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Resumo

O gene SAPAP3 codifica uma proteina de suporte da densidade pds-sinaptica, expressa em
abundancia na regido do estriado, desempenhando fung¢des importantes na regulagdo das
sinapses glutamartérgicas cortico-estriatais. Os resultados obtidos a partir da caracterizagao
de um modelo animal no qual este gene foi deletado sugerem o envolvimento da SAPAP3 na
etiologia do transtorno obsessivo compulsivo. Os animais homozigéticos para a delegdo
deste gene apresentam elevados niveis de ansiedade, e é observado um comportamento
ritualistico que leva a lesGes na pele e a perda de pélo na regido facial. Ambos os
comportamentos apresentam melhorias significativas apds a administra¢ao de inibidores de
recaptacdo de serotonina. Os animais mutantes revelam ainda alteragdes nas sinapses
cortico-estriatais, parte do circuito envolvido no transtorno obsessivo compulsivo, e a
expressdao seletiva de SAPAP3 no estriado provoca a recuperag¢ao a nivel sindptico e
comportamental. Recentemente, esta proteina foi também associada a esquizofrenia, onde

varias mutagoes foram identificadas em pacientes com esta patologia.

A producao da SAPAP3 em sistema heterdlogo ndo foi descrita até ao momento,
provavelmente devido ao seu elevado tamanho e a falta de dominios anotados, limitando a
capacidade de obter informagdo relativa a esta proteina. Por forma a identificar dominios
soluveis da SAPAP3 produzidos em E. coli, foi utilizada uma tecnologia designada ESPRIT
(“expression of soluble proteins by random incremental truncation”). Usando esta
tecnologia, 28 000 clones foram investigados tendo sido selecionados 96 para expressdao em
pequena escala. A partir desta informacdo, o dominio com maior rendimento de proteina
solivel — o dominio 19, correspondente ao C-terminal — foi produzido em larga escala e o
seu protocolo de purificagdo optimizado. Depois de avaliada a qualidade da proteina
purificada por técnicas analiticas, foram também iniciados ensaios preliminares de
cristalizagdo para determinagao da estrutura tridimensional por difracdo de raios-X, tendo-

se obtido putativos cristais em algumas das condigdes testadas.

Numa tentativa de obter novos dados relativos ao papel desta proteina, assim como elucidar
0s mecanismos moleculares que associam a SAPAP3 ao transtorno obsessivo compulsivo e
esquizofrenia, foi realizada igualmente uma caracterizagdo funcional avaliando o
interactoma do dominio 19 da SAPAP3, assim como de dois mutantes desta proteina, um
mutante envolvido no transtorno obsessivo-compulsivo (K910R) e outro em esquizofrenia

(R770L). O resultado destas andlises permitiram identificar uma associagdo entre a SAPAP3 e



componentes relacionados com a mitocondria. Até ao momento este é o primeiro trabalho
que descreve este tipo de associagdo, a qual poderd fornecer novos dados relativos ao
envolvimento da SAPAP3 na patofisiologia do transtorno-obsessivo compulsivo e

esquizofrenia.

Palavras chave: SAPAP3, transtorno obsessivo-compulsivo, esquizofrenia, ESPRIT e

interatomica.
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Abstract

SAPAP3 gene encodes a postsynaptic scaffolding protein, highly expressed in the striatum
and important in regulating glutamatergic corticostriatal synapses. Results from a knockout
animal model suggest that SAPAP3 may be involved in the pathophysiology of obsessive-
compulsive disorder (OCD). Mice homozygous for the gene deletion exhibited increased
anxiety and excessive grooming leading to facial hair loss and skin lesions; both behaviors
were alleviated by administration of a serotonin uptake inhibitor. Additionally, the mutant
mice reveals defects on corticostriatal synapses, part of the circuitry implicated in OCD, and
the selective expression of SAPAP3 in the striatum rescues the synaptic and behavioral
defects. More recently, human SAPAP3 was also associated with schizophrenia, with several

missense mutations identified in patients suffering from such conditions.

SAPAP3 protein has not been able to be produced in heterologous systems, probably due to
its large size and lack of annotated domains, limiting the ability to obtain more information
regarding this protein. In this work, we used the high-throughput screening technology
ESPRIT (expression of soluble proteins by random incremental truncation) to identify
SAPAP3 soluble domains in E. coli. 28 000 clones were initially screened and 96 selected for
small-expression assays. From there, one domain with higher yields of accumulation of
soluble protein — C-terminal domain 19 — was produced in larger scale and protein
purification methods optimized. After quality control assessment by analytical approaches,
preliminary crystallization trials were started, in order to determine its three dimensional
structure by x-ray diffraction methods, with several crystals being observed in some of the

conditions tested.

To get new insights into the role of SAPAP3 and to help in the elucidation of the molecular
mechanisms that associate SAPAP3 with OCD and schizophrenia, a functional
characterization was performed, by the analysis of SAPAP3 domain 19 interactome, along
with the interactome from two SAPAP3 mutants, one mutant associated with OCD (K910R)
and another associated with schizophrenia (R770L). Results from these analysis revealed an
association between SAPAP3 and mitochondria related components. To our knowledge, this
is the first study presenting, what we believe to be, a novel role for SAPAP3 through the
identified interaction with mitochondria components, which could also contribute to the

understanding of the OCD and schizophrenia pathophysiology.



Key words: SAPAP3, obsessive-compulsive disorder, schizophrenia, ESPRIT and interactomics.
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1. Introduction

1.1 Obsessive-compulsive disorder
1.1.1 General description

Obsessive-compulsive disorder (OCD) is a chronic, neuropsychiatric condition that affects
approximately 2 % of the world population?, and significantly interferes with the person’s
normal functioning and social relationships”.

OCD is characterized by the presence of obsessions and compulsions® — Obsessions are
intrusive and unwanted thoughts, images, or impulses that cause considerable anxiety and
distress®, while compulsions are repetitive behaviours or mental acts performed by patients
with OCD, in an attempt to neutralize the anxiety and/or the distress produced by the
obsessions®. OCD is a symptomatically heterogeneous disorder, in which different forms of
obsessions and compulsions exist, with examples of this condition including fears related
with illness and germ contamination, unwanted aggressive thoughts, taboo thoughts
involving sex and religion, the need for symmetry or exactness; leading to compulsions such
as excessive cleaning, arranging, checking, counting, repeating, or reassurance seeking7.

OCD has frequently an early onset, and a chronic and relapsing course could cause
significant distress and disability®. Its pathophysiology is still not understood, and treatments
available are only moderately effective, including cognitive behavioural psychotherapies and
antidepressant drugs, which mechanisms of action are unknown®. More recently, an invasive
procedures like deep brain stimulation had diversified achievement in improving severe
symptoms™, but this option remains far from the perfect solution, which highlights the
importance of continuous research into the detailed causes of OCD for the development of

safer and more effective treatments.

1.1.2 Epidemiology

OCD is more common than previously supposed, being the fourth most typical psychiatric
disorder in the world with a lifetime prevalence of 2 %'>. It is characterized by a bimodal
distribution for age of onset, occurring either in childhood, with a mean age of onset at 10
years; or during adolescence/young adulthood, occurring in average at 21 years™. Onset
after 35 is unusual’’; and males tend to have an earlier age of onset than females®. In
childhood, males are more commonly affected, whereas the opposite is observed in

adulthood” >. Generally the symptoms onset is gradual, and if untreated, the course is

3
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usually chronic with waxing and waning symptoms®.

OCD has a high comorbidity with other anxiety and mood disorders, suggesting that some
patients have impulsive behaviours, including symptoms of childhood conduct disorder and
an increased rate of suicide attempts™. OCD is associated with considerable direct and
indirect costs, as a result of the lack of recognition, under-diagnosis and inappropriate

treatment™.

1.1.3 Clinical features and diagnosis

Obsessive-compulsive disorder presents a heterogeneous symptomatology, in which several
different types of obsessions and compulsions occur. Moreover, other mental disorders
have similar phenomenological features, can be comorbid with OCD, or sometimes
considered as uncommon forms of OCD™ - these include body dysmorphic disorder,
Tourette syndrome, tic disorders, trichotillomania and hoarding disorder™.

To characterize clinical heterogeneity of OCD several studies based in factor analysis have
been performed using the Yale-Brown Obsessive-Compulsive Scale (Y-BOCS) data'® . This
scale is used in research and clinical practice to rate the severity of OCD symptoms by
scoring: the time taken by obsessions and compulsions; the degree to which they
interference with daily life; the subjective distress they cause; the individual’s internal
resistance to the obsessions and compulsions; and the degree of control to the obsessions
and compulsions®’. It comprises quantitative measures of avoidance, insight, indecisiveness,
pathological responsibility, doubt and obsessional slowness. The scale also includes a
checklist of around 70 symptoms of obsessions and compulsions such as hoarding, washing,
checking, and fear of contamination®’.

Despite some variability among studies to identify a limited number of symptom clusters'®
» factor analysis indicates that obsessions and compulsions tend to form five main
symptom dimensions®®: (1) symmetry obsessions and repeating, ordering and counting
compulsions; (2) obsessions about being responsible for causing or failing to prevent harm
and checking compulsion; (3) contamination obsessions and cleaning compulsions; (4)
aggressive, sexual and religious obsessions and checking compulsions; and (5) hoarding
obsessions and compulsions. These results contributed to the establishment of the fifth
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) to help in the

diagnosis of the disorder. The phenomenological heterogeneity associated with OCD
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indicates that different clusters of symptoms could have distinct genetic and neuronal

circuitry.

1.1.4 Treatments

The first line treatments to relieve the symptoms of OCD include cognitive behaviour
therapy (CBT), pharmacotherapy using selective serotonin reuptake inhibitors (SSRIs), or a
combination of both. Many authors suggested that a combined therapy is better to achieve
an ideal treatment response than a single approach®'. Unfortunately, 30 % of all patients do
not respond adequately to these therapies and are considered resistant to the treatment’>.

Cognitive behaviour therapy consists in a psychotherapeutic method to address
dysfunctional emotions, maladaptive behaviours, and cognitive processes through oriented
and specific procedures®. The most effective cognitive behaviour therapy in OCD is
exposure and response prevention (ERP). Exposure involves systematic, repeated, and
continued confrontation with stimuli that create anxiety and the impulse to perform
compulsive rituals’. In exposure the patients are confronted with images, thoughts, objects,
and events leading to anxiety, and in response the patients are abstained from performing
the compulsive act®. Some studies support the efficacy of this method in OCD, and about 80

% of the patients present a reduction in symptoms>*>°

. For patients with severe symptoms,
additional motivation interventions are sometimes necessary’. Although frequently
successful, ERP generated anxiety in patients, and approximately 25 % of patients leave the
treatment®, for those who continue the ERP therapy, the effects usually last up to at least 2
years™,

As already mentioned, efficient pharmacotherapies for OCD include a class of
antidepressants called serotonin reuptake inhibitors®’. Five compounds including
clomipramine, a tricyclic antidepressant (TCA), and four selective serotonin reuptake
inhibitors fluoxetine, fluvoxamine, paroxetine and sertraline were approved by FDA®.
Clomipramine was the first approved compound for this indication, which is unique among

the TCAs for its effective serotonergic effect®®**

. Linking the effectiveness of this compound
in OCD, and its selectivity for serotonin led to the suggestion that this neurotransmitter
could be implicated in the biology of OCD*’. This hypothesis prompted the study of selective
serotonin reuptake inhibitors in OCD, and today these drugs have become the first line of
treatment in OCD, since they present less side effects and identical efficacy when compared

with clomipramine®.
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SSRIs primarily block the serotonin transporter located in the plasma membrane of
presynaptic neuron inhibiting neurotransmitter uptake®'. Individual patients may respond
well to one SSRI and not to another; the therapy requires at least 10-12 weeks, and the
optimal doses typically exceed those that are used for major depression®. Nevertheless,
SSRIs are only effective in about 40-60 % of patients®. In cases in which patients do not
respond to the first line treatments, other therapeutic interventions have been proposed,
including the use of typical pharmacologic drugs in higher dosages or their administration via
an alternative way; combining drug treatments; and the use of novel compounds®.
Augmentation strategies aimed to improve the efficacy of SRIs by the administration of
other class of drugs. Antipsychotics (risperidone, quetiapine, haloperidol) acting as
dopamine receptors antagonists are currently the pharmacotherapy augmentation strategy
of choice®. Other molecules including glutamatergic agents such as NMDA receptor agonist
D-cycloserine’; or several antidepressants other than SSRIs or clomipramine, as alpha-2
receptor and serotonin receptor 5-HT,;; antagonists, and monoamino-oxidase inhibitor
phenelzine are being proposed®. For extremely severe cases not responding to
pharmacological or psychological treatments, neuromodulation therapies such as deep brain
stimulation have produced promising results'®. With this strategy, implemented electrodes
are continuously directing electrical current to the commonly targeted OCD brain regions
including the anterior limb of the internal capsule, the nucleus accumbens and ventral
striatum, and the subthalamic nucleus*; however mixed success in alleviating severe
symptoms were obtained with this procedure®.

Despite the advances concerning the treatment of OCD, a high percentage of patients do not
respond to the available therapies, so a deeper understanding of OCD neurobiological

mechanisms is fundamental to reach more successful treatments.

1.1.5 Neurobiology

Presently, the specific causal factors for OCD are not known, although converging evidences

suggest abnormalities within the cortico-striato-thalamo-cortical (CSTC) brain circuitry in its

45-47

etiology™"". This circuit is involved in motor cognitive, and affective processes, and is

presumed to be involved with the origin of OCD symptoms*® *°.

30, 47,50

CSTC circuitry of the healthy individuals (Figure 1.1), cortical neurons send signals to
striatum through glutamatergic cortico-striatal synapses; in turn, the striatum connect the

globus pallidus pars internalis (GPi) and the substantia nigra pars reticulate (SNr) by two
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distinct pathways - direct and indirect pathways - which are thought to have distinct roles.
Through the so-called direct pathway, striatal activation increases inhibitory GABA signals to
GPi/SNr, which decreases the inhibitory GABA output from GPi/SNr to thalamus, resulting in
excitatory glutamatergic output from the thalamus to the frontal cortex, and thereby
promoting the selection of behavioural sequences. In the indirect pathway, the striatum
inhibits the globus pallidus externa (GPe), which decreases its inhibition of subthalamic
nucleus (STN). The STN can then excite the GPi/SNr and thereby inhibit the thalamus,
inhibiting in this way the selection of behavioural sequences. In OCD, the excessive activity
of the direct pathway over the indirect pathway leads to hyper-activation of cortical
pathway. In this way, exaggerated concerns about danger, hygiene or harm (mediated by

cortex) could result in persistent obsessions™.

Frontal cortex

l

Striatum

e — kel

Thalamus l

= . |—— GRilsNd <— STNJ

—

Figure 1.1 — The cortico-striato-thalamo-cortical (CSTC) circuit in a healthy individual. Simplified
circuit diagram of the CSTC circuit in mammals. Green arrows depict glutamate (excitatory) pathways
and red lines GABAergic (inhibitory) pathways. GPe: globus pallidus pars externa; GPi: globus pallidus
pars internalis; SNr: substantia nigra pars reticulate; SPN: subthalamic nucleus. Adapted from Kalra et

50
al.™.

Neuroimaging studies using non-invasive methods such as functional and structural
magnetic resonance imaging (MRI) and positron emission tomography (PET) in the brain of
OCD patients have provided support for the involvement of CSTC circuit in the disorder™".
Metabolic hyperactivity and increased blood flow in OCD patients were observed in

orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and striatum during neutral and

>254 >57 A decrease in

resting states™™", which were heightened during symptom provocation

the glucose metabolism and blood flow was reported within the same CSTC regions after

7
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treatment using SSRI, clomipramine, behavior therapy and ablative neurosurgical

procedures>®®*

. Animal studies using optogenetics further support the involvement of CSTC
circuit in OCD: Ahmari et al.”? reported a repetitive behavior in mice after optogenetic
excitation of a neuronal region connecting orbitofrontal-cortex and the striatum.
Additionally, repetitive behaviors were suppressed by optogenetic excitation of the lateral

orbitofrontal-cortex and its terminals in the striatum, in a genetic mouse model of ocD%,

1.1.6 Genetic and Neurochemistry

Twin and family studies support a genetic contribution to obsessive-compulsive disorder®,
with higher concordance rates among monozygotic twins compared with dizygotics
confirming the genetic basis of OCD™. Twin studies of OCD using a dimensional approach by
structural equation modeling concluded that OCD symptoms are heritable, with genetic
influences ranging from 45-65 % in children, and 27-47 % in adults®®. A large number of
studies have included first-degree family members of individuals with OCD and have
estimated a recurrence risk among first-degree relatives for lifetime OCD between 10 % and
20 %™. Additionally, the first-degree relatives of individuals with childhood-onset have
higher rates of OCD compared with first-degree relatives of those with adult-onset®® ®,
suggesting a different etiology between children and adults OCD onset®.

The involvement of neurotransmitters in OCD pathology in still unclear, but several
evidences suggest that serotonergic, dopaminergic and glutamatergic genes may play an
important role — the disruption of the serotonin system has been linked to obsessive-
compulsive disorder based on the effectiveness of selective serotonin reuptake inhibitors in
alleviating OCD symptoms®. Furthermore, serotonin transporter and serotonin receptor
subtypes are at their highest levels in ventral striatum, where they could influence the
functioning of CSTC circuit’’. Indeed, 5-HT2a and 5-HT2c receptors have been implicated in
the pathophysiology of OCD and in the mechanism mediating the therapeutic effect of SSRIs,
however, it is not clear whether activation or blockade of these receptors would involve
OCD behaviour’". Therefore, the specific dysfunctions of the serotonergic system in OCD or
the mechanisms by which SSRIs exert their therapeutic effect are not known.

Dopaminergic mechanisms seem to be also implicated in the pathophysiology of the
disorder, since antipsychotics are beneficial when added to ongoing SRI treatment®®. The D,
receptor appears to be of primary interest, since rats treated with quinpirole (a selective D,

receptor agonist) develop repetitive checking behaviours’’, and a positron emission
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tomography study revealed a reduction of D, receptor availability in the whole striatum,
particularly in the ventral portion, possibly reflecting dopaminergic hyperactivity’>. Several
other candidate genes including the dopamine transporter and dopamine receptors (D; — Dy4)
have been reported, however findings have been varied with no conclusive identified
genes’. In fact, the reported associations between OCD and genes involving
serotonergic/dopaminergic pathways lack genome-wide significance and failed when
replicated”®. Furthermore, it should be pointed out that a considerable fraction of patients
are refractory to the modulation of serotonin and dopamine systems.

Recently, glutamatergic synaptic dysfunction within the CSTC circuit has likewise been

46, 47

implicated in the pathophysiology of OCD™ ™/, supported by neurochemical investigations,
neuroimaging studies, medication, genetics, and animal model. Biochemical studies of
cerebrospinal fluid showed elevated levels of glutamate in OCD patients when compared to
controls”, providing a support for a dysregulation in glutamate homeostasis. Despite some
conflicting results, magnetic resonance spectroscopy of glutamate and related compounds
also presents abnormalities in OCD conditions®. These evidences have motivated the
interest of using glutamate-modulating agents in the treatment of OCD, particularly in
refractory cases to standard pharmacotherapy and psychotherapy, where symptoms

76-78

improvement were observed in open-label trials™"". Several genetic studies associating

d’98%8! Results

genes involving glutamatergic neurotransmission and OCD have been reporte
from a genome-wide linkage OCD study suggested the glutamate transporter gene SlcAl as
an OCD candidate gene, localized in the chromosomal region 9p24”°. Since then, several
linkage studies have supported OCD association with this genomic region®”®'. GRIN2B gene
encoding-methyl-D-aspartate (NMDA) receptor subunit 2 was also reported as a positive
association between glutamatergic system and OCD, but this study needs to be replicated
and thus should be regarded as preliminary®.

Association between OCD and the ionotropic kainate receptor GRIK2 gene was also
described, where a single nucleotide polymorphism was identified®, later a second study
reporting such association found a different single nucleotide polymorphism in the same
gene®. Consequently, further studies with independent samples and large sample sizes are
required.

Several animal models including SLITRK5, SLCIA1 and SAPAP3 knockout animals have
likewise provided evidences that glutamatergic alterations are related with OCD-like
behaviours. Mice lacking SLITRK5 — a gene coding for a protein involved in neurite outgrowth

— showed excessive anxiety and self-grooming behaviours, moreover it presented

9
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substantial alterations in striatal ionotropic glutamate receptor expression and in the
distribution of corticostriatal glutamatergic transmission®>. SLC1A, which regulates neuronal
function by limiting the glutamate diffusion in extra-synaptic regions®, presents a
presynaptic localization and a strong expression in the CSTC circuitry®’, where the gene
knockout mice exhibit increased aggression and excessive self-grooming®. Finally, the
SAPAP3 gene gained substantial interest in OCD, based on its function at the glutamatergic
synapse, and on the intriguing phenotype observed in SAPAP3 knockout mice®. The findings
of SAPAP3 association with OCD as well as its role at the glutamatergic synapses will be
systematically described in the next topic, and this gene will be the focus of the present
work.

In summary, OCD pathophysiology has been focused on corticostriatal circuit and on
serotonin, dopamine and glutamate neurotransmitter systems. According to the genetic
data obtained so far, and considering the symptoms heterogeneity associated with OCD, it is
unlikely that a unique gene contribute substantially to the risk of OCD phenotype, but rather
a group of genes that function in a brain network. In this way, a better understanding of the
pathophysiology, neurocircuitry and neurotransmitter pathways will be crucial to develop

more specific and targeted therapies.
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1.2 SAPAP (SAP90/PSD-95-Associated Protein)

1.2.1 SAPAP family - scaffolding protein family of postsynaptic density

In the mammalian brain, neurons communicate with each other through specialized
junctions called synapses (Figure 1.2). The chemical synapse is a microscopic structure that
transports electrical signals within brain circuits from presynaptic to postsynaptic neurons by

the release and action of neurotransmitters™.

Electrical Signal

Sending —

Neuron

.
. /
.

Chemical Signal

Receiving
Neuron

Figure 1.2 — A schematic representation of a synapse. Neurons communicate with each other
through a small gap called synapse. At the synapse, information in the form of electrical signals is
translated into chemical signals in order to cross the gap. Adapted from®".

Normal synaptic transmission is dependent on the proper localization and arrangement of
specific proteins on both sides of the synapses’>. The majority of these synapses use
glutamate as the excitatory neurotransmitter’’, which is packaged into vesicles at the
synaptic termini of glutamatergic neurons'®, when a neuron fires an action potential,
vesicles containing glutamate fuse with the presynaptic membrane, releasing their content
into the synaptic cleft. In turn, glutamate diffuses across the synaptic cleft, where it can bind
to postsynaptic receptors or to presynaptic receptors to limit further glutamate release.
Glutamate receptors can be divided in two different types: ionotropic and metabotropic.
lonotropic glutamate receptors (AMPA, kainate, and NMDA receptors) are cation channels
that open when glutamate binds and consequently electrically excite the postsynaptic cell.
Unlike ionotropic receptors, metabotropic glutamate receptors (mGIuRs) are not ion
channels; instead they activate signalling cascades that modulate neuronal function. At

postsynaptic site the glutamate receptors are inserted in a dense proteinaceous matrix of

11
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signalling proteins, and cytoskeletal components, all assembled by a diversity of scaffolding

proteins in a very organized structure called the postsynaptic density (PSD) (Figure 1.3)*.
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Figure 1.3 — A schematic representation of the protein organization in the glutamatergic
postsynaptic density. The postsynaptic density is composed by several components including
membrane receptors and ion channels, scaffold and adaptor proteins, signalling proteins, cell-
adhesion molecules and components of the cytoskeleton. AKAP, adenylate-kinase anchoring protein;
AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors; CaCh, ca”™ channel;
CaMKIl, calcium/calmodulin-dependent protein kinase Il; CRIPT, cysteine-rich PDZ-binding protein;
EphR, ephrin receptor; GKAP, guanylate kinase-associated protein; GRASP, GRIP-associated protein;
GRIP, glutamate receptor interacting protein; IP3R, inositol-1,4,5-trisphosphate receptor; KCh, K*
channel; MAP1A, microtubule-associated protein 1A; mGIuR, metabotropic glutamate receptor;
NMDAR, N-methyl-d-aspartate receptor; nNOS, neuronal nitric oxide synthase; PICK1, protein
interacting with PRKCA1; SER, smooth endoplasmic reticulum; SPAR, spine-associated RAPGAP; SV,
synaptic vesicle; SYNGAP, synaptic Ras GTPase-activating protein; TIAM1, T-cell lymphoma invasion
and metastasis 1; TRAP, C-terminal receptor-binding region. Adapted from Feng et al”.

The dynamic nature and precise topographical organization of all of these components in
the PSD can be viewed as a supramolecular organelle specialized in postsynaptic signal
transduction and processing®®. Moreover, PSD is not just a signal-processing machinery that
mediates synaptic transmission, but can also regulate synaptic plasticity changing its own
properties to effect patterns of synaptic transmission®, thus, it can be viewed as a dynamic
structure, changing its characteristics (size, shape and composition) depending on synaptic
inputs. PSDs can be biochemically purified from mammalian brain by differential
centrifugation and sucrose gradient sedimentation to obtain synaptosomes, followed by

detergent extraction with non-ionic detergents, such as Triton X-100, which does not
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solubilize the PSD®. Several PSD proteins have been identified by means of mass
spectrometry, which can be classified into a wide range of functional categories including
cellular communication and signal transduction, cellular organization, energy, and protein
synthesis and processing®”.

Among the PSD components, scaffolding proteins are extremely abundant and crucial

players of this organelle (Figure 1.4).

Figure 1.4 — Schematic representation of scaffolding protein arrangements at the postsynaptic
density. The main family members of PSD scaffolding proteins at excitatory synapses: PSD95 family
(SAP102, PSD95, PSD93 and SAP97); A-kinase anchoring protein (AKAP) family; Homer family;
SAP90/PSD95-associated protein (SAPAP) family, and the SH3 and multiple ankyrin repeat domain
(Shank) family. Adapted from Ting et al.”.

They act in several synaptic functions including the trafficking, anchoring, and clustering of
receptors and adhesion molecules®®. Scaffolding proteins are commonly defined by a highly
conserved organization of domains for specific protein-protein interactions, and can interact
simultaneously with multiple binding partners to physically link the PSD components®. They
may influence the function and availability of receptors by physically clustering and
connecting them with other PSD proteins®’. Scaffolding proteins are represented by multiple
family members and the most well studied include members of PSD95 family, A-kinase
anchoring protein (AKAP) family, Homer family, SAP90/PSD95-associated protein (SAPAP)
family, and the SH3 and multiple ankyrin repeat domain (Shank) family. Findings of in vivo

functional studies together with human genetics data strongly suggests that mutations in a

13
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variety of these postsynaptic scaffolding proteins may contribute to the etiology of diverse
human psychiatric disorders such as schizophrenia, autism spectrum disorders, and
obsessive-compulsive spectrum disorders>

One of the members of the SAP90/PSD95-associated protein (SAPAP) or guanylate kinase
associated protein (GKAP) family is of particular interest in OCD, as will be described later.
Four homologous genes encoding for SAPAP 1-4 compose this family of proteins (Figure 1.5),
with each member exhibiting approximately 40 % identity at the amino acid level, and no
homology to other proteins found in sequence database searches. The 200 amino acids in
the C-terminus are particularly well conserved, but regions in the N-terminus and in the
middle region are also preserved. The amino acid sequences analysis predicted hydrophilic
proteins without a transmembrane region or a signal peptide®. Secondary structure

prediction shows that SAPAP is mostly unstructured except the C-terminus region®
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Q9P1A6 DLGP2_HUMAN 908 AVGSAQLLMSQKFQQFYWLCQONMDPSAMPRPTSQDLAGYWDMLQLSIEDVSMKFDELQR 967
095886 DLGP3_HUMAN 836 AVGSTQLLLSQKVQQFFRLCQQSMDPTAFPVPTFQDLAGFWDLLQLSIEDVTLKFLELQQ 895
Q9Y2H0 DLGP4_HUMAN 845 AVGSAQLLMSQKFQQFRGLCEQNLNPDANPRPTAQDLAGFWDLLQLSIEDISMKFDELYH 904
Fhhkkghkhhg gkhk Kk hEkgg 1k * k kk kkkkkgkhkghkkhhohypgakk kk g
014490 DLGP1_HUMAN 894 LKANNWKQMDPLD--KKERRAPPPVPKKPAKGPAPLIRERSLES--SQRQEARKRLMAAK 949
Q9P1A6 DLGP2_HUMAN 968 LRLNDWKMMESPER-KEERKVPPPIPKKPPKGKFPITREKSLDLPDRQRQEARRRLMAAK 1026
095886 DLGP3_HUMAN 896 LKANSWKLLEP----KEEKKVPPPIPKKPLRGRGVPVKERSLDSVDRQRQEARKRLLAAK 951
Q9Y2H0 DLGP4_HUMAN 905 LKANSWQLVETPEKRKEEKKPPPPVPKKPAKSKPAVSRDKASDASDKQRQEARKRLLAAK 964
*g Kk k3 23 Fakggy kkkgpkkhkk g I E TR hhkkkhkhk gk hkhk
014490 DLGP1_HUMAN 950 RAASVRONSATESAESIEIYIPEAQTRL 977
Q9P1A6 DLGP2_HUMAN 1027 RAASFRONSASERADSIEIYIPEAQTRL 1054
095886 DLGP3_HUMAN 952 RAASFRHSSATESADSIEIYIPEAQTRL 979
Q9Y2H0 DLGP4_HUMAN 965 RAASVRONSATESADSIEIYVPEAQTRL 992

Fkkk kg kEik kpEkkkkEkgkkkEEkR

Figure 1.5 — Alignment of SAPAP 1-4 amino acid sequences. Sequences are shown in single letter
code and numbered on the right. Positions that have a single, fully conserved residue are signed with
an asterisk; conservation between groups of weakly similar properties is signed with one dot; and
conservation between groups of strongly similar properties is signed with a colon. Accession numbers
and gene names: SAPAP1: 014490, DLG1; SAPAP2: Q9P1A6, DLG2; SAPAP3: 095886; SAPAP4:

Q9Y2HO. The alignment was performed with Clustal Omega through Uniprot website™®.

Recently, the structure of the C-terminus (residues 807-916) of SAPAP1 from Rattus
Norvegicus was resolved®, displaying a three-helix bundle connected by short flexible loops

(Figure 1.6), which is stabilized by extensive hydrophobic interaction, three salt bridges, and
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two hydrogen bonds. The structure of the protein does not contain a pocket on surface for

enzymatic function indicating that this domain might serve for protein-protein interaction®.
A
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Figure 1.6 — Structure of C-terminus domain 807-916 of SAPAP1. (A) Structure of the C-terminus
domain of SAPAP1 was determined at 2.0 A resolution. The helices were coloured from blue to green.
(B) Hydrophobic core of SAPAP1 C-terminus domain. Adapted from Tong J. et al.”.

SAPAPs were originally identified as a family of proteins that interacts with PSD95 family in

yeast two-hybrid (Y2H) screenings™ ***

, which led to a proposed function of SAPAPs in the
anchoring/signalling complex as linker proteins between glutamate receptor binding
proteins and the cytoskeleton. SAPAPs are highly and differentially expressed in many areas
of the nervous system, in addition to glutamatergic synapses. SAPAPs also localize to
cholinergic synapses, raising the possibility that the SAPAP proteins could be general central
components of all excitatory synapses'%%.

SAPAP3 mRNA and protein is targeted to the dendrites, whereas SAPAP 1, 2 and 4 mRNAs
and proteins are detected mainly in cell bodies'®. This differential regulation in the
expression of SAPAPs suggests that these proteins may play separate in vivo molecular roles.
Furthermore, the dendritic localization of SAPAP3 indicates that this protein can be locally
synthesized playing a role in synaptic plasticity requiring local synthesis/degradation'%, since
regulated turnover of PSD proteins may be one mechanism for determining synaptic
strength and plasticity. Supporting this idea, Hung et al.'® have shown that stimulating
neuronal activity in vitro and in vivo induces the ubiquitination and degradation of SAPAP by
the TRIM3 ubiquitin ligase in hippocampal neurons. SAPAP3 was also associated in the
regulation of postsynaptic mGIluRs and endocannabinoids-mediated synaptic plasticity, a

104

mechanism for activity-dependent inhibition of synaptic strength in the brain™". A role in

inhibiting mGIuR5 activity and the downstream triggering of AMPA receptors endocytosis
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was also proposed'®. In addition to these functions, protein-protein interaction studies have
indicated that SAPAPs also bind to signalling molecules and may thus have multiple roles at

synapses'”.

1.2.2 SAPAPs known interacting partners

SAPAPs were originally identified as a family of proteins that interacts with PSD-95 through
its guanylate kinase domain, but further studies have indicated that they interact with other
PSD proteins as well, suggesting their multiple roles at excitatory synapses.

In 1997, Kim et al.'®* and Takeuchi et al.”® stated that SAPAP protein family members bind
directly to the GK domain of PSD-95 family members, in yeast two hybrid experiments.
Binding to PSD95 is mediated by the N-terminal region of SAPAP containing multiple 14

amino acids repeats, which are highly conserved in all SAPAPs'®

. The most important
function of PSD-95 family is to organize signalling complexes at the postsynaptic
membrane”, and members of this family have a molecular structure organization composed
by three PDZ domains, one SH3 domain and one guanylate kinase (GK) domain for protein-
protein interactions (Figure 1.7)°. PSD-95 interacts with a large variety of proteins
functioning as molecular scaffolds for the clustering of receptors/ion channels and their
associated downstream signalling molecules®.

Later, two independent reports using yeast two-hybrid screens described the interaction
between the members of SHANK family with members of SAPAP family'®®*®’. SHANK family
members also contain multiple sites for protein-protein interaction including ankyrin repeats,
SH3 domain, a PDZ domain, a long proline-rich region, and a SAM domain (Figure 1.7)*%.
Shank binds through its PDZ domain to the C-terminus of SAPAPs, more precisely via the
carboxy-terminal QRTL motif'®; this binding seems to be regulated by SAPAP
phosphorylation with Ca**/calmodulin-dependent protein kinase Il according to Dosemeci et
al.*®. In turn, both cortactin and homer proteins were also identified as binding partners to
SHANK proteins via its proline-rich region'®, providing a way to connect with the
cytoskeleton and the metabotropic receptor (mGIuR), respectively. Therefore, PSD-
95/SAPAP/SHANK interactions play an important role in organizing the postsynaptic

signalling at glutamatergic synapses, associating in an indirect way NMDA with the

cytoskeleton and metabotropic glutamate receptors.
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Figure 1.7 — Physical interactions of scaffolding proteins in PSD via discrete binding domains.
Represented domains include PDZ and SH3 domains of PSD95 and SHANK family proteins; the GK
domain in PSD95 family proteins, the ANK and SAM domains of SHANK family proteins, and the EVH1
and coiled-coil (CC) domains in HOMER family proteins. Adapted from Ting T. et al.®.

Hirao et al.''® found that SAPAP also interacts with the GK domain of synaptic scaffolding
molecule (S-SCAM), which has a molecular structure similar to that of PSD-95 comprised of
six PDZ domains, two WW domains, and one GK domain. S-SCAM also interacts with NMDA
receptors; neuroligin, a cell adhesion protein on the postsynaptic membrane that mediates
the formation and maintenance of synapses between neurons; and membrane-associated
guanylate kinase-interacting protein (MAGUIN-1) that act as a scaffold molecule at synaptic
junctions by assembling neurotransmitter receptors and cell adhesion proteins, showing
that S-SCAM is implicated in the assembly of synaptic components'™.

In 1999, Kawabe et al.'* identified the adapter protein nArgBP2 as a SAPAP interacting
partner, whose interaction is mediated via the third SH3 domain of nArgBP2 and the proline
rich region of SAPAP. It was proposed that this protein might form a complex with PSD-95, S-

10 Neurofilaments

SCAM and Shank to link the actin cytoskeleton to the components of PSD
were shown to associate with SAPAP by co-immunoprecipitation from rat brain and by co-
localization with neurofilaments in transfected cells. Neurofilaments are components of
neuronal cytoskeleton that are important for the maturation of axons and for the
maintenance of axonal integrity, that in interaction with SAPAP are also linked to the

components of the PSD'*2.
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Later, it was shown that SAPAP interacts with neuronal nitric oxide synthase (nNOS)™ and
dynein light chain (DLC)™>'**, linking these proteins to the NMDA receptor/PSD-95 complex.
nNOS contains an N-terminal PDZ-binding domain that binds to a similar PDZ domain from

the PSD-95, which in turn binds to the cytosolic tail of the NMDAR'"

. Functionally, nNOS
might represent a central component that regulates synaptic transmission and intercellular
signalling, through negative regulation of NMDAR by S-nitrosylation'™. DLC, a light chain
shared by myosin-V and cytoplasmic dynein, was first isolated as 8 kDa light chain of
cytoplasmic dynein, which belongs to a superfamily of molecular motors have fundamental
roles in neuronal function, plasticity, morphogenesis, and survival by transporting cargos
such as synaptic vesicle precursors, neurotransmitter and neurotrophic factor receptors, and

116

mRNAs within axons, dendrites, and synapses . The interaction between SAPAP and DLC

could mediate the interaction between SAPAP and microtubule-based neurons, raising the

114

possibility that SAPAP and its associated proteins can be translocated as a cargo . Later, it

was shown that DLC2 isoform interaction with SAPAP activates accumulation of SAPAP and

117

PSD-95 in dendritic spines, and potentiates NMDA currents ™, and that by increasing PSD-95

location in spines, SAPAP-DLC2 interaction could therefore control the AMPA receptors

function'?’

. Additionally, this interaction also affects the targeting of SAPAP partners such as
SHANK3, HOMER3 and PSD-95 to the spine™’.

In 2003, tamalin a scaffold protein that comprises multiple protein-interacting domains,
including one PDZ domain, a leucine-zipper region, a proline-rich region, and a carboxyl-
terminal PDZ binding motif was also proposed to bind to SAPAP1/3, mGIluR1/mGIuR5

through the PDZ domain™®

. It also binds the S-SCAM and tamalin itself through the carboxyl-
terminal PDZ binding motif, and PSD-95 and MINT-2, a protein with a putative function in
synaptic vesicle exocytosis''?. The interaction of tamalin with all of these proteins involved in
postsynaptic organization and protein trafficking in neurons indicates that this protein may
participate in receptor clustering, trafficking and intracellular signalling™*®.

Through yeast two-hybrid screening and S-transferase pull-down assay, focal adhesion
kinase (FAK) and proline-rich tyrosine kinase (PYK2) were described as interactors of
SAPAP3'. FAK and PYK2 are two related non-receptor tyrosine kinase highly expressed in
the brain, and reported to be involved in synaptic plasticity. They contain a central tyrosine
kinase domain, an N-terminal FERM domain and a C-terminal region encompassing several
proline-rich (PR) motifs, and a focal adhesion-targeting (FAT) domain'®. FAK plays an
important role in regulating actin cytoskeleton, axon guidance, particularly axon

120
h

outgrowth®, and PYK2 is involved in the regulation of NMDA glutamate receptors™'.
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SAPAP3 was suggested to act as an anchor for these tyrosine kinases in PSD, providing a
support for their proposed function in synaptic transmission'™. Altogether these data
demonstrates the importance of SAPAPs as scaffolding proteins in PSD compartments, and
evidences how changes in the integrity of these proteins can influence excitatory synaptic
transmission through glutamate receptor redistribution and signalling. Therefore extending
the knowledge of SAPAPs interactors network will be crucial to gain insight into the role of

this protein in excitatory and also in disease synapses.

1.2.3 SAPAP3 knockout mice — an OCD animal model

SAPAPs are unique to excitatory synapses and well portioned to influence synaptic activity of
ionotropic and metabotropic glutamate receptors. They are differentially expressed in many
regions of the nervous system, with SAPAP3 being the only family member that is strongly

expressed in the striatum'®

, thus presenting the possibility to studying its specific function
at glutamatergic synapses in this brain region.

An experimental study accomplished by Welch et al.** found that a genetically engineered
mouse with a SAPAP3 gene deletion shows behavioral phenotypes similar to those observed
in obsessive-compulsive disorder in humans. The knockout mouse exhibited increased
anxiety and compulsive grooming behavior leading to facial hair loss and skin lesions, being
these behaviors significantly reduced after subchronic administration of the SSRI fluoxetine®.
This observation was particularly interesting since the defect in glutamate
neurotransmission of this mouse was responsive to an enhancer of the serotonin
neurotransmission, suggesting that alterations in the serotonergic system may modulate the
action of the glutamatergic mechanism®’.

SAPAP3 is the only member of the SAPAP family highly expressed in the striatum, and the
mice abnormalities observed were rescued by the local expression of SAPAP3 in this brain
region®. Furthermore, the animals presented reduced activity at corticostriatal synapses,
which are part of the circuitry implicated in OCD*’. They presented an NMDAR subunit
composition suggestive of immature corticostriatal synapses, since the levels of the NR2B
were significantly increased when compared to the wild-type mice, indicating that SAPAP3
may also be important for the switching and maturation of the NMDAR subunit at cortico-
striatal synapses®. Noteworthy, no significant differences were found in the levels of PSD95
or Shank protein in the striatal PSD in the SAPAP3 knockout mice experiments®. The authors

also stated that the anxiety-like behavior exhibited by the knockout mice is originated from
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striatal defects and not from the amygdala and ventral hippocampus defects, to which the
anxiety is primarily attributed; but they also considered that some functions of amygdala-
striatal projections could be impaired in the mutant mice, since amygdala projects to the
striatum®.

Later on, using optogenetics, which combines genetics and optics to manipulate temporally
and spatially precise electrical and biochemical events using fiber-optic light in living
organisms'??, Burguiére et al.** demonstrated that in the SAPAP3 knockout animal model
excessive grooming was caused by an impaired pathway in the ventromedial striatum in the
orbitofrontal circuitry. The selective stimulation of the orbitofrontal cortex-striatal pathway
can restore a behavioural inhibition signal in the knockout mice and can prevent
overexpression of repetitive grooming“.

In addition, using this same animal model, Wan et al.*® showed defects in corticostriatal,
but not in thalamostriatal synapses. This finding defines the circuit-level neurotransmission
defects in the SAPAP3 knockout mice, focusing attention on the corticostriatal circuit for

mediating the behavioural abnormalities*”

. Moreover, it was also shown that SAPAP4 is
present at thalamostriatal synapses, but not corticostriatal, synapses, which provides a
molecular basis for the functional divergence observed between thalamic and cortical
striatal circuits in SAPAP3 knockout mice'*.

Together these findings suggest a critical role of SAPAP3 at cortico-striatal synapses,

highlighting the involvement of corticostriatal circuitry dysfunction in the pathophysiology of

OCD.

1.2.4 Human genetic studies of SAPAP3 in OCD

The findings that SAPAP3 null mice exhibits OCD-like behaviours turned SAPAP3 into an
interesting functional susceptibility gene candidate for human OCD, and prompted several
human genetic studies of SAPAP3 in OCD.

The first report involved an association study of SAPAP3 in OCD and grooming disorders
(pathological nail biting, pathological skin picking and trichotillomania) in 383 families,
where six SNPs spanning region 1p35 of the SAPAP3 gene were identified'*. The preliminary
evidence suggested that variations in SAPAP3 gene are associated with human grooming
disorders, which seemed familial and substantially comorbid with each other and with OCD.
No clear association between SAPAP3 variants and OCD was established, however the

authors pointed out to the fact that grooming disorders without OCD were not common in
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the population tested, suggesting the possibility that SAPAP3 variants may be involved in a
subtype of OCD involving pathological grooming behaviours™*.

In the second study, SAPAP3 gene resequencing analysis was performed in OCD and
trichotillomania patients'” where seven sequence variants were identified (Figure 1.8); the
variants were present in 4.2 % of the patients and only in 1.1 % of control individuals. The
majority of the variants represented missense mutations, and according to computer based
algorithms some of the mutations could be damaging to protein function'”. Two variants
were found in patients with OCD alone (A148insGPAGA and P606T), providing the first
clinical evidence of potentially associating alterations of this gene with OCD itself, however

these findings await further validation'.
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Figure 1.8 - Identified rare nonsynonymous polymorphisms in SAPAP3 gene. Schematic
representation of SAPAP3 gene with 10 coding exons (blue boxes). Six sequence variants were

identified in OCD/ trichotillomania patients (upper part) and two in controls (lower part). Adapted

from Zuchner S. et al.'>.

A third study evaluated SAPAP3 genetic SNPs in the etiology of OCD and trichotillomania in
South African population'? - this study found evidences for the association between SNP
rs11583978 in SAPAP3 and trichotillomania, however this association was not significant
after correction for multiple testing. For the OCD group, a significant association was
observed for earlier onset OCD**°.

So far, the mutations identified are undoubtedly rare, but support the possibility that

alterations in SAPAP3 may contribute to OCD and related disorders.
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1.2.5 Evidences of SAPAP3 alterations in other neurologic disorders

Taking into account the possible multiple roles of SAPAP3 at excitatory synapses, defects on
this scaffold protein might underlie several neurologic disorders. Searching for reports
associating SAPAP3 and brain dysfunctions other than OCD, two studies come out. One of
these studies examined SAPAP3 genetic variations associated with schizophrenia®”’, and the
other reported decreased levels of SAPAP3 in a mouse model of fragile X syndrome'®.
Schizophrenia is a chronic, disabling mental disorder that affects about 1 % of the world
population, presenting positive symptoms (hallucinations and delusions, disorganized
speech and behavior), negative symptoms (flattened affect, social withdrawal, avolition and
anhedonia) as well as cognitive deficits (including impaired attention, working memory,
executive function and verbal memory)'*® late in adolescence or in early adulthood™.
Aberrant synaptic connectivity and synaptogenesis seems to be involved in the pathogenesis

of the disorder" 3

, and although initial neurobiology of schizophrenia mainly focused on
excessive dopamine, more recent findings pointed towards the importance of other
neurotransmitters such as glutamate in the disorder™>.

Recent animal models™*

and human genetic studies™® suggested that hypofunction of the
NMDA glutamatergic receptor may underlie schizophrenia, since NMDA receptor
antagonists like ketamine and phencyclidine, can cause psychotic and cognitive

134

abnormalities reminiscent of schizophrenia™". In addition, genetic epidemiological studies

have demonstrated that schizophrenia is a complex disorder with a high heritability**®

, thus
the genes encoding for the components of NMDA receptor-associated proteins can be
considered as candidate genes for schizophrenia'®’; in the case of SAPAP3, given its
involvement in the stabilization of synaptic junction and regulation of neurotransmitter
receptors, it could be also considered as a potential candidate gene for schizophrenia'®’.
Accordingly, the authors of the mentioned work searched for genetic variations in the
coding region of SAPAP3 gene in patients with schizophrenia when compared with non-

psychotic subjects™’

. As a result, seven known SNPs were identified, but no significant
differences were obtained between schizophrenia and controls. Nevertheless, seven rare
missense mutations were identified including: P45N, R46C, R116H, P162S, G381S, G587R
and R770L, where variants G381S, G587R, and R770L were only detected in schizophrenia,
suggesting that these mutations may be patient-specific. The authors speculated that these
three missense mutations might affect the interaction of SAPAP3 with their protein kinases

partners, and thus affecting synaptic transmission through no phosphorylation of possible

targets in schizophrenia'’.
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Fragile X syndrome (FXM) is a common form of inherited mental retardation and a leading
known cause of autism™®. It is caused by transcriptional silencing of the FMR1 gene, which
leads to absence or significant reduction of the fragile X mental retardation protein (FMRP)

1% This protein is important for suitable plasticity, neuronal morphology, and cognitive

36 In the work

development, and its absence leads to different levels of intellectual disability
of Krueger et al.*® it was studied the molecular, cellular, and behaviour consequences of
the loss of the fragile X mental retardation protein in the prefrontal cortex FMR1 gene
knockout mice. One of the findings indicated that the levels of proteins involved in synaptic
function including NMDA receptors NR1, NR2A, and NR2B; and the scaffolding proteins

128 Given the

PSD95 and SAPAP3 are decreased in the prefrontal cortex of the knockout mice
loss of SAPAP3 in this animal model, the authors hypothesized that changes in SAPAP3 levels
could contribute to the cognitive phenotype in the FMR1 null mice, based on the phenotype
observed in the SAPAP3 knockout mice.

These studies further reinforce the importance of SAPAP3 in the synaptic function.
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1.3 Objectives

SAPAP3, a postsynaptic scaffolding protein highly expressed in the striatum, interacts with a
variety of PSD proteins, linking together the NMDA receptor/PSD95 complex and the
metabotropic receptor/HOMER/SHANK complex, playing an important role in the regulation
of glutamatergic corticostriatal synapses. Results from a knockout animal model suggested
that SAPAP3 may be involved in the pathophysiology of obsessive-compulsive disorder
(OCD), and demonstrated its critical role at cortico-striatal synapses. These findings
prompted several human genetics studies of SAPAP3 in OCD, where several point mutations
were identified. More recently, this protein was also associated with schizophrenia, where
several missense mutations were identified in patients with this pathology.

The molecular characterization of SAPAP3 has been difficult by the lack of protein
production protocols in heterologous systems, most likely due to its large size and lack of
annotated domains. The main goals of this work are the establishment of the molecular
tools necessary for the characterization of SAPAP3, namely the identification of soluble
SAPAP3 domains amenable to be produced in E. coli, along with a detailed structural and
interactomic characterization of such domains, which will extend the knowledge of the
structure-function relationship of SAPAP3 domains, in order to understand the role of this
protein at excitatory synapses and its potential involvement in diseases like OCD and
schizophrenia.

To achieve such goals, it will be described the use of a high-throughput screening technology
called ESPRIT (expression of soluble proteins by random incremental truncation) to identify
soluble domains of SAPAP3 (Chapter 2), this part of the work was done in collaboration with
Dr. Darren Hart (EMBL-Grenoble, France). It will also be presented the recombinant
expression and purification of the best SAPAP3 domain found with ESPRIT (the C-terminal
domain 19), as well as, the recombinant production of two mutant forms of this SAPAP3
domain, one associated with OCD (K910R) and the other with schizophrenia (R770L), along
with the first crystallization trials done at HTX lab (EMBL-Grenoble). Finally, to get new
insights into the role of SAPAP3, Chapter 3 provides a functional interactomic
characterization of WT SAPAP3 domain 19, K910R and R770L using an affinity-purification
assay combined with SWATH-MS analysis (in collaboration with Dr. Bruno Manadas, CNC —

Coimbra, Portugal and Dr. Jodo Pega, CNC — Coimbra, Portugal).
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2. Identification of soluble SAPAP3 domains

2.1 Introduction

Numerous protein research strategies largely depend on the ability to produce enough

|137

quantities of soluble purified material™". While some proteins can be successfully expressed

in eukaryotic systems such as mammalian, yeast or insect cells, these are far from universal
solutions and present their specific set of problems such as yield, cost, or time®” 3,
Heterologous protein expression in Escherichia coli is many times used as the preferred
system due to the well-established recombinant DNA techniques, low cost, high production
yields and the simplicity of biomass processing™®’.

Mammalian proteins are often more difficult to express in bacterial systems than those from
bacteria - they are commonly larger and comprise multiple domains connected by linkers or

3% In order to improve yield and solubility of these proteins, it is

low-complexity regions
common to sub-clone shorter constructs corresponding to single or multiple protein
domains. The classical approach to predict protein domains consists in the identification of
conserved regions using multiple sequence alignments guiding the design of sub-cloning

trials'*

. However, the success of this approach is dependent upon the presence of protein
sequences with sufficient similarities. Furthermore, even when similar sequences are
available, the production of protein domains whose sequence prediction was based on
sequence analysis frequently fail to yield sufficient amounts of soluble protein**. In these
cases, bioinformatics tools for predicting secondary structure and ordered/disordered
regions may suggest which regions of the protein are folded or unfolded'*’, but they are only
of limited accuracy and are unable to reliably define the domain boundaries within the
protein primary structure. For such problematic targets, several methods have been
described employing strategies common to directed evolution projects, whereby a random
library is generated encompassing construct diversity, which is then screened to identify the
desired constructs'*>. The random construct library screening-based methods differ from
prediction-based strategies in that they identify soluble domains by experimentation, and
they often remove the need for iterative cycles of prediction and testing since all genetic

constructs may be synthetized and screened in a single experiment™’.

Such libraries can be prepared by enzymatic cleavage using for example exonuclease 11,

uracil-DNA glycosylase™* or endonuclease V'*!; or by non-specific random priming PCR

145
and physical breakage using sonication or point-sink shearing'*®. These methods produce a
multitude of different sized gene fragments that can be sized-fractionated within desired
ranges by agarose gel electrophoresis. The selection or screening process for identification

of soluble protein domains is critical to the success of the method, where the majority of

29



30

2. Identification of soluble SAPAP3 domains

library-compatible solubility screens are indirect, in the sense that they report solubility via
the detection of C-terminally fused partners such as fluorescent proteins as green
fluorescent protein (GFP)*” or antibiotic resistance proteins as homotrimeric
chloramphenicol acetyltransferase'*®. However, false positives are frequent since constructs
identified are often soluble only in the presence of the fused reporter. One strategy to
reduce the number of false positives is to implement a screen using small linear peptide

% These fusion

fusion tags, as they should not perturb significantly the protein solubility
tags are only detected if fused to a stable domain, as aggregated protein will bury these tags,
which will no longer be detected. One of such strategies is based on the use of a split-GFP

10151 GFP has a typical B-barrel structure, comprising 11 anti-parallel B-strands, and

strategy
a truncated non-fluorescent form comprising strands 1-10 (GFP 1-10) can be produced,
which will become fluorescent in the presence of the eleventh strand (GFP 11), even when

10 This is the basis for the slit-GFP strategy, where GFP 11, a 15 amino acid

present in trans
peptide, is fused to the constructs C-terminus and the co-expressed detector GFP 1-10 acts
as a fluorescent solubility detector™.

Alternatively to the use of split-GFP system as indicator of domain expression and solubility,
the short C-terminal extension biotin acceptor peptide (BAP) can also be used. BAP is post-

138 This is the case of

translationally biotynylated in vivo in E. coli by cytoplasmic BriA enzyme
ESPRIT (Expression of Soluble Protein by Incremental Truncation) technology (depicted in

Figure 2.1), used in this work and further described below.
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Figure 2.1 — ESPRIT process workflow. A random truncation library of a target protein is generated
with exonuclease lll and mung bean nuclease, producing tens of thousands of variant clones after
transformation in E. coli. In the first screening step (colony expression screening), putative soluble
constructs are assessed by intensity of N-terminal hexahistidine tag (red) and C-terminal biotynylated
biotin acceptor peptide (green) signals on the colony blot. The 96 highest ranked clones are expressed
in 4 mL liquid expression cultures, purified by Ni** NTA affinity chromatography and eluted fractions
analysed by Western blot to identify biotinylation signals (liquid culture screening). Adapted from

Yumerefendi et al."*.

Briefly, the first step of ESPRIT consists in generating a large library of random genetic
constructs by the action of exonuclease Il and mung bean nuclease. The gene of interest is
cloned into a vector encoding an N-terminal hexahistidine tag, and a C-terminal biotin
acceptor peptide; and at the edges of the insert to be truncated exist a pair of restriction

sites that leave exonuclease Il sensitive 5’ and resistant 3’ overhangs (Figure 2.2).
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Figure 2.2 — ESPRIT truncation molecular biology. The truncation vector combines two pairs of
restriction enzyme sites (Aatll and Ascl, Notl and Nsil) to allow sequential unidirectional reactions that
generate internal fragments by the action of exonuclease Ill and mung bean nuclease in a two step

process. BAP: biotin aceptor peptide; Exolll: exonuclease Ill; MBN: mung bean nuclease; 6xHis:

hexahistidine tag; TEV: Tobacco Etch Virus protease cleavage site. Adapted from An et al.**.

In a two step process (Figure 2.2), one end is truncated randomly and a plasmid library
recovered, a second reaction is then performed on a pool of these plasmids which are then
religated; producing tens of thousands of variant clones after transformation in E. Coli.
Colonies are then robotically picked and gridded onto nitrocellulose membranes on top of
agar to generate colony arrays, in which protein expression is induced. Colony blots are
prepared by in situ lysis on nitrocellulose membranes and blots are probed with fluorescent
streptavidin to detect the biotinylation status of the C-terminus BAP. The BAP biotinylated
will function as an indicator of solubility, since soluble proteins are better biotinylated by E.
coli than those that are insoluble/aggregated (Figure 2.3). Simultaneously, the array is
probed with a monoclonal antibody against the N-terminal hexahistidine tag, and only
clones exhibiting both N- and C-terminal tags are further analysed since they comprise
undegraded, intact protein constructs (Figure 2.3). Identification of the most efficiently
biotinylated constructs often correlates with the most soluble clones, that in the second
stage of screening, are expressed in small-scale liquid format, lysed and purified on Ni**
affinity resin. Soluble, purifiable constructs are visualised by streptavidin-Western blot and

their boundaries determined by DNA sequencing (Figure 2.1).
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Figure 2.3 — In vivo biotynylation as a solubility marker. The target of interest is fused to the biotin
aceptor peptide (BAP) via a short linker. Soluble proteins are better biotynalated by E. coli than those

138

that are degraded or insoluble. Adapted from Yumerefendi et al.”™".

Once positive clones have been detected, protein required for the downstream applications

can be expressed and purified using standard procedures, with no need for subcloning into

different vectors.

The work presented in this chapter provides a detailed description on how ESPRIT

technology led to the identification and of SAPAP3 soluble domains when expressed in E.

coli. Part of the work included in this chapter (sections 2.3.2 — 2.3.4) was performed at Dr.

Darren Hart’s group - EMBL Grenoble (France).
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2.2 Materials and Methods

2.2.1 Generation of plasmids for SAPAP3 library construction

The synthetic cDNA encoding for SAPAP3 (in pUC57) was sintetised by GenScript (USA), with
codons optimized for E. coli expression, with Ascl and Notl sites in 5" and 3’terminals,
respectively (cDNA sequence in Supplementary Figure 6.1) and avoiding the Aatll, Ascl, Notl
and Nsil sites within the SAPAP3 sequence. The vector was digested with Ascl and Notl-HF
restriction enzymes (New England Biolabs) and inserted into the expression vector pESPRIT.
This vector encodes a N-terminal hexahistidine tag and a C-terminal biotin acceptor peptide
and the cloning site is flanked by a pair of restriction sites that originate exonuclease Ill
sensitive 5’ and resistant 3’ overhangs. The vector was also digested with Ascl and Notl-HF
and treated with alkaline phosphatase (New England Biolabs) before ligation with Ascl and
Notl-HF digested SAPAP3 cDNA. The fragments obtained after the digestion of SAPAP3 gene
and pESPRIT vector were separated by agarose gel electrophoresis, and the bands of interest
excised from the gel and purified with Nucleospin Gel and PCR Clean-up (Macherey-Nagel).
The digested DNA fragments were ligated with T4 DNA Ligase (New England Biolabs)
according to the manufacturer’s instructions. The ligated DNA construct was transformed in
E. coli ToplOF competent cells and positive clones selected by restriction analysis, using

Hindlll and Ndel, with positive clones yielding fragments of 1717 bp and 3360 bp size.

2.2.2. Internal His rich region removal

The PCR reaction mixture for histidine rich region deletion contained 10 ng of DNA; 10 mM
dNTP’s; 10 uM phosphorylated of forward primer (5’-CAGTCTCGTCATGGTAAACGC-3’); 10
UM of phosphorylated reverse primer (5-TGAGGTGTGCGGGCC-3’), 5 x Phusion HF Buffer
and 1.0 units Phusion DNA polymerase to a final volume of 50 pL. The PCR conditions for the
deletion consisted in an initial denaturation step at 98 °C for 3 minutes, followed by 30
cycles of denaturation at 98 °C for 30 seconds, annealing at 65 °C for 30 seconds and
extension at 72 °C for 3 minutes, with a final extension step at 72 °C for 10 minutes. To
digest the parental DNA, the PCR product was treated with 20 units of Dpnl restriction
enzyme (New England Biolabs) at 37 °C for 3 hours, and purified using the Nucleospin Gel
and PCR Clean-up (Macherey-Nagel). The DNA was re-circularised using 10 units of T4 DNA
ligase (New England Biolabs), transformed into E. coli Top10F’ competent cells and purified

using Nucleospin Plasmid Quick-pure (Macherey-Nagel). The DNA sequence was confirmed



2. Identification of soluble SAPAP3 domains

by Sanger DNA Sequencing at Macrogen (Netherlands), and the results analyzed with

VectorNTI sequence alignment software (Thermo Fisher Scientific).

2.2.3 Construction of SAPAP3 random truncation libraries

Exonuclease Il and mung bean nuclease were used to construct incremental truncation
libraries. First, high quality plasmid was prepared from 200 mL overnight culture of cells by
standard alkaline lysis and phenol-chloroform extraction protocols, which was then further
purified using QlAprep Spin Miniprep Kit (Qiagen). Ten micrograms of plasmid were digested
with Aatll (yielding an exonuclease Il insensitive end adjacent to the promoter) and Ascl
(yielding an exonuclease sensitive end adjacent to the gene insert), both sites located
upstream of the target gene.

Four micrograms of purified, linearised plasmid were mixed with reaction buffer (1 x Buffer
1 New England Biolabs supplemented with 45 mM NacCl) and 400 U of exonuclease lll, in a
final volume of 120 uL that was incubated at 22 °C. To ensure even fragment distribution,
0.5 pL of the reaction was removed every 30 sec over 2 h and pooled in a tube containing
200 pL of 3 M NaCl on ice. The quenched reaction was denatured at 70 °C for 20 min and
DNA purified using Nucleospin Extract Il kit (Macherey-Nagel). In order to remove the 5’
overhang after exonuclease Il digestion, the DNA was incubated with 5 U of mung bean
nuclease in a final volume of 55 pL at 30 °C for 30 min, which was then purified with the
Nucleospin Extract Il kit. The ends of the DNA molecules were polished by incubation with
Pfu polymerase (Stratagene) in a final volume of 50 uL (1 x Pfu polymerase native buffer, 2.5
mM dNTPs and 5 U of enzyme) at 72 °C for 20 min. The reaction was then separated by
electrophoresis in a 0.5 % agarose gel and slices of gel containing linearized plasmid with
inserts of size 300-3000 bp were excised. DNA fragments were recovered from the gel using
QIAEXII resin (Qiagen) and re-circularised using T4 DNA Ligation Kit (Roche), and then used
to transform E. coli Machl T1 competent cells (Thermo Fisher Scientific). Transformation
mixes were recovered in SOC medium and plated on LB (Luria Broth) agar (supplemented
with kanamycin 50 pg/mL) in 22 cm QTrays (Genetix). After overnight growth at 37 °C,
approximately 4.0 x 10* colonies were scraped from the agar resuspended in phosphate
saline (PBS) buffer and the plasmid DNA mixture extracted from the cell pellets by miniprep
kit (Quiagen).

The random C-terminal truncation library of SAPAP3 was constructed from the DNA mixture

obtained from the N-terminal truncation using a similar approach, but differing in the
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cleavage of the plasmid with Nsil and Notl located at the 3’ end of the SAPAP3 gene insert,
and in the agarose-gel purification of vector constructs with inserts with sizes ranging from
300-1200 bp. After library transformation into E. coli Match T1 competent cells (Thermo

Fisher Scientific) approximately 5 x 10* colonies were pooled for DNA extraction.

2.2.4 Preparation of colony arrays for expression screening

Competent cells of E. coli BL21-AI™ (Thermo Fisher Scientific) (an arabinose-inducible strain
designed to give the maximum protein expression with the tightest regulation available from
a T7 expression system) were transformed with the target library and plated on 22 cm LB
agar QTrays (supplemented with 50 pg/mL kanamycin) at a density of approximately 3 000
colonies/tray, and incubated overnight at 30 °C. Colonies were isolated using a colony-
picking robot (KBiosystems, Basildon, UK) into 384 well plates containing 70 puL TB medium
per well supplemented with 50 pg/mL kanamycin. Liquid cultures were grown overnight at
37 °C in a HiGro shaker incubator (Genomic Solutions), and then all clones were arrayed
robotically onto a nitrocellulose membrane (Amersham) laid over LB agar plates
supplemented with antibiotic. Plates were incubated overnight at 25 °C until colonies on the
membrane were just visible. The membrane was then carefully moved onto a fresh LB agar
plate (supplemented with antibiotic, 0.2 % arabinose and 50 pM biotin) to induce

recombinant protein expression within the colonies during overnight incubation at 25 °C.

2.2.5 High-throughput screening of SAPAP3 putative soluble domains

Membranes were incubated for 4h at 30 °C, lifted from the inducing agar and laid over filter
paper soaked in denaturing buffer (0.5 M NaOH, 1.5 M NaCl) for 10 min at room
temperature. The membranes were neutralized 2 x 5 min in neutralisation buffer (1 M Tris-
HCI, pH 7.5, 1.5 M NaCl) and then for 15 min in 2 x SSC buffer (30 mM Trisodium citrate
dihydrate, 0.3 M NaCl). The cellular debris of colonies on the membrane was carefully
removed with a glass spreader, and the membrane was blocked overnight in Superblock
(Pierce, Chicago, USA) at 4 °C. The membranes were washed 3 times with PSB-T (PBS with
0.05 % Tween 20) buffer for 5 min each, and incubated in 50 mL of PBS-T containing 1/3125
dilution of mouse anti-hexahistidine antibody (Amersham) for 1 h at 4 °C. After washing with

PBS-T buffer, the membranes were further incubated in 50 mL of PBS-T containing 1/5000
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dilution of streptavidin Alexa Fluor 488 (Thermo Fisher Scientific) and 1/1000 dilution of
Alexa Fluor 532 rabbit anti-mouse 1gG (Thermo Fisher Scientific) for 1 h. After washing with
PBS-T buffer, the membranes were scanned with a Typhoon 9400 fluorescence imager
(Amersham) for hexahistidine tag and biotin acceptor peptide signals intensities,
respectively. Signals from the array were quantified from digitalized images using Visual Gird
software (GPC Biotech) and exported to Microsoft Excel for analysis. Clones were sorted
according to hexahistidine signals and those exhibiting no clear signal were eliminated from
further analysis. Those that remained were ranked according to their biotinylation signals in

order to identify putatively soluble expressing clones.

2.2.6 Small-scale expression and purification screening of SAPAP3 soluble

domains

The 96 most intensely biotinylated clones from the library were selected for small-scale
protein expression at 4 mL scale in 24 well plates with TB medium supplemented with
kanamycin. After the cultures reached ODgy = 0.8, 0.2 % arabinose and 50 uM biotin were
added to induce protein expression and enhance protein biotinylation respectively. After
overnight induction at 25 °C, the cells were pelleted by centrifugation, and resuspended in 4
mL of sphaeroplast buffer (20 mM Tris pH 8.0, 140 mM NaCl, 20 % sucrose and 1 mg/mL
lysozyme). The sphaeroplasts were harvested by centrifugation and then resuspended in 800
uL lysis solution per well, containing 10 mM Tris pH 7.5, 0.5 % Brij35, 0.25 U/ uL Benzonase
(Novagen) and 0.8 pL Protease Inhibitor Cocktail (Sigma). Ninety-six protein samples were
simultaneously purified on a liquid handling robot with samples loaded into a 96 well filter
plate with 60 pL Ni** NTA agarose (Qiagen) in each well and mixed by orbital shaking at 4 °C
for 30 min. The samples were then washed with washing buffer (50 mM phosphate buffer,
pH 7.0, 140 mM NacCl, 5 mM Imidazole) and eluted with elution buffer (50 mM phosphate
buffer, pH 7.0, 140 mM NaCl, 300 mM Imidazole). The 96 samples were subjected to SDS-
PAGE, and then electroblotted onto nitrocellulose membrane. The membrane was probed
with a 1:1000 dilution of a Streptavidin 488; washed with PBS-T, and scanned using a
fluorescence imager (Typhoon scanner, GE Healthcare) to analyse biotinylation of the biotin
acceptor peptide.

Plasmids were purified from the clones identified as soluble hits, and the DNA inserts

characterized by sequencing to identify domain boundaries.
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2.2.7 Medium-scale expression and purification of selected SAPAP3 clones

The positive clones were grown at 37 °C in 50 mL of LB media supplemented with kanamycin,
and when the culture reached an ODggo= 0.8, 0.2 % (m/v) L-arabinose was added to induce
protein expression at 25 °C and 170 rpm for 16 hours. The cells were harvested by
centrifugation and each cell pellet was resuspended in 2 mL of resuspension solution (20
mM sodium phosphate, 500 mM NacCl, 20 mM Imidazole, pH 7.4) and lysed by freeze and
thaw. Twenty five microliters of DNase was added to each sample; and after centrifugation,
the supernatant was collected and loaded into columns supplemented with 300 pL Ni**NTA
resin (GE Healthcare), washed (20 mM sodium phosphate, 500 mM NacCl, 20 mM Imidazole,
pH 7.4), and first eluted with 100 mM Imidazole (20 mM sodium phosphate, 500 mM NaCl,
100 mM Imidazole, pH 7.4) followed by elution with 500 mM Imidazole (20 mM sodium
phosphate, 500 mM NaCl, 500 mM Imidazole, pH 7.4). Eluted fractions were analysed by

SDS-PAGE and Western blot with anti-histidine tag mouse monoclonal antibody (GenScript).

2.2.8 SAPAP3 domain 19 removal of BAP tag

Two hundred nanograms of the vector encoding SAPAP3 domain 19, which contained a C-
terminal biotin acceptor peptide flanked by two BspEl sites, was digested with 5 units (0.5
uL) of this enzyme in 20 uL reaction volume (New England Biolabs) at 37 °C for 3 hours, to
remove the BAP tag, and purified using Nucleospin Gel and PCR Clean-up (Macherey-Nagel).
The digested DNA was quantified by measuring the absorbance at 260 nm on a NanoDrop
ND-1000 Spectrophotometer (Thermo Scientific). One hundred nanograms of digested DNA
was ligated with 1 uL of T4 DNA Ligase (New England Biolabs) in a total reaction volume of
20 uL, overnight at 16 °C in T4 DNA ligase buffer (50 mM Tris-HCl, pH 7.5; 10 mM MgCl,, 1
mM ATP, 10 mM Dithiothreitol). After ligation, 10 puL were transformed into DH5a
competent cells - for transformation, the competent cells were thawed on ice and the
ligated DNA was added to 50 pL of cells. The transformation reaction was incubated on ice
for 30 minutes and heat-shocked at 42 °C for 1 minute. After 3 minutes of incubation on ice,
1 mL of LB medium was added and cells were recovered at 37 °C for 1 hour with shaking.
The mixture was centrifuged for 1 minute at 14 000 g, the supernatant discarded and the
pellet re-suspended in the remaining medium (approximately 150 uL). The culture was
spread on LB/agar plate containing 50 pg/mL of kanamycin and the plate was incubated
overnight at 37 °C. A single colony from the transformation was grown overnight at 37 °C

with shaking in 10 mL of LB medium containing 50 pg of kanamycin. The culture was
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harvested by centrifugation for 10 min at 4 000 g at 16 °C and purified using Nucleospin
Plasmid Quick-pure (Macherey-Nagel) according to the manufacturer’s instructions. The
plasmid DNA was quantified by measuring the absorbance at 260 nm on a NanoDrop ND-

1000 Spectrophotometer (Thermo Scientific).

2.2.9 Mutagenesis of SPAPAP3 domain 19 - K910R and R770L mutants

The SAPAP3 K910R mutation was obtained by restriction free (RF) cloning *** using SAPAP3
domain 19 WT without BAP tag as template. To do that, the PCR reaction mixture contained
100 ng of template DNA; 0.2 mM dNTPs; 0.5 uM of forward primer (5'-
AGGAAAGTGCCGCCGC-3’); 0.5 uM of reverse primer (5’-TTCTTCTTTCGGTTCCAGCA-3"), 5x
Phusion HF Buffer and 1.0 unit of Phusion DNA polymerase (New England Biolabs) in a final
volume of 50 pL. The PCR conditions for the mutation consisted in an initial denaturation
step at 98 °C for 30 seconds, followed by 35 cycles of denaturation at 98 °C for 10 seconds,
annealing at 65 °C for 10 seconds and extension at 72 °C for 3 minutes, with a final extension
step at 72 °C for 10 minutes. The PCR amplified product was gel-purified and re-circularized
using T4 DNA ligase (New England Biolabs).

The SAPAP3 R770L mutation was obtained using the QuickChange Site-directed mutagenesis
kit (Agilent) of the SAPAP3 domain 19 WT without BAP tag. The PCR reaction mixture
contained 50 ng of template DNA; 0.2 mM dNTP’s; 0.2 uM of forward primer (5'-
GGGTCCGGGTGCGGGCCTGCGCGATAGTTGGATTGAACG-3’); 0.2 uM of reverse primer (5'-
CGTTCAATCCAACTATCGCGCAGGCCCGCACCCGGACCC-3’), 10x Pfu Turbo DNA polymerase
buffer and 2.5 units Pfu Turbo DNA polymerase (Agilent) in a final volume of 50 pL. The DNA
was denatured by initial denaturation step at 95°C for 30 seconds, followed by 18 cycles of
denaturation steps at 95 °C for 30 seconds, annealing at 60 °C for 1 minute and extension at
68 °C for 1 minute. The PCR products were treated with 20 units of Dpnl restriction enzyme
(New England Biolabs) at 37 °C for 3 hours, and purified using the Nucleospin Gel and PCR
Clean-up (Macherey-Nagel). Both DNAs were transformed in DH5a competent cells and
purified using Nucleospin Plasminc Quick-pure (Macherey-Nagel) as described in section
3.2.1. The DNA sequence was confirmed by Sanger DNA Sequencing at Macrogen
(Netherlands), and the results analyzed with VectorNTI 11 sequence alignment software

(Thermo Fisher Scientific).

39



40 | 2. Identification of soluble SAPAP3 domains

2.2.10 Expression and purification of WT SAPAP3 domain 19, K910R and R770L

For larger scale expression of SAPAP3 domain 19 and their mutant forms, the constructs
were transformed into competent E. coli BL21 Al strain and plated into LB/agar plates
supplemented with 50 pg/mL kanamycin. One colony was used to inoculate 50 mL of LB
supplemented with 50 ug/mL kanamycin, that was grown overnight at 37 °C. To inoculate 1
L of LB supplemented with 50 pg/mL kanamycin, 25 mL of the previous cell culture were
used. The cells were grown at 37 °C in incubator with shaking, until an ODggnm of 0.6 — 0.8,
and protein expression was induced with 0.2 % of L-arabinose, at 25 °C, for about 16 hours.
Cells were harvested by centrifugation at 4 000 g for 20 min at 4 °C, re-suspended in lysis
buffer (20 mM sodium phosphate pH 7.4, 500 mM NaCl, 10 % (v/v) glycerol, 25 mM
imidazole, 0.1 M phenylmethylsulphonyl fluoride (PMSF)), and disrupted through a high
pressure homogenizer - Emulsiflex-C3 (Avestin) with three passages at 1 000 bar.

The cellular extract was clarified by centrifugation (35 000 g for 20 min, at 4°C) and the
supernatant applied to a 5 mL HisTrap HP column (GE Healthcare) pre-equilibrated with lysis
buffer at 2 mL/min. Protein elution was performed by a four-step gradient of imidazole (50
mM, 150 mM, 300 mM and 500 mM) at a flow rate of 5 mL/min and fractions containing the
protein of interest (150 mM imidazole gradient step) were pooled and applied to a HilLoad
Superdex 200 26/60 prep-grade column (GE Healthcare) pre-equilibrated in 20 mM sodium
phosphate pH 7.4, 150 mM NaCl and 10 % (v/v) glycerol at 2 mL/min. Protein was further
purified by cation exchange chromatography with a Mono S 5/50 GL column (GE Healthcare),
equilibrated in 20 mM sodium phosphate pH 7.4 and 10 % (v/v) glycerol. Elution was carried
out by a gradient of NaCl (0 - 1 M), at a flow rate of 0.75 mL/min. Protein was finally
concentrated using a 10 kDa MWCO centrifugal concentrator (Amicon Ultra 4 mL centrifugal

filters, Millipore).

2.2.11 SDS-PAGE and Western Blotting

SDS-PAGE analysis was performed in a Bio-Rad Mini Protean Il electrophoresis apparatus
using 12.5 % polyacrylamide gels, at 150 V and at room temperature, for approximately 45
min. Samples were treated with loading buffer (0.35 M Tris-HCI, 0.28 % SDS buffer pH 6.8,
30 % glycerol, 10 % SDS, 0.6 M DTT and 0.012 % Bromophenol Blue) and incubated at 95 °C
for 5 minutes before gel loading. After electrophoresis separation, gels were stained with
Coomassie Brilliant Blue (0.2 % Coomassie Brilliant Blue R-250 (Sigma), 10 % acetic acid and

50 % methanol) for 5 min, with agitation at room temperature. For Western blot analysis,
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protein samples were resolved by SDS-PAGE and electro-transferred onto polyvinylidene
fluoride (PVDF) using the trans-blot turbo (Bio-Rad) apparatus, in transfer buffer (25 mM Tris,
192 mM Glycine, 20 % methanol and 0.025 % SDS). Membranes were blocked for one hour
in standard TBS containing 1 % (v/v) Tween-20 supplemented with 5 % (w/v) skim milk and
incubated with anti-histidine tag mouse monoclonal antibody (GenScript) diluted in a 1:10
000 ratio in TBS-T buffer with 0.5 % skim milk, for 1 h. Membranes were washed in TBS
containing 0.1 % (v/v) Tween-20, incubated with secondary anti-mouse alkaline
phosphatase-conjugated antibody (GE Healthcare) and revealed using ECF

chemifluorescence detection kit (GE Healthcare) in a Molecular Imager FX (Bio-Rad).

2.2.12 Protein quantification

Purified proteins were quantified by measuring absorbance at 280 nm using a Nanodrop ND-
1000 Spectrometer (Thermo Fisher Scientific). The molar extinction coefficient for each
protein was estimated from the respective amino acid sequence using Vector NTI software

(Thermo Fisher Scientific).

2.2.13 Analytical size exclusion chromatography

Analytical size exclusion chromatography was performed using a Superdex200 5/150 GL
column (GE Healthcare). The proteins were injected through and automated injector
apparatus, and eluted using 20 mM sodium phosphate pH 7.4, 300 mM NaCl and 10 % (v/v)
glycerol at 0.4 mL/min and monitoring absorbance at 220 nm. Apparent molecular weights
of eluted proteins were determined using a calibration curve established with the following
standards from the gel filtration low- and high-molecular weight calibration kits (GE
Healthcare): ribonuclease A (13.7 kDa), carbonic anhydrase (29.0 kDa), ovalbumin (44 kDa),
conalbumin (75.0 kDa), aldolase (158 kDa) and blue dextran (= 2000 kDa).

2.2.14 Circular dichroism

Circular dichroism measurements were performed at 20 °C on a Jasco J-815 spectrometer
fitted with a Peltier temperature controller. Spectra were acquired between 190 and 260 nm,

set up to 1 nm band width, 1 s response, 100 nm/min scanning speed and 6 accumulations.
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Protein samples were in 20 mM sodium phosphate pH 7.4, 300 mM NaCl and 10 % (v/v)
glycerol, which were diluted with water to the desired concentration in a final volume of 300
pL. Each spectrum was the average of six scans with the average buffer control spectrum
subtracted. All measurements were obtained in ellipticities in mdeg and converted to molar
ellipticities ([0], deg cm2 dmol-1) by normalizing for the concentration of peptide bonds.
Deconvolution analysis of the data was done with CDNN software using the complex CD

spectra 33x algorithm.
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2.3 Results
2.3.1 Generation of plasmid for SAPAP3 library construction

The synthetic cDNA encoding for SAPAP3 (in pUC57) with codon optimized for expression in
E. coli (Supplementary Figure 6.1) cloned into pUC57 between Ascl and Notl restriction sites
(Figure 2.4-A) was cleaved and inserted into pESPRIT vector. For this purpose pUC57-SAPAP3
was digested with Ascl and Notl restriction enzymes, and the resulting fragments separated
by agarose gel electrophoresis (Figure 2.4-B). The gel showed the presence of two bands,
where the lower band correspond to the SAPAP3 (2956 bp) and the upper band to
incompletely digested vector (5666 bp). The pESPRIT was also digested with Ascl and Notl
restriction enzymes in order to open the vector by removing the MBP insert. After agarose
gel electrophoresis (Figure 2.5-B) the desired fragment of pESPRIT with 2100 bp,

correspondent to the upper band in the gel was excised and purified.

Ascl(434)
-

6000 bp
3000 bp

1000 bp

5666 bp

W SAPAP3gs pUC57
= |

Misc Feature 1
\

Rep Origin 1
SAPAP3

Notl (3382)

Figure 2.4 — pUC57-SAPAP3 digestion with Ascl and Notl restriction enzymes. (A) Representation of
SAPAP3 gene in pUC57 vector with Ascl and Notl restriction sites. (B) Agarose gel electrophoresis
separates two fragments corresponding to incomplete digested pUC57 with 5666 bp and SAPAP3
cDNA with 2956 bp.
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Figure 2.5 — pESPRIT digestion with Ascl and Notl restriction enzymes. (A) Representation of pESPRIT
vector with Ascl and Notl restriction sites. Agarose gel electrophoresis separates two fragments
corresponding to pESPRIT with 2100 bp and MBP with 1100 bp.

The purified fragments were ligated (Figure 2.6-A), and the construct verified by restriction
analysis with Hindlll/Ndel. The digested fragments were separated by agarose gel
electrophoresis (Figure 2.6-B) resulted in two expected bands, one with 3360 bp
corresponding to SAPAP3 insert and the other with 1717 bp corresponding to the pESPRIT

vector.
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Figure 2.6 — SAPAP3_pESPRIT cloning. (A) Representation of SAPAP3 gene in pESPRIT vector which
contains: 6xHis-TEV: N-terminal hexahistidine tag followed by Tobacco Etch Virus protease cleavage
site; BAP: Biotin acceptor peptide; Ndel and Hindlll restriction site; Aatll/Ascl and Nsil/Notl:
restriction sites for ESPRIT library preparation; Kan — kanamycin resistance gene;

A positive clone, containing the insert with the predicted size, was sent for sequencing and
the results showed that SAPAP3 cDNA was successfully inserted into pESPRIT vector in the

correct orientation.
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SAPAP3 sequence contains an internal 12 His sequence (Figure 2.7), which was deleted from
the SAPAP3_pESPRIT construct by PCR, as it would interfere with the ESPRIT screening
experimental strategy. After PCR based deletion, the obtained plasmid was sequenced, in

order to confirm the deletion (data not shown).

MRGYHGDRGSHPRPARFADQQHMDVGPAARAPYLLGSREAFSTEPRFCAPRAGLGHISPEGPLSLSEGPSVG
PEGGPAGAGVGGGSSTFPRMYPGQGPFDTCEDCVGHPQGKGAPRLPPTLLDQFEKQLPVQQDGFHTLPYQR
GPAGAGPGPAPGTGTAPEPRSESPSRIRHLVHSVQKLFAKSHSLEAPGKRDYNGPKAEGRGGSGGDSYPGPGS
GGPHTSHHHHHHHHHHHHQSRHGKRSKSKDRKGDGRHQAKSTGWWSSDDNLDSDSGFLAGGRPPGEPGG
PFCLEGPDGSYRDLSFKGRSGGSEGRCLACTGMSMSLDGQSVKRSAWHTMMVSQGRDGYPGAGPGKGLLG
PETKAKARTYHYLQVPQDDWGGYPTGGKDGEIPCRRMRSGSYIKAMGDEESGDSDGSPKTSPKAVARRFTTR
RSSSVDQARINCCVPPRIHPRSSIPGYSRSLTTGQLSDELNQQLEAVCGSVFGELESQAVDALDLPGCFRMRSHS
YLRAIQAGCSQDDDCLPLLATPAAVSGRPGSSFNFRKAPPPIPPGSQAPPRISITAQSSTDSAHESFTAAEGPARR
CSSADGLDGPAMGARTLELAPVPPRASPKPPTLIKTIPGREELRSLARQRKWRPSIGVQVETISDSDTENRSRRE
FHSIGVQVEEDKRRARFKRSNSVTAGVQADLELEGLAGLATVATEDKALQFGRSFQRHASEPQPGPRAPTYSVF
RTVHTQGQWAYREGYPLPYEPPATDGSPGPAPAPTPGPGAGRRDSWIERGSRSLPDSGRASPCPRDGEWFIK
MLRAEVEKLEHWCQQMEREAEDYELPEEILEKIRSAVGSTQLLLSQKVQQFFRLCQQSMDPTAFPVPTFQDLA
GFWDLLQLSIEDVTLKFLELQQLKANSWKLLEPKEEKKVPPPIPKKPLRGRGVPVKERSLDSVDRQRQEARKRLL
AAKRAASFRHSSATESADSIEIYIPEAQTRL

Figure 2.7 — SAPAP3 amino-acid sequence. Representation of the amino-acid sequence of SAPAP3
with the 12 histidine region highlighted in blue.

2.3.2 SAPAP3 truncation library production

Comprehensive SAPAP3 truncation library was generated using exonuclease Ill and mung
bean nuclease (Figure 2.2) in a two step process, as previously described. After the first
truncation reaction, as a mean of evaluating the library quality, the insert size range of the
library constructs was analysed by colony PCR with flaking primers on 70 clones. The colony
PCR result showed a linear distribution of the insert size between 100-3 000 bp (Figure 2.8)

validating the first truncation step.
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Figure 2.8 — Colony PCR analysis for library quality assessment after first truncation. Colony PCR

with flaking primers on 70 clones from the library after N-terminal truncation

After the second truncation step, to reduce the number of clones to screen, and thereby
improving the sampling efficiency, a subset of clones with inserts in the size range of 300-
1200 bp (100-400 AA), corresponding to plasmids with a size range of 2400-bp, were

isolated on agarose gels (Figure 2.9).
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Figure 2.9 — DNA fragments separated on agarose gel electrophoresis. DNA fragments corresponding

to gene inserts in the size range of 300-1200 bp (red box) were excised.

To validate the C-terminal truncation reaction, colony PCR with flanking primers on 40
clones shows a homogeneous distribution of clones (Figure 2.10). The histogram also

indicates a higher and lower population of clones outside the expected range, nevertheless,
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the main population of constructs lay within the range of 100-400 AA. In this way, SAPAP3

double truncation library was validated and became ready to be screened.
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Figure 2.10 — Colony PCR analysis for library quality assessment after second truncation. Colony PCR
analysis with flaking primers on 40 clones from the library after the C-terminal truncation; red lines
between 100 AA and 400 AA represent the expected size range.

2.3.3 High-throughput screening of SAPAP3 putative soluble domains

The SAPAP3 truncation library was screened using standard colony picking and liquid
handling robots in a workflow designed to identify any forms of the soluble library target. In
a first step, 28 000 colonies from the library were picked and gridded onto a nitrocellulose
membrane for expression analysis. The fluorescent signals from streptavidin detecting the C-
terminal biotin acceptor peptide, and anti-hexahistidine antibodies detecting the N-terminal
tag were quantified and their distribution determined (Figure 2.11).

To obtain a list of putative soluble expressing clones for further investigation, only colonies
exhibiting visible hexahistidine tag signals were selected, thus eliminating truncated or
degraded protein products that, even if soluble, would not be purifiable. Based upon this,
the 96 positive clones with significantly higher anti-histidine tag and biotinylation derived
signals were selected from the large bank of clones. Ranking of clones for their in vivo
biotinylation efficiency allows enrichment of a population of soluble expression clones from
the library, as soluble constructs are generally better substrates for this cytoplasmic post-

translation modification than insoluble/aggregated targets.
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Figure 2.11 — Measurement of putative solubility and intactness of SAPAP3 constructs. Panel A:
Close-up view of the array containing 28 000 clones, in which simultaneous hybridization of
fluorescent streptavidin (red) and hexahistidine antibody (green) is shown; yellow colonies (such as
the ones pointed with the arrows) contain both signals indicating an elevated potential for protein
solubility. Panel B: Hybridization of the array with fluorescently labeled streptavidin against the C-
terminal biotin acceptor peptide. Panel C: Hybridisation of the array with fluorescently labeled N-
terminal antihexahistidine tag monoclonal antibody. Panel D: Frequency histogram analysis of total
biotinylation signal: the graph displays the frequency of clones according to their streptavidin signals,
the 96 most intensely biotinylated clones selected for subsequent expression tests exhibitied higher
signals than the background.

2.3.4 Small-scale expression and purification screening of SAPAP3 soluble

domains

In the second level of the screenning, the ninety-six most intense biotinylated, hexahistidine-
positive clones were grown in 4 mL and protein expression induced by the addition of
arabinose. After robot assisted loading into 96-well filter plates charged with Ni** NTA
agarose, eluted fractions were obtained by incubation with 500 mM imidazole buffer, and
analysed by streptavidin-Western blot to identify the biotinylation signals (Figure 2.12). The
Western blot result showed that the 96 constructs selected as putative domains of SAPAP3
presented varying levels of protein, and that their molecular weights ranging from 15 kDa
and 55 kDa are within the expected size range for domains between 100 and 400 amino
acids. Using MBP as experiment control (well 96 in Figure 2.12), and although none of the
clones showed a similar yield of expression as MBP, several constructs exhibited strong
bands that are labelled with a red arrow in Figure 2.12. In the panels where clones 1 to 24
and 73 to 95 are displayed, it seems to exist a contamination between 25 kDa and 35 kDa,
which presumably was due to a leakage from the well with domain 19 and domain 86,

respectively. Nevertheless, and despite several clones present low levels of protein
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intensities as already mentioned, others exhibited high amounts of detectable protein,

which further validates the result of the initial screening.
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Figure 2.12 — Streptavidin-Western blot analysis of the highest ranking biotinylated domains
selected in the first screen. Ninety-six constructs grown in 4 mL liquid cultures were purified by Ni**
NTA purification system, and analysed by Western blot to identify the biotinylation signals through
streptavidin probing. The constructs showing the highest levels of expression and purifiability are
signed with a red arrow and were selected for further analysis. Biotinylated maltose binding protein

(MBP) in the position 96 was used as an internal control. The molecular weight markers in kiloDaltons
(kDa) are shown in the image.
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The expression and purifiability of the best twenty-one constructs obtained from the small-
scale screening were also assessed by SDS-PAGE. For this, the selected constructs were
expressed in 4 mL liquid cultures, Ni** NTA purified and electrophoretically separated. The
result of this analysis (Figure 2.13) showed a similar profile comparing to the one obtained
for the Western blot (Figure 2.12). For such comparison, it must be noted that the intensities
of the SDS-PAGE bands should be comparable to the intensities of the streptavidin-Western
blot analysis, in which the protein signal is not amplified by a conjugated detection, but by

directly detection of the protein through streptavidin binding.

Figure 2.13 — SDS-PAGE analysis of purifiable domains selected from the streptavidin-Western blot
analysis. Twenty-one constructs grown in 4 mL liquid cultures were Ni**NTA purified and analysed by
SDS-PAGE to identify the highest levels of expression and purifiability. Purified proteins were stained
with Coomassie blue after SDS-PAGE. The best constructs are indicated with a red arrow. Maltose
binding protein (MBP) was used as an internal control. The molecular weight markers in kiloDaltons
(kDa) are shown on the left.

From the 21 domains selected, the best domains obtained in the SDS-PAGE analysis were
the domains 18, 19, 33, 34, 38, 46, 66 and 86 (Figure 2.13), where a specific band for each
case stood out from the background. Comparing with the streptavidin-Western blot result,
the best ones were coincident with the SDS-PAGE result in terms of intensities, with the
exception of domains 18 and 22. The result for domain 18 in the Western blot was
inconclusive as a result of a technical problem in that gel region; however, the SDS-PAGE
result showed a reasonable amount of soluble protein. The domain 22 presented
inconsistent results, since a high amount of protein was observed in the Western blot but
not on SDS-PAGE analysis, requiring further evaluation. Nevertheless, gathering the
information from the two experiments the domains dysplaying best yields of purifiable

protein were the domains 18, 19, 34 and 86.
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The sequence boundaries (Table 2.1) of constructs showing the highest levels of purified
protein in the previous trial were determined by DNA sequencing, with the exception of
constructs 11 and 46, for which the sequencing trials failed and were, therefore, excluded

from further analysis.

Table 2.1 — Sequence boundaries and respective molecular weight of the selected domains.

Domain Sequence boundries (aa.) Molecular Weight (kDa) without tags
8 F41-439C 42.11
9 L129-511C 24.29
10 P212-606P 41.90
18 G61-438N 39.79
19 G754-968| 24.30

22 L467-613I 15.23
34 G706-967S 29.65
35 H366-708S 36.94
38 M23-449S 45.04
42 K179-595L 44.21
56 D104-244D 15.07
58 $257-511C 25.24
60 T138-433D 31.42
61 G197-474V 29.73
66 V337-599P 27.72
82 S300-578R 29.62
84 $184-610T 45.16
86 L745-941Q 22.37
87 K245-589A 36.43

The translated sequences were aligned against the full-length SAPAP3 polypeptide
sequence, which is represented in Figue 2.14. The sequencing results evidenced the
identification of putative soluble protein domains evenly distributed across the target gene,

with a cluster of the best clones present in the C-terminus of the SAPAP3 sequence.
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Figure 2.14 — Construct map of purifiable domains identified by sequencing analysis. The constructs
identified in the small scale expression and purification screening (blue) were aligned against the full-
length SAPAP3 polypeptide sequence (black).

2.3.5 Medium-scale expression and purification of selected SAPAP3 domains

To further confirm the results obtained in the small-scale expression trials, the nineteen
domains sequenced and identified in the small-scale expression screening were tested in 50
mL cultures and purified on Ni** NTA agarose resin. The protein was eluted in two imidazole
concentration steps (100 mM and 300 mM) and analysed by SDS-PAGE (Figure 2.15) and

Western blot using an anti-histidine tag antibody (Figure 2.16).
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Figure 2.15 — SDS-PAGE analysis after medium-scale expression and purification of the best 19
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SAPAP3 clones selected from ESPRIT technology. Selected clones were expressed in 50 mL cultures,
purified by nickel affinity chromatography and analysed by SDS-PAGE. Annotations are: T - total
fraction; E1 - eluted fraction with 100 mM imidazole; E2 - eluted fraction with 300 mM imidazole. The
molecular weight markers in kiloDaltons (kDa) are shown on the left.

The results from SDS-PAGE analysis showed that domains 18 (44 kDa), 19 (30 kDa), 34 (35
kDa), 56 (19 kDa) and 86 (28 kDa) were the ones where larger amounts of purified soluble
protein were obtained. This result is in accordance with the results of the small-scale
expression and purification, where these same domains were identified as the most
promising. The domain 22, whose results were controversial in the small-scale test, revealed
the presence of a low intensity protein band. In general, the remaining clones presented

lower amounts of soluble protein when compared to the small-scale tests. Moreover, the
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SDS-PAGE analysis of the medium-scale experiments revealed additional bands when
compared to the SDS-PAGE of small scale, probably resulting from protein truncation.

The yields of soluble protein and the presence of truncation products were also examined by
anti-histidine Western blot analysis (Figure 2.16).
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Figure 2.16 — Western blot analysis with anti-histidine antibody after medium scale expression and
purification of the best 19 clones of SAPAP3 selected from ESPRIT technology. Selected clones were
expressed in 50 mL cultures, purified by nickel affinity chromatography and analysed by Western blot
with anti-histidine antibody. Annotations are: E1 - elected fraction with 100 mM imidazole; E2 -
eluted fraction with 300 mM imidazole. The molecular weight markers in kilodaltons (kDa) are shown
on the left.

The Western blot using anti-hexahistidine antibody showed that domains 18, 19, 34 and 86
presented the best yields of purifiable protein, and the presence of various degradation
products. The domain 8 also showed a high Western blot signal, however this result does

not agree neither with the SDS-PAGE result nor with the results of the small-scale
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experiments. The other clones present faint or lower amounts of soluble protein as well as
the presence of several degradation products. While in the SDS-PAGE of the first small-scale
test (Figure 2.13) some extra protein bands were also detected, the initial streptavidin-
Western blot analysis (Figure 2.12) was not able to identify protein degradation variants, as
the detection was being done through the C-terminal tag.

On top of that, in the medium scale experiment, the cell lysis and protein extraction and
purification was done in the absence of protease inhibitors, which were present in the small-
scale, indicating the need to include such compounds in buffers during protein purification.
Nevertheless, both experiments revealed that domains 18, 19, 34 and 86 were the best
candidates in terms of yield of purifiable protein.

Sequence alignment of these five constructs against the full-length SAPAP3 polypeptide
sequence (Figure 2.17) revealed that domains 18 cover part of SAPAP3 N-terminus while

domains 19, 34 and 86 cover part of the C-terminus of SAPAP3.

SAPAP3
L 3 1 O 30 a3
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Figure 2.17 — Alignment of domains showing the highest levels of expression and purification. The
constructs (green) were aligned against the full-length SAPAP3 polypeptide sequence (black).

In conclusion, since the results of the domains from the C-terminus of SAPAP3 (domains 19,
34 and 86) were consistent over the entire analysis perform, and since domain 19 was the
domain that presented the highest yield of purified soluble protein, it was the domain

selected for scale-up expression and purification.

2.3.6 Scale-up expression and purification of SAPAP3 domain 19

A protocol for the expression and purification of SAPAP3 domain 19 was optimized involving
three chromatografic steps. In the first step, as all the SAPAP3 ESPRIT derived constructs
coded for an hexahistidine N-terminal tag, an affinity chromatography was used - the
protein resulting from 1 L expression was captured in a 5 mL HisTrap HP column (GE
Healthcare) and a major peak was consistently eluted at 150 mM imidazole elution step, as
can be observed in the representative chromatogram of Figure 2.18-A. The SDS-PAGE

analysis of the protein fraction eluted with 150 mM imidazole (Figure 2.18-D) revealed the
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presence of a major band with an aparent molecular mass of 27 kDa, which is the predicted
molecular mass of the domain 19 of SAPAP3; however the protein is co-eluting with several

other proteins, justifying the need of additional purification steps.
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Figure 2.18 — Purification of domain 19 from SAPAP3. (A) Chromatogram of purification of domain 19
from SAPAP3 using a HisTrap 5 mL column equilibrated with 20 mM phosphate buffer pH 7.4, 500
mM NacCl, 10 % glycerol and 25 mM imidazole. Protein was eluted with increasing concentrations of
imidazole (50 mM, 150 mM, 300 mM and 500 mM) at a flow rate of 5 mL/min and monitored by
measuring the Abs,ggnm. Fractions from HisTrap eluted with 150 mM imidazole (grey bar) were applied
to a Superdex 200 HiLoad 26/60 column (B), equilibrated with 20 mM phosphate buffer pH 7.4, 150
mM NaCl and 10 % glycerol at a flow rate of 2 mL/min. Protein elution was monitored by measuring
the Ajgonm. (C) Protein fractions from Superdex 200 HiLoad 26/60 (grey bar 3) were applied to a
MonoS 5/50 GL column equilibrated in 20 mM phosphate buffer pH 7.4 and 10 % glycerol. The elution
was carried out in a gradient of NaCl (0 - 1 M), at a flow rate of 0.75 mL/min and monitored by
measuring the Ayzonm. (D) The protein fractions were analysed by SDS-PAGE. The positions of the
molecular weight markers, and their sizes in kiloDaltons (kDa) are shown on the left. The eluted
protein from ionic exchange chromatography was also analysed by Western blot with anti-histidine
antibody. The expected molecular weight for SAPAP3 domain 19 is indicated with the black arrow.

The chosen method for the intermediate purification step was a SEC (size exclusion
chromatography) using a Hiload Superdex 200 26/60 pg preparative column (GE

Healthcare), which was used not only to remove the contaminant proteins co-eluted in the
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previous affinity chromatography step, but also to evaluate the oligomerization state of the
protein and to remove possible aggregated forms.

The SEC chromatogram (Figure 2.18-B) has shown that the protein was mainly eluted,
according to the calibration of the column, at a volume compatible with the monomeric
form (grey box number 3 in Figure 2.18-B) and a small percentage of the protein eluted at a
volume compatible with the dimeric form of the protein (grey box number 2 in Figure 2.18-
B); some protein was also eluted in the void volume of the column (grey box number 1 in
Figure 2.18-B), showing that protein aggregates could be separated. The SDS-PAGE analysis
of the protein sample from the third peak (eluting at 210 mL) of this chromatographic step
(Figure 2.18-D) revealed that SEC was effective in removing the observed contaminants co-
eluting in the affinity step.

The fractions from the last SEC peak corresponding to the monomeric form of the protein
were then applied to a Mono S 5/50 GL column, and eluted by a gradient of 0 - 1 M NaCl
(Figure 2.18-C). The cationic exchange chromatogram revealed that the protein applied to
the column eluted mainly as a homogeneous peak (peak 2) with salt concentration between
350-400 mM. Two other minor peaks were eluted (peaks 1 and 3), which presented similar
SDS-PAGE profiles (Figure 2.18-D), indicating different conformational states of the protein
population. This also revealed the usefulness of this last high-resolution polishing step to
obtain highly pure and highly homogeneous protein.

The Western blot analysis of the protein eluted in the peak 2 of the cation exchange step
with anti-hexahistidine antibody (Figure 2.18-D) revealed the presence of two recognized
protein bands: one apparently corresponding to the monomeric form of the SAPAP3 domain
19 with an apparent molecular mass around 27 kDa, and the other with twice that molecular
weight. To assay if the extra band could be a possible dimer resiliant to denaturation, it was
tested the effect of removing the reducing agent during protein denaturation, as well as the
effect of the presense of DTT (0.1 M) and beta-mercaptoethanol in a higher concentration (5
% (v/v)) than the previously used (1.8 % (v/v)), again the SDS-PAGE revealed two bands for
all the conditions (data not shown). Considering these results and since the protein is eluted
in the monomeric form during the SEC phase, we believe that the extra band may be an
artifact that is known to occur during the SDS-PAGE by the formation of reactive oxygen
species (ROS)™. In SDS-PAGE method, there are several sources of ROS including (i) APS, a
strong oxidant used for gel polymerization; (ii) the molecular oxygen present during gel
polymerization; and (iii) trace oxidative contaminants present in the gel or formed during

electrophoresis™>. These species can oxidize protein residues that consequently might
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promote the formation of covalent intermolecular bonds and the presence of SDS-PAGE
bands with non expectable molecular weight. Nevertheless, the monomeric nature of SAPAP
domain 19 should be further validated using complementary techniques, such as light

scattering, analytical ultracentrifugation or mass spectrometry under native conditions.

2.3.7 Expression and purification of SAPAP3 domain 19 K910R and R770L

mutants

Within the sequence of SAPAP3 domain 19 (754-968 aa) falls one missense mutation

125

reported to be associated with OCD (K910R)™“ and one associated with schizophrenia
(R770L)*”. These two mutants were independently generated as described in section 2.2.9,
expressed in E. coli BL21 Al strain and purified in the same way as the wild-type (WT)
SAPAP3 domain 19. For the mutants, the chromatographic and SDS-PAGE profiles of each
purification step were very similar to those obtained for the wild-type form (Figure 2.19 and

2.20), including the appearance of the high molecular weight band around 60 kDa, which is

believe to be an experimental artifact, as previously discussed.
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Figure 2.19 — Purification of mutant K910R of SAPAP3 domain 19. Recombinant K910R of SAPAP3
domain 19 was first purified on a HisTrap 5 mL column, followed by (A) Superdex 200 HiLoad 26/60
purification step, as described for wild-type domain (Figure 2.18). (B) Protein elution on MonoS 5/50
GL column (cation exchange chromatography) was carried out by a salt gradient (0-1 M NaCl), at a
flow rate of 0.75 mL/min and monitored by measuring the A,sonm. (C) The eluted protein outlined by
the grey box in (A) and the grey box in (B) was analysed by SDS-PAGE stained with Coomassie blue.
The molecular weight marker in kilodaltons (kDa) is shown on the left. The expected molecular weight
for SAPAP3 domain 19 is indicated with the black arrow.
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Figure 2.20 - Purification of mutant R770L of SAPAP3 domain 19. Recombinant R770L of SAPAP3
domain 19 was first purified on a HisTrap 5 mL column, as described for wild-type domain (Figure
2.18), and the eluted protein was loaded on a (A) Superdex 200 HiLoad 26/60 column equilibrated
with 20 mM phosphate buffer pH 7.4, 150 mM NaCl and 10 % glycerol at a flow rate of 2 mL/min. (B)
Protein corresponding to the peak outlined by the grey box in (A) was applied on MonoS 5/50 GL
column and the protein eluted by a salt gradient (0-1 M NaCl), at a flow rate of 0.75 mL/min and
monitored by A,zonm- (C) The eluted protein from the different purification steps was analysed by SDS-
PAGE stained with Coomassie blue. The molecular weight marker in kilodaltons (kDa) is shown on the
left. The expected molecular weight for SAPAP3 domain 19 is indicated with the black arrow.

2.3.8 Characterization of WT SAPAP3 domain 19, and the K910R and R770L

mutant forms

To further characterize the recombinant form of WT SAPAP3 domain 19, K910R and R770L
mutant forms for downstream applications, the oligomeric state of the proteins was
evaluated by analytical size exclusion chromatography and secondary structure content
evaluated by circular dichroism.

The analytical size exclusion chromatography results (Figure 2.21) clearly evidence that both
forms of SAPAP3 domain 19 are present as monodisperse proteins, and that, according to

the column calibration, all forms of the protein eluted as monomers, with a calculated



2. Identification of soluble SAPAP3 domains

apparent molecular weight of 28 kDa, which along with the very similar chromatographic
profiles during protein purification, is a strong evidence that the two mutations have not

affected significantly the protein conformation.
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Figure 2.21 — Analytical size exclusion chromatogram of purified SAPAP3 domain 19 WT, K910 and
R770L. Twenty micrograms of WT SAPAP3 and SAPAP3 R770L and ten micrograms of SAPAP3 R770L
were applied in a Superdex 200 5/150 GL column (GE Healthcare) equilibrated with 20 mM phosphate
buffer pH 7.4, 300 mM NaCl and 10 % glycerol at a flow rate of 0.4 mL/min. Protein elution was
monitored by measuring the Aygnm. The black dots refer to elution volumes of molecular mass
markers used for calibration. From left to right: aldolase (158 kDa), conalbumin (75 kDa), ovalbumin
(43 kDa), carbonic anhydrase (29 kDa) and ribonuclease A (13.7 kDa).

To assess WT SAPAP3 domain 19 secondary structure content and to further validate the
absence of major structural changes induced by the disease related mutations on the folded
state of SAPAP3 domain, far-UV circular dichroism analysis was performed. This
spectroscopic technique is able to quantify protein secondary structure, as different

secondary structural elements present characteristic CD spectra (Figure 2.22).
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Figure 2.22 — Characteristic CD spectrum of proteins. Representative secondary structures of (1) a-

helix; (2) B-sheet; (3) random coil structures. As an example placental collagen in its native triple-

helical (4) and denatured forms (5) are also presented. Adapted from Greenfield et al. ™,

The CD spectra of WT SAPAP3 domain 19 suggests that the secondary structure is mainly
composed of a-helix, since two negative peaks at 222 nm and 208 nm and a positive peak at

193 nm are present (Figure 2.23).
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Figure 2.23 — Circular dichroism spectra of recombinant WT SAPAP3 domain 19. Molar Ellipticity in
the far-UV range (190 — 260 nm) is plotted for SAPAP3 domain 19 WT at 0.4 mg/mL. The spectrum is
an average of six different experiments with baseline correction.
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The deconvolution analysis of the CD spectra using CDNN software, which consisted in the
comparison of the CD spectrum with reference spectra of proteins with known three
dimensional structures, confirmed the presence of mostly alpha helical elements of
secondary structure, accounting for 37.1 % - 38.2 %, the remaining secondary structural
elements accounted for 2.6 % - 9.0 % antiparallel beta sheet; 6.4 % - 8.5 % parallel beta
sheet; 18.0 % - 18.0 % beta turn and 28.7 % - 31.8 % random coil.

The CD analysis of the protein mutants displays a very similar spectra pattern (Figure 2.24)
when compared to the wild-type form presenting also two negative bands at 222 nm and
208 nm and a positive band at 193 nm, suggesting that the content of the secondary

structure is maintained for the K901R and R770L mutants.
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Figure 2.24 — Circular dichroism spectrums of recombinant SAPAP3 domain 19 WT, K910R and
R770L comparison. Molar Ellipticity in the far-UV range (190 — 260 nm) is plotted for SAPAP3 domain
19 WT, K910R and R770L at 0.1 mg/mL. The spectrum is an average of three different experiments
with baseline correction.

2.3.9 Preliminary results of crystallization screenings of SAPAP3 domain 19

The quality assessment of SAPAP3 domain 19 suggested that the preparation had the high
high quality in terms of purity, homogeneity and folding needed to set up crystallization
trials for x-ray diffraction structural determination. In this way, it was established a
collaboration with the High Throughput Crystallization (HTX) Laboratory, at EMBL Grenoble
for screening SAPAP3 domain 19 crystallization conditions. The experiments were
performed with a Cartesian PixSys 4200 crystallization robot at 20 °C (Genomics Solutions,
U.K.) using the sitting drop method, to test a collection of diverse conditions of buffers,

precipitants and other additives using comercial screen plates (Table 2.2).
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Table 2.2 — Crystallization conditions screened in High Throughput Crystallization Laboratory at
EMBL Grenoble with SAPAP3 domain 19.

Screen Supplier
The Classics Qiagen/Nextal
Crystal Screen Lite & PEG/lon Hampton Research
MembFac & Natrix Hampton Research
QuickScreen & Grid screens Hampton Research — Home Made
Grid screens PEG 6K, PEG/LiCl Hampton Research — Home Made
Index Screen Hampton Research

So far, initial results showed that two promising conditions from the Classics Suit screen
plate were obtained for SAPAP3 domain 19 at 6.7 mg/mL. In one of these conditions using
0.1 M HEPES pH 7.5 and 1.5 M Lithium Sulfate, some putative crystals appeared at day 34
(Figure 2.25-A and B); in the other using 0.1 M Tris pH 8.5, 1 M Lithium Sulfate; 0.01 M
Nickel (ll) Chloride at the thirty-fourth day putative crystals were also start growing (Figure
2.26-A and B). However, these are preliminary data and attempts are now being carried out
to confirm the protein nature of the putative crystals obtained, to assess if those crystals can

diffract X-ray beams.
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115 days

{ 3 days

Inspection 8 - 25/10/2014 - 88 days -

Figure 2.25 — Putative crystals of SAPAP3 domain 19: (A) Periodic images of crystallization drop of
condition 0.1 M HEPES pH 7.5 and 1.5 M Lithium Sulfate for SAPAP3 domain 19 at 6.7 mg/mL
acquired with the 20 °C Rocklmager (Formulatrix, Inc., U.S.). (B) Magnified view of the crystallization
condition.
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I day 3 days 7 days - 15days

Inspection 8 - 25/10/2014 - 88 days -

Figure 2.26 — Putative crystals of SAPAP3 domain 19: (A) Periodic images of crystallization drop
ofcondition 0.1M Tris pH 8.5, 1M Lithium Sulfate; 0.01M Nickel (ll) Chloride for SAPAP3 domain 19 at
6.7 mg/mL acquired with the 20 °C Rockimager (Formulatrix, Inc., U.S.). (B) Magnified view of the
crystallization condition.
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2.4 Discussion

SAPAP3, a postsynaptic density scaffolding protein, has not yet been produced in
heterologous systems. The reason for this fact could be due to its large size and lack of
annotated domains when its protein sequence is analyzed by protein sequence motif
analysis algorithms. One common strategy to overcome this limitation is to produce shorter
genetic constructs corresponding to single or multi-domains of the protein, however for the
case of SAPAP3 it was not clear where those domain boundaries would be located.

To address this question, the access to ESPRIT technology at Dr. Darren Hart laboratory was
of pivotal importance for the success of this work. The technology is based on directed
evolution strategies, and produces a diversity of clones that would be extremely difficult to
achieve using classic PCR cloning strategies, both because of the need to handle tens of
thousands of clones, and also of the price of reagents. With ESPRIT, all constructs of the
target gene are obtained in a single reaction tube and plasmid molecules clonally separated
by bacterial transformation and robotic colony picking.

The random nature of the library leads to all possible reading frame insertion combinations,
which renders only one third of the 28 000 clones in frame with the initial Met and
hexahistidine tag. For those, only one third is in frame with the 3’ end BAP tag coding
sequence, rendering the number of valuable clones to one ninth of the 28 000, roughly
above 3 000 clones. This is only a small fraction (1.4 %) of the variability needed to cover all
the possible combinations of putative domains with sizes between 100-400 residues in a 979
amino acid protein, which would need over 200 000 clones for a 1 x coverage. Nevertheless,
as domain solubility is many times observed for a relatively wide range of domain
boundaries combinations, the coverage we got was somehow suitable to find a reasonable
number of domains covering an extensive region of SAPAP3 sequence, again reinforcing the
potential of ESPRIT technique to uncover soluble domains out of not annotated proteins, as
was the case of SAPAP3.

To overcome the low coverage of ESPRIT, which is due to the large size of SAPAP3, this work
can be pursued in the future with a second round of ESPRIT screenings, focused on the N-
terminal and central part of SAPAP sequence, and/or by using an improved version of ESPRIT
technology, that was not available for the type of access we got through BioStruct-X funding,
designated by ESPRIT ORF-selector'”®, which uses an intein-based technology to select for
the genetic inserts in the proper reading frame, thus increasing the library variability

coverage.

67



68

2. Identification of soluble SAPAP3 domains

At the end of the screening it was possible to have a good coverage of several domains
amenable to expression (clones 18, 19, 34 and 86), with clone 19 from the C-terminal
domain residues 754-968, the one yielding more protein, and thus selected for scale-up
production, purification and down-stream characterization.

During the development of the current project, a structure of SAPAP1 from Rattus
Norvegicus was resolved covering the C-terminus region (residues 807-971) of the protein
(Figure 2.27), which was shown to display a three helix bundle, connected by short flexible

loops™.

Figure 2.27 — Crystallographic structure of Rattus norvegicus SAPAP1 C-terminal domain. Structure
of the C-terminus domain of SAPAP1 was determined at 2.0 A resolution. The helices were coloured

from blue to green. Adapted from Tong et al.”.

The authors suggested to study this region of the protein based on conservation of the C-
terminus across all the members of SAPAP family, indicating a presumably discrete domain
with a functional significance. Interestingly, the domain selected in the current project
(residues 754-968) encompasses a closely related domain with the one proposed by Tong et
al.®® for SAPAP1 protein (residues 807-971). The alignment between the two sequences

shown an identity of 46 % and is represented in Figure 2.28.
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Figure 2.28 — Alignment of Rattus norvegicus SAPAP1 and H. sapiens SAPAP3 C-terminus regions.
Sequences are shown in single letter code and numbered on the right. Positions that have a single,
fully conserved residue are signed with an asterisk; conservation between groups of weakly similar

properties is signed with one dot; and conservation between groups of strongly similar properties is

signed with a colon. The alignment was performed in Clustal Omega through Uniprot website'®.

The scale-up production of WT SAPAP3 domain 19 and its mutant forms was successfully
accomplished. Next, as no known physiological activity is known for the C-terminal domain
of SAPAP, which could be used as an assay to evaluate protein quality, we performed a
protein quality characterization, using analytical size exclusion chromatography and circular
dichroism. The analytical SEC results confirmed the monodispersity of the purified protein,
which was somehow expected from the isolated peak purified under the high-performance
and high-resolution cation exchange chromatography. The analytical SEC, also confirmed the
monomeric state of SAPAP3 domain 19 and related mutants (Figure 2.21), which is in

1% for

accordance with the three dimensional crystallographic results obtained by Tong et a
SAPAP1 C-terminal domain.

The analytical SEC analysis was complemented by the analysis of secondary structure of
SAPAP3 domain 19 (Figure 2.23). The spectral deconvolution has shown that SAPAP3 domain
19 is mostly comprised by alpha-helical elements, which is in accordance both with the
structural results obtained by Tong et al.*® for SAPAP1 C-terminal domain, and with the

predicted secondary structure obtained with Quick2D prediction tool (Max-Planck Institute

for Developmental Biology) for SAPAP3 domain 19 (Figure 2.29).
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Figure 2.29 — Secondary structure prediction model for SAPAP3 domain 19. According to Quick2D

prediction tool, the secondary structure comprising the sequence of domain 19 is mainly composed

by alpha helix™®.

Together, these data showed that both the recombinant WT SAPAP domain 19 and its
related mutants are monodisperse, stable and folded in accordance with both prediction
analysis (Figure 2.29) and published data, and thus, had the appropriate production yields
and quality attributes needed for the downstream studies.

Preliminary results of crystallization screenings for SAPAP3 domain 19 showed several
putative crystals in two of the conditions tested (Figure 2.25 and 2.26), and attempts are
now being carried out to confirm the nature of the putative crystals.

Despite we have only explored the C-terminus of SAPAP3 through the production of domain
19, the ESPRIT technology paved the way and provided the necessary tools to study other
regions of SAPAP3. The recombinant production of domains already identified can be further
improved by the refinement of their boundaries using strategies such as the use of limited

proteolysis coupled to mass spectrometry™” *%; using different protein fusion proteins and
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tags™’; or even the inspection of different promoter systems, host strains, culture

160, 161 157,158

parameters , cell lysis conditions'®” and the co-expression with counterparts
In summary, we have succeeded in identifying soluble domains of SAPAP3 covering a wide
region of the protein sequence, and selected the best expressing soluble clone,
corresponding to C-terminal region to proceed with its characterization. We have
established a protocol for expression and purification of pure and folded recombinant WT

SAPAP3 domain 19 and its mutants K910R and R770L, which were used, as will be described

in the next chapter, for the interactomic characterization of SAPAP3 domain 19.
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3.1 Introduction

Proteins do not function as single entities but rather as a dynamic network of team
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components that need to communicate in a space and time dependent way". The cell can

be viewed as a factory that comprises a complex network of interlocking assembly lines,

each of which is composed by a set of large protein engines™®*

. Nearly every cellular process
occurs because proteins communicate with each other and exchange information'®®. The
ability to interact between each other is highly dependent on their three-dimensional
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structure and on the presence of specific motifs™". This is a dynamic process, in which many

interactions are transient, and others occur only in certain cellular contexts or at particular

time in development'®’

. The identification of protein interaction networks is essential since
protein function is highly dependent on the interaction with nearest partners. In turn,
protein-protein interactions (PPls) are becoming increasingly attractive for their potential in
providing new insights on disease phenotypes associated with genetic variations, including

splice variants, allelic variants and point mutations'®® '*°

. Furthermore, changes in PPIs
associated with sequence variants contribute to the identification of novel drug targets and
aids in the understanding of the disease molecular mechanisms.

Several strategies have been developed allowing for the high-throughput study of PPIs, and
in general they comprise both genetic (like yeast two-hybrid, protein-fragment
complementation assay, and mammalian protein—protein interaction trap) and biochemical
approaches (such as affinity purification and protein microarrays). Genetic methods
indirectly resolve PPIs based on the reconstitution of reporters upon interaction, whereas
biochemical methods explore interactors by directly working with proteins in order to
determine the composition of complexes'’.

Among the genetic assays, the classical yeast two-hybrid system (Figure 3.1-A) has become
the most widely used method to assess protein-protein interactions'’*. In this assay, the
proteins to be tested for interaction - the bait and the prey - are expressed as fusions with a
DNA-binding domain (BD) and a transcriptional activating domain (AD); upon co-expression
in yeast, interaction of the two hybrid proteins reconstitutes a transcription factor activity,

which drives the expression of a reporter gene'’?

. The main advantages of this method
includes speed and simplicity, low cost and a broad application, ranging from the exploration
of binary PPIs to large-scale interaction mapping'’®. However, it has also been associated
with high rates of false-positives'’®. Additionally, forced subcellular localization of bait and
prey proteins in the yeast nucleus may prohibit certain interactions, including interactions

involving integral membrane proteins'’*. Moreover, proteins that require post-translational
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modifications are unlikely to interact under Y2H conditions™"". To date, several variants of

the Y2H have emerged, most of them aiming to improve the throughput and to study PPIs in
their natural environment.

Protein-fragment complementation assay is another genetic assay used for PPIs detection; it
uses the direct physical interaction of two proteins to reconstitute a reporter protein from

176

two genetically attached non-functional fragments (Figure 3.1-B)""". After reconstitution, the

protein can activate a reporter that is dependent on refolding of two protein fragments and
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it does not require subsequent transcription or other amplification™"’. An advantage of this

method is that it can be applied to specific organisms of interest”’.

By another way, the mammalian protein—protein interaction trap (MAPPIT) is based on
reconstitution of a mammalian signal transduction pathway (the Janus kinase-signal
transducer and activator of transcription cascade) that is initiated by interaction of the bait
with the prey'’!. After the receptor (prey) has been stimulated with ligand (bait), their
interaction drives a signaling cascade activation, resulting in STAT (signal transducers and

1A clear

activated of transcription)-dependent reporter gene activation (Figure 3.1-C)
advantage of MAPPIT is that it operates in intact mammalian cells; proteins that require
post-translational modifications to exert their function can interact normally with their
partnersl76. However, the scalability of MAPPIT is much lower than Y2H, because the

complexity of handling and the cost of working with mammalian cells*’®.
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Figure 3.1 — Genetic methods for PPIs detection. (A) Yeast two hybrid: bait and prey are fused to the
DNA-binding domain (DB) and transcriptional activating domain (AD) of an yeast transcription
factor, respectively, and co-expressed in yeast cells. The interaction of bait and prey will form a
transcription factor driving the expression of a reporter gene. (B) Protein-fragment complementation:
the bait and prey proteins are fused to non-functional halves of a protein. Upon interaction of the bait
and prey, the reconstitution of a reporter protein will perform enzymatic activity and transform the
substrate (orange circles) to a detectable end product (gray circles). (C) Mammalian protein—protein
interaction trap: bait proteins are coupled to a signaling-deficient cytokine receptor. Prey proteins are
tethered to another receptor-moiety harboring STAT-recruitment sites. Upon interaction between
bait and pray, a functional receptor is reconstituted and can be activated by a cytokine ligand. This
ligand-binding leads to cross-phosphorylation of JAKs, which in turn phosphorylate the prey receptor-
fragment, making the receptor accessible to STAT docking (P represents the phosphorylated sites).
Recruited STATs are subsequently phosphorylated by JAKs that dimerize and enter the nucleus to

activate reporter gene expression. Adapted from Feng et al.r’®.

Several different biochemical strategies are also available to study the formation of protein
complexes including, protein microarrays, Luminescence-based Mammalian IntERactome
(LUMIER) and affinity chromatography.

Protein microarrays (Figure 3.2-A) is a biochemical technique, in which a library of complete
or functional domains of recombinant proteins is printed onto a slide, and a tagged bait
protein is then passed over the slide allowing it to specifically interact with a relevant bait
protein, before detection by tag-specific immunoblotting'’®. It represents a powerful
methodology with a wide range of research and clinical applications, in addition to the
search of PPIs, it is useful for the identification and study of specific molecules and
biomarkers, as well as in the analysis of post-translational modifications'’*. Although
improvements in the technology, increasing its utility, accessibility and sensitivity, is still
required'’.

LUMIER was developed for high-throughput PPI analysis in cultured mammalian cells and
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combines two-hybrid and biochemical strategies (Figure 3.2-B)™"". In this approach, bait

proteins are genetically fused to an affinity tag (usually FLAG) for purification, and prey
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proteins are attached to Renilla luciferase enzyme for detection™’". The affinity tag insures

purification of the protein complex of interest, and Renilla luciferase enzyme subsequently
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reports the presence of the interaction partner . It should however be noted that although

overexpressing of proteins in LUMIER may be beneficial in assaying weak or transient
interactions, it may also yield some false-positive results*’*.

In affinity chromatography (AP), the bait protein contains an affinity tag (such as FLAG, Strep,
Myc, hemagglutinin, protein A, His6- tag, calmodulin-binding protein, GFP and maltose-

'7%) that is used to capture the bait protein from a cell lysate, capturing with

binding protein
it any interacting partners - the constituents of the resulting complex can then be identified
by MS approaches'®®. To overcome the high false-positive rates of this approach, a
derivative form of AP-MS called tandem affinity purification (TAP) has been developed'®. In
TAP, the target protein is fused with two sequential affinity tags - the protein A having high
affinity for 1gG and a calmodulin binding peptide having a high affinity for calmodulin - that
are separated by a cleavage site of tobacco etch virus protease (Figure 3.2-C). In this
approach two rounds of purification are performed: in the first the TAP-tagged protein is
purified using a protein A affinity support followed by incubation with tobacco etch virus
protease which releases the target protein; in the second purification, the protein complex is
further purified via the calmodulin binding peptide of the TAP tag in the presence of calcium
and released by use of calcium-chelating agents, such as ethylene glycol tetraacetic acid.
Finally, the isolated complex is identified and characterized by MS. The two rounds of
purification enhance the specificity and sensitivity of this method, however, the increased
purity and specificity create increased cost, and transient PPIs may be lost during the
purification steps'’®. Additionally, identification of low abundance binding partners requires

a relatively large amount of starting material'’>.
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Figure 3.2 — Biochemical methods for PPIs detection. (A) Protein microarrays: prey proteins are
immobilized on the array surface and incubated with bait; detection is carried out by means of a
labeled secondary antibody. (B) LUMIER: the bait is fused to Renilla luciferase (Luc), the prey is tagged
with FLAG (black), which are co-expressed in mammalian cells. Cell lysates are treated with anti-FLAG
antibodies for immunoprecipitation. Subsequent light emission upon addition of the luciferase
substrate associates with interaction between the pray and bait. (C) TAP-MS: a two-step purification
is used: the first uses Protein A, which binds to IgG beads. The Protein A is subsequently removed by
TEV protease. The second purification uses the affinity of a CBP for calmodulin, which is removed by

EGTA, the interaction protein complexes are further identified by MS analysis. Adapted from Feng et
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al.”"".

Most of the affinity purification strategies depend on the isolation of material for
subsequent MS-based protein identification. Sample preparation generally includes proteins
denaturation, with a subsequent proteolytic digestion to generate small peptides. The
implemented platform for AP-MS analysis is made by liquid chromatography (LC)-MS/MS,
where the peptides are separated with an organic gradient that elutes the sample directly
into the mass spectrometer coupled with a nano-electrospray source for ionization. Data are
generally acquired by standardized methods for data-dependent acquisition (DDA) that

collect the maximum number of informative mass spectra within a short time'”

. Matching
raw MS data to peptide sequences can be performed using a number of proteomics
software packages that include suitable scoring for ranking the probability of correct peptide
identification and protein inference”’.

While characterization of complex interaction networks requires only protein identification,
when one needs to obtain a dynamic view of the interactome, quantitative analysis is
required. Mass spectrometry has allowed the development of highly multiplex quantification
assays commonly divided in label-based and label-free methods. Stable isotope labelling
methods include: stable isotope labelling by amino acids in cell culture (SILAC), isobaric tags
for relative and absolute quantification (iTRAQ) and isotope coded affinity tags (ICAT). To
differentially label proteins with stable isotopes and compare their relative abundance

metabolic or chemical labelling can be used. In metabolic labelling, stable isotopes are

incorporated by introducing amino acids containing stable isotopes in the growth media of
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living cells, as is the case of SILAC method. In chemical modification-based approaches, like
iTRAQ and ICAT, heavy and light chemical agents are introduced at the protein/peptide level.
Prior the MS analysis, the samples from different experimental conditions are mixed and the

relative quantification can be performed based on the expected shift in mass induced by the

incorporated tags™® 2.

Alternatively, label-free quantification methods have attracted interest based on recent

improvements in high-throughput and automation of LC-MS instruments and the
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development of novel algorithms dealing with LC-MS data™". Label-free techniques measure

protein abundance based on (i) the analysis of integrated chromatography peak areas of
peptides, or (ii) the number of MS/MS spectra (spectral counting) in a LC-MS/MS run®.
Spectral counting relies on the observation that more abundant proteins will be selected

more often for fragmentation in a data dependent acquisition experiment and will thus
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produce more MS/MS spectra™ . To provide reliable information, counting methods require

an instrument that has the ability to sample a LC peak at a high frequency, therefore the

181

faster is the instrument, the higher quality is the spectral counting data™ . However, with

this method the identification dynamic range is limited, and low-level ions may be missed in
preference to higher intensity ions, limiting the application of spectral counting to

moderately to highly abundant proteins, or to proteins whose abundance varies significantly

181

between the samples™". Thus, it is not always appropriate for many dynamically-regulated

interactions®®!

. In addition to the spectral counting-based label-free quantification methods,
the chromatographic peak area or ion intensity (ion count) for a given peptide at a specific
retention time in an LC-MS run can be used to quantify proteins in a sample because this
measure is linearly correlated to the concentration of that peptide in the sample. This
method strongly relies on a good LC resolution and reproducibility, and should be performed
on MS instruments with a high mass accuracy and resolution for the correct assignment of
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m/z values ™. In this sense, sequential window acquisition of all theoretical fragment ion

spectra (SWATH) has been developed'®!

, where a fragment ion library is first generated via
data-dependent acquisition, which, along with the retention time of the peaks in the liquid
chromatography, acts as a reference for the target extraction of fragment ions that are

82 |n the target extraction, all precursor ions that

subsequently generated by SWATH
continually enter the mass spectrometer are theoretically fragmented and measured in
consecutive acquisition windows of defined mass width (SWATH) that progress over the full
m/z range and retention time'®" (Figure 3.3). Thus, in SWATH, a combinatorial approach of

data dependent acquisition with targeted extraction of fragment ions is used to quantify
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proteins.
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Figure 3.3 — Schematic representation of SWATH. The first mass selection quadrupole (Q1) isolates
and transmits ions in a defined window that contain a number of different parent ions. The ions are
then fragmented in the collision cell (CID) by collision-induced fragmentation and transmitted to the
TOF analyser where all product ions are measured. The isolation window is stepped through the

entire mass range of interest: the number of windows, their width, the mass range to be covered and

also the accumulation time all contribute to the total cycle time. Adapted from Tate et al.™®,

In this chapter it will be presented how affinity purification combined with SWATH-MS
method allowed the quantification of changes in protein-protein interactions between WT
SAPAP3 domain 19 and SAPAP3 disease-associated mutations K910R and R770L. With this
approach we expect to provide novel insights on the protein interaction network of SAPAP3
(specifically on its C-terminal domain), and if the disease associated mutations affect these
interactions. By making use of this high-throughput proteomic strategy we hope to

contribute to novel insights into the pathological causes of OCD and schizophrenia.
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3.2 Materials and Methods

3.2.1 Isolation of synaptoneurosomes

Whole striatum from four 18 £ 1 day pregnant adult female Wistar rats were dissected and
processed separately. After dissection the striatum tissues were put in 8 mL of purification
medium (10 mM HEPES-Tris pH 7.4, 0.32 M sucrose and 0.1 M EGTA) and homogenized
using a loose-fitting pestle. After this step, 7 mL of purification medium was added to the
samples and homogenized again using a tight-fitting pestle. The samples were centrifuged at
800 g for 3 minutes at 4 °C for erythrocytes sedimentation. The supernatants were
sequentially filtered through membranes of 150 um, 50 um and 8 um, and then centrifuged
at 10 000 g for 15 minutes at 4 °C for synaptoneurosome sedimentation. The pellets were
resuspended in 1 mL of purification buffer containing a cocktail of proteases and

phosphatase inhibitors and stored at — 80 °C until used.

3.2.2 Affinity purification assay

Synaptoneurosomes lysis

Frozen synaptoneurosomes were thawed on ice and centrifuged at 10 000 g for 15 minutes
at 4 °C for synaptoneurosome sedimentation. The pellets were resuspended in 1 mL of lysis
buffer (20 mM Tris-HCI pH 7.4, 100 mM NaCl, 1 % Triton X-100; 0.5 mM DTT, 5 mM MgCl,
containing a cocktail of proteases (cOmplete, EDTA-free, Roche Diagnostics) and
phosphatase (PhosStop, Roche Diagnostics) inhibitors and kept on ice for 15 minutes. The
samples were centrifuged at 10 000 g for 15 minutes at 4 °C and the supernatants collected.
Protein concentration was determined using the BCA protein determination assay (Thermo

Fisher Scientific) according to the manufacturer’s instructions.

SAPAP3 domain 19 immobilization in magnetic beads

His Mag Sepharose Ni** beads (GE Healthcare) were mixed thoroughly by vortexing and 100
pL of the homogeneous slurry were dispensed for each experimental condition in a 1.5 mL
Eppendorf tube. The tubes were placed in a magnetic rack and the storage solution removed.
The beads were then resuspended in 500 uL of equilibration buffer (20 mM sodium
phosphate pH 7.4, 150 mM NacCl and 10 % glycerol), and 500 uL of the recombinant SAPAP3
domain 19 WT, K910R or R770L (0.04 ug/uL) were separately incubated with magnetic beads

for 30 minutes using a benchtop shaker. The tubes were then placed in a magnetic rack and
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the supernatants removed. The protein loaded magnetic beads were washed for three times

with 500 pL of equilibration buffer to remove unbound material.

SAPAP3 domain 19 incubation with synaptoneurosome extracts

The magnetic beads with immobilized protein (WT SAPAP3 domain 19, K910 and R770L
mutants) were incubated with synaptoneurosome extracts (180 pg/condition) during 3
hours at 4 °C, using naked magnetic beads as negative control. After that, samples were
washed three times with wash buffer (20 mM Tris-HCI pH 7.4, 100 mM NacCl, 1 % Triton X-
100; 0.5 mM DTT, 5 mM MgCl,) to remove nonspecific interacting proteins. GFP-MBP at 1.8
pug/uL was added to each sample to act as internal standard in the mass spectrometry
analysis. Samples were denatured with 30 pL of 2x Laemmli sample buffer (65.8 mM Tris-HCI

pH 6.8, 2.1 % SDS, 26.3 % (w/v) glycerol, 0.01 % bromophenol blue) at 95 °C for 15 minutes.

3.2.3 Gel separation, gel band processing and peptide extraction (Short-GelLC)

Eight microliters of each denatured sample were pooled to generate the proteome library
(protein composition of each condition), and 22 uL of each sample were used separately for
SWATH-MS analysis to extract quantitative information. Samples were then alkylated with
acrylamide and subjected to in-gel digestion by using the short-GeLC approach'®>. Briefly,
the entire sample was loaded in a “4-20 % TGX Stain-Free Gel” (Bio-Rad) and subjected to a
partially electrophoretic separation: 15 min at 110 V to allow the samples to enter into the
gel. After SDS-PAGE, proteins were visualized with Colloidal Coomassie Blue G-250 (Bio-Rad).
For this, the gels were washed with distilled water and immersed in staining solution (10 %
(v/v) of 85 % solution of phosphoric acid, 10 % (w/v) ammonium sulphate and 20 %
methanol) to which Colloidal Coomassie Blue G-250 powder was added with a filter to allow
the formation of colloidal particles under agitation. After staining, each gel lane was sliced
into 9 bands of equal size, and bands from each lane were grouped three by three, sliced
into smaller pieces and destained using the destaining solution (50 mM ammonium
bicarbonate and 30 % acetonitrile) following by a washing step with water, the gel pieces
were then dehydrated on a Concentrador Plus/Vacufuge Plus (Eppendorf). Seventy
microliters of trypsin (0.01 pug/uL solution in 10 mM ammonium bicarbonate) were added to
the dried gel bands and left for 15 min, on ice, to rehydrate the gel pieces, followed by the
addition of 30 pL of 10 mM ammonium bicarbonate and in-gel digestion performed

overnight at room temperature in the dark.
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After the digestion, the excess solution from gel pieces was collected to a low binding
microcentrifuge tube (LoBind, Eppendorf) and peptides were extracted from the gel pieces
by sequential addition of three solutions of acetonitrile (ACN) in 1 % formic acid (FA) (30 %,
50 %, and 98 % of ACN, respectively). After the addition of each solution, the tubes were
shaken in the thermomixer (Eppendorf) at 1050 rpm for 15 min and the solution collected to
the tube containing the previous fraction. The peptide mixtures were dried by rotary
evaporation under vacuum (Concentrador Plus/Vacufuge Plus (Eppendorf)). The extracted
peptides resulting from each band processing were combined and concentrated for
quantitative analysis by acquisition in SWATH mode. Before performing the LC-MS/MS
analysis the peptide mixture samples were subjected to solid phase extraction using OMIX
tips with C18 stationary phase (Agilent Technologies) as recommended by the manufacturer.
Eluates were dried by rotator evaporation, avoiding total evaporation.

Peptides mixtures were resuspended to 30 pL in a solution of 2 % ACN and 0.1 % FA
followed by vortex, spin and sonication in water bath (2 min with pulses of 1 second - 1s
sonication followed by 1 s break pulse, at 20 % intensity, in a Sonics VibraCell 750 watts
sonicator (Sonics&Materials). In order to remove insoluble material, the peptide mixtures
were finally centrifuged for 5 min at 14 000 g and collected into the proper vials for LC-

MS/MS analysis.

3.2.4 SWATH Acquisition

Samples were analysed on a Triple TOF™ 5600 System (ABSciex) in two phases: data-
dependent acquisition was followed by SWATH (Sequential Windowed data independent
Acquisition of the Total High-resolution Mass Spectra) acquisition on each individual samples.
Peptides were resolved by liquid chromatography (nanolLC Ultra 2D, Eksigent) on a
ChromXP™ (18 CL reverse phase column (300 pm ID x 15 cm length, 3 pm particles, 120 A
pore size, Eksigent) at 5 uL/min. Peptides were eluted into the mass spectrometer with an
acetonitrile linear gradient in 0.1 % FA (5 % to 35 % ACN for 45 min), using an electrospray
ionization source (DuoSprayT'VI Source, ABSciex). For DDA experiments the mass
spectrometer was set to scanning full spectra (350-1250 m/z) for 250 ms, followed by up to
100 MS/MS scans (100-1500 m/z from a dynamic accumulation time — minimum 30 ms for
precursor above the intensity threshold of 1000 — in order to maintain a cycle time of 3.3 s).
Candidate ions with a charge state between +2 and +5 and counts above a minimum

threshold of 10 counts per second were isolated for fragmentation and one MS/MS spectra
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was collected before adding those ions to the exclusion list for 25 seconds (mass
spectrometer operated by Analyst® TF 1.6, ABSciex®). Rolling collision was used with a

collision energy spread of 5.

3.2.5 Spectral library construction and SWATH data file processing

Peptide identification was performed with Protein Pilot software (v5.0, ABSciex®). Search
parameters used were the following: SwissProt database, against a database composed by
Rattus Norvegicus (release at January 2015), SAPAP3, GFP and MBP sequences, and using
acrylamide alkylated cysteines as fixed modification. An independent False Discovery Rate
(FDR) analysis using the target-decoy approach provided with Protein Pilot software was
used to assess the quality of the identifications and positive identifications were considered
when identified proteins and peptides reached a 5 % local FDR'*** **°,

To improve the sample coverage, an additional DDA experiment was done for each pool
using an exclusion list of the peptides previously identified. For SWATH-MS based

1% and the

experiments, the mass spectrometer was operated in a looped product ion mode
same chromatographic conditions used as in the DDA run described above. The SWATH-MS
setup was designed specifically for the samples to be analysed using the SWATH Variable
Window Calculator_V1.0 (ABSciex) (Supplementary Table 6.1), to perform that a pool of all
samples was analysed in DDA mode to adapt the SWATH windows. A set of 60 windows of
variable width (containing 1 m/z for the window overlap) was constructed covering the
precursor mass range of 350-1250 m/z. A 100 ms survey scan (350-1500 m/z) was acquired
at the beginning of each cycle for instrument calibration and SWATH MS/MS spectra were
collected from 100-1500 m/z for 50 ms resulting in a cycle time of 3.15 s from the
precursors ranging from 350 to 1250 m/z. The collision energy for each window was
determined according to the calculation for a charge +2 ion centred upon the window with a
collision energy spread of 15. A specific library of precursor masses and fragment ions was
created by combining all files from the DDA experiments, and used for subsequent SWATH
processing.

Libraries were obtained using Protein Pilot™ software (v5.0, ABSciex) with the same
parameters as described above. Data processing was performed using SWATH™ processing
plug-in for PeakView™ (v2.0.01, ABSciex); briefly, peptides were selected automatically from
the library using the following criteria: (i) the unique peptides for a specific targeted protein

were ranked by the intensity of the precursor ion from the DDA analysis as estimated by the
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ProteinPilot™ software, and (ii) peptides that contained biological modifications and/or
were shared between different protein entries/isoforms were excluded from selection. Up
to 15 peptides were chosen per protein, and SWATH™ quantitation was attempted for all
proteins in library file that were identified below 5 % local FDR from ProteinPilot™ searches.
In SWATH™ acquisition data, peptides were confirmed by finding and scoring peak groups
that were a set of fragment ions for that peptide. Target fragment ions, up to 5, were
automatically selected and peak groups were scored following the criteria described in

Lambert et al.*®®

. Peak group confidence threshold was determined based on a FDR analysis
using the target-decoy approach and 1 % extraction FDR threshold was used for all the
analyses. Peptide that met the 1 % FDR threshold in at least three biological replicates were
retained, and the peak areas of the target fragment ions of those peptides were extracted
across the experiments using an extracted-ion chromatogram (XIC) window of 3 minutes.
The levels of the proteins were estimated by summing all the transitions from all the

187
l.

peptides for a given protein (an adaptation from Collins et a and normalized to the

internal standard (GFP+MBP).

3.2.6 Data analysis

To quantify the interactomic changes between WT SAPAP3 domain 19 and K910R and R770L
mutants, analysis of the relative protein interactors’ quantification was processed using the
Perseus 1.5.1.6 Software (Max Planck Institute of Biochemistry). After data log,
normalization, Student’s t-test was used to test the differences between groups, and a false
discovery rate (FDR or g-value) < 0.05 was considered to be significant. Gene ontology

analyses were performed with GeneMANIA and Gorilla tools.
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3 Results

3.3.1 Differential interactome between WT SAPAP3 domain 19 and SAPAP3

disease-associated mutants K910R and R770L

To characterize novel interactor partners of SAPAP3 domain 19, and to quantify changes in
protein-protein interactions associated with point mutations K910R (obsessive-compulsive
disorder) and R770L (schizophrenia), an interactomic strategy was implemented by using

affinity-purification combined with SWATH-MS analysis (Figure 3.4).

Affinity purification workflow SDS-PAGE

Protein of interest -

3}; magnetic beads Trypsin digestion
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Protein of interest -
P magnetic beads incubation
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Figure 3.4 — AP-SWATH workflow. In the interactomic workflow established, first, the affinity
purification involved the immobilization of histidine tagged protein (WT SAPAP3 domain 19 or the
K910R and R770L mutants) onto hexahistidine affinity magnetic beads; the protein coated beads were
then incubated with extracts of synaptoneurosomes and the non-specific interacting proteins washed
away; naked beads were used as negative control. Each sample was denaturated and partially
separated by SDS-PAGE. The proteins were trypsin digested, extracted from gel and analysed by
SWATH-MS. Each condition was injected separately in a DDA mode to build the spectral library and in
a SWATH mode. The individual SWATH runs were then matched against the spectral library, and
specific peptide ions were extracted and integrated for quantification. Finally, the extracted data was
statistically analyzed to identify changing proteins.
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For the affinity purification, the recombinant WT SAPAP3 domain 19 and the K910R and
R770L mutants were immobilized on Ni-NTA magnetic nickel beads and incubated with
extracts of striatum synaptoneurosomes in quadruplicate (Figure 3.4).

Synaptoneurosomes (Figure 3.5) are structures enriched in released presynaptic structures

188,189, retaining the

(synaptosomes) with attached sealed postsynaptic entities (neurosomes)
molecular machinery used in neuronal signalling"®, and where SAPAP3 is naturally localized.
Thus, striatum synaptoneurosome extracts represents the ideal source of protein for

isolation of SAPAP3 interacting partners.

Figure 3.5 — Electron micrograph of synaptoneurosome preparation. Closed-up view of electron

micrograph of a typical synaptoneurosome revealing its presynaptic (synaptosome, S) and

postsynaptic (neurosome, N) components (20000 x). Adapted from Johnson et al.™.

After synaptoneurosome extracts incubation, a washing step was performed to remove the
non-specific binding partners. The recombinant WT SAPAP3 domain 19, and its mutants,
binding with the interactor partners were then recovered; partially separated by
electrophoresis, followed by in gel trypsin digested, and analysis by SWATH-MS. The SWATH-
MS workflow involved several steps as shown in Figure 3.4. Each sample was injected
separately in a data-dependent acquisition mode and in SWATH mode. In DDA mode, a
spectral library was generated, which was required in order to identify the peptides acquired
in SWATH runs. The SWATH acquisition mode involved sampling the m/z 350-1250 range in
60 steps at widths of 25 m/z to ensure complete sample coverage. The individual SWATH
runs were then matched against the spectral library, and specific peptide ions were
extracted to enable quantification of the area under the curve between samples. Finally, the
extracted data was analyzed, allowing not only the identification of SAPAP3 domain 19
putative interactors, but also to trace changing interaction profiles under the mutant

conditions.
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In this project, SWATH strategy was used to monitoring the interaction changes between the
WT SAPAP3 domain 19 and two mutants, one associated with OCD (K910R) and other with
schizophrenia (R770L). This strategy allowed the identification of 787 proteins
(Supplementary Table 6.2), from which 502 proteins were quantified based on a confidence
threshold determined on a FDR analysis, where peptides within 1 % FDR threshold (in at
least three of the four biological replicates) were retained. A complete quantitative data
matrix of the 502 proteins identified was obtained for 4 biological replicates for each

condition with SWATH, represented as a heat map in Figure 3.6.

Log, protein
abundance

Figure 3.6 — Quantitative data matrix from SWATH results. Quantitative data for 502 proteins
obtained by SWATH analysis of 12 samples including four SAPAP3 domain 19 WT (WT), four SAPAP3
domain 19 K910R mutant (K910R) and four SAPAP3 domain 19 R770L mutant (R770L). The proteins
were clustered in the vertical direction hierarchically using Euclidian distance. This data matrix
constituted the basis for all downstream quantitative comparisons. Blue represents low levels of
protein, green intermediate levels, and yellow high levels of protein.

Since we were interested in monitoring the interactome changes in pairs of samples, we
used a Student’s t-test, considering a false discovery rate (FDR or g-value) < 0.05 after log,
normalization, to determine the statistical significance between the data from WT SAPAP3
domain 19 vs. mutant K910R and from WT SAPAP3 domain 19 vs. mutant R770L groups.

The comparison between the data from WT SAPAP3 domain 19 vs. mutant K910R mutant
has showed significant differences in the intensity of 43 proteins (Figure 3.7-A and

Supplementary Table 6.3). In turn, the analysis revealed that the protein amounts for 124
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proteins intensities were significantly and statistically different between WT SAPAP3 domain

19 vs. mutant R770L mutant (Figure 3.7-B and Supplementary Table 6.4).

-Log t-test p-value
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Figure 3.7 — Volcano plot of putative protein interactors found using AP-SWATH-MS. The volcano
plot displays the relationship between fold-change and significance between (A) SAPAP3 domain 19
WT vs. mutant K910R, and (B) SAPAP3 domain 19 WT vs. mutant R770L. The y-axis is the negative
log2 of p-values (a higher value indicates greater significance) and the x-axis is the difference in
intensities between the conditions under study. Interactors identified as significant are labelled in red
(FDR t-test < 0.05).

Comparing the identity of those proteins in both analysis it was observed that 24 proteins

were shared between the two groups (Figure 3.8).

WT vs. K910R

WT vs. R770L

Figure 3.8 — Venn diagram illustrating the number of shared and unique significantly different
binding partners. A total of 43 and 124 proteins were found to the significantly different between
SAPAP3 WT vs. K910R and WT vs. R770L, respectively. There are 24 common proteins between the
two groups.
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To associate multiple proteins to a specific experimental condition, principal component
analysis (PCA) was used. PCA of the differential interactomes found with Student’s t-test for
WT vs. K910R and WT vs. R770L revealed a clear separation of the groups as can be

visualized by the scores plots of Figure 3.9.
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Figure 3.9 — Principal component analysis of differential interactomes. PCA was performed using in
(A) the 43 significant different variables found for WT vs. K910R; and in (B) the 124 statistically
different variables found for WT vs. R770L. The scores plot for each case shows the formation of two
main groups along the first component (component 1). Blue: WT SAPAP3; red: K910R mutant and
green: R770L mutant.

In order to check if the proteins whose binding was affected by each mutation were already
known to interact with each other and/or with SAPAP3, we analysed the two protein lists by
GeneMANIA Cytoscape app'®, a tool that allows the construction of a composite gene-gene
functional interaction network from a gene list, which can include the genes most related to
the original list, and functional annotations from Gene Ontology'*>. GeneMANIA searches
many large, publicly available biological datasets of organism-specific weighted networks to

construct the resulting composite network, containing over 500 million interactions for 8
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organisms: A. thaliana, C. elegans, D. melanogaster, D. rerio, H. sapiens, M. musculus, R.
Norvegicus, and S. cerevisiae. The searched databases are collections of annotated
interaction networks, organized into groups such as co-expression, genetic interaction,
pathway, predicted, co-localization, physical interaction and shared protein domains, and
the user can select any combination of these as the basis of the composite network.

In order to investigate the known protein-protein interactions and to investigate the
enriched functional annotations, the 43 proteins found to be significantly changed for K910R
mutant when compared to the WT form, and the 124 proteins significantly altered in R770L
mutant vs. WT were also analysed by GeneMANIA tool, using the H. sapiens database,
displaying known, validated physical interactions only, and without enrichment of known
closely related interaction partners not present in the gene list query. For SAPAP3 domain 19
vs. K910R group, 16 genes out of the 43 listed showed 16 known physical interactions, as

can be viewed in the network of Figure 3.10.
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Figure 3.10 — Network view of known physical interactions for the statistically significant proteins
found for WT SAPAP3 domain 19 vs. K910R. The gene list was analysed through GeneMANIA to
search for known physical interactions between the putative interactors. The black circles (nodes)
represent genes and the pink lines (edges) the interaction between the genes.

The results showed the presence of an intricate network of interactions among 6 proteins, a
linear interaction network between 4 proteins and 4 binary interactions, which might

indicate that some of these networks could possibly translate into the formation of protein
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complexes, and that, due to the nature of the research approach, SAPAP3 domain 19 might
be interacting with only a fraction of the proteins detected.

The GeneMANIA app also displays Gene Ontology (GO) terms enriched among the genes in
the network, which could be particularly helpful to interpret the biological meaning of the
protein interactions affected by K910R mutation. The GeneMANIA algorithm presents the
GO categories and respective Q-values from a FDR corrected hypergeometric test for
enrichment, along with coverage ratios for the number of annotated genes in the displayed
network vs. the number of genes with that annotation in the genome. For the list of proteins
affected by K910R mutation, the most enriched GO terms identified through GeneMANIA
algorithm are listed in Table 3.1.

For this group of proteins, although the GO association confidence given by the quality score
(Q-value), was not very significant due to the low number of proteins in the query network,
the results point towards the OCD related mutation predominantly influencing changes in
the interaction of SAPAP3 with proteins or protein complexes involved in cellular respiration,

protein folding and several other mitochondrial processes.

Table 3.1 — GeneMANIA functional enrichment analysis of the statistically significant proteins found
for WT SAPAP3 domain 19 vs. K910R.

GO annotation Q-value Occurrence

Cellular respiration 3.75E-7 9 (140)
Respiratory electron transport chain 4.28E-7 8(103)
Electron transport chain 4.28E-7 8 (104)
'de novo' posttranslational protein folding 1.06E-6 6 (38)
Energy derivation by oxidation of organic compounds 1.67E-6 10 (285)
'de novo' protein folding 1.67E-6 6 (43)
Oxidative phosphorylation 1.30E-5 6 (62)
Protein folding 2.42E-5 7 (124)
Mitochondrial respiratory chain 4.22E-4 5(59)
Respiratory chain 4 .88E-4 5(62)
Mitochondrial inner membrane 6.17E-4 7 (208)
Mitochondrial membrane part 6.91E-4 6(131)
Organelle inner membrane 7.86E-4 7 (221)
Microtubule 1.26E-3 6 (149)
Mitochondrial electron transport, NADH to ubiquinone 2.40E-3 4 (41)
NADH dehydrogenase activity 2.40E-3 4 (42)
NADH dehydrogenase (quinone) activity 2.40E-3 4 (42)
NADH dehydrogenase (ubiquinone) activity 2.40E-3 4 (42)
Respiratory chain complex | 2.72E-3 4 (45)
NADH dehydrogenase complex 2.72E-3 4 (45)
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By evidencing each of these annotations in the network (Figure 3.11), we can see in yellow
the genes involved in protein folding, and in blue genes involved in cellular respiration; the
remaining genes presented in the figure did not belong to any other overrepresented GO
annotation with the exception of the TUBB gene, which fit in the microtubule annotation

together with TUBA1A, TUBA4A, TUBB4B and CCT3 genes.
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Figure 3.11 — Network view of known physical interactions for the statistically significant proteins
found for WT SAPAP3 domain 19 vs. K910R with GO annotations. The yellow circles represent genes
involved in protein folding, and the blue circles genes involved in cellular respiration.

This low number of interacting partners varying from the WT sequence to the K910R was
somehow expected, as we were addressing a conservative mutation, mutating a positively
charged residue by another positively charged residue.

When considering the 124 proteins from the WT SAPAP3 domain 19 vs. R770L group,
GeneMANIA results showed that out of the 124 proteins submitted, 92 proteins present 192

known physical interactions, with an intricate network of physical interactions (Figure 3.12).
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Figure 3.12 — Network view of known physical interactions for the statistically significant proteins
found for WT SAPAP3 domain 19 vs. R770L. The gene list was analysed through GeneMANIA to
search for known physical interactions between the putative interactors. The black circles (nodes)
represent genes and the pink lines (edges) the interaction between the genes.

Gene ontology terms enriched among the genes in the network displayed by GeneMANIA
are listed in Table 3.2. The main terms correspond to genes from the mitochondrial matrix
and cellular respiration, which were highlighted in the network of Figure 3.13; once again
pointing to the possible involvement of SAPAP3 in regulatory metabolic processes, but in

this with much better confidence (Q-values), due to the larger size of the query gene list.
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Table 3.2 - GeneMANIA functional enrichment analysis of the statistically significant proteins found

for WT SAPAP3 domain 19 vs. R770L.

GO annotation Q-value Occurrence
Mitochondrial matrix 2.95E-28 32 (257)
Cellular respiration 6.27E-24 24 (140)
Energy derivation by oxidation of organic compounds 2.14E-20 27 (285)
Mitochondrial membrane 7.32E-19 26 (294)
Mitochondrial inner membrane 1.20E-18 23 (208)
Organelle inner membrane 4.10E-18 23 (221)
Respiratory electron transport chain 2.96E-16 17 (103)
Electron transport chain 3.08E-16 17 (104)
Mitochondrial membrane part 5.70E-16 18 (131)
Aerobic respiration 8.36E-10 9(33)
Oxidoreductase complex 2.82E-8 10 (68)
Carboxylic acid catabolic process 4.74E-8 13 (161)
Organic acid catabolic process 4.74E-8 13 (161)
Small molecule catabolic process 4.75E-8 14 (199)
Tricarboxylic acid cycle 4.96E-8 7 (21)
Oxidative phosphorylation 2.35E-7 9 (62)
Cellular amino acid catabolic process 3.19E-7 10 (90)
ATP metabolic process 4.14E-7 12 (158)
Purine nucleoside monophosphate metabolic process 1.38E-6 12 (177)
Purine ribonucleoside monophosphate metabolic process 1.38E-6 12 (177)
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Figure 3.13 — Network view of known physical interactions for the statistically significant proteins

found for WT SAPAP3 domain 19 vs. R770L with GO annotations. The yellow circles represent genes

involved in cellular respiration, and the blue circles genes related with mitochondria matrix.
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Taken together, these results suggest the putative association of SAPAP3 with mitochondrial

proteins, which could be perturbed by SAPAP3 disease-associated mutations.

3.3.2 Identification of SAPAP3 domain 19 interaction network

With the previous results pointing towards a putative physiological interaction of SAPAP and
mitochondrial proteins, we focused our attention on the whole list of interacting partners of
the WT SAPAP3 domain 19, in order to confirm such association and possibly raising other
clues about the physiological role of SAPAP3 at the postsynaptic density.

When analysing the list of validated proteins of the DDA analysis for the WT SAPAP3 domain
19, we were able to identify 594 proteins (Supplementary Table 6.5), based on a confidence
threshold of FDR < 1 %.

Considering the identity of the 594 proteins identified as putative interactors of WT SAPAP3
domain 19, we have performed a similar GeneMANIA analysis as done with the list of the
differentially interacting proteins between the wild-type and mutant forms of SAPAP3
domain 19. The analysis results presented in Figure 3.14 have shown that 541 out of the 594
proteins submitted were shown to be involved in known 4158 physical interactions with
other proteins present in the query list.

The presence of clusters of known physical interactions in the network suggests that
putative partners may share some common functional pathways, and that in addition to the

identification of protein interactions, protein complexes can be identified as well.
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Figure 3.14 — Network view of known physical interactions within the putative interactors found for
SAPAP3 domain 19. The SAPAP3 domain 19 putative interactors found in the present work were
analysed through GeneMANIA Cytoscape App to search for known physical interactions between the
putative interactors. The black circles (nodes) are genes and the pink lines (edges) the interaction
between the genes.

The Gene Ontology (GO) analysis for the putative interactors of SAPAP3 domain 19 (the
most enriched GO terms identified through GeneMANIA algorithm are listed in Table 3.1),
confirmed the strong overrepresentation of GO terms involved in metabolic processes,
cellular respiration and mitochondrial components. As expected, and as the query list
involved a significantly higher number of proteins, the confidence values are significantly

enhanced.
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Table 3.3 - GeneMANIA functional enrichment analysis of the SAPAP3 domain 19 putative
interactors.

GO term Q-value Occurrences
Mitochondrial matrix 1.5E-65 81 (257)
Cellular respiration 1.4E-43 51 (140)
Energy derivation by oxidation of organic compounds 1.1E-38 62 (285)
Mitochondrial inner membrane 1.7E-36 53 (208)
Organelle inner membrane 4.1E-35 53(221)
MiItochondrial membrane 8.1E-35 59 (294)
Respiratory electron transport chain 1.3E-29 36 (103)
Electron transport chain 1.7E-29 36 (104)
Aerobic respiration 6.8E-20 19 (33)
Proton transport 1.9E-19 25 (75)
Hydrogen transport 3.6E-19 25 (77)
Monovalent inorganic cation transport 1.1E-18 41 (272)
Carboxylic acid catabolic process 7.1E-17 31(161)
Organic acid catabolic process 7.1E-17 31 (161)
Mitochondrial membrane part 2.3E-16 28 (131)
Small molecule catabolic process 4.8E-16 33 (199)
Hydrogen ion transmembrane transport 1.5E-15 18 (44)
Mitochondrion organization 2.5E-15 34 (225)
ATPase activity 1.3E-11 28 (197)
Glucose metabolic process 4.0E-11 25 (161)

To verify if the overrepresentation of putative partners involved in mitochondrial and
metabolic processes occurred as a consequence of a specific binding of these group of
proteins to SAPAP3 domain 19, or if we were obtaining a biased binding towards the Ni**
magnetic beads, we have compared the results obtained for the WT SAPAP3 domainl19 with
the naked beads control. For this, a GO cellular component comparative enrichment analysis

with the Gorilla tool**®

(Gene Ontology enRlchment analysis and visualLizAtion tool) was
performed for the SAPAP3 domain 19 condition, using the negative control as background.
In this case, it was used a different gene ontology tool, since GeneMANIA did not allow this
kind of comparative analysis. The output file showed an overrepresentation of proteins
localized in the mitochondrial part for SAPAP3 domain 19 condition (Figure 3.15), when

compared to the negative control, showing that this group of proteins was specifically

binding to SAPAP3 domain 19.
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Figure 3.15 — GO cellular component enrichment analysis with GOrilla toll of SAPAP3 domain 19
condition, using the negative control condition as background. Each box is a GO term, which are
linked by directed edges representing parent-to-child relationships. Yellow boxes present a p-value
between 10 to 10”.

Taken together, these results suggest a new, unreported to our knowledge role for SAPAP3,
apart from bridging PSD-95 and Shank, which will be further discussed in the following

section.
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3.4 Discussion

The present chapter aimed to identify novel SAPAP3 domain 19 interacting proteins and
quantify the interacting changes as a result of SAPAP3 mutants K910R and R770L. For this
purpose, affinity purification samples resulted from the incubation of the recombinant
proteins with synaptoneurosome extracts were analysed by a high-throughput, sensitive and
unbiased method called SWATH-MS.

As a result, 502 distinct proteins were identified and relative quantified for all the
experimental conditions. Among these group of proteins, 43 proteins were identified as
being differentially present between the wild type and K910R mutant conditions, and 124
proteins between the wild type and R770L mutant conditions. The number of proteins
statistically different found for WT/R770L was higher than for WT/K910R, which was
expectable since R770L mutant involved a modification of a positively charged amino acid
(arginine) for a hydrophobic amino acid (leucine), while in the case of K910R mutant a
positively charged amino acid (lysine) was replaced by another positively charge amino acid
(arginine). To understand which groups of proteins were differentially affected between WT
vs. OCD (K910R) mutant and WT vs. schizophrenia (R770L) mutant a GO functional
enrichment analysis was performed in this group of differential interacting proteins. The
results clearly reveal a preponderance of proteins related with mitochondria, metabolism
and cellular respiration (Table 3.1 and Table 3.2).

Considering the whole list of putative interacting partners of WT SAPAP3 domain 19, it was
created an interactive map with the already known physical protein-protein interactions,
where 541 proteins present 4158 known physical interactions. (Figure 3.14). The presence of
several known physical interactions between the members of the network indicates that
putative partners may share some common functional pathways, and that in addition to the
identification of protein interactions, protein complexes could probably be identified as well.
In this analysis the SAPAP3 gene was included in the obtained network, to check if known
physical interactors of SAPAP3 were detected in our analysis. Focusing on SAPAP3 (DLGAP3)
it was possible to identify five already known interactors — PSD-95 (DLG4), SAP-97 (DLG1),
Tyrosine-protein kinase FYN (FYN), Cullin-3 (CUL3) and Cullin-associated NEDD8 - dissociated

protein 1 (CAND1) — were detected as reported partners of our bait protein (Figure 3.16).
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Figure 3.16 — Closed-up view of SAPAP3 (DIgap3) known physical interactions between the putative
interactors of the network. The image presents the already known physical interactions between
SAPAP3 (Dlgap3, yellow circle) and PSD-95 (DIg4), SAP-97 (DIg1), Tyrosine-protein kinase Fyn (Fyn),
Cullin-3 (Cul3) and Cullin-associated NEDD8-dissociated protein 1 (Cand1) (black circles).

The interaction of SAPAP3 with PSD-95 (DLG4), a member of membrane-associated
guanylate kinase, was first identified in two independent yeast two-hybrid experiments®® ***;
as already mentioned in this document. This interaction is mediated by the GK domain of
PSD-95 and the N terminal region of SAPAP containing multiple 14 amino acids repeats. The
sequence of the recombinant SAPAP3 domain 19 used in the present study did not comprise
the described interaction region of SAPAP3, leading us to question whether the interaction
between these two proteins could also be mediated by a different region of SAPAP3
sequence. To validate this interaction, we have co-expressed SAPAP3 domain 19 with FLAG
tagged SH3-GK domain of PSD-95. After purification of SAPAP3 domain 19 by Ni** NTA
affinity chromatography, we have performed an anti-FLAG Western blot (Figure 3.17), which
confirmed the co-purification of PSD-95 SH3-GK domain, and the interaction with SAPAP3 C-

terminal domain.
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Figure 3.17 — Western blot analysis with anti-flag antibody after SAPAP3 domain 19 Ni>*NTA
purification when co-expressed SH3-GK domain of PSD-95 tagged with flag. The expected molecular
weight for SH3-GK domain of PSD-95 is indicated with the black arrow.

These two results suggested that in addition to the interaction through the N-terminus
region containing the multiple 14 amino acids repeats of SAPAP; PSD-95 could also bind to
SAPAP through the C-terminus region. However, this information should be further
confirmed using other techniques, such as surface plasmon resonance or isothermal
titration calorimetry.

In one of the mentioned yeast two-hybrid works, where PSD-95 was identified as an
interactor of SAPAP?, the authors also examined whether SAPAP interacts with other
member of membrane-associated guanylate kinase, and in these experiments SAP-97 (DLG1)
was identified as an interactor. Our results point towards an interaction occurring via the C-
terminus region of SAPAP, or mediated through an intermediate partner.

The observed interactions of SAPAP3 with Cullin-3 (CUL3) and with Cullin-associated NEDD8-
dissociated protein 1 (CAND1) were previously reported in a proteomic screening'®*, using
CUL3 and CAND1 as bait proteins. CUL3, which activity is regulated by CANDI1, is a
component of the cullin-RING ubiquitin ligase, involved in diverse cellular processes by

targeting numerous proteins195

. In the mentioned proteomic study, the dynamics of cullin-
RING ubiquitin ligase network was explored, and the interaction with SAPAP3 was found
using CUL3 and CAND1 as bait proteins, however these interactions were not further
explored due to lack of statistical significance, but the detection of both proteins as SAPAP3
C-terminal domain interactors in the current study, further reinforces the initial results and

render such interactions amenable to be further validated.
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Finally, the association between SAPAP3 and FYN, or more specifically its interaction with
the SH3 domain of FYN, was observed in a peptide array target screening, where the main
goal consisted in identification of human protein-protein interactions mediated by SH3

domains™®

. FYN, a tyrosine protein kinase was reported to be involved in the regulation of
NMDA receptors'®’, but its interaction with SAPAP3 was not further explored in the referred
study. However, this evidence points towards an affinity of SAPAP3 for SH3 domains, which
could not only explain the SAPAP3-FYN interaction observed in our study, but also the
SAPAP3 interaction with PSD-95, in the way that it could also be mediated by the SH3
domain of PSD-95 and not via the GK domain as previously reported. Interestingly, SHANK
partner was not detected as SAPAP3 domain 19 partner, which undeniably makes sense, as
SAPAP3 C-terminal (QTRL) interaction sequence with SHANK is not present in the SAPAP3
domain 19. The remaining known established interactors for SAPAP3 namely FAK and PYK2
were not detected. However, taking into account that SAPAP3 interaction sequences with
these protein interactors are not known; our results clearly suggest that these proteins may
not interact with the region covered by domain 19 of SAPAP3.

When a gene ontology functional enrichment analysis was performed with the whole list of
proteins identified as putative interactors of WT SAPAP3 domain 19, in similarity to the
results obtained for the proteins that interact differentially with the SAPAP3 mutants, an
overrepresentation of GO terms involved the mitochondria, such as metabolic processes,
cellular respiration and mitochondrial components (Table 3.3) were recognized, suggesting a
possible association of SAPAP3 with synaptic mitochondria, whose dysregulation is known to
underlie several brain dysfunctions*®*2%.

In fact, several lines of evidence indicate that mitochondrial abnormalities could be an
important component in the neurobiology of psychiatric disorders, such as bipolar disorder,
depression, autism, and schizophrenia'®®. The association of mitochondria with psychiatric
disorders was evidenced by findings from genetic, post-mortem brain, brain-imaging and
biomarker studies in humans with psychiatric disorders and rodent models of such
disorders®”".

The brain has high-energy requirements, where approximately 20 % of the oxygen and 25 %
of the glucose consumed by the human body is used for brain functions®®. Glucose enters
cells trough specific glucose transporters (GLUTs) and is phosphorylated by hexokinase (HK)
to produce glucose-6-phosphate, which can be processed through different metabolic
pathways’®. In neurons, this pathway is predominantly oxidative where a series of

metabolic steps take place to the full oxidation of glucose, in the mitochondria, resulting in
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the production of approximately 30-36 molecules of ATP per glucose molecule®®. Within the
neurons, synapses use a large proportion of this energy, which is required for
reestablishment of ion gradients that underlie synaptic and action potential signals; for the
transport and posttranslational modifications of channels and receptors in the pre- and
postsynaptic compartments; and for the uptake and recycling of neurotransmitters>’.

As a synaptic energy supplier, mitochondria constantly move along axons and dendrites,
dividing and fusing in response to synaptic changes®'. The mitochondrial transport across
the cytoskeleton microtubules is primarily done by motor proteins, such as dynein and KIF5

and is regulated by several cellular components as shown in Figure 3.18%*.
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Figure 3.18 — Transport of mitochondria in the synapse. Mitochondria are primarily transported
along microtubules within the synapse. Microtubules have plus and minus ends, showing mixed
polarity in dendrites, whereas in axons are aligned with the plus ends directed distally. KIF5 motors
move mitochondria in the plus end direction via adaptor proteins, such as Miro and TRAK. Transport
in the minus direction is performed by dynein motors with adaptors such as dynactin. During
excitatory transmission, glutamate activates NMDA receptors postsynaptically, which mediated the
influx of Ca”" into the postsynaptic site, facilitating the release and stopping of mitochondria from
microtubules through its interactions with the Ca’* sensitive EF hand domain of Miro. Furthermore,
the NMDA receptors activate neuronal nitric oxide synthase (nNOS), where NO leads to disruption of
the cytoskeleton and disrupted trafficking. Serotonin (5HT) and Dopamine (DA) receptors are also
present in the postsynaptic region causing mitochondrial starting and stopping, respectively, via

inverse actions on the AKT signalling pathway. Adapted from Atkin et al.”®

Besides, its crucial role in the generation of energy, mitochondria are also involved in
modulation of cellular calcium levels; production of free radicals; and regulation of
apoptosism.

Calcium (Ca®*) contributes to the regulation of both neurotransmission and neuronal

201

plasticity in the brain®®. Basal intracellular Ca®* levels are extremely low compared with
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those of the extracellular space and endoplasmic reticulum (ER), and several mechanisms
that regulate the restoration and maintenance of these levels are mediated by mitochondria.
The influx of Ca** to the mitochondrial matrix is increased in conditions of high cytosolic Ca**
levels and low ATP/ADP ratios, and conversely lowered in situations of low cytosolic Cca”
levels and high ATP/ADP ratios*®. Additionally, mitochondria can function at some synapses
as sequester of cytosolic Ca** and a source of cytosolic Ca®* through persistent release from
the mitochondrial matrix, contributing to the time course and amplitude of
neurotransmitter release from the presynaptic site”".

Mitochondria are the main intracellular sources of reactive oxygen species (ROS), and

205

therefore are the prime target of cell oxidative damage”. Despite their damage potential,

ROS are important molecules that act on signaling functions in physiological processes,

295 0On the other hand, mitochondria

including synaptic plasticity, learning and memory
possesses various antioxidant defenses, such as coenzyme Q10 (ubiquinone), creatine,
nicotinamide, and glutathione, for ROS balance to interrupt or minimize oxidative
processes’®.

Mitochondria are also associated with apoptosis, which comprises a complex network of
physiologic biochemical pathways of programmed cell death, since most neurons are
eliminated soon after synaptic contacts have been made between neurons and their

targets®®

. One way to activate apoptosis involves mitochondria; however, in spite of
occurring in physiological conditions, apoptosis also occurs in a range of pathological
conditions including psychiatric disorders*®.

Consequently, taken together mitochondrial dysfunction not only impairs energy production
but also affects other key brain cellular processes.

Over the past years, several studies suggest that oxidative stress could play an important
role in the etiology of OCD. These studies observed increased lipid peroxidation®”’;
decreased levels of vitamin E°®, catalase®®, glutathione peroxidasezog, and selenium?®®;

207, 209,

increased superoxide dismutase ; and changes in overall oxidative status®® *'°. Th

e
cause of the oxidant-antioxidant imbalance observed in OCD is not known, but
mitochondrial dysfunctions could be in the origin of this imbalance.

For schizophrenia, a disturbance of energy metabolism has also been suggested as part of
the etiopathogenesis of schizophrenia, which is indicative of mitochondrial dysfunction®'’.
Patients with schizophrenia have been associated with impaired glucose metabolism
showed by lower metabolic rates, lower blood flow and altered expression of glycolytic

enzymes>'> **. Another study combining transcriptomic, proteomic and metabolomics
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approaches strongly suggests that mitochondrial dysfunction and oxidative stress are
involved in the pathophysiology of schizophrenia®*. A reduction in the number of
mitochondria in the striatum tissue was observed in schizophrenia patients, suggesting a
decreased capacity to respond to energy requirements>". Several evidences suggest also an
impaired oxidative phosphorylation in schizophrenia®®, lowered activity of some
tricarboxylic acid cycle components were reported in the dorsolateral prefrontal cortex in
brain tissue of schizophrenia®’’. Gene expression profiles, also reveals alterations of specific

metabolic pathways in schizophrenia®*®

. Finally, studies with animal models showed changes
in the respiratory chain of all brain regions evaluated®'®, and increased oxidative stress due
to mitochondrial dysfunction®”®. Concluding, the disruption in any component of the
mitochondria pathways holds the potential to change its functioning and metabolism,
compromising brain function*'.

To our knowledge, the present study is the first one showing an association between
SAPAP3 and mitochondrial components. Although the specific role of this interaction is still
unknown, a series of functional studies, could provide further clues about this association. In
line with this hypothesis, it should be interesting to evaluate the mitochondrial dynamics in
SAPAP3 knockout animals, using for example high-resolution imaging of mitochondria in live
cells. It could be also interesting to evaluate the mitochondrial shape, the abundance of
mitochondrial complexes and the mitochondrial respiration in the knockout animals when
compared to controls. Interestingly, to reinforce the association between SAPAP3 and
mitochondria, we found dynein in our network of interactor partners, which is a
mitochondria associated motor protein that participates in the transport of mitochondria
along the dendrites. As mentioned in the first section of this document, the interaction
between dynein and SAPAP1 has already been described''” **, however none of those
works stated the involvement of SAPAP with mitochondria through its interaction with
dynein. Consequently, taking into account our data, we hypothesize that SAPAP3 may also
be involved in the positioning of mitochondria within the dendrites. In fact, the
mitochondrial transport within the dendrite is important not only as a source of energy, but
also for neuroplasticity processes including neural differentiation, neurite outgrowth,

neurotransmitters package and release, as well as dendritic remodeling®™*, which disruption

could contribute to the pathogenesis of psychiatric disorders such as OCD and schizophrenia.
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SAPAP3, a scaffolding protein that is found in excitatory, glutamate-responsive synapses and
is highly expressed only in the striatum region of the brain, has been target of substantial
interest in OCD and more recently in schizophrenia. This protein is implicated in the
molecular organization of synapses and neuronal cell signalling, linking ion channels to the
sub-synaptic cytoskeleton. Because this type of proteins work as complexes to regulate
diverse biological processes, discovery of SAPAP3 protein-protein interactions and
exploration of differences between the PPls network in abnormal conditions may provide
useful information toward understanding the complexity and the pathogenesis of the
related disorders.

In the present work, it was developed a toolbox for the biochemical, structural and
interactomic characterization of SAPAP3. First, through the use of ESPRIT we have
successfully identified soluble domains of SAPAP3 covering a wide region of the protein
sequence, and selected the best expressing soluble clone, corresponding to C-terminal
region to proceed with its characterization. Despite we have only explored the C-terminus of
SAPAP3 through the production of domain 19, the ESPRIT technology paved the way and
provided the necessary tools to study other regions of the protein.

The protein quality was confirmed by analytical approaches, and the structural
characterization was initiated by a preliminary crystallization trial, which yielded putative
protein crystals, whose quality will soon be assessed.

To obtain further insights into the function of this specific domain of SAPAP3, an
interactomic analysis was performed where novel putative interactor partners were
identified, with some of these partners present in significantly different levels, as a
consequence of SAPAP3 OCD and schizophrenia associated point mutations. Additionally,
five previously described interacting partners were also detected in the network, validating
our technical approach. Gene Ontology functional enrichment analysis, using the putative
interactors, showed a significant overrepresentation of proteins associated with
mitochondria and related metabolism. To our knowledge, this is the first study presenting an
association between SAPAP3 and mitochondria components. Although the specific role of
this interaction is still unknown, we hypothesize the potential involvement of SAPAP3 in the
positioning of mitochondria within the dendrites. Nevertheless, a series of functional studies
need to be performed in the near future to validate such association and to provide further
clues about its functional significance.

Concluding, the present work opens the way to study what we believe to be a novel role for

SAPAP3, through the identified association with mitochondria related components, which
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may also help elucidating the functional relevance of the protein mutants in the

pathophysiology of OCD and schizophrenia.
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Supplementary Figure 6.1 — cDNA encoding for SAPAP3 with codons optimized for E. coli.

GCCCCGTATC
CGGGGCATAG
CGCTGAGCGA
GCGACTCGCT
TCCGTTTGAC
AGGCAAACTG
GTTCAGCAAG
CAAGTCGTTC
CTGARAGTCC
GACTTTCAGG
TCCGAAAGCG
AGGCTTTCGC
CACCACCATC
GTGGTGGTAG
ATGACAATCT
TACTGTTAGA
TGATCTGAGT
ACTAGACTCA
GCTTGGCATA
CGAACCGTAT
CGTATCACTA
GCATAGTGAT
TATCARAGCG
ATAGTTTCGC
AGCGTCGATC
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GCGATGAACT
CGCTACTTGA
TATGCGCTCA
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CCGGGCTCCT
GGCCCGAGGA
CGGCGCATGA
GCCGCGTACT
GGCTCCGGTG
CCGAGGCCAC
TGGCGCCCGA
ACCGCGGGCT
AAGATAAGCG
TTCTATTCGC
CACCGAAGAT
GTGGCTTCTA
GTTCACACGC
CAAGTGTGCG
CGGGTCCGGG
GCCCAGGCCC
GTTTATCAAA
CAAATAGTTT
GAAAARATCC
CTTTTTTAGG
TTCCGGTTCC
AAGGCCAAGG
AGCCAATAGC
TCGGTTATCG
CGTTCGCTGG
GCAAGCGACC
CAGCGGACTC
GTCGCCTGAG
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Table 6.1 — SWATH-MS method

Window m/z range Width (Da) Window m/z range Width (Da)
1 349.5-363.1 13.6 31 613.7-622.8 9.1
2 362.1-378.4 16.3 32 621.8-631.3 9.5
3 377.4-392.8 15.4 33 630.3-639.4 9.1
4 391.8-405.4 13.6 34 638.4-647.5 9.1
5 404.4-417.1 12.7 35 646.5-655.6 9.1
6 416.1-427.4 11.3 36 654.6-663.7 9.1
7 426.4-437.3 10.9 37 662.7-672.7 10
8 436.3-446.8 10.5 38 671.7-681.7 10
9 445.8-456.2 10.4 39 680.7-690.7 10
10 455.2-465.2 10 40 689.7-700.2 10.5
11 464.2-474.2 10 41 699.2-709.6 10.4
12 473.2-482.8 9.6 42 708.6-719.5 10.9
13 481.8-490.4 8.6 43 718.5-729 10.5
14 489.4-498.1 8.7 44 728-738.4 10.4
15 497.1-505.3 8.2 45 737.4-748.3 10.9
16 504.3-512.5 8.2 46 747.3-758.2 10.9
17 511.5-519.7 8.2 47 757.2-768.6 11.4
18 518.7-526.4 7.7 48 767.6-780.3 12.7
19 525.4-533.2 7.8 49 779.3-792.4 13.1
20 532.2-540.4 8.2 50 791.4-806.8 15.4
21 539.4-547.1 7.7 51 805.8-822.1 16.3
22 546.1-554.4 8.3 52 821.1-838.8 17.7
23 553.4-561.6 8.2 53 837.8-858.1 20.3
24 560.6-568.8 8.2 54 857.1-879.3 222
25 567.8-576.4 8.6 55 878.3-903.1 24.8
26 575.4-584.1 8.7 56 902.1-931.9 29.8
27 583.1-591.7 8.6 57 930.9-968.8 37.9
28 590.7-599.4 8.7 58 | 967.8-1016.5 48.7
29 598.4-607 8.6 59 | 1015.5-1091.2 75.7
30 606-614.7 8.7 60 | 1090.2-1249.6 159.4
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Table 6.2 — List of the proteins identified in the present study that constitute the spectral library for
SWTAH-MS analysis

K:clz.:giton Protein name No identified.peptides
Number w/ 95 % confidence
P61765 Syntaxin-binding protein 1 65
P21575 Dynamin-1 62
Q9ER34 Aconitate hydratase, mitochondrial 64
P05708 Hexokinase-1 50
P06687 Sodium/potassium-transporting ATPase subunit alpha-3 51
P09951 Synapsin-1 60
Q62910 Synaptojanin-1 47
P62944 AP-2 complex subunit beta 43
P15999 ATP synthase subunit alpha, mitochondrial 51
P11980 Pyruvate kinase PKM 45
P05065 Fructose-bisphosphate aldolase A 50
Q2TA68 Dynamin-like 120 kDa protein, mitochondrial 38
P18484 AP-2 complex subunit alpha-2 40
Q5SGEO Leucine-rich PPR motif-containing protein, mitochondrial 39
P16086 Spectrin alpha chain, non-erythrocytic 1 34
Q5XIN6 LETM1 and EF-hand domain-containing protein 1, mitochondrial 38
P11505 Plasma membrane calcium-transporting ATPase 1 33
P47942 Dihydropyrimidinase-related protein 2 42
Q9QuUL6e Vesicle-fusing ATPase 37
P53534 Glycogen phosphorylase, brain form (Fragment) 38
P13233 2',3'-cyclic-nucleotide 3'-phosphodiesterase 42
P10860 Glutamate dehydrogenase 1, mitochondrial 40
Q5X178 2-oxoglutarate dehydrogenase, mitochondrial 36
035303 Dynamin-1-like protein 34
P63039 60 kDa heat shock protein, mitochondrial 35
P50554 4-aminobutyrate aminotransferase, mitochondrial 36
P04797 Glyceraldehyde-3-phosphate dehydrogenase 38
P13264 Glutaminase kidney isoform, mitochondrial 37
POAEYO Maltose-binding periplasmic protein 39
Q66HF1 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial 32
P52873 Pyruvate carboxylase, mitochondrial 31
P10719 ATP synthase subunit beta, mitochondrial 38
P63018 Heat shock cognate 71 kDa protein 30
Q6P6V0O Glucose-6-phosphate isomerase 31
Q5XHZ0 Heat shock protein 75 kDa, mitochondrial 30
000001 33
Q62950 Dihydropyrimidinase-related protein 1 29
P06685 Sodium/potassium-transporting ATPase subunit alpha-1 28
Q6P6R2 Dihydrolipoyl dehydrogenase, mitochondrial 28
Q9WVCOo Septin-7 27
P02688 Myelin basic protein 30
P35571 Glycerol-3-phosphate dehydrogenase, mitochondrial 24
Q63537 Synapsin-2 30
P14408 Fumarate hydratase, mitochondrial 26
Q05962 ADP/ATP translocase 1 29
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P97685
P62815
P48721
P25809
P42212
P09117
P56574
Q3KRE8
P85834
P13596
P19511
P32551
008838

Q641Y2
Q9JHUO
P68370
P11506
Q63198
P47709
Q68FX0
P51650
P05197
P07335
P15146
P61265
P60711
Q63560

Q5BK63

Q02253
P21707
Q5XIM9
P97536
P63086
P09812
P50137
Q68FY0
P31596
035077
Q970W5
P21396
008839
P04636
POC2X9
P17764
P56522
035179
P62632
P59215

Neurofascin

V-type proton ATPase subunit B, brain isoform
Stress-70 protein, mitochondrial

Creatine kinase U-type, mitochondrial

Green fluorescent protein

Fructose-bisphosphate aldolase C

Isocitrate dehydrogenase [NADP], mitochondrial
Tubulin beta-2B chain

Elongation factor Tu, mitochondrial

Neural cell adhesion molecule 1

ATP synthase F(0) complex subunit B1, mitochondrial
Cytochrome b-c1 complex subunit 2, mitochondrial

Amphiphysin
NADH dehydrogenase [ubiquinone] iron-sulfur protein 2,
mitochondrial

Dihydropyrimidinase-related protein 5

Tubulin alpha-1A chain

Plasma membrane calcium-transporting ATPase 2
Contactin-1

Rabphilin-3A

Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial
Succinate-semialdehyde dehydrogenase, mitochondrial
Elongation factor 2

Creatine kinase B-type

Microtubule-associated protein 2

Syntaxin-1B

Actin, cytoplasmic 1

Microtubule-associated protein 6

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9,
mitochondrial

Methylmalonate-semialdehyde dehydrogenase [acylating],
mitochondrial

Synaptotagmin-1

T-complex protein 1 subunit beta

Cullin-associated NEDD8-dissociated protein 1
Mitogen-activated protein kinase 1

Glycogen phosphorylase, muscle form

Transketolase

Cytochrome b-c1 complex subunit 1, mitochondrial

Excitatory amino acid transporter 2

Glycerol-3-phosphate dehydrogenase [NAD(+)], cytoplasmic
Protein kinase C and casein kinase substrate in neurons protein 1
Amine oxidase [flavin-containing] A

Myc box-dependent-interacting protein 1

Malate dehydrogenase, mitochondrial
Delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial
Acetyl-CoA acetyltransferase, mitochondrial
NADPH:adrenodoxin oxidoreductase, mitochondrial
Endophilin-Al

Elongation factor 1-alpha 2

Guanine nucleotide-binding protein G(o) subunit alpha

24
25
24
26
32
25
23
25
22
23
23
23
23

23
22
26
21
20
21
27
23
21
20
19
21
24
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20

21
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21
21
20
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19
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19
18
19
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17
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Q8R491
Q99NA5
Q62951
Q64428
Q9JIM9
P09606
P06686
070351
P11598

P26284
Q05546
Q63028
B3GNI6
Q5RKIO
Q01986
P27139
P35435
P00507
Q9JHY2
P19332
Q66HF8
Q3KR86
P46462
P06761
Q70458
P11507
P41565
Q9WU34
Q02563

P08461
Q4av7Cc7
P47860
Q9WTT6
Q06647
P16638
P19643
P85845
P84092
Q05140
P85970
070511
P42123

P63329
P11442

Q561S0
P11884

P13086

EH domain-containing protein 3

Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial
Dihydropyrimidinase-related protein 4 (Fragment)
Trifunctional enzyme subunit alpha, mitochondrial

Septin-5

Glutamine synthetase

Sodium/potassium-transporting ATPase subunit alpha-2
3-hydroxyacyl-CoA dehydrogenase type-2

Protein disulfide-isomerase A3
Pyruvate dehydrogenase E1 component subunit alpha, somatic
form, mitochondrial

Tenascin-R

Alpha-adducin

Septin-11

WD repeat-containing protein 1

Dual specificity mitogen-activated protein kinase kinase 1
Carbonic anhydrase 2

ATP synthase subunit gamma, mitochondrial

Aspartate aminotransferase, mitochondrial
Sideroflexin-3

Microtubule-associated protein tau

Aldehyde dehydrogenase X, mitochondrial

MIC

Transitional endoplasmic reticulum ATPase

78 kDa glucose-regulated protein

Carnitine O-acetyltransferase

Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
Isocitrate dehydrogenase [NAD] subunit gamma 1, mitochondrial
Neuronal-specific septin-3

Synaptic vesicle glycoprotein 2A
Dihydrolipoyllysine-residue acetyltransferase component of
pyruvate dehydrogenase complex, mitochondrial

Actin-related protein 3

ATP-dependent 6-phosphofructokinase, platelet type
Guanine deaminase

ATP synthase subunit O, mitochondrial
ATP-citrate synthase

Amine oxidase [flavin-containing] B

Fascin

AP-2 complex subunit mu

Clathrin coat assembly protein AP180
Actin-related protein 2/3 complex subunit 2
Ankyrin-3

L-lactate dehydrogenase B chain
Serine/threonine-protein phosphatase 2B catalytic subunit alpha
isoform

Clathrin heavy chain 1
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit
10, mitochondrial

Aldehyde dehydrogenase, mitochondrial
Succinyl-CoA ligase [ADP/GDP-forming] subunit alpha,
mitochondrial

6. Supplementary data

16
20
16
18
17
20
16
17
18

16
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6. Supplementary data

Q60587
P34058
Q92455
Q63633
P33124
P29147
P31399
Q5FVI6

Q62717
P97700
Q6P502
P15650

Q63065
P67779
Q64057
Q499N5
P16036
P10888
P20788
Q62952
Q5FvVQ8
P61107
P07722
P12785
Q4Vv8B0
P12007
Q3KREO
P04177
Q63716
Q08877
Q5XIH7
P14669

QoQyJe
P56571
P11240
P32851
Q6AY30

P49432
P47858

Q64536
Q5XIE6
Q5M7U6
Q5XIT1
Q01062

Q92012
P85969
Q972F5

Trifunctional enzyme subunit beta, mitochondrial
Heat shock protein HSP 90-beta

Lon protease homolog, mitochondrial

Solute carrier family 12 member 5
Long-chain-fatty-acid--CoA ligase 6
D-beta-hydroxybutyrate dehydrogenase, mitochondrial
ATP synthase subunit d, mitochondrial

V-type proton ATPase subunit C 1
Calcium-dependent secretion activator 1
Mitochondrial 2-oxoglutarate/malate carrier protein
T-complex protein 1 subunit gamma

Long-chain specific acyl-CoA dehydrogenase, mitochondrial
[Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 1,
mitochondrial

Prohibitin

Alpha-aminoadipic semialdehyde dehydrogenase
Acyl-CoA synthetase family member 2, mitochondrial
Phosphate carrier protein, mitochondrial

Cytochrome c oxidase subunit 4 isoform 1, mitochondrial
Cytochrome b-c1 complex subunit Rieske, mitochondrial
Dihydropyrimidinase-related protein 3

NLR family member X1

Ras-related protein Rab-14

Myelin-associated glycoprotein

Fatty acid synthase

Oxidation resistance protein 1

Isovaleryl-CoA dehydrogenase, mitochondrial

ATPase family AAA domain-containing protein 3
Tyrosine 3-monooxygenase

Peroxiredoxin-1

Dynamin-3

Prohibitin-2

Annexin A3

cAMP and cAMP-inhibited cGMP 3',5'-cyclic phosphodiesterase
10A

ES1 protein homolog, mitochondrial
Cytochrome c oxidase subunit 5A, mitochondrial
Syntaxin-1A

Saccharopine dehydrogenase-like oxidoreductase
Pyruvate dehydrogenase E1 component subunit beta,
mitochondrial

ATP-dependent 6-phosphofructokinase, muscle type
[Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 2,
mitochondrial

3-hydroxyisobutyryl-CoA hydrolase, mitochondrial
Actin-related protein 2
Microtubule-associated protein RP/EB family member 3

cGMP-dependent 3',5'-cyclic phosphodiesterase
Succinate dehydrogenase [ubiquinone] flavoprotein subunit,
mitochondrial

Beta-soluble NSF attachment protein

C-terminal-binding protein 1

15
13
14
14
13
14
14
14
12
14
15
12

13
14
14
15
15
15
15
13
13
13
13
12
12
13
14
12
12
12
11
13

12
12
14
12
13

12
12

12
12
12
12
12

12
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P97546
Q97210
P04642
Q05683
Q970ve
P14604
POC1X8
Q7TPB1
Q91v81
Q68FW7
Q794F9
P07340
Q99P39
Q09073
Q8K4Y5
P54311
Q8VHF5
P27605
Q4QRB4
P46101
Q8CFDO
Q6IFW6
B2GV06

088483
P04182
P19804
D4AAT7
Q68FX9
Q9QZR6
PODJJ3
P60881
P21708

Q6UPE1
P00388
P85973
P63102
Q75Q39
Q6PCU2
P11275
Q05695
Q5EB81
P29411
P52303
P47819
P05712
Q62696
Q1HCL7
Q4V8F9

6. Supplementary data

Neuroplastin

Voltage-dependent anion-selective channel protein 1
L-lactate dehydrogenase A chain

Glutamate decarboxylase 2

Thioredoxin-dependent peroxide reductase, mitochondrial
Enoyl-CoA hydratase, mitochondrial

AP2-associated protein kinase 1

T-complex protein 1 subunit delta

Septin-2

Threonine--tRNA ligase, mitochondrial

4F2 cell-surface antigen heavy chain
Sodium/potassium-transporting ATPase subunit beta-1
Cysteine desulfurase, mitochondrial

ADP/ATP translocase 2

Leucine-rich glioma-inactivated protein 1

Guanine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-1
Citrate synthase, mitochondrial

Hypoxanthine-guanine phosphoribosyltransferase
Tubulin beta-3 chain

Dipeptidyl aminopeptidase-like protein 6
Sideroflexin-5

Keratin, type | cytoskeletal 10

Succinyl-CoA:3-ketoacid coenzyme A transferase 1, mitochondrial
[Pyruvate dehydrogenase [acetyl-transferring]]-phosphatase 1,
mitochondrial

Ornithine aminotransferase, mitochondrial

Nucleoside diphosphate kinase B

ATP-dependent (S)-NAD(P)H-hydrate dehydratase
NAD-dependent protein deacylase sirtuin-5, mitochondrial
Septin-9

SH3-containing GRB2-like protein 3-interacting protein 1
Synaptosomal-associated protein 25

Mitogen-activated protein kinase 3
Electron transfer flavoprotein-ubiquinone oxidoreductase,
mitochondrial

NADPH--cytochrome P450 reductase

Purine nucleoside phosphorylase

14-3-3 protein zeta/delta

Mitochondrial import receptor subunit TOM70
V-type proton ATPase subunit E 1
Calcium/calmodulin-dependent protein kinase type Il subunit alpha
Neural cell adhesion molecule L1
NADH-cytochrome b5 reductase 1

GTP:AMP phosphotransferase AK3, mitochondrial
AP-1 complex subunit beta-1

Glial fibrillary acidic protein

Ras-related protein Rab-2A

Disks large homolog 1

NAD kinase 2, mitochondrial

Hydroxysteroid dehydrogenase-like protein 2

11
12
12
11
12
14
11
11
10
10
11
13
12
11
11
12
10
11
12
11
12
11
11

10
10
10
10

10
10

10
10
10
10
10
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10
11
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6. Supplementary data

P48500
P60203
Q08163
P31662
P28480
P07895
D32QG6
P07633
P48768
Q3MIE4
P23965
Q97214
Q8R431
Q6QON1
Q1IWIM3
P00406
Q924N5
Q63564
Q9Ji66
088377
P41499
P02091
Q6PST4
Q5GFD9
P51647

Q01205
P19234

Q5XIF3
P81155
P14882
Q52KK3
P25286
Q5M7W7
Q970J5
B2RYW9
Q6JE36
Q5RJQ4
Q5Xx179
Q6MGB5
P97532
P35704
BOBNF1
Q9WU82
P05370
Q91ZN1
Qo0xX69
035331
Q4G064

Triosephosphate isomerase

Myelin proteolipid protein

Adenylyl cyclase-associated protein 1
Sodium-dependent neutral amino acid transporter SLC6A17
T-complex protein 1 subunit alpha

Superoxide dismutase [Mn], mitochondrial
Tripartite motif-containing protein 2

Propionyl-CoA carboxylase beta chain, mitochondrial
Sodium/calcium exchanger 2

Synaptic vesicle membrane protein VAT-1 homolog
Enoyl-CoA delta isomerase 1, mitochondrial

Homer protein homolog 1

Monoglyceride lipase

Cytosolic non-specific dipeptidase

Cell adhesion molecule 3

Cytochrome c oxidase subunit 2
Long-chain-fatty-acid--CoA ligase ACSBG1

Synaptic vesicle glycoprotein 2B

Electrogenic sodium bicarbonate cotransporter 1
Phosphatidylinositol 5-phosphate 4-kinase type-2 beta
Tyrosine-protein phosphatase non-receptor type 11
Hemoglobin subunit beta-1

Atlastin-1

Protein IMPACT

Retinal dehydrogenase 1
Dihydrolipoyllysine-residue succinyltransferase component of 2-
oxoglutarate dehydrogenase complex, mitochondrial

NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial
NADH dehydrogenase [ubiquinone] iron-sulfur protein 4,
mitochondrial

Voltage-dependent anion-selective channel protein 2
Propionyl-CoA carboxylase alpha chain, mitochondrial
Solute carrier family 25 member 51

V-type proton ATPase 116 kDa subunit a isoform 1

Probable proline--tRNA ligase, mitochondrial

Thioredoxin reductase 2, mitochondrial
Fumarylacetoacetate hydrolase domain-containing protein 2
Protein NDRG1

NAD-dependent protein deacetylase sirtuin-2

NADH dehydrogenase [ubiquinone] complex |, assembly factor 7
Estradiol 17-beta-dehydrogenase 8

3-mercaptopyruvate sulfurtransferase

Peroxiredoxin-2

Septin-8

Catenin beta-1

Glucose-6-phosphate 1-dehydrogenase

Coronin-1A

LanC-like protein 1

Pyridoxal kinase

2-methoxy-6-polyprenyl-1,4-benzoquinol methylase, mitochondrial
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Q516B8
P24942
P84850
P60892
Q68FQ0
Q5M821
Q97270
Q510G4
P31016
P01946
008618

035796
Q920F5
Q5BJU7
Q704E8
Q6AYS7
P30835
P11951
Q64568
Q9JJ19

Q7TS56
P61206
Q6QIX3

P20651
Q64591
Q9WVK7
035180
Q64542
QoQxQo
Q63345
055012
Q8K3P6
P49803

P21913
Q63965
Q62847
Q6PDU7
Q62915
088994
P97686
P12075
P34926
P04764
Q63362
Q3T
Q5FVJO
Q9R063
Q04400

Phosphatidylinositol 4-phosphate 5-kinase type-1 gamma
Excitatory amino acid transporter 1

D-2-hydroxyglutarate dehydrogenase, mitochondrial
Ribose-phosphate pyrophosphokinase 1

T-complex protein 1 subunit epsilon

Protein phosphatase 1H

Vesicle-associated membrane protein-associated protein A
Glycine--tRNA ligase (Fragment)

Disks large homolog 4

Hemoglobin subunit alpha-1/2

Phosphoribosyl pyrophosphate synthase-associated protein 2
Complement component 1 Q subcomponent-binding protein,
mitochondrial

Malonyl-CoA decarboxylase, mitochondrial

Wiskott-Aldrich syndrome protein family member 1
ATP-binding cassette sub-family B member 7, mitochondrial
Aminoacylase-1A

ATP-dependent 6-phosphofructokinase, liver type
Cytochrome c oxidase subunit 6C-2

Plasma membrane calcium-transporting ATPase 3
Na(+)/H(+) exchange regulatory cofactor NHE-RF1

Carbonyl reductase family member 4

ADP-ribosylation factor 3

Zinc transporter 3
Serine/threonine-protein phosphatase 2B catalytic subunit beta
isoform

2,4-dienoyl-CoA reductase, mitochondrial
Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial
Endophilin-A3

Plasma membrane calcium-transporting ATPase 4
Alpha-actinin-4

Myelin-oligodendrocyte glycoprotein
Phosphatidylinositol-binding clathrin assembly protein
Calcium-binding mitochondrial carrier protein SCaMC-2

Regulator of G-protein signaling 7
Succinate dehydrogenase [ubiquinone] iron-sulfur subunit,
mitochondrial

Sideroflexin-1

Gamma-adducin

ATP synthase subunit g, mitochondrial

Peripheral plasma membrane protein CASK
Mitochondrial amidoxime reducing component 2
Neuronal cell adhesion molecule

Cytochrome c oxidase subunit 5B, mitochondrial
Microtubule-associated protein 1A
Alpha-enolase

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 5
Eukaryotic translation initiation factor 5A-1
Protein RUFY3

Peroxiredoxin-5, mitochondrial

Adenylate cyclase type 5

6. Supplementary data
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142 | 6. Supplementary data

P24368
Q5XIF6
Q66HAS8
P24329
Q62784
P69682
P47875
P38650
P85515
Q6P6Q2
P82995
P70619
P32089
P27653
Q510L3
Q505J9
Q4QQvs
Q5PPN7
088588
088767
Q9WTT2

P11960
P24473
Q6AYT7
Q64605
Q62889
Q5X122
Q5M7A7
Q07803
P69897
MORC99
P62630
Q2PQA9S
Q6P799
Q5FVH2
Q1WIM1
Q05764
Q99PD4
Q56879
P55161
Q5RKI8
Q6IMF3
Q3B8Q0
Q5FVI3
Q5EB62
P31977
Q97250
P62260
P38718

Peptidyl-prolyl cis-trans isomerase B

Tubulin alpha-4A chain

Heat shock protein 105 kDa

Thiosulfate sulfurtransferase

Type | inositol 3,4-bisphosphate 4-phosphatase
Adaptin ear-binding coat-associated protein 1
Cysteine and glycine-rich protein 1
Cytoplasmic dynein 1 heavy chain 1
Alpha-centractin

Keratin, type Il cytoskeletal 5

Heat shock protein HSP 90-alpha

Glutathione reductase (Fragment)
Tricarboxylate transport protein, mitochondrial
C-1-tetrahydrofolate synthase, cytoplasmic
Tyrosine--tRNA ligase, mitochondrial

ATPase family AAA domain-containing protein 1
Protein FAM162A

Coiled-coil domain-containing protein 51
Phosphofurin acidic cluster sorting protein 1
Protein DJ-1

Caseinolytic peptidase B protein homolog
2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial
(Fragment)

Glutathione S-transferase kappa 1
Monoacylglycerol lipase ABHD12
Receptor-type tyrosine-protein phosphatase S
Neuroligin-3

Acetyl-CoA acetyltransferase, cytosolic

CB1 cannabinoid receptor-interacting protein 1
Elongation factor G, mitochondrial

Tubulin beta-5 chain

Ras-related protein Rab-5A

Elongation factor 1-alpha 1

Kinesin-1 heavy chain

Serine--tRNA ligase, cytoplasmic

Phospholipase D3

Cell adhesion molecule 4

Beta-adducin

Actin-related protein 2/3 complex subunit 1A
Phytanoyl-CoA hydroxylase-interacting protein
Nck-associated protein 1

ATP-binding cassette sub-family B member 8, mitochondrial
Keratin, type Il cytoskeletal 1
Microtubule-associated protein RP/EB family member 2
Leucine-rich repeat-containing protein 57
Solute carrier family 25 member 46

Ezrin

Protein lin-7 homolog A

14-3-3 protein epsilon

Mitochondrial pyruvate carrier 2
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D3ZFB6
Q62634
Q99M64
Q6MG12
P32232
Q5I0K5
Q62813
POCC10
Q8VHK2
P19627
Q64559
P63142

Q68FT3
P60522
Q5M7W5
P62882
P35434
P08503
Q6AXTS
P54313
008662
P07936
Q63092
Q505J6
P61983

POCO89
P63100
Q66HA6
Q05982
Q9R120
Q6AYG5
Q9WUSO
Q9R0I8
P35738
P18265
P62483
Q971N4
P45592
P97576
Q5XIM4
QoQ0xXY2

QI9NQR8
Q6GQP4
BOK020

Q4KLPO
Q58BJQ0
Q4v7D2

6. Supplementary data

Proline-rich transmembrane protein 2

Vesicular glutamate transporter 1

Phosphatidylinositol 4-kinase type 2-alpha
Uncharacterized protein C6orf136 homolog
Cystathionine beta-synthase

Mycophenolic acid acyl-glucuronide esterase, mitochondrial
Limbic system-associated membrane protein
Leucine-rich repeat-containing protein 4B

Caskin-1

Guanine nucleotide-binding protein G(z) subunit alpha
Cytosolic acyl coenzyme A thioester hydrolase

Potassium voltage-gated channel subfamily A member 2
Pyridine nucleotide-disulfide oxidoreductase domain-containing
protein 2

Gamma-aminobutyric acid receptor-associated protein-like 2
Microtubule-associated protein 4

Guanine nucleotide-binding protein subunit beta-5

ATP synthase subunit delta, mitochondrial

Medium-chain specific acyl-CoA dehydrogenase, mitochondrial
Ras-related protein Rab-21

Guanine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-2
Phosphatidylinositol 4-kinase alpha

Neuromodulin

CaM kinase-like vesicle-associated protein

Mitochondrial glutamate carrier 2

14-3-3 protein gamma
Phosphatidylglycerophosphatase and protein-tyrosine phosphatase
1

Calcineurin subunit B type 1

ADP-ribosylation factor-like protein 8B

Nucleoside diphosphate kinase A

Voltage-dependent anion-selective channel protein 3
Ethylmalonyl-CoA decarboxylase

Adenylate kinase 4, mitochondrial

Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha
2-oxoisovalerate dehydrogenase subunit beta, mitochondrial
Glycogen synthase kinase-3 alpha

Voltage-gated potassium channel subunit beta-2
3'(2"),5'-bisphosphate nucleotidase 1

Cofilin-1

GrpE protein homolog 1, mitochondrial

ATP synthase subunit s, mitochondrial

SRC kinase signaling inhibitor 1
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly
factor 4

Ras-related protein Rab-31

CDGSH iron-sulfur domain-containing protein 1
Probable 2-oxoglutarate dehydrogenase E1 component DHKTD1,
mitochondrial

Chaperone activity of bcl complex-like, mitochondrial

Protein rogdi homolog
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6. Supplementary data

P22062
Q9WTPO
P97849
Q5XIT9
Q62844
Q64548
088339
P52481
Q63377

P63331
Q64560
P20069
P62332
Q6AYQ8
P13437
Q01728
Q5RJLO
Q63622
P62986
Q68FS4
P04775
088778
035964
P63004
035764
P31647
POC5X8
P39052
P10760
P13638
Q77147
P97834
Q64176
Q9WVK3
Q63617
Q68FU7

008776
Q63279
Q6PECO
Q5M9G9
Q6AY19
035095
P16617
P04218
B2RYT9
P29419
D3ZAF6
P85968

Protein-L-isoaspartate(D-aspartate) O-methyltransferase
Band 4.1-like protein 1

Long-chain fatty acid transport protein 1
Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial
Tyrosine-protein kinase Fyn

Reticulon-1

Epsin-1

Adenylyl cyclase-associated protein 2

Sodium/potassium-transporting ATPase subunit beta-3
Serine/threonine-protein phosphatase 2A catalytic subunit alpha
isoform

Tripeptidyl-peptidase 2

Mitochondrial-processing peptidase subunit alpha
ADP-ribosylation factor 6

Acylpyruvase FAHD1, mitochondrial

3-ketoacyl-CoA thiolase, mitochondrial
Sodium/calcium exchanger 1

Ermin

Disks large homolog 2

Ubiquitin-60S ribosomal protein L40

Cytosol aminopeptidase

Sodium channel protein type 2 subunit alpha

Protein bassoon

Endophilin-A2

Platelet-activating factor acetylhydrolase IB subunit alpha
Neuronal pentraxin receptor

Sodium- and chloride-dependent GABA transporter 3
Protein tweety homolog 1

Dynamin-2

Adenosylhomocysteinase
Sodium/potassium-transporting ATPase subunit beta-2
Paraplegin

COP9 signalosome complex subunit 1

EH domain-containing protein 1

Peroxisomal trans-2-enoyl-CoA reductase

Hypoxia up-regulated protein 1

Ubiquinone biosynthesis monooxygenase COQ6
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly
factor 3

Keratin, type | cytoskeletal 19
Bis(5'-nucleosyl)-tetraphosphatase [asymmetrical]
Protein TBRG4

AarF domain-containing protein kinase 4
Neurochondrin

Phosphoglycerate kinase 1

0OX-2 membrane glycoprotein

Translational activator of cytochrome c oxidase 1
ATP synthase subunit e, mitochondrial

ATP synthase subunit f, mitochondrial

6-phosphogluconate dehydrogenase, decarboxylating
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Q6PIT8
P68255
P13852
Q5M9I5
Q6AXW1
P11608
035094
P18088
Q03346
Q5U2X7
P41498
BOBN86
Q9WU49
P62744
P07825
088917
Q63270
P23576
P18266
Q63372
P63045
P09216
P35213
088954
Q66HR2

P36876
P68403
Al1L108
Q5BJP6
QsQy17
008700
Q6IRE4
P35281
Q63692
Q6P6QYS
P26817
Q37B98
P23928
Q5PPI4
POC546
P52296
Q7TQ16
Q6AY04
Q5EBAL
P26772
Q4avsl7
Q9WV97
088989
Q9R1T5

Tubulin beta-4B chain

14-3-3 protein theta

Major prion protein

Cytochrome b-c1 complex subunit 6, mitochondrial
Glutaredoxin-2, mitochondrial

ATP synthase protein 8

Mitochondrial import inner membrane translocase subunit TIM44
Glutamate decarboxylase 1

Mitochondrial-processing peptidase subunit beta
Mitochondrial import inner membrane translocase subunit Tim21
Low molecular weight phosphotyrosine protein phosphatase
Transmembrane protein 11, mitochondrial
Calcium-regulated heat stable protein 1

AP-2 complex subunit sigma

Synaptophysin

Latrophilin-1

Cytoplasmic aconitate hydratase

Gamma-aminobutyric acid receptor subunit alpha-2
Glycogen synthase kinase-3 beta

Neurexin-1

Vesicle-associated membrane protein 2

Protein kinase C epsilon type

14-3-3 protein beta/alpha

MAGUK p55 subfamily member 3

Microtubule-associated protein RP/EB family member 1
Serine/threonine-protein phosphatase 2A 55 kDa regulatory
subunit B alpha isoform

Protein kinase C beta type

Actin-related protein 2/3 complex subunit 5-like protein
Ribosome-releasing factor 2, mitochondrial

Protein kinase C and casein kinase substrate in neurons 2 protein
Vacuolar protein sorting-associated protein 45

Tumor susceptibility gene 101 protein

Ras-related protein Rab-10

Hsp90 co-chaperone Cdc37

Calcium uptake protein 1, mitochondrial

Beta-adrenergic receptor kinase 1

Breast carcinoma-amplified sequence 1 homolog (Fragment)
Alpha-crystallin B chain

Lysosome-associated membrane glycoprotein 5
Mitochondrial coenzyme A transporter SLC25A42

Importin subunit beta-1

Cytochrome b-c1 complex subunit 8

Uncharacterized protein C2orf47 homolog, mitochondrial
ATP-dependent RNA helicase SUPV3L1, mitochondrial

10 kDa heat shock protein, mitochondrial

Volume-regulated anion channel subunit LRRC8A
Mitochondrial import inner membrane translocase subunit Tim9
Malate dehydrogenase, cytoplasmic

Aspartoacylase

6. Supplementary data
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6. Supplementary data

Q4KM49
Q9EQV6
Q5Xxl119
P08413
P12346
Q63081
Q6AYR2
Q68FR6
P86252
035264
B5DF89
P97846
A2VCX1
P54287
Q925N3
Q6PCU8
Q62888
P23977
Q8K3V3
Q99M7Z8
P11661
Q6XVN8
Q641Y8
P62142

P52504
Q9JLA3
P97544
Q8K4K5
P08644
ABJFQ6
F1LOX4
Q62868
Q07205
P08592
Q8VHW5
P08426
D4A6D7
Q97219
P62494
Q9JIW3
Q6Q629

Q4QQT4
P10688
P29418
Q61G02
Q4KM45
P05503
P00762

Tyrosine--tRNA ligase, cytoplasmic

Tripeptidyl-peptidase 1

Mitochondrial fission regulator 1-like
Calcium/calmodulin-dependent protein kinase type Il subunit beta
Serotransferrin

Protein disulfide-isomerase A6

Protein NDRG3

Elongation factor 1-gamma

Transcriptional activator protein Pur-alpha (Fragments)
Platelet-activating factor acetylhydrolase IB subunit beta
Cullin-3

Contactin-associated protein 1

TIP41-like protein

Voltage-dependent L-type calcium channel subunit beta-3
PEX5-related protein

NADH dehydrogenase [ubiquinone] flavoprotein 3, mitochondrial
Neuroligin-2

Sodium-dependent dopamine transporter

G-protein coupled receptor 56

LIM and SH3 domain protein 1

NADH-ubiquinone oxidoreductase chain 5
Microtubule-associated proteins 1A/1B light chain 3A
ATP-dependent RNA helicase DDX1

Serine/threonine-protein phosphatase PP1-beta catalytic subunit
NADH dehydrogenase [ubiquinone] iron-sulfur protein 6,
mitochondrial

UDP-glucose:glycoprotein glucosyltransferase 1

Lipid phosphate phosphohydrolase 3

Lethal(2) giant larvae protein homolog 1

GTPase KRas

Clavesin-1

Rho GTPase-activating protein 44

Rho-associated protein kinase 2

Eukaryotic translation initiation factor 5

Amyloid beta A4 protein

Voltage-dependent calcium channel gamma-8 subunit
Cationic trypsin-3

Tetratricopeptide repeat protein 19, mitochondrial
Protein NDRG4

Ras-related protein Rab-11A

Up-regulated during skeletal muscle growth protein 5

Inactive dipeptidyl peptidase 10
Serine/threonine-protein phosphatase 2A 65 kDa regulatory
subunit A beta isoform

1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta-1
ATP synthase subunit epsilon, mitochondrial

Keratin, type Il cytoskeletal 2 epidermal

UPF0687 protein C200rf27 homolog

Cytochrome c oxidase subunit 1

Anionic trypsin-1
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P50408
P27867
Q71546
P62083
P04631
P11517
Q6EIX2
P35171
Q9JKE3
Q99P82
Q9WTR7

Q1AAUb6
Q91XR8
088658
B5DFN3
P62898
Q9QUH6
Q3KRD5
Q99JD4
Q3T1K5
Q4KM98
P37285
D3ZML2
Q9WVe63
Q6P7R8
Q3KRDO
P49187
Q7TP47
070441
Q6AYN4
Q62936
P11915
POC5W1
P23565
P04905
Q5FViI4
P80432
P61203

Q5XxIC2
Q63468
D4A6L0
Q6RJR6
Q97173
P10818
Q02589
Q4v897
P97519
Q9QZM5

V-type proton ATPase subunit F

Sorbitol dehydrogenase

ATP synthase F(0) complex subunit C3, mitochondrial

40S ribosomal protein S7

Protein S100-B

Hemoglobin subunit beta-2

Mitochondrial import inner membrane translocase subunit TIM16
Cytochrome c oxidase subunit 7A2, mitochondrial

Secretory carrier-associated membrane protein 5

Claudin-11

Signal peptidase complex catalytic subunit SEC11C
Arf-GAP with SH3 domain, ANK repeat and PH domain-containing
protein 1

Phospholipid hydroperoxide glutathione peroxidase, nuclear
Kinesin-like protein KIF1B

Ubiquinol-cytochrome-c reductase complex assembly factor 2
Cytochrome c, somatic

Ras/Rap GTPase-activating protein SynGAP
Mitochondrial import receptor subunit TOM34
CLIP-associating protein 2

F-actin-capping protein subunit alpha-2
Mitochondrial fission factor

Kinesin light chain 1

Serine/threonine-protein kinase BRSK2

Kinesin-like protein KIF2A

Estradiol 17-beta-dehydrogenase 12
Aspartate--tRNA ligase, mitochondrial
Mitogen-activated protein kinase 10
Heterogeneous nuclear ribonucleoprotein Q
Synapsin-3

Phytanoyl-CoA hydroxylase-interacting protein-like
Disks large homolog 3

Non-specific lipid-transfer protein
Microtubule-associated protein 1S

Alpha-internexin

Glutathione S-transferase Mu 1

Cell cycle exit and neuronal differentiation protein 1
Cytochrome c oxidase subunit 7C, mitochondrial

COP9 signalosome complex subunit 2
Evolutionarily conserved signaling intermediate in Toll pathway,
mitochondrial

Phosphoribosyl pyrophosphate synthase-associated protein 1
Probable G-protein coupled receptor 158

Reticulon-3

Epsin-2

Cytochrome c oxidase subunit 6A1, mitochondrial

[Protein ADP-ribosylarginine] hydrolase

Coiled-coil domain-containing protein 90B, mitochondrial
Hydroxymethylglutaryl-CoA lyase, mitochondrial

Abl interactor 1

6. Supplementary data
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6. Supplementary data

D3ZPX4
P25113
Q68FU3
P63035
B2RZ78
P17425
088370
D3ZN43
P17105
054701
P12368
Q64172
BOBN94

Q5U2U0
Q32PX9
B1WBW4
Q79210
Q5XIA8
Q64232

P07153
Q4KLH5
089046
Q9QWNS8
Q3B7U9
P19139
F1LP90
088637
Q62609
Q6PCT3
P62024
P19491
054975
Q06486
P35280
Q9ERQ6
P10111
Q5x14
Q6P7S51
Q5PQL7
P10824
P55068
Q562B5
Q5HZY2
Q66H15
Q5RJR2
P63012
Q9WvJ4
AlL1I3

Plexin-A3

Phosphoglycerate mutase 1

Electron transfer flavoprotein subunit beta

Cytohesin-2

Vacuolar protein sorting-associated protein 29
Hydroxymethylglutaryl-CoA synthase, cytoplasmic
Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma

NADH dehydrogenase (ubiquinone) complex I, assembly factor 6
Inositol-trisphosphate 3-kinase A

Sodium/potassium/calcium exchanger 2

cAMP-dependent protein kinase type Il-alpha regulatory subunit
Tyrosine-protein phosphatase non-receptor type 9

Protein FAM136A
ATP-dependent Clp protease ATP-binding subunit clpX-like,
mitochondrial

Lactation elevated protein 1

Armadillo repeat-containing protein 10

Protein lin-7 homolog C

Growth hormone-inducible transmembrane protein

Very-long-chain enoyl-CoA reductase
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase
subunit 1

Arf-GAP domain and FG repeat-containing protein 1
Coronin-1B

Spectrin beta chain, non-erythrocytic 2
Peptidyl-prolyl cis-trans isomerase FKBP8

Casein kinase Il subunit alpha

Misshapen-like kinase 1

Ethanolamine-phosphate cytidylyltransferase
Noelin

Tumor protein D54

Phosphatase and actin regulator 1

Glutamate receptor 2

Xaa-Pro aminopeptidase 1

Casein kinase | isoform delta

Ras-related protein Rab-8A

Chondroitin sulfate proteoglycan 5

Peptidyl-prolyl cis-trans isomerase A

Protein FAM210A

Acid ceramidase

Integral membrane protein 2C

Guanine nucleotide-binding protein G(i) subunit alpha-1
Brevican core protein

Serine/threonine-protein phosphatase PGAMS5, mitochondrial
GTP-binding protein SAR1b

Regulator of microtubule dynamics protein 3
Twinfilin-1

Ras-related protein Rab-3A

Synaptojanin-2-binding protein

Numb-like protein
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Q91ZwW1
P19468
Q4vsB7
Q812E9
P14173
P11167
P55067
P48303
Q9JM53
P85108
035952
Q8R500
Q97142
Q91ZWe6
Q5M819
Q4FzU2
P62870
P03889
P62074
Q5BKC9
Q4KLF8
Q4vsi4
Q6AYQ3
P84060
Q97269
Q62829
Q5FWT5
P20650
Q66X93
P18298
P05508
Q8VBU2
Q99MCOo
Q63159
Q62753
Q66HDO
P47861
Q8K4M9
Q7TSAO
P45479
P45953
P68035
Q6Q7Y5
B2DD29
P18508
P63079
P00564
P63319
Q5FWU3

Transcription factor A, mitochondrial

Glutamate--cysteine ligase catalytic subunit

Inactive hydroxysteroid dehydrogenase-like protein 1

Neuronal membrane glycoprotein M6-a

Aromatic-L-amino-acid decarboxylase

Solute carrier family 2, facilitated glucose transporter member 1
Neurocan core protein

Sphingosine 1-phosphate receptor 1

Apoptosis-inducing factor 1, mitochondrial

Tubulin beta-2A chain

Hydroxyacylglutathione hydrolase, mitochondrial

Mitofusin-2

Transmembrane protein 33

Trimethyllysine dioxygenase, mitochondrial

Phosphoserine phosphatase

Keratin, type Il cytoskeletal 6A

Transcription elongation factor B polypeptide 2
NADH-ubiquinone oxidoreductase chain 1

Mitochondrial import inner membrane translocase subunit Tim10
Ephexin-1

Actin-related protein 2/3 complex subunit 5

Ubiquitin carboxyl-terminal hydrolase 7

Phenylalanine--tRNA ligase, mitochondrial

Dystrobrevin beta

Vesicle-associated membrane protein-associated protein B
Serine/threonine-protein kinase PAK 3

Glutamyl-tRNA(GIn) amidotransferase subunit A, mitochondrial
Protein phosphatase 1A

Staphylococcal nuclease domain-containing protein 1
S-adenosylmethionine synthase isoform type-2
NADH-ubiquinone oxidoreductase chain 4

Protein NDRG2

Protein phosphatase 1 regulatory subunit 14A
Hexaprenyldihydroxybenzoate methyltransferase, mitochondrial
Syntaxin-binding protein 2

Endoplasmin

Synaptotagmin-5

Oxysterol-binding protein-related protein 1

Mitochondrial Rho GTPase 2

Palmitoyl-protein thioesterase 1

Very long-chain specific acyl-CoA dehydrogenase, mitochondrial
Actin, alpha cardiac muscle 1

Guanine nucleotide-binding protein subunit alpha-13
Serine/threonine-protein kinase BRSK1

Gamma-aminobutyric acid receptor subunit gamma-2
Gamma-aminobutyric acid receptor subunit beta-3

Creatine kinase M-type

Protein kinase C gamma type

Autophagy-related protein 9A

6. Supplementary data
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P97710
Q6QLM7
P29457
Q5XIL3
P21263
Q925Q9
Q62656
Q6AYH5
089049
Q9JK15
Q5U1X1
P00159
Q91XU8
Q5PPJ9
Q5BK62
P27952
P80431
P97538
P61023
P29266
Q92451
P62138
Q8VHV7
Q5U2U2
P30713
A2RUW1
Q6AXQ5
P42667
P26453
P04906
Q5U1z7
P28572
D3ZKF5
035353

P84039

Q9R1B1
Q62876
P56603
D3Z9R8
Q6AYQ4
P62250
P11232
Q9JIK1
Q6MGDO
Q5FVL2
P62919
Q6AY23
P07872

Tyrosine-protein phosphatase non-receptor type substrate 1
Kinesin heavy chain isoform 5A

Serpin H1

DNA-directed RNA polymerase Ill subunit RPC3
Nestin

SH3 domain-containing kinase-binding protein 1
Receptor-type tyrosine-protein phosphatase zeta
Dynactin subunit 2

Thioredoxin reductase 1, cytoplasmic

Arf-GAP with dual PH domain-containing protein 2
Oligoribonuclease, mitochondrial

Cytochrome b

Phosphatidate cytidylyltransferase 2

Endophilin-B2

Protein Mpv17

40S ribosomal protein S2

Cytochrome c oxidase subunit 7B, mitochondrial
Ras-related protein M-Ras

Calcineurin B homologous protein 1
3-hydroxyisobutyrate dehydrogenase, mitochondrial
1-acyl-sn-glycerol-3-phosphate acyltransferase delta
Serine/threonine-protein phosphatase PP1-alpha catalytic subunit
Heterogeneous nuclear ribonucleoprotein H

Crk-like protein

Glutathione S-transferase theta-2

Toll-interacting protein

2'5'-phosphodiesterase 12

Signal peptidase complex catalytic subunit SEC11A
Basigin

Glutathione S-transferase P

Centromere protein R

Sodium- and chloride-dependent glycine transporter 1
Serine protease HTR4

Guanine nucleotide-binding protein subunit beta-4
Ectonucleotide pyrophosphatase/phosphodiesterase family
member 5

Mitochondrial import inner membrane translocase subunit Tim10
B

Synaptogyrin-1

Secretory carrier-associated membrane protein 1
6.8 kDa mitochondrial proteolipid
Transmembrane protein 109

40S ribosomal protein S16

Thioredoxin

Neuronal membrane glycoprotein M6-b
Protein CutA

ER membrane protein complex subunit 8
60S ribosomal protein L8
Pyrroline-5-carboxylate reductase 2

Peroxisomal acyl-coenzyme A oxidase 1
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Q6PEC4
Q5M7T2
Q9ERH3
P97603
Q97272
P08010
P08050
P05506
P60868
P31422
P15205
Q8R4A1
Q6P7B0O
035824
Q68FT1
Q7TMmMB7
Q5RJY4

P56558
Q63060
Q5XxlI0
Q6MG82

S-phase kinase-associated protein 1
SPRY domain-containing protein 7
WD repeat-containing protein 7
Neogenin (Fragment)

ARF GTPase-activating protein GIT1
Glutathione S-transferase Mu 2

Gap junction alpha-1 protein
NADH-ubiquinone oxidoreductase chain 3
40S ribosomal protein S20
Metabotropic glutamate receptor 3
Microtubule-associated protein 1B
ERO1-like protein alpha
Tryptophan--tRNA ligase, cytoplasmic

DnaJ homolog subfamily A member 2

Ubiquinone biosynthesis protein COQ9, mitochondrial

Lipid phosphate phosphatase-related protein type 4
Dehydrogenase/reductase SDR family member 7B
UDP-N-acetylglucosamine--peptide N-
acetylglucosaminyltransferase 110 kDa subunit

Glycerol kinase
Mammalian ependymin-related protein 1

Proline-rich transmembrane protein 1

6. Supplementary data
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Table 6.3 — Fold-change of proteins showing significant differences between SAPAP3 WT and SAPAP3

K910R

SAPAP3 WT SAPAP3 K910R Fold-change
Protein (mean intensities) (mean intensities) log2
KPCE_RAT 0.0018 0.0006 -1.46
GFAP_RAT 0.0249 0.0119 -1.07
SYTS5_RAT 0.0267 0.0141 -0.92
TBB2B_RAT 0.0028 0.0015 -0.92
CYH2_RAT 0.0129 0.0075 -0.78
NDUAS5_RAT 0.0164 0.0101 -0.70
TBB4B_RAT 0.0480 0.0302 -0.67
IDHP_RAT 0.2544 0.1646 -0.63
TBA1A_RAT 0.4579 0.3025 -0.60
PI42A_RAT 0.0059 0.0039 -0.60
TBA4A_RAT 0.1710 0.1132 -0.60
ADDA_RAT 0.0237 0.0157 -0.60
ARPC2_RAT 0.0272 0.0186 -0.55
PDIA3_RAT 0.0855 0.0588 -0.54
ATAD1_RAT 0.0144 0.0099 -0.54
QCR2_RAT 0.4381 0.3077 -0.51
TBB5_RAT 0.0327 0.0233 -0.49
GPDA_RAT 0.0743 0.0533 -0.48
MP2K1_RAT 0.1703 0.1230 -0.47
NDRG4_RAT 0.0108 0.0078 -0.46
SFXN3_RAT 0.0770 0.0570 -0.43
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GNAO_RAT 0.2815 0.2089 -0.43
HXK1_RAT 1.1346 0.8445 -0.43
TCPG_RAT 0.0660 0.0495 -0.42
QCR1_RAT 0.3633 0.2736 -0.41
ALDOA_RAT 1.3082 0.9894 -0.40
OXR1_RAT 0.0278 0.0211 -0.40
PACN1_RAT 0.1268 0.0967 -0.39
VATB2_RAT 0.1119 0.0855 -0.39
DYN1_RAT 0.3334 0.2556 -0.38
SFXN1_RAT 0.0319 0.0246 -0.38
NSF_RAT 0.2803 0.2180 -0.36
NDUA9_RAT 0.1687 0.1316 -0.36
ACTB_RAT 0.4546 0.3550 -0.36
PRIO_RAT 0.0026 0.0020 -0.35
AT5F1_RAT 0.9583 0.7584 -0.34
PP2BB_RAT 0.0316 0.0250 -0.34
NDUS2_RAT 0.2141 0.1729 -0.31
SSDH_RAT 0.1726 0.1420 -0.28
SEPT7_RAT 0.2192 01805 -0.28
NDUS4_RAT 0.0715 0.0589 -0.28
NPTN_RAT 0.0719 0.0619 -0.22

Table 6.4 — Fold-change of proteins showing significant differences between SAPAP3 WT and SAPAP3

R770L
SAPAP3 WT SAPAP3 R770L Fold-change
Protein (mean intensities) (mean intensities) log2
CISY 0.0723 0.0252 -1.52
NOE1 0.0037 0.0017 -1.11
MDHM 0.1416 0.0691 -1.03
ENPL 0.0055 0.0029 -0.94
NDUAS 0.0164 0.0089 -0.89
AATM 0.1443 0.0807 -0.84
HS90A 0.0170 0.0097 -0.81
S2551 0.0535 0.0314 -0.77
NDRG4 0.0108 0.0064 -0.76
KPCE 0.0018 0.0011 -0.75
USMG5 0.0195 0.0117 -0.74
14332 0.0139 0.0084 -0.73
CYH2 0.0129 0.0078 -0.72
CSKP 0.0042 0.0026 -0.71
TTYH1 0.0097 0.0060 -0.70
GRP78 0.0222 0.0137 -0.70
ANK3 0.0353 0.0219 -0.69
ODP2 0.0513 0.0319 -0.69
TOM70 0.0292 0.0183 -0.67
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CX7A2
1433G
ARP5L
NDUAS
ATPB
CADM3
GUAD
ADDA
SEPT9
ODBA
ATPA
NDUS1
CH60
NDUS4
CLVS1
NDUAA
ARP3
PIMT
AL1B1
KCRB
cox41
NDUS2
OAT
PP2BA
SCPDL
ATPO
SYSC
coaQe
ORN
HOME1
HSP7C
MMSA
QCR1
ODPB
AT5F1
AT1B3
ALDOC
LETM1
PYGM
IDHP
PA1B2
CAND1
PDIA3
ACTB
ACON
G6PI

0.0149
0.0127
0.0357
0.1687
2.6073
0.0333
0.0316
0.0237
0.0107
0.0067
2.7122
0.3949
0.2389
0.0715
0.0044
0.1113
0.0264
0.0071
0.0605
0.6000
0.8112
0.2141
0.0669
0.0560
0.2631
0.7786
0.0102
0.0254
0.0043
0.0082
0.5750
0.1118
0.3633
0.1912
0.9583
0.0178
0.2369
0.2223
0.0550
0.2544
0.0538
0.0774
0.0855
0.4546
2.3755
0.2310

0.0093
0.0080
0.0225
0.1069
1.6545
0.0213
0.0203
0.0152
0.0069
0.0043
1.7555
0.2556
0.1550
0.0465
0.0029
0.0729
0.0173
0.0046
0.0397
0.3946
0.5342
0.1412
0.0443
0.0372
0.1767
0.5238
0.0069
0.0171
0.0029
0.0056
0.3901
0.0758
0.2471
0.1302
0.6529
0.0122
0.1625
0.1526
0.0378
0.1751
0.0371
0.0536
0.0593
0.3157
1.6512
0.1606

-0.67
-0.67
-0.66
-0.66
-0.66
-0.65
-0.64
-0.64
-0.63
-0.63
-0.63
-0.63
-0.62
-0.62
-0.62
-0.61
-0.61
-0.61
-0.61
-0.60
-0.60
-0.60
-0.59
-0.59
-0.57
-0.57
-0.57
-0.57
-0.57
-0.56
-0.56
-0.56
-0.56
-0.55
-0.55
-0.55
-0.54
-0.54
-0.54
-0.54
-0.54
-0.53
-0.53
-0.53
-0.52
-0.52
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DPYL2
THIL
NDUV2
SEP11
NSF
SUV3
RAB5A
GNAZ
CF136
OoDOo1
TMM11
DYN1
MAP6
HCD2
DHE3
ALDOA
PRDX2
IDH3A
THTR
SCOT1
G3P
GLSK
OPA1
AP2A2
SYN2
ATP5H
AP2B1
GPDM
SEPT8
QCR2
AT1B1
ACBG1
LPPRC
D2HDH
CISD1
PYGB
LDHA
DNM1L
ETFD
GNAO
AMPH
SSDH
GSK3B
GSHR
ECHA
ARF3

0.6065
0.1620
0.1161
0.0969
0.2803
0.0135
0.0192
0.0033
0.0283
0.2463
0.0296
0.3334
0.1003
0.2220
1.5022
1.3082
0.0956
0.2421
0.0293
0.0348
1.2236
0.2100
0.1836
0.4486
0.5780
0.2456
0.2764
0.0875
0.0410
0.4381
0.3433
0.0611
0.1205
0.0227
0.0125
0.1546
0.1899
0.1534
0.0211
0.2815
0.1545
0.1726
0.0121
0.0272
0.0726
0.0196

0.4237
0.1132
0.0812
0.0678
0.1965
0.0095
0.0135
0.0023
0.0200
0.1743
0.0210
0.2370
0.0714
0.1589
1.0756
0.9370
0.0686
0.1736
0.0210
0.0250
0.8789
0.1509
0.1320
0.3229
0.4172
0.1774
0.2000
0.0635
0.0298
0.3181
0.2495
0.0446
0.0879
0.0166
0.0091
0.1134
0.1394
0.1129
0.0157
0.2091
0.1155
0.1295
0.0091
0.0205
0.0552
0.0150

-0.52
-0.52
-0.52
-0.51
-0.51
-0.51
-0.51
-0.51
-0.50
-0.50
-0.49
-0.49
-0.49
-0.48
-0.48
-0.48
-0.48
-0.48
-0.48
-0.48
-0.48
-0.48
-0.48
-0.47
-0.47
-0.47
-0.47
-0.46
-0.46
-0.46
-0.46
-0.46
-0.45
-0.45
-0.45
-0.45
-0.45
-0.44
-0.43
-0.43
-0.42
-0.42
-0.41
-0.41
-0.39
-0.39
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MP2K1 0.1703 0.1303 -0.39

OXR1 0.0278 0.0213 -0.38

GBB5 0.0145 0.0112 -0.38

EF2 0.0231 0.0179 -0.37

GHC2 0.1950 0.1518 -0.36

PP2BB 0.0316 0.0247 -0.35

RUFY3 0.0040 0.0031 -0.35

TCPG 0.0660 0.0520 -0.34

ECHM 0.0740 0.0585 -0.34

PACN1 0.1268 0.1004 -0.34

DPYL1 0.0758 0.0600 -0.34

EFTU 0.2084 0.1743 -0.26

PTNS 0.0004 0.0023 2.43
Table 6.5 — List of the proteins identified for the WT SAPAP3 domain
Uniprot No identified
Accession Protein Name peptides w/ 95 %
Number conf
P61765 Syntaxin-binding protein 1 56
Q9ER34 Aconitate hydratase, mitochondrial 51
P21575 Dynamin-1 51
P05708 Hexokinase-1 42
P06687 Sodium/potassium-transporting ATPase subunit alpha-3 41
P09951 Synapsin-1 48
P11980 Pyruvate kinase PKM 40
P62944 AP-2 complex subunit beta 38
P15999 ATP synthase subunit alpha, mitochondrial 38
Q62910 Synaptojanin-1 36
P10860 Glutamate dehydrogenase 1, mitochondrial 34
P47942 Dihydropyrimidinase-related protein 2 37
P13233 2',3'-cyclic-nucleotide 3'-phosphodiesterase 33
P05065 Fructose-bisphosphate aldolase A 34
P11505 Plasma membrane calcium-transporting ATPase 1 30
POAEYO Maltose-binding periplasmic protein 33
P10719 ATP synthase subunit beta, mitochondrial 32
P18484 AP-2 complex subunit alpha-2 32
Q2TA68 Dynamin-like 120 kDa protein, mitochondrial 29
Q5XIN6 LETM1 and EF-hand domain-containing protein 1, mitochondrial 30
P04797 Glyceraldehyde-3-phosphate dehydrogenase 32
Q66HF1 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial 28
P50554 4-aminobutyrate aminotransferase, mitochondrial 27
P13264 Glutaminase kidney isoform, mitochondrial 29
Q9QuUL6e Vesicle-fusing ATPase 23
P53534 Glycogen phosphorylase, brain form (Fragment) 26
Q6P6V0O Glucose-6-phosphate isomerase 26
P63039 60 kDa heat shock protein, mitochondrial 25
Q62950 Dihydropyrimidinase-related protein 1 24
P63018 Heat shock cognate 71 kDa protein 24
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P06685
Q63537
Q6P6R2
Q5X178
Q9wWVvCo
Q09073
Q5SGEO
P85108
P25809
P56574
P14408
P63259
Q6P9V9
Q68FY0
P32551

Q641Y2
P07335
P85834
000001
Q5XHZ0
P04636
P19511
P42212
P09117
P02688
035303
Q9JHUO
P21707
P21396
P48721
P62815
P35571
Q68FX0
008838
P51650
P61265
070351
P50137
Q99NA5
P31596

Q5BK63
P97685
P05197
Q06647
P19332
Q66HF8
P11506
P97700

Sodium/potassium-transporting ATPase subunit alpha-1
Synapsin-2

Dihydrolipoyl dehydrogenase, mitochondrial
2-oxoglutarate dehydrogenase, mitochondrial

Septin-7

ADP/ATP translocase 2

Leucine-rich PPR motif-containing protein, mitochondrial
Tubulin beta-2A chain

Creatine kinase U-type, mitochondrial

Isocitrate dehydrogenase [NADP], mitochondrial
Fumarate hydratase, mitochondrial

Actin, cytoplasmic 2

Tubulin alpha-1B chain

Cytochrome b-c1 complex subunit 1, mitochondrial

Cytochrome b-c1 complex subunit 2, mitochondrial
NADH dehydrogenase [ubiquinone] iron-sulfur protein 2,
mitochondrial

Creatine kinase B-type

Elongation factor Tu, mitochondrial

Heat shock protein 75 kDa, mitochondrial
Malate dehydrogenase, mitochondrial

ATP synthase F(0) complex subunit B1, mitochondrial
Green fluorescent protein
Fructose-bisphosphate aldolase C

Myelin basic protein

Dynamin-1-like protein
Dihydropyrimidinase-related protein 5
Synaptotagmin-1

Amine oxidase [flavin-containing] A

Stress-70 protein, mitochondrial

V-type proton ATPase subunit B, brain isoform

Glycerol-3-phosphate dehydrogenase, mitochondrial

Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial

Amphiphysin

Succinate-semialdehyde dehydrogenase, mitochondrial
Syntaxin-1B

3-hydroxyacyl-CoA dehydrogenase type-2

Transketolase

Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial

Excitatory amino acid transporter 2

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9,

mitochondrial

Neurofascin

Elongation factor 2

ATP synthase subunit O, mitochondrial
Microtubule-associated protein tau

Aldehyde dehydrogenase X, mitochondrial
Plasma membrane calcium-transporting ATPase 2

Mitochondrial 2-oxoglutarate/malate carrier protein
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P13596

Q02253
Q63198
P13086
P27139
Q3KR86
B3GNI6
P41565
Q970W5

P26284
Q9JIM9
P52873
Q01986
P35435
P00507
008839
Q63560
P20788

Q561S0

P20651
Q5RKIO
Q62951
P84092
P67779
035077

Q64536
P31399
P10888
035179
P63086

P08461
Q63633
P17764
P62632
Q9JHY2
Q5XIM9
P61107
P56571
P59215
P04642
P47709
P11598
P15146
Q02563
P09606
Q97210

6. Supplementary data

Neural cell adhesion molecule 1
Methylmalonate-semialdehyde dehydrogenase [acylating],
mitochondrial

Contactin-1

Succinyl-CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial
Carbonic anhydrase 2

MIC

Septin-11

Isocitrate dehydrogenase [NAD] subunit gamma 1, mitochondrial

Protein kinase C and casein kinase substrate in neurons protein 1
Pyruvate dehydrogenase E1 component subunit alpha, somatic form,
mitochondrial

Septin-5

Pyruvate carboxylase, mitochondrial

Dual specificity mitogen-activated protein kinase kinase 1
ATP synthase subunit gamma, mitochondrial

Aspartate aminotransferase, mitochondrial

Myc box-dependent-interacting protein 1
Microtubule-associated protein 6

Cytochrome b-c1 complex subunit Rieske, mitochondrial

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10,
mitochondrial

Serine/threonine-protein phosphatase 2B catalytic subunit beta
isoform

WD repeat-containing protein 1
Dihydropyrimidinase-related protein 4 (Fragment)

AP-2 complex subunit mu

Prohibitin

Glycerol-3-phosphate dehydrogenase [NAD(+)], cytoplasmic

[Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 2,
mitochondrial

ATP synthase subunit d, mitochondrial
Cytochrome c oxidase subunit 4 isoform 1, mitochondrial
Endophilin-Al

Mitogen-activated protein kinase 1
Dihydrolipoyllysine-residue acetyltransferase component of pyruvate
dehydrogenase complex, mitochondrial

Solute carrier family 12 member 5
Acetyl-CoA acetyltransferase, mitochondrial
Elongation factor 1-alpha 2

Sideroflexin-3

T-complex protein 1 subunit beta
Ras-related protein Rab-14

ES1 protein homolog, mitochondrial
Guanine nucleotide-binding protein G(o) subunit alpha
L-lactate dehydrogenase A chain
Rabphilin-3A

Protein disulfide-isomerase A3
Microtubule-associated protein 2

Synaptic vesicle glycoprotein 2A

Glutamine synthetase

Voltage-dependent anion-selective channel protein 1

15

14
14
14
16
13
13
14
12

15
13
11
13
14
14
12
12
14

13

13
13
13
12
12
12

11
11
13
12
13

12
12
10
12
12
10
11
11
11
11
11
12
10
12
11
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Q70458
Q05546
P16036
P85845
P11884
P06761
P97536
P06686
Q63716
P04177
Q05140
P56522
P11240
P12007
POC2X9
P33124

Q63065
P47858
Q64428
Q60587
P14604
P16086
Q7TPB1
P60203
Q92455
P85970
Q8K4Y5
Q6AY30
Q5M7U6
P29147
Q5XIT1
P15650
P04182
Q4QRB4
Q6P502
P14669
P42123
Q3KREO
P07895
Q4av7Cc7
Q970ve
Q5FVI6
Q794F9
P32851
P34058
P19804
P49432
P29411
P60881

Carnitine O-acetyltransferase

Tenascin-R

Phosphate carrier protein, mitochondrial

Fascin

Aldehyde dehydrogenase, mitochondrial

78 kDa glucose-regulated protein

Cullin-associated NEDD8-dissociated protein 1
Sodium/potassium-transporting ATPase subunit alpha-2
Peroxiredoxin-1

Tyrosine 3-monooxygenase

Clathrin coat assembly protein AP180
NADPH:adrenodoxin oxidoreductase, mitochondrial
Cytochrome c oxidase subunit 5A, mitochondrial
Isovaleryl-CoA dehydrogenase, mitochondrial
Delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial

Long-chain-fatty-acid--CoA ligase 6
[Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 1,
mitochondrial

ATP-dependent 6-phosphofructokinase, muscle type
Trifunctional enzyme subunit alpha, mitochondrial
Trifunctional enzyme subunit beta, mitochondrial
Enoyl-CoA hydratase, mitochondrial

Spectrin alpha chain, non-erythrocytic 1

T-complex protein 1 subunit delta

Myelin proteolipid protein

Lon protease homolog, mitochondrial

Actin-related protein 2/3 complex subunit 2
Leucine-rich glioma-inactivated protein 1

Saccharopine dehydrogenase-like oxidoreductase
Actin-related protein 2

D-beta-hydroxybutyrate dehydrogenase, mitochondrial
Microtubule-associated protein RP/EB family member 3
Long-chain specific acyl-CoA dehydrogenase, mitochondrial
Ornithine aminotransferase, mitochondrial

Tubulin beta-3 chain

T-complex protein 1 subunit gamma

Annexin A3

L-lactate dehydrogenase B chain

ATPase family AAA domain-containing protein 3
Superoxide dismutase [Mn], mitochondrial
Actin-related protein 3

Thioredoxin-dependent peroxide reductase, mitochondrial
V-type proton ATPase subunit C 1

4F2 cell-surface antigen heavy chain

Syntaxin-1A

Heat shock protein HSP 90-beta

Nucleoside diphosphate kinase B

Pyruvate dehydrogenase E1 component subunit beta, mitochondrial
GTP:AMP phosphotransferase AK3, mitochondrial

Synaptosomal-associated protein 25
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P63102
P07722
P05712
Q8CFDO
Q62717

Q92012
Q972F5
P35704
P97546
B2GV06
Q499N5
P07340
Q91v81

035796
P09812
Q8VHF5
Q62952
P81155
Q05962
P46462
QoQyJe
P48500
P11442
P11507
P61206
Q8R491
Q64057
P54313
Q97270
Q5EB81

Q01205
P47860
P46101
Q63028
P85973
P02091
P97532

Q6UPE1
Q6IFW6
P19643
Q5XIH7
Q9WTT6
Q9WU34
Q6MGB5
Q05683
P00406
Q75Q39

6. Supplementary data

14-3-3 protein zeta/delta
Myelin-associated glycoprotein
Ras-related protein Rab-2A
Sideroflexin-5

Calcium-dependent secretion activator 1
Succinate dehydrogenase [ubiquinone] flavoprotein subunit,
mitochondrial

C-terminal-binding protein 1

Peroxiredoxin-2

Neuroplastin

Succinyl-CoA:3-ketoacid coenzyme A transferase 1, mitochondrial
Acyl-CoA synthetase family member 2, mitochondrial
Sodium/potassium-transporting ATPase subunit beta-1

Septin-2
Complement component 1 Q subcomponent-binding protein,
mitochondrial

Glycogen phosphorylase, muscle form

Citrate synthase, mitochondrial

Dihydropyrimidinase-related protein 3

Voltage-dependent anion-selective channel protein 2

ADP/ATP translocase 1

Transitional endoplasmic reticulum ATPase

cAMP and cAMP-inhibited cGMP 3',5'-cyclic phosphodiesterase 10A
Triosephosphate isomerase

Clathrin heavy chain 1

Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
ADP-ribosylation factor 3

EH domain-containing protein 3

Alpha-aminoadipic semialdehyde dehydrogenase

Guanine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-2
Vesicle-associated membrane protein-associated protein A

NADH-cytochrome b5 reductase 1
Dihydrolipoyllysine-residue succinyltransferase component of 2-
oxoglutarate dehydrogenase complex, mitochondrial

ATP-dependent 6-phosphofructokinase, platelet type
Dipeptidyl aminopeptidase-like protein 6
Alpha-adducin

Purine nucleoside phosphorylase

Hemoglobin subunit beta-1

3-mercaptopyruvate sulfurtransferase
Electron transfer flavoprotein-ubiquinone oxidoreductase,
mitochondrial

Keratin, type | cytoskeletal 10
Amine oxidase [flavin-containing] B
Prohibitin-2

Guanine deaminase
Neuronal-specific septin-3

Estradiol 17-beta-dehydrogenase 8
Glutamate decarboxylase 2
Cytochrome c oxidase subunit 2

Mitochondrial import receptor subunit TOM70
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6. Supplementary data

D4AAT7
P23965
Q3MIE4
P11275
P28480

Q5XIF3
Qo0x69
P16638
Q4Vv8B0
P52303
P24942
P85969
Q5GFD9
P27605
Q8R431
Q7TS56
P19234
Q6PDU7

P21913
P69897
Q9R063
P24368
Q6PCU2
P51647
Q08163
BOBNF1
P00388
Q05695
Q99P39
Q5FVH2
Q924N5
Q9WVK7
Q63965
PODJJ3
P31662
Q52KK3
P11951
Q6AYS7
Q08877
P24473
P32089
Q4V8F9
088767
P01946
Q704E8
Q3T
POC1X8
Q01062

ATP-dependent (S)-NAD(P)H-hydrate dehydratase
Enoyl-CoA delta isomerase 1, mitochondrial

Synaptic vesicle membrane protein VAT-1 homolog

Calcium/calmodulin-dependent protein kinase type Il subunit alpha

T-complex protein 1 subunit alpha
NADH dehydrogenase [ubiquinone] iron-sulfur protein 4,
mitochondrial

LanC-like protein 1

ATP-citrate synthase

Oxidation resistance protein 1

AP-1 complex subunit beta-1

Excitatory amino acid transporter 1

Beta-soluble NSF attachment protein

Protein IMPACT

Hypoxanthine-guanine phosphoribosyltransferase
Monoglyceride lipase

Carbonyl reductase family member 4

NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial

ATP synthase subunit g, mitochondrial
Succinate dehydrogenase [ubiquinone] iron-sulfur subunit,
mitochondrial

Tubulin beta-5 chain

Peroxiredoxin-5, mitochondrial

Peptidyl-prolyl cis-trans isomerase B

V-type proton ATPase subunit E 1

Retinal dehydrogenase 1

Adenylyl cyclase-associated protein 1

Septin-8

NADPH--cytochrome P450 reductase

Neural cell adhesion molecule L1

Cysteine desulfurase, mitochondrial

Phospholipase D3

Long-chain-fatty-acid--CoA ligase ACSBG1
Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial
Sideroflexin-1

SH3-containing GRB2-like protein 3-interacting protein 1
Sodium-dependent neutral amino acid transporter SLC6A17
Solute carrier family 25 member 51

Cytochrome c oxidase subunit 6C-2

Aminoacylase-1A

Dynamin-3

Glutathione S-transferase kappa 1

Tricarboxylate transport protein, mitochondrial
Hydroxysteroid dehydrogenase-like protein 2

Protein DJ-1

Hemoglobin subunit alpha-1/2

ATP-binding cassette sub-family B member 7, mitochondrial
Eukaryotic translation initiation factor 5A-1
AP2-associated protein kinase 1

cGMP-dependent 3',5'-cyclic phosphodiesterase
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Q9Ji66
070511
Q6IMF3
P49803
Q9R0I8
Q63345
Q9QZR6
Q5RJQ4
Q5M7A7
P61983
Q9R120
QoQxQo
Q6PST4
Q9WU82
Q68FX9
P05370
P48768

088483
088994
P12075
Q6QIX3
P21708
Q4QQvs
Q510G4
Q5XIE6
Q63362
Q4G064
Q1IWIM3
Q91ZN1
Q62847
P30835
P47875
P41499
P31016
P62630
035331
055012
Q1HCL7
Q5M821
P52481
B2RYW9
Q5FVJO
P84850
Q56879
P47819
P45592
Q970J5
Q3B8Q0
P24329

Electrogenic sodium bicarbonate cotransporter 1
Ankyrin-3

Keratin, type Il cytoskeletal 1

Regulator of G-protein signaling 7

Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha
Myelin-oligodendrocyte glycoprotein

Septin-9

NAD-dependent protein deacetylase sirtuin-2

CB1 cannabinoid receptor-interacting protein 1

14-3-3 protein gamma

Voltage-dependent anion-selective channel protein 3
Alpha-actinin-4

Atlastin-1

Catenin beta-1

NAD-dependent protein deacylase sirtuin-5, mitochondrial
Glucose-6-phosphate 1-dehydrogenase

Sodium/calcium exchanger 2
[Pyruvate dehydrogenase [acetyl-transferring]]-phosphatase 1,
mitochondrial

Mitochondrial amidoxime reducing component 2
Cytochrome c oxidase subunit 5B, mitochondrial
Zinc transporter 3

Mitogen-activated protein kinase 3

Protein FAM162A

Glycine--tRNA ligase (Fragment)
3-hydroxyisobutyryl-CoA hydrolase, mitochondrial

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 5

2-methoxy-6-polyprenyl-1,4-benzoquinol methylase, mitochondrial

Cell adhesion molecule 3

Coronin-1A

Gamma-adducin

ATP-dependent 6-phosphofructokinase, liver type
Cysteine and glycine-rich protein 1

Tyrosine-protein phosphatase non-receptor type 11
Disks large homolog 4

Elongation factor 1-alpha 1

Pyridoxal kinase

Phosphatidylinositol-binding clathrin assembly protein
NAD kinase 2, mitochondrial

Protein phosphatase 1H

Adenylyl cyclase-associated protein 2
Fumarylacetoacetate hydrolase domain-containing protein 2
Protein RUFY3

D-2-hydroxyglutarate dehydrogenase, mitochondrial
Phytanoyl-CoA hydroxylase-interacting protein

Glial fibrillary acidic protein

Cofilin-1

Thioredoxin reductase 2, mitochondrial
Microtubule-associated protein RP/EB family member 2

Thiosulfate sulfurtransferase

6. Supplementary data
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162 | 6. Supplementary data

P62260
P35434
Q516B8
P18265
P34926
P63100
P22062
Q64591
Q6AYT7
Q4FzU2
Q6PIT8
Q5XIF6
MORC99
P11608
P25286
P63004

008776
P69682
Q6QON1
Q68FW7
P62882
Q6AXTS
008618
Q5RKI8
P63045
Q63564
Q04400
Q62888
Q97214
POCO89
D32QG6
P18088
Q66HAS8
Q64568
P60522
P10760

P63329
Q920F5
Q05982
P85515
Q5X122
Q505J6
P62483
Q5Xx179
P97576
P62332
P13638
P31977

14-3-3 protein epsilon

ATP synthase subunit delta, mitochondrial
Phosphatidylinositol 4-phosphate 5-kinase type-1 gamma
Glycogen synthase kinase-3 alpha
Microtubule-associated protein 1A

Calcineurin subunit B type 1
Protein-L-isoaspartate(D-aspartate) O-methyltransferase
2,4-dienoyl-CoA reductase, mitochondrial
Monoacylglycerol lipase ABHD12

Keratin, type Il cytoskeletal 6A

Tubulin beta-4B chain

Tubulin alpha-4A chain

Ras-related protein Rab-5A

ATP synthase protein 8

V-type proton ATPase 116 kDa subunit a isoform 1

Platelet-activating factor acetylhydrolase IB subunit alpha
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly
factor 3

Adaptin ear-binding coat-associated protein 1

Cytosolic non-specific dipeptidase

Threonine--tRNA ligase, mitochondrial

Guanine nucleotide-binding protein subunit beta-5
Ras-related protein Rab-21

Phosphoribosyl pyrophosphate synthase-associated protein 2
ATP-binding cassette sub-family B member 8, mitochondrial
Vesicle-associated membrane protein 2

Synaptic vesicle glycoprotein 2B

Adenylate cyclase type 5

Neuroligin-2

Homer protein homolog 1

Phosphatidylglycerophosphatase and protein-tyrosine phosphatase 1

Tripartite motif-containing protein 2

Glutamate decarboxylase 1

Heat shock protein 105 kDa

Plasma membrane calcium-transporting ATPase 3
Gamma-aminobutyric acid receptor-associated protein-like 2

Adenosylhomocysteinase
Serine/threonine-protein phosphatase 2B catalytic subunit alpha
isoform

Malonyl-CoA decarboxylase, mitochondrial

Nucleoside diphosphate kinase A

Alpha-centractin

Acetyl-CoA acetyltransferase, cytosolic

Mitochondrial glutamate carrier 2

Voltage-gated potassium channel subunit beta-2

NADH dehydrogenase [ubiquinone] complex |, assembly factor 7
GrpE protein homolog 1, mitochondrial

ADP-ribosylation factor 6

Sodium/potassium-transporting ATPase subunit beta-2

Ezrin
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Q62915
035180
Al1L108
P08503
P38718
Q5FvVQ8
Q64542
BOBN86
Q1WIM1
Q6P799
P62813
Q6JE36
P23928
035264
P60892
Q5M7W5
Q62634
P62986
BOK020
Q5PPI4

P52504
Q97250
D3ZAF6
P08413
P29419
B2RYT9
Q6MG12
P35213

QI9NQR8
Q64559
P68370
Q2PQA9S
P00762
Q6AYQ8
Q63092
Q5M9I5
Q4KM45
Q9JKE3
Q505J9

P63331
P50408
Q9JIW3
P86252
P32232
Q5EB62
Q971N4
P70619
088588

6. Supplementary data

Peripheral plasma membrane protein CASK
Endophilin-A3

Actin-related protein 2/3 complex subunit 5-like protein
Medium-chain specific acyl-CoA dehydrogenase, mitochondrial
Mitochondrial pyruvate carrier 2

NLR family member X1

Plasma membrane calcium-transporting ATPase 4
Transmembrane protein 11, mitochondrial

Cell adhesion molecule 4

Serine--tRNA ligase, cytoplasmic

Gamma-aminobutyric acid receptor subunit alpha-1
Protein NDRG1

Alpha-crystallin B chain

Platelet-activating factor acetylhydrolase IB subunit beta
Ribose-phosphate pyrophosphokinase 1
Microtubule-associated protein 4

Vesicular glutamate transporter 1

Ubiquitin-60S ribosomal protein L40

CDGSH iron-sulfur domain-containing protein 1

Lysosome-associated membrane glycoprotein 5
NADH dehydrogenase [ubiquinone] iron-sulfur protein 6,
mitochondrial

Protein lin-7 homolog A

ATP synthase subunit f, mitochondrial
Calcium/calmodulin-dependent protein kinase type Il subunit beta
ATP synthase subunit e, mitochondrial

Translational activator of cytochrome c oxidase 1

Uncharacterized protein C6orf136 homolog

14-3-3 protein beta/alpha
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly
factor 4

Cytosolic acyl coenzyme A thioester hydrolase
Tubulin alpha-1A chain

Kinesin-1 heavy chain

Anionic trypsin-1

Acylpyruvase FAHD1, mitochondrial

CaM kinase-like vesicle-associated protein
Cytochrome b-c1 complex subunit 6, mitochondrial
UPF0687 protein C200rf27 homolog

Secretory carrier-associated membrane protein 5

ATPase family AAA domain-containing protein 1
Serine/threonine-protein phosphatase 2A catalytic subunit alpha
isoform

V-type proton ATPase subunit F

Up-regulated during skeletal muscle growth protein 5
Transcriptional activator protein Pur-alpha (Fragments)
Cystathionine beta-synthase

Solute carrier family 25 member 46
3'(2"),5'-bisphosphate nucleotidase 1

Glutathione reductase (Fragment)

Phosphofurin acidic cluster sorting protein 1
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6. Supplementary data

Q6XVN8
P07825
Q61G02
Q99PD4
Q6EIX2
P04631
Q5I0K5
Q03346
P07936
Q68FQ0
P04764
Q9WVK3
Q62696
P35171
P29418
P31647
P38650
POC5X8
P08644
Q9WUSO
008662

P11960
POC546
P68403
Q62784
035094
P54311
Q9WU49
P85968
Q919
P04218
Q5RJLO
P80432
Q5U2X7
Q9WTPO
Q5PPN7
Q5M7W7
P07633
Q5BJU7
P11661
Q66HA6
Q7TQ16

Q68FT3
P26772
Q9QZM5
P62744
P19627
Q5EBAL

Microtubule-associated proteins 1A/1B light chain 3A
Synaptophysin

Keratin, type Il cytoskeletal 2 epidermal

Actin-related protein 2/3 complex subunit 1A
Mitochondrial import inner membrane translocase subunit TIM16
Protein S100-B

Mycophenolic acid acyl-glucuronide esterase, mitochondrial
Mitochondrial-processing peptidase subunit beta
Neuromodulin

T-complex protein 1 subunit epsilon

Alpha-enolase

Peroxisomal trans-2-enoyl-CoA reductase

Disks large homolog 1

Cytochrome c oxidase subunit 7A2, mitochondrial

ATP synthase subunit epsilon, mitochondrial

Sodium- and chloride-dependent GABA transporter 3
Cytoplasmic dynein 1 heavy chain 1

Protein tweety homolog 1

GTPase KRas

Adenylate kinase 4, mitochondrial

Phosphatidylinositol 4-kinase alpha
2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial
(Fragment)

Mitochondrial coenzyme A transporter SLC25A42

Protein kinase C beta type

Type | inositol 3,4-bisphosphate 4-phosphatase

Mitochondrial import inner membrane translocase subunit TIM44
Guanine nucleotide-binding protein G(1)/G(S)/G(T) subunit beta-1
Calcium-regulated heat stable protein 1

6-phosphogluconate dehydrogenase, decarboxylating

Na(+)/H(+) exchange regulatory cofactor NHE-RF1

0OX-2 membrane glycoprotein

Ermin

Cytochrome c oxidase subunit 7C, mitochondrial

Mitochondrial import inner membrane translocase subunit Tim21
Band 4.1-like protein 1

Coiled-coil domain-containing protein 51

Probable proline--tRNA ligase, mitochondrial

Propionyl-CoA carboxylase beta chain, mitochondrial
Wiskott-Aldrich syndrome protein family member 1
NADH-ubiquinone oxidoreductase chain 5

ADP-ribosylation factor-like protein 8B

Cytochrome b-c1 complex subunit 8
Pyridine nucleotide-disulfide oxidoreductase domain-containing
protein 2

10 kDa heat shock protein, mitochondrial

Abl interactor 1

AP-2 complex subunit sigma

Guanine nucleotide-binding protein G(z) subunit alpha
ATP-dependent RNA helicase SUPV3L1, mitochondrial
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Q5BJQO
Q6AY19
P13437
Q63372
Q3KRD5
Q63377
054701
P35738
P17425
Q64548
Q5l10L3
Q07803
P97544
Q5XIM4
Q62936
Q6P6QYS
035964
P35281
AlL1I3
088917
Q63617
Q68FR6
P18266
Q6AXW1
Q32PX9
035095
Q9R1T5
Q66HR2
Q8VHK2
088377
P45953
P00564
Q6GQP4
P63079
Q99MCOo
Q37B98
Q9JM53
Q63622
035952
Q5PQM2
088954
P68035
035764
D3ZPX4
Q6Q7Y5
P26817
Q4Vv8s82
A6JUQ6
A2VCX1

Chaperone activity of bcl complex-like, mitochondrial
AarF domain-containing protein kinase 4
3-ketoacyl-CoA thiolase, mitochondrial

Neurexin-1

Mitochondrial import receptor subunit TOM34
Sodium/potassium-transporting ATPase subunit beta-3
Sodium/potassium/calcium exchanger 2
2-oxoisovalerate dehydrogenase subunit beta, mitochondrial
Hydroxymethylglutaryl-CoA synthase, cytoplasmic
Reticulon-1

Tyrosine--tRNA ligase, mitochondrial

Elongation factor G, mitochondrial

Lipid phosphate phosphohydrolase 3

ATP synthase subunit s, mitochondrial

Disks large homolog 3

Calcium uptake protein 1, mitochondrial

Endophilin-A2

Ras-related protein Rab-10

Numb-like protein

Latrophilin-1

Hypoxia up-regulated protein 1

Elongation factor 1-gamma

Glycogen synthase kinase-3 beta

Glutaredoxin-2, mitochondrial

Lactation elevated protein 1

Neurochondrin

Aspartoacylase

Microtubule-associated protein RP/EB family member 1
Caskin-1

Phosphatidylinositol 5-phosphate 4-kinase type-2 beta
Very long-chain specific acyl-CoA dehydrogenase, mitochondrial
Creatine kinase M-type

Ras-related protein Rab-31

Gamma-aminobutyric acid receptor subunit beta-3
Protein phosphatase 1 regulatory subunit 14A

Breast carcinoma-amplified sequence 1 homolog (Fragment)
Apoptosis-inducing factor 1, mitochondrial

Disks large homolog 2

Hydroxyacylglutathione hydrolase, mitochondrial
Kinesin light chain 4

MAGUK p55 subfamily member 3

Actin, alpha cardiac muscle 1

Neuronal pentraxin receptor

Plexin-A3

Guanine nucleotide-binding protein subunit alpha-13
Beta-adrenergic receptor kinase 1

Epsin-3

Clavesin-2

TIP41-like protein

6. Supplementary data
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6. Supplementary data

Q99M7Z8
Q6PECO
Q62753
P62494
P05503
Q9JK15
D3ZN43
Q5x14
P97694
P84060
D4A6D7
Q5FVI3
Q4avsli7
P80431
Q6AXQ5
P11517
P47861
Q6Q629
Q8VHV7
B5DFN3
Q5HZY2
P16617
088370
A2RUW1
Q9WTV5
Q925Q9
Q5BJP6
Q3T1K5
P04905
B2DD29
Q97142
Q91XR8
Q6AYQ4
Q63081
Q5XIL3
Q5FViI4
Q4FZX5
P97710
P62083
P62074
P61203
P61023
P56603
P13852
BOBN94
Q92451
Q05764
Q5RJR2
P82995

LIM and SH3 domain protein 1
Bis(5'-nucleosyl)-tetraphosphatase [asymmetrical]
Syntaxin-binding protein 2

Ras-related protein Rab-11A

Cytochrome c oxidase subunit 1

Arf-GAP with dual PH domain-containing protein 2

NADH dehydrogenase (ubiquinone) complex |, assembly factor 6
Protein FAM210A

Cytohesin-1

Dystrobrevin beta

Tetratricopeptide repeat protein 19, mitochondrial
Leucine-rich repeat-containing protein 57

Volume-regulated anion channel subunit LRRC8A
Cytochrome c oxidase subunit 7B, mitochondrial
2'5'-phosphodiesterase 12

Hemoglobin subunit beta-2

Synaptotagmin-5

Inactive dipeptidyl peptidase 10

Heterogeneous nuclear ribonucleoprotein H
Ubiquinol-cytochrome-c reductase complex assembly factor 2
GTP-binding protein SAR1b

Phosphoglycerate kinase 1

Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma
Toll-interacting protein

26S proteasome non-ATPase regulatory subunit 9

SH3 domain-containing kinase-binding protein 1
Ribosome-releasing factor 2, mitochondrial

F-actin-capping protein subunit alpha-2

Glutathione S-transferase Mu 1

Serine/threonine-protein kinase BRSK1

Transmembrane protein 33

Phospholipid hydroperoxide glutathione peroxidase, nuclear
Transmembrane protein 109

Protein disulfide-isomerase A6

DNA-directed RNA polymerase Ill subunit RPC3

Cell cycle exit and neuronal differentiation protein 1
Methionine-R-sulfoxide reductase B2, mitochondrial
Tyrosine-protein phosphatase non-receptor type substrate 1
40S ribosomal protein S7

Mitochondrial import inner membrane translocase subunit Tim10
COP9 signalosome complex subunit 2

Calcineurin B homologous protein 1

Secretory carrier-associated membrane protein 1

Major prion protein

Protein FAM136A

1-acyl-sn-glycerol-3-phosphate acyltransferase delta
Beta-adducin

Twinfilin-1

Heat shock protein HSP 90-alpha
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P41498
P08010
Q91ZWe6
P20069
B2RYWS8
Q6AY04
Q5M7T2
Q8K3P6
Q917ZwW1
Q91ZN7
Q5XIT9
Q68FU7

P36876
P10818
Q8VGC3
Q5XIA8
Q05511
Q62889
Q6P6Q2
P31422
P17105
Q62656
P03889
D3ZFB6
P55161
P62898
Q68FS4
P14173
P20650
Q62636
P27653
Q97278
Q99P82
Q6AYN4
Q07205
P04775
Q6RJR6
Q4KLF8
Q99JD4
Q64232
P05508

Low molecular weight phosphotyrosine protein phosphatase
Glutathione S-transferase Mu 2

Trimethyllysine dioxygenase, mitochondrial
Mitochondrial-processing peptidase subunit alpha

MIC

Uncharacterized protein C2orf47 homolog, mitochondrial
SPRY domain-containing protein 7

Calcium-binding mitochondrial carrier protein SCaMC-2
Transcription factor A, mitochondrial
Serine/threonine-protein kinase Chk1

Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial

Ubiquinone biosynthesis monooxygenase COQ6

Serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit

B alpha isoform

Cytochrome c oxidase subunit 6A1, mitochondrial
Voltage-dependent L-type calcium channel subunit beta-2
Growth hormone-inducible transmembrane protein
Serine protease hepsin

Neuroligin-3

Keratin, type Il cytoskeletal 5

Metabotropic glutamate receptor 3
Inositol-trisphosphate 3-kinase A

Receptor-type tyrosine-protein phosphatase zeta
NADH-ubiquinone oxidoreductase chain 1
Proline-rich transmembrane protein 2
Nck-associated protein 1

Cytochrome c, somatic

Cytosol aminopeptidase

Aromatic-L-amino-acid decarboxylase

Protein phosphatase 1A

Ras-related protein Rap-1b

C-1-tetrahydrofolate synthase, cytoplasmic
7-dehydrocholesterol reductase

Claudin-11

Phytanoyl-CoA hydroxylase-interacting protein-like
Eukaryotic translation initiation factor 5

Sodium channel protein type 2 subunit alpha
Reticulon-3

Actin-related protein 2/3 complex subunit 5
CLIP-associating protein 2

Very-long-chain enoyl-CoA reductase

NADH-ubiquinone oxidoreductase chain 4

6. Supplementary data
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