80YG4 19.246769 |19.496988 |17.8276156 |19.084906
1449 P14733 0.44283318 |Lmnbl Lamin-B1 P14733 21.068958 |19.712013 20.9252713 [0

1470 (ADADJ9YUB6E |0.441802642 |Ociadl OCIA domain-containing protein 1 ADAQJIYUBE  |19.623644 |19.084718 |19.2438473 |17.151882
1565 Q55XAS 0.441802642 |Tom12 TOM1-like protein 2 Q55XA5 20.257791 |19.638854 |19.8867118 [18.803487
1680 Q9DeUs 0.441802642 |Faml62a Protein FAM162A QID6Us 19.900423 19.014521 |19.2442189 [0

2111 Q5MING 0.441802642 |Rpl37a 605 ribosomal protein L37a Q5MING 22492027 |21.783227 |22 4480382 (21.718937
2140 VaGXQ2 0.441802642 |Gm17087 VoGXQ2 26183667 |25.602241 |26.1797836 |25.589388
974 Q99KV1 0.456638266 |Dnajbll Dnal homolog subfamily B member 11 Q99KV1 24.116395 |25.089779 |23.973778 [25.029772
1929 Q55UF2 0.461920478 |Luc?I3 Luc7-like protein 3 Q55UF2 20.041192 |25.584322 |19.52014 25.577846
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22 Q3THC1 0.477575258 |Psmdd 265 non-ATPase y subuni| Q3THCQL 20.740948 [19.779242 |20.2398315 |0

42 Q971P6 0.485714286 |Ndufa? NADH dehydrogenase [ubiguinone] 1 alpha subjQ9Z1P6 20037296 [18.190415 |19.8044703 |0

141 [A2ATPS 0.485714286 |Myef2 Myelin expression factor 2 A2ATPS 18144247 |17.838884 |17.9686489 [0

250 Q88 0.485714286 |Stonl Stonin-1 Q8CDI8 19.635551 |17.756376 |19.4383942 |0

560 E9QP49 0.485714286 |Ehbplll EH domain-binding protein 1-fike protein 1 E9QP49 19.399012 |17.921082 |19.145386 [0

569 Q6NVSI 0.485714286 |Lox4 Lysyl oxidase homolog 4 QBNV59 19.077687 [17.93981 |18.9233854 |0

603 QIWTPE-2  |0.485714286 |Ak2 denylate kinase 2, mitochondrial; Adenylate kil QOWTP6-2 19.609159 |18.367689 |19.5167566 |0

607 ADADAGYWMY0.485714286 |Rab3gap2  |Rab3 GTPase-activating protein non-catalytic sy AOAGABYWMS|21 617272 |21.178586 |21.5705003 |20.96334
650 Q6NVF2 0.485714286 |Pld1 Ph i D1 QBNVF2 18111198 [18.102 17.6349599 |0

783 Q545F4 0.467673627 |Hspbl Heat shock protein beta-1 Q545F4 2290987 [22.550902 |22 8193557 |22.411907
803 Q6IRT4 0.485714286 |Eif3f Eukaryotic translation initiation factor 3 subunit |Q6IRT4 20.388857 |18.394938 |20.2520422 (16.361699
858 E9Q3F3 0.485714286 |Efemp2 EGF - fibulin-fike extracellular matrix p| E9Q.3F 3 18424402 [18.323827 |18.0856093 |17.305252
863 Q05044 0.477575258 |EifSb Eukaryotic translation initiation factor 5B Q05044 21.068783 [21.150019 |20.9343889 |20.764327
925 Q64519 0.485714286 |Sdc3 Syndecan-3 Q64519 19.53061 |18.029084 |19.2537833 [0

958 FBWHPS 0.485714286 |Atp5i2 ATP synthase subunit f, mitochondrial FBWHPS 21.222763 |19.295121 |21.1866532 [18.715198
966 037249 0.485714286 |Myll2a D37249 19.035607 |17.675431 |18.77903% [0

968 Q6XLO8 0.485714286 |Calu Q6XLO8 21.964473 [20.546605 |21.9510476 |20.469243
998 QOQERY 0.485714286 |Idhl Isocitrate dehydrogenase [NADP];Isccitrate del QOQER9 19.389401 |18.16021 |19.0755975 [0

1021 Q06606 0.485714286 |Pla2gdb;Gm2{ Cytosolic phospholipase A2 beta QO6G06 18324748 [17.990517 |17.9077612 |0

1086 U3M993 0.485714286 |Nsdhl Sterol4-alpha-carboxylate 3-dehydrogenase, d{U3M993 19.742088 |18.072554 |19.6080386 [0

1190 Q3uws3 0.478942395 |Fam12% Protein Niban Q3UW53 21.707292 [21.957953 |21.3089439 |21.519002
1197 E9QPX6 0.485714286 |AWS54918;K)| Uncharacterized protein KIAA1328 E9QPX6 19536874 [17.769177 |19.536874 |0

119 Q4VAI2 0.485714286 |Acpl Low molecular weght phos photy rosine protein | Q4VAI2 2171476 |17.989508 |21.7000961 |0

1202 E9Q1H3 0.485714286 |Aldh7al Alph dij de dehydrogena| E9Q 1H3 18.323901 |17.921251 |17.5384378 [0

1381 Q8R1F1 0.485714286 |Fam12% Nibarrike protein 1 QB8RIF1 19.676918 |17.898918 |19.59866% [0

1442 Q7TNVO 0.485714286 |Dek Protein DEK QITNVO 19516912 [18.591501 |19.318561 |18.148887
1453 Q9CRX2 0.485714286 |Laptmda Ly ssodiated t b protein4 Q9CRX2 19.97515 |17.845624 |19.770279 [0

1532 Q6P 0.485714286 |Ancé Anoctamin-6 Q6PaI9 19.65897 |18.839996 |19.6589701 |18.295556
1603 G3UY21 0.478942395 |Shkt2 Slithomolog 2 protein; Slit homolog 2 protein N-| G3UY21 21.489054 |21.845937 |20.8868494 (21.200921
1648 D32479 0.485714286 |Smw15 Sorting nexin-15 D37479 18686386 |17.844788 |18.3654406 [0

1657 PE =] 0.485714286 |Nmtl Glycylpeptide N-tetradecanoykransferase;Glyoy Q3UIC3 18.915549 [17.931048 |18.5485887 |0

1669 F6VQs1 0.485714286 |Tpd5212 Tumor protein D54 FevQ81 19.892445 |17.869045 |19.783805 |0

1685 Q3vVIiX1 0.485714286 |Mychp C-Myc-binding protein Q3vixi 19.010941 |17.886685 |18.6813078 [0

1690 P70245 0.485714286 |Ebp 3-beta-hydroxysteroid-Delta(8), Deka(7)-somer| P70245 19.741941 |17.737526 |19.6440657 [0

1722 Q9JMHE-2  10.485714286 |Txnrdl Thioredoxin reductase 1, oy Q9IMH6-2 19.858329 |18.572532 |19.6179801 [0

1734 [AOAOR3PICB |0.485714286 |Ndufa9 NADH deh Jubigui ]1alpha subl ADADR3PICE  |19.887834 |18.150043 |19.8878342 |0

1747 F6Z6F4 0.485714286 |Smarcal;Sma{ Probable global transcription activator SNF 2L1;9F6Z6F4 18.745966 |17.855914 |17.8004652 [0

1755 CBEQH3 0.485714286 |Suckg2 Succinyl-CoA ligase subunit beta; Succiny HCoA B CEEQH3 18997521 [17.943773 |18.6464924 |0

1806 Q9CX78 0.485714286 |Ndufa5 NADH deh Jubigui ] 1alpha sub{QICX78 1884268 [18.257055 |18.84268 0

1878 QeGU23 0.485714286 |Stat3 Signal transducerand activator of transcription;| Q6GU23 18.525132 |17.529045 |17.9957776 |0

1966 Q6ADA2-2  10.485714286 |Larpdb La-related protein 48 QB6ADA2-2 18.304205 |18.150682 |17.8044976 [0

1985 Q8CBS7 0.485714286 |Tulp3 Tubby-related protein 3 QBCES7 24479273 [23.749756 |24 477195  |23.742953
2006 |ADAOKGGHAS |0.485714286 AOAOKGGHAS |19.009768 [21.908306 |15.7528385 |21.760056
2038 D3YXU7 0.485714286 |Myol0 Unconventional myosin-X D3YXU7 17.444527 |18.909039 |0 18.659573
2051 Q8CGB6-2 0.485714286 |Trs2;Tns1;Trg Tensin-2;Tersin-3 QBCGB6-2 18350842 |18.866283 |0 18.148066
2060 G3X9V2 0.485714286 |Ctnnd1 Gatenin delta-1 G3XaV2 20.170787 |17.743189 |20.03939% [0

2081 Q1XG81 0.485714286 |Higdla HIG1 domain family member 1A, mitochondrial| Q1XG81 19.053303 |17.740266 |18.6806833 |0

2085 Q3UDS4 0.477575258 |Sqrdl Sulfide:quinone oxidoreductase, mitochondrial |Q3UDS4 21.105338 [20.25148 |20.826283 |19.229453
209 E9QPX1 0.485714286 |Col18al Collagen alpha-1(XVIil) chain;End E9QPX1 19.661442 19.795497 |19.5721767 [19.487452
2116 QoD1T2 0.485714286 |Mxra? Mat deli sociated protein 7 Q9D1T2 19.604269 |17.573244 |19.6042691 [0

2123 Q91273 0.485714286 |B2m Beta-2-microglobulin Q91773 20.558487 |18.025359 |20.4354747 |0

2127 Q91vVT9 0.485714286 |Pvri2 Nectin-2 Q91VT9 18363456 |18.180473 |17.6814734 [0

2132 [AOAOG2JE32 |0.485714286 |Ube2d3;Ube2| Ubiquitin-conjugating enzyme E2 D2;Ubiquitin- ADADG2JE32  |19.332865 |17.719609 |19.1090767 |0

834 Q61081 0.490915916 |Cdc37 Hsp90 co-chaperone Cdc37;Hsp90 co-chaperon{ Q61081 21981212 |21.092647 |21.8274926 (20.619802
240 Q91ZH2 0.49319174 |Pcna Proliferating cel nudear antigen Q917ZH2 22.425164 |21.313471 |22.1830301 [20.554561
62 Q9CWKO 0.494523496 |Rpl14;Rpl14-p| 605 ribosomal protein L14 QICWKD 24.341756 |23.662519 |24.3240027 |23.596525
980 Q99Im31 0.494518992 |Hspald Heat shock 70 kDa protein 14 Q99M31 19.58499 |19.279672 |19.3836592 [0

44 A2A108 0.505361305 |Tpm Taperin A2A108 20.178188 |19.598026 |19.8015939 [18.808629
96 Q6PB44-2 0.505361305 |Ptpn23 Tyrosine-protein phosphatase non-receptor typ{ Q6PB44-2 19.878844 |19.116483 |19.5946797 |0

710 QIcXwW3 0.505361305 |Cacybp Calcydin-binding protein QICXW3 19.440153 |19.697254 |18.5025988 |19.0359
1043 035558 0.505361305 |Erk2;Mapkl;{ Mitogen-activated protein kinas ti| 035558 20.604233 [19.155442 |20.5035814 |0

1243 QSsva0 0.505361305 |Myol9 Unconventional myosin-XIX Q55Va0 20.331969 |19.603225 |20.0200836 |0

1263 Q61935 0.505361305 |My3;Myll |Myosin light chain 1/3, skeletal muscle isoformj Q61935 25.367045 |25.311357 |25.3576775 [25.305298
1372 Q8K411-3 0.505361305 |Pitrm1 Pre ce mitochondrial Q8K411-3 20.718085 [19.771956 |20.5960853 |18.870824
1827 Q9DIES 0.505361305 |Thcb Tubulin-folding cofactor B QID1E6 19.992661 |18.77797 |19.7900541 |0

345 Q3TID0 0.513722581 |Sec6lal;Sech Protein transport protein Sec6l subunit alpha is¢ Q3TJDO 22.409938 [21.975336 |22.236766  |21.78983
594 Q9D6R2 0.514748002 |Idh3a Isocitrate dehydrogenase [NAD] subunit alpha, | Q9D6R2 21578228 |20.720224 |21.2239385 (20.176215
1509 Q571B0 0.514748002 | Tmdsf3 Ti 9 rfamily member 3 Q57180 21223823 [20.437129 |20.8566471 |19.510219
2102 Q7M754 0.514748002 |Gm5409;Try10 Q7M754 27.592584 [28.955306 |27.5901685 |28.954363
731 B1AXI9 0.536802024 |Cepl3l Centrosomal protein of 131 kDa B1AXI9 22.200743 |22.488012 |21.7257246 (22.063626
91 QSFWB7 0.537476216 |Aldoa;Aldoar] Fructo: ; Fructose-bisph{ QSFWB7 24351608 [24.368097 |24.2251719 |24.257851
327 Q9EPLE 0.53914969 |Ipo7? Importin-7 QIEPLE 21.239138 [20.619233 |21.0190132 |19.718
351 Q3TID7 0.546823018 |Pdlim? PDZ and LIM domain protein 7 Q3TID7 22.830835 [22.657923 |22.6975413 |22.547303
1998 P61092 0.546823018 |Siahla E3 ubiquitin-protein ligase S| AH1A P61092 23.127971 |22.802646 |23.0419567 [22.594767
1174 Qsmuo 0.551167166 |Tandc12 Thioredoxin domain- ing protein 12 QocQuo 21.184209 |19.369289 |21.086934 |0

1447 P97333 0.551167166 |Nrpl Neuropilin-1 P97333 20.320999 |19.780441 |20.1290529 [18.519696
2071 Q6ADAS 0.551167166 |FAM120A;F af Constitutive coactivator of PPAR-gamma-like prl Q6A0A9 21676421 [20.791853 |21.519749 |20.323635
721 P70333 0.563236627 |Hnmph2 Heterogeneous nuclear ribonudeoprotein H2 _ |P70333 20.245715 |19.465886 |20.0610277 [0

109 QA 0.564102006 |Etfa Electron transfer flavoprotein subunit alpha, mit Q99LCS 21248531 [20.747894 |20.9184094 |20.123538
426 Q3ung 0.564831637 |Ctsd Cathepsin D Q3u7I9 22.073309 |21.340835 |21.8014876 (20.632092
573 Q4TVNO 0.564831637 |Thc1d15 TBC1 domain family member 15 Q4TVNO 21462747 [20.522852 |21.1063728 |17.909758
1226 Q8K1K2 0.564102006 |PsmcS 265 protease regulatory subunit 8 QBK1K2 20.634707 [20.582427 |19.9031429 |19.274518
506 035405 0.573737374 |Pid3 Ph i D3 035405 20.846287 |19.27485 |20.5839064 [17.815979
933 Q9CY58-2 0.573737374 |Serbpl Plasminogen activator inhibitor 1 RNA-binding p| Q9CYS8-2 19.447245 [20.485835 |18.5305228 |20.162208
1030 Q9DBNS 0.573737374 |Lonp2 Lon homolog 2, peraxisomal QIDBNS 19.018316 [20.16934 |0 19.75003
1122 Q3UeMS 0.573737374 |Ranbpl;Htf9-§ Ran-specific GTPase-activating protein Q3U6MS 21972169 [20.61965 |21.8632574 |20.157312
1148 [A2A815 0.573737374 |Park7;Dj1 Protein deglycase DI-1 A2A815 21.247252 |19.78039 [21.1563215 (19.249497
1222 Q6ZWR6-4  [0.573737374 |Synel Nesprin-1 Q6ZWR6-4 26.949 28.606441 |26.9436965 [28.605454
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1706 Q9ERS2 0.573737374 |Ndufal3 NADH dehydrogenase [ubiguinone] 1 alpha sub| Q9ERS 2 20.129059 |19.570406 |19.780425 |18.41544
1739 Q3US65 0.573737374 |Srpk1 SRSF protein kinase 1 Q3USES 20017791 |18.865195 |19.8792625 |0

588 Q9DCN2-2 0.587992654 |Cyb5r3 NADH-cytochrome bS5 reductase 3; NADH-cytoch QIDCN2-2 23.792451 |23.006322 |23 7180646 |22.908235
897 P27046 0.589875732 |Man2al Alpha-mannosidase 2 P27046 20.057139 [19.991266 |18.7141818 [18.399384
970 Q80u3s 0.589875732 |Arhgefl? Rho guanine nucleotide exchange factor 17 Q80uU3s 20.054514 |20.190516 |18.9089459 |19.393157
1392 Q3UIAS 0.589875732 |Cull Cullin-1 Q3UIAS 20683019 |20.436523 |20.2090837 |19.369567
77 QS8EAG 0.615563482 |Rps25 405 ribosomal protein 525 QS8EAE 24.923236 |24.793106 |24.9074284 |24.77275
1040 P63028 0.629725504 |Tptl Translationally-controlled tumor protein P63028 22.614426 |21.151558 |22.5102751 |20.85476
253 Q8BLDY 0.645376845 |Acaala;Acaa]3-ketoacyl-CoA thiolase A, peroxisomal; 3-ketod Q8BLD7 20205577 |18.928531 |20.1517739 |0

294 A2RSBL 0.645376845 |Napll4 Nucleosome assembly protein 1-like 4 A2RSB1 20.10824 [19.393575 |19.6692935 |18 478525
483 FEVQ19 0.645376845 |Lrch2 Leucine-rich repeat and calponin homoalogy don| FEVQ19 20.794922 |19.326098 |20.7646547 |0

961 Q8cIvVe 0.645376845 |Abccl Multidrug resistance-assodated protein 1 QBCIVE 19.301086 |18.991052 |18.7279999 |0

1027 QOVGUI 0.645376845 |Rbm39 RNA-binding protein 39 QOVGU9 19.708332 |19.560836 | 19.0629489 |18.793976
1072 Q3UWHE 0.645376845 |Ctsl Cathepsin L1;Cathepsin L1 heavy chain;Cathepg Q3UWH6E 21321048 |20.124138 |21.2200088 |19.514326
1130 G3UXW9 0.645376845 |Gpsl COP3 signalosome complex subunit 1 G3UXW9 20.280043 [19.692637 |20.0547566 (19.001609
1160 P10493 0.645376845 |Nidl Nidogen-1 P10493 19.175121 [19.329724 |18.5622595 (17.030859
1316 ADA1BOGTD4 |0.645376845 (GInd Glutaredoxin-3 ADAIBOGTO4 |20.182538 [19.75593 |19.7358999 |19.354988
1378 Q3Tioe 0.645376845 |Ugdh UDP-glucose 6-dehydrogenase Q3TI06 20.544321 |20.59413 |20.3104766 |20.034808
1730 Q3TRL2 0.645376845 |Pdpk1 3-phos phoinositide-dependent protein kinase 1|Q3TRL2 20.021385 |18.976961 |19.7551769 |0

2079 E9Q4G8 0.645376845 |Alcam (D166 antigen E9Q4G8 20311348 |19.030202 |19.9103414 |0

5 Q3uLG4 0.685714286 |Psmd4 265 proteasome non-ATPase regulatory subunij Q3ULG4 19.434005 |18.6378  |19.3677045 |17.953407
11 [ADA097BW21|0.670659533 [Postn Periostin ADAD97BW21 |20.679988 [21.312613 |20.0821756 |20.87055
97 Q8BPS5 0.685714286 |Sikc16al Monocarbaxylate transporter 1 Q8BPS5 18415115 |18.879888 |0 18.369944
120 Q545A2 0.675265662 |Sk25a5 ADP/ATP translocase 2, ADP/ATP translocase 2] Q54542 25.36845 [25.586571 |25.3522731 (25.573614
147 Q8VES9 0.685714286 |CedcllS Coiled-coil domain-containing protein 115 Q8VES 18.032088 |17.601317 |17.3171264 |0

197 Q3UP74 0.685714286 |Anpep Aminopeptidase N Q3UP74 19.202474 |18.073585 |18.9550275 |0

305 Q3TN93 0.685714286 |Ubginl Ubiquilin-1 Q3TNI3 18.813472 |17.867621 |18.3401212 |0

341 ENVE] 0.685714286 |Lamp2 Lysosome-associated membrane glycoprotein 2Q3UIW3 20.698463 |19.061598 |20.6744362 |18.801413
431 P40240 0.685714286 |Cd9 (D9 antigen P40240 19.087901 [17.660995 |18.7817616 (0

519 Q8059 0.685714286 |Mvp Majorvault protein Q8C259 18.018695 [19.097438 |0 18.780483
667 QiuvaLz 0.685714286 |Cops3 COP9 signalosome complex subunit 3 Q3uqL2 19.50277 |17.999927 |19.3553737 |0

769 Q3vaa2 0.685714286 |Sec24c Q3v2a 18858989 |18.233295 |18.6127429 |0

795 Q88MI3 0.685714286 |EfflaxEifla;Eukaryotic translation initiation factor 1A, X-chrd Q8BMJ3 21.852083 [20.565252 |21 8368632 |20.542057
896 Q3usvz 0.685714286 |Cnbp Cellular nucleic acid-binding protein Q3Usv2 20.262576 |18.557348 |20.1601066 |17.854688
923 Q99L05 0.685714286 |Sdc2 Syndecan;Syndecan-2 Q99L05 20.598647 [20.119292 |20.4514476 [19.884029
949 FEV084 0.685714286 |Tmxl Thioredoxin-related transmembrane protein 1 |FEV084 19.793072 [17.905706 |19.6361716 (0

1005 X1WI15 0.685714286 |BCD17643 Uncharacterized protein C170rf62 homolog X1WI15 19.01316 [17.653616 |18.8698049 (0

1029 Q8CH18-3 0.685714286 |Ccarl Cell division oycle and apoptosis regulator prote| Q8CH18-3 18657893 |17.568649 |18.4927549 |0

1164 A2AWTE 0.685714286 | Ubtf Nucleolar transcription factor 1 AZAWTE 18.074627 [18.949505 |0 18.335783
1177 ESQNHE 0.685714286 |Myolb ESQNHE 21.008269 |18.189689 |21.0082688 (0

1179 B1AU76 0.685714286 |Nasp Nuclear autoantigenic sperm protein B1AU76 19.75846 |17.961808 [19.6916846 [0

1186 (ADAON4SV15 |0.685714286 (Kemfl E3 ubiquitin-protein ligase KCMF 1 ADAON4SVIS 1872526 [18.05114 |18.5728177 |0

1218 Qsay73 0.685714286 |Tmem59 Transmembrane protein 59 Q9aqy73 18.996981 |18.463604 |18.5467723 |0

1237 QOPDEE 0.685714286 |Rablb Ras-related protein Rab-18 QOPDEE 21136756 |21.708336 |21.0956027 |21.695552
1248 E9Q0Z7 0.685714286 |Sumfl Sulfatase-modifying factor 1 E9Q027 19.079769 |18.035266 |18.9321787 |0

1253 Q3UDss 0.685714286 |Mov10 Putative helicase MOV-10 Q3UD36 19.409529 [18.188042 |19.13193% [0

1258 Q6A022 0.685714286 |mKIAA0668;S SUN domain-containing protein 2 Q6A022 19.949656 [19.55628 |19.8739595 (19.430636
1278 Q9CR41 0.685714286 |Hypk Huntingtin-interacting protein K QICR41 18781949 |17.723267 |18.39594584 |0

1299 D3Z610 0.685714286 |Prkd3 Protein kinase C;Serine/threonine-protein kinas| D3Z610 18.279401 [17.912297 |17.7694273 [0

1300 Q5FW91 0.685714286 |Tubalda Tubulin alpha-3 chain Q5FW91 19.350047 |18.086931 |19.0876671 |0

1326 QiTMW3 0.685714286 |Bgn Biglycan QITMW3 2131782 |20.643181 |21.3044544 |20.59249
1339 Q9EPEY 0.685714286 |Sacmil Phosphatidylinositide phosph SAC1 Q9EPEY 18546011 [18.327502 |18.0721171 [0

1395 Q9CYA0 0.685714286 |Creld2 Cysteine-rich with EGF-like domain protein 2 |Q9CYAD 18.448272 [18.322758 |0 17.515488
1399 Q873 0.685714286 |Sh3bgrl2 SH3 domain-binding glutamic acid-rich-like prot{ Q8C073 18.853634 |18.180968 |18.5121989 |0

1402 Q9ILBY 0.685714286 |Pvri3 Nectin-3 Q9ILBY 18.996939 [17.806971 |18.8496818 [0

1416 Q8CE2 0.685714286 |Vps26b Vacuolar protein sorting-associated protein 268/ Q8C0E2 18748551 |18.376711 |18.4953893 |0

1428 Qseq47 0.685714286 |Cnpyd Protein canopy homoalog 4 Q8ea47 18917015 |18.713274 |18.3058715 |17.941626
1457 008797 0.685714286 |Serpinb9;Serpi pi ;Serpi ;Serp :Gm11393 008797 19.544183 [17.937709 |19.1517834 [0

1522 QssvDo 0.685714286 |Fam101b Filamin-interacting protein FAM 1018 Q55VD0 20.00447 18.11534 |19.8351383 |0

1523 Q2TBF9 0.685714286 (Mapllc3b  |Microtubule-associated proteins 1A/1B light chd Q2TBF9 2122191 |18.142841 |21.1630376 |0

1534 Q921u7 0.685714286 |Cast Calpastatin Q921u7 18.858014 |18.401554 |18.6257902 |0

1539 Q3Ts8 0.685714286 |Chchd6 MIQDS complex subunit Mic25 Q3TJS8 20.116068 |17.907871 |19.9850901 |0

1548 P62867 0.685714286 |Fau;fau 405 ribosomal protein 530 P62867 24.054424 [23.141711 [24.044912 [23.118638
1575 Q3u3l6 0.685714286 |Tnpo2 Transportin-2 Q3u3le 19.044683 |18.274685 |18.392091 |17.637729
1586 IADAQIOYUI1 |0.685714286 |UbeZk Ubiquitin-conjugating enzyme E2 K ADAQJIYUIL  |19.469454 [18.22709 |19.132685 |0

1604 P56391 0.6857142856 |Coxébl Cytochrome c axidase subunit 681 P56391 21.622852 [19.138235 |21 5648058 |18.385952
1649 Q8KS67 0.685714286 |Atpbapl V-type proton ATPase subunit51 Q8KS67 19.580868 |18.202929 |19.3293947 |0

1653 Q907M1 0.685714286 |Gid8 Glucose-induced degradation protein 8 homolog Q9D7M 1 18578445 |17.992844 |18.1170495 |0

1666 Q497K3 0.685714286 |Snrpf Small nudear ribonucleoprotein F Q497K3 19.978643 |18.062319 |19.821746 |0

1704 Q9DCca 0.685714286 |Pycrl Pyrroline-5-carboxylate reductase 3 QIDcc4 18.52853 [18.063404 |17.7081743 |17.019375
1724 QOSDE0 0.685714286 |Arfgapl ADP-ribosy lation factor GTPase-activating protg Q0SDEQ 19.450976 |18.644501 |19.3025076 |17.577077
1738 088983 0.6857142856 |Stx8 Syntaxin-8 088983 18.617245 [17.679092 |18.2457615 [0

1743 Q9D7B87 0.685714286 |Gpx8 Probable glutathione peroxidase 8 QID787 18227185 |17.914248 |0 17.004892
1760 Q7TMM9 0.685714286 |TubbZa Tubulin beta-2A chain QITMM9 21.305546 |19.739409 |21.305546  |19.624966
1785 Q3THK3 0.685714286 |Gtf2fl General transcription factor | IF subunit 1 Q3THK3 18.378092 |17.758451 |17.9137613 |0

1798 ABXY17 0.685714286 |Vps25 Vacuolar protein-sorting-associated protein 25 |ABXY17 18.823807 |18.271504 |18.3876629 [0

1844 D3Z6N3 0.685714286 |Mcm7 DNA helicase; DNA replication licensing factor M| D3Z6N3 17.933674 [18.711021 |0 18.21031
1847 Qa3tua? 0.685714286 |Prkaal 5-AMP-activated protein kinase catalytic subun|Q3TUQ7 19569847 |17.9942 19.256292 |0

1850 ESQAF9 0.685714286 |Tancl Protein TANCL ESQAF9 19.265226 |18.25089 |19.0246917 |0

1855 Q3uU9s0 0.685714286 |Mogs Mannosyl-oligosaccharide glucosidase Q3U9s0 18.843616 |18.025838 |18.4575531 |0

1858 Q3UKNG 0.685714286 |Nuch2 Nucleobindin-2; Nesfatin-1 Q3UKNG 19.676502 |18.105972 |19.3709203 |0

1870 B7ZBY6E 0.685714286 |Ube2v1;Ube2| Ubiquitin-conjugating enzy me E2 variant 2;Ubiq B7ZBY6 21.089539 [19.374291 |21.0414412 [18.899349
1872 P52480-2 0.6857142856 |Pkm Pyruvate kinase PKM P52480-2 19.665838 |18.618611 |19.4335071 |18.204652
1890 Q3UHF8 0.685714286 |Reps2;Reps1 |RalBP1-associated Eps domain-containing prote| Q3UHF8 19.396892 |17.753171 |19.223625 |0

1895 F7CVIS 0.6857142856 |Ahnak2 F7CVI5 19.160369 |18.234638 |18.7566283 [0

1902 Q60902-3 0.685714286 |Eps1511 Epidermal growth factor receptorsubstrate 15-1| Q60902-3 19.107346 |17.845087 |19.1073465 |0

1918 A2APIB 0.685714286 |Akap2 A-kinase anchor protein 2 A2APIB 18.009215 [19.431424 |0 19.21449
1931 USTIY7 0.685714286 USTI¥7 21.147941 [24.950918 |21.0428357 |24 942631
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1997 aslou7 0.685714286 |Thca Tubulin-specific chaperone A Qaslou? 20.925268 [19.292989 |20.8011056 |17.783381
2008 Q9Z0Y1 0.685714286 |Dctn3 Dynactin subunit 3 QozZovl 18.71947 |18.064501 |18.242243 |0

2011 Q9GS HO 0.685714286 |Hnmpll Heterogeneous nuckear ribonudeoprotein L-ike| Q9CSHO 19.311541 |17.909408 |19.0489423 [0

2080 ADAD77S9NL [0.685714286 |Lyzl Lysozyme;Lysozyme C-1 [ADAO7759N1  |20.046705 [20.103399 |19.9872827 |19.945603
2093 asays 0.685714286 |H1f0 Histone H1.0;Histone H1.0, N i proces|Q8C1Y3 19.964756 [18.042664 |19.8559034 |0

2114 Qom7s 0.685714286 |Ndufa2 NADH deh [ubi ] 1alpha sub{Q9CQ75 19.494356 |18.157028 |19.4943564 |0

2145 Q8K4L4 0.685714286 |Poflb Protein POF1B Q8K4LE 20175235 [20.538545 |20.0403658 |20.421348
1231 D3Z7T4 0.696258329 |Hdacl0 Histone deacetylase 10 D3Z7T4 21.007402 |20.816814 |20.4059979 |20.100152
162 P49817-2 0.720901321 |Cavl Caveolin-1;Cavediin P49817-2 20.573653 |22.8955 |20.2696481 |22.832878
172 B2CY77 0.715275339 |Rpsa 405 ribosomal protein SA B2CYT77 25.883904 |25.279569 |25.850548 |25.203653
379 Q3UsUS 0.720901321 |Ahcy | Adenosylhomooy steinase Q3usus 21.275219 [20.216888 |21.1026134 |19.522002
383 Q92 0.712989487 |Tcirgl V-type proton ATPase subunita Qo2 20.440753 [19.266463 |20.364749 |0

458 055234 0.720901321 |Psmb5 Proteasome subunit beta type-5 055234 20.362107 |20.729354 |20.0687524 |20.552172
678 Q97175 0.720901321 |Lod3 Lysyl oxidase h log 3 Q9Z175 19.353754 |19.777213 |0 19.273112
696 Q5SaI94 0.720901321 |Kifc1;KifcSb | Kinesin-lke protein;Kinesin-like protein KIFC1 | QSBI94 20.247802 |19.185544 |20.0444772 |0

823 Q3ui3s 0.720901321 |Acg2 Actin, gamma-enteric smooth musde Q3uize 23.03805 [22.023696 |23. 21.907791
910 QSSUR3 0.712535076 |Skpla;Skpl |S-phase kinase-associated protein 1 QSSUR3 21757128 |21.723206 |21.5079322 |21.599622
957 QoDnCT2 0.720901321 |Ndufs3 NADH deh [ubi ] ffur Q9DCT2 20.131921 |20.536556 |19.2084344 |20.286014
1023 AZANOB-3 0.720901321 |Ubrd E3 ubiquitin-protein ligase UBR4 (A2ANOB-3 19.803353 |19.006308 [19.451812 |0

1358 QSXIYS 0.712535076 |Arcnl Coatomer subunit deita Q5XIYS 20491657 [20.519023 |20.1085928 |20.052217
1482 Q99KF5 0.720901321 |Hprt;Hprtl |k thine-g| hosphorib Q9I9KFS 21316919 |19.573824 |21.1814431 |18.438863
1513 Q9JKB1 0.720901321 |Uchi3 Ubiquitin carboxyHterminal hy drolase isozyme | Q9JKB1 20.325579 |19.052423 |20.0963912 |0

1560 Q6PFZ4 0.720901321 |Smc3 Structural ce of ch protei Q6PFZ4 19.889659 [19.054041 |19.6170773 |0

1606 Q8BNSO 0.720901321 |Drgl Developmentaly-regulated GTP-binding proteir| Q8BNSO 20.293522 |19.206868 |20.2113154 |0

1630 Q3TXV7 0.720901321 |Hexa Beta Beta-h i sujQ3TXV7 20.917745 [19.330021 |20.6518571 |0

1753 Q78P93 0.720901321 |Asahl Acid c Acid ¢ subunit alphg Q78P93 20.177005 |19.854749 |19.9307062 |19.138753
1788 ADAOR4I293 [0.720901321 |Tgm1 Prot g gh ¥ ADADR4I293  |21.24142 |22.734359 |20.9752018 [22.718909
1823 Q3u417 0.712535076 | Ppfibpl Liprin-beta-1 Q3u417 20.905334 [20.390769 |20.6597296 |19.544824
1851 P15626 0.720901321 |Gstm2;Gstm]7| ione S Mu2; ione 5-t|P15626 21.393631 |18.901773 |21.297396 |0

1859 QSBE49 0.712535076 |Hdacl; Gm10{ Histone deacetylase;Hitone deacetylase 1;His§ QS8E49 21.037689 |20.616245 |20.6371601 |20.22788
1910 Q9ESD3-2 0.720901321 | Thx20 T-box transcription factor TBX20 Q9ES03-2 21111215 (2469251 |20.8112279 |24 688087
1950 Q3UMT7 0.712535076 |Hnmpl Heterogeneous nuckear ribonudeoprotein L Q3UMTZ 21.244589 |20.321005 |21.1696043 |19.009269
2035 E9PZ69 0.720901321 |Tm9sf2 Ti 9 rfamily member 2 E9PZ69 19.619253 |18.803646 |19.2016797 |0

504 QS542H2 0.723975274 |Psma7;Psmaf Proteasome subunit alpha type;Proteasome sull Q542H2 22 374285 |20.604509 |22.237418 |18.833551
79 Q3UMM1 0.73602349 |Tubbé Tubulin beta-6 chain Q3uMm1 22551806 [22.222136 |22.2925416 |22.102081
1843 Q8BwWQ4 0.752537727 |Cmtr2 Cap-specific mRNA [nudeoside-2-0-)-methyltral Q8BWQ4 20.673159 [20.320364 |20.3339456 |19.978915
337 Q4FILO0 0.755284828 |Rab10 Ras-related protein Rab-10 Q4FJL0 22.485553 |21.368332 |22.441755 |21.118843
864 Q8ou79 0.755284828 |Ckap5 Cytoskeleton-associated protein 5 Q8oU7a 20665793 [19.548988 |20.4861063 |0

1249 Q99KD5 0.780443152 |Unc45a Protein unc-45 homolog A Q99KD5 21245348 [21.129291 |20.9560277 |20.604094
278 SAR2ZEL 0.798445998 |Abcg2 ATP-binding cassette sub-family G member 2 |S4R2E1 20.549796 |19.566534 |20.4275528 |18.338447
352 G3UWR2 0.798445998 |Gigyf2 PERQ amino adid-rich with GYF domai iini G3UWR2 19.533967 [19.213575 |19.4139916 |18.075577
544 Q3u3cs 0.794837674 |Sh3gll;Sh3gld Endophilin-A2;Endophilin-A1 Q3u3ce 20.694189 [19.644449 |20.5915906 |0

726 Q31713 0.798745339 |Sf1 Splicing factor 1 Q3TzaI3 20.858333 [19.751687 |20.6194129 |0

732 Q8BI72 0.798445998 | Cdkn2aip (DKN2A-interacting protein Q8BI72 19.4319  [18.990335 |18.8940737 |0

828 Q7iva7z 0.798745339 |Csmp2 Cysteine and glycine-rich protein 2 Q7ivay 21.296719 |20.146312 |21.0302972 |19.342723
944 Q3UDE2 0.798445998 |Tl12 Tubulin—tyrosine ligase-like protein 12 Q3UDE2 20.108931 |19.352621 |19.9592481 |0

978 Q71FD7 0.798445998 |Fhlim1 Filamin-binding LIM protein 1 Q71FD7 20.141398 [20.123265 |19.5856163 |19.610515
1092 Q3uI56 0.798445998 |Anxab /AnnexingA nnexin A6 Q3uI56 19.99042 [20.225033 |19.0187055 |19.917708
1105 Q3UIN3 0.798745339 |Rras Ras-related protein R-Ras Q3UIN3 21.225851 [20.428576 |21.0342703 |19.449692
1289 Q3uU9G9 0.798445998 |Lbr Lamin-B receptor Q3u9e9 21.094135 [20.347329 |21.0139246 |19.725307
1366 Q3TESS 0.798445998 |Hmga1;mCG | High mobility group protein HMG-I/HMG-Y Q3TE8S 20.720368 [20.019687 |20.421675 |19.657714
1401 elleigp] 0.798445998 |Pmpb;Pmp | Major prion protein Q9QyT9 21.929142 |22.138507 |21.8789329 |22.05109
1436 055222 0.798745339 |ilk Integrin-linked protein kinase 055222 20.350238 |20.046557 |19.8153861 |18.689613
1538 AZAEG2 0.798745339 |Ofd1 Oralfadial-digital syndrome 1 protein homolog |A2AEG2 20.355495 |19.802982 |20.048336  |18.141656
1552 AOADN4SVQ1|0.798445998 |Ndufad Cytochrome c oxidase subunit NDUFA4 ADADNASVQ1 |22 813602 |23.297461 |22 7990554 |23.259315
1768 Q8K116-2 0.798445998 |Tmtl CCA tRNA nudeotidyltransferase 1, mitochondri| Q8K116-2 20.377276 [20.072943 [19.996981 |19.342297
1774 Q3TILS 0.798445998 |Sbd2 Syntaxin-12 Q3TILS 2011202 |19.188974 |19.8648789 |17.570485
1982 Q8VDM6-2  |0.798445998 |Hnmpull Heterogeneous nuclear ribonudeoprotein U-likg Q8VDM6-2 19.857969 |18.82671 |19.5687081 |0

2124 E9Q715 0.798445998 |Luc7I2;luc?l | Putative RNA-binding protein Luc7-like 2;PutatifE9Q 715 20.882679 [19.709027 |20.5901076 |18.741981
1099 Q8BLVA 0.799407187 |Lrfipl Leucine-rich repeat L ting protein| Q8BLV4 21.902052 [21.671068 |21.6442889 |21.336204
1307 P97350 0.809125348 |Pkpl ilin-1 P97350 21764216 |22.08911 |21.5223494 |21.833357
965 Q3usss 0.814269221 |Capn2 Calpain-2 catalytic subunit Q3usss 21.919602 |21.732762 |21.6086641 |21.070981
226 D3YVN7 0.826169907 |GmI755;Tufn| Elongation factor Tu;Elongation factor Tu, mitod D3YVNT 22.760651 |23.135445 |22.5693604 |22.892263
1618 P62274 0.833514213 |Rps29 405 ribosomal protein 529 P62274 20.999775 |21.531084 |20.7337015 |21.356389
74 [ADAOR4JOT7 [0.838059801 |Gasl Growth arrest-specific protein 1 ADAOR4JOT7  |20.99014 [20.982094 |20.5933488 |20.488251
103 B72C0 0.838059801 |Arhgap21l  |Rho GTPase-activating protein 21 B7ZCI0 20941172 |20.569545 |20.7191308 |18.973029
94 Q3UES1 0.84283599 |Hk1 Hexokinase;Hexokinase-1 Q3UE5L 20696564 [19.72937 |20.4748439 |0

551 Q8BMZ7 0.84283599 |Vps28 Vacuolar protein sorting-assodated protein 28 HQ88MZ7 2053929 [20.192352 |19.9355974 |18.532272
620 Q3UPLO-2 0.84283599 |Sec3la Protein trans port protein Sec31A Q3uPLO-2 20.330818 [19.945002 |19.6791233 |18.31079
99 Q7TMNT 0.883056978 |Anxad Annexin A nnexin A4 QITMN7 21.880645 [21.016763 |21.6303828 |20.360265
100 035864 0.885714286 |CopsS (0 P9 signalosome complex subunit 5 035864 17.428105 |17.706314 |16.5041549 |0

199 Q3UDWS-2  |0.885714286 |Hgsnat Hep: Ipha-| i N-acety Q3UDWE-2  [19.243429 |18.103825 |18.8290178 |0

201 Q8BNYE 0.885714286 |Ncsl Neuronal cakium sensor 1 Q8BNYS 19.615787 [17.925508 |19.6157867 |0

422 P61967 0.885714286 |Aplsl AP-1 complex subunit sigma-1A P61967 19.217312 |18.285337 |18.4032556 |0

474 Q9CRT8 0.885714286 |Xpot Exportin-T QICRTS 17.730332 [17.735855 |17.0973886 |0

515 Q3u71s 0.885714286 |Cars Cysteine—tRNA ligase, oy Q3u71s 18740005 [18.842857 |18.3796314 |18.243197
524 [ADA1BOGRB6 |0.885714286 ADA1B0G 21.733556 |22.375538 |21.6805752 |22.346648
546 Q61391 0.885714286 |Mme Neprilysin Q61391 17.9904  |18.930641 |0 18.456367
609 Q52L78 0.885714286 |Cryab Alpha-crystalin B chain Q52178 19.554999 [17.89898 |19.3070551 |0

631 B2RRES 0.885714286 |Cd2ap (D2-associated protein B2RRES 20.366515 |19.055553 [20.1217401 |0

724 P68181-2 0.885714286 |Prkach cAMP-dependent protein kinase catalytic 181-2 18257358 |17.363144 |17.7368117 |0

776 Q3uUDZ1 0.885714286 |Rhog Rho-related GTP-binding protein RhoG Q3unzi 19.860015 [18.557769 |19.633485 |0

867 Q9owD7 0.885714286 |Wdyhv1l Protein N-t | amidchydrolase [Q9CWD7 18.524134 [17.899159 |17.9754574 |0

888 Q3uus 0.861987059 |Eif2s2 Eukary otic translation initiation factor 2 subunit |Q3ULLS 21.94705 [21.571701 |21.7481488 |20.978119
893 Q8KDE2 0.885714286 |Exoc3 Exocystcomplex component 3 Q8KO0E2 18.350977 |17.585548 |17.8260104 |0

900 QBROWE 0.878477078 | Ndfipl NEDD4 family-interacting protein 1 Q8ROWE 20.745808 |19.254057 |20.6336525 |0

1015 E9PYT3 0.885714286 |At3 Atlastin-3 EPYT3 18607178 |17.933212 |18.221819% |0

1056 F6UFG6 0.878477078 |Anp32a Acidic leucine-rich nuclear in 32 fa| F 6UF G6 20.470121 |18.872745 |20.2715834 |0
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1076 Q3Two1 0.885714286 |Rab32 Ras-related protein Rab-32 Q3TWO01 17.947313 |18.259283 |16.6573183 |0

1079 QaecTid 0.885714286 |Atpév1d V-type proton ATPase subunit D QICTI8 19.438524 |17.903697 |19.2403771 |0

1152 P97384 0.885714286 |Anxall Annexin A11;Annexin P97384 21542118 [20.378299 |21.5043517 (20.203224
1189 B2RXP1 0.878477078 |Lrch3 Leucine-rich repeat and calponin homalogy dor BZRXPL 19.625281 [19.817169 |18.8724175 |18.727322
1234 ADA1BOGTHS |0.885714286 |Ifitm2 Interferon-induced transmembrane protein 2 |AOA1BOGT68 |20.181428 [19.487939 |20.1814275 [19.341628
1240 Q9IMIe 0.878477078 |Stx? Syntaxin-7 Q9IMIE 20.179734 |19.157069 |20.0189487 |0

1246 ADAOG2JFQS5 |0.885714286 |Mcccl Methylcrotonoyl-CoA carboxylase subunit alphd AOADG2JFQS |19.269318 |18.337181 |18.9680829 |0

1256 Q37671 0.885714286 |Cndp2 Cytosolic non-s pecific dipeptidase Q3TG71 19.059784 |17.686178 |18.8263286 |0

1297 B1AX98 0.885714286 |Lrrcd7 Leucine-rich re peat-containing protein 47 B1AX98 23.958692 |18.482116 |23.9529116 (0

1327 FET4VY 0.8857142856 |Mychp2 E3 ubiguitin-protein ligase MYCBP2 FET4VY 18.712953 |18.268396 |18.0379157 [0

1355 Q9YESR1L 0.878477078 |Rheb GTP-binding protein Rheb QIESR1 2036546 |19.392202 |19.902438 |0

1359 Q04857 0.885714286 |Col6al Collagen alpha-1({V1) chain Q04857 19.158231 |18.66586 |18.7382637 |18.019922
1390 Q9CPT4 0.885714286 |Mydgf Myeloid-derived growth factor QICPT4 19.81449 |18.164726 |19.5811507 |0

1462 Q3nu? 0.885714286 |Ndufs1 NADH-ubiquinone oxidoreductase 75 kDa subur Q3TIU7 19.859159 |19.414778 |19.4030612 |18.276436
1507 Q906 0.885714286 |Tram1 Translocating chain-associated membrane protd QICVI6 18187053 |17.9356  |17.3772791 |0

1543 Q8R105 0.885714286 |Vps37c Vacuolar protein sorting-associated protein 37C| Q8R105 1822057 |18.377899 |17.8308614 |0

1551 Q569X3 0.885714286 |Snrpc U1 small nuclear ribonucleoprotein C Q5693 20.054014 |17.797065 |19.9356435 |0

1568 D3YYD5 0.885714286 |Vps29 Vacuolar protein sorting-associated protein 29 |D3YYD5 19.705481 |19.039241 [19.3120764 [18.690369
1593 Q9DEvo-3 0.885714286 |Hm13;H13 |Minorhistocompatibility antigen H13 QID8V0-3 18.709458 |17.734529 |18.470301 |0

1607 Q00780 0.885714286 |Colgal Collagen alpha-1(VIIl) chain;Vastatin Q00780 20.533827 |21.536445 |20.4709896 |21.506022
1673 QIWTS9 0.885714286 |Rbms2 RNA-binding matif, single-stranded-interacting  Q9WTS9 19.022478 |18.704037 |18 6646372 |18.187554
1682 Q54516 0.885714286 |Ctsz Cathepsin Z Q54516 18.013797 |18.387005 |17.5464626 |0

1720 Q8BKI9 0.885714286 |Naa25 N-alpha-acetyRransferase 25, NatB auxiliary sulj Q8BKI9 19.041684 |17.742351 |18.7734151 |0

1729 Q3uL78 0.878477078 |Cdc42 Q3UL78 20613384 |19.416433 |20 4761836 |17.904295
1772 Q3uvao 0.885714286 | Prps 113;Prps 1| Ribose-phosphate pyrophosphok inase 1;Ribose| Q3UYQ0 18238067 |17.860957 |17.7547288 |0

1784 Q71002 0.885714286 |Atp8; mt-Atp8| ATP synthase protein 8 Q71002 20.35583 |18.210713 |20.2475118 |0

1829 Q8VCET 0.885714286 |TmedS Transmembrane emp24 domain-containing pro| Q8VCE7 20855776 |18.73079 |20.8557763 |0

1871 Q059U9 0.885714286 |Akap8 A-kinase anchor protein 8 Q058U9 18566679 |17.918994 |18.1452239 |0

1873 Q641N8 0.885714286 |Nedd4| E3 ubiquitin-protein ligase NEDD4-like Q641N8 20.090552 |19.228078 |20.053308 |18.676677
1879 ESQMH7 0.885714286 |Ikbip Inhibitor of nuclear factor kappa-B kinase-intera ESQMH7 20.105343 |19.060091 |20.0550977 |18.740468
1880 Q8K335 0.885714286 |Grwd1 Glutamate-rich WD repeat-containing protein 1|Q8K335 19.118677 |17.914957 |18. 8076164 |0

1901 P32020-2 0.885714286 |Scp2 Non-specific lipid-transfer protein P32020-2 18.71607 [18.006314 |18.2481682 (0

1903 Q8BWK1 0.885714286 |Ccdc93 Coiled-coil domain-containing protein 93 Q8BWKL 21163829 |18.135858 |21.0569952 |0

1916 Q3UENL 0.885714286 |Upp2 Uridine phosphorylase; Uridine phosphorylase 2| Q3UENL 22929988 |23.907711 |22 9032765 |23.894047
1930 B1AT24 0.885714286 |Duspld Dual specificity protein phosphatase 14 B1AT24 18.844565 [18.246284 |18.4454093 [0

1952 IADAONASVH2 |0.885714286 (Claspl CLIP-associating protein 1 ADAON4SVH2 |19.024171 [18.064415 |19.0241714 |0

1965 Q6Y642 0.885714286 |Gm20498;5y1] Synaptojanin-2-binding protein Q6Y642 19537487 |18.153487 |19.5374867 |0

2001 E9Q7G1 0.885714286 |Tmed? E9Q7G1 19.983721 |19.347293 |19.8062203 |19.075648
2005 G5SEBR4 0.885714286 |Ppp6r3 Serine/threonine-protein phosphatase 6 regula GSEBR4 18.905555 [18.372246 |18.3482264 [0

2017 Q8K2P1 0.885714286 |Lurapll Leucine rich adaptor protein 1-lke Q8K2P1 17.906893 |17.851427 |17.1970636 |0

2039 ADAONASUM7|0.885714286 (Tmem176b | Transmembrane protein 1768 ADAONASUM7 |18.570817 [18.113916 |17.9966468 |0

2050 Q3Tvs0 0.885714286 |Baiap2 Brain-s pecific angiogenesis inhibitor 1-associate| Q3TVS0 19.405077 |17.908391 |19.2593959 |0

2052 D3Z2X5 0.885714286 |Pafah1b3 Platelet-activating factor acety hydrolase IBsuljD3Z2X5 18361205 [17.510198 |17.7490922 [0

2053 Q90X51-6  |0.885714286 |Plec Plectin QIOX51-6 1827895 |19.399058 |0 19.067935
2058 BIEHV2 0.885714286 |Spatal3 BIEHV2 23.722822 |18.116982 |23.7127505 [0

2059 13040 0.878477078 |Culdb Cullin-48 j3aixo 19.794285 |19.024397 |19.3698855 |0

2077 062261-2 0.885714286 |Sptbnl Spectrin beta chain, non-erythrocytic 1 062261-2 20299345 |20.256648 |20.1051857 |20.209779
2078 Q6ZvL3 0.885714286 Q6ZVL3 26.553217 |29.01101 |26.5532167 |29.010768
2084 FETFN2 0.885714286 |Lmo7 FBTFN2 20.748364 [20.840783 |20.6615448 |20.737082
2104 Q62379 0.885714286 |Snrpb2 U2 small nuclear ribonucleoprotein B Q62379 19.503005 |18.465289 |19.1026032 |0

2110 Q9D6K2 0.885714286 |Tagin3 Transgelin; Transgelin-3 QID6K2 19.699397 |17.971147 |19.5092848 |0

2112 Q8RS27 0.885714286 |Rhog Rho-related GTP-binding protein RhoQ Q8R527 19.694832 |18.155425 |19.4742232 |0

2115 061838 0.885714286 |A2m Alpha-2-macroglobulin; Alpha-2-macroglobulin ] Q61838 18143065 |19.497903 |0 19.259288
2125 Q9016 0.885714286 |Mrpl4 395 ribosomal protein L14, mitochondrial QaD116 19.815432 |19.605206 |19.6986295 |19.528834
2135 Q8BH59 0.878477078 |Sk25al2 Calcium-binding mitochondrial carrier protein ArjQ8BH59 20.157365 |20.100676 |19.8598053 |19.557135
2137 Q9z212 0.885714286 |Hspbl Q9z2L2 2108349 |21.281966 |21.0397606 |21.257894
2141 Q9CT54 0.885714286 |Fam21 WASH complex subunit FAM21 QICT54 19.791593 |18.325593 |19.7915935 |0

2144 E9Q4B9 0.8857142856 |Arppl9;Ensa | cAMP-regulated phosphoprotein 19;Alpha-endd E9Q4B9 19.220919 |17.83294 |18.9577534 |0

254 061033 0.887385935 |Tmpo Lamina-associated poly peptide 2, isoforms alph{ Q61033 20.258817 |20.382482 |19.6166138 |19.835623
1547 0327511 0.887385935 |Zc3havl Zinc finger CCCH-type antiviral protein 1 D37511 20.312118 [19.826864 |19.9885623 [0

812 Q64217 0.890108936 |Rps27a Ubiquitin-405 ribosomal protein $27a; Ubiquitin;| Q642L7 26660372 |26.151179 |26.6418469 |26.121497
128 E9PYF4 0.923134334 |Lmo7? E9PYF4 24.978144 [25.346445 |24.7838289 |25.182061
14 P62878 0.932300503 |Rbx1 E3 ubiquitin-protein ligase RBX1;E3 ubiquitin-prd P62878 20.777219 [19.745832 |20.3686139 |17.528182
874 Q807 0.932300503 |Akrlal Alcohol dehydrogenase [NADP(+]] Q80X7 20598994 |20.180679 |19.5957576 |19.281791
1826 (ADA0G2JG10 |0.932300503 (DhxlS Pre-mRMA-splicing factor ATP-dependent RNA HAOAOG2JG10 |20.695354 [19.990888 |20.556203 |[17.78452
810 P54071 0.939908596 |Idh2 Isacitrate dehydrogenase [NADP], mitochandrig P54071 21.838924 [21.569823 |21 6864869 (21.276006
533 Q8BX02 0.943010334 |Kank2 KN matif and ankyrin repeat domain-containing| Q8BX02 21.355638 |21.591279 |20.7956026 |21.342722
196 E9PWYD 0.946695469 |Farsa Phenylalanine—tRNA ligase alpha subunit E9PWY9 22.067967 [22.470285 |21.7577551 |22.271625
177 A2AEB9 0.959129759 |Gstm1 Glutathione S-transferase Mu 1 A2AEB9 20.549787 [19.447585 |20.2366367 [0

372 QavI7s 0.959129759 |Ipod Impartin-4 Q8VI75 19.746342 |19.297296 |19.3659095 |0

531 QOVE46 0.959129759 |Myadm Myeloid iated diff iation marker QOVE46 24.655034 [23.535303 |24 6442361 |23.529163
835 P50543 0.959129759 |5100all Protein 5100-A11 P50543 22.296492 [20.559095 |22.2570614 |20.319503
1018 Q9Z1Z0 0.959129759 |Usol General vesiculartransport factor p115 Q9Z120 19.923695 |19.298582 |19.6986368 |0

1173 ADAORAJ2D2 10.959129759 [Sulfl Extracellular sufatase Suff-1 AOAOR4I2D2  119.412677 [19.611173 |18.3023093 |19.022929
1408 Q3UKT3 0.959129759 |Oat Ormithine aminotransferase, mitochondrial Q3UKT3 19.525849 [19.449242 |19.23468 18.353639
1520 Q3uBug 0.959129759 |Fkbp3 PeptidyFprolyl cis-trans isomerase;Peptidyl-pro| Q3UBU9 20.746403 |19.040127 |20.549725 |0

1811 Q3TMLO 0.959129759 |Pdiab Q3TMLO 22.005779 [21.598467 |21.9749263 (21.508349
75 Q78T54-2 1 'Vma2l Vacuolar ATPase assembly integral membrane | Q78754-2 19.517279 |17.809767 |19.3279323 |0

139 B2RSWS 0.978489208 |Pcml Pericentriolar material 1 protein BZRSWS 25.353819 [25.279256 |25.2111379 |25.117832
155 Q05BC8 1 Nbri Nextto BRCA1 gene 1 protein Q05BC8 19.421588 |18.622682 |19.0470763 |0

644 Q3UYR3 1 Cbfb Core-binding factor subunit beta Q3UYR3 19.370581 |18.163425 |18.9824781 |0

654 Q3uviz 1 Krt76 Keratin, type || cytoskeletal 2 oral Q3uvi? 25371742 [22.407262 |25.3643826 |22.345255
715 Q3TuU8s 0.976965249 |Hspalb;Hspa]Heat shock 70 kDa protein 1A;Heat shock 70 k] Q3TU8S 21235373 |20.615046 |21.1586014 |19.569357
718 Q8R138 1 Tmem119 |Transmembrane protein 119 Q8R138 19.783526 |17.917181 |19.6611058 |0

786 Q55X46 1 Sk25a11 Mitochondrial 2-oxoglutarate/malate carrier prd Q55X46 18.905402 |17.900092 |18.7099663 |0

820 088840 1 Fbnl Fibrillin-1 088840 18.29617 [18.591387 |0 17.54387
891 Q8BsL7 1 Arf2 ADP-ribosylation factor 2 QBBSL7 18.763853 |19.253628 |18.763853 |19.103782
907 B2RRCS 1 Rabgap1;Rabyg Rab GTPase-activating protein 1 B2RRCS 18119788 |17.812583 |17.8211068 |0
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1013 [AOA1BOGS22 |0.977402191 |Rcn3 Reticulocalbin-3 ADA1BOGS22 21511215 |20.852482 |21.2841155 |20.417781
1048 Q9me0 1 Pgls 6-phosphogluconadlactonase Q9cae0 18.565124 [17.959741 |18.2651989 |0

1065 089054 1 Acth 089054 23.550438 [23.024728 |23.5353275 |23.003821
1085 Q9IDIM7 1 Fkbp1l Peptidy-prolyl ds-trans i FKBP11 Q9D1IM7 20.096697 |17.601203 |19.9909769 |0

1095 FBUKE6 1 CodcS0 Coiled-coil domain ing protein 50 FEUKGE 18.379694 |18.015952 |18.0617942 |0

1140 Q3viee 1 Brw2 Basic leucine zipper and W2 domai Q3viog 19.244772 |18.149069 [19.010163 |0

1142 (A2AWNS 1 ¥ thf1; Y thdf3{ YTH domain- ining family protein 1,YTH dol A2ZAWNS 19.195819 |18.071585 |18.9459788 |0

1216 Q8BML1 1 Mical2 Protein-methionine sulfoxide oxidase MICAL? |Q8BMLL 20.118239 |20.369084 |19.3181538 |19.647646
1275 Q91VA7 1 Idh3b Isoditrate dehydrogenase [NAD] subunit, mitoc Q91VA7 19.360263 |18.040145 |19.1434163 |0

1294 QBNXY1 1 Theld31 TBC1 domain family member 31 QENXY1 20.928682 |19.681591 |20.7202292 |0

1314 Q8BHC2 1 Istl 15T1 homolo, Q8BHQ 19.143274 |17.99961 |18.9622188 |0

1373 D6RFQO 1 Deps m7GpppX D&RFQ0 18420462 [17.916724 |17.6091092 |0

1433 P52503 1 Ndufs6 NADH deh [ubiqui L Fur g PS2503 19.652706 |18.150604 |19.6139868 |0

1472 QOVGRS 0.977402191 |CdkSrap2 (DKS regulatory subunit-assodiated protein 2 |QOVGRS 20.177686 |20.508018 |18.6812314 |19.707063
1519 Q9D077 1 Mcmd DNA replication licensing factor MOM4 Q9Do77 19.769987 |18.319042 |19.7004621 |0

1592 Q3UGNS 1 Stam Signal transducing adapter molecule 1 Q3UGNS 19.200078 |18.395751 |19.0903548 |0

1660 QBROWO 1 Eppk1 Epiplakin Q8ROWO 19.288482 [18.972412 |18.4804208 |18.396495
1701 Q9pacl 1 Atadl ATPase family AAA domain- protein 1Q909C1 19.929494 |18.530559 |19.8005624 |0

1731 G3UZW7 1 Protein mago nashi homolog 2;Protein mago ngd G3UZW7 20450624 |17.968865 |20.368859 |0

1735 Q3u7s4 1 Samhd1 Deoxynucleoside triphosphate triphos phohydro| Q3U754 19.376927 [18.921091 |19.275937 |17.373216
1741 Q3TLE2 0.977402191 |Fermt2 Fermitin family homolog 2 Q3TLE2 24.230589 [20.654551 |24.2006472 |19.678394
1766 Q3u3G2 1 Rnf126 E3 ubiquitin-protein ligase RNF126 Q3u3G2 19.271774 |18.111145 |18.9154924 |0

1845 Q80x54 1 Smxd Sorting nexin-4 Q8054 17.543177 [18.428217 |0 18.115321
1863 Q69278 1 Adgrfs Q69778 18993829 |17.831177 |18.4876641 |0

1866 USTAU7 1 USTAU7 20.788299 |20.380371 |20.7485453 |20.157659
1882 [A2ASR8 1 Staul Double-stranded RNA-binding protein Staufen h| A2ASR8 19.612734 |18.47634 |19.4598873 |0

1884 Q54519 1 5100a6 Protein 5100;Protein 5100-A6 Q54519 2370364 [23.354437 |23.6625589 |23.298348
1889 Q8RI7T1 1 Nupd3 Nuclear pore complex protein Nup93 Q8BI71 20.227173 [19.661117 |19.7309847 |18.927497
1925 QIWTI7-2 1 Myolc Unconventional myasin-lc QIWTI7-2 19.11445 |19.12925 |18.8979318 |18.76289
1944 Q9DOMS5 1 Dynll2 Dynein light chain 2, oy i Q9DOM5 19.27716 |18.11035 |19.1374922 |0

1962 (ADAON4SW3SE[1 0lfr704;0Kr594;0 Fr700; OIfr699;01fr1395; OIfr697;01r703  |AOAON4SW38 |18.064154 [22.685162 |0 22.669079
2030 FBWGMS 1 Actgl FBWGMS 20.194637 [17.792782 |20.1031018 |0

2072 BEYY24 1 D15Ertd621e;| Protein FAM91AL BEYY24 18210474 |17.981421 |17.5902921 |0

2073 Q3uGs4 1 Fam195h Protein FAM1958 Q3UGS4 19.155351 [18.4303  |18.9691263 |0

2103 Q545H7 1 5100a13 Protein 5100-A13 Q545H7 19.966037 [19.413892 |19.9660373 |19.236226
2126 Q9DAKI 1 Phptl 14 kDa phosphohistidi QIDAKI 19.124996 |17.983022 |18.7840576 |0

2134 QICR60 1 Goltlb Vesicle transport protein GOT18 Q9CRE0 19.562137 |17.956436 |19.3373692 |0

1 EOCY46 Ipad Importin-9 EOCY46

149 Q3TMB8 Adsl o cinate lyase Q3TMB8

158 QEPEDE Khdct Kelch domai ining protein 4 Q6PEDG

165 Q80Y83-12 Dixdcl Dixin Q80Y83-12

180 GSEBGE Myo5h Unconventional myeosin-Vb GSEBGE 17.948639 (22.869228 |0 22.858354
193 Q3UDG2 Wars Try ptophan—tRNA ligase, oytoplasmic; T1-TrpRS|Q3UDG2

216 088860 Cka3al;Oca3a2 088860

220 Q4VA93 Prkca;Pkca;Pr Protein kinase C;Protein kinase Calpha type; Prq Q4VA93

264 Q80UN7 Prkecd Protein kinase C delta type; Protein kinase C delf Q80UNT

286 Q922v1 Ubsn1 UBX domain- ining protein 1 Q922v1

291 Q8BH24 Tm9sfad Ti 9 rfamily member 4 Q8BH24

303 Q717137 Ikbkap Elongator complex protein 1 Q771137

329 Qsmus Zwint ZW10 interactor Qascaus

354 Q781K2 Usmg5 Up-regulated during skeletal musde growth proj Q781K2

374 Q920N2 Eif2s3y Eukaryotic translation initiation factor 2 subunit | Q920N2

412 Q3uPP3 mt-Nd4;ND4; | NADH-ubiquinone oxidoreductase chain 4 Q3UPP3

418 Q3uzLs Smp72 Signal recognition particle subunit SRP72 Q3UZL8

419 P97807-2 FhFhl Fumarate hydratase, mitochondrial P97807-2

420 Q3uUm4s Ppplr? Protein ph 1 y subunit 7 Q3UM45

436 Q8B8G92-2 Chis2 davesin-2 Q8BG92-2

457 Q50008 Gentl Beta-1,3-galactosy HO -gly cosy l-glycoprotein be QSD0D8

468 (AOA1BOGR11 Taldol ADA1BOGR11 |25.882074 |18.218805 |25.8795777 |0

479 DEREUD Fam188a Protein FAM188A DGREU0

486 Q3uLs2 Smc2 Structural ce of ch proteif Q3ULS2

489 P48759 Pt Pentraxin-related protein PTX3 P48759

500 B7ZCU2 Abil Abl interactor 1 B7ZCU2

516 Q3uvl Codc61 Coiled-coil domain ing protein 61 Q3uIvl

522 QawT? Myolc Unconventional myasin-lc QIwTI7?

540 P47857 Pfkm ATP-d dent 6-phosphofructokinase, muscle| P47857

572 QIJKKT-3 Tmod2 Tropomodulin-2 Q9IKKT-3

579 Q3UGe3 Ascc2? Activating signal coi 1 complex subunig Q3UG63

580 D3YUP1 Carml Histy ginine methy CARM1  |D3YUP1

598 G3UXYO Psmel Proteasome activator complex subunit 1 G3UXY0

615 D3YTS4 Lamtor2 Ragulator complex protein LAMTOR2 D3YTS4

622 Qawv4z Ncoad; GmG768 Q9WV42

637 E9Q7P0 Dnahl7 Dynein heavy chain 17, | ESQ7P0 18.770228 |18.380982 |18.7702277 |0

675 |ADAONASV16 |Anbal Anthrax toxin receptor 1 ADADNASV16

720 E9QKX5 Vps13b Vacuolar protein sorting-assodiated protein 13B| E9Q KX5 21665604 |17.971743 |21.5308263 |0

725 E9Q6F4 Npepps Puromy cin-sensitive aminopeptidase E9Q6F4

742 E9PZ92 ExocS Exocyst complex component 5 E9PZ92

773 G3UzZ26 Shmtl Serine hydroxymeth Serine hydrod G3UZ26

778 Q8BK67 Roc2 Protein RCC2 Q8BK67

791 ALIGX7 Dsgd Dy 4 ALIGX?

793 D3YUK4 Ndufb10 NADH deh [ubiqui ] 1 beta subg D3YUK4

816 HIBUG1 HIBUGL 19.47824 |17.59114 |19.0873812 |0

825 GOXXG3 GOXXC3 19.81912 |18.875898 |19.3921912 |0

833 Q3TDD1 LdIr Low-density ipoprotein receptor Q3TDD1

842 Q3Tvsl |App Amyloid beta A4 protein; N-APP;Soluble APP-al§ Q3TVS1

849 Q3UHN1 Sht3 slithomolog 3 protein Q3UHN1

854 A2AAN2 Sp68 Signal recognition partide subunit SRP68 AZAAN2

870 Q3™XM9 Srsfg Serine/arginine-rich splicing factor 9 Q3TXM9
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875 B7U582 Hspa2 Heat shock-related 70 kDa protein 2 B7US82

878 Q8BGX0-3 Trim23 E3 ubiquitin-protein ligase TRIM23 Q8BGX0-3

909 F8VPX1 Usp? Ubiquitin carboxy Fterminal hy drolase; Ubiquitin | F8VPX1

916 Q90E9 Galkl Galactokinase skl rd]

940 D3YVV1 Tmem30a Cell cycle control protein 50A D3YWV1

948 AZAWI9 5higlh2 Endophilin-B2 AZAWI9

951 Q8R3B1 Plcdl 1-phos phatidylinositol 4,5-bis phosphate phospH Q8R3B1

977 Q3TPWO Trubl Probable tRNA pseudouridine synthase 1 Q3TPWO

986 Q543K9 Pnp;Pnp2 Purine nucleoside phosphorylase Q543K9

988 ADADBTWRVA, Srgap2 SLIT-ROBO Rho GTPase-activating protein 2 ADADB7WRV4S

994 Q9D&I6-2 Mdufv2 NADH dehydrogenase [ubiquinone] flavoprotei Q9D6J6-2

1000 Q3Tue Actb Q3Tu9 18.132256 |17.68026 |17.8415791 |0
1009 062422 Ostfl Osteodast-stimulating factor 1 Q62422

1011 Q3uise Cpne3; Coned ] Copine-3;Copine-2;Copine-9;Copine-6;Copine-4{ Q3UIS6

1024 Q99129 Scpepl Retinoid-inducible serine carbaxy, idase Q99J29

1026 Q2TBEG Pidk2a Phosphatidylinositol 4-kinase type 2-alpha Q2TBEG

1034 Q04447 Ckb Creatine kinase B-type Q04447

1046 Q9qy23 Pkp3 Plakophilin-3 Qaqy23

1054 Q8K20Q0 Commd9 COMM domain-containing protein 9 QsK2Q0

1059 Qasul3 Actcl Q3ul3

1061 Q9ET22 Dpp? Dipeptidyl peptidase 2 Q9ET22

1062 Q6ZPX7 mKIAA 1101;( Serine /threonine-protein kinase OSR1 Q6ZPX7

1064 Q3UAAS Actb Q3UAAS 17.799701 [20.255365 |0 20.033416
1071 E9Q9H2 Dnaijc2 DnaJ homolog subfamily Cmember 2;Dnal hor| E9QSH2

1088 Q54122 Frita Protein farnesyltransferase/geranylgerany kran| Q54122

1093 Q3UPG1 Hmbs Porphobilinogen deaminase Q3uprGl

1094 Q3V1G6 Kat6a Histone acety Itransferase; Histone acetyltransfg Q3V1G6

1096 IADAORAIOHT MNcapd2 Condensin complex subunit 1 ADAORAIOHT

1107 Q80ZP8 Manf Mesencephalic astrocyte-derived neurotrophic | Q802P8

1111 H3BJED Gm Granulins;Acrog ranin; Granulin-1;Granulin-2; Grg H3BIED

1114 IADA140LIS2 Theld17 TBC1 domain family member17 ADA140LIS2

1118 Q8BHI9 MNck1 Cytoplasmic protein NCK1 Q8BH9

1120 B7ZN40 Arl15 ADP-ribosylation factor-like protein 15 B7ZN4O

1123 Q9052 Pex14 Peroxisomal membrane protein PEX14 Q9Iaxs2

1145 Q68F G2 S pthn2 Q68FG2

1156 Q3UE7S Gpnmb Transmembrane glycoprotein NMB Q3UETS 18.440333 |17.559427 |18.2475858 |0
1158 ADAON4SVVA Rarres2 Retinoic acid receptor responder protein 2 ADAON4SVVA

1168 B2RSV4 5f3b3 Splicing factor 3B subunit3 B2RSV4

1172 P97346 MNxn Nucleoredoxin Pa7346

1180 Q4FK16 Plscrl Phospholipid scramblase 1 Q4FK1E

1182 Q9IDos1 Pdhb Pyruvate dehydrogenase E1 companent subunil Q9D051

1212 D3Z3F8 Spg20 Spartin D373F8

1213 P24527 Ltadh Leukotriene A-4 hydrolase P24527

1215 P99028 Ugcrh Cytochrome b-c1 complex subunit 6, mitochond| P99028

1224 G3X956 Supt16;Suptl| FACT complex subunit SPT16 G3X956

1225 [ADADRIZYO Thopl Thimet ali idase ADAORAIZYO

1229 E908N1 Ttn Titin ESQS8NL 22.225327 |18.065513 |22.2113535 |0
1230 E9Q1FS Myo5Sc E9QIF5

1232 Q80Y35 Nurmal Qs0v3s 23.125768 |17.519677 |23.1069499 |0
1233 A2AQB2 Neb A2AQB2 19.89878 |19.410533 |19.398886 |0
1239 Q&PsI3 Adhs S-{hy droxy methyl)glutathione dehydrogenase;| Q6P5I3

1259 Q3UIND Sk12ad Solute carrier family 12 member4 Q3uINo

1267 QIMaw4 COX3;mt-Co3] Cytochrome ¢ axidase subunit 3 QIMaw4

1272 Q8BVK3 Uaplll UDP-N-acetylhexosamine py rophosphory lase-li| Q8BVK3

1277 Q8CHHE Rblccl RB1-inducible coiled-coil protein 1 Q8CHHS8

1282 Qaayle Dnajb9 Dnal homolog subfamily Bmember 9 Qaayle

1287 Q4FIY3 Tgoln1;Tgolnd Trans-Golgi network integral membrane proteir] Q4FJY3

1293 Q3UAF7 Actb Q3UAF7 19.298301 |18.182938 |18.7000644 |0
1313 P11531 Dmd Dystrophin P11531 18.304926 |17.524249 |17.628341 |0
1317 E9QIM5 Uspl9 Ubiquitin carboxy Hterminal hy drolase; Ubiquitin | E9Q9M5

1321 Q3uapo Tomm40 Mitochondrial import rece ptor s ubunit TOM40 HQ3UQD0

1334 062084 Ppplridb Protein phosphatase 1 regulatory subunit 148 | 062084

1340 Q8CE08 Acpp Prostatic acid phosphatase Q8CE08

1345 Q8BKHO Raplgdsl Q8BKHO

1357 H3BIV7 Ppp2rib Serine /threonine-protein phosphatase 2A 65 k[ H3BIV7

1376 B81I53 Trim26 Tripartite motif-containing protein 26 BA&IS3

1396 E9Q197 Glod4 Glyoxalase domain-containing protein 4 E9Q197

1397 E9QP)S D5Ertd579e;K| Uncharacterized protein KIAAD232 ESQPIS

1398 FEXLV1 E030010NO8Rik FEXLV1

1403 QBWTY4 Ciapinl Anamorsin QBWTY4

1404 Q3uioz Hbs1EGm992] HBS 1-like protein Q3uioz

1406 Q80C2K3 Gm1821 Q8C2K3

1407 Q78KL9 Rexo2 Oligoribonuclease, mitochondrial Q78KL9

1409 VIGKS53 Ercl;Erc2 ELKS/Rabé-interacting/CAST family member 1;|V9GX53

1411 G3UYF9 Pfdng Prefaldin subunit & G3UYF9

1420 Q9D4I1 Efhdl EF-hand domain-containing protein D1 Q9p4)1

1421 064337-2 Sgstml Sequestosome-1 Q64337-2

1422 Q6GXAS Timp2 M i inhibitor 2 Q6GXAS

1425 Q542H7 Fabp4 Fatty acid-binding protein, adipocyte Q542H7

1431 Q3TML? mt-Col;COX1] Cytochrome c axidase subunit 1 Q3TML?

1434 Q9DIR3 Spata9 Spermatogenesis-associated protein 9 QIDIR3 25.175755 |17.938969 |25.1719478 |0
1437 Q3v314 Ick Serine/threcnine-protein kinase |CK Q3v3d 24.283759 |24.439419 |24.2801639 |24.433003
1464 E9QPHO Prkg2 cGMP-dependent protein kinase;cGMP-depend ESQPHO

1465 QI K7 Rwddl RWD domain-containing protein 1 Qacak?

1466 Q907ZH3 Ppie PeptidyHprolyl cis-trans isomerase E Q90zZH3

1480 161781 Krt1d Keratin, type | cytoskeletal 14 061781

1493 IA2RSP9 Reck Reversion-inducing cysteine-rich protein with K4 A2RSP9

1501 Q8C7KE Poyoxll Prenylcy steine oxidase-like QBC7KE
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1503 BIEIE9 Adss o cinate sy sozyme 2 BOEIE9

1524 Q91VR7 Maplic3a Microtubule-assodated proteins 1A/1B light chd Q91VR7?

1525 [A2AIS57 Trpm7 receptor ial cation channel subf{ A2AI57

1528 Q8CBR3 Ank2 Ankyrin-2 QBCBR3 25.680699 |17.909983 |25.6751461 |0
1535 Q9opir4 Chordcl Cysteine and histidine-rich domai plQoD1P4

1542 Qs8Kca Hacd3 Very-long-chain (3R)-3-hydroxyacyl-CoA dehyd|Q8K2C9

1554 RAGML2 Rad21l;Rad21] Double-strand-break repair protein rad21-like p|RAGML2

1557 B1AT92 Grb2 Growth factor receptor-bound protein 2 B1AT92

1559 Q8CANO Herpudl Homooyst reticulu| Q8CANO

1572 Q9EST1 Gsdma;Gsdm ck A; A2;Gas dk A3 |Q9EST1

1576 Q4FIX9 Sod2 de di ide di [MQ4FIX9

1580 Q8VEDI Lgakl Galectin-related protein QBVED9

1583 BLAWT7 Ube2j1 Ubiquitin-conjugating enzyme E2 J1 BIAWT?

1605 A2RS68 Snmp70 U1 small nuclear riber 70kDa A2RS68

1609 A2RSX9 Arfipl A2RSX9

1612 Q8ROM2 Ugp2 UTP—glucose-1 idy by QBROM2

1615 Q8BGH7 Cdcd2se2 (DCA2 small effector protein 2 QB8BGH7

1617 QsM9P7 Carhspl Caldum-regulated heat stable protein 1 Q5M9IP7

1623 G3X9U9 FEl Mitochondrial fission 1 protein G3X9U9

1625 [ADAODBTWPS1 UchlSs Ubiquitin carboxyHterminal hy drolase isozy me | ADAOS7WPS1

1629 Q9JIX0 Eny2 Transcription and mRNA export factor ENY2 QaIX0

1631 D3Z037 Tdf3 D32037 21696642 |23.076337 |21.6506638 |23.031426
1635 Q990 Cttnbp2nl CTTNEP2 N-terminal-iike protein Q99uI0

1641 Q3v424 Snipg Smal nudearribonudeoprotein G Q3vax

1645 P62774 Mtpn Myotrophin P62774

1656 A2AUKT Epb4.101;Epb{Band 4.1-like protein 1 A2AUKT

1658 [ADAONASVEL Beatl Branched-chain-aming-acid ami H: SVE1

1663 FEXBH7 DepdcS DEP domain- ining protein 5 FEXBHT7

1681 Q3TTE3 UbeZh Ubiquitin-conjugating enzyme E2H Q3TTE3

1686 Q3TcL2 [Akrlb3;Akrlh Aldose reductase Q3Taz

1693 Q3TFBS Nans Q3TFBS

1697 Q8BMD8 Sk25a24 Calcium-binding mitochondrial carrier protein Sq Q8BMD8

1700 QB8R3F6 Mms22| Protein MM522-like QBR3F6

1710 B1AV14 Apool MICDS complex subunit Mic27 BlAV14

1714 (AZAQE4 Cops2 CO P9 signalosome complex subunit 2 (AZAQE4

1719 Q906H6 Ndufb3 NADH deh [ub ] 1 beta subd QIDEHE

1723 Q3UFV3 G2 GRIP and coiled-coil domain- ining protein JQ3UFV3

1727 (AOA1BOGTE1 Bax Apoptosis regulator BAX AOA1BOGTE1

1732 Q544R1 Prosc Proline synthase co-transcribed bacterial homol] Q544R1

1736 P70124 SerpinbS Serpin BS P70124

1748 Qsvar2 Ndufs8 NADH deh [ub 1 fur g QBVCT2

1749 Q90203 Uncharacterized protein C100rf88 homoloj Qan2a3

1750 a6z Nupll Nucleoporin p58/pd5 Q6ZQac2

1751 QSHZI6 Tsta3 GDP-L-fucose synthase Q5HZI6

1754 D3Z368 Camk1 Calcium/calmodulin-d dent protein kinase § D37368

1756 E9Q190 Tec23l Tetratricopeptide repeat protein 23-like E9Q190 26.769206 |18.730197 |26.7672047 |0
1759 |AOADSTWRM2 Itm2c Integral membrane protein 2C;CT-BRI3 [ AOAOBTWRM2

1770 Q90086 | Pbdcl Protein PEDC1 Q9D0Bs

1773 Q545R3 | Ndrgl Protein NDRG1 Q545R3

1775 [AOADAOMOQN1 Krtcap2 Keratinocyte-assodated protein 2 (AOACAOMOQN1

1776 Q3mv2g Pk2 fth protein kinase PLK; fthrd Q3TV29

1778 054692 Zwl0 Centromere/kinetochore protein zw10 homolog 054692

1780 Q6P06I-2 Sri Sordin Q6P069-2

1786 (ADA1BOGS27 Ddhd2 Ph DDHD2 ADA1BOGS27

1787 Q8(783 Gjcl Gap junction gamma-1 protein Q8C783

1791 F7CB97 Clipl CAP-Gly domai linker protein 1 F7CB97

1793 Qs543u7 117rb -17 receptor B Q543u7 25.276301 |23.026359 |25.2747153 [22.999705
1795 POCEVO POCEVO

1797 USTHCE USTHCE

1799 LIN1Z9 Vmn2r93 L7N1Z9 24.623958 |17.908002 |24.6182551 |0
1801 Q3TsL? Ptn Pleiotrophin Q3TSL7

1803 Qsoras Nefh heavy poly d QsoTas’

1809 Q92216 Minppl Multiple inositol polyphosphate phosphatase 1 |Q9Z2L6

1810 Q80X95 Rraga Ras-related GTP-binding protein A QB0X95

1815 Q3ta9 Gsn Q3Ta9

1816 [AQAQISYVHI Psph Ph AQAQI9YVHI

1821 Q3UKH3 Acaa2 3-ketoacyl-CoA thiolase, mitochondrial Q3UKH3

1830 Q3usss Tmpo Q3u9ss

1837 GSEB14 Ndufall NADH deh [ubiqui ] 1alpha sub{ G5EB14

1839 F7C1B0 Cepl28 Centrosomal protein of 128 kDa F7C1BO

1846 P70677 Casp3 Caspase-3;Caspase-3 subunit p17;Caspase-3 sy P70677

1848 Q71142 ¥ 181 Gm2663 Q77142

1854 Q3UEB3-3 Puf60 Poly{U)-binding-splicing factor PUF60 Q3UEB3-3

1860 Q544715 Dhfr Dihydrofolate reductase Q54415 28.491597 |27.980705 |28.4913685 |27.980449
1861 Q99IMX0 Tktll Transketolase-like protein 1 Q99MXD

1865 Q7TMWS5S Hdc Histidine decarboxylase QITMWS 25.96905 |24.974951 |25.9596036 |24.963166
1867 Q3vV3vo Pygb Alpha-1,4 glucan phosphorylase;Glycogen phos Q3V3U0

1869 Q3ULES Ubsnd UBX domain- ining protein 4 Q3ULES

1874 E9PUM4 Tin2 Talin-2 E9PUM4

1876 F7CBN2 Stag3 Cohesin subunitSA-3 F7CBN2

1877 E9Q8Ig-3 Fry Protein furry h k E9Q819-3

1886 Q91xXuo Wmipl ATPase WRNIP1 Q91xXu0 26447326 |24.841125 |26.4456948 |24.835892
1891 Q8BTUG Efda2 Eukaryotic initiation factor 4A-11;Euka ryotic initi] Q8BTUS

1896 QB6AD28 Swap?0 Switch-assocdiated protein 70 Q6AD28

1904 Q62232 Six2 Homeobox protein S1X2 Q62232 27.98216 |26.720082 |27.9821598 |26.717069
1906 Q91xQ0-2 Dnah8 Dynein heavy chain 8, | Q91XQ0-2 23.379974 |25.741479 |23.3071295 |25.736558
1912 Q80xX72 Lrre15 Leucine-rich repeat-c ining protein 15 QB0X72

1917 USTNUT USTNUZ 19.359046 |17.992251 |19.1128936 |0
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1920 54R255 Nos1;NOS-l | Nitric oxide synthase;Nitric oxide synthase, brair| S4R255 25.555818 [18.128048 |25.5521677 |0

1921 Q55Wi8 Sechlg Protein trans port protein Secél subunit gamma|Q55WI8

1923 Q9R060 Nubpl Cytosolic Fe-S cluster assembly factor NUBP1 | Q9R060

1927 Q3USX5 Irakd Interleukin-1 receptor-associated kinase 4 Q3USX5 22.941842 [21.135038 |22.9296091 |21.023743
1932 Q3VIH1 Ckap2 Cytoskeleton-associated protein 2 Q3V1H1 25.076519 [24.89372 |25.0743755 |24.892288
1934 Q69Z58-3 Q69758-3

1935 Q3TXYD Crmp1 Dihydropy rimidinase-related protein 1 Q3TXY0

1936 MOQWX7 Coxdil MOQWX7

1939 A2AEDI Spatab Spermatogenesis-associated protein 6 AZAEDI 19.534606 |17.82304 [19.3361978 |0

1940 13aMc Mdnl J3gmcs

1942 Q6P7Va Smcd Structural maintenance of chromosomes proteif Q6P7V9 18.422359 |20.213424 |0 20.162532
1946 BIATY9 Hgs Hepatocyte growth factor-regulated ty rosine kif BIATY9

1951 Q7TQGs Neol Neogenin Q7TQGs

1956 Q3U4HO Maprel Microtubule-associated protein RP/EB family m{Q3U4HO

1958 Qe6POLO Dynclli2 Cytoplasmic dynein 1 light intermediate chain 2| Q6PDLO

1970 D37383 Mest Mesoderm-specific transcript protein D37383

1974 QB80ZMS Hi1fx Qs0IMms

1976 FBWHW3 Tmem55b  [Type 1 phosphatidy linositol 4,5-bis phosphate 4{FEBWHW3

1988 A2ATZA Btf3l4 Transcription factor BTF 3; Transcription factor BYA2A7Z4

1989 P57080 Usp25 Uhiquitin carboxy Hterminal hy drolase 25 P57080 22.088143 [17.720877 |22.0484348 |0

1990 Q545E6 Tsn Translin Q545E6

1993 Q2M4H1 Onecutl Hepatocyte nuclear factor 6 Q2M4H1 22.718058 |24.575513 |22.7100552 |24.566414
1994 Q8C9B9 Didol Death-inducer obliterator 1 Q8coB9 21424224 |23.213578 |21.3579502 |23.150917
1995 Q9D5W3 4921513D11Rik Qapsw3 22.357852 |17.631198 |22.3578518 |0

2002 QOVBU4 Cedca? Coiled-coil domain-containing protein 47 QovBU4

2004 Q3U3B9 Syapl Synapse-associated protein 1 Q3u3eg

2010 P16546 Sptanl Spectrin alpha chain, non-erythrocytic 1 P16546

2024 Q9D0T1 Nhp2I1 NHP2-like protein 1;NHP2-like protein 1, N-term{Q9DO0T1

2026 Q8R0J7 Vps37b Vacuolar protein sorting-associated protein 378/ Q8ROI7

2027 ADAOR4J1L2 Eefld Elongation factor 1-delta ADAOR4J1L2

2028 055091 Impact Protein IMPACT 055091

2032 QOPD48 Rab9;Rab%a |Ras-related protein Rab-9A QOPD48

2034 Q9CURL Cedc178 Coiled-coil domain-containing protein 178 QICURL 23.935498 [24.192368 |23.9354981 |24.175511
2037 DERF NS Ninj1 Ninjurin-1 DERF NS

2040 D6RI64 1110004F 10R) Small acidic protein DERI64

2041 Q9GL5 Duspl0 Dual specificity protein phosphatase 10 Q9csLs 21.461319 [17.790129 |21.3698534 |0

2046 AOAL40LHY3 Mecolnl Mucolipin-1 ADA140LHY3

2047 E9Q467 Abord E9Q467

2054 Q31066 Hnrmpm Q3Ta66 17.759847 |20.207861 |0 20.101842
2056 Q3UGES Pdcdé Programmed cell death protein 6 Q3UGES

2061 Q792Y0 Pabpc2 Polyadenylate-binding protein Q792Y0

2065 L7N1YD Dnah7b L7N1YO 27.198614 [30.515488 |27.1979378 |30.515454
2067 Q8R3CT Ddx19b;Ddx19 ATP-dependent RNA helicase DDX19A Q8R3CT

2070 E9IPXCO Srp54cSrp54 | Signal recognition particle 54 kDa protein EIPXD

2083 Q90281 Faml114al |Protein Noxp20 Q9D281

2087 AOAL40LHRY AOA140LHRA

2091 P31254 Ubaly Ubiguitin-like modifier-activating eneyme 1Y |P31254

2094 QA4U4s6 Xirp2 Xin actin-binding repeat-containing protein 2 |Q4U456

2095 AZAUVS Procr Endothelial protein C receptor AZAUVS

2097 061425 Hadh Hydroxyacyl-coenzy me A dehydrogenase, mito{ Q61425

2100 Q90927 1810009N02Rik Qop927

2106 D3Z795 Psmgl Proteasome assembly chaperone 1 D32795

2109 Q3THHO Cmtm7 CKLF-like M ARVEL transmembrane domain-cor| Q3THHO

2117 G3UZX6 Sumo3;Sumo] Small ubiquitin-related modifier; Small ubiquitir] G3UZX6

2118 Q9RIRI Rdh11 Retinol dehydrogenase 11 QIRIRI

2119 Q3Us725 Nop56 Nucleolar protein 56 Q3usis

2120 Q99KD0 Fnl Q99KDO

2122 Q80TA9 Epg5 Ectopic P granules protein 5 homolog Q80TA9

2131 Q91IcH Rilpli RILP-like protein 1 Q9lCEs

2136 P60521 Gabarapl2 Gamma-aminobuty ric acid receptor-assodiated | P60521

2143 Q6A0D1 Emc2 ER membrane protein complex subunit 2 Q6A0D1

2149 Q612 Tnfrsfllb Tumor necrosis factor receptor superfamily mer Q6PI112

2151 AOA0G2IDW1 Agap1;Agap3|Arf-GAP with GTPase, ANK repeat and PH doma| ADAOG2IDW1

2152 Q921q7 Rinl Ras and Rab interactor 1 Q92107
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TABLE B.1: A summary of SMCHD1 mutations and their effects on protein

function.

SNPs Smchdl domain A'ssociated Observed functional change Pubmed ID

disease
Arg34Pro UBL FSHD2 N/A 31243061
Asn104Ser UBL FSHD2 N/A 31243061
Leul07Pro UBL-ATPase linker FSHD2, BAMS |N/A 31243061, 29980640, 28067909
Alal10Thr UBL-ATPase linker FSHD2 N/A 31243061, 25370034
Met129Arg  |ATPase BAMS N/A 31243061
Met129Lys ATPase BAMS N/A 31243061, 28067909
Alal134Ser ATPase BAMS Enhanced ATPase activity 31243061, 28067911
Ser135Asn ATPase BAMS No change in ATPase activity 31243061, 28067909, 28067911
Ser135Cys ATPase BAMS Enhanced ATPase activity, altered nuclear localisation 31243061, 28067909, 28067911
Ser135lle ATPase BAMS N/A 31243061, 28067909, 28067911
Glu136Asp ATPase BAMS N/A 31243061, 28067909
Glul36Gly ATPase BAMS Enhanced ATPase activity 31243061, 28067911
Gly137Glu ATPase FSHD2, BAMS [Enhanced ATPase activity 31243061, 28067909, 25256356
Asn139His ATPase BAMS Enhanced ATPase activity 31243061, 28067909
Leul41Phe ATPase BAMS N/A 31243061, 28067909, 28067911
Glul47Ala ATPase N/A Reduced ATPase activity, altered cellular localisation 27059856, 26391951
Asp150His ATPase FSHD2 N/A 31243061
Phel71Val ATPase BAMS N/A 31243061, 28067909
Gly188Arg ATPase FSHD2 N/A 31243061
Met189Val |ATPase FSHD2 N/A 31243061
Leul94Phe ATPase FSHD2 Reduced ATPase activity 31243061, 25256356
Lys204Glu ATPase FSHD2 N/A 31243061, 29980640
Ala242Gly ATPase BAMS N/A 31243061, 28067909
Ala242Thr ATPase FSHD2 N/A 31243061, 29980640
His263Asp ATPase FSHD2 Reduced ATPase activity 31243061, 25256356
Glu264Lys ATPase FSHD2 N/A 31243061
Tyr283Cys ATPase FSHD2 No change in ATPase activity 31243061, 27061275
Trp324Ser ATPase BAMS Reduced ATPase activity 31243061, 28067911
Arg344GIn ATPase FSHD2 N/A 31243061, 29980640
GIn345Arg ATPase BAMS Enhanced ATPase activity 31243061, 28067909
His348Arg ATPase BAMS No change in ATPase activity 31243061, 28067909, 28067911
Tyr353Cys ATPase FSHD2 Reduced ATPase activity 31243061, 23143600
GIn400Leu Transducer BAMS N/A 31243061, 28067909
Asp420Val Transducer BAMS Reduced ATPase activity 31243061, 28067909, 28067911
Gly425Arg Transducer FSHD2 N/A 31243061, 25256356
Arg428Cys Transducer FSHD2 N/A 31243061
Glu473GIn Transducer BAMS Reduced ATPase activity 31243061, 28067909
Gly478Glu Transducer FSHD2 Reduced ATPase activity 31243061, 25370034
Arg479Pro Transducer FSHD2 N/A 31243061, 23143600
Arg479Leu Transducer FSHD2 N/A 31243061, 28744936
Argd79GIn Transducer FSHD2 N/A 31243061
Cys492Arg Transducer FSHD2 N/A 31243061, 23143600
Lys518Glu Transducer BAMS Enhanced ATPase activity 31243061, 28067911
Phe519Ser Transducer FSHD2 N/A 31243061, 29980640
Thr523Lys Transducer BAMS Reduced ATPase activity 31243061, 28067909
Asn524Ser Transducer BAMS N/A 31243061, 28067909
Thr527Met Transducer FSHD2 Reduced ATPase activity 31243061, 24075187
GIn551Arg Transducer FSHD2 N/A 31243061
Arg552GIn Transducer BAMS No change in ATPase activity 31243061, 28067909, 28067911
Trp596Gly linker (strand prediction) |FSHD2 N/A 31243061
Val615Asp linker (strand prediction) |FSHD2 N/A 31243061, 25370034
Pro622Leu linker (helical prediction) |FSHD2 N/A 31243061
Val64lleu linker (strand prediction) |FSHD2 N/A 31243061
Ala667Glu linker (strand prediction) |N/A No change in ATPase activity, altered nuclear localisation N/A
Pro690Ser linker (loop prediction) FSHD2 Reduced ATPase activity 31243061, 23143600
Leu748Pro linker (strand prediction) |FSHD2 N/A 31243061, 25256356
Tyr774Cys linker (loop prediction) FSHD2 N/A 31243061
Asp849Asn linker (strand prediction) |FSHD2 N/A 31243061, 23143600
Leu923Pro linker (strand prediction) |FSHD2 N/A 31243061
Leu978His linker (loop prediction) FSHD2 N/A 31243061
Tyr981Asp linker (strand prediction) |FSHD2 N/A 31243061, 27153398
Gly1063Arg  |linker (disorder prediction) [FSHD2 N/A 31243061
Leul108Pro |linker (disorder prediction) |FSHD2 N/A 31243061
Valll14lle linker (disorder prediction) |FSHD2 N/A 31243061
Val1271Leu [linker (strand prediction) [FSHD2 N/A 31243061
1le1300Lys linker (disorder prediction) |FSHD2 N/A 31243061
GIn1463Pro [linker (strand prediction) |FSHD2 N/A 31243061, 25370034
Met1468lle  |linker (strand prediction) |FSHD2 N/A 31243061, 25256356
Pro1485Leu |linker (disorder prediction) |FSHD2 N/A 31243061, 25370034
Phel1554Ser |linker (helical prediction) |FSHD2 N/A 31243061, 23143600
Lys1718Ala  |SMC hinge N/A No change in affinity for DNA 32546545
Argl719Ala  [SMC hinge N/A No change in affinity for DNA 32546545
Aspl750Gly [SMC hinge FSHD2 Altered nuclear localisation, enhanced affinity for DNA 31243061
Aspl750Val [SMC hinge FSHD2 Altered nuclear localisation, enhanced affinity for DNA 31243061
Argl762Ala  [SMC hinge N/A Reduced affinity for DNA 32546545
Tyr1765Ala  |SMC hinge N/A No change in affinity for DNA 32546545
Argl771Ala  [SMC hinge N/A Reduced affinity for DNA 32546545
Lys1789Ala  |SMC hinge N/A Reduced affinity for DNA 32546545
Argl790Ala  [SMC hinge N/A Reduced affinity for DNA, no change in cellular localisation [32546545
Argl796Ala  [SMC hinge N/A Reduced affinity for DNA, no change in cellular localisation |32546545
Lys1799Ala  |SMC hinge N/A Reduced affinity for DNA 32546545
Aspl1842Ala  [SMC hinge N/A No change in affinity for DNA or cellular localisation 32546545
Arg1848Ala  [SMC hinge N/A Reduced affinity for DNA and altered cellular localisation 32546545
Tyr1846Cys  |SMC hinge FSHD2 N/A 32546545
Arg1866Gly [SMC hinge FSHD2 Reduced affinity for DNA and altered cellular localisation 31243061, 27153398
Arg1866GIn [SMC hinge FSHD2 N/A 31243061
Argl1869Ala  [SMC hinge N/A Reduced affinity for DNA, no change in cellular localisation [32546545
Gly1872Ala  [SMC hinge N/A No change in affinity for DNA 32546545
Lys1873Ala  |SMC hinge N/A Reduced affinity for DNA, no change in cellular localisation |32546545
Phe1874Ala |SMC hinge N/A No change in affinity for DNA 32546545
Lys1880Ala  |SMC hinge N/A No change in affinity for DNA 32546545
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