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Abstract

Next Generation Proteomics in the Nervous System
By Joseph L. Mertz

Classical approaches to protein signaling pathways in the nervous system
disregard the vast complexity of biological systems in general, and the brain
especially. Large gaps remain in our understanding of the physiological and
pathogenic roles of critical proteins such as the E3 ubiquitin ligase Mind bomb 1
(Mib1), the Alzheimer’s disease (AD) hallmark Amyloid progenitor protein (APP),
and the spliceosome subunit, U1-70K. To examine the proteins and signaling
networks that interact with Mib1, APP, and U1-70K, and how they might relate to
disease, we developed two novel interactomics methodologies exploring the
affinity-stratified brain interactome of Mib1 and a highly controlled and affinity-
stratified in vivo AD interactome of APP. Further, we thoroughly characterized the
hippocampal proteomic perturbations at 3, 6, and 12 months in a newly
developed transgenic mouse expressing N40K, a truncated form of U1-70K
found in abundance in AD. Our findings greatly expanded the known
interactomes of Mib1l and APP, established a role for Mib1 in dendritic spine
development, and characterized its antagonistic interaction with the potent
neurodevelopment regulator, CDKL5. We found numerous overlaps between
N40K proteome perturbations and those seen in neurodegeneration (both in
animal models and human), including strong decreases in the synaptic vesicle
protein Synaptophysin. These methods represent improvements to the system-
wide study of protein-protein interactions and the results greatly increase our
understanding of the roles of these molecules, in addition to providing numerous
avenues for future investigation.
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CHAPTER ONE

Introduction

There are an estimated 3.72 x 10%2 cells in the human body (1) of which
86 x 10° are neurons (2) connected by an estimated 104 synapses (3). Over
10,000 proteins are expressed in the brain (4), and there are approximately 3 x
10° total protein copies in every cell (5). There are currently over 14,000
documented interactions between proteins (6), which of course does not include
myriad interactions with DNA, RNA, and small molecules that constantly ebb and
flow during cellular life. It is almost incomprehensible that this awe-inspiringly
complex assembly of molecules, cells, and tissues can even function as a single
unit. Yet it does function. It not only functions, it is self-aware and aware of its
surroundings to the point of amassing a worldwide body of knowledge that has
grown exponentially for 400 years, doubling in size roughly every 9 years (7),
examining everything from the smallest aspect of itself to the farthest reaches of

the universe.



The challenge faced by neuroscientists, cell biologists, molecular
biologists, and scientists in many other fields is monumental. Nevertheless, the
scientific community has proven to be up to the task, slowly building a reliable
and reproducible interpretation of how cells, organs, and organisms function. As
understanding of the complexity and nuance of the subject has grown, so has the
realization that the scale of our approaches must grow to match. The human
genome project is a prime example of this — it represents a tremendous
international collaborative effort in attempts to systematically understand the
entire breadth our genetic underpinnings (8). The impact of this effort has been
invaluable and incalculable, providing a vast substrate for continued study in
fields from molecular biology to evolutionary biology and adding, by some
estimates, $1 trillion into the US economy (9). The influx of information was so
great that the time before the sequencing of the genome has been referred to
‘antediluvian’, i.e. “before the flood” (10).

Genomics is only the tip of the iceberg (though contrastingly, a
fundamental one) of the ongoing —omics revolution which broadens the scope of
biological research to entire systems, at various levels. The genome begets the
transcriptome, which begets the proteome which together with the metabolome
and lipidome, beget the cytome, which in the brain begets the connectome, and
so on. Each of these are rapidly evolving fields, that have huge potential to
influence the way we diagnose and treat disease. My experiments over the
course of my doctoral research have focused on the development of proteomics

approaches to fill methodological gaps in the pursuit of our understanding of both
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early neuronal development and neurodegeneration late in life. Our major points
of focus were the protein network interactions of the E3 ubiquitin ligase Mib1, the
Alzheimer’s disease hallmark APP, and an aberrant form of the spliceosome U1-

70K found in Alzheimer’s disease.

Quantitative Proteomics

Proteomics, though complementary to genomics and transcriptomics in
terms of overall examination of cellular activity, is uniquely powerful in that it
focuses directly on the major effectors of the cell (11). After translation, and
therefore beyond the direct control of DNA or RNA, the life of a protein can go in
many directions, such as interfacing with other proteins, being trafficked to
various locations inside and outside the cell, undergoing a huge range and
combination of post-translational modifications (PTMs), and being subject to
widely varying rates of turnover. Proteomic analysis is an ideal methodology to
analyze these aspects of protein activity, especially on large scales. The most
prevalent, and in many ways most powerful (12) methodology in large-scale
proteomics entails tryptic digestion of protein samples into much smaller
peptides, followed by liquid chromatography (LC) coupled online to an
electrospray ionization (ESI). Analysis is performed by tandem mass
spectrometry (MS/MS) in which the mass to charge ratio (m/z) of peptides are
first measured, then fragmented by high energy collision with inert gas, and the
m/z of the fragments measured again (13). This is referred to as bottom-up, or
shotgun proteomics or by the acronym LC-MS/MS, as proteins are sequenced

and identified by peptide fragments, making it the proteomic equivalent to



shotgun genome sequencing. In contrast, top down proteomics entails analysis
of intact proteins, followed by fragmenting and reanalysis of fragments and is
predominantly used in less complex samples in which it has particular
advantages (14).

In the early days of proteomics, the major focus was on simply identifying
protein analytes, but it gradually became clear that quantitative information was
necessary to propel the field onward, and to match the varied and established
applications of SDS-PAGE analysis. Early methods for protein mass spec
guantification relied directly on the spectra of the peptides themselves, such as
counting the number of peptide sequence matches (PSMs) attributed to each
protein (15) — and relating this to abundance via specially designed algorithms
(16). Quantification by this avenue was taken further by measuring the extracted
ion current (XIC), or the area under the curve as a peptide elutes from the LC
column (17). This has evolved and is still a popular approach as MS instrument
sensitivity and resolution have made the method more accurate and
reproducible. Furthermore, highly sophisticated algorithms have been developed
to complement this approach (18) and it involves no comparatively expensive
labeling of cells or samples used in other popular methods. The major drawback
of these label-free quantification (LFQ) methods, however, is that analysis of
multiple samples requires multiple MS runs, and run-to-run variability is
inherently high. Widely used label-based quantitative methods address this and
do allow for simultaneous MS analysis of multiple samples, thus greatly reducing

variability, and further, reducing instrument time helps to offset the cost. The two



most commonly used label-based techniques utilize isotopes that are
undetectable from the cell to the final LC steps but are discernible by the MS
instrument. In stable isotope labeling in cell culture (SILAC), up to five cell culture
samples are grown containing different isotope labeled amino acids, and relative
levels of the isotopes representing each sample are measured by the MS
(19,20). This method has been further expanded to the labeling of entire animals
by stable isotope labeling in mammals (SILAM), in which the only protein source
in the diet is isotope labeled to the point of 100% incorporation (21). In methods
using tandem mass tag (TMT) labeling (22), which evolved from isotope coded
affinity tags (ICAT) (11), labels are added post-trypsin digestion by highly efficient
targeting of primary amines (n-terminals and lysines), and currently up to 10
samples can be compared. LFQ and label-based quantification both have
advantages and drawbacks, as well as adherents and detractors, and both have

already contributed significantly and hold great promise for the future.

Interactomics

Without examining interaction between proteins, even exhaustive
identification and quantification of the proteome provides an incomplete picture of
the state of a cell or tissue. In their incredibly diverse roles as effectors of cellular
physiology, one of the most important roles proteins perform is to regulate and
cooperate with other proteins; thus, analyzing these interactions is key to
understanding the state and activity of a cell, tissue, or organ (23). Protein-
protein interactions (PPIs) have long been studied using chemical cross-linking,

affinity chromatography, co-immunoprecipitation (Co-IP), co-fractionation,
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colocalization in immunochemical assays, and more recently by methods such as
yeast 2-hybrid assays (Y2H) (24), protein-fragment complement assays (PCA)
(25), and Fluorescence resonance energy transfer (FRET) (26). Each has
particular strengths and weakness, for instance FRET is able to detect protein
interactions in real-time and in a relatively unperturbed context, but requires
ectopic expression of at least two fluorescent tagged-proteins and is essentially
limited to analysis of those proteins of interest.

Roughly 15 years ago the field took a considerable leap and high-
throughput systems-based approaches were developed using Y2H, and by
coupling affinity-based techniques with mass spectrometry (AP-MS). The advent
of these techniques helped carry the -omics revolution to the study of PPIs, thus
initiating the study of the interactome, first named in 1999 (27). As the field has
progressed, AP-MS has slowly begun to dominate as it has the potential to
dissect an interactome directly from unperturbed tissue of interest (i.e. human
disease brain tissue versus the nucleus of a yeast cell), it allows examination of
entire complexes as opposed to binary interactions, and technological advances
on several fronts have outpaced those related to Y2H assays (28).

Continually increasing sensitivity in LC-MS/MS technology (29,30) has
allowed for the analysis of increasingly complex interactome samples (31) and
the development of quantitative techniques, such as isobaric TMT labeling, aids
in distinguishing specific interaction partners from nonspecific background (32).
However, the extreme sensitivity of AP-MS, one of its key advantages, can also

produce a vast number of false positive results, and a delicate balance lies



between eliminating nonspecific background and losing weakly bound, but truly
functional, interaction partners (33). For instance, weak and transient interactions
can be lost and reorganized during biochemical manipulation under native
purification conditions (34). These issues are the primary drivers of continued
technical refinement in the field. Tandem-affinity purification (TAP-MS) utilizes a
doubly-tagged bait protein — which precludes it from most in vivo analysis — to
limit nonspecific contaminants, but this also limits loosely bound interactors and
requires larger quantities of starting materials (35). In vivo crosslinking with MS
(XL-MS) helps to prevent loss of loosely bound interactors, but introduces a new
potential source of nonspecific background (34,36). The state of the field
therefore stands at exhaustive recovery of interacting proteins combined with
sequential or multidimensional subdivision by various properties such as
subcellular localization, binding affinity, confidence of interaction, and
reproducibility. A recent methodological tweak aimed at this, affinity enrichment
mass spectrometry (AE-MS), allows for both broad examination of an
interactome and some differentiation by binding strength via more extensive use
of experimental controls, but has yet to be implemented outside of yeast (37).

Thus, there is substantial space, need, and potential for innovation in this field.

Ubiquitin Proteasome System, and the E3 Ligase Mind bomb 1

Mass spectrometry proteomics holds a rather unassailable advantage in
the study of PTMs, particularly as they are beyond the scope of other systems-
based approaches such as genomics and transcriptomics (12). Further, large

scale proteomics analyses can detect multiple modification types with little to no



change in instrument settings, and can be greatly improved by fairly simple
targeted purification methods (38). Phosphorylation sites can be identified by the
characteristic 98 m/z shifts of (for HsPOa4) and purified by TiO2 columns, among
others. Ubiquitination sites can be both purified and detected post-trypsinization
by their tell-tale dual glycine (diGly) m/z shift, in which a diGly remnant from
ubiquitin is attached to peptides from ubiquitinated proteins (39). With both of
these, not only are the modifications identifiable, their location (within the
modified peptide) is as well, and top-down methods can determine multiplicity
and combination of modification sites within the same species (40). Additionally,
modifications such as glycosylation (41), methylation, and acetylation are also
easily amenable to MS analysis and represent rich fields of their own.

The ubiquitin proteasome system (UPS) holds particular interest as it is
critically involved in almost every cellular process (42). It generally regulates
degradation of protein targets, and is therefore a major factor in the abundance
of most proteins, but it also initiates a variety of downstream protein behaviors
such as changes in localization, endocytosis (43), and transcription regulation
(44). Because of the aforementioned fact that ubiquitination is a post-translational
modification and because the numbers involved are quite large - over 600 E3
ligases and system-wide protein tagging by ubiquitin (45) — proteomics is ideally
suited to the study of this powerful pathway (39). Determining the substrates of a
particular E3 ligase is a prominent biological question because it can potentially
afford strong control over these substrates, which could have ramifications in

disease treatment. Significant strides have been made, including the



development and systems-based implementations of an antibody targeting the
signature diGly peptide (46). Considerable hurdles remain, however, including
the fact that E3 ligases and their substrates are generally in contact for a short
time, and that the system is very tightly regulated by the proteasome,
deubiquitinases, and abundant expression of the multiple poly-ubiquitin genes
themselves.

Mind bomb 1 (Mib1) is a potent E3 ubiquitin ligase which originally
received its name from zebrafish mutagenesis screens in which Mib1l mutations
caused excessive numbers of neurons during development (47). It was found to
be a critical regulator of the Notch signaling pathway, as an essential activator of
Notch Delta/Serrate/lag-2 (DSL) ligands via ubiquitination (47). In addition to its
role in cell fate determination during early development, Mib1 is also abundantly
expressed in the adult brain (48), regulates neurite outgrowth in postmitotic
neurons (49), is highly enriched in the PSD fraction, and is important to long-term
potentiation (LTP) and synaptic plasticity (48). Great advances have been made
towards understanding the protein networks responsible for the varied aspects of
neuronal morphogenesis, such as axon growth (50), dendrite formation (51),
dendritic spine formation (52), and synaptogenesis (53), but large gaps still
remain in the connections between these highly related processes. Mibl is
already known to interact with many proteins including SMN1, which contributes
to spinal muscular atrophy (54), RYK, a receptor involved in the Wnt pathway
(55), and CDKS5 plus its activator p35 (49). The widespread importance of Mib1 in

neuronal development, and the fact that the list of Mib1 interaction partners
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continues to grow piece by piece, makes it a prime candidate for thorough

systems-based interactome analysis.

Alzheimer’s Disease and the Roles of APP

Alzheimer's disease is the 6! leading cause of death (56) and the cause
of over 70% of dementia cases in the United States (57). While mortality from
other major diseases — e.g. heart disease and cancer — is decreasing, AD
mortality grew by 68% from 2000 to 2010 (56). In the coming decades, due to the
overall aging of the population, it is projected that the number of AD sufferers in
the United States will increase from roughly 4 million to 14 million (58) and that
43% of all elderly people who die in 2050 will have AD (59). In 2013 AD cost the
US over $400 billion — with direct and indirect costs accounting for half of this
total as even caregivers are deeply affected, suffering from lost wages, higher
rates of depression, and declines in physical health (58). The modern view of AD
describes a true disease continuum. The preclinical stages involves AD
pathophysiological processes but the absence of evident symptoms (60), mild
cognitive impairment (MCI) entails the emergence of predementia symptoms
(61), and AD dementia involves declines from previous cognitive levels,
significant functional impairment, impairment in learning and recall of recently
learned information, language and visuospatial deficits, and executive
dysfunction (62). Its prevalence (new cases plus duration) doubles every 5 years
of life after 65 (63) and its incidence peaks near 7% for those over 95 (64).

The canonical pathological hallmarks of AD are intracellular neurofibrillary

tangles (NFT) and extracellular amyloid plaques (65). Both are associated with
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dystrophic neurites, synapse loss, and gliosis (66), and widespread cortical
atrophy (67). NFTs are primarily filamentous polymers of the microtubule
associated protein, tau and Amyloid plaques are primarily composed of AB, a 40
or 42 residue species proteolytically cleaved from the extracellular portion of
APP. Numerous other gene actors have been associated with the disease via
GWAS: polymorphisms in APOE, EPHA1, CR1, PICALM, SORL1, and MEF2C,
among others are known to confer AD risk (68). Numerous Interactions between
APP and other proteins have also been uncovered. For instance, the cleavage
processes that transform APP into potentially pathogenic AR species are rather
well characterized. Amyloidogenesis is aided by both y—secretase, which
includes presenilin-1/2 and cleaves at a position within the membrane bilayer,
and B—secretase, or BACEL, which cleaves APP on the extracellular side. The
o—secretase family competes with 3-secretase to cleave APP extracellularly and
is anti-amyloidogenic (69). The APP intracellular domain (AICD) is thought to
translocate to the nucleus, and contains the NPXY motif which interacts with
many proteins, such as the amyloid precursor binding A and B families (APBA
and APBB) (70), JIP1(71), and GSK3p (72).

Despite the fact that the sheer magnitured of the combined effort of APP
and AD analysis is nothing short of remarkable, our understanding of AD
pathogenesis stands at a major deficit in comparison to the ongoing impact of
this debilitating and deadly disease. Continued advances in interactomics
technology and study design provide new opportunities to evaluate the

physiological and pathogenic properties of APP.
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This dissertation

The following dissertation presents fruits of projects focused on the
expansion of methods examining protein-protein interactions and protein
signaling networks in the brain on a systems-based scale. Dividing the
experiments into four portions, two focused on the brain interactome of the
broadly important E3 ligase Mib1 and E3 ligases more generally, and the other
two focused on promising and critical molecular aspects of Alzheimer’s disease.
An emphasis on analysis by mass spectrometry proteomics underlies each
portion, as this powerful methodology provides access to untapped depths of the
molecular biology of the brain, and our group is exceptionally well suited to
pursue this avenue of inquiry.

Our results greatly expanded the known putative interactome of Mibl, and
stratified it by binding strength via novel techniques (Chapter Two). Our new
contributions to the Mib1 interactome include several members of the catenin
family, the deubiquitinase Usp9x, the endocytosis regulator Scyl2, and the kinase
CDKL5. We revealed a previously undiscovered role of Mib1l in dendritic spine
outgrowth, which involves ubiquitination of CDKL5. We developed and tested a
promising systems-based ubiquitin ligase substrate tagging assay using a highly
efficient bacterial biotin ligase to place a biotin tag on ubiquitin molecules in living
cells, which are then attached to substrates of the E3 ligase of your choice and
can be detected or purified downstream using the extremely strong streptavidin-
biotin interaction (Chapter Three). This technique unfortunately faces highly

challenging caveats in the context of live cells and will require extensive, if not



13
impossible, technical refinement if it is to be pursued moving forward. We
devised and implemented a unique approach to examining the in vivo APP, and
practically any other, interactome (Chapter Four). This approach stratified the
interactome by affinity much the same as our experiments with Mib1, and also
used comparisons against multiple control purifications, multiple test antibodies,
and was performed using invaluable human AD tissue. Finally, we examined
age-specific, overall, and age-related proteomic changes in a new transgenic
mouse model overexpressing N40K, a shortened form of the spliceosome
member U1-70K that is found in abundance in human AD brain (Chapter Five).
The studies reported here forming just a portion of the overall analysis of this
highly intriguing mouse model, we observed perturbations to pathways involving
the actin cytoskeleton, the extracellular matrix, the complement cascade,
ciliogenesis, and others. Several of these are highly similar to more traditional AD
mouse models and suggest great promise for the dissection of the role of this

molecule in AD pathogenesis.
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CHAPTER TWO

Sequential Elution Interactome Analysis of the Mind Bomb 1 Ubiquitin

Ligase Reveals a Novel Role in Dendritic Spine Outgrowth

Adapted from: Molecular & Cellular Proteomics
Joseph Mertz, Haiyan Tan, Vishwajeeth Pagala, Bing Bai, Ping-Chung Chen,
Yuxin Li, Ji-Hoon Cho, Timothy Shaw, Xusheng Wang, Junmin Peng

Volume 14, Issue 7, 1 July 2015, Pages 1898-910

Mind bomb 1 (Mibl), an E3 ubiquitin ligase, is a critical regulator of
metazoan development with a large but ever expanding number of functions
through interactions with a variety of protein partners. Mib1l mutants were first
found in zebrafish mutagenesis screens (47), in which the mutants had
neurogenic defects, most notably supernumerary primary neurons, and additional
deficits in the development of somites (73), ear (74), and vasculature (75). These
phenotypes are predominantly the consequences of impaired Notch signaling, as

Mib1 is an essential activator of Notch Delta/Serrate/lag-2 (DSL) ligands (47).
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Mib1 also controls the development of several other organ and tissue systems,
including gastrointestinal tract (76), limb bud (77), and the immune system (78).
Mib1 is highly conserved across species. For instance, zebrafish Mib1 protein is
68%, 94% and 94% identical to its fly, mouse, and human orthologs, respectively
(79). Moreover, Mib1 has a paralog (Mib2) that shares 38% identical protein
sequence with Mib1 in mouse (80). Mib2 is only abundantly expressed in adult
tissue, however and thus does not function in early development. Consistently,
Mib1 knockout in mice results in embryonic mortality (43); Mib2 deletion has no
obvious effect on mouse development (77).

In addition to its role in cell fate determination during early development,
Mib1 is also abundantly expressed in the adult brain (48) and plays an important
role in neuronal morphogenesis (49). Neurons usually have two basic polarized
structures, a single extended axon for sending signals and multiple branched
dendrites (or more precisely, the somatodendritic compartment) for receiving
signals. Many principal neurons in mammals further grow dendritic spines that
are tiny protrusions extended from dendritic branches, creating local postsynaptic
compartments for the formation of excitatory synapses. In these synapses, the
postsynaptic density (PSD) is an electron-dense membrane thickening aligned
with the presynaptic active zone at synaptic junctions. During neuronal
morphogenesis, axonal growth and path finding(50), dendrite formation (51),
dendritic spine assembly (52), and synaptogenesis (53) are independent but
highly related processes controlled by genetic elements and environmental cues.

Although dramatic progress has been made in identifying the signaling cascades
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responsible for these processes, large gaps still remain in the connection of
individual signaling components as well as in the coordination of multiple
pathways. Our previous proteomics analysis identified that Mib1 is highly
enriched in the PSD fraction, and regulates neurite outgrowth in postmitotic
neurons (49). Mib1 conditional knockout study suggests its role in long-term
potentiation (LTP) and synaptic plasticity (48). In addition, further intriguing
actions of Mib1 continue to be discovered. Mib1 was found to mediate the
degradation of survival motor neuron 1 (SMN1), which contributes to spinal
muscular atrophy (54). Mibl was reported to be essential for Wnt3A activation of
beta-catenin signaling through the receptor RYK (55), and a recent yeast two-
hybrid screen indicated that Mib1 interacts with 81 candidate proteins beyond the
canonical Notch pathway (81). The ongoing identification of new Mib1 interaction
partners and functions underscores the need to characterize the Mib1l
interactome en masse with high confidence.

The combination of affinity purification and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) has emerged as a powerful method for
analyzing protein interaction networks. Technological advances in LC-MS/MS
have continually increased the sensitivity of protein detection (29,30), allowing for
the analysis of complex samples (82). The primary advantage of this technique,
however, has also proven to be its greatest weakness: without stringent washes
and data filtering, a vast number of false positives are included in the resulting
datasets (33). Methods such as tandem-affinity purification (83) have been

developed to remove nonspecific contaminants, but two-step purification requires
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large quantities of starting materials and reduces sensitivity to loosely bound
proteins. Removing contaminants by buffers containing high concentrations of
salt and detergents can help limit false positives, but a delicate balance lies
between rinsing contaminants and losing weakly bound but true interaction
partners, and thus inflating false negative results. In addition, in vivo crosslinking
and quantitative analysis are used to enhance the capture of transient interacting
proteins (84,85).

To this end, we attempted to characterize the Mib1 interactome by
combining glutathione S-transferase (GST) protein affinity purification and
advanced quantitative mass spectrometry. In our sequential elution strategy,
Mib1 interaction partners were bound to affinity resins coated with GST-Mib1
domains, then eluted in three sequential buffers of increasing stringency.
Proteins in these three eluents were identified and quantified by an isobaric
labeling Tandem Mass Tag (TMT) method (86). The elution profile of each
protein reflected its binding affinity to the GST-Mib1 resins. The strategy not only
provides high sensitivity to recover weakly bound partners, but also allows for the
affinity-based classification of the interactome and the removal of contaminants.
By this approach, we were able to recover 817 putative Mib1 binding partners in
adult rat brain and accepted about half of the proteins with high confidence. This
study also uncovered that Mib1 interacts with CDKL5, a protein kinase implicated
in early infantile epileptic encephalopathy-2 (EIEE2), a severe form of epilepsy
and mental retardation in females (87). We then found that Mib1 acts to

downregulate CDKL5 and inhibits its promotion of dendritic spine outgrowth.
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MATERIALS AND METHODS
Plasmids and Antibodies

For affinity purification analysis, GST-Mibl domains containing residues 1-
401 or residues 384-801 from Mib1 were cloned onto the 3’ end of the GST tag
within the pET21a bacterial expression vectors. For immunocytochemistry,
western blot analysis, and dendritic spine morphology analysis, full length and
C985S point mutant Mib1 were cloned onto the 3’ ends of the HA tag in
pcDNA3.1 vector and the GFP tag in peGFP vector. CDKL5 was cloned into the
3’ end of the HA tag in pcDNA3.1. The Usp9x and alpha-, beta-, and delta-
catenin constructs were gifts from Drs. Y. Zheng (Johns Hopkins) and A.P.
Kowalczyk (Emory University). The antibodies used included HA rabbit polyclonal
and mouse monoclonal antibodies (Abgent), mouse monoclonal GFP Ab and
FITC-conjugated GFP Ab (Abcam), Streptavidin-HRP (Life Technologies),Usp9x,

and catenin antibodies (Santa Cruz).

Affinity Purification and Sequential Elution

GST-Mibl domain fusion proteins were expressed in E. coli and isolated
by Glutathione-Sepharose resins (Amersham/Pharmacia). The resins coated with
GST fusion proteins were directly utilized to prepare affinity columns (1V = 1 bed
volume, with 1 ml resin containing at least 1 mg of protein). Highly concentrated
rat brain lysate (20V, ~10 mg/ml protein, in buffer A: 20 mM Hepes, pH 7.2, 0.1 M
NacCl, 0.1% Triton X-100, 1 mM DTT, 1 mM EDTA, 1 mM EGTA, 15% glycerol

and protease inhibitors) was prepared, pre-cleared by ultracentrifugation
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(~200,000 g for 1 h), and loaded on the columns. The columns were extensively
washed with buffer A (40V, 20V per fraction), then sequentially eluted with buffer
B (the same as buffer A except 0.3 M NacCl, 4V, ~0.5V per fraction), buffer C (the
same as buffer A except 0.6 M NaCl and 0.5% Triton X-100, 4V, ~0.5V per
fraction), buffer D (the same as buffer A except 2 M NaCl and 2% Triton X-100,
4V, ~0.5V per fraction), and finally cleaned with 2% SDS (4V). The fractions were

analyzed by an SDS gel followed by silver staining.

TMT Labeling of Digested Peptides

Equal volumes of the eluents from each buffer condition were pooled to
form two duplicated samples: 3 buffers x 2 replicates = 6 total samples. The
samples were mixed with 5x loading buffer (20% Ficoll, 10% SDS, 50 mM Tris-
HCI, pH 6.8, 0.1% bromophenol blue) and fresh DTT to 2 mM, heated at 90°C for
5 min, and then cooled to room temperature. Fresh iodoacetamide was added to
20 mM for 15 min alkylation at room temperature in the dark. The samples were
run on an SDS gel until the dye front was 3 mm past the stacking gel border to
ensure complete stacking but little separation (88). After visualization via
GelCode Blue (Pierce Biotechnology) staining, protein bands were excised and
cut into 1 mm? pieces for standard in-gel digestion, except that 5 mM HEPES
buffer (pH 8.5) was used to replace 50 mM ammonium bicarbonate to avoid
amine group reactions with TMT reagents downstream. The digested peptides
were extracted from the gel pieces, dried and resuspended in 20 pL 50mM
HEPES (pH 8.5) for labeling with the 6-plex TMT labeling kit (Thermo Scientific).

Briefly, six peptide samples were labeled with isobaric TMT tags: TMT 126 and
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129 for Low Stringency Elution (buffer B), TMT 127 and 130 for Medium
Stringency Elution (buffer C), and TMT 128 and 131 for High Stringency Elution
(buffer D). Labeling efficiency of each sample was verified by MS analysis. The
labeling reaction was quenched by 5% hydroxylamine, pooled and dried down by
SpeedVac. Finally, the sample was desalted using a Ziptip (Millipore), then dried

and dissolved in 5% formic acid for LC-MS/MS analysis.

Long Gradient LC-MS/MS Analysis of TMT Labeled Peptides

The analysis was essentially based on an optimized long gradient LC-
MS/MS system (89). TMT labeled peptides were loaded on a long C18 column
(=1 m x 75 pym) packed with 1.9 pum resin (Dr. Amish GmbH, Germany), and
eluted during a 9 h gradient (~0.15 pl/min; 20%-55%; buffer A: 0.2% formic acid,
5% DMSO; buffer B: 0.2% formic acid, 5% DMSO, and 65% ACN). The column
was heated to 65°C by a butterfly portfolio heater (Phoenix S&T) to reduce
backpressure. The eluted peptides were analyzed on an Orbitrap Elite MS
(Thermo Fisher Scientific) with one MS scan (30,000 resolution, 1x10® automatic
gain control, and 100 ms maximal ion time) and top 10 high resolution MS/MS
scans (HCD, 5x10* automatic gain control, 200 ms maximal ion time, 2 m/z
isolation window, 37 normalized collision energy, and 30 s dynamic exclusion).
The long gradient LC-MS/MS run was repeated once for the sample.

Acquired MS/MS raw files were converted into mzXML format and
searched by Sequest algorithm (version 28 revision 13) against a composite
target/decoy database (39,90) to estimate false discovery rate (FDR). The target

protein database was downloaded from the Uniprot rat database (28,863 protein
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entries) and the decoy protein database was generated by reversing all target
protein sequences. Spectra were searched with = 20 ppm for precursor ion and
product ion mass tolerance, fully tryptic restriction, static mass shift for alkylated
Cysteine (+57.02146) and TMT-tagged N-terminus and Lysine (+229.162932),
two maximal missed cleavages, and three maximal modification sites. Only a, b,
and y ions were considered during the search. Assigned peptide spectra
matches were first filtered by MS mass accuracy (x4 standard deviations, ~2
ppm, which was determined by all empirical good matches of doubly charged
peptides with Xcorr at least 2.5). These good matches were also used for global
mass recalibration prior to the filtering. The survived matches were grouped by
precursor ion charge state and further filtered by Xcorr and ACn values. The
cutoff values for XCorr and ACn were adjusted until a protein FDR lower than 1%
was achieved. If one peptide was matched to multiple proteins, the peptide was
represented by the protein with the highest peptide-spectrum matches (PSM)
according to the rule of parsimony. Similar results were obtained using the JUMP
program, a tag-based hybrid search engine recently developed (91). Raw data

are available via the PRIDE database (www.proteomexchange.org, project

accession: PXD001255).

Protein Quantification by TMT Labeled Peptides

Quantification of TMT labeled peptides was carried out by an in-house
program in the following steps. (i) TMT reporter ion intensities of each identified
PSM were extracted and recorded. (ii) The raw intensities were corrected

according to isotopic distribution of each labeling reagent. For instance, the


http://www.proteomexchange.org/
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TMT126 reagent produced 91.8% 126 m/z reporter ion, 7.9% 127 m/z reporter
ion, and 0.3% of 128 m/z reporter ion. (iii) The average of all six reporter ion
signals was used as a reference to compute a relative intensity between each
sample and the average. (iv) The relative intensities of PSMs were averaged for
identified proteins. (v) The average reporter ion intensities for Low, Medium or
High Stringency eluents were compared to derive the log: ratios. (vi) To analyze
experimental variations, the intra-sample comparisons between technical
duplicates were viewed as null experiments, showing an average standard
deviation of 0.32. (vii) Finally, we selected a logz ratio cutoff of 0.8 (~2.5 fold of
the null standard deviation) for comparing different samples. The eluted proteins
were compared in a sequential fashion (L—M and M—H), resulting in the values
of log2(M/L, Medium vs. Low Stringency) and logz(H/M, High vs. Medium

Stringency).

Interaction Network Analysis

Enrichment of Kyoto Encyclopedia of Genes and Genomes pathways
(KEGG, (92)), and Gene Ontology terms was determined by analyzing the
dataset using the NIH DAVID Bioinformatics Resources 6.7 Functional
Annotation Clustering tool (93). STRING-DB (94) was used to evaluate
interconnectivity between members of the pathways and processes determined

to be enriched by DAVID.

Protein Preparation and Western Blot Analysis



23
For preparation of protein extract from HEK293 cell culture, cells were
rinsed, dislodged, and transferred to chilled centrifuge tubes with ice-cold PBS.
Cells were centrifuged at 21000 x g for 30 s at 4°C and lysed in 1X LDS sample
buffer (Life Technologies) with cOmplete protease inhibitor cocktail (Roche
Applied Science) and 10 mM DTT. The lysates were subsequently sonicated 6 x
3 s at 25% amplitude at 4°C. An aliquot of the total cell lysate was used for SDS-

PAGE and Western blotting.

In vitro Ubiquitination Assay

Recombinant GST-Mibl was expressed and purified from E. coli as
previously reported (49); and HA-CDKL5 was expressed and purified from
HEK293 by immunoprecipitation with magnetic anti-HA beads (Pierce
Biotechnology). Ubiquitination was performed according to manufacturer’s
specifications using a Ubiquitinylation kit (Enzo Life Sciences). Briefly, HA-
CDKL5-bound beads was incubated with biotinylated ubiquitin in ubiquitination
buffer containing DTT and ATP, with the addition of different combination of the
UBA1 E1, the UBCH5B E2, the GST-Mibl1 E3 in a total reaction volume of 20 uL
at 37°C for 1 h. The reaction was then quenched by EDTA (5 mM). The proteins
were extracted and resolved by SDS-PAGE followed by Western blot or LC-

MS/MS analysis.

Primary Hippocampal Neuron Culture and Transfection

Embryonic rat brains were harvested from E21 pups, rinsed in ice-cold

DPBS, and placed in ice-cold complete Hibernate E media (BrainBits LLC).
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Hippocampi were dissected, rinsed, and resuspended in 30°C Papain enzymatic
solution (Worthington Biochemical) for 5 min. The tissue was spun briefly, rinsed
and triturated using a fire-polished Pasteur pipet into Hibernate E. Finally, the
cells were collected by centrifugation, resuspended in NBActiv4 (BrainBits LLC),
plated at 1x10° cells per well on glass coverslips in 24-well plates and
maintained at 37°C and 5% CO.. At day in vitro (DIV) 7, the neurons were
transfected via CaPOa precipitation for morphological analysis (95), with 2 pg
plasmid DNA per well, including 0.5 pug of EGFP plasmid, 0.75 pg of each
experimental plasmid as indicated, and empty pcDNA3.1+ plasmid to equalize

total DNA to 2 pg.

Immunocytochemistry

At DIV 14, 7 days post transfection, primary neuron cultures on glass
coverslips were prepared for immunocytochemistry, confocal microscopic
imaging, and subsequent morphological analysis of dendritic spines. All cells
were harvested, fixed in ice-cold 4% paraformaldehyde in phosphate buffered
saline (PBS) for 25 min, permeabilized with 0.05% Triton X-100 in PBS for 5 min,
incubated with blocking solution (3% normal goat serum in PBS) for 40 min at
room temperature, and then incubated with FITC-conjugated anti-GFP antibody
(Abcam) in 3% blocking solution for 1 h. The glass coverslips were washed,
mounted, and sealed using ProLong Gold mounting media (Life Technologies)
for confocal imaging. The transfection and staining analyses in other cells (e.g.

HEK293) were performed by similar methods.
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Dendritic Spine Morphological Analysis of Primary Hippocampal Neurons

Neurons were imaged on a Nikon (Tokyo, Japan) TE2000 C2 laser
scanning confocal microscope. Images were acquired using a 60x/1.45 NA oil-
immersion objective at 2048 x 2048 pixel (0.105 pum/pixel) resolution, and z-
stacks were collected at 0.25 um intervals. For analysis of dendritic spine
morphologies, secondary dendrites were traced manually in ImageJ (National
Institutes of Health, version 1.44p 64-bit) and spines were counted and assigned
into morphological categories: stubby/mushroom-shaped, thin-headed, and
filopodia-like. Stubby/mushroom-shaped spines were defined as having a head
width much greater than spine neck width and spine width approximately equal to
spine length. Thin-headed spines exhibited a head width greater than spine neck
width and spine length much greater than spine width. Filopodia-like spines were
defined as those with spine length much greater than spine width and showing
no prominent head. All analyses were performed in a blind manner. Totals for
each category along traced lengths of dendrites were combined to calculate the
overall number of spines per 10 um for spine density analysis. Statistical

significance was tested using Student’s t test for unpaired samples.

RESULTS
Mibl Affinity Purification from Rat Brain and Sequential Elution

To achieve a comprehensive Mib1 interactome in the brain, we combined
Glutathione S-transferase (GST) fusion protein affinity purification with

guantitative mass spectrometry. The Mib1 protein can be divided into three main
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domains (Fig. 1A): the N-terminal domain that contains five kelch repeats and
one ZZ zinc finger and mediates substrate binding, the middle domain composed
of 12 structural ankyrin repeats, and the C-terminal domain that possesses three
RING finger motifs for ubiquitin E3 ligase catalytic activity (49). Our previous
small scale study showed that only the N-terminal domain binds a large number
of proteins (49). We further confirmed this result in a test affinity purification
analysis, in which the N-terminal domain yielded a large array of proteins,
whereas the middle domain isolated only one visible band shown on a stained
SDS gel (Fig. 1B). Thus, we determined to focus on the interactome analysis of
the N-terminal domain of Mib1.

Instead of using one-step elution used in the majority of AP-MS
experiments, we sequentially eluted Mib1 binding proteins with increasing buffer
stringency to differentiate strong and weak binding partners from co-purified
contaminants (Fig. 1C). Nonspecific binding to either bait proteins or columns
produces false positives in affinity purification experiments, and proteins that are
more strongly bound - and therefore resistant to elution by buffers of low salt and
detergent concentrations - are more likely to be genuine interaction partners.
Despite this, simply using more stringent washes to remove weakly bound
proteins without detection may result in a misleading number of false negatives.
To solve this issue, we designed three sequential elution steps and analyzed all
eluted proteins quantitatively by mass spectrometry, which allowed the
evaluation of protein binding affinity. As visualized in the gel image (Fig. 1D),

distinct subsets of proteins, both in identity and abundance, were eluted in the
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Low and Medium stringency buffers, and a remaining few proteins were
recovered primarily in the final elution by the High stringency buffer. Moreover,
protein patterns in all three eluents were vastly different from that in the onput
(i.e. rat brain lysate), indicating the enrichment of a subset of proteins by the

Mib1l N-terminal domain.
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Figure 2.1. Sequential elution strategy of Mib1 affinity purification.

(A) Domain structure of Mib1 and recombinant proteins, depicting full-length Mib1 at
1006 aa, the ND (1-401aa), and MD (384-801aa). Mib1 contains 5 Kelch repeats (gray
boxes), 1 ZZ-type zinc finger domain (diagonal lined boxes), 12 ankyrin repeats (dotted

boxes), and 3 RING domains (black boxes).

(B) Gel analysis of total elution from ND and MD. Total elution from ND recovered many

more proteins than MD.

(C) Overview of the purification, sequential elution, TMT labeling, and LC-MS/MS
strategy. Rat brain lysate was incubated with GST fusion protein beads, washed and
eluted. Eluents were digested and labeled by TMT isobaric tags, mixed, and analyzed by

LC-MS/MS.

(D) Sequential elution from ND. Gel analysis of sequential elutions from ND
demonstrates disparate band profiles for each buffer, including protein differences and

intensities, as well as overall abundance.
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Sequential Elution Profiling of Mib1 Affinity-Purified Proteins by Isobaric Labeling

We then profiled the Low, Medium, and High stringency eluents by the 6-
plex isobaric TMT strategy with replicates. The six samples were matched by
equal volumes rather than protein amounts, allowing comparison of relative
protein abundances eluted in each fraction. Briefly, the six samples were run on
a short SDS gel to remove detergents and salt, followed by in gel digestion that
was modified to remove all amine-reactive buffers. The resulting peptides were
fully labeled by TMT reagents, pooled and analyzed twice on long gradient LC-
MS/MS (~1 m x 75 pum, 9 h gradient). After database search, a total of 817
unigue proteins were identified with a false discovery rate of approximately 1%,
and their protein abundances were further obtained by the corresponding TMT
tag-derived reporter ions. Nearly all proteins show variable levels among the
three elution conditions (Supplemental Table S1).

Global histogram analysis of the three conditions also indicated large
differences (Fig. 2A). For example, the intra-group replicate comparison (e.g.
M:M) of logz ratios displayed a normal distribution centered at zero. In contrast,
the inter-group comparisons (e.g. M:L or M:H) had small overlap with the M:M
comparison, reflecting large differences in protein composition of the three
samples. To assess the experimental variations, we treated the intra-group
comparisons as null experiments and found that the averaged standard deviation
(SD) of logz-ratios was 0.32. We then selected a loge-ratio cutoff of 0.8 (i.e. 2.5
fold of the null SD) that was outside a 99% confidence interval from the mean of

the normal distribution. The eluted proteins were compared in a sequential
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fashion (L—M and M—H). As each inter-elution comparison resulted three
possibilities: up, no change, and down, we delineated 9 elution group profiles in
the two comparisons (M:L and H:M, Fig. 2.2B).

Proteins in group 1 (n = 6) and group 4 (n = 2) were primarily eluted by the
High stringency buffer (Fig. 2C), indicating that these proteins were firmly bound
to the column and had the highest likelihood of interaction. Because of the
stringency of the sequential elution profiling, only 8 proteins (1% of identified
proteins) were classified into these two groups, including Dll4, a Notch ligand
previously known to interact with Mib1 (43); Scyl2, an endocytotic protein that
induces internalization of the Wnt receptor Fzd5 (96); Gbas, a possible regulator
of vesicular transport (97); and Usp9x, a deubiquitinating enzyme that stabilizes
Smn1l (98) and functions in neuron migration and axon growth (99).

Proteins in group 2 (n = 48) were recovered equally by the Medium and
High stringency buffers, whereas proteins in group 3 (n = 335) were eluted
predominantly by the Medium stringency buffer, showing slightly weaker affinity
than those in group 2. Group 2 includes Nips1, a paralog of Gbas (also termed
Nips2), Pde4d, an enzyme that mediates memory through cAMP degradation
(100) and Syngap1l, a major component of the PSD involved in dendritic spine
formation(101). Group 3 includes Cdk5, a regulator of Mib1 level and neuronal
morphogenesis; and Smn1l (98), an mMRNA processing protein contributing to
spinal muscle atrophy (Fig. 2.2C).

Proteins in group 5 (n = 110) were eluted at almost equal levels by all

three buffers, while proteins in group 6 (n = 263) eluted at similar levels in the
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Low and Medium stringency buffer but decreased significantly in the High
stringency elution. Groups 8 (n = 19) and 9 (n = 34) components were eluted
largely by the first, Low stringency buffer. Collectively, these proteins are unlikely
to be direct interaction partners, and the majority was simply background
contaminants that would be false positives if all purified proteins were eluted
together by a single buffer. Nonetheless, some proteins in these four groups
might exhibit functional, but very weak affinity to Mib1, or bind Mib1 indirectly
through strongly bound partners. For example, Snx5 in group 5 colocalizes with
the zebrafish ortholog mind bomb in early endosomal compartments. Another
group 5 protein, Beta-catenin (i.e. Ctnnb1), is a component of the Wnt pathway.
Group 6 includes Ctnnd2, another member of the catenin family, and Synapsin Il
which associates with synaptic vesicles. Group 8 contains Notch signaling
component Numb1; and group 9 contains Ap2m1, which is a component of
clathrin-mediated endocytosis.

Theoretically, proteins in group 7 (n = 0) would have been bound very
weakly to be eluted by the Low stringency buffer, resistant to the Medium
stringency buffer, and then also eluted at high levels by the High stringency
buffer. This is unlikely, if not impossible in theory. Consistently, we found that no
proteins fit this theoretical profile, which supports our assumption that proteins
would elute reliably based on buffer salt and detergent concentrations in our
sequential elution strategy.

In summary, the affinity of Mibl-interacting candidates can be estimated

from the above eight possible elution profiles: group4>1>2>3>5>6>8>9
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(Fig. 2.2C). Groups 4, 1, and 2 were accepted as high affinity binding partners,
group 3 were assigned as low affinity binding partners, and the remaining four
groups were likely false positives (e.g. co-purified background proteins) or
extremely weak binding proteins. Therefore, we essentially accepted proteins
identified in group 1-4 as candidates in the Mib1 interactome for subsequent

studies.



_Group 1 4 - Group 2 (- JGroup 3(t])
A a0 | Noma ) nm C. 400w 11D p2(1-) 4 1Group 3 (1}
. Distribution ;'; Gbas - Nips1 . Caks
§ 20 Al 2 Va Uspx 7 Pdead | .
& 100 \ €ol L L 40— . ' o S
** g
3 Smn1
0
Log, Ratio -4 4 -4 -4
Log, Rati
B-ML[I.—‘l]HM{T.—‘!:J\ 40 202 a;"q_o 4 - Group 4 (-1) 4 ,Group 5 (- -) 4 CGroup 6(-])
1\ Group 1211 (n=6) Scyl2 ]
— Group2:1-(n=48) & | —-614 Ctnnd1 Ctnnd2
CEU — = 0 +—re—=t+— . 0 +———% e+
E snxs Synz\.
— Group 3: 1] (n=335) ]
— 4 4 -4 J
_ 4 - Group 7 ([1) 4 - Group 8(|-) 4. Group 9(1])
=,Group 4: -1 (n=2)
|~Group 5: ——(n=110) 0 Hypothetical )
= ]
_ 01— s 01— . 10 +—
— Group 6: —| (n=263) §= SO \ - AldoA ] N Ap2m1
Group 7: |1 (n=0) aad Myh \ 1 Mape \\
- Group 8: |- (n=19) R
~ J -4 — 4 J ~g
T Group9:y|(n=34) 47 Moo L MooH L M H

Figure 2.2. Grouping proteins by their sequential elution profiles.

(A) Intra-elution null comparison and inter-elution experimental comparisons. Null
comparison of protein abundances from Medium Stringency buffer technical replicates
shows a tight distribution around a log. value of zero approaching a normal distribution.
Meanwhile experimental comparisons between Medium and Low Stringency buffers and
between Medium and High Stringency buffers display widely varied distributions, shifted
towards positive values suggesting increased overall abundances in the Medium
Stringency elution.

(B) Heat map showing log: values for each protein from Low to Medium elutions and
Medium to High elutions. Using a log2 value of 0.8 as a threshold, proteins exhibiting
increases, decreases, and no change from the Low Stringency elution to the Medium
Stringency elution as well as Medium to High were determined.

(C) Detailed elution profiles of representative proteins from each group.

To better understand Mib1 function in the brain, pathway and molecular
function analysis by DAVID functional analysis software (102) revealed that
Mib1-interacting proteins participate in a wide variety of biological processes:
KEGG pathways (92) enriched included Spliceosome (p < 0.001), RNA

degradation (p < 0.001), Gap junction (p = 0.02), LTP (p = 0.03), Neurotrophin
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signaling (p = 0.05), and Adherens junction (p = 0.05, Supplemental Table S2) .
GO terms enriched in Groups 1 through 4 included several related to RNA
processing, chromatin assembly, cellular respiration, cellular morphogenesis and
development, cell migration, cell adhesion, synaptic transmission and plasticity,
and protein catabolism processes. We emphasized 5 key processes enriched in
the Mib1 interactome, divided by groups 1 to 4 that showed relative binding
affinity to Mib1 (Fig. 2.3), including Notch and Wnt pathways, endocytosis and
vesicle transport, ubiquitin-proteasome system, morphogenesis, and synaptic
activities. Further elaboration of these pathways using STRING-DB and including
members of groups 5 to 9 shows high degrees of interconnectivity (Fig. 2.4,
Supplemental Fig. S1-S4), and possible means of indirect binding for many

group 5 to 9 members.
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Figure 2.3. Mib1 interaction partners participate in several important signaling
pathways.

Highlight of several important pathways and biological functions enriched in Groups 1
through 4 in our dataset. Notch signaling showed a modest enrichment, with an isoform
of canonical Mib1 interaction partner delta, DLL4, exhibiting strong binding affinity and
appearing in group 4. The Wnt pathway, however, was strongly enriched, with several
Catenin and Casein kinase family members appearing in Group 3. Proteins involved in
Endocytosis and Vesicle Transport and Morphogenesis were very strongly enriched
across all four elution profile groups, with clathrin-mediated endocytosis regulator Scyl2
and RhoA interaction partner GEFT showing highest affinity binding. The Ubiquitin
Proteasome System was also highly enriched across elution profile groups and the
Usp9x deubiquitinase displayed one of the strongest elution profiles in addition to high

abundance in our analysis. While many proteins located at Synapses and regulating LTP
were recovered in our analysis, none exhibited extremely high binding affinity.
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Figure 2.4. Interconnectivity in Mib1 Ubiquitin Proteasome System interactome.

Potential Mib1 interaction partners in the UPS pathway show high levels of
interconnectivity. Several constituents of the Proteasome itself are included, with
Proteasome Subunit Beta 5 showing highest affinity. The deubiquitinating enzyme
USP9x is shown to interact with several proteins of interest as well. Edge thickness
represents ‘combined score’ from STRING-DB analysis.

Mib1 Interacts with Usp9x and Catenin Family Members
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One of the most strongly bound and highly abundant proteins in our

proteomics analysis, Usp9x, is a deubiquitinating enzyme that regulates
embryonic development (103). The dataset also included several members of the
Catenin family, which participate in the Wnt signaling pathway and regulate cell
adhesion (104). We analyzed these interactions with Mib1 via
immunocytochemistry. When recombinant Mib1 was expressed in HEK293 cells,
Mib1 colocalized almost entirely with endogenous Usp9x in puncta throughout
the cytoplasm (Fig. 2.5A-5C). When Mib1 was co-expressed with alpha-catenin
(a member of group 3), the two proteins also colocalized strongly throughout the
cytoplasm (Fig. 2.5D-F). Interestingly, Mib1 staining pattern was drastically
altered (comparing Fig. 2.5A-5D), showing the dispersal of Mibl from puncta.
Similar results were obtained with beta-catenin (in group 5) and delta-catenin (i.e.
p120, also in group 3, Fig. 2.5G-L), but beta-catenin appeared to have less
influence on the Mib1l staining pattern (comparing Fig. 2.5A-G). The apparent
distinction in the strength of Mib1 pattern alterations seen in conjunction with
alpha- and delta-catenin expression versus beta-catenin expression may be due
to the strength of their interaction, as suggested by our sequential elution
strategy: alpha- and delta-catenin in group 3 have higher Mib1 affinity than beta-

catenin in group 5.
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Figure 2.5. Mib1 colocalizes with Usp9x (FAM) and 3 members of the catenin
family.

HEK 293 cells were transfected with HA tagged Mib1, and/or other catenin proteins,
followed by immunofluorescence staining.

(A-C) Immunostaining of recombinant Mib1 and native Usp9x.

(D-L) Coexpression of HA-Mib1 and different catenin family members and subsequent
immunostaining.
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Mib1 Ubiquitinates CDKL5 and Alters Its Localization, Abundance, and

Functional Effects on Neuron Morphogenesis

Our Mib1 interactome analysis also revealed CDKLS5 in group 3 (Fig.
2.6A), which is known to regulate neuronal morphogenesis (105) and its genetic
mutations cause early infantile epileptic encephalopathy-2, a severe form of
mental retardation with defects in neurodevelopment (106). When expressed in
HEK293 cells, CDKLS5 exhibited primarily nuclear localization (Fig. 2.6B, C). In
contrast, simultaneous expression of Mib1 caused a drastic shift of CDKL5 out of
the nucleus towards large cytoplasmic puncta, where the two proteins
colocalized strongly (Fig. 2.6D-F). Moreover, Mib1 coexpression also led to
strong downregulation of CDKL5 in a dose-dependent manner (Fig. 2.6G). This
downregulation was abolished, and indeed may have been reversed by a point
mutation (C985S) that renders the Mib1l ligase domain inactive (49) (Fig. 2.6H),
suggesting that the Mib1 ligase activity is required for the induced change in
CDKL5 abundance, likely through ubiquitination and proteasomal degradation.
Equal loading was determined by Ponceau S staining of membranes
(supplemental Fig. S5). We also tested if Mib1 can directly ubiquitinate CDKL5
by in vitro ubiquitination assay. Recombinant CDKL5 and Mib1, mixed with E1,
E2 enzymes, and Ub, formed a distinct Ub-positive smear with molecular size
larger than CDKL5 (110 kD). Without the addition of either E1/E2 enzymes or the
Mib1l ligase, no Ub-positive smear was detected. MS analysis of the smear
indicated the ubiquitination of CDKL5, and self-modification of Mib1 and E1

enzymes (Fig. 2.61). In addition, a slight increase in the CDKL5 level was
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observed with the overexpression of the Mib1 C985S mutant (Fig. 2.6H),
suggesting a potential dominant negative effect of C985S. Following this clue,
affinity pull-down and immunocytochemical analysis showed that Mib1 binds to
and colocalizes with its own C-terminal domain (Fig. 2.6J-K). Therefore, Mibl
may self-associate via this domain and over-expressed C985S may form a
complex with endogenous Mib1 to disrupt its activity. The data provides

additional evidence for the downregulation of CDKL5 by Mib1.
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Figure 2.6. Mib1 colocalizes with and downregulates CDKL5.

(A) Representative MS2 spectrum depicting peptide 826-837 from CDKL5 protein and
TMT reporter ion intensities (inset).

(B-C) Typical HA-CDKLS5 localization in HEK293 cells is largely nuclear when expressed
alone.

(D-F) Coexpression of HA-CDKL5 along with GFP-Mib1 led to redistribution of CDKL5
from the nucleus to puncta in cytoplasm.

(G-H) Western blot analysis of HA-CDLK5 and GFP-Mib1 co-transfected HEK293 cells,
dependent on Mib1l ligase activity. C985S is a mutated form of Mib1 with abolished
ligase activity.

() Western blot and LC-MS/MS analysis of ubiquitination of CDLK5 by Mib1.

(J-K) Western blot and immunofluorescence staining analysis show self-association of
Mib1 through its C-terminal domain.

We further tested functional interaction of Mib1l and CDKLS5 during
neuronal morphogenesis (Fig. 2.7). The two proteins were reported to have

opposing effects on neurite outgrowth (49,107). The literature is somewhat
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conflicting in regards to the effects of CDKL5 on overall dendritic spine density —
Ricciardi et al. reported that shRNA knockdown of CDKLS5 results in increased
dendritic spine density (108), whereas Zhu et al. reported the opposite effect of
RNAI knockdown of CDKL5 (109). But both groups agree that CDKL5 promotes
dendritic spine maturation in terms of spine shape. The function of Mib1 has not
been examined in this developmental process. When individually expressed in
cultured hippocampal neurons, Mib1 decreased spine density by 1.19
spines/10um versus negative control (p = 0.046), whereas CDKL5 caused an
increase of 1.43 spines/10um (p = 0.049). When co-expressed, the spine-
promoting effect of CDKL5 was eliminated. These neurons exhibited 0.68 fewer
spines per 10um than control neurons (p = 0.252), and far fewer (2.11/10um)
than CDKL5 alone (p = 0.0004) (Fig. 2.7F). Moreover, the effects of Mib1 alone
and on CDKL5 are abolished by the C985S point mutation, suggesting that the
role of Mib1l is dependent on its ligase activity (Fig. 2.7G). Moreover, CDKL5
itself caused stark changes in spine morphology, shifting strongly away from
immature filopodia (p = 0.004) towards more mature thin-headed and
stubby/mushroom shaped spines (p = 0.002). Mib1 caused no significant effect
on spine shape when compared to control, though it did limit the effect of CDKL5
when overexpressed: Mib1/CDKL5 coexpressing neurons showed a minor shift
away from filopodia and thin-headed shaped spines towards stubby/mushroom
shape — the effect barely reached statistical significance for the proportion of
stubby/mushroom spines when compared to control (p = 0.046). Statistical

significance was not reached for the coexpressing neurons compared to neurons
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expressing only Mib1 (p = 0.614, 0.129, and 0.104 respectively) or CDKL5 alone
(p =0.092, 0.297, and 0.448 respectively) (Fig. 2.7H). Together, our results also
suggest that elevated CDKL5 increases spine width and maturity, and our data
are consistent with the paper of Zhu et al. in regards to overall spine density.
Importantly, we found that Mib1 interacts with and downregulates CDKLS5, and

thus restricts the effects of CDKL5 on dendritic development.
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Figure 2.7. Mib1 inhibits dendritic spine outgrowth and limits pro-outgrowth
effects of CDKL5 in neuronal culture.
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(A) Representative rat hippocampal neuron transfected at DIV7 with EGFP and stained
for EGFP at DIV14.

(B-E) Higher magnification representative images of dendritic spines in control (Ctl, GFP
only), Mib1, CDKL5, and Mib1 + CDKLS5 transfected neurons, showing decreased
outgrowth phenotype with Mib1 and Mib1 + CDKLS5, and increased with CDKL5 and
C985S + CDKLS5.

(F-G) Quantitative analysis of dendritic spine density from these neurons. Analysis of
the spine density showing mean + s.e.m. per 10 um, n = 12 for Ctl, n = 16 for Mib1, n =
14 for CDKL5, n = 11 for Mib1 + CDKLS5 in experiment one; n = 11 for Ctl, n = 34 for
C985S, n = 27 for CDKL5, n = 12 for C985S + CDKLS5 in experiment two (* p < 0.05 from
Ctl, *** p < 0.001 from Ctl, # p < 0.05 from CDKLS5, t-test).

(H) Classification and analysis of dendritic spine shapes in these neurons. Shape
proportion analysis of the same neurons delineated between filopodia-, thinheaded-, and
stubby/mushroom-shaped protrusions order of maturation. * p < 0.05 from Ctl, # p < 0.05
from CDKLS5, t-test). Scale bars, 10 pm.

DISCUSSION

Affinity purification coupled with mass spectrometry is a common and
robust method for mining protein-protein interaction networks. The basic
technique has evolved (35) and been elaborated upon (110) since its inception
well over a decade ago (111), but there remain important drawbacks. The
challenge of nonspecific binding partners is significant. With technological
advances in LC-MS/MS that improve sensitivity, the detected level of nonspecific
background increases as well. The method we employed is based on a well-
established concept that proteins can be eluted sequentially by buffers of
increasing stringency. To our knowledge, the sequential elution strategy has not,
however, been used to evaluate binding partners in a quantitative manner. Using
this strategy, our dataset of 817 proteins was pared down to a small subset of 56

extremely highly confidence and 335 high confidence interaction partners,
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whereas lower confidence potential interaction partners and possible indirect
binding partners were also recovered in the remaining list. Purifying and
detecting large arrays of potential binding partners and distinguishing them by
binding strength rather than reproducibility during biological replicates is
particularly suitable for detecting low-copy number interaction partners — an
ongoing technical frontier in the proteomics field (112).

We have expanded the Mib1 signaling network in breadth and functional
importance. Its critical regulation of Notch-Delta signaling alone incorporates it
into almost every aspect of nervous system development (43,77,113-118). More
recently, an interactome study revealed that it also plays a role in the equally vital
Wnt signaling pathway (55), and several other potent developmental modulators
beyond these key pathways have also been revealed to interact with Mib1, such
as SMN1 (49,54) and the CDK5/p35 complex. In our previous study, Choe et al.
presented evidence for Mib1 interaction with several other kinases in addition to
proteins involved in membrane trafficking, the UPS, the cytoskeleton, and cell
adhesion. These categories of Mib1 protein interaction were reiterated and
elaborated upon by a yeast two-hybrid screen, revealing 81 putative binding
partners for Mib1 and Mib2 (81). The present study reports an even larger list of
potential Mib1 binding partners from adult rat brain, further expanding the Mib1
interaction network, reinforcing several pathways mentioned above, and
introducing more components. As expected, the UPS, notch pathway,
morphogenesis/cytoskeleton regulation, and endocytosis/vesicle transport

pathways were strongly enriched in this dataset. One somewhat unexpected
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result is the number of Wnt pathway members that may interact with Mib1. As
mentioned previously, Mib1l had been shown to interact with one Wnt pathway
member, RYK (55). Our study enlarged upon this, producing a range of powerful
Wnt pathway interaction partners that includes several members of the Catenin
family (alpha, beta, deltal and delta2), several MAP/microtubule affinity-
regulating kinases (Markl, 3, and 4), and Casein kinase family members.

A potential linking factor between the role of Mib1 in both Notch signaling
(its canonical role), and Wnt signaling is the endocytic pathway. It is well
established that Mib1 plays a critical role in Notch signaling via DSL ligand
ubiquitination and endocytosis, though this molecular mechanism is still not
completely clear. What is known about the process is it is clathrin mediated,
requires actin and epsin adaptors, and it may generate a mechanical pulling
force on the juxtaposed Notch extracellular domain to activate signaling (119).
Meanwhile, the Wnt pathway also requires clathrin mediated receptor
endocytosis for successful signaling (120). Among the most highly abundant and
strongest elution profiles in our dataset, Scyl2 (aka CVAK104) is a relatively
unstudied clathrin coated vesicle-associated kinase that binds with both the Wnt
ligand receptor Frizzled 5 and the Wnt scaffold protein Dishevelled (96). This
may be a common effector for Mib1 activity in these pathways, and warrants
further investigation.

The synaptic Mib1 binding partners revealed in our study included the
Ca?*/calmodulin-dependent kinase family (Camk2b, d, and g), the Neurexin

family (Nrxnl, 2, and 3), and the Signal-induced proliferation-associated 1 like
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family (Sipalll, 2, and 3). These span functions from dendritic spine morphology
(121), plasticity at glutamatergic synapses (122), and structural connection at the
synaptic cleft (123). These functions are not unlike the known Mib1 functional
roles: structural changes through cytoskeletal remodeling and cell-to-cell
connections, suggesting that Mib1 is a central agent to bridge these processes.
Indeed, there is significant overlap between synaptic modulators and proteins
that promote cellular and neuronal morphogenesis. Proteins regulating
morphogenic activity were even more strongly enriched in our data than synaptic
proteins, supporting the role of Mib1 in regulating neurite outgrowth (49), cell
polarity (118), and synaptic plasticity (48). Moreover, our data show Mib1
suppresses dendritic spine outgrowth and acts as an opposing force to CDKL5
and its spine outgrowth and maturation effects.

Regulation of CDKL5 by Mib1 suggests Mib1 controls multiple stages of
neuronal and synaptic morphogenesis. CDKL5 has been demonstrated to
promote neuronal survival (124), neurite outgrowth (107), dendritic spine
formation (108,109), and is an excellent example of a Mib1 interaction partner
that regulates both cytoskeleton morphology and synaptic activity — bridging
these two interrelated processes. Mutations in CDKL5 cause extreme variants of
Rett Syndrome (125), and EIEEZ2 (126) which are severe and progressive forms
of mental retardation. Our experiments demonstrate that when Mibl is in
abundance in relative to CDKLS5, dendritic spine outgrowth is impaired. This may
be an important consequence of the mutations seen in CDKL5-associated

diseases. Removal of CDKL5 via deletions or mutations resulting in
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nonfunctional protein may tip the balance away from signaling pathways that lead
to cytoskeletal outgrowth and neuronal maturation, resigning developing neurons
to an outcome with shorter processes and fewer synapses.

In summary, using our novel and widely applicable improvement to affinity
purification proteomics, we uncovered the most comprehensive view of the Mib1
interactome to date and partitioned it by binding strength and confidence of
interaction. Our experimental design utilized several recent advances in MS-
based proteomics — TMT isobaric tags and high resolution/high sensitivity mass
spectrometry to attain this deep and distinguishing analysis. Our data reinforce
the pivotal role of Mib1 in neuronal development and identify a large number of
novel interaction partners. These interaction partners spread across such varied
and critical signaling networks suggesting Mib1 may act as a hub to link these
networks and perform a widely powerful governing role for cell, tissue, and organ
development. Further work on this critical protein is certainly warranted as
interactions with many well- and lesser-known molecules are highly likely to have

functional ramifications.
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CHAPTER THREE

Biotin and Ubiquitin Labeling of Ligase Substrates (BULLS)

Proteomics Analysis of Mib1l Substrates

The comprehensive and high-confidence detection of E3 ligase substrates
is a prominent ongoing challenge in the molecular biology and biochemical fields.
With over 600 human E3 ligases currently known (45), combined with the
pervasiveness and significance of the ubiquitin proteasome system (UPS) in
virtually every biological process (127,128), the drive for a high-throughput
technique to discover the ubiquitination targets of a given E3 ligase is powerful.
Significant challenges are posed by the fact that these interactions are generally
transient, substrates are often quickly degraded, the system as a whole is under
highly efficient control via deubiquitinases and the proteasome, the ubiquitome is
simply very large and complex, the topology of polyubiquitin chains can be very
complicated, and even the notably high rate of endogenous ubiquitin expression

can pose problems. Nonetheless, the UPS also lends itself to examination — in



50
comparison to other tag-based systems such as phosphorylation — as ubiquitin is
a gene-encoded protein tag and therefore allows for direct genetic manipulation
and creation of modified gene constructs. To date, the most successful systems-
based methodology compares ubiquitination sites throughout the proteome using
an antibody for the signature ‘di-Glycine’ peptide of ubiquitinated proteins
combined with knockout of the E3 ligase of interest (46). This, however, is an
indirect measure as it does not provide evidence of direct enzyme-substrate
interaction.

Recently, an enzyme-substrate tagging methodology was developed for
detection of direct protein interactions (129) utilizing the highly efficient and highly
specific biotinylation of a small acceptor peptide tag (AP) by the E. coli derived
biotin ligase BirA (130). The reaction requires a proximity of 50A for ligation to
occur and BirA has no mammalian substrates while the AP is not recognized by
any mammalian ligases. This leads to labeling of the AP tag with high fidelity and
abundance, based on very close proximity between molecules. Subsequently,
the covalently bound biotin can be exploited for downstream analysis by
numerous potential avenues of detection and purification through the extremely
strong streptavidin-biotin bond. This method has been implemented with some
success to examine binary interactions between two proteins in live cells by
coding the BirA enzyme in frame with one protein of interest and coding the AP in
frame with the second protein (130).

We sought to extend this methodology into a more systems-based and

ubiquitin-focused technique dubbed BULLS (biotin and ubiquitin labeling of ligase



51
substrates). In this approach, we fused the BirA enzyme to Mib1, our E3 ubiquitin
ligase of interest, and the AP to ubiquitin. This results in the biotinylation of AP-
tagged ubiquitin molecules utilized by Mib1, with biotin carried along onto
ubiquitination substrates of Mib1l. Downstream detection and identification of
these substrates can then be achieved by streptavidin antibodies for
immunocytochemical imaging or western blots, and for affinity-based pulldowns,

which can be analyzed by mass spectrometry proteomics.

MATERIALS AND METHODS
Plasmids and Antibodies

Prior to creation of fusion proteins, we optimized BirA and BirA Acceptor
Peptide (AP) codons for Homo sapiens expression. This was particularly
important for two reasons: first, these are both naturally occurring E. coli proteins
with no mammalian homologs and therefore not ideal for eukaryotic expression,
second, endogenous ubiquitin is a very highly abundant protein, and in order to
contribute significantly to the cellular pool of ubiquitin, expression must occur in a
highly efficient manner.

The 15 aa AP and 6x His sequences were cloned onto the N-terminal of a
ubiquitin gene in a pFUGw backbone under a ubiquitinC promoter. We also
created a WHE13-15GEF variation of the AP sequence via site-directed
mutagenesis of TGGCAYGAR sequence to GGNGARTTY.

Using the InFusion cloning kit (Clontech), BirA was cloned into a position

at the carboxyl terminal of an HA tag and the amino terminal of Mib1 in a
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pcDNA3 plasmid backbone, with a short 4 amino acid chain as linker between
BirA and Mib1. The ligase domain of Mib1 is very close to the carboxyl terminal
of the protein — residue 985 being critical for ligase activity (49) — and attachment
of the 35kD BirA at the N-terminal will therefore be less likely to disrupt Mibl
activity than attachment at the C-terminal. Three negative control fusion proteins
were created — BirA-Mib1(C985S), BirA-Mib1(803X), and BirA-Mib1(401X). Each
of these were created using a site directed mutagenesis kit (Clontech), with
C985S receiving the modification to switch the Cysteine codon to Serine, and the
nonsense mutations receiving double stop codons at the noted location.

The antibodies used included HA mouse monoclonal antibody (Abcam),

and Streptavidin-HRP (Life Technologies).

Cell Culture & Transfection

HEK 293 cells were grown in DMEM + serum supplemented growth media
and transfected using FuGene HD (Promega). Total plasmid DNA amount of 1
ug for each well of a 12 well plate, a ratio of 3 uL FuGene to 1 ug DNA ratio, and
a post-transfection incubation period of 72 hrs was derived from the Promega
FuGene protocol. BirA-Mib1 and BirA-LD plasmid levels were varied to optimize
conditions, with EGFP plasmid used to balance total DNA levels. Various post-
transfection incubation periods were tested in attempts to optimize conditions,
with 72 h, 48 h, 24 h, and 12 h each utilized. Cells in these experiments were
transfected one day after replating at 33% confluency, harvested at the selected
time-points, then protein concentrations tested via BCA to ensure equal loading

in subsequent SDS-PAGE analysis.
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Protein Preparation & Western Blot

Cell lysis was performed using ice cold 2% SDS buffer in 50 mM HEPES,
pH 8, with cOmplete protease inhibitor cocktail (Roche Applied Science) and 10
mM iodoacetic acid (IAA). IAA was utilized to inhibit deubiquitinases activity as
integrity of protein ubiquitination was key to this experiment. After aspiration of
growth media, lysis buffer was added directly to cells, mixed, pipetted,
transferred to microfuge tube, sonicated at 4°C, and either analyzed directly or

frozen at -80°C.

RESULTS
Biotinylation and Ubiquitination by BirA-Mib1, BirA-C985S, and Free BirA

In an attempt to generate a system for detection of E3 ubiquitin
conjugation substrates with high confidence, specificity, and flexibility, we created
a fusion protein of Mib1 E3 ligase with bacterial BirA biotin ligase and a fusion
protein of Ubiquitin with the specific BirA biotinylation target sequence. A
previously established ligase dead form of Mib1 was used for generation of a

negative control BirA fusion protein, and free BirA was used as a positive control.
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Figure 3.1. Cloning of the BirA sequence into the HA-Mib1 construct results in HA
tagged BirA-Mib1.

A BamHI site near the end of the HA sequence allowed us to clone BirA in frame
between the HA tag and Mib1 protein using the InFusion cloning kit from Clontech.

To verify that BirA and Mib1 maintained their enzymatic activity in the
fusion protein, we expressed BirA-Mib1 and AP-Ub in HEK 293 cells followed by
western blot analysis. We used biotin-detecting streptavidin-horse radish
peroxidase in a one-step probe method that allowed high affinity detection of
biotin and biotin-labeled species. Lane 7 (Fig 3.1) depicts the very low levels of
HEK 293 endogenous biotin containing protein species as detected by this
method. As predicted, the biotin labeled species in the free BirA positive control
(Fig 3.1 lanes 8 & 9) exhibits a highly intense smear of biotinylated and
ubiquitinated protein species — quite similar in pattern to a probe for ubiquitin
itself. Also as predicted, BirA-Mib1 with AP-Ub exhibits a slightly less intense
smear, with many ubiquitinated and biotinylated species (Fig 3.1 lanes 1-3). This
is indeed predicted as the Mibl E3 ligase is known to be promiscuous and to
bind many potential substrates (49,131). Unfortunately, this pattern was virtually

unchanged in the E3 ligase-dead BirA-C985S negative control (Fig 3.1 lanes 4-
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6), suggesting that there may be off-target background signal and the system
may need stronger control.

AP-Ub +

AP-Ub-BirA +

BirA-Mib1 |

BirA-C985S

BirA-Mib1 -

Biotinylated
species

Figure 3.2. BirA-C985S ligase dead negative control produced similar levels of
positive signal to active form.

While proving the usefulness of the concept overall, our BirA-C985S negative control
produced almost identical signal to the test construct. Free BirA produced much stronger
and widespread biotinylation, with abundant mono-ubiquitin bands.

Biotinylation and Ubiquitination by Mib1 Truncation Mutants

To establish more rigorous negative controls, we created two BirA-Mibl
truncation mutants (Fig 3.2). BirA-803X contained BirA fused to Mib1 with the

entire C-terminal catalytic domain removed, and BirA-401X was an even more
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severe version with both the C-terminal catalytic domain as well as the structural

middle domain removed.

BirA Mib1

N-terminal Middle Ligase

Domain Domaln __ Domain
BirA-Mib1 [N TTTTT BEEBEEEELE

1006 aa

BirA-803X [N T TTTTT1

i 803 aa
BirA-401 X W[ [ [ [T 1

401 aa

Figure 3.3. BULLS gene constructs included a full length test protein and two
truncations used for negative controls.

The full length test construct contained BirA cloned in frame onto the n-terminus of full
length human Mibl protein. The two negative control truncate constructs included BirA
cloned onto the n-terminal of a form of Mib1 with no c-terminal ligase domain and one
with no middle domain or ligase domain.

We examined these new controls in comparison to the experimental BirA-
Mib1 construct in HEK 293 expression via Western blot (Fig 3.3). These negative
controls exhibited slightly less intense ubiquitination smears than the test
construct, but unfortunately the decrease was not suitable to move forward with
purification and MS examination. Contrary to our predictions, and perhaps
revealing as to the excessive background seen in these experiments, the
truncation mutants also produced what we believe to be a biotinylated but
unconjugated ubiquitin species seen as a ~10kD band (Fig 3.3). Of particular
interest, and potentially encouraging, BirA-Mib1 does not produce this species.
This suggests AP-Ub biotinylated by this construct is subsequently conjugated to
substrates, while the ligase dead mutants are unable to complete the second part

of this reaction.
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Figure 3.4. Western blot examination of truncation mutants shows decreased but
still substantial positive signal.

We still observed substantial background signal from our more extreme negative
controls. Interestingly, the truncates also produce a pool of biotinylated monoUb (11kD
band), which could contribute to the nonspecific biotin-ubiquitination in these samples.

Modification of the BirA Acceptor Peptide Sequence

To further increase the signal-to-noise ratio in our system, we followed the
methods of the Ting group who, struggling with similar difficulties, took a

somewhat broad mutation screening approach on the acceptor peptide sequence
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(130). They found that by modifying residues 12-15 of the protein sequence from
WHE to GEF, they could obtain a ~5-fold boost in signal-to-noise. We therefore
performed the same modification via site-directed mutagenesis in our AP-Ub
construct and tested via Western blot from HEK 293 lysate. We saw a significant
decrease in signal from the negative control, as expected, but also saw
decreased signal from the experimental condition. This largely negated any gains

in signal-to-noise we would have otherwise obtained.

HA-BirA-Mib1 + +

HA-BirA-803X + +
AP-Ub + +
AP-modUb + +

BirA-Mib1— | i - ™ | 250kD

BirA-803X — L RE
250kD +
150kD 3
-
100kD
75kD . o=
Biotinylated &
~ Ubiquitinated
Species

50kD

37kD

PR E e
25kD

20kD
15kD

10kD — Biotinylated MonoUb

Figure 3.5. Modified of the AP sequence decreases signal in both test and
negative control samples.

Modified AP sequence may have slightly reduced background, but also the positive
signal in the test sample, which lead to similar overall signal-to-noise ratio
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To address the possibility that biotinylated ubiquitin was being recycled in
the cellular system and to limit the opportunity for off target reactions, we
attempted to optimize the reaction by examining a range of post-transfection
incubation periods shorter than the Promega recommended 72 h. Optimization
was attained by transfecting each group of cells with the desired plasmid
constructs at the same time, harvesting protein after the specified time period,
and equalizing protein loading for western blot analysis by preliminary BCA
assay. For example, because all cells were transfected below 100% confluence,
and the 12 h group would thus replicate fewer times and produce less protein
than the 72 h group, we simply had to test a larger percentage of the protein from
12 h than 72 h to match overall protein levels.

What resulted were correspondingly less intense biotin/ubiquitin smear
patterns for each decrease in incubation period (Fig 3.5). Unfortunately, the
intensity decreased for both the test group and the negative controls, rather than
any disproportionate large decreases in the negative controls as we had hoped.
Signal-to-noise thus remained relatively unchanged and unsuitable for further

pull-down experiments.
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Figure 3.6. Examination of multiple incubation periods shows increases in signal
from both test and negative control.

As expected, decreased incubation times led to decreased signal, with somewhat
promising signal-to-noise ratio at 24 hrs.

DISCUSSION

The search for comprehensive detection of direct E3 ligase substrates
steered us toward the expansion of a previously established protein-protein
interaction methodology. The potential of this system was exciting, as it utilized a
small molecular tag, a small and highly efficient enzyme, required a very tight
molecular proximity, was amenable to use in live cells, and provided for
extremely broad downstream analyses. It did indeed produce strong and specific

biotinylation, with test and positive control conditions exhibiting ubiquitin-like
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smears and with negative controls (either no AP or no BirA) producing negligible
numbers of biotinylated species. Further, the banding produced by BirA-Mib1
were distinct in pattern and abundance from those produced by free BirA positive
controls, suggesting that the BirA-Mib1 biotinylation was a subset of the overall
ubiquitinated proteome.

Despite these encouraging observations, we also encountered a
continuing issue of excessive signal from our would-be negative controls. As with
any systems-based approach, we expected off-target activity and false positive
signal, but designed the various null mutant BirA-Mib1 fusion proteins to
establish a measure of these factors in the experiment. As we underwent
extensive optimization and manipulation of these controls, we were unable to
limit the background signal to the point at which we would be confident in
designating true substrates from our BirA-Mib1 construct. The prevalence of
signal we observed from fusion proteins that presumably possessed no E3 ligase
activity, in addition to rather abundant biotinylated monoubiquitin, led us to
believe that unpredicted, detrimental, and largely unavoidable processes were
taking place in this system that would prevent further pursuit of these methods.

We attributed these issues primarily to two potential processes that were
unforeseen at the time of experimental design (Fig 3.5). First, the BirA-Mib1l
constructs — both ligase active and ligase-dead controls — might have been
binding and biotinylating AP-ubiquitin in the absence of any ubiquitination
substrate, then subsequently releasing this biotinylated ubiquitin and allowing

any other E3 ligase present in these cells to conjugate it to its substrates (Fig
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3.5B). This likely happened in parallel to the conjugation of ubiquitin by Mib1, but
clearly would lead to detection and identification of off-target, false-positive
substrates. Secondly, the biotinylation and ubiquitination of Mib1 substrates may
have taken place with the fidelity we desired — and required — but the biotinylated
ubiquitin was subsequently removed by deubiquitinases and/or by proteasome
activity (Fig 3.5C).

Deubiquitinases, analogous to phosphatases in the phosphorylation
system, cleave and release ubiquitin monomers, serving both to antagonize the
activity of ubiquitin ligases, and to provide the very ubiquitin molecules on which
ubiquitin ligases act. There are over 100 human deubiquitinase genes. Some
cleave ubiquitin monomers from the pro-protein polyubiquitin chains in which
ubiquitin is initially expressed, and others have even been shown to closely
associate with E3 ligases to negatively regulate them (132). Indeed, Mib1 has
been shown to bind strongly with Usp9x (131), a deubiquitinase which removes
ubiquitin from SMN1 (133), a known Mib1 ubiquitination substrate (54). DUBs
and DUB domains are also present in proteasomes, the protein destruction
machines of the cell, and remove ubiquitin from proteins prior to degradation
(134). Following removal via either of these pathways, ubiquitin molecules are
simply recycled by the cell and attached to new substrates. In our system, it is
highly likely that biotinylated AP-Ub is being recycled and reattached alongside
endogenous Ub, and therefore we observe a preponderance of off-target false

positive signal.
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Figure 3.7. Proposed models of technical pitfalls.

(A) Desired model for successful biotinlyation and ubiquitination

(B) The BirA-Mib1 and BirA-Mib1LD enzymes may be biotinylating AP-Ub in the
absence of a substrate — or ligation to a substrate, then releasing these species into the
general cellular pool.

C) Biotinylated ubiquitin might be released into the cellular pool after proteolysis by the
proteasome and/or by deubiquitinases detaching the tagged ubiquitin. In both cases, the
tagged ubiquitin is re-entered into the cycle for ubiquitination by any E3 ligase
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The efficacy of the BirA-AP method has encountered complications in
other groups as well. As mentioned, the Ting group, who originally developed the
system for cell-surface interactions before 2005 (135), advanced the approach
several years later for intracellular interactions (130). In that publication, they also
presented experiments to improve signal-to-noise (130), and a paper using this
system for live inter-neuron imaging from 2010 (136) was later retracted. Since
the retraction, this group has seemingly abandoned the approach. Together,
these developments suggest the BirA-AP system itself has significant pitfalls, and
these applications did not involve the UPS, which we believe was the source of
our most insurmountable difficulties. A modification of the technique, dubbed
BiolD by its creators, utilizes a mutant BirA that possesses biotin activation
activity but lacks ligase activity (137). This modified enzyme, also used as a
fusion product with a protein of interest, subsequently releases activated biotin
(biotinoyl-5’-AMP), which readily attaches to primary amines in the vicinity —
which include lysines, arginines, and amino terminals of nearby proteins. This
method was applied to an E3 ligase with results published in the last year
showing improvement over more traditional Flag tag affinity-purification MS
proteomics (138). Our efforts, while promising, were ultimately unable to solve
the continuing challenge of comprehensive capture and identification of E3 ligase
substrates. However, the knowledge, technology, and techniques seem to be

within reach, and this advance may not be far off.



65

CHAPTER FOUR

Differential Enrichment and Elution Proteomics (DEEP) Analysis of

the APP Interactome

Adapted from: Molecular & Cellar Proteomics
Bing Bai, Joseph Mertz, Ping-Chung Chen, Yuxin Li, Ji-Hoon Cho, Timothy
Shaw, Hong Wang, Gang Yu, Thomas G. Beach, Xusheng Wang, Junmin Peng

Forthcoming

In 1907, Alois Alzheimer described “A peculiar disease of the Cerebral
Cortex” presenting severe cognitive impairments, emotional disturbances, and
miliary foci throughout the cerebral cortex (139). Today Alzheimer’s disease (AD)
is the 6" leading cause of death (56), cause of over 70% of dementia cases in
the United States (57), and costs the US economy over $400 billion and rising
per year (12, 13). At preclinical stages AD pathophysiological processes are

ongoing but symptoms evident (60), predementia symptoms emerge
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subsequently in the mild cognitive impairment (MCI) stage (61), and finally, AD
dementia involves declines from previous cognitive levels, significant functional
impairment, deficits in learning and recall of recently learned information,
language and visuospatial deficits, and executive dysfunction (62). AD pathology,
beginning in preclinical stages, is typified by intracellular neurofibrillary tangles
(NFT) and extracellular amyloid plaques (65). Senile plaques, and neuritic
plaques specifically, are associated with dystrophic neurites, synapse loss, and
gliosis (66). AP, a cleavage product of the amyloid precursor protein (APP), was
found to be the major species in amyloid plaques (140,141), and causal
mutations in APP, PSEN1, and PSENZ2 — two proteases known to process APP —
were identified in early-onset forms. These findings resulted in the Amyloid
cascade hypothesis (142) and the amyloid pathway becoming the most widely
studied biological pathway thereafter (143).

AB is a 40 or 42 amino acid peptide proteolytically cleaved from the
extracellular and transmembrane domains of APP, which is a one pass
transmembrane protein with a large N-terminal extracellular domain and smaller
C-terminal cytoplasmic tail. The APP protein shares 98.8% identity with its
mouse ortholog and is highly similar to its mammalian paralogs APLP-1 and
APLP-2 (144). All three members of the family share E1 and E2 domains in the
extracellular region and are highly similar in the cytoplasmic NPXY motif, but
APP is unique from its family members in the region that becomes AR.

APP — and in many cases A —interacts with a vast array of interaction

partners. The most prominent are the secretase complexes that process full
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length APP into AB. The y—secretase complex, including presenilin-1/2, cleaves
APP in an intramembrane position, which helps contribute to AB formation, and is
therefore amyloidogenic. The complementary amyloidogenic enzyme 3—
secretase, or BACEL, is a membrane-spanning enzyme that cleaves APP on the
extracellular side of the membrane, completing ApB formation. The anti- or non-
amyloidogenic a—secretase family cleaves APP to release its extracellular
portion, and helps prevent AR formation. ADAM10 protease, is a member of this
family and has been shown to compete with 3-secretase and suppress A
production (69). Several caspases, predominantly CASP3, 8, and 9 also interact
with APP (145,146).

APP undergoes a separate cleavage event to produce a species known
as the APP intracellular domain (AICD), which has been shown to participate in
clathrin mediated endocytosis (147), axonal trafficking, and transcriptional
regulation. The AICD NPXY motif interacts with a large array of proteins, such as
the phosphotyrosine-binding domain (PTB) family (148) which includes amyloid
precursor binding A and B families (APBA and APBB) (70), the c-Jun NH2-
terminal kinase-interacting proteins (JIPs), and Src-homology-2 domain-
containing (Shc) protein families (71). JIP1 facilitates MAPK8 phosphorylation of
AICD (149), binds to phosphorylated APP and mediates its axonal transport by
kinesin (150). Kat5 colocalizes and complexes with APP intracellular domain
through APBBL1 to induce transcription of itself, APP, and BACE (151,152).
APPBP2 binds AICD post caspase-cleavage and leads to increased APP levels

on cell surface, and cell death in primary neurons and HEK cells (153). GSK3p
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binds AICD and promotes its kinase activity, leading to reduced Wnt signaling
and increased neurite outgrowth (72). Meanwhile the canonically Parkinson’s
disease associated Alpha-synuclein colocalizes and co-aggregates with AR in
vivo, and may form pore-like oligomers that decrease cell membrane integrity
(154,155).

Despite the combined efforts of many individual APP protein interaction
analyses, there remains a large and important gap in our current understanding
of actual AD pathogenesis, largely due to the lack of thorough, well-controlled
large-scale interactome studies. Previous large-scale studies focused on
processed APP, in the form of soluble AB oligomers (156) or did little to address
differential binding affinity to APP (157). A thorough and relevant analysis of the
APP interactome must entail the capture and identification of the broad range of
strong, weak, and transient APP candidate interactors from human AD tissue and
systematic determination of the confidence that these candidates represent true
biological interactions.

We thus undertook a systems-based analysis of APP interaction partners
by co-immunoprecipitation mass spectrometry proteomics in human AD brain
tissue. Traditionally, affinity and antibody-based purification methods utilize
strong washes to limit background, but this is not necessarily an accurate
reflection of the biology — truly functional interactions can occur between weakly
binding proteins. Recovering weakly bound interaction partners while still
differentiating them from more strongly bound partners greatly expands the

potential for exhaustive examination of protein function (131). The widespread
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lack of agreement between different antibodies for the same target protein is
another considerable issue in co-IP/MS experiments, leading to variability and
lack of reproducibility in data (158,159).

We sought to address both of these issues via thorough long gradient LC
and high resolution quantitative MS analysis of multiple elution conditions from
co-IPs using multiple test antibodies. Our methodology utilized differential
enrichment and differential elution proteomics, and we coined it DEEP. This
exhaustive approach allows us to broaden our dataset across binding affinities as
well as antibodies in order to reduce false negatives, while also allowing for
comparison across these parameters to examine agreement and limit false
positives. Further, this was an examination of AD brain tissue, and thus provides
key insight into pathological interactions taking place in this crippling disease.

Overall, we identified 7804 proteins from 8 unique co-IP fractions and 2
replicates of the AD brain lysate input. As expected, APP was among the most
highly enriched overall. Of the 8 co-IP fractions, 5 were from different elution
conditions of 3 unique APP antibodies, and 3 were from different elution
conditions of control IgG antibodies. Our multi-directional comparisons of these
test and control antibodies provided us with differential enrichment and
differential elution datasets within which we examined agreement and overlap. Of
the 7804 proteins, we found 696 proteins to be differentially enriched to various
degrees and roughly 40 reached extremely high confidence of interaction. Within

these 40, pathways such as AR peptide metabolism, neural development,
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synaptic regulation, trophic signaling, intracellular trafficking, mitochondrial

function, and RNA splicing were strongly enriched.

MATERIALS AND METHODS
AD Brain Tissue Lysate Preparation

Frozen human postmortem brain tissue (superior frontal cortex) with
clinically and pathologically confirmed Alzheimer’s disease were provided by
Banner Sun Health Research Institute. The postmortem intervals of these
samples were between 2~4 h. Brain tissues were homogenized in low salt buffer
[LS, 20 mM Hepes buffer, pH7.4 with 1% CHAPS and 1x protease inhibitor
cocktail (Roche)] at 10 ml buffer per gram tissue. After the protein concentration
was measured by BCA, all samples were run by SDS-PAGE to evaluate their
protein integrity. 10 cases with similar sample quality were finally chosen and
equally mixed. The pooled sample in LS buffer was centrifuged at 20,000 g for 1
min to collect the supernatant (Supl), then the pellet was subjected to the same
volume of high salt buffer (HS, 20mM Hepes, pH 7.4, 300mM NacCl, 1x protease
inhibitor cocktail). After brief microsonication, the sample was centrifuged again
to collect the supernatant (Sup2). Supl and Sup2 were mixed as input (IP) (~5

Mg/ul) for co-immunoprecipitation.

Co-Immunoprecipitation (Co-IP)

Protein G Dynabeads (Life Technologies) were used for Co-IP. 100 pl
slurry (~5ul beads, binding capacity: ~30 ug) was incubated with excess antibody

or control IgG for 15 min. After brief wash with the Co-IP buffer (mixture of LS
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and HS buffers), the saturated beads were added to 100 pl input (~0.5 mg
protein) and incubated for 2 hrs at room temperature. After incubation, the vials
were placed on a magnetic rack for beads to be attracted on the side wall in each
vial, and the flow-through was removed. For the unwashed eluate, 100 yl PBS
was added for gentle rinse without disturbing the beads to reduce the residual
input. For the washed eluate, the vials were taken off the magnetic rack and the
beads were washed by 100 pl TBST buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
0.05% Tween-20) three times as per common Co-IP procedures. Both unwashed
and washed beads were eluted using 1x SDS-PAGE sample loading buffer with
10 mM DTT for further processing. Of the three anti-APP antibodies used for Co-
IP, 6E10 and 4G8 are mouse monoclonal from BioLegend, Y188 is rabbit
monoclonal from Abcam. Purified IgG from the serum of mouse or rabbit were

used as controls (Sigma).

10-plex TMT-based Quantitative LC-MS/MS Analysis

10 DEEP samples that included two input replicates, five unwashed Co-IP
eluates and three washed eluates in 1x SDS-PAGE sample loading buffer (10
mM DTT) were heated at 80°C for 10 min, run for a short polyacrylamide gel,
then each gel piece was cut and digested overnight by ~10 ng/ul trypsin
(enzyme: protein = ~1:20) in 50 mM TEAB buffer, pH8.5, 10% acetonitrile.
Digested peptides were extracted, dried, and resuspended in 100 pyl 50 mM
HEPES buffer, pH 8.5 with 25% acetonitrile. TMT 10-plex reagents
(ThermoFisher Scientific) were added to each vial according to the commercial

instructions and incubated for 1 h at room temperature and equally mixed. After
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drying, the labeled peptide mixture was desalted on Sep-Pak C18 column
(Waters). The cleaned peptides were then fractionated on a XBridge C18 column
(Waters, 3.5 pm resin, 4.6 mm x 250 mm), by a gradient of solvent B (90%
acetonitrile in 10 mM ammonium formate, pH8.0): 5% for the first 10 min, then
steadily increased to 15%, 20%, 35%, 50% and 95% at 11, 20, 95, 115 and 120
min, respectively. Solvent A (10 mM ammonium formate, pH 8.0) was used to
generate the solvent B gradient. In total, 60 fractions were collected and dried.

The peptides in 5% formic acid were separated by a C18 column (75 pum x
30 cm, 1.9 pum resins) at 0.3 pl/min flow rate. The main gradient was 20%~45%
of buffer B (65% acetonitrile, 0.2% formic acid, and 5% DMSO) for nearly 2 h
generated by buffer A (0.2% formic acid and 5% DMSO). The gradient was
slightly adjusted between samples according to the appearance of the LC
chromatography curve. Eluted peptides were scanned on the Q Exactive HF MS
analyzer (Thermo Fisher Scientific) by MS1 scan (120,000 resolution, 1x10°
automatic gain control, and 50 ms maximal ion time), followed by MS2 scans top
20 (HCD collision with 35 normalized collision energy, 60,000 resolution, 1x10°
automatic gain control, 128 ms maximal ion time, 1.0 m/z isolation window with
0.3 m/z isolation offset, and 15 sec dynamic exclusion).

52 MS raw files were acquired and converted into mzXML format for
peptide matching by the JUMP algorithms (91). A combination of target database
from Uniprot and a decoy database generated from reversed peptide sequences

of the target database was used. The mass (+229.162932) of TMT tags was
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added to peptide N-termini and Lysines as static modifications. Only a, b, and y

ions were chosen for peptide spectrum matches (160).

Protein Quantification by TMT Labeled Peptides

Quantification of TMT labeled peptides was carried out by an in-house
program in the following steps. (i) TMT reporter ion intensities of each identified
PSM were extracted and recorded. (ii) The raw intensities were corrected
according to isotopic distribution of each labeling reagent. For instance, the
TMT126 reagent produced 91.8% 126 m/z reporter ion, 7.9% 127 m/z reporter
ion, and 0.3% of 128 m/z reporter ion. (iii) The average of all ten reporter ion
signals was used as a reference to compute a relative intensity between each
sample and the average. (iv) The relative intensities of PSMs were averaged for
identified proteins. (v) The combined reporter ion intensities for the Input
replicates, washed and unwashed mouse IgG, washed and unwashed APP
Antibodies 1 and 2, and unwashed rabbit IgG and APP Antibody 3 were
compared to derive the logz ratios. (vi) Visualizing these comparisons via
histogram analysis, the data were fit to Gaussian distributions, and thereby mean
and standard deviation estimated. (vii) To analyze experimental variation, the
intra-sample comparisons between the input replicates were examined as null
experiments, showing an average standard deviation of 0.10. (viii) Finally, Z-
scores were calculated using the fitted Gaussian parameters, and we selected a
Z-score cutoff of 1.8 for comparing different samples. For enrichment, the eluted
proteins of the APP antibodies (both washed mouse APP antibodies, both

unwashed mouse APP antibodies, and the unwashed rabbit APP antibody
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fractions) were compared to the average of the two Input fractions. For
differential enrichment, the APP antibody fractions were compared to their
respective control IgG (washed mouse APP Antibodies to washed mouse IgG,
unwashed mouse APP Abs to unwashed mouse IgG, and the unwashed rabbit

APP ab to the unwashed rabbit 1gG).

Interaction Network Analysis

Enrichment of Kyoto Encyclopedia of Genes and Genomes pathways
(KEGG) (92) was determined by analyzing the dataset using DAVID
Bioinformatics Resources 6.7 Functional Annotation Clustering tool (93,102), and
cell compartment and gene Ontology using PantherDB Online Classification
System (161,162). STRING-DB (94) was used to evaluate interconnectivity
between members of the pathways and processes determined to be enriched by

DAVID and PantherDB.

RESULTS
LC-MS/MS Analysis of APP Co-Immunoprecipitation

7804 unique proteins were identified and quantified via automated
database search and manual verification with a false discovery rate of 1%. The
relative abundance of each protein in each fraction was determined by
guantification of the reporter ion derived from their corresponding TMT isobaric
tag. APP was highly prevalent in our purifications: a disproportionately high
number of MS scans identified APP peptides overall, and the identified peptides

originated from positions throughout the APP protein, as opposed to only the
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area surrounding the antibody antigens or the AB region. This suggests that we
recovered full length APP, and therefore were able to examine the endogenous

interactome of APP, in addition to pathological interactions seen with AR after AD

onset.
DEEP Strategy Enrichment
4 . B
ctl \ Wash H
— i Unwashed Eluate*! —— i Washed Eluate !
------------- -~ 1 1
Il \I o e e - | T -
iTi Lysat
i ISS(Tr?pu}{)Sa © i I Differential Enrichment I
2 . U
s ‘l Aab i 1 H
— i Unwashed Eluate §| —— i Washed Eluate !
1

Differential Elution

*Affinity resins were incubated with the input, collected without wash, and eluted for MS.

Ab1 Ab2 Ab3
(Mouse) (Mouse) (Rabbit)

/&3 ,

| [ AR ] 7] |
= E

Membrane NPXY motif

APP Protein

C

TMT 10-plex Proteomics and DEEP analysis

Ld -~

-~ -~

Washed Eluates‘:
Ctl1 Ab1 Asz

i" Unwashed Eluates
iCtH* Ab1 Ab2 Ctl2* Ab3

—

Input Input

-~
A |
11
1 1
11
: 1
~ A 4 !

e e

~

*CH1: mouse IgG; Cil2: rabbitlgG

Figure 4.1. DEEP analysis utilizes multiple comparisons of APP IP-MS proteomics
from human Alzheimer’s disease tissue.

A. Immunoprecipitations were performed on human AD tissue using 5 control and 5 test
conditions, then analyzed by quantitative proteomics. Each fraction was compared to
input and relative IP control.

B. Two of the antibodies used to purify APP and interacting proteins targeted the AR
region and one targeted the NPXY motif within the AICD.

C. Description of grouping used for each of the samples used in this analysis.
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Null comparisons were made for each protein between the input (IP)
technical duplicates, between the unwashed fractions of Abl and Ab2 APP
antibodies, and between the washed fractions of Abl and Ab2 APP antibodies.
The IP duplicates exhibited high reproducibility, with values clustering tightly
around a log2 value of zero (SD = 0.1), while the APP antibody null comparisons
were centered around a log2 of zero but less tightly. The unwashed fractions
varied slightly more than the IP comparison and the washed fractions exhibited
the most systematic variability (SD = 0.36 and 0.75, respectively). This increase
in variability is to be expected (as greater technical variability is introduced into
the system with greater experimental manipulation), though we would still expect
it to center around zero as the manipulations should affect the vast majority of

proteins in a largely stochastic manner.
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Figure 4.2. DEEP Co-Immunoprecipitation and LC-MS/MS Analysis

A. Experimental workflow demonstrating co-immunoprecipitation and thorough
guantitative MS

B. Silver stain of samples used for proteomics analysis showing relative overall protein
levels in each.

C. Correlation analysis of the input replicates exhibiting extremely strong correlation R?
value of 0.99 and miniscule SD of 0.10.

D. Principle component analysis (PCA) chart displaying how overall patterns in the data
group similarly prepared samples more tightly than those from other preparation
methods.

E. A representative APP peptide sequenced in this analysis demonstrating a strong
sequence ladder. Inset displays reporter ion values used for quantitation for this scan.

Enrichment

We measured traditional enrichment for each protein by comparing test
antibody values to the average input value for that protein. As overall protein
abundances between samples were matched, selectively precipitated proteins
exhibited increases over their input levels. After fitting to a Gaussian distribution,
we estimated enrichment mean and standard deviation (SD). The control IgG
enriched proteins in a similar overall pattern as the test antibodies, with similar
SD values for all three enrichments (Fig 4 A-B). In addition, there were
substantial amounts of overlap between all 3 fractions. Nevertheless, both AB1
and AB2 strongly enriched APP, but control IgG did not. The APP logz
enrichment value for AB1 was 2.93, or 7.6-fold, and for AB2 was 2.12, or 4.3-
fold, both of which are in the 96" percentile of all proteins in their respective
fractions, while 1gG actually exhibited a negative logz value for APP enrichment of
-0.13. FSIP2, COL4A6, C1QA, and TRIM21 were among the proteins most highly

enriched.
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Figure 4.3. Histogram Analysis and Gaussian Fitting of Data from Ctl1 and Abl
Comparisons.

A - C. Histograms depicting Enrichment for Ctl1 and Ab1, and Differential Enrichment for
Ab1l, plus the Gaussian curves which were fit to each comparison and used to calculate

statistical significance.
D. Venn diagram of the washed eluates from Antibody 1 and Antibody 2 shows rather

strong antibody specificity.
Differential Enrichment

We then measured differential enrichment by comparing between the test
antibodies and the control IgG. Control IgG acts as a much stronger and relevant
control for the experiment, as it accounts for nonspecific background binding to

the beads. This was represented by the data when, after fitting them to a
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Gaussian distribution (Fig 4), we once again observed strong overall
reproducibility between the two samples, but also a slight systematic negative
shift and strong tightening around the mean when compared to the enrichment
analysis. Conversely, APP logz differential enrichment values increased, to 3.05
and 2.24 for AB1 and AB2, respectively. Both values are in the 99™ percentile,
with APP being the 16" and 34" most differentially enriched protein in the two
fractions.

Using the fitted Gaussian parameters, we established a threshold z-score
of 2 to determine significance and found 389 proteins differentially enriched by
AB1, and 300 by AB2. Highlights of the proteins near the top of this list include

GABRR2, DNAH2, RPLP1, and COX7AL.

Differential Elution

In order to include weakly associated — but potentially biologically relevant
— binding partners that can be lost in wash steps, we extended our analysis via a
differential elution approach. We accomplished this by performing the same co-
immunoprecipitation, but with a minimally stringent wash. This included both test
mouse ABs, the control mouse IgG, as well as both test and control rabbit
antibodies, for which we performed no traditionally washed co-
immunoprecipitation. For each of the three test antibodies, we used the relevant
control antibody to analyze differential enrichment in the unwashed fractions, and
again fit the data to Gaussian curves (Fig 5). Briefly, classical enrichment
analysis — i.e. test Abs compared to input — showed a systematic positive shift

from that of washed enrichment, as well as a tightening of the data around the
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mean. The differential enrichment and elution analysis repeated these patterns —

i.e. unwashed test Abs compared to unwashed control IgG — for these fractions

as well.
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Figure 4.4. Histogram Analysis and Gaussian Fitting of Data from Differential
Enrichment Comparisons for both Ab1l and Ab2.

A - B. Histograms depicting Differential Elution comparisons Abl and Ab2, plus the
Gaussian curves which were fit to each comparison and used to calculate statistical

significance.
C. Venn diagram displaying fairly strong overlap between overall washed and unwashed

eluates.

The unwashed mouse antibodies strongly differentially enriched APP as

well, particularly in comparison to the overall shape of the data, with logz values
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of 1.14 and 0.99 for Ab1 and Ab2, respectively, while the rabbit antibody
differentially enriched APP with a logz value of 0.41.

Using a threshold z-score of 2, we found 339 proteins were significantly
differentially enriched by AB1 and 305 by AB2 in the unwashed mouse fractions.
Additionally, roughly 50% of detected proteins were enriched in AB3, the rabbit
fraction. Overall mouse antibody numbers resemble those of washed fractions
due to our threshold method, and there is substantial overlap between different
fractions of the same antibody. The numbers are so different for AB3 because
the data distribution exhibited a bimodal pattern, and fitting this to a Gaussian
model resulted in a mean well below zero, -0.73, and a high proportion of
statistically significantly enriched proteins. In theory, all proteins in the washed
fraction should be present in the unwashed, however, the presence of
nonspecific background prevented us from relaxing thresholds to include all
washed fraction interactors — though many had positive but subthreshold
enrichment values. Proteins highly enriched in this analysis included HMX3,

CBLN1, and BPTF.
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Enrichment Differential Enrichment
APP Threshold Threshold APP
Mean SD log Mean SD log? Fold log?
migG  0.45 1.10 -0.12 - - - - -
mAbl  0.25 1.30 293 -0.13 0.50 0.78 1.71  3.05
mAb2  0.05 1.10 212 -0.15 0.60 0.93 191 224

Differential Elution
mlgGuw  0.30 055 0.37 - - - - -
mAbluw  0.25 0.60 151 0.00 0.19 0.34 127 1.14

mAb2uw  0.63 040 1.35 -0.01 0.33 0.58 1.50 0.99
rgGunw  0.28 0.60 0.35 - - - - -
rAb3unw  0.10 0.80 0.76 -0.73 0.35 0.93 191 0.41

Table 4.1. Summary of Key DEEP Analysis Values

Multiple Antibody DEEP Analysis

Each individual dataset is informative to the function and pathogenic
capabilities of APP, and the value of our approach is further enhanced by
combining them. We examined overlap between the differential enrichment and
elution analyses, between the different antibodies, and stratified the interactome
based on these different types of agreement. The exceedingly high numbers
from the AB3 fraction precluded us from assigning it the same value as the AB1
and AB2 fractions. Rather, we used it to supplement those proteins also enriched
by AB1 and AB2. Using the differential enrichment data from AB1, AB2, and
AB3, plus both elution conditions for AB1 and AB2 provided 5 fractions and 1019
proteins in total with which to examine overlap (Fig 6).

The topmost tier, 1A, is comprised of seven proteins that were significantly
differentially enriched in all five comparisons, and represents the highest
confidence putative interaction partners. One step down, in tier 1B, are two

proteins that were differentially enriched in all four mouse AB comparisons, but
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not in AB3. Tier 2A is comprised of 23 proteins that were differentially enriched in
three mouse AB fractions plus AB3, and tier 2B of 8 proteins differentially
enriched in three mouse AB fractions but not AB3. Tier 3 is composed of 118
proteins differentially enriched in 2 mouse AB fractions plus AB3, while tier 4
rounds out our analysis with 536 differentially enriched in 2 of any of the 5

fractions.



696 Proteins Differentially Enriched
Under at least 2 Conditions

Binding APPand Ap  Binding APP

Unwashed Washed Unwashed
Ab1 Ab2 Ab1 Ab2 Ab3

Tier 1A
n=7

Tier 1B
n=2

Tier 2A
n=23

Tier 2B
n=8

Tier 3
n=Aqqg — Any2+ ..................... +

Tier 4
f=53G rm— Any2 F —

B

Tiers: Unwashed Washed Unwashed Washed
1A Ab1 Ab2 Ab1 Ab2 Ab3 Ab1 Ab2 Ab1 Ab2 Ab3

|~ app
|__~ cox7at
|_— usps

| .~ raBoA
| TmMEmSB
|_— PON3
|_—= LARGE
L—cir

Figure 4.5. Multiple DEEP analysis

A. Graphic representation of the rules used in the multiple DEEP analysis primarily
utilizing the more stringent mouse Abs 1 and 2 comparisons with supplement from the
rabbit Ab 3 comparison to determine tier, and essentially confidence in interactoin.

B. Heatmap depicting a summary of the 696 proteins assigned to tiers 1-4 and
highlighting 8 of the proteins from Tiers 1A and 1B.
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Pathway and Network Analysis

To understand the biological processes in which APP takes part, we
performed cell compartment, pathway, gene ontology, and protein domain
enrichment using DAVID v6.7 online web-accessible functional annotation tools,
and PANTHER online gene ontology classification utilities. Mitochondria, the
nucleus, the cytoskeleton, and various membranes in the cell top the list of most
enriched cell compartments in our dataset. The most highly enriched pathways
and gene ontologies include the complement cascade, ribosomes, spliceosomes,
transcription regulation, signal transduction and kinase cascades, and metal ion
homeostasis. Within the 40 proteins in tiers 1 and 2, pathways such as A
peptide metabolism, neural development, synaptic regulation, trophic signaling,
intracellular trafficking, mitochondrial function, and RNA splicing were strongly
enriched. Selected differentially enriched proteins from tiers 1-2 in selected
compartments and pathways are highlighted in Table 4.2. Closer examination of
the proteins within these individual networks reveals abundant interconnection
between putative APP interaction partners, which suggests incorporation of APP
into multi-protein complexes and reinforces the likelihood for a role of APP in

these processes.
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Top-tier proteins isolated by APP antibodies from Alzheimer's brain

Differential Enrichment (z Score)*

Unwashed Eluates Washed Eluates Unwashed
Tiers® Accession# GN Protein names Ab1l/Ctll Ab2/Ctll Abl/Ctll Ab2/Ctll Ab3/Ctl2
AB peptide metabolism
1A P05067 APP Amyloid precursor protein 6.01 3.02 6.34 3.98 3.26
1B P00736 C1iR Complement C1r subcomponent 2.50 5.45 2.22 3.41 0.21
2B Q9NZP8 C1RL Complement C1r subcomponent-like protein 3.47 5.46 2.06 1.92 -2.76
2B P23435 CBLN1 Cerebellin-1, a secreted protein similarto Clq 3.81 8.42 -1.13 3.52 -2.99
Neural development and synaptic regulation
2A Q9ULBS CDH7 Cadherin-7 -0.72 2.89 2.30 2.31 2.82
2A P29033 GJB2 Gap junction beta-2 protein 4.88 2.75 4.52 -1.32 3.09
2A Q9H252 KCNH6 Potassium voltage-gated channel subfamily H member 6 2.75 2.62 0.99 2.43 5.47
2B P28476 GABRR2 Gamma-aminobutyric acid receptor subunit rho-2 20.20 -2.51 22.66 13.11 0.28
2B Q68DQ2 CRYBG3 Beta/gamma crystallin domain-containing protein 3 4.89 -4.64 10.39 4.33 0.08
Trophic signaling activities
1A Q9Y6X0 SETBP1 SET-binding protein 4.04 7.50 4.09 5.64 4.33
2A P16591 FER Tyrosine-protein kinase Fer 2.02 4.10 -0.29 2.81 3.52
2A Q12830 BPTF Nucleosome-remodeling factor subunit BPTF 2.19 5.04 3.91 1.54 3.97
2A P82970 HMGN5 HMG nucleosome-binding domain-containing protein 5 10.21 7.66 3.46 0.65 4.32
2A Q8IVB5 LIX1L LIX1-like protein 3.22 0.77 4.62 2.16 2.12
2A Q8WY91 THAP4 THAP domain-containing protein 4 3.37 0.24 25.17 23.66 2.13
2B Q9C029 TRIM7 Tripartite motif-containing protein 7 20.11 0.95 5.34 2.21 -1.66
2B Q69YN4 KIAA1429 Protein virilizer homolog 10.52 4.81 5.63 1.50 -6.84
Intracellular trafficking
1A P51151 RAB9A Ras-related protein Rab-9A 2.84 2.31 5.49 2.04 3.99
1A P35125 USP6 Ubiquitin carboxyl-terminal hydrolase 6 4.79 2.64 3.78 2.09 4.36
2A P67936 TPM4 Tropomyosin alpha-4 chain 4.73 2.63 -4.40 3.14 2.03
2A P55735 SEC13 Protein SEC13 homolog 1.49 2.00 2.37 2.14 3.00
2A P51636 CAV2 Caveolin-2 1.87 4.75 2.36 3.23 2.73
2A HOYJOS STON2 Stonin-2 -0.62 3.46 2.34 2.34 6.10
2A QoY2Yo ARL2BP ADP-ribosylation factor-like protein 2-binding protein 3.18 -1.32 4.99 3.03 2.42
2A Q68CLS TPGS2 Tubulin polyglutamylase complex subunit 2 2.78 2.89 1.12 5.10 4.41
2B Q8IWB7 WDFY1 WD repeat and FYVE domain-containing protein 1 2.20 -0.04 4.20 3.88 1.06
Mitochondrial function
1A P24310 COX7A1 Cytochrome c oxidase subunit 7A1, mitochondrial 4.39 2.07 4.98 4.02 6.00
2A Q9Y241 HIGD1A HIG1 domain family member 1A, mitochondrial 6.54 1.77 4.55 2.76 4.58
2A PODJO7 PET100 Protein PET100 homolog, mitochondrial -1.35 3.27 4.88 2.60 7.27
RNAsplicing
2A P62314 SNRPD1 Small nuclear ribonucleoprotein Sm D1 2.87 1.05 2.93 2.55 2.84
2B P62308 SNRPG Small nuclear ribonucleoprotein G 3.82 0.46 4.15 3.50 1.10
Others
1A Q9NQ34 TMEM9B  Transmembrane protein 9B 2.36 2.44 2.25 4.19 4.79
1A Q15166 PON3 Serum paraoxonase/lactonase 3 3.68 3.01 2.01 2.36 3.15
1B 095461 LARGE Glycosyltransferase-like protein LARGE1 3.91 3.88 3.33 4.18 1.94
2A H3BRO8 PMM2 Phosphomannomutase 3.82 2.04 3.57 1.34 3.71
2A Q5T6)7 IDNK Probable gluconokinase 2.03 3.39 2.08 1.42 3.75
2A Q8wuys NAT14 N-acetyltransferase 14 0.20 5.02 2.80 3.32 5.30
2A AOA087X2F8 ACACA Acetyl-CoAcarboxylase 1 1.68 2.36 2.45 2.35 3.02
2A Q8NBT3 TMEM145 Transmembrane protein 145 2.95 2.23 0.96 2.17 3.71
2A Q5BJH2 TMEM128 Transmembrane protein 128 0.49 2.28 4.01 6.05 3.41

The Tier is assigned by counting the experimental conditions under which a protein is enriched (see details in Experimental Procedures).

*The z scores are derived on standard deviations in individual comparisons.

Table 4.2. Highlighted Pathways and Contained Proteins from Tiers 1 and 2.
DISCUSSION
Despite APP being the most widely studied single protein in biological

research, its physiological roles and the pathogenic perturbations that lead to AD

largely remain mysteries. There remains no efficacious treatment for AD, which is
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the 6 leading cause of death (56), most prevalent cause of dementia (57) and it
is only becoming more prevalent (59). Several high-throughput studies have
examined APP interaction partners, but AD and APP itself present several
challenges. No single animal model of AD — and there are many — fully
recapitulates the pathology (163). The fact that even the early onset varieties do
not appear until 45-60 years of age (164) makes it difficult to model in a mouse,
and the language and nuanced cognitive deficits are of course nearly impossible
to model (165).

Biochemically, APP is a transmembrane protein, which are notoriously
difficult to purify and analyze, and the aggregates formed in the disease state are
vast and even more intractable assemblies of proteins. Further, endogenous
APP undergoes significant and intricate post-translational processing, which
results in several distinct protein fragments. Amyloidogenic ABa2, the most well-
known and disease-causing cleavage product, results from y-and - secretase
cleavage, while numerous non-amyloidogenic cleavage events also occur in the
same region. Meanwhile, a cleavage product from another region, the AICD
intracellular domain, is cleaved from mature membrane-bound APP and
translocates to the nucleus where it is affects transcription (151). These
properties combine to produce a disease pathogenesis that appears to be highly
specific, with effects that are widespread, and by processes that are difficult to
study.

We sought to improve understanding of the APP interactome in a human

AD context with three major focuses. First — differential enrichment — to strictly
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control the co-IP/MS results by comparing test antibodies to conspecific 1IgG
antibody controls. This control helped limit false positives resulting from abundant
proteins, as well as from generally ‘sticky’ proteins that bind the column
nonspecifically. Our second focus — differential elution — was to capture weak
interaction partners and stratify a combined analysis of these with traditional co-
IP/MS results. By doing this, we broadened the potential interaction partner pool
to previously undetected low affinity binding partners, while also deepening it by
allowing us to differentiate within the putative interactome via binding strength.
Our third focus was to compare and examine overlap between co-IP/MS results
from multiple antibodies. Doing this improved the analysis in two ways: it
essentially created multiple simultaneous analyses from similar — but not identical
— angles and allowed us to directly compare these analyses to reinforce
overlapping results over disparate results. The widespread lack of precision and
preponderance of off-target cross-reactivity from antibodies (166) — especially at
a systems level (167) — necessitated this type of control and cross-validation.

Our differential enrichment method attained promising results —
significantly improving the overall dataset and boosting the APP enrichment
value for APP. As compared to the enrichment comparisons for AB1 and AB2,
the means and SDs of the differential enrichment comparisons were substantially
lower: means were 0.25 and 0.05 versus -0.13 and -0.15, and the SDs were 1.30
and 1.10 versus 0.50 and 0.60 — with a value of zero representing no change.
The control 1gG values for the vast majority of individual proteins in the 7804 we

guantified — which can generally be assumed to be non APP interacting proteins
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— were more elevated than the input values for these same proteins. These
proteins were simply enriched due to nonspecific binding to the column and/or
antibodies, resulting in a system-wide negative shift in the differential enrichment
comparisons because the values were therefore higher in proportion to the test
antibody values — in which they are presumably nonspecifically enriched.
Meanwhile, the values for APP were increased: 2.93 and 2.12 vs 3.05 and 2.24,
respectively. Values for true APP interacting proteins were presumably similarly
increased due to enrichment through binding to APP, which eliminated many
false positives. While it almost certainly created some false negatives, we expect
the number to be negligible.

Our differential elution strategy produced promising and interesting
results. Overall, the differential enrichment comparisons of the unwashed
fractions were much more tightly clustered around a logz value of zero, with very
small SDs — means for mouse antibody fractions were 0.00 and -0.01 and SDs
were 0.19 and 0.33. Therefore, unwashed IgG fractions were highly similar to
unwashed test antibodies systemwide, a result we expected due to the simple
fact that washing of co-IP fractions is an additional technical manipulation that
will increase variation on this scale. Two unwashed co-immunoprecipitations are
more similar to the input, and therefore to each other, than to washed fractions.

While there was sizable overlap between the unwashed and washed
elutions, we were surprised that it was not larger. We expected most, if not all,
proteins that were significantly differentially enriched in the washed fractions to at

least have positive differential enrichment values in the unwashed fractions —
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with additional low-affinity binding partners also showing positive values. This
was not the case for many proteins, however, and there were certainly a large
number of proteins that were not significantly differentially enriched in both
fractions. We interpreted the fact that positive results could be negative in the
unwashed fraction to mean that they may be false positives, and certainly
proteins enriched in the unwashed fractions, but not the washed, must subject to
stringent control. Therefore, in order to maintain statistical rigor, we placed equal
weight on each fraction when combining the analyses, and used degrees of
overlap between the fractions as the primary determinant of confidence.

There was also great deal of overlap, within comparisons between
antibodies — but again it was not complete. Again this was expected, and was the
idea behind examining co-IP using multiple antibodies. As the two mouse
antibodies, AB1 and 2, performed similarly, and with matching stringency, we
were able to weight them equally. In contrast, AB3, the rabbit antibody produced
a preponderance of background and drove us to assign it a slightly diminished
value in the overall analysis.

Taken together, the lack of overlap between each of the different analyses
we performed helped display the effectiveness of our strategy. Each strategy on
its own would have produced vast numbers of both false positive and false
negative results. Only by performing these simultaneously, and in parallel, were
we able to compare, contrast, and examine agreement between them, and this
created a more inclusive analysis, but also allowed us to differentiate within our

broadened results.
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The pathways and gene ontologies most highly enriched include AB
peptide metabolism, the complement cascade, neural development, synaptic
regulation, trophic signaling, signal transduction and kinase cascades,
mitochondria, ribosomes, spliceosomes, transcription regulation, intracellular
trafficking, and metal ion homeostasis. Enrichment of these compartments,
pathways, and ontologies aligns well with current understanding of the APP
protein. APP has previously been shown to alter cytoskeletal (168), mitochondrial
(169), and membrane dynamics (170), and it is a transmembrane protein with a
domain that is known to be cleaved and transported to the nucleus where it acts
to regulate transcription (171). Oxidative stress, inflammation, and the
complement cascade, in particular, are strongly implicated in AD pathogenesis
and progression (172), and RNA splicing has become a focus of AD research of
late (95,173,174). Membrane and endosomal sorting may be important to AD

pathogenesis and amyloidogenic processing of APP (175).
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CHAPTER FIVE

Perturbations in the N4OK Transgenic Mouse Proteome

Alzheimer’s disease (AD) is the most common form of dementia and the
sixth-leading cause of death in the U. S., affecting over 5 million people in the U.
S., costing sufferers over $200 billion in care, and it is only becoming more
prevalent (58). Insoluble protein aggregates are a prominent feature of AD
pathology and the identification of AR and tau proteins in these aggregates
provided the impetus for the bulk of AD research thereafter (140,176). A number
of mouse models have been developed around this primary hypothesis of the
amyloid cascade (142), but no one model exhibits AD pathology in entirety.
Further, there remains no effective treatment, and our knowledge of
pathogenesis is incomplete, which means proteomics technology and unbiased
approaches have great potential to shed new light.

To this end, our group previously undertook several proteomic and

subproteomic studies of AD tissue addressing PSDs, the detergent-insoluble
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proteome, senile plaques using laser capture microdissection, polyubiquitin
linkage, and the phosphoproteome (177-182). The detergent insoluble proteome
holds particular interest in AD research because misfolded and aggregated
proteins are often found in this fraction. A recent study by our group on the
detergent-insoluble proteome of AD and several other neurodegenerative
diseases in comparison sought to more fully characterize abnormally aggregated
proteins in AD. We identified multiple subunits of the U1 small nuclear
ribonucleoprotein (U1 snRNP), a constituent of the spliceosome complex, to be
enriched in the AD insoluble proteome (173). Further examination in this study
demonstrated widespread cytoplasmic aggregation of both U1-70K and U1A
SnNRNP in neurons and global alterations in RNA processing in human AD brains
via deep RNA sequencing. Moreover, U1-70K knockdown increases APP and AR
levels in cellular models and U1-70K aggregates are present in cases of mild
cognitive impairment, which can be a precursor of AD, suggesting that Ul

perturbations may occur early in AD pathogenesis.
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Figure 5.1. Spliceosome subunits are enriched in Alzheimer’s disease.

Unpublished work from our group.
(A) Summary of AD proteomics analysis depicting strong enrichment of U1-70K and U1-

A in human AD brains.

(B) Western blot analysis confirming a strong increase in U1-70K levels in multiple AD

brain samples.

(C) Immunohistochemical analysis demonstrating U1-70K localization outside its
canonical nuclear cellular compartment in tangle-like structures in AD brains. Sm, a
spliceosomal protein shared between other snRNP complexes demonstrates similar

perturbations.

During this analysis, we detected two distinct forms of U1-70K, a full

length 70 kDa species and a truncated 40 kDa species we dubbed N40K (95).

This truncation cannot be explained by alternative splicing, and appears to be the

result of protease cleavage, a phenomenon common in neurodegenerative

disease (183). Further study focused on this truncation discovered it contains the

very first 300 amino acids of the full length form, its cleavage site, that it

correlates with downregulation of the full-length species, and that it is toxic to

primary neurons (95).

e
.
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U1-70K is one of ten protein subunits of the U1 snRNP complex, which is
itself one of the 5 major components of the spliceosome — the others being U2,
U4, U5, and U6 (184). U1 recognizes the 5’ splicing sites in pre-mRNA and is
crucial to initiation of the splicing process and recruitment of the other
components (185). Other than U1-70K, U1 consists of two other proteins unique
to it, U1-A, and U1-C, seven Sm proteins that are common between the other
SnRNP components, plus a small nuclear RNA (snRNA) (Fig 5.2A). U1-70K, a
437 aa protein, contains a largely disordered N-terminal, a RNA recognition motif
between residues 99 and 181, and two low complexity domains from amino acid
231 to the c-terminus (Fig 5.2B) (186). The N40OK species retains all but the final
low complexity domain, RD2. It has become increasingly clear that splicing
perturbations associate with and may contribute to AD. The splicing factor TDP-
43 was recently found to be hyperphosphorylated and accumulated in the
insoluble fraction in a subset of AD (187), and RNA-Seq performed on AD whole
brain, frontal, temporal, and parietal lobe tissues uncovered widespread splicing
alterations in AD-affected regions, including lipid metabolism genes and APOE
(188,189). Thus, our discovery of disruptions in U1-70K and other U1 snRNP

subunit is of particular interest.
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Figure 5.2. U1-70K is a subunit of the U1 snRNP complex and contains several
defined domains.

(A) From Pomeranz Krummel et al. (184), showing overall structure of the U1 complex,
with U1 specific proteins U1-70K, U1-A, and U1-C in addition to shared Sm proteins.
(B) From Bai et al (95), depicting U1-70K primary structure, including RNA recognition
motif (RRM) from residues 103-181, plus 2 low-complexity domains (RD1 and RD2)
between residues 231 and 393. The N40K protein contains up to amino acid 300,
lacking the final RD2 domain.

To further address the pathogenic properties of the N40OK fragment, our
lab has since developed a transgenic mouse expressing it under the control of
the CaMKIla promoter (Fig 5.3A). The CaMKIlla promoter was selected because
it provides nearly complete high level neuronal expression in cortex and
hippocampus, the regions most directly affected in AD. This mouse not only
exhibits strong expression of the N40OK fragment in forebrain regions, but also

significant downregulation of the full length U1-70K, a result that directly matches
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observations in AD brain tissue (Fig 5.3B-C). Further, behavioral analysis of the
transgenic has shown that both spatial learning and working memory are
significantly disrupted in aged animals (Fig 5.3D-E), again closely matching the

properties of AD and AD mouse models (163).
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Figure 5.3. The N40OK transgenic mouse exhibits decreased full length U1-70K as
well as deficits in spatial learning and working memory.

(A) Transgene design for the N40OK transgenic mouse including the CaMKiia promoter
and woodchuck hepatitis virus posttranscriptional regulatory element (WPRE), which
both lead to abundant gene expression.

(B) Immunohistochemistry probing the C-terminal portion of U1-70K in animals 6 mos of
age, demonstrating decreased full length U1-70K in the Tg animals.

(C) Western blot at 6 mo, showing N40K expression and further demonstrating
decreases in the full length protein in total brain, cortex, and hippocampus.

(D) Morris water maze results demonstrating spatial learning deficiency in 6 mo N40K
animals as compared to age-matched controls.

(E) Novel object recognition test results demonstrating working memory deficits in 6 mo
N40K animals.

As part of the thorough characterization of the N40OK transgenic mouse,
we have also undertaken several systems-based analyses including RNA-Seq,

and LC-MS/MS analysis of the total and phosphoproteomes. For whole proteome
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analysis we utilized 3 different ages: 3, 6, and 12 mos, and 2 different brain
regions: hippocampus and cortex (Fig 5.4) in order to characterize age-related
and region-specific proteomic responses to N40K expression. The core of our
analysis, the 3 age-specific comparisons at 3, 6, and 12 mos of age uncovered
492 total proteins with either significant increase or decrease in the N40K
animals, with 19 of these enriched at all 3 time points — including strong
increases in all three Ul-unique subunits: U1-70K, U1-A, and U1-C. Overall
comparison of all Tg and WT samples as well as age-related changes from 3 to
12 months of age uncovered further alterations in the N4OK proteome and

potential molecular underpinnings to differences seen at the organism level.

MATERIALS AND METHODS
Mouse Brain Tissue Lysate Preparation and Western Blot

Frozen mouse brain tissue at 3 mos, 6 mos, and 12 mos of age was
homogenized in in 8M Urea, 50mM HEPES,10% Acetonitrile, and 1x
phosphatase inhibitor at 8.5 pH at a ratio of 10mg tissue to 100ul lysis buffer.
Protein lysate samples were split into 2 or more aliquots. Protein concentration
and integrity were measured by BCA and SDS-PAGE, respectively. Western blot
was performed using rabbit polyclonal N120 antibody at 1:250 dilution in PBST

containing 3% BSA. This antibody was developed previously by our group.

10-plex TMT-based quantitative LC-MS/MS analysis

Samples were digested by LysC and Trypsin. LysC was added to the

protein samples at a 1:50 enzyme:substrate ratio and incubated at room
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temperature for 2 h. After dilution by 50 mM HEPES, trypsin was added at 1:50
enzyme:substrate ratio and incubated overnight. After verifying complete
digestion, the reaction was quenched by desalting using micro spin column
(Harvard apparatus) and digested peptides were extracted, dried, and
resuspended in 50 pl 50mM HEPES buffer, pH 8.5. TMT 10-plex reagents
(ThermoFisher Scientific) were added to each vial according to the commercial
instructions and incubated for 1 hr at room temperature and equally mixed. After
drying, the labeled peptide mixture was desalted on ziptip column (EMD
Millipore). Phosphopeptides were extracted from the samples by 5xTiO2 bead
purification at 1:3 total sample:bead ratio and stored at -80° C until LC-MS/MS
phosphoproteome analysis. Total proteome peptides were then fractionated on a
XBridge C18 column (Waters, 3.5 ym resin, 4.6 mm x 250 mm), by a gradient of
solvent B (90% acetonitrile in 10 mM ammonium formate, pH8.0): 5% for the first
5 min, then steadily increased to 15%, 25%, 35%, 45%, 65%, and 95% at 7, 22,
111, 155, 175, and 180 min respectively. Solvent A (10 mM ammonium formate,
pH 8.0) was used to generate the solvent B gradient. In total, 100 fractions were
collected and dried.

The peptides in 5% formic acid were separated by a C18 column (75 pum x
30 cm, 1.9 pum resins) at 0.22 pl/min flow rate. The main gradient increased
steadily from 15% to 45% buffer B (65% acetonitrile, 0.2% formic acid, and 5%
DMSO) for 210 minutes, followed by steep increase to 95% buffer B for 30 more
minutes. The gradient was generated by buffer A (0.2% formic acid and 5%

DMSO) and was adjusted slightly between samples according to LC
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chromatography elution profile. Eluted peptides were scanned on the Orbitrap
Velos MS analyzer (Thermo Fisher Scientific) by MS1 scan (60,000 resolution
1x108 automatic gain control, and 50 ms maximal ion time), followed by top 10
MS2 scans (HCD collision with 38 normalized collision energy, 60,000 resolution,
1x10° automatic gain control, 100 ms maximal ion time).

39 MS raw files were acquired and converted into mzXML format for
peptide matching by the JUMP algorithms (91). A combination of target database
from Uniprot and a decoy database generated from reversed peptide sequences
of the target database was used. The mass (+229.162932) of TMT tags was
added to peptide N-termini and Lysines as static modifications. Only a, b, and y

ions were chosen for peptide spectra match (160).

Protein Quantification by TMT Labeled Peptides

Quantification of TMT labeled peptides was carried out by an in-house
program in the following steps. (i) TMT reporter ion intensities of each identified
PSM were extracted and recorded. (ii) The raw intensities were corrected
according to isotopic distribution of each labeling reagent (iii) The average of all
ten reporter ion signals was used as a reference to compute a relative intensity
between each sample and the average. (iv) The relative intensities of PSMs were
averaged for identified proteins. (v) The combined reporter ion intensities were
used to calculate the Tg:WT logz ratios for 3 month, 12 month, and the average
for the duplicates of 6 month old hippocampus, plus 12 month old cortex.
Additional comparisons were made for both overall changes by taking the log2

ratio of all 5 transgenic fractions over all 5 wt fractions and for age-related
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changes by taking the logz ratio of 12 month Tg:WT over 3 month Tg:WT
hippocampus fractions. (vi) Visualizing these comparisons via histogram
analysis, the data were fit to Gaussian distributions, and thereby mean and
standard deviation estimated. (vii) To analyze experimental variation, the intra-
sample comparisons between the input replicates were examined as null
experiments, showing an average standard deviation of 0.23. (viii) Finally, Z-
scores were calculated using the fitted Gaussian parameters, and we selected a

Z-score cutoff of 3 for comparing different samples

Interaction Network Analysis

Enrichment of Kyoto Encyclopedia of Genes and Genomes pathways
(KEGG, (92)), and Gene Ontology terms was determined by analyzing the
dataset using the NIH DAVID Bioinformatics Resources 6.7 Functional
Annotation Clustering tool (93). To determine enrichment in this study we
established a threshold of 1 for enrichment score, which is —log of the geometric

mean of p-values of clustered pathways and ontologies.

RESULTS
Western Blot and LC-MS/MS Analysis of the N4OK Brain Proteome

Previous unpublished studies by our group have demonstrated molecular
and behavioral perturbations in the N40OK transgenic mouse. As part of an
ongoing thorough characterization of this animal model, we sought to analyze its
hippocampal proteome at 3, 6, and 12 months of age and its cortical proteome at

12 months. Comparisons between N40K and WT mice, N40OK mice of different
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ages, and different forebrain structures afforded a broad examination of the
protein perturbations that underlie behavioral deficits seen in this animal and
potential links to how and why this protein species is observed in human AD
sufferers.

Each fraction of the tissue was first analyzed by western blot prior to LC-
MS/MS analysis, thus confirming expression of the N40OK transgene and that
N40K levels were relatively stable across age and brain region (Fig 5.4). Further,
it appears that full length U1-70K is also reduced in the transgenic animals,
which has been seen previously in this mouse model, and is similar to

observations in AD tissue.

Hippocampus Cortex
3 mos 6 mos 12 mos 12 mos
WT TG WT WT TG TG WT TG WT TG
U1_7OK—> - ot e whn o L

Figure 5.4. NAOK mouse brain lysate samples used in this study exhibit even
levels of transgene and decreased U1-70K levels.

Samples used for proteomics analysis were examined by western blot and probed using
the N120 antibody, which targets an antigen from residues 99-120 of U1-70K/N40K.

LC-MS/MS examination of this tissue produced identification and
guantification of 9417 proteins from mouse hippocampus and cortex at a false
discovery rate less than 1%. U1-70K peptides were identified 14 times in the
analysis, providing 18.97% coverage of the overall protein. As per previous
findings (95), all of the sequenced peptides originated in the region also

encompassed by N40K (Fig 5.5A). This result is likely due to the C-terminal



105
peptides being incompatible with MS analysis and/or an undersampling issue by
which they were simply not selected by the machine for sequencing, as opposed
to biological phenomena. It should be noted that the N4OK species was originally
discovered via SDS-PAGE separation followed by LC-MS/MS analysis (173), a
technique that provides the approximate molecular mass of the protein from
which MS sequenced tryptic peptides originated. Identification of U1-70K
peptides in the 40 kD region led to the discovery of N4OK. We did not utilize this
method for this study, and it is therefore impossible to determine whether

sequenced peptides originated from WT U1-70K or the N40OK transgene.
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Figure 5.5. LC-MS/MS analysis detected 9 peptides from U1-70K and all originated
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U1-70K is a 437 aa protein, with N4OK (underlined) encompassing the first 300 aa. C-
terminal regions are often undetected by LC-MS/MS, and as such all peptides identified

PPGELGPDGP

EARGGGGGQD

DGPEEKGRDR

NGLEGLGNDS

in this study originate from the N-terminal half — and N40OK region.

Quantitative Analysis of the N40OK Proteome

DRERRRSHRS

RDMYMESEGG

Peptides identified in this analysis

By quantification of the reporter ions of the TMT isobaric tags, we were

able to determine relative abundances of each protein identified. Log2 ratios were
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calculated for each protein and histogram analysis of these values allowed a
Gaussian curve to be fit to the data and sample variance determined in order to
establish thresholds for statistical significance. First, null comparisons were
examined for the duplicate samples from 6 mo old mice. Logq ratios were
calculated between WT duplicates and Tg duplicates, which should be relatively
unchanged from each other. We found that both comparisons were tightly
clustered around a Logz value of zero, which indeed represents no change, and
SDs were found to be 0.13 and 0.15 for WT and Tg, respectively (Fig 5.6). This is
a very tight distribution, especially between biological replicates, as changes at
the tissue and organism levels can produce large changes at the molecular level.

We next performed a number of test comparisons to examine changes in
the Tg animals versus control. We compared protein changes overall by testing
all Tg samples versus all WT samples, we tested 3 age-specific hippocampus
comparisons at 3, 6, and 12 mos of age, changes in 12 mo cortex, and age-
related changes by examining Tg to WT changes in 12 mo hippocampal versus 3
mo hippocampus (Fig 5.6). Each of these showed tight clustering around zero
change, with the SD for overall changes at 0.145, 3 mos at 0.225, 6 mos at
0.150, 12 mos at 0.180, and age-related changes at 0.150. Taken collectively,
while each exhibited rather low variance, comparisons with increased numbers of
fractions — e.g. the overall and 6 mo comparisons - demonstrated relatively
suppressed SD values, likely representing regression to the mean with increased

n. Further, the fact that all comparisons closely resemble the null comparison and



technical variance depicts the relatively subtle effect of this transgene on the

overall proteome.
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Figure 5.6. Overview of the comparisons in this study demonstrate most proteins

cluster around zero change in abundance.

Histogram analysis and Gaussian fitting of the comparisons in our study allowed for

determination of SD values to be used to establish thresholds for significant changes.

Using these standard deviations, we calculated z-scores and established

threshold z-scores of -3 and 3 for significant change. This translates to threshold

Logq ratios of £0.435 for overall changes, +0.675 for changes at 3 mos, +0.45 at
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6 mos, £0.54 at 12 mos, £0.715 in 12 mo cortex, and £0.45 for age-related
changes. Thus, in percentage change, significance thresholds were +35.2% for
overall changes, +59.7% for changes at 3 mos, +36.6% at 6 mos, +45.4% at 12
mos, +64.1% in 12 mo cortex, and 36.6% change at 12 mos over the change at 3
mos for age-related. Overall 185 proteins were significantly decreased and 137
increased 131 decreased and 135 increased at 3 mos saw, 142 decreased and
129 increased at 6 mos, 278 decreased and 180 increased at 12 mos saw, 197
decreased and 210 increased in 12 mos cortex, and 330 increased while 217

decreased in the age-related comparison.

Examination of Spliceosome Proteins and Others Altered in Multiple

Comparisons

Our examination of proteins exhibiting significant rises and significant
drops began at U1-70K, other subunits of the UL SnRNP, and members of the
spliceosome as a whole. We found that U1-70K levels are increased at roughly
2-fold over WT in the transgenic animals at all time points, in both hippocampus
and cortex (Fig 5.7). This is not surprising as transcription of the N40K transgene
is directed by a CaMKIla promoter, which provides for very strong expression.
What is more interesting, and perhaps surprising, is that abundance of all other
Ul-specific subunits are also increased to similar levels — all roughly 2 fold over
WT, which is well beyond the significance threshold. Meanwhile, extending the
analysis to members of other spliceosomal SnRNP complexes found no

statistically significant increase or decrease in these proteins.
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Figure 5.7. Proteins specific to U1, and no other spliceosome subunits exhibit
roughly 2 fold increases in Tg over WT.

Components of the U1 snRNP were all enriched by 1.6 to 2.2 fold in all age-specific
comparisons in this study. Components unique to other spliceosome snRNPs, however,
demonstrated no significant alterations, up or down. Note these values are normalized
raw values, as opposed to log- ratios.

The core of the analysis rests in the most closely related — and therefore
most directly comparable — fractions: 3 mo, 6 mo, and 12 mo hippocampus. In
total, these fractions contained 492 proteins with significant changes, exhibiting
significant, but certainly not complete, overlap between ages (Fig 5.7A). 19
proteins were significantly increased at all three ages, dominated by the three
previously mentioned subunits of the U1 snRNP complex, as well as a fourth
member of the spliceosome, Sm-D3, which is one of the subunits shared
between the different “U” complexes. Also included in this subset is Nop2 and

Thumpdl, both RNA-binding proteins, and Cplx3, a synaptic vesicle protein. 13
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proteins were significantly decreased at all three ages, including Chordcl, a
protein associated with Alzheimer’'s Disease pathways (190).

Further examination of perturbations in the N40OK proteome can be
accomplished by comparing all transgenic animals to all WT animals, as well as
comparing difference at 12 mos of age to difference at 3 mos of age, thus
discovering proteins which are particularly altered by expression of the N40OK
transgene, and proteins that change especially as age progresses, respectively
(Fig 5.7B). There is, unsurprisingly, a fair amount of overlap between the proteins
significantly altered overall and those altered in the age-specific comparisons,
including the U1 subunits, as well as the mitochondrial protein Cox5b, and Foxgl
a widely studied protein important for brain development (191). Proteins
displaying overall decrease included Synaptophysin, a widely studied synaptic
marker that decreases in AD (192), CaMK1, a neuronal morphology regulator,
Snx16, an endosomal protein, and GABRA2, a GABA receptor subunit. Proteins
that are significantly altered in the age-related comparison exhibit either a
positive or negative trend from 3 to 12 mos of age as compared to the WT trend.
Significantly changed proteins in this comparison included Hist1h3b, a histone
protein, and Rab3Db, a protein involved in vesicular trafficking. These may
represent age-related responses to the presence of the N4OK species, or
proteins altered as a result of long term cellular stress and are of particular
interest as the behavioral differences in the mouse become more severe with

age.
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Figure 5.8. 492 proteins were significantly altered in our core age-specific
analyses and many others altered in overall and age-related comparisons.

(A) Heatmap of the 492 proteins exhibiting at least one significant change (z-score > 3 or
< -3) in the core age-specific hippocampal comparisons.

(B) Charts depicting protein abundance trajectories for select proteins that were enriched
in the overall and age-related comparisons. All values depicted are log, ratios calculated
the raw protein abundance value for the given age and genotype over raw WT 3 mo
values. This allows examination of changes at the 3 mo time point, as well as change
over time.

Study of overlap between the two different brain regions at 12 mos
provided a more rigorous survey of protein alterations, and potentially loosened
some of the restraint of tissue specificity. Overall, 81 proteins overlapped with

significant increases — out of 180 from hippocampus and 204 from cortex (Fig
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5.8). These included several spliceosome proteins, as well as Nmtl, a protein
involved in G-protein coupled receptor signaling, and Mfsd6, major
histocompatibility complex receptor. 95 proteins were decreased in both 12 mo
hippocampus and cortex, and include the aforementioned Synaptophysin and

Slcl2a2, a Sodium/Potassium/Chloride transporter.
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Figure 5.9. There is significant, but incomplete overlap of proteins altered in both
hippocampus and cortex at 12 mos

Increases and decreases in these regions both show similar proportions of overlap,
which may represent less tissue-specific functions.

Cytoskeleton, Mitochondria, Ciliogenesis, and Other Pathways Important to

Neuronal Function Exhibit Perturbations in N4OK Mice

To determine molecular pathways and gene ontologies enriched in each
comparison, we utilized DAVID online functional analysis software (102). The
algorithms utilized by this software employ a modified Fisher’s exact test to
determine the probability that pathways and ontologies found in the queried

dataset at the observed rates versus the overall genome/proteome could be due
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to random chance. It then clusters similar pathways and ontologies based on
their gene members. We examined pathways enriched in all three age-specific
comparisons, the overall comparison, and the age-related comparison, and they
are summarized in Fig 5.9.

Taken altogether, the most prevalent enriched biological functions include
the spliceosome, the cytoskeleton, mitochondria, and ciliogenesis with each
enriched in at least 3 of the aforementioned comparisons. Spliceosome proteins,
including the previously mentioned U1 subunits but also several Sm proteins and
associated proteins such as Prpf40Db, increased in all but age-related
comparison. Mitochondrial proteins including Cox5b, Mthfd2, and Romol
increased overall, at 3 mos, and 12 mos, Cytoskeletal proteins — and actin
cytoskeletal proteins in particular — such as Gphn, Pdlim3 & 7, Arhgap6, and 3
members of the neurofilament family NEF H,M, and L decreased in an age-
related fashion, at 6 mos, and 12 mos. Ciliogenesis proteins, many of which were
also grouped as cytoskeletal proteins, included several members of the BBS
family, 1ft20, and Ttc8 decreased overall, and at 6 and 12 mos.

In comparison, there were very few enriched pathways and functions at 3
mos: only cell adhesion was decreased at this time point, and spliceosome,
mitochondria, and ribosomal proteins were the few clear enriched pathways
among increased proteins. Age-related alterations may at least provide a
molecular parallel to the behavioral and organism-wide perturbations in the
transgenic animal. Decreases in cytoskeletal proteins and perturbations in the

complement cascade certainly point to age-related decline in neuronal
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morphology and general health. While a decrease in complement cascade
proteins over time is slightly puzzling in this context, it is possible they were
already upregulated in the mutant at 3 mos, and therefore the 12 mo abundance
was comparatively suppressed.
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Age-related changes
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Figure 5.10. Several biological functions are enriched in comparisons from
multiple time points and similar functions exhibit age-related changes.

Spliceosome, mitochondria, and calcium homeostasis pathways are all increased in
transgenic animals, while cytoskeleton, ciliogenesis/membrane projection, and immune
response proteins all decrease.

DISCUSSION

The proteomics study of the N4OK transgenic mouse reported here is part
of a larger, more comprehensive characterization of this novel mouse model. In
our examination of this mouse, this proteome data through three ages and two
brain regions adds to multiple behavior analyses, extensive

immunohistochemical and biochemical examination, as well as additional
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systems-based studies RNA-Seq and examination of the phosphoproteome —
and all of which but the currently unfinished RNA-Seq have already produced
promising and intriguing results.

Overall, we observed very low experimental variance, even comparisons
across genotypes exhibited mean differences very close to logz values of zero,
and standard deviations of less than log2 0.25. This points to two aspects of the
analysis: first, technical variance was very low, a welcome result in any systems-
based methodology; second, the perturbations of the transgene are relatively
subtle and likely leave a majority of the proteome intact. Each comparison
returned similar numbers of protein perturbations, further demonstrating little
technical variance. The strong increase to all of the other subunits of the Ul
snRNP, and several from other portions of the spliceosome were slightly
unexpected but not entirely surprising, 19 proteins were increased in Tg animals
at all ages measured, and 13 proteins decreased in all three. Increased proteins
included Thumpdl, yet another RNA binding protein, and Complexin Ill, which is
involved in presynaptic vesicle cycling and is perturbed in the 3xTG-AD mouse
model (193). Meanwhile proteins decreased in all three included Sic12a2, a
cation transporter that resides on the cell membrane, Gpcpdl, which is thought
to contribute to visual cortex development (194), and Chordcl, a zinc and HSP90
binding protein (195) that is — albeit somewhat tangentially — involved in AD-
related pathways(190). A particularly exciting finding was the strong decrease in
Syp, or Synaptophysin, which was decreased in all comparisons besides the 6

mos comparison. This protein is a ubiquitous synaptic vesicle marker which is
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connected to AD in several ways including decreased transcription in human AD
tissue (192) and decreased protein levels in a human APP (hAPP) expressing
mouse model (196).

As U1-70K undergoes extreme modification during human AD
pathogenesis, and behavioral analysis closely resembles that of AD mouse
models, we expected perturbations to AD-related proteins. While few directly AD-
related proteins were detected, such as Synaptophysin and Chordcl, many of
the altered protein pathways in this mouse are also altered in human AD cases.
The strong perturbations of both the actin and microtubule cytoskeletal systems
are primary examples of this is. It is no recent finding that neuronal cytoskeleton
is disrupted in AD (197). Indeed, one of the key aberrant proteins in AD, tau is
considered a key stabilizer of microtubule cytoskeletons. Recent examination of
the human tau interactome discovered a strong enrichment of ribonucleoproteins
and many proteins containing the RNA recognition motif (RRM), which is also
contained in U1-70K/N40K (198). Further, perturbations to mitochondria (169)
and the complement cascade have been widely demonstrated in AD patients,
with complement cascade component C1R observed to confer risk in GWAS
studies (68).

The pathway alterations we observed are also closely related to those
seen in more traditional AD model mouse models — of which there are many.
Previous studies of the many AD mouse models have returned varied aspects of
AD pathology, with no one model fully recapitulating the human phenotype.

Preeminent models involve human disease-related mutant forms of APP, Abeta,
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presenilin, tau, and APOE alone or in combination and generally exhibit plaques
and cognitive deficits late in life (199). Alterations in protein pathways beyond the
amyloid pathway are seen in mitochondria, and synaptic function (200,201). A
very recent paper described a smaller scale proteomic study examining
APPswe/PS1dE9 transgenic mice found changes in cytoskeletal structure,
energy metabolism, synaptic components, and protein degradation (202), while a
more targeted proteomics analysis of hippocampal synaptosomes from the same
mice at three months of age found significant upregulation of several protein
components of the extracellular matrix (203). Each of these are mirrored in our
results, suggesting strongly similar pathogenic events occur in the N40OK
transgenic.

In depth proteome analysis as part of the initial characterization of an
original transgenic mouse is a powerful and somewhat unique luxury of our
group. It provides an extremely thorough analysis of perturbations caused by
introduction of the transgene, which is particularly useful in a new transgenic.
While previous evidence and hypotheses can direct study toward the
examination of meaningful and significant molecular alterations, the almost
immeasurable complexity of an animal will inevitably lead to unexpected
changes. An unbiased and system-wide analysis of a transgenic animal,
especially when it has only recently been developed and is basically unstudied
allows for the generation of hypotheses for future examination with greater

accuracy. Expected changes may certainly be observed, and pursued further.
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Meanwhile unexpected changes may arise and could possibly lead in entirely

new directions.
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CHAPTER SIX

General Discussion

A colleague of mine recently disparaged the “-omics revolution” by saying
we are simply adding ‘-omics’ to everything and calling it a new field. My
response is that this is exactly the way it should be. There are over 20,000
protein-coding genes in the human genome (204), evidence that over 8,000 are
ubiquitously expressed (205), and varied ranges of over 10,000 expressed in the
average cell in total — without even accounting for alternative splicing. It takes no
major leap in imagination to think that even the most minute process involves
vast arrays of interacting proteins, protein complexes, and even networks. We
are constraining the advance of our understanding if we don’t harness the
capabilities available to us. It is almost an affront to scientific endeavor — and the
biology itself — to restrict our evaluation to only what more traditional targeted
methods — and we ourselves can easily grasp. Analytical methods designed to
identify and measure large numbers of analytes en masse, coupled with high-

powered computer driven assays against comprehensive databases provide
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information completely unattainable by more traditional methods. The spread of
the —ome and —omics suffixes denotes an appropriate shift in our approach to
understand the astounding complexity of biological systems.

Advances in technology have consistently driven advances in scientific
discovery. The advent of new ionization methods such as electrospray ionization
(ESI) and matrix assisted laser desorption/ionization (MALDI) protein mass
spectrometry was a major advance in technology that extended the long-
established analytical method of mass spectrometry to molecules the size of
proteins and peptides, and greatly broadened our capability to study these major
actors in the cell (206-208). Further major developments in the field have been
fueled by advances in other technologies as well, such as genomics, computing,
and chemistry. Complete genome sequences and the inferred amino acid
sequences of every potential protein in a given organism brought protein mass
spectrometry to a global scale and paved the way for true proteome analysis
(209). Ever-advancing computational power, and more efficient algorithm design
have made it possible to probe extensive proteomic databases. These advances
simultaneously evaluate the accuracy of analysis while generally making
experiments speedier, more thorough, and more cost effective. Creation of new
isotope containing tags designed to label peptide samples with efficiency
approaching 100%, fragment at specific covalent bonds during MS analysis, and
distinguish intermixed and simultaneously run samples have greatly expanded

the quantitative abilities of this methodology (11).

Interactomics
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The examination of protein-protein interaction is a key field of research as
the interfaces between proteins provide prime targets for small molecule
intervention, and therefore disease treatment. The long-entrenched standard of
assembling series of binary interactions has produced limited results, and
incomplete understanding. The simple fact that individual protein copy numbers
range up to 108 per cell (5), and that it is estimated that proteins have on average
5 interactions with other proteins (210) signals the need for high-throughput
approaches in this arena. It has become increasingly clear that disease-causing
mutations and environmental insults perturb interacting networks that involve
compensatory mechanisms such as redundancy and feedback loops which take
thorough understanding beyond simple binary interactions between a handful of
proteins (6). Alzheimer’s disease is a prime example: AB and Tau aggregations
were discovered to be key hallmarks of the disease roughly 30 years ago, but no
clinical treatment has gone beyond Phase llI for this highly prevalent disease,
and the central hypothesis around AD pathogenesis is being called into question
(211).

The prevalence and biological significance of protein complexes alone
suggests a need for more broad analyses. In yeast, at least 45% of the proteome
enter into protein complexes, or the complexome (212), and recent incomplete
literature-based estimates by the comprehensive resource of mammalian protein
complexes (CORUM) dataset have shown that a growing value of 16%
mammalian proteins are confirmed to participate in protein complexes (213).

Deeper analysis of this data found mammalian protein complexes most
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frequently consist of 3 to 4 different subunits and that proteins can be reused in
up to 53 different protein complexes (214). Thus, many functional protein-protein
interactions can take place through complexes with many of the members of
these complexes never coming into direct physical contact with each other.

Even systems-based approaches must undergo significant refinement in
order to fully understand interaction networks. For instance, many biologically
relevant interactions are weak and last only seconds, making them very difficult
to capture and examine (215). While a proteomics approach can improve
sensitivity in this fashion by more thoroughly analyzing the system, and therefore
improving the chance of recovering short-lived and weak interactions,
improvements on study design around utilizing such strong analytical methods
must be made to fully take advantage. It was a major goal of the projects
reported in Chapters Two and Four to address this issue. Each used multiple
levels of elution or wash stringency to capture weakly bound proteins but
separate them from those more strongly bound. The effectiveness of these

approaches is promising for the field moving forward.

Mounting Problems with Antibody-Based Assays

Events not directly related to the proteomics field are also propelling the
advancement of proteomics methods such as the building frustration with
antibody-based assays. Non-specific background and difficulty of discerning true
target specificity are widely known to those who use antibodies for their research,
but the problem may be worse than commonly thought. The Human Protein Atlas

project recently examined more than 20,000 commercially available antibodies
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and estimated that slightly more than half were not reliable for detection of their
target molecule in tissue staining (the caveat being that many had not been
supplier-approved for this application) (216). More disconcerting is the fact that
within this study antibody reliability ranged greatly across suppliers, with many
suppliers not reaching 50% success rate in either the mono- or polyclonal
antibodies they offer. Further, variability between lots means even a perfectly
acceptable antibody can lose its usefulness once a lot is used up. This lot-to-lot
inconsistency can be difficult to estimate — and difficult to learn from suppliers —
and can clearly distort results (158). Issues like these have driven a small but
growing movement in the field to set strict standards for antibody production,
including reducing them down to their genetic sequences and producing them in
a uniform cell type (217). Even then, the bottom line remains that every time an
antibody is purchased, it should be fairly extensively verified in the hands of the
experimenters doing the work. Protein mass spectrometry circumvents many of
the specificity issues of antibodies by simple high resolution and highly accurate
mass measurements. The sensitivity, resolution, and large dynamic range of MS
instruments, coupled with powerful and ever-improving computational evaluation
makes this analysis method a true rival to detection and quantification via

antibody.

General Conclusions and Looking Forward

Taken together, the methods and data presented herein depict small steps
forward in understanding neurological disease. We connected Mib1, a widely

powerful E3 ligase with many new interaction partners, and were able to partition
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these both in relative binding strength and confidence of interaction. Further, we
broadened the known functional role for Mib1 to include regulation of dendritic
spine outgrowth, and through the degradation of another powerful regulator of
neurodevelopment, CDKL5. We very nearly implemented and refined a
innovative systems-based method for examining E3 ligase substrates. A method
that still holds some promise given the right controls and manipulations, and the
fact that the potential reward is great — as it could be applied to basically any E3
ligase. We broadened the understanding of AD pathogenesis through highly in-
depth analysis of two critical proteins: APP and U1-70K. Our DEEP analysis of
APP displayed the use of multiple dimensions of analysis in affinity-based
interactome study, as overlapping results were much less abundant than
expected. We expanded the interactome of the promiscuous APP to many
proteins, and linked it to interaction networks including the cytoskeleton,
mitochondria, ribosomes, and spliceosomes — of which U1-70K is a member. Our
analysis of N4OK transgenic mice resulted in several interesting overlaps with
human AD and mouse AD models, including the synaptic marker Synaptophysin.
Pathways perturbed in this animal relate strongly to neurodegenerative diseases,
and support other preliminary results from this mouse well.

Looking forward longer term, the tremendous sensitivity of MS instruments
and ever-growing computational power hold great promise. | expect them to
provide two (among many) powerful developments in the proteomics and
interactomics fields, on somewhat opposing ends of the scale from each other.

First as sensitivity and instrumentation develops, | expect single cell proteomics
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to hold a strong future. Online surgical MS instruments are already being used as
a type of real-time biopsy, and adapting a system much like that to
micromanipulators and micropipettes used for electrophysiology could allow
sampling and analysis of the proteomes of individual cells. Analyzing proteomes
this way would allow for comparisons between cells in different and directly
observable physiological states, and would provide much cleaner results versus
analysis of entire tissues or organs. On the other end of the spectrum extensive
computational modeling of the physiological states of cells, tissues, organs, and
organisms is another major direction already underway by biomarker researchers
in the collection of -omics fields. | believe as -omics information (and information
from other sources) builds and is collected in large interconnected online
databases, as accessible computational power grows, and as we learn to
harness the confluence of these things, powerful and reliable computer models
will be established for healthy and disease states for the range from genomes to
organisms. Essentially an extension of GWAS analysis in combination with other
data types this ome-ome will combine into much more comprehensive

phenotypes to examine and test against.
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