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ABSTRACT

The regulation of the solubility, oligomerization and structure of arginine-rich RNA-binding
proteins by post-translational modification in Alzheimer’s disease
By Sean Robert Kundinger

Post-translational modifications (PTMs) within splicing factor RNA-binding proteins, such as
phosphorylation, regulate several critical steps in RNA metabolism including spliceosome
assembly, alternative splicing and mMRNA export. Previously, the application of conventional mass
spectrometry methods have been insufficient to sequence arginine-rich domains of RNA-binding
proteins. Here we report a middle-down proteomic approach coupled with electron transfer
dissociation (ETD) mass spectrometry to map previously unknown sites of phosphorylation and
methylation within the arginine-rich domains of U1-70K, SRSF2 and structurally similar RNA-
binding proteins from nuclear extracts of HEK-293 cells. Notably, the arginine-rich LC domains
in RNA-binding proteins are densely modified by methylation and phosphorylation compared with
the remainder of the proteome, with methylation and phosphorylation favoring RSRS motifs.
Analysis of combinatorial PTMs within RSRS motifs indicate that phosphorylation and
methylation do not often co-occur, suggesting they may functionally oppose one another.
Furthermore, we show that phosphorylation may modify interactions between Arg-rich proteins,
as SRSF2 has stronger association with U1-70K and LUC7L3 upon dephosphorylation. We
dephosphorylated nuclear extracts in vitro and analyzed equal amounts of detergent-soluble and -
insoluble fractions by mass spectrometry-based proteomics. Correlation network analysis resolves
27 distinct modules of differentially soluble nucleoplasm proteins following dephosphorylation.
We found classes of RNA-binding proteins with increased aggregation following
dephosphorylation, including the SR protein family and the SR-like RBPs although increased
aggregation was not observed across broad classes of RBPs. Phosphorylation regulated SRSF2
structure, as native dephosphorylated SRSF2 formed high molecular weight oligomeric species in
vitro. Reciprocally, phosphorylation of SRSF2 by serine-/arginine protein kinase 2 (SRPK2) in
vitro prevented high molecular weight species formation of SRSF2. Furthermore, SRPK inhibition
by SRPIN340 decreased SR protein phosphorylation in vivo and the regulated the cytoplasmic
mislocalization of SRSF2 and formation of tubular structures that colocalize with microtubules by
immunocytochemical staining. Collectively, these findings demonstrate that phosphorylation is a
critical determinant of SR and SR-like protein solubility, oligomerization, and structure.
Furthermore, these findings suggest that the level of phosphorylation within arginine-rich domains
of RNA-binding proteins may be among the highest in the proteome, and a possible critical
suppressor of arginine-rich RNA-binding protein aggregation and mislocalization.
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CHAPTER 1.0 : RNA-binding protein aggregation in Alzheimer’s disease

1.1 An Introduction to Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the most common
form of dementia, affecting over 6 million Americans*2. By 2050, this number is expected to
double, with potential treatment and caregiving costs to exceed $1 trillion. No medications have
been discovered that cure AD let alone categorically prevent cognitive decline, leaving
therapeutics that delay symptoms for a short period of time. Despite the recent approval of
aducanumab by the FDA, clinicians are hesitant to prescribe the controversial drug, and moreover,
some insurers such as Blue Cross Blue Shield are denying reimbursement claims®. Therefore,
research is needed to advance our comprehensive understanding of AD with the goal of developing
novel therapeutics that aid in the prevention and treatment of AD.
1.2 A History of Alzheimer’s disease

Alois Alzheimer, the man who first described AD, was born in 1864 in the Bavarian town
Markbreit*. Alois went on to study medicine at the German Universities of Berlin and Tubinga,
and became skilled in the practice of histology at the University of Wirzberg. In 1888, Dr.
Alzheimer was hired as a resident at The Municipal Asylum for the Insane and Epileptic in
Frankfurt am Main. Months later, Franz Nissl, who had recently discovered a novel technique to
stain nerve cells, joined the Asylum staff. Together, Drs. Alzheimer and Nissl began a
transformation of the clinic to focus on the use of histological examinations at autopsy to promote
research into the understanding of mental disorders.

Records discovered at the City Historical Institute and the Psychiatric Unit at the University

Clinic in Frankfurt in 1995 by Drs. Maurer, Volk and Gerbaldo provide evidence of the admission

of a 51-year-old woman by the name of Auguste Deter on November 25", 1901*. Information



provided by Mrs. Deter’s rail worker husband indicate Auguste had never been seriously ill prior
to her admission. While her mother had suffered convulsive attacks and her father throat anthrax,
there was no family history of mental disorders. Mrs. Deter’s husband described Auguste as
“polite, hard-working, shy and slightly anxious”. Eight months prior, Mrs. Deter had believed her
husband was having an affair with a neighbor woman. Following this, Mrs. Deter began exhibiting
memory problems, notably making errors while cooking and wandering throughout the house.
Mrs. Deter’s symptoms continued to deteriorate and she began to suffer from frightening delusions
and episodes of intense paranoia.

Dr. Alzheimer recorded several unusual behaviors of Mrs. Deter, including confusing meat
and vegetables while eating, repeating sentences, misspelling her name and having difficulty
reading. Mrs. Deter’s behavior became hostile and she began to hit physicians and fellow patients.
By each month Ms. Deter’s symptoms worsened until she became immobile, experiencing rapid
weight loss and bed sores. She succumbed to pneumonia and died on April 8", 1906, five years
after being admitted.

Anatomical autopsy records indicate hydrocephalus, cerebral atrophy, arteriosclerosis of
small cortical vessels, pneumonia of lower lobes and nephritis. Upon being notified of Mrs. Deter’s
death, Dr. Alzheimer requested autopsy samples and completed a medical examination history of
Mrs. Deter on April 28", 1906°. Using Bielchowsky’s silver impregnation staining, Dr. Alzheimer
described microscopic brain lesions in the cerebral cortex, now understood to be neurofibrillary
tangles, consisting of thick bundles of parallel fibrils that were differentially stained relative to
neurofibrils, suggesting these fibrils had undergone some chemical change. Many neurons in the
upper layers of the cortex appeared to have disappeared, while the presence of foci were also

remarked in this region. In November of 1906, Dr. Alzheimer presented his observations, entitled,



“On a Peculiar, Severe Disease Process of the Cerebral Cortex” at the 37" Assembly of the
Southwest German Psychiatrists in Tiibingen. Dr. Alzheimer concluded his presentation, “taken
as a whole, I believe I have just presented a clearly defined and hitherto unrecognized disorder.”
He received no questions from the audience®.

The tissue slides taken from Mrs. Auguste Deter were re-discovered in 1997 at the Institute of
Neuropathology of the University of Munich®. Upon re-examination, the slides confirmed the
abundant neurofibrillary tangles and neuritic plaques that Dr. Alzheimer described some 90 years
earlier.

1.2.1 Pathology of Alzheimer’s disease

Dr. Alzheimer published descriptions of neurofibrillary tangles inside neurons and neuritic
plaques surrounding neurons in his seminal paper “Uber einen eigenartigc Erkrankung der
Hirnrinde (a peculiar disorder of the cerebral cortex)” using innovative staining techniques and
state-of-the-art Zeiss microscopes in 1907. It wasn’t until 1968 that these structures were
inextricably linked to symptoms, when Drs. Blessed, Tomlinson and Roth established the
relationship between plaque and neurofibrillary tangle lesions and quantitative declines in
cognition and memory’.

Using a vibratome and the electron microscope in 1963, researcher Michael Kidd discovered
that AD neurofibrillary tangles harbored a paired helical filament structure. In 1964, Robert Terry
used the same methods to discover that the core of neuritic plaques were composed of amyloid
protein 8. It wasn’t until two decades later that the core molecules of these structures were
identified. In 1984, George Glenner, together with Caine Wong, used a Beckman analyzer to
sequence amyloid beta (Ap), a 40-42 residue peptide®. The next year Colin Masters isolated A

from cerebral plaques in the brain of individuals with Down’s Syndrome, or those with three copies



of chromosome 21 which carries amyloid precursor protein (APP)*. The year after, Khalid Igbal,
Inge Grundke-Igbal and Robert Terry isolated the protein constituent of the paired helical filaments
of neurofibrillary tangles as Tau, which was originally identified in 1975 by Murray Weingarten
and Marc Kirschner!!, The identification of the components of the two aggregate structures found
in AD brain allowed researchers to focus investigations into the relationship of AB and Tau in the
pathophysiology of AD.

Two criteria are currently applied to definitively diagnose brains as AD versus some other
neurological disease in post-mortem examination. The first of these, is the Consortium to Establish
a Registry for Alzheimer’s disease (CERAD) standardized test for Ap*2. The CERAD criteria is a
semi-quantitative test done by a neuropathologist to assess likelihood of AD diagnosis based on a
count of the sheer number of AB plaques. Secondly, performing immunohistochemistry (IHC) of
brain tissue sections using the antibody AT8%3, which recognizes Tau that is phosphorylated at
residues S202/T205, Heiko Braak established a semi-quantitative, chronological staging system of
AD pathology!*. Braak demonstrated that Tau pathology begins in the transentorhinal cortex
(Stages I, 1I), before moving to the hippocampus (Stage I11), temporal lobe (Stage 1V), occipital
lobe (Stage V), and finally, to primary areas of the neocortex (Stage V1). This assay has become a
routine part of post-mortem examination of a demented individual, and the gross degree of Tau
pathology is named the “Braak score” after its namesake. The enumeration of discrete stages of
AP and Tau pathology has provided a means to stratify brain samples in the experimental design
process and understand fundamental physiological changes as a result of Ap and Tau aggregation.

Reduced clearance of AP oligomers in extracellular space results in the formation of A
plaques®. This event is thought to trigger pathogenesis through a network of signal transduction

events, leading to the accumulation of neurofibrillary Tau tangles'®. Despite the known role of A



in AD pathogenesis the downstream events that contribute to neurotoxicity and cognitive decline
still remain fundamental and poorly understood!’. Notably, Tau correlates more strongly with
cognitive decline in AD than AP plaques’. Defining the mechanisms that link AP plaque formation
to downstream Tau aggregation may identify potential therapeutic targets and biomarkers that aid
in the prevention and treatment of AD.
1.2.2 Genetic heterogeneity of Alzheimer’s disease

Alzheimer’s can be broadly characterized into those with familial, early onset AD (fAD)
and late onset, sporadic AD (SAD)*. Autosomal dominant fAD accounts for ~2% of all cases,
with over one thousand families worldwide harboring confirmed mutations'®. Individuals with
fAD develop symptoms between the ages of 30 and 60 years old*8, experiencing rapid behavioral
decline and dying within several years of symptom onset. In 1987 Jie Kang and others identified
the gene located on chromosome 21 that encodes Ap and named it APP?°. Using cell lines derived
from members of multiple families with early onset fAD, researchers attempted to find autosomal
dominant mutations that cause AD. In 1991, Alison Goate and John Hardy described a family with
early onset fAD with a mutation in APP, called the “London Mutation”, causing a V717l
substitution in APP2L, In 1995, Robin Sherrington and Peter St. George-Hyslop discovered a AD
familial mutation in PSEN1%, a gene located on chromosome 14 which encodes for presenilin 1
protein. Investigation by Rudolph Tanzi and his team into a group of German families known to
have settled on the VVolga River identified a mutation in the PSEN2 gene??, located on chromosome
1, that encodes for presenilin 2. Future research established the relationship between these three
genes, as PSEN1 and PSEN2 make up the catalytic components of y-secretase, which assists in
the cleavage of APP into AB2. Animal transgene models of the mutations described developed

amyloid lesions that mirrored those observed in AD and exhibited learning disabilities?*?°.



Late onset, sporadic AD (SAD) is the most common form of AD, accounting for the
remaining 98% of cases?®. Multiple gene loci are implicated in late onset SAD and it is thus
understood as a polygenic disorder?®. The most common genetic susceptibility for SAD is the
inherited variant of apolipoprotein E (APOE)?’. APOE is a protein expressed in astrocytes and
oligodendrocytes that contributes to lipid transport and has a central role in neuronal injury
repair?®2°, Humans inherit three different variants of APOE that differ at residues 112 and 158 of
the protein: APOE2 (C112/C158), APOE3 (C112/R158) and APOE4 (R112/R158)%03!,
Importantly, studies in animal models demonstrate that APOE increases clearance of AB®2.
Inheriting one copy of the APOEA4 allele triples an individual’s risk for developing sAD, while two
copies increase risk 12-fold®. In contrast, inheritance of the APOES3 allele is believed to have no
effect on the risk of developing AD, and the APOE? allele may be protective®*. Interestingly, in
2019 the investigation into a Columbian family with fAD pedigree revealed a PSEN1 E280A
mutation carrier was discovered to also carry two copies of the “Christchurch” mutation in APOE
that caused R136S substitution®. This individual resisted cognitive decline until her mid-
seventies, more than three decades after typical symptom onset.

Although genetic studies support that APOE exerts the largest role in modifying an
individual’s risk of developing sAD®, approximately half of individuals with SAD do not harbor
a APOEA4 allele?”* indicating that many other loci influence SAD development. Innovations in
genomic sequencing technology have allowed the identification of genetic polymorphisms linked
to AD using Genome Wide Association meta-analysis Studies (GWAS)*-%°, Importantly, a caveat
of GWAS is that genetic loci are discovered with proximity to single nucleotide polymorphisms
(SNPs) which requires in-depth examination of the loci to determine which gene is truly associated

with a disease or disorder®. In light of this however, many new genes have been implicated with



AD in this manner, pointing to dysregulation of microglia (CD33, SHARPIN, TREM2), a-
secretase (ADAM10, ADAM17, TSPAN14), endocytosis (BIN1, PICALM, WDRS81), the
lysosome (CTSB, CTSH, IDUA, TMEM106B) and sorting receptors (SORL1, SORT1, SNX1)3"
39 More genes are expected to be associated with AD with increased GWAS sample sizes,
although the genes that have been identified are implicated in processes that are already intense
areas of study.

With the advent of next generation sequencing methods researchers have revisited
samples taken from Auguste Deter and attempted to identify a hypothesized autosomal dominant
mutation that brought on early onset AD that was described by Dr. Alzheimer. Genotyping of
DNA extracted from histological sections from Auguste Deter confirm her genotype as APOE3/3,
demonstrating that she had no increased risk of developing AD based on her APOE status®. Instead,
German researchers discovered Mrs. Deter carried a novel T—C mutation in the PSEN1 gene,
causing an F176L substitution in the third transmembrane domain of the PSEN1 protein*. While
a novel mutation, the F176 residue neighbors mutation-induced substitution events in other
individuals who developed early onset fAD*2. Despite many polymorphic genes associated with
AD, there remain only three genes (APP, PSEN1, PSEN2) involved in APP processing which,
when mutated, cause autosomal dominant forms of AD.

1.3 Amyloid Cascade Hypothesis

The Amyloid Cascade Hypothesis asserts that Ap accumulation is the first event that triggers
AD pathogenesis, leading to downstream Tau neurofibrillary tangle formation, neurodegeneration
and dementia that follow thereafter as illustrated by the Jack model (Fig.1.1)*¢. Developed by John
Hardy & Gerald Higgins, this hypothesis has become a key framework for understanding AD. This

model separates individuals into three discrete stages of disease, including pathologically-



[clinically-normal controls followed by asymptomatic AD (AsymAD), a prodromal phase with
robust Ap deposition but normal cognition, and finally, the AD stage wherein Tau NFT load is
substantial and cognition sharply declines*?*, The molecular mechanisms that directly link early
AP deposition to Tau NFT formation and cognitive decline are unknown, however. In spite of this,
the hypothesis is buttressed foremost by the fact that only three genes (APP, PSEN1, PSEN2),
when mutated, cause autosomal dominant inheritance of fAD through the unified biological
mechanism of generating A polypeptides®. Any and all mutations in other genes confer increased
risks for developing late onset SAD yet do not cause early-onset fAD. Secondly, mutations in
microtubule associated protein Tau (MAPT) gene do not cause AD but instead causes a subset of
a related but distinct tauopathy called frontotemporal lobar dementia (FTLD)* marked by the
development of tangles, cell death and dementia with no Ap pathology observed. Therefore, this
demonstrates that Tau pathology is downstream from initial AR plaque deposition. Finally,
crossing mice with human APP mutant transgenes onto a Tau transgenic background triggers Tau
tangle formation**, while reduction of APP dosage alleviates this process*.
1.3.1 Limitations of the Amyloid Cascade Hypothesis

While many researchers attempt to understand AD through the Amyloid Cascade Hypothesis,
there remains questions surrounding the mechanism of AD pathogenesis. First and foremost, we
do not completely understand why many adults accumulate AB in their brain with no apparent
cognitive deficit”*54. This finding suggests that AP plaque deposition is necessary but not
sufficient alone to fully trigger Tau aggregation AD. In support of this, mouse models that express
human APP, PSEN1 or PSEN2 mutant transgenes have incompletely recapitulated the cellular and
behavioral phenotypes of AD. In addition, none of these models in isolation develop Tau NFTS,

the other core arm of AD pathology®. Therefore, one may deduce that we do not currently



understand the events which directly link Ap deposition to later Tau neurofibrillary tangle
formation, and that these mechanisms may be unique to the human brain*’. This thesis in large part
attempts to identify alternative proteins and mechanisms that link Ap and Tau aggregation.

A significant piece of evidence that casts doubt on the Amyloid Cascade Hypothesis is the
lack of success in Ap-targeting therapies in human trials. As of 2021, 66 drugs that target Ap have
undergone clinical trials, and only one, aducanumab or Aduhelm, has been passed by the Food and
Drug Administration (FDA) for use*®. As mentioned previously, aduhelm does lower cerebral AR
levels as measured by (18)F-florbetapir positron emission tomography (PET) imaging during
clinical trials®®. However, there are significant concerns relating to the validity of the effects on
patient symptom recovery with the use of aducanumab despite FDA approval®. The failure of
many of the drugs that target Ap demonstrate that a better understanding of the mechanisms that
lead to Tau neurofibrillary tangle formation is needed.

1.4 Links between RNA-binding proteins and neurodegenerative disease

Recently, many groups have discovered several RNA-binding proteins (RBPs) that appear to
be involved in the pathology of neurodegenerative diseases®*>, including AD>*. RBPs comprise a
growing list of over 2,000 proteins, which are essential for RNA metabolism®. RBPs surveil and
coordinate the RNA life-cycle, regulating the transcription, splicing, transport, translation and
stability of RNA molecules®®. RBPs are therefore critical to sustaining basic cellular health.
Several neurodegenerative diseases, including Alzheimer’s disease, are promoted by the
cytoplasmic accumulation of RBP aggregates via disordered low complexity domains®’. Other
examples include amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD),
wherein TAR DNA-binding protein of 43 kDa (TDP-43)%>%® and Fused in sarcoma (FUS)%°

accumulate as insoluble cytoplasmic inclusions in degenerating regions of the brain. Given RBP



mutations found associated with disease®®®3 and the conspicuous presence of RBP aggregates in
deteriorating regions of the brain and lack thereof in unaffected areas in different
neurodegenerative diseases, it is hypothesized that RBPs play a key role in these diseases. It has
previously been unclear, however, what shared property contributes to RBP aggregation in
neurodegenerative disease.

1.4.1 Granules to Fibrils: an equilibrium of Liquid-liquid phase separation (LLPS)

RBPs commonly contain regions of intrinsically disordered low complexity (LC)
domains®>%4-%6, |_C domains participate in a plurality of interactions between self, RNA molecules
and other RBPs via weak, multivalent interactions®”%. The multivalent interactions can thus
facilitate liquid-liquid phase separation (LLPS), a process of molecules de-mixing into soluble
molecules and other molecules that compartmentalize into insoluble condensates in vitro®’. This
process also occurs in vivo, in which multivalent interactions between LC domains and proteins
and RNA molecules drive the formation of membrane-less organelles, otherwise called granules®®.
Granule structures in the cell include nuclear speckles, nucleoli, stress granules and P bodies®®.
Cellular granule structures are characteristically round and highly dynamic in vivo, as fluorescence
recovery after photobleaching (FRAP) experiments demonstrate rapid reorganization of granule
structures’®. Although we have discovered the various dynamic states RBPs can form in vivo, it is
not fully understood how RBPs are prevented from forming stable aggregate structures.

1.4.2 RNA-binding protein pathology in Alzheimer’s disease

It is not completely known how proteins transition from oligomeric granule structures into
stable, irreversible aggregates. Numerous chaperone proteins are thought to regulate the process
of granule reorganization, through unfolding and re-folding granule protein constituents’®. It is

hypothesized, however, that deficiency of chaperone reorganization of granule structures and
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proteins within them cause proteins with LC domains to irreversibly form inclusions and fibrils
alike’2. FRAP experiments on inclusion and fibril structures highlight the stability of these
structures, as little to no reorganization (fluorescence recovery) occurs as compared with granule
structures’. Although LC domains are typically intrinsically unstructured under homeostatic
conditions in vivo, in neurodegenerative disease these regions polymerize into detergent-insoluble
fibril-like aggregates’.

Across numerous neurodegenerative diseases, researchers have observed several shared,
staple RBP pathologies which include: 1) increased evidence of phase transitions or aggregate
formation; 2) altered cellular interactions; 3) cellular mislocalization; and, 4) RNA metabolism
defects (Fig.1.2)"°. Several groups have identified numerous RNA-binding proteins that exhibit
these pathological phenotypes in diseased regions of the brain. For example, TDP-43 pathology is
observed in a large percentage of AD patients and is believed to contribute to poor clinical
outcomes relative to individuals without TDP-43 immunoreactivity post-mortem’®. Also, the
Wolozin group has identified several stress granule RNA-binding proteins that functionally and/or
physically interact with Tau, including TIA1, EWSR1, HNRNPA2B1, and G3BP1"7%, What’s
more, modulation of the expression of stress granule RBPs TIA1 and G3BP1 prevents the
accumulation of Tau oligomers®. Recently, HNRNPA2B1 was found to associate with oligomeric
Tau in neurons, animal models and in human AD brain, serving to link oligomeric Tau to
methylated RNA transcripts’®. The Parker group identified the nuclear scaffold protein SRRM2 as
an RBP that mislocalizes and associates with Tau in models of pathological Tau®:.
Immunoprecipitation of Tau from AD brain extracts suggests that other RBPs may in fact exhibit

similar changes in solubility, cellular interaction and localization profiles®?. In light of these
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findings, the investigation of mechanisms that contribute to the process of RBP aggregation is a
high priority in the field of neurodegenerative disease research.
1.5 Using mass spectrometry-based proteomics to investigate the pathophysiology of

Alzheimer’s disease

A relatively recent innovation in biochemistry was the introduction of mass spectrometry
(MS) which revolutionized the field of proteomics®. Proteomics is the study of the proteins that
constitute a biological system or organism. The collection of proteins in a sample or a subject or
an organism is defined as the “proteome”. Conventionally, a user collects a protein sample, then
reduces and alkylates the proteins and digests the proteins into peptides with a protease which are
run by liquid chromatography and sprayed into a mass spectrometer while being ionized and
converted to gas phase®*. The peptide ions are then measured by their mass:charge ratio, selected
and fragmented further to read fragment mass:charge ratios in order to “sequence” the residue-
string of the peptide and “fingerprint” the peptide and the protein from which it originated in the
sample. Mass spectrometry can provide not only information regarding protein identity and
abundance but also cellular location, interactions, activity, modification state and turnover rate .
Mass spectrometry remains the most sensitive and powerful proteomic tool, capable of measuring
analytes in the range of attomolar (10*® M) concentrations®®. Moreover, MS can measure
thousands of different proteins in a single sample®’. The sensitivity of the technology also
buttresses mass spectrometry as relatively unbiased, meaning that generally no one protein is
preternaturally identified and measured over another protein. This allows one to perform
proteome-wide weighted correlational network analysis (WGCNA)®, as applied to AD recently,

to identify novel proteins that may be involved in the disease®®. As neurodegenerative diseases are
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chiefly proteinopathies, mass spectrometry-based proteomics is an ideal tool to discover disease
mechanisms and pathological progression of AD.
15.1 Mass spectrometry-based proteomics reveals novel protein signatures in Alzheimer’s

disease pathogenesis

Although researchers could visualize protein aggregates in AD brain using histological
methods for decades, there were many technical challenges that prevented the identification of the
components of those aggregates. Adapting a procedure originally used to isolate tangles®, research
groups began to analyze detergent-insoluble extracts of tissue by MS in neurodegenerative
diseases>*. Analysis of other neurodegenerative diseases were conducted, including Parkinson’s
and dementia with Lewy bodies®>*?, progressive supranuclear palsy®, corticobasal degeneration®,
FTLD and ALS®? and chronic traumatic encephalopathy®. Importantly, these studies identified the
enrichment of RBPs to the insoluble proteome in neurodegenerative diseases. These studies
demonstrate that specific groups of proteins, particularly RBPs, become insoluble in each
neurodegenerative disease, suggesting unique mechanisms of disease in each.
1.5.2 Identification of Ul small nuclear ribonucleoprotein spliceosome and arginine-rich

RNA-binding proteins enriched in Alzheimer’s disease insoluble fractions

Using the simplified detergent fractionation protocol described earlier, we isolated aggregated

proteins from AD brain extract as compared with tauopathy controls. Our group then leveraged
MS-based proteomic investigations of these detergent-insoluble extracts® -7, Among the most
enriched proteins in AD extracts include APP and MAPT protein. A group of nuclear arginine-
rich RBPs that constitute the U1l small nuclear ribonucleoprotein (SnRNP) subunit of the
spliceosome and proteins associated with the spliceosome, namely U1 snRNP 70kDa protein (U1-

70K), Ul snRNP A protein (SNRPA) and lethal unless Cap-binding complex is produced like
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protein 3 (LUC7L3), were similarly enriched in the detergent-insoluble fractions of AD brain.
Western blot of the brain extracts confirmed the substantial enrichment of U1-70K to the
detergent-insoluble pellet (Fig.1.3a)%. Examination of brain samples from an early onset fAD
individual with a PSEN1 mutation and an individual with Down’s Syndrome (Trisomy 21)
demonstrated a similar enrichment of the same group of RBPs%, demonstrating that arginine-rich
RBP aggregation is a core pathological mechanism that is inherent to both familial and sporadic
versions of AD. Intriguingly, these proteins were also enriched in AsymAD brains, with robust Ap
pathology yet little to no Tau pathology®®. Indeed, U1-70K protein is the most highly correlated
with AP insolubility®®. This collection of evidence suggests that this group of RBPs may be
mediators that connect an initial Ap trigger of AD to the later formation of Tau neurofibrillary
tangles.

Working from that hypothesis, our group set out to investigate whether these proteins
associated with either Ap or Tau and by what mechanisms. Both IHC and immunofluorescence
(IF) staining confirmed that the nuclear RBP U1-70K mislocalizes to the cytoplasm and associates
with Tau NFTs in AD brain sections (Fig.1.3b-€)**%. Immunopurifying myc-tagged U1-70K
spiked into AD brain extracts shows that the LC1/BAD domain of U1-70K interacts with AD Tau
(Fig.1.3e) %, Similarly, cross-linking of the LC1/BAD domain of U1-70K with Tau was achieved
by photo-activation of an NHS-diazirine linker®®, further demonstrating that U1-70K interacts with
Tau via its LC1/BAD domain. In certain neurons, however, U1-70K can be found to aggregate
with no evidence of Tau NFT formation®, suggesting U1-70K can independently aggregate and
may in fact precede or even seed Tau aggregate formation. Moreover, in collaboration with Joshua
Shulman (Baylor College of Medicine), our lab has shown that in a Drosophila model where

human Tau is ectopically over-expressed, loss of U1-70K exacerbates Tau-mediated toxicity and
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neurodegeneration®. Unspliced and cryptic RNA splicing events are also found significantly
elevated in Drosophila models of tauopathies and in AD brain and correlate with Tau pathology,
further supporting the role of RBP loss-of-function in AD®101192 Gjven the critical role of
arginine-rich RBPs in regulating Tau toxicity and RNA splicing, and the large-scale RNA splicing
deficits in AD brain, a better understanding of arginine-rich RBP aggregation may reveal new
mechanisms that link amyloid plaques to Tau aggregation in AD pathogenesis®®,
1.6 The spliceosome and associated arginine-rich splicing factor RNA-binding proteins

A large proportion of the protein constituents of the spliceosome, the macromolecular
machine that performs RNA splicing, are RBPs (Fig.1.4)1%. A core tenet regarding the genomes
of different organisms is that the “complexity” of an organism is not proportional to the number
of genes encoded. Instead, the genome utilizes several innovative post-transcriptional regulatory
methods to expand the number and variety of transcribed and translated gene products including
the process of pre-mRNA splicing, which removes non-coding intronic sequences from transcribed
precursor messenger RNA (pre-mRNA) molecules'®. Although canonical forms of mRNA,
otherwise called isoforms, exist for many genes, alternative splicing of pre-mRNA creates novel
variations of mMRNA and proteins. In fact, as many as 90% of all human genes undergo alternative
splicing®®®1%7 and this process is hypothesized to contribute to organ and species differentiation.

Although over 2,000 proteins are believed to associate with mRNA, it is incompletely known
which proteins directly bind mRNA and operate the cellular splicing machinery. The spliceosome
is a macromolecular cellular machine composed of both nuclear RBPs and small nuclear RNAs
(snRNA)%. The spliceosome consists of five small sSnRNP subunits and a common Smith antigen
(Sm) ring core'®. Many spliceosome-constituent and -associated RBPs contain domains with an

elevated frequency of arginine residues that are able to activate splicing®. These proteins have
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been shown to alter splicing as both direct members of the spliceosome and as trans-acting factors,
such as serine-/arginine-rich (SR) proteins, that bind cis-acting splicing regulatory elements**°.
Importantly, many arginine-rich RBPs including U1-70K and other SR proteins are increasingly
insoluble in AD brain'®, suggesting a possible shared biological role in disease.
1.6.1 Discovery of arginine-rich splicing factor RNA-binding proteins

Proteins containing arrays of arginine-/serine-rich (RS) dipeptide domains were originally
discovered in Drosophila as splicing regulators, including suppressor-of-white-apricot (su(w[a]))
and the sex-determining regulators transformer (tra) and transformer-2 (tra2)'!!. Afterwards, the
proteins U1-70K2113 ASF/SF2 (SRSF1)4115 then SC35 (SRSF2)!® were discovered to contain
RS domains (Fig.1.5, Table 1.1). Historically, SR proteins have been formerly grouped according
to numerous qualifications, which include but were not limited to: 1) containing a phosphoepitope
labeled by mAb104 antibody which labels lateral loops on amphibian lampbrush chromosomes*!’:
2) purifiable by a salt (MgCl.) precipitation procedure; 3) can complement splicing-incompetent
S100 extracts; 4) contain at least one RRM domain and an RS domain; 5) their molecular sizes on
SDS-PAGE are conserved from Drosophila to mammals*®1%°, Due to the ever changing standards
of what consisted an SR protein there is confusion about how, not only to categorize these proteins,
but how to understand shared and non-shared biological roles. The current 12 member family of
serine-/arginine-rich splicing factor proteins (SRSF1-SRSF12) were ultimately defined by protein
sequence criteria put forth by Manley and Krainer which include: 1) containing one or two N-

terminal RRM domain(s), and 2) containing a C-terminal RS domain greater than 50 residues

comprised of more than 40% arginine and serine?°.

1.7 Regulation of arginine-rich RNA-binding protein function by post-translational

modification (PTM)
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Although we have known for decades that splicing factors are regulated broadly by post-
translational modifications (PTMs), especially phosphorylation, we still do not understand residue-
specific PTM regulation of the behavior of certain essential proteins. Arginine-rich proteins are
known to be phosphorylated, methylated and acetylated'?*?*, The most complete
characterizations of PTM regulation of arginine-rich proteins have focused on phosphorylation.
The earliest efforts to develop antibodies raised against SR proteins were discovered to recognize
phosphoepitopest!’ 18, The initial discovery of serine-/arginine-rich protein kinase 1 (SRPK1)
revealed the phosphorylation status of SR proteins increased across discrete stages of the cycle,
cratering during Go while peaking during mitosis!?. Interestingly, different cell types harbor
different ranges of SR protein phosphorylation, with HelLa cells being relatively phosphatase
resistant in vitro whereas other cell types (pluripotent P19 cells) harbored more varied levels of
SR protein phosphorylation'?®. Interestingly, the differentiation of P19 cells into neuronal cells
increased phosphorylation of SRSF2 and SRSF5'%°. These observations suggest phosphorylation
is altered in different cellular contexts and in different tissues for some undiscovered, variable
functions.

1.7.1 PTM regulation of spliceosome assembly and canonical/alternative splicing

Among the functions governed by phosphorylation is splicing*?®?’, the core function
shared between arginine-rich RBPs. Both phosphorylation and dephosphorylation regulate
splicing and splice site selection?’. It was discovered early on that an important consideration of
splicing is the importance of reversible phosphorylation, especially in the context of spliceosome
assembly and activity. Splicing extracts, when dephosphorylated by PP1 and PP2A, could not
complete splicing reactions of precursor mRNA (pre-mRNA)26127 Furthermore, the phosphatase

PP1 was found to block the formation of the pre-spliceosome complex as well as the mature
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spliceosome'?’128 Interestingly, while SRPKs are found to associate with multiple individual

129

subunits of the spliceosome*<, phosphatases are not. Nevertheless, it has been concluded that a

series of phosphorylation and dephosphorylation events are required for the formation of the

spliceosome and splicing activity to complete!®

, meaning that pools of differentially
phosphorylated SR proteins exist in the cell.
1.7.2 Post-translational modification (PTM) regulation of RNA-binding protein LLPS

Importantly, PTMs not only regulate canonical RNA metabolism functions of RBPs, but
they critically alter the potential of proteins to transition to solid-like fibrils in different
neurodegenerative diseases (Fig.1.6)">'3L. In AD, for example, APP is post-translationally cleaved
by beta- and gamma-secretase, generating AB 1-38, 1-40 and 1-42 oligomeric species'®. These
species are demonstrated to be aggregation-prone, with the 1-42 species being the most
amyloidogenic*3. Furthermore, Tau has been found to be extensively modified by PTMs in AD,
including phosphorylation®®, ubiquitination®®, acetylation!%® and methylation'®’. Similarly, other
proteins that aggregate in different neurodegenerative diseases, including alpha-synuclein in
Parkinson’s disease (PD) and FUS and TDP-43 in ALS and FTLD, are robustly modified by PTMs
(Fig.1.6)**. What is not completely understood is whether PTMSs accelerate protein aggregation,
reverse aggregate conformational species, and/or serve to mark toxic species for degradation.

We hypothesize that alteration in physiological PTM status is a fundamental trigger of
protein aggregation. In order to investigate this question, researchers have modeled LLPS in vitro
and asked whether phase transition events are modified by PTMs®*°. Perhaps more importantly,
the question of whether addition or subtraction of PTMs fuel this process remains undetermined

as there is a collection of conflicting evidence supporting either alternatives. Whereas multiple

groups independently provide evidence that phosphorylation promotes Tau LLPS¥%14! many
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groups have also found that multiple different types of PTMs actually prevent phase transitions in
similar, yet independent proteins. For example, recently it was demonstrated that phosphorylation
prevents Tau protein aggregation and LLPS in vivo and in vitro, respectively#?143, contrary to
prevailing evidence. Other groups demonstrated that hyperphosphorylated RBPs including FUS
and TDP-43 show diminished capacity to phase separate and aggregate as compared to wild type
control protein'+146. Arginine methylation generally tends to suppress LLPS, as it has been
independently shown to prevent phase separation and promote chaperone binding in multiple
RBPs including FUS, DDX4 and HNRNPA27-15° Having established that PTMs indeed alter the
kinetics of LLPS formation in many RBPs despite the conflicting reports of positive or negative
regulation of this hypothesis, we hypothesized that PTMs could similarly alter arginine-rich RBP
aggregation in AD. However, a limitation to understanding the role of protein phosphorylation
within arginine-rich RBPs and related aggregation-prone RBPs in neurodegenerative disease, has
been the inability to effectively map sites of phosphorylation using traditional MS approaches, due
to high arginine density within these LC domains.
1.7.3 Limitations of using mass spectrometry-based proteomics to identify PTM sites in
arginine-rich RNA-binding proteins

Although several lines of evidence highlight the critical importance of PTMs, especially that
of phosphorylation, to modulate the behavior of arginine-rich RBPs, attempts at sequencing exact
sites of PTMs within arginine-rich domains by proteomic methods have proved lacking. Modern,
high-throughput mass spectrometry methods conventionally rely on the bottom-up proteomic
approaches, which consists of complete digestion of protein samples with the serine protease
trypsin, which cleaves C-terminal to arginine and lysine residues. Typically, this method digests

proteins into peptides which are of appropriate length and charge to be faithfully sequenced by

19



mass spectrometry. Although this strategy is highly effective at sequencing proteins with a normal
distribution of arginine and lysine, it proves inadequate at sequencing proteins especially enriched
with arginine and lysine, namely arginine-rich RBPs. Additionally, the ability to identify PTMs
that may regulate critical pathogenic processes in disease are lost with the inability to sequence
arginine-rich LC domains of RBPs. Therefore, a large amount of information critical to
understanding arginine-rich RBPs cannot be observed through current proteomic sequencing.
1.8 Research Focus and Innovation

In this thesis, | report a middle-down (partial proteomic digestion) proteomic approach that,
when combined with electron transfer dissociation (ETD) fragmentation, yields significantly
improved coverage of arginine-rich LC domains of RBPs in mammalian HEK293 cell extracts.
The human embryonic kidney cell line was chosen over more disease-related neuronal cell lines
for several reasons, including that RBPs are ubiquitous to all cell types, the ease of transfection,
particularly high expression of RBPs and the high degree of phosphorylation of SR proteins in
HEK293 cells compared to other cell lines (e.g., HeLa cells). We also find that in exemplary
mammalian cell extracts, arginine-rich LC domains are particularly enriched with PTMs, including
phosphorylation and methylation. In light of the observed enrichment of phosphorylation within
arginine-rich LC domains, we find that dephosphorylation of arginine-rich RBPs contributes to
enhanced collaborative interactions. Building on this, we use detergent fractionation,
oligomerization assays, mass spectrometry, correlational network analysis, immunocytochemistry
and immunoprecipitation to demonstrate that phosphorylation regulates arginine-rich RBP
solubility and oligomerization, particularly that of SRSF2 protein. This work has led us to explore
the magnitude of phosphorylation in arginine-rich RBPs and the extent to which phosphorylation

regulates phase transitions, cellular localization and interactions of these critical proteins.
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Figure 1.1. Jack curve model of AD. Theoretical model of AD biomarker magnitude over an
individual’s lifetime as measured by positron emission tomography (PET) imaging, ELISA and
mass spectrometry %!, Elevated levels of amyloid beta (AB; magenta) deposited in the cortex begin
to be observed in the third or fourth decade of an individual’s lifetime. During a prodromal phase
of AD, called asymptomatic AD (AsymAD), cognitive function (green) remains steady in the face
of growing Tau neurofibrillary tangle (NFT) pathology (brown). Eventually, the increasing Tau
pathology leads to increased neuronal death and neurodegeneration, at which point a clinical
diagnosis of AD can be made.
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Figure 1.2. Sternburg model of arginine-rich RNA-binding protein phase separation
continuum. Core pathological phenotypes of RNA-binding proteins (RBPs) observed in
neurological disease "°. RBPs use liquid-liquid phase separation to compartmentalize into non-
membrane organelles or liquid granules, and can phase transition into solid fibrils if not constantly
disassembled and reassembled. RBPs can also become mislocalized and form novel protein and
RNA interactions under stress and disease conditions. All these processes are demonstrated to be
altered by the presence or absence of post-translational modification (PTM).
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Figure 1.3. Arginine-rich RNA-binding proteins aggregate in Alzheimer’s disease. (a)
Immunoblotting of sarkosyl detergent fractions of extracts from control (CTL) and Alzheimer’s
disease (AD) brain tissue for Ul small nuclear ribonucleoprotein 70 kDa (U1-70K) and the
fractionation procedure control, tubulin %8. (b) Immunohistochemical (IHC) staining of U1-70K,
U1A, SNRPD1 and SNRPN in CTL and AD frontal cortex paraffin sections *%. (c)
Immunofluorescence (IF) staining for U1-70K (green) and paired helical filament (PHF) Tau
(red). Nuclei (blue) stained by Hoechst dye 4. (d) Electron microscopy imaging of immunogold
labeled U1-70K in AD frontal cortex ultrathin sections 8. (e) Western blotting for Tau (red) of
input and myc immunoprecipitation samples of recombinant truncation U1-70K proteins spiked
into AD brain homogenate 1. (f) Heat map illustrating logz fold changes of U1-70K and
homologous arginine-rich RNA-binding protein (RBP) abundances in the detergent insoluble
pellets of CTL and AD brain tissue extracts. A list of 255 homologous arginine-rich RBPs were
determined by sharing > 20% similarity to the LC1/BAD domain of U1-70K (E-value < 0.005) by
the Uniprot protein BLAST 1%,
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Figure 1.4. A network of interactions between arginine-rich RNA-binding proteins facilitate
spliceosome assembly and pre-mRNA splicing. The spliceosome is composed of five different
small nuclear ribonucleoprotein (snRNP) subunits (U1, U2, U4, U5, U6) and small nuclear RNAs
that help to assemble the machine on precursor messenger RNA (pre-mRNA) molecules. The Ul
snRNP binds to the 5’ exon-intron splice site boundary through complementary base pairing of the
U1 snRNA to the pre-mRNA. The U2AF heterodimer (U2AF1, U2AF2) bridge the 5 and 3’ splice
sites to maintain interactions between exons. The U1-70K (orange) and the U1 snRNP is recruited
to exons by coordinated interactions with SR proteins (red) via arginine-rich low complexity
domains.
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Figure 1.5. Comparison of prototypical BAD and SR arginine-rich RNA-binding proteins
U1-70K and SRSF2. Protein sequences of the Low Complexity 1 Basic-Acidic Dipeptide
(LC1/BAD) domain of U1-70K and the aRginine-/Serine-rich domain of SRSF2.
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Figure 1.6. Post-translational modifications linked to human neurodegenerative disease.
Many proteins causatively linked to neurodegenerative diseases harbor post-translational
modifications that contribute to the pathology of the protein 8, Namely, amyloid precursor protein
(APP) is proteolytically cleaved by beta- and gamma-secretase to produce AP polypeptides, which
form oligomeric species and eventually AP plaques. Researchers have discovered that Tau in AD
brain is hyperphosphorylated, ubiquitinated, acetylated and glycosylated. Proteins involved in
amyotrophic lateral sclerosis (FUS, TDP-43, SOD-1) and Huntington’s (HTT) also contain PTMs
that modify LLPS and cellular localization and interactions.
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TABLE 1. A superfamily of arginine-rich pre-mRNA splicing factor RNA-binding proteins.

Class I: SR proteins

References

Class Il Arg-rich proteins

References

SRSF1

SRSF2
SRSF3
SRSF4
SRSF5
SRSF6
SRSF7
SRSF8
SRSF9
SRSF10
SRSF11
SRSF12

Ge et al (1991)
Krainer et al. (1991)

Fu & Maniatis (1992)
Zahler et al. (1992)
Zahler et al. (1993)
Screaton et al. (1995)
Screaton et al. (1995)
Cavaloc et al. (1994)
Soret et al. (1998)
Screaton et al. (1995)
Yang et al. (1998)
Chaudhary et al. (1991)
Cowper et al. (2001)

U1-70K

U2AF1
U2AF2
LUC7L
LUC7L2
LUC7L3
SRRM1
SRRM2

RBM25
TRA2A
TRA2B

Theissen et al. (1986)
Spritz et al. (1987)
Zhang et al. (1992)
Zamore ef al. (1992)
Tufarelli ef al. (2001)
Howell et al. (2007)
Nishii et al. (2000)
Blencowe et al. (1998)
Blencowe et al. (2000)
Sawada et al. (2000)
Fortes et al. (2007)
Dauwalder et al. (1996)
Beil et al. (1897)
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Table 1.1. A superfamily of arginine-rich pre-mRNA splicing factor RNA-binding proteins.
A list of serine-/arginine-rich (SR) splicing factor family member proteins (SRSF1-SRSF12) as
well as proteins with arginine-rich domains (Arg-rich proteins) °,
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CHAPTER 2.0 : Middle-down proteomics reveals dense sites of methylation and
phosphorylation in arginine-rich RNA-binding proteins

Briefs:

Middle-down proteomics reveals arginine-rich RNA-binding proteins contain many sites of
methylation and phosphorylation.

*These findings were published in the Journal of Proteome Research on April 3, 2020
[19(4);1574-1591]. Supplemental tables can be found online at:
https://pubmed.ncbi.nim.nih.gov/31994892/
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2.1 Abstract

Post-translational modifications (PTMSs) within arginine (Arg)-rich RNA-binding proteins, such
as phosphorylation and methylation, regulate multiple steps in RNA metabolism. However, the
identification of PTMs within Arg-rich domains with complete trypsin digestion is extremely
challenging due to the high density of Arg residues within these proteins. Here, we report a middle-
down proteomic approach coupled with electron transfer dissociation (ETD) mass spectrometry to
map previously unknown sites of phosphorylation and methylation within the Arg-rich domains
of U1-70K and structurally similar RNA-binding proteins from nuclear extracts of HEK-293T
cells. Notably, the Arg-rich domains in RNA-binding proteins are densely modified by
methylation and phosphorylation compared with the remainder of the proteome, with methylation
and phosphorylation favoring RSRS motifs. Although they favor a common motif, analysis of
combinatorial PTMs within RSRS motifs indicate that phosphorylation and methylation do not
often co-occur, suggesting they may functionally oppose one another. Furthermore, we show that
phosphorylation may modify interactions between Arg-rich proteins, as SRSF2 has stronger
association with U1-70K and LUC7L3 upon dephosphorylation. Collectively, these findings
suggest that the level of PTMs within Arg-rich domains may be among the highest in the proteome,

and a possible unexplored regulator of RNA-binding protein interactions.

Keywords: Proteomics, middle-down, mass spectrometry, electron transfer dissociation, post-

translational modifications, methylation, phosphorylation, RNA-binding proteins
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2.2 Introduction

Key RNA-binding proteins (RBPs) that carry out specialized biological processes such as
RNA splicing, polyadenylation and transport, contain domains disproportionately enriched with
arginine’®21%3 RBPs that harbor Arginine (Arg)-rich domains may be broadly classified into
subsets based on residue composition. One class of these RBPs contains highly repetitive
complementary repeats of basic (K/R) and acidic (D/E) residues, that we have previously referred
to as Basic Acidic Dipeptide (BAD) domains™®*. Importantly, BAD domains facilitate protein
condensation and eventual aggregation’®!®, and in the context of Alzheimer’s disease, regulate
interactions with pathological Tau protein®*. A second subset, related to the BAD proteins, are
the Arginine/serine-rich (RS) domains that are ubiquitous in the Serine/Arginine (SR) family of
proteins'®3, Upon serine phosphorylation, RS domains mimic BAD domains with a similarly
alternating basic-acidic dipeptide sequence pattern. The RS domains are commonly found in
splicing factors and are essential for alternative splicing, protein-protein interactions, and cellular
localization?®1%6-260 Most BAD and SR proteins share a similar primary domain structure,
containing RNA recognition motif (RRM) domains that function in recognizing and binding RNA,
and Arg-rich low complexity (LC) domains. While Arg-rich BAD and RS domains do bind pre-
mRNA at the 5’ splice site and branchpoint'®:1%2, Arg-rich domains primarily engage in a variety
of protein-protein interactions!>4163-165,

Although BAD and RS domains are recognized for their central role in RBP protein-protein
interactions within the spliceosome, the similar RGG/RG box is a repetitive motif also enriched
within RNA-binding proteins. RG boxes contribute to binding primary and secondary RNA
structures*®®167 and facilitate protein binding, as methylation of RG motifs within Sm proteins of

small nuclear ribonucleoproteins (SNRNPs) regulate Sm core assembly, an essential step to SnRNP
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biogenesis®®1%. The intrinsically disordered YG/YGG box motif was also identified as an RNA-
binding motif in an RNA interactome study, putatively involved in RNA binding through
hydrophobic base stacking®®. Recent studies suggest that post-translational modifications
(PTMs) within low complexity RNA binding motifs may regulate RBP liquid-liquid phase
separation®® 73146 Therefore, a more comprehensive examination of PTMs within intrinsically
disordered RNA binding motifs is warranted.

The functional and structural diversity of the proteome is markedly increased through
PTMs, which are covalent modifications of protein primary structure, with over 300 types
identified to date!’®. The RS domains are hypothesized to be key hubs of RBP regulation, finely
regulated by reversible PTM23158171 'Eor example, serine-arginine protein kinases (SRPKs) and
cyclin-like kinase (CLK/STY1) proteins phosphorylate RS domains to influence alternative
splicing and localization of RS domain-containing proteins, indicating that the modification status
of RS domains may regulate a vast range of essential RNA metabolism processes'®®"017 The
phosphorylation and subsequent de-phosphorylation of Arg-rich domains controls RBP
subcellular localization, spliceosome assembly and splice site selection'’2"®, Furthermore, a
recent study identified arginine methylation sites throughout RBPs, including U1-70K and SRSF2,
that regulate RBP speckle association and binding to RNA"4. However, Arg-rich RS and BAD
domains, and PTMs within them, remain poorly resolved by mass spectrometry approaches.
Indeed, RNA interactome studies identify RNA-binding domain sequence motifs such RG and YG
boxes as ‘hot spots’ for PTMs®®. However, without complete coverage of the proteome, especially
sequences expected to be extensively post-translationally modified such as the LC1/BAD domain
of U1-70K!", such analyses remain incomplete. Identifying and understanding the functional

consequences of PTMs in Arg-rich domains is therefore critical to provide mechanistic insight into

38



the role of low complexity Arg-rich domains in specific molecular interactions under physiological
and pathological states.

Although the functional role of Arg-rich domain PTMs have been broadly characterized,
attempts to globally identify individual PTM sites by mass spectrometry (MS) have been stymied
by technical challenges. This is largely due to the inability to sequence Arg-rich domains using
bottom-up proteomic approaches. Standard bottom-up proteomic methods rely on a complete
digestion of proteins using the serine protease trypsin, which cleaves at arginine and lysine residues
to produce peptides generally of appropriate lengths and charge suitable for MS
identification!’®7”. While this strategy is appropriate for proteins with a normal distribution of
arginine and lysine, it is ineffective when examining proteins with Arg-rich domains. Complete
digestion of Arg-rich domains using trypsin produces peptides that are too small to map to a unique
protein. Additionally, peptides produced from Arg-rich domains are highly protonated and thus
difficult to fragment by standard approaches. Peptide fragmentation by tandem mass spectrometry
with collision induced dissociation (CID) or higher-energy collision dissociation (HCD) disfavors
multiply-protonated Arg-rich peptides!’®*8 Arginine, the most basic amino acid, contains three
basic nitrogens that collectively reduce proton mobility along the peptide backbone, eventually
sequestering protons and preventing dissociation!81182,

Electron transfer dissociation (ETD) is a non-ergodic fragmentation technique, related to
electron capture dissociation (ECD), that cleaves the peptide backbone N-C, bond following the
transfer of an electron from an anion (e.g., fluoranthene radical ion) of low electron affinity to a
multiply-charged peptide!’®180:183.184 Thjs dissociation event results in c- and z-type fragment ions
instead of the typical b- and y-type ions observed in CID or HCD*%%_ Notably, ETD peptide

fragmentation is not influenced by amino acid side-chain chemistry and thereby preserves PTMs
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that are otherwise labile by CID, such as phosphorylation, glycosylation, nitrosylation and
sulfonation, providing more complete PTM identification!’818318418719% " ETD has been
extensively utilized to map PTMs within highly basic N-terminal histone tails and similar high
charge state peptides by both bottom-up and middle-down approaches®?%. Non-canonical
‘middle-down’ approaches may be leveraged to characterize longer peptides by employing shorter
proteolysis time points or non-canonical proteolytic enzymes. This is in contrast to standard
‘bottom-up’ strategies that utilize overnight trypsin digestion, typically rendering Arg-rich
domains extremely difficult to detect by mass spectrometry. Importantly, the middle-down
approaches enhanced the ability to both sequence protein sequences rich in lysine and/or arginine
and capture co-occurring or combinatorial PTMs!%21%  Although the combination of these
approaches have been used extensively to map the histone code, few studies have focused on Arg-
rich domains contained in many essential splicing RBPs.

Here we report a middle-down proteomic approach utilizing limited trypsin digestion and
ETD on an Orbitrap Fusion mass spectrometer to map PTMs within Arg-rich domains'®®. By
performing cellular fractionation and enriching for the nucleoplasm we achieved near complete
coverage and identification of multiple phosphorylation and methylation sites within the Arg-rich
domains from the core snRNP protein U1 small nuclear ribonucleoprotein 70 kDa (U1-70K),
among other key splicing RBPs within the nucleoplasm of HEK-293T cells. We found BAD, RS
and RG motifs to be highly decorated with methylation of arginine and lysine residues and
phosphorylation of serine and threonine, while YG motifs were infrequently modified, especially
phosphorylation at tyrosine residues. RS motifs in particular were elevated in PTMs and were a
top motif of both arginine dimethylation and serine phosphorylation. Peptides mapping within

these domains contained a combinatorial pattern of PTM, enriched above background proteomic
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levels. Furthermore, following phosphatase treatment, serine-arginine splicing factor 2 (SRSF2)
had greater affinity for the Arg-rich RBPs U1-70K and LUC7L3, suggesting that phosphorylation
could play a key role in modifying protein-protein interactions in these structurally similar RBPs.
Overall our approach can be generally applied for mapping PTMs in Arg-rich domains found

throughout the proteome by various RBP purification procedures.
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2.3 Materials and Methods
Materials

The following are primary antibodies included in this study: an in-house rabbit polyclonal antibody
raised against a synthetic keyhole limpet hemocyanin-conjugated peptide corresponding to an
epitope C-terminal to the low complexity domains of U1-70K®; anti-SRSF1 antibody (catalog no.
ab38017, Abcam); anti-myc antibody (catalog no. 9B11, Cell Signaling); anti-LUC7L3 (catalog
no. PA5-53816, ThermoFisher); and an IgG mouse control (catalog no. 550339, BD Pharmingen).
Secondary antibodies were conjugated to either Alexa Fluor 680 (Invitrogen) or IRDye800

(Rockland) fluorophores.
Plasmids and Cloning

The U1-70K LC1/BAD plasmid used herein was generated in a previous study®®. The SRSF2 gene
was cloned into the same plasmid backbone. Cloning was performed by the Emory Custom

Cloning Core Facility (Oskar Laur), and plasmids were confirmed by DNA sequencing.
Cell Culture and Transfection

Human embryonic kidney (HEK) 293T cells (ATCC CRL-3216) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, high glucose (Gibco)) supplemented with 10% (v/v) fetal
bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco), and maintained at 37°C under a
humidified atmosphere of 5% (v/v) CO: in air. For transient transfection, the cells were grown to
80-90% confluency in 10 cm? culture dishes and transfected with 10 ug expression plasmid and

30 pg linear polyethylenimine (PEI).

Protein expression and purification
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Recombinant U1-70K protein was expressed and purified as described previously!®. In short,
HEK-293T cells were grown and transfected with a plasmid encoding the GST-LC1/BAD
(AA231-310) domain of U1-70K using PEI, and harvested 72 hours post-transfection. The cells
were resuspended in ice-cold lysis buffer (50 mM HEPES pH 7.4, 200 mM NacCl, 5% glycerol, 1
mM EDTA, 1% (w/v) sarkosyl and 1X HALT protease/phosphatase inhibitor cocktail). Lysates
were sonicated using a microtip probe to shear nucleic acids. To make the lysates compatible with
GST affinity purification, Triton X-100 (TX-100) was added to a concentration of 1.5% (v/v). The
lysates were cleared by centrifugation at 14,000 x g for 10 min at 4°C. The resulting supernatants
were incubated overnight at 4°C with 0.5-1 ml of swelled glutathione-agarose resin (Sigma
G4510), after which the slurries were loaded onto a column. The resin was washed with 10 column
volumes of wash buffer (50 mM HEPES pH 7.4, 200 mM NaCl and 1% TX-100), and eluted with
4 x 1 ml elution buffer (50 mM Tris-HCI pH 8.5, 500 mM NaCl, 20 mM reduced L-glutathione
(Sigma G4251) and 0.1% TX-100. The eluted fractions were concentrated to ~200 ul using
Amicon Ultra-0.5 ml 10K MWCO Centrifugal Filter Units (EMD Millipore), and dialyzed
overnight against 50 mM HEPES pH 7.4, 200 mM NaCl and 0.1 mM PMSF using 10K MWCO
Slide-A-Lyzer MINI Dialysis Units (Thermo). Protein concentration was determined by running
each elution fraction on an SDS-PAGE gel with bovine serum albumin (BSA) standards ranging
from 0.2-1 pg per lane and staining with Coomassie G-250'%". Densitometry of the BSA standards

was used to calculate the concentration of GST affinity purified protein.
Western Blotting

Western Blotting was performed according to standard protocol as previously described in Bishof
et al.™®. In short, samples were boiled in Laemmli sample buffer (8% glycerol, 2% SDS, 50mM

Tris pH 6.8, 3.25% beta-mercaptoethanol) for 5 minutes, then resolved on a Bolt® 4-12% Bis-tris
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gel (catalog no. NW04120BOX, Invitrogen) by SDS-PAGE and semi-dry transferred to a PVDF
membrane with the iBlot2 system (ThermoFisher). Membranes were blocked with TBS Starting
Block Blocking Buffer (catalog no. 37542, ThermoFisher) and probed with primary antibodies
(1:1,000 dilutions) overnight at 4°C. Membranes were then incubated with secondary antibodies
conjugated to either Alexa Fluor 680 (Invitrogen) or IRDye800 (Rockland) fluorophores for one
hour at RT. Membranes were imaged using an Odyssey Infrared Imaging System (Li-Cor

Biosciences) and band intensities were calculated using Odyssey imaging software.

In-gel Limited Trypsin digestion

The GST-LC1/BAD (residues 231-310) purified protein (14 pg) was run onto a 10% acrylamide
gel. The gel was stained with Coomassie G-250 and the GST-LC1/BAD band was compared to
BSA standards to estimate protein concentration. The GST-LC1/BAD band was cut out and diced
into small pieces. The gel pieces were divided among five tubes each receiving ~3 pg of GST-
LC1/BAD. Gel pieces were de-stained until clear using 70% 50mM ammonium bicarbonate
(ABC) and 30% acetonitrile. While on ice, each tube received 30 uL digest buffer [12.5 ng/ul
trypsin (Pierce MS grade) in 50mM ABC buffer. After the addition of trypsin, samples were
incubated on ice for 3 minutes then brought up to room temperature to start digestion. At 6 different
time points (15, 30, 60, 120, 240 minutes, and overnight) excess trypsin solution was removed and
the digestion reaction was stopped with 30 ul extraction buffer (50% acetonitrile, 5% acetic acid).
After the addition of extraction buffer, samples were allowed to equilibrate for five minutes, then
stored at -20 °C until peptide extraction. Peptides were shaken for 40 minutes at room temperature
then spun at 20,000 x g for one minute. After a minute period following the first spin, peptides
were spun again. This spin and relax cycle was repeated twice. The supernatant containing the

extracted peptides was then collected into a new tube, in which 30 ul of extraction buffer was then
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added. This extraction process was repeated two more times. Peptides were lyophilized using a
SpeedVac (catalog no. 731022, Labconco) and resuspended in MS sample loading buffer (1%

acetonitrile, 0.1% formic acid, and 0.03% trifluoroacetic acid).

Nucleoplasm Enrichment

This cellular extraction procedure was adapted from the Gozani group®®, In short, cells from eight
15-cm plates were combined and rinsed with cold PBS, and then scraped in 10 ml PBS + 1X
Protein Inhibitor Cocktail buffer (catalog no. COUL-RO, Roche) and centrifuged for 5 min at
1,000 x g at 4°C. Cells were washed once in 1 ml 1X (cold) PBS and recovered by centrifugation
for 5 min at 1,000 x g at 4°C, swelled in 75 pl of hypotonic lysis buffer (10 mM HEPES pH 7.9,
20 mM KCI, 0.1 mM EDTA, 1mM DTT, 5% Glycerol, 0.5 mM PMSF, 10 pug/ml Aprotinin, 10
ug/mL Leupeptin) and incubated on ice for 10 min. Samples were lysed by 0.1% NP-40, vortexed,
and incubated on ice for 5 min. Nuclei were recovered by centrifugation for 10 min at 15,600 x g
at 400C. Nuclei were extracted for 30 min on ice in 40 pl high salt buffer (20 mM HEPES pH 7.9,
0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 10 pg/ml Aprotinin, 10
g/mL Leupeptin). Samples were sonicated for 5 sec and extracts were collected by centrifugation
for 10 min at 15,600 x g at 4°C. The supernatant obtained following the centrifugation step

consisted of isolated nucleoplasm and the resulting pellet was the chromatin fraction.

In-solution digest of nucleoplasm fractions

For each time point, 150 pug of nucleoplasmic fraction was digested. Samples were brought to a
final concentration of 1M urea, then dithiothreitol was added to a final concentration of 1 mM, and
incubated for 30 minutes. lodoacetamide was added to a final concentration of 1 mM, and
incubated for 20 minutes in the absence of light. Samples were then diluted in digestion buffer,

and digested with a 1:50 ratio of trypsin (Pierce MS grade) to total protein. The digestion reactions
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were performed at room temperature and quenched at increasing time lengths (5, 10, 20, 40, 80,
160 minutes, overnight) with 0.1% formic acid, and 0.01% trifluoroacetic acid solution. Resulting
peptides were cleaned up using an HLB column (Waters). Samples were washed first with
methanol, then 0.1% trifluoroacetic acid. The digested samples were then loaded into the column,
washed with 0.1% trifluoroacetic acid twice, and then eluted with Buffer C. The resulting elutant

was lyophilized using a SpeedVac (catalog no. 731022, Labconco).

Mass spectrometry analysis

Lyophilized peptides were resuspended in loading buffer (0.1% formic acid, 0.03% TFA, 1%
acetonitrile) and separated on a self-packed C18 (1.9 um Dr. Maisch, Germany) fused silica
column (20 cm x 75 um internal diameter; New Objective, Woburn, MA) by a NanoAcquity
UHPLC (Waters). Linear gradient elution was performed using Buffer A (0.1% formic acid, 0%
acetonitrile) and Buffer B (0.1% formic acid, 80% acetonitrile) starting from 3% Buffer B to 40%
over 100 min at a flow rate of 300 nl/min. Mass spectrometry was performed on an Orbitrap Fusion
Tribrid Mass Spectrometer. Data-dependent MS/MS analyses included a high resolving power
MS1 step (120,000 at m/z 400) with an m/z range of 100-1000. MS1 scans were conducted in the
Orbitrap, and the top 10 ions with highest charge, followed by the precursor ion with the greatest
abundance, were given priority for fragmentation. A data-dependent decision tree was used*®® and
MS/MS spectra from both HCD and ETD were collected in the ion-trap. Peptides with charge state
of +2 were chosen for fragmentation by HCD only, while all charge states +3 and above were
fragmented by both ETD and HCD. At +3 charge state, precursor ions under 650 m/z were
fragmented by both ETD and HCD. Those equal to or greater than 650 m/z were fragmented by
HCD only. At +4 charge state, precursor ions under 900 m/z were jointly fragmented by both HCD

and ETD, and only by HCD at m/z values equal to greater than 900. At +5 charge state, precursor
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ions under 950 m/z were fragmented by both HCD and ETD, and only by HCD at m/z values equal
to or greater than 950. At + 6 charge state, all precursor ions were fragmented by ETD. Dynamic

exclusion was set to exclude previous sequenced precursor ions for 30 seconds.
Database Searching

Data files for the time points were analyzed using MaxQuant v1.5.2.8 and v1.6.1.0 with Thermo
Foundation 2.0 for RAW file reading capability. The search engine Andromeda was used to build
and search a concatenated target-decoy UniProt Knowledgebase (UniProtKB) containing both
Swiss-Prot and TrEMBL human reference protein sequences (90,411 target sequences
downloaded April 21, 2015), plus 245 contaminant proteins included as a parameter for
Andromeda search within MaxQuant®®, Methionine oxidation (+15.995 Da), and protein N-
terminal acetylation (+42.011 Da) were included as variable modifications (up to 5 allowed per
peptide); cysteine was assigned a fixed carbamidomethyl modification (+57.022 Da) for the
nucleoplasm. A two stage search was performed as described previously?®t. This two-step method
allows for a larger search space while limiting false-discovery rate (FDR)2%2. For the first search
only fully tryptic peptides were considered with up to 2 missed cleavages in the database search.
A precursor mass tolerance of £ 20 ppm was applied prior to mass accuracy calibration and £ 4.5
ppm after internal MaxQuant calibration. Other search settings included a maximum peptide mass
of 6,000 Da, a minimum peptide length of 6 residues and 0.6 Da tolerance for ion-trap ETD and
HCD MS/MS scans. The false discovery rate (FDR) for peptide spectral matches, proteins, and
site decoy fraction were all set to 1 percent. The proteins identified in the first database search
were then used to make a targeted FASTA formatted database to re-search the raw files with an
expanded missed cleavage window and variable modifications. The targeted database

corresponding to purified U1-70K LC1/BAD protein contained a FASTA file of 366 proteins and
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allowed for 6 mis-cleavages. The targeted database corresponding to the nucleoplasm contained a
FASTA file of 4,307 unique protein groups (20,392 protein isoforms), allowing 6 mis-cleavages.
Both targeted databases were used to search the spectra for variable PTMs including
phosphorylation (S/T/Y) (+79.966 Da) and mono- and di-methylation (K/R) (+14.016 Da, +28.031
Da), in addition to N-terminal acylation and methionine oxidation. The MS/MS spectra were
collected by a low-resolving power ion trap (product ion tolerance = 0.6 Da). As such,
trimethylation of lysine (42.047 + 0.002 Da) and acetylation of lysine (42.011 + 0.004 Da) were
not included in our search, given that the masses of these modifications are less than 20 ppm apart.
The .raw and .txt files obtained from MaxQuant searches were uploaded to ProteomeXchange on
9/4/2019 (Accession ID: PXD015208). To prevent aberrant PTM localization assignments by
MaxQuant, including isobaric peptides with multiple assignable residues, peptides with a PTM
localization site scores greater than or equal to 0.6 were retained after using a self-written PTM-

site filtering script.

Parameters for selecting Basic Acidic Dipeptide (BAD), Arginine-Serine (RS), Arginine-
Glycine (RG) and Tyrosine-Glycine (YG) peptides

We applied a BAD score algorithm counting peptides that added 1.0 points for an alternating basic
and acidic charge (+/- or -/+) and added 0.1057/0.0764/0.0475 points for S/T/Y residues,
respectively, neighboring a basic residue. This attempted to reflect the average relative
phosphorylation frequency across all nucleoplasmic peptides of each residue, which transforms
the dipeptide into a BAD sequence. This sum was calculated and divided by the peptide length to
give a “BAD score” for each peptide. A cutoff score of 0.3 or greater was chosen, identifying 574
BAD peptides in total. These selection criteria enriched for Lys/Arg/Ser/Thr/Tyr residues, and

actual residue frequency was factored into normalized PTM fold changes. RS, RG and YG
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peptides were identified through a similar algorithm, counting peptides with 1.0 points for
alternating residues, normalized to peptide length. The sum was calculated and divided by the
peptide length to give a for each peptide. For RS peptides, a cutoff of greater or equal to 0.18 was
chosen. There were 583 RS peptides identified by this selection algorithm. A cutoff of greater than
or equal to 0.129 for RG peptides was chosen, selecting 539 peptides. A cutoff of greater than or
equal to 0.103 for YG peptides was chosen, selecting 525 peptides. These selection criteria resulted
in an enrichment for Lys/Arg/Ser/Thr/Tyr residues, which was factored into calculating

normalized PTM fold changes.

MEME analysis

Phosphosite Motif Logo analysis was conducted

(https://www.phosphosite.org/sequencelogoAction.action)?®® to identify sequence motifs of
serine phosphorylation, arginine monomethylation and arginine dimethylation. Input peptide
sequence windows with unique sites of PTM were assembled and entered for analysis. A list of 46
monomethylated arginine peptides, 252 dimethylated arginine peptides and 458 phosphorylated
serine peptides generated by our MS data served as input sequences. Additionally, Motif analysis
was performed for mono-/di-methylated lysines, and threonine/tyrosine phosphorylation

(Fig.2.12).
Measurement of PTM Coverage and RSRS Motif PTM States

Modified sequences containing a 31-residue width window were matched to sequences
downloaded (5/24/2019) from phosphosite.org?®. Excel was used to match methylated or
phosphorylated sequences previously observed by mass spectrometry methods only. A character

length (len) function in Excel substitution function was used to search for post-translationally
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modified RSRS/SRSR sequences. Occurrences were normalized to the number of RSRS/SRSR

sequences within a peptide and calculated as percent of total occurrences.
Co-Immunoprecipitation

Co-immunoprecipitations were performed essentially as described®*. Briefly, HEK-293T cells
were transiently transfected with either myc-tagged SRSF2 plasmid or a mock control pUC19
vector. Harvested cells were fractionated to isolate the nucleoplasm as described above.
Nucleoplasm fractions were then homogenized in ice-cold. Samples were sonicated for 10 seconds
on 10 seconds off at 30% amplitude for a total of 1 minute. Protein concentrations were determined
using a bicinchoninic acid (BCA) assay (catalog no. 23225, ThermoFisher). Nucleoplasm fractions
were then treated with either mock (H2O) or calf-intestinal phosphatase (Quick CIP, catalog no.
MO0525L, NEB) for 1 hr at 37°C. The phosphatase reaction was quenched in a heat bath at 80(1C.
Then, 20 pL of Protein A Sepharose 4B beads (catalog no. 101042, Invitrogen) were washed twice
in immunoprecipitation (IP) buffer [50 mM HEPES pH 7.4, 150 mM NaCl, 5% glycerol, 1 mM
EDTA, 0.5% (v/v) NP-40, 0.5% (v/v) CHAPS, HALT phosphatase inhibitor cocktail (1:100,
catalog no. 87786, ThermoFisher)] then blocked in 0.1 mg/ml bovine serum albumin (catalog no.
23209, Thermo), then washed an additional three times in IP buffer. Anti-myc (4 pg) mouse
monoclonal antibody (catalog no. 2276, Cell Signaling) or IgG control (4 ug, catalog no. 550339,
BD Pharmingen) was incubated with the bead slurry in IP buffer and rotated for 90 minutes to
conjugate antibody to beads. The beads were then washed three times in IP buffer, then
nucleoplasm lysates were added to beads (0.5 mg per IP) and incubated rotating overnight at 4°C.
The beads were then washed three times in IP was buffer (IP buffer lacking glycerol and CHAPS)
then resuspended in IP wash buffer. Preceding the final wash, the bead slurry was transferred to a

new microcentrifuge tube to limit contamination. The bead slurry was then centrifuged at 500 x g
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for 5 min at 40JC and the pelleted beads were resuspended with 1X Laemmli sample buffer (8%
glycerol, 2% SDS, 50 mM Tris pH 6.8, 3.25% pB-mercaptoethanol) and run by SDS-PAGE.
Nucleoplasm fractions (10 pg) were included as input loading controls. Three independent

biological replicates were performed.
2.4 Results

The spliceosomal protein, U1-70K, contains two Arg-rich low complexity (LC) domains,
LC1/BAD (residues 231-310) and LC2 (residues 317-407) (Fig.2.1a). The ‘BAD’ acronym of
LC1/BAD stands for “Basic Acidic Dipeptide”, containing dipeptide repeats of a basic (K/R)
residue adjacent to an acidic residue (D/E). The U1-70K LC1/BAD domain has both BAD and RS
motifs, and can form condensates via liquid-liquid phase separation (LLPS) and eventually
aggregates in vitro and in vivo”>*®, The LC1/BAD domain of U1-70K is of particular biological
interest due to its central role in U1-70K nuclear localization, granule formation, and co-
aggregation with tau in Alzheimer’s disease®®1°4204, On PeptideAtlas.org there are currently over
50,000 peptide spectral matches (PSMs) to U1-70K using standard bottom-up approaches with
complete trypsin digestion, mapping approximately 70% of the protein®%. Despite this number of
PSMs, the LC1/BAD domain has only 7.5% coverage (6 out of 80 residues)?%®2%’, In comparison,
the PTM repository Phosphosite.org shows several phosphorylated peptides within the LC1/BAD
domain, albeit with few repeated observations?®®. Thus, we sought to develop a method to achieve
more comprehensive sequence coverage of the U1-70K LC1/BAD domain and characterize PTMs
within that would be generally applicable to other Arg-rich RNA-binding proteins in the proteome

utilizing a middle-down proteomics approach.

Recombinant LC1/BAD domain was transiently expressed and GST-purified from human

embryonic kidney (HEK-293T) cells. The recombinant LC1/BAD protein (~38 kDa) was
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incubated with trypsin for varying time periods to achieve a partial digest. The digestion reaction
was quenched with acetic acid at 15, 30, 60, 120, and 240 minutes. An additional sample was also
allowed to proceed overnight for complete digestion (Fig.2.1b). The resulting peptides were then
extracted and analyzed by LC-MS/MS on an Orbitrap Fusion mass spectrometer. A higher-energy
collisional dissociation (HCD) and electron transfer dissociation (ETD) decision tree was used
(Fig.2.1c)*,

In order to sequence low complexity Arg-rich domains, we needed to account for a large
number of missed cleavages and PTMs, which would increase the search space compared to
traditional proteome database searches. A two-step database search method was utilized wherein
proteins matched from a primary search were used to create a smaller, focused database. This

strategy limits the false discovery rate (FDR) and the number of false negatives®®

, resulting in
higher confidence peptide spectral matches (PSMs) compared to traditional one-step database
search methods?®2. Our focused database was then used to perform a second search that included
increased missed-cleavages, and PTMs (methylation and phosphorylation), using a <1% FDR
cutoff.

A strength of ETD is the ability to fragment highly protonated peptides and retain PTMs
178,187,189,190.192-194 'Eor example, when comparing the MS/MS spectra of the same precursor peptide
fragmented by either ETD or HCD, the ETD method results in increased fragmentation (Fig.2.1d-
e). These fragment ions (c- and z-ions) produced by ETD provide unique diagnostic ions,
unafforded by canonical HCD/CID fragmentation methods, that enhance identification of the
peptide (Fig.2.1e)?%82%° When examining the HCD spectra, only a neutral loss of 98 Da is

observed. This mass shift is a signature of a phosphorylation PTM, indicating the loss of phosphate

and water?1%-213 (Fig.2.1d). However, the HCD spectra contain few other additional fragment ions
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(b- and y-ions), making it difficult to assign the linear sequence of amino acids of the precursor
peptide. When observing unique peptides accumulated across all time points, as a result of
increased fragmentation, ETD vyielded 114 unique LC1/BAD peptides, as compared to HCD,
which identified only 18 unique LC1/BAD peptides (Fig.2.1f). When examining LC1/BAD
peptides containing PTMs, the difference between peptides identified by ETD and HCD
fragmentation is similarly apparent. ETD identifies 55 PTM-containing LC1/BAD peptides alone
compared with HCD, which identified just 13 such peptides (Fig.2.19).

Collectively we identified 35 sites of PTMs across all proteolysis time lengths (Fig. 2.2A).
Eight out of 10 possible serine residues within LC1/BAD were found to be phosphorylated.
Additionally, 23 total sites of arginine methylation were discovered (12 mono-methylated and 13
di-methylated). Furthermore, four sites of lysine mono-methylation were identified. To visualize
these findings, the LC1/BAD unique peptides identified by either HCD or ETD fragmentation
were mapped onto the LC1/BAD domain (Fig.2.1h). ETD led to the identification of more
LC1/BAD unique peptides than HCD, providing coverage of 79/80 residues (99%) within the
LC1/BAD domain (Online Supplemental Table S1). If trypsin digestion is allowed to proceed
overnight, the number of PSMs decreases and significant coverage is no longer obtained with
either ETD or HCD. Thus, a combination of the middle-down strategy with ETD fragmentation
achieved near complete coverage of the LC1/BAD domain of U1-70K in vitro and serves as proof-

of-concept for enhancing coverage of Arg-rich proteins in complex mixtures.
2.4.1 Preparation of nucleoplasm fractions enriched with Arg-rich RBPs

We next sought to employ this approach globally to achieve widespread coverage of Arg-rich BAD
and RS proteins, mapping PTMs therein, from complex cell extracts. Arginine is not evenly

distributed throughout the proteome, but rather is densely concentrated in Arg-rich domains!®2153,
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The snRNPs, associated heterogeneous nuclear ribonucleoproteins (hnRNPs) and serine/arginine-
rich splicing factors (SRSFs) form macromolecular spliceosome structures in the nucleus, many
of which contain Arg-rich domains?#?>, Many recent RNA interactome approaches have utilized
UV crosslinking or organic phase separation to enrich for RBPs that interact with adenylated
RNAs that have built a substantial catalog of known and previously unknown RBPs54216-218
However, to avoid the co-enrichment of histone proteins and associated factors in such methods
we chose to perform biochemical fractionation to enrich for RBPs isolated within the nucleoplasm.
The nucleoplasm is rich in splicing RBPs, many of which undergo LLPS and aggregate in
neurodegenerative disease®*>41%21% For downstream proteomic analysis, the over-representation
of highly-expressed histone proteins in nuclear fractions would suppress the sensitivity of the mass
spectrometer to identify comparatively less abundant RBPs that we sought to capture in our
analyses. Therefore, simultaneous nucleoplasm isolation and histone depletion was performed to
increase the probability of sequencing Arg-rich RBPs, especially low stoichiometry peptides

within BAD and RS domains, many of which are expected to contain PTMs417,

Differential centrifugation was performed to enrich cytoplasmic, nuclei, chromatin and
nucleoplasmic fractions from HEK-293T cell extract (Fig.2.3a). Following nucleoplasm isolation,
core splicing proteins U1-70K and SRSF1 were analyzed by SDS-PAGE and western blotting,
showing a 2.75- and 7.02-fold enrichment in the nucleoplasmic fraction, respectively, relative to
the original whole cell fraction (Fig.2.3b-c). Importantly, coomassie staining of an identical gel
showed histone proteins were enriched by 5.26-fold in the chromatin fraction (Fig.2.3b-c), and
depleted from the nucleoplasm by 0.45-fold, relative to the whole cell fraction. The enrichment of
splicing factors and other RBPs make this complex nucleoplasm fraction an excellent source for

the examination of the Arg-rich proteome.
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2.4.2 Global analysis of RNA-binding proteins from nucleoplasm extracts by middle-down

ETD MS

Nucleoplasm samples were incubated with trypsin, and reactions were quenched with acetic acid
at 5, 10, 20, 40, 80, and 160 minutes, with the standard overnight digestion serving as a control
(Fig.2.3a). Partially-digested peptides were extracted and analyzed by LC-MS/MS on an Orbitrap
Fusion Tribrid mass spectrometer operating on an HCD-ETD decision tree as described for the
recombinant U1-70K LC1/BAD domain expressed in HEK-293T cells!®. An initial conventional
search identified 49,307 unique peptides, matching to 20,392 proteins, collapsed into 4,307 unique
protein groups by parsimony. A second search using a smaller targeted database containing the
20,392 proteins matched in the first search was performed with mono-/ di-methylation of
Arginine/Lysine and phosphorylation of Serine/Threonine/Tyrosine PTMs and a maximum of 6
missed cleavages. A total of 61,283 unique peptides were identified following a target-decoy
search, using an FDR cutoff at less than 1%. Detected peptides matched to 4,140 unique protein
groups. Although fewer input protein database entries were included in the second search, it
yielded more matched unique peptides (~12,000) compared to the conventional database search,
consistent with previous two-step search strategies?®l. Peptides with three or more missed-
cleavages (n=8,208) and modified peptides (n=6,949) comprised a significant proportion of the
novel peptide matches in the two-step search strategy. Furthermore, our second database search
matched 96% of protein groups identified in the first search (4,140/4,307). GO-term analysis of
these proteins sequenced demonstrate that the nucleoplasm fraction was enriched with factors
involved in ‘RNA binding’, consistent with our western blot results (Fig.2.3d). Moreover, the
nucleoplasm fraction contained 687 RNA-binding proteins previously identified within a catalog

of RNA-binding proteins captured using RNA interactome methods within HEK-293T cells

55



(Fig.2.3e)%*. Therefore, 687/796 (86%) of representative RNA-binding proteins within HEK-293T
cells were identified in this study (Fig.2.3e). Thus, these proteomic and bioinformatic results
confirm that the cellular fractionation method successfully enriched for native RNA-binding

proteins, generating a complex sample amenable to middle-down ETD analysis.
2.4.3 Enhanced sequence coverage of Arg-rich proteins by middle-down ETD MS

We attempted to compare the influence of ETD or HCD fragmentation strategies on sequencing
events across the complex nucleoplasm sample. Notably, ETD and HCD sequenced a similar
number of unique peptides with relatively little overlap. A total of 22,134 and 27,746 unique
peptides were sequenced by ETD and HCD, respectively, while 7,991 peptides were identified by
both fragmentation methods (Fig.2.4a). Peptides above +2 charge are preferentially sequenced by
ETD as directed by the ETD/HCD decision tree algorithm (Fig.2.5d)!%, contributing to this
peptide sequencing disparity. Importantly, peptides sequenced following ETD fragmentation were
generally more confidently scored and assigned a peptide sequence, averaging a higher
Andromeda Score (147.57), a measure of the confidence of the peptide sequence assignment, as
compared with HCD-fragmented peptides (103.24) (Fig.2.4b). This indicates that for complex
sample mixtures, a decision tree approach that utilizes both ETD and HCD fragmentation
platforms may provide complementary sequence information than currently achieved with
standard sample preparation methods’818518 For example, at shorter trypsin proteolysis times,
ETD fragmented-peptides consisted of the majority of sequenced peptides (Fig.2.4c). Between 40-
80 minutes of digestion, however, HCD fragmentation becomes the preferred method of

fragmentation, contributing the majority of matched peptides (Fig.2.4c).

When analyzing peptides modified by methylation or phosphorylation, the reliance on

shorter trypsin incubation lengths and ETD fragmentation strategies becomes more apparent. The
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majority of peptides with at least one PTM are more frequently identified after ETD fragmentation
compared with HCD fragmentation across all limited trypsin proteolysis time lengths tested
(Fig.2.5a). These modified peptides fragmented by ETD do not suffer from significantly reduced
confidence scores, as ETD-fragmented peptides average higher Andromeda Scores overall (93.07)
compared with HCD-fragmented peptides (71.53), likely due to the increased length of the
peptides (Fig. 2.5¢,f). As methylation of arginine or lysine does not affect the charge of the residue,
Arg-rich peptides are preferentially identified at earlier digestion time points by ETD (Fig.2.6d,
Fig.2.5i-k)'*®°. Indeed, 1,158 out of 1,696 Arg-rich peptides (68%) were fragmented by ETD
(Fig.2.7¢c). Thus, as expected, it is apparent that ETD fragmentation and middle-down strategies

enhance of the identification of Arg-rich RNA binding proteins in complex mixtures*€®,

2.4.4 Motif algorithms resolve RNA-binding protein subgroups with distinct biological

properties

RNA-binding proteins with domains containing BAD, RS and RG motifs have multiple binding
partners that can change due to cellular condition, hypothesized to be regulated by PTMs!54165.220-
222 |n addition, tyrosine phosphorylation in YG motifs may promote electrostatic interactions with
arginine in RG motifs to catalyze LLPS in RBPs such as FUS®. To study the characteristics of
similar RBP binding motif subgroups, we implemented a scoring algorithm to select for peptides
with alternating basic-acidic “BAD”, arginine-serine “RS”, arginine-glycine “RG” or tyrosine-
glycine “YG” dipeptides normalized to peptide length, and focused the following analyses for
peptides that scored above a stringent cutoff score (Fig.2.7a). The BAD algorithm selected 574
peptides, approximately 0.99% of all unique peptides sequenced (Fig.2.7a). These peptides
matched to 260 proteins (Fig.2.6a, Online Supplemental Table S3). The RS algorithm selected
583 peptides (1.00% of all peptides identified), identifying 129 RS proteins (Fig.2.6a, Fig.2.7a,
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Online Supplemental Table S4). The RG algorithm selected 539 peptides, approximately 0.93%
of all unique peptides sequenced (Fig.2.7a). These peptides matched to 323 proteins (Fig.2.6a,
Online Supplemental Table S5). The YG algorithm selected 525 peptides, approximately 0.91%
of all unique peptides sequenced (Fig.2.7a). These peptides matched to 326 proteins (Fig.2.6a,
Online Supplemental Table S6). Although BAD, RS and RG peptides require several missed
cleavages to be sequenced, each subgroup exhibits similar Andromeda Scores to no-motif (no-M)
peptides (Fig.2.7b, Online Supplemental Table S2). A Venn diagram comparing proteins
containing BAD, RS, RG or YG motifs show the overlap between groups (Fig.2.6a). The Ul
snRNP member U1-70K (red) harbors BAD, RS and RG motifs. Six proteins (DHX38, PRPF4B,
RBM39, SRSF4, SRSF5 and U2AF1) contain all four motifs (BAD, RS, RG and YG) and are

either core members of the spliceosome or spliceosome-associated splicing factors?4215:223,

To examine the biological function of proteins containing BAD/RS/RG/YG motifs, GO-
elite analysis was performed, as compared with the nucleoplasmic proteome identified by our
analysis (Fig.2.6b-e). Using the 3,900 total nucleoplasmic gene symbols identified in this study as
background, BAD, RS, RG and YG proteins are all enriched in ‘RNA splicing’ and ‘mRNA
processing’ functions. Both the BAD and RS proteins, in particular, are found enriched in
spliceosomal complexes and nuclear speckles (Fig.2.6b-c). In contrast, RG- and YG-containing
proteins identified in this study are exclusive to the hnRNP complex (Fig.2.6d-e). Although these
proteins participate in splicing??*, they operate in a distinct complex from BAD and RS proteins.
In addition to occupying different cellular compartments, SR proteins and hnRNPs mutually
oppose one another to regulate splice site selection by the spliceosome, with SR proteins binding
exon splicing enhancers (ESEs) whereas hnRNPs such as hnRNPAL1 antagonize this activity by

binding to exonic splicing silencers (ESSs) to trigger alternative splicing??42?’. Indeed, the second
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most enriched Cellular Component term for RG- and Y G-motif containing proteins is the ‘catalytic
step 2 spliceosome’ (Fig.2.6d-e), which has undergone drastic rearrangements such that BAD-
motif proteins such as U1-70K and RS-motif proteins such as SRSF2 have already been

dissociated from the pre-mRNA complex?%,

Additionally, functions tangential to canonical splicing regulatory roles, but essential to
mRNA maturation, were parsed out by GO analysis. For example, RS proteins were identified as
regulating mRNA export (Fig.2.6¢)?2%2%, In the case of SRSF3 and SRSF7, mRNA export is
mediated by arginine-rich peptide sequences that do not bind RNA but instead the Tip-associated

232

protein (TIP) export factor<><. Thus, by utilizing bioinformatics approaches we were able to infer

the biological function of similar RBPs based on unique structural motifs.
2.4.5 PTM site validation

To avoid identifying sites of PTMs at the wrong sites in isobaric peptides, we retained PTM sites
with PTM Localization scores scoring greater than or equal to 0.6 (60% likelihood) for both ETD-
and HCD-fragmented peptides. The use of these threshold estimates a <5% false localization rate
(FLR) of all PTMs identified, ensuring high-confidence PTM site-calling®®. With increased
proteomic coverage of Arg-rich sequences, we hypothesized we would identify a significant
portion of PTMs corroborated by previous studies, as well as some that were unreported on
proteomic databases. We thus compared PTM sites identified in our study to that of all PTMs
previously identified by mass spectrometry and uploaded on phosphosite.org?®, which allows us
to define PTM sites identified as either ‘confirmed’ or ‘unreported’ by previous high-throughput
mass spectrometry studies. We identified a total of 648 unique phosphorylated Ser/Thr/Tyr sites,

337 of which (52%) were validated in previous studies and published on phosphosite.org
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(Fig.2.8a). This was further illustrated and validated when we performed peptide mapping of
several highly-rated BAD and RS proteins, including U1-70K, SRSF2, SRSF4 and LUC7L2. The
Arg-rich  BAD/RS domains in the RBPs were uniquely enriched in methylation and
phosphorylation (Fig.2.9a, Fig.2.2b, Online Supplemental Table S7). When comparing the Arg-
rich peptides we sequenced within U1-70K, SRSF2, SRSF4 and LUC7L2 to phosphosite.org, we
confirmed 35/94 (37%) sites we sequenced, and identified 35 unreported sites (Online
Supplemental Table S8). In addition, we manually inspected individual spectra of several Arg-
rich peptides within U1-70K, SRSF4 and LUC7L3 (Fig.2.8b-d). Thus, the high degree of overlap
between PTMs identified in our dataset and previous studies provides further confidence in the

PTMs identified using the middle-down proteomic approach.

2.4.6 Arg-rich domains in RNA-binding proteins contain combinatorial PTMs

BAD, RS, RG and YG motifs have a high density of modifiable residues (Lys/Arg/Ser/Thr/Tyr),
and we therefore hypothesized these peptides may have an increased frequency of multiple
modifications as compared with no-Motif peptides (no-M). Indeed, the majority of BAD and RS
peptides contained two or more PTMs, while 36% of RG peptides and less than 10% of no-M and
Y G peptides were multiply-modified (Fig.2.9b). While the majority of BAD and RS peptides were
modified, no-M and YG peptides were overwhelmingly unmodified (89%, 88% respectively)
(Fig.2.9c). RS peptides, in particular, more frequently contained five PTMs on a single peptide,

than one or no PTMs at all (Fig.2.9c¢).

We next sought to determine whether BAD and RS peptides contained a combination of
several PTM subtypes at once. Peptides belonging to no-M, BAD, RS, RG and YG subgroups

were classified according to the number of PTMs contained (0-6). The percentage of peptides
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belonging to uniform PTM states (mono-methylation alone, di-methylation alone, phosphorylation
alone), double-PTM states (mono- and di-methylation, monomethylation and phosphorylation,
dimethylation and phosphorylation) or a triple-PTM state (mono- and di-methylation and
phosphorylation) were then calculated, and percentages were displayed as a heat map (Fig.2.9d).
The majority of no-M peptides were unmodified, although the most frequent PTM state was a
single phosphorylation. YG peptides were also almost exclusively unmodified, while containing
32 peptides that were exclusively methylated (Fig.2.9d). While the majority of RG peptides were
unmodified (64%), a large portion was exclusively methylated (28%) (Fig.2.9d). BAD peptides in
contrast were enriched in combinatorial PTMs, with approximately 37% containing a combination
of PTM subtypes on a single peptide (Fig.2.9d). RS domains were more frequently modified, as
over 3 out of every 5 peptides were modified by a combination of PTM subtypes (Fig.2.9d).
Namely, nearly a quarter (24%) of all RS peptides contained all three PTM subtypes searched for
in a single peptide (Fig.2.9d). Compared to peptides mapping to surrounding domains, BAD and
RS domains have a complex combinatorial signature of PTM. As PTMs are an essential regulator
of the structure and function of RBPs?3+2% we next sought to further characterize the frequency

of these PTMs in the nucleoplasm proteome.
2.4.7 Arg-rich domains in RNA-binding proteins are densely modified

We next performed PTM enrichment on BAD, RS, RG and YG peptides, as compared to the
background nucleoplasm proteome. For instance, we calculated the average frequency of a PTM
within a peptide, divided by the number of potential modifiable (Lys/Arg/Ser/Thr/Tyr) residues
within a peptide. On average, approximately 28% of Lys/Arg/Ser/Thr/Tyr residues within the
BAD peptides are modified (Fig.2.10a). The RG peptides are similarly modified, with almost a

quarter (24%) of Lys/Arg/Ser/Thr/Tyr residues being modified (Fig.2.10a). RS peptides are
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particularly increased in methylation and phosphorylation, as nearly a third (31%) of
Lys/Arg/Ser/Thr/Tyr residues within RS peptides are modified (Fig.2.10a). This is in stark contrast
to just ~6.5% of residues modified in the remainder of the nucleoplasm proteome sequenced
(Fig.2.10a). YG peptides, were the least modified peptide group, with only 4% of
Lys/Arg/Ser/Thr/Tyr residues being modified (Fig.2.10a). In sum, the BAD, RS and RG peptides
are all more than four-fold likely to contain lysine methylation, arginine methylation or serine

phosphorylation, compared with no-M sequences identified in the nucleoplasm (Fig.2.10a).

Next, we sought to determine if the increased PTM density in the BAD, RS and RG regions
is due purely to an increased number of modifiable residues or rather a true increase in PTM
frequency. To assess this, we divided the PTM frequencies observed in BAD/RS/RG/YG peptides
by the frequencies observed in the background nucleoplasm proteome (no-M) to estimate the
relative fold increase in PTM frequency. We found markedly increased methylation and
phosphorylation fold changes, indicating that the hyper-modification observed within BAD, RS
and RG sequences is not simply caused by an increase in modifiable residue density within these
regions, but rather a naturally increased likelihood for residues in these domains to be modified
(Fig.2.10b). For example, serine in particular is more than six times more likely to be
phosphorylated in BAD or RS domains, compared with the rest of the proteome, even when
normalizing for the presence of serine by our selection criteria (Fig.2.10b). Interestingly, RG
peptides were the most likely to contain dimethylated arginine, although they were less likely to
contain monomethylated arginine as compared with BAD or RS peptides (Fig.2.10b).
Surprisingly, YG peptides were less likely than no-M peptides to contain phosphorylation, through
slightly more likely to contain arginine methylation (Fig.2.10b). Tyrosine phosphorylation was

particularly infrequent within YG motifs, even less so than no-M sequences (Fig.2.10b). Overall,
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YG peptides were much less likely to be modified when compared with BAD, RS or RG peptides.
Thus, by increasing proteomic coverage with middle-down ETD, we discovered that Arg-rich

domains, particularly RS motifs, contain markedly increased PTM densities.
2.4.8 Phosphorylation and methylation favor RSRS motifs

To determine if increased proteomic coverage influences phosphorylation and methylation PTM
motif sites, a motif analysis was performed to determine if consensus sequences were observed at
sites of arginine methylation and serine phosphorylation PTMs. Our nucleoplasm middle-down
ETD MS PTM-containing sequences were searched in 31-residue width windows using the Motif
Logo tool 2 offered by phosphosite.org to detect increased frequencies of residues adjacent to a
central modified residue for monomethylated arginine (mmR), dimethylated arginine (dmR) and
phosphorylated serine (pS) (Fig.2.10c). Importantly, the PTM motif searches were conducted in
isolation, without consideration of other PTM subtypes. As expected, the canonical RG/RGG
motif was found as a favored consensus motif for both arginine monomethylation and arginine
dimethylation®623%240 Unexpectedly, an “RSRS” motif featured prominently for not only serine
phosphorylation®*, but also arginine dimethylation (Fig.2.10c). Thus, the difference of motifs
between mono-methylation and di-methylation modification states of arginine highlights the utility
of the middle-down ETD strategy and alternate MS approaches in uncovering unreported features

of the proteome.

To assess whether serine phosphorylation and arginine methylation co-occur within RSRS
motifs, a search was performed to select peptide sequences containing only RSRS motifs.
Interestingly, although the combination of both arginine methylation and serine phosphorylation
occur most frequently within BAD and RS peptides in nucleoplasmic RNA-binding proteins, these

PTMs do not tend to co-occur within an RSRS motif. Namely, the most frequent modification
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states of the RSRS motif are either serine phosphorylation in isolation (43.6%) or arginine
methylation in isolation (23.5%) (Fig.2.10d). This disparity of modification states suggests a
complex layer of co-regulatory cross-talk between arginine and serine residues within Arg-rich

domains.

2.4.9 Phosphorylation regulates protein-protein interactions between structurally similar

Arg-rich RNA binding proteins

In an effort to establish the biological role of the PTMs we identified in this study, we sought to
test how phosphorylation within Arg-rich RBPs regulated protein-protein interactions.
Phosphorylation of SR proteins disassembles nuclear speckles, freeing these proteins to the
nucleoplasm to participate in RNA splicing?#242245 The phosphorylation state of core members
of the spliceosome furthermore regulates assembly behavior and splicing activity of the overall
spliceosome machinery®#9:165214.215219.220 “\\je jdentified 16 sites of phosphorylation on native
SRSF2 protein in the nucleoplasm sample by our middle-down approach (Fig.2.9d). Previously,
we have shown the SR-like LC1/BAD domain of U1-70K is essential for self-association and
interactions with proteins involved in mRNA processing and snRNP assembly, including
SRSF2210, As phosphorylation is integral to the regulation of protein-protein interactions, we

hypothesized that dephosphorylation of SRSF2 could influence these interactions.

To assess the impact phosphorylation has on SRSF2 protein interactions we transiently
transfected HEK-293T cells with plasmids expressing recombinant SRSF2 followed by treatment
with calf intestinal alkaline phosphatase (CIP), an alkaline phosphatase that catalyzes
dephosphorylation of phospho-serine/-threonine/-tyrosine residues. Notably, SRSF2 in
nucleoplasmic fractions migrated at a lower molecular weight following CIP treatment by

immunoblot analysis (Fig.2.11a). This difference in molecular weight is likely due to the extensive
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dephosphorylation of serine at 16 sites (Fig.2.9d). To assess the impact phosphorylation has on
PPIs, Mock- or CIP-treated nucleoplasm fractions were immunoprecipitated for recombinant
SRSF2 followed by immunoblotting for U1-70K and LUC7L3, which are two RNA-binding
proteins with BAD motifs (Fig.2.11b). Notably, both U1-70K and LUC7L3 showed significantly
increased interaction with recombinant SRSF2 following CIP treatment, compared with mock-
treated (-CIP) nucleoplasm IPs or the 1gG IP control. Thus, dephosphorylation of recombinant
SRSF2 and structurally similar arginine-rich RBPs, U1-70K and LUCT7L3, increases their
respective interactions suggesting that phosphorylation (or lack thereof) regulates these

interactions between these RBPs in vivo.
2.5 DISCUSSION

Mass spectrometry has achieved great advances towards the goal of globally characterizing PTMs
within proteins?*, yet significant gaps in understanding remain. Here we describe a method to
examine the PTM diversity of Arg-rich proteins, re-purposing a technique first conceptualized by
others to explore the biology of histone tails'’8186194247 The power of middle-down ETD is to
identify unique combinatorial PTMs within Arg-rich proteins, many of which being RBPs that
aggregate in neurodegenerative disease®®*1%":21° This technique can be further used to determine
the PTM profiles of Arg-rich domains across the proteome, which may illuminate key regulatory
steps in RNA processing and metabolism.

Here, we achieved full proteomic sequence coverage of the recombinant arginine-rich U1-
70K LC1/BAD domain by a combination of limited proteolysis and ETD approaches. We then
expanded the approach for the proteomic analysis of nucleoplasm proteins isolated from
mammalian cells, many of which are Arg-rich RBPs. Arg-rich sequences containing BAD, RS and

RG motifs were highly modified in both methylation and phosphorylation, while peptides
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containing YG motifs were infrequently modified, especially by phosphorylation. As
phosphorylation may aid in the phase transition of YG-motif containing proteins®, cells may
contain mechanisms to negatively regulate tyrosine phosphorylation at these sites.

A vital discovery achieved by our analysis is the combinatorial nature of PTMs within Arg-
rich domains, highlighted by a shared RSRS motif between arginine dimethylation and serine
phosphorylation in nucleoplasm proteins?3%2#, Serine-arginine protein kinases (SRPKs) and
protein arginine methyltransferase (PRMT) enzymes modify arginine-rich domains in RNA-
binding proteinst’2234249.250 Dye to the proximal relationship of methylation and phosphorylation
PTMs, cross-talk between adjacent arginine and serine residues within RSRS motifs is likely.
Phosphorylation and methylation have been previously shown to functionally oppose one another.
For example, arginine methylation at RXRxxS/T motifs, similar to RSRS motifs, have emerged as
an important negative regulator of serine phosphorylation. The mouse homolog of forkhead box
01 (FOXO01) is methylated in vitro and in vivo at its Akt recognition motif site at R248 and R250,
blocking phosphorylation of nearby S253 and preventing FOXO1 nuclear export?>l. Conversely,
phosphorylation also blocks methylation in certain contexts. Namely, phosphorylation of RNA
polymerase Il (RNAPII) at its carboxy terminal domain prevents symmetric arginine dimethylation
at R1810, integral to SMN protein interaction?22%, It is evident that there is functional cis-acting
crosstalk between site-specific methylation and phosphorylation PTMs that is context-dependent.
Therefore, the overall ratio between methylation and phosphorylation in arginine-rich domains
may critically define the protein interactions and function. The global identification of novel sites
and further interrogation of the crosstalk between methylation and phosphorylation of RS motifs

is warranted.
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The appearance of a range of arginine methylation states reflect a dynamic PTM process,
in which protein function may be tuned by varying degrees of methylation of contiguous arginines.
Interestingly, PRMTSs appear to have a broad yet essential role in regulating alternative splicing.
Arg-rich RBPs are preferential substrates of the Type Il methyltransferase PRMT5420, PRMT5-
depleted cells critically trigger changes in gene expression, cell-cycle de-regulation and alternative
splicing®%2%, Another type Il enzyme, PRMT?Y, regulates alternative splicing by methylation of
spliceosome-associated protein 145 (SAP145) at R508, priming SAP145 for interaction with the
protein SMN?, Thus, arginine methylation is likely an essential regulator of alternative splicing,
and the identification of residue-specific arginine methylation sites in splicing RBPs can reveal
novel and essential insights into the structural and functional inquiry of these proteins. MS
analyses have been performed on PRMT inhibitor-treated cells to reveal site-specific targets to
individual arginine residues'’*, and middle-down ETD MS approaches may serve to expand these
sites to those within domains containing BAD, RS and RG motifs. This may offer insight to the
therapeutic capacity of individual PRMT enzyme inhibition on a disease-specific basis. Numerous
lines of evidence suggest that further characterization of RBP modifications will increase our
understanding of multiple steps in RNA processing*8160.172:256,

Another fundamental observation made in this study is that Arg-rich domains are densely
modified by PTMs. These modifications likely regulate numerous aspects of physiological RBP
function and localization. Interestingly, these modifications were observed almost exclusively in
BAD and RS motif-containing peptide sequences, many of which participate in protein-protein
functions'®+163-165 For example, U1-70K was found to contain 25 PTMs, 23 of which were located
in Arg-rich BAD and/or RS peptide sequences. U1-70K also has a role in nucleic acid binding,

binding to Stem Loop | of the U1l snRNA through sequences within the N-terminal and RRM
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domains (AA88-103, 122-131, 202-209)198:217:257 \\hile phosphosite.org lists three PTMs within
these sequences (ggK103, pY126, ggK130)%%, we found many more PTMs located in the Arg-rich
LC1/BAD domain of U1-70K. Although there exists structural data for these RNA binding
sequences within U1-70K%.257  the structures of the low complexity LC1/BAD and LC2 domains
of U1-70K are not solved, and similarly, few structures of other low complexity Arg-rich domains
such as those within the SR family of proteins exist?*223258259 Numerous studies point to the role
of Arg-rich BAD and RS domains in protein-protein interactions'®*%3-165 and we hypothesize that
the high density of PTMs we observed within them regulate protein-protein interactions.
Therefore, targeted amino acid substitution experiments, biochemical characterization and
improved structural studies of Arg-rich low complexity domains may resolve the role of
methylation and phosphorylation PTMs in U1-70K and other splicing RBPs.

In addition to regulating localization and molecular interactions, PTMs within Arg-rich
domains may also trigger toxic gain-of-function pathological properties in neurodegenerative
disease. For example, net positive charge within the disordered LC1/BAD domain of U1-70K
mediates the condensation, insolubility, and eventually, aggregation of U1-70K™%, Importantly,
phosphorylation PTMs within LC1/BAD may be a mechanism to regulate the condensation
behavior of U1-70K by altering the overall charge within the LC1/BAD domain. Similarly,
phosphorylation within the LC domain of FUS acts to prevent LLPS, aggregation and toxicity in
vitro'“®, We indeed show phosphatase-treated SRSF2 shows a stronger interaction with fellow
Arg-rich proteins U1-70K and LUC7L3. Therefore, the localization, condensation and molecular
interactions of these proteins is likely regulated by phosphorylation.

Future examinations with advanced search engines, novel fragmentation technologies and

high resolving power Orbitrap MS/MS strategies will complement this study to increase the
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identification of combinatorial PTM within Arg-rich RBPs. We performed our analyses on a
Orbitrap mass spectrometer platforms, with a high-resolving power precursor (MS1) scan and a
low-resolving power ion-trap MS/MS scan. Lysine acetylation (42.011 + 0.004 Da) and tri-
methylation (42.047 + 0.002 Da) variable modifications were therefore excluded in this current
study, as the change in mass between the divergent PTM fragment ions cannot be differentiated
using a low-resolving power ion-trap MS/MS scan (product ion mass tolerance = 0.6 Da). Thus,
future studies resolving these biologically-significant PTMs is warranted, and may be achieved
using a high-resolving power MS/MS scan. Furthermore, immobilized metal affinity
chromatography (IMAC) and other PTM immunoaffinity approaches may further address the
depth of PTM in the nucleoplasm proteome. New, powerful search engines and algorithms are
currently being developed to handle the expanded search space of multiple PTMs, such as
MSFragger and TagGraph?6®261, Importantly, the unique pattern of ETD fragmentation itself aids
in the sequencing of modified peptides®®. The generation of many c- and z-type fragment ions
contributes to the generation of unique fragment ions across a wide range of m/z values, increasing
the likelihood of accurate peak calling by search engine algorithms, compared with HCD/CID
fragmentation  platforms. Complementary  ‘electron-transfer/higher-energy  collisional
dissociation’ (EThCD) fragmentation technology, which generates both ETD fragment ions (c/z)
and HCD ions (b/y), may further enhance the identification of low complexity Arg-rich peptides
and PTM site localization within them?62263,

Finally, by illuminating previously “dark” regions of the Arg-rich proteome we have
discovered densely-modified regions within specific classes of RBPs. This dataset is an immense
resource for the RBP community that investigates the roles of PTMs in RNA processing. The site-

specific PTMs identified herein may be leveraged in future mechanistic studies in model systems
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of these biologically-significant proteins. Increasing the catalog of PTMs could be key in
understanding global regulation of the spliceosome and non-histone epigenetic influences on gene
expression, highlighting the ability of middle-down proteomic approaches to discover previously

unappreciated aspects of cell biology.
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Figure 2.1. Electron Transfer Dissociation (ETD) more effectively fragments Arg-rich
peptides compared with HCD. (a) Schematic of U1-70K protein domains. (b) At six different
time points [15, 30, 60, 120, 240 minutes, and overnight (O/N)] the digestion reaction was
quenched with acetic acid. (c) Extracted peptides were analyzed by LC-MS/MS on an Orbitrap
Fusion using a data-dependent decision tree acquisition method * to alternatively select between
HCD and ETD peptide fragmentation based on the charge state and m/z of the precursor ion. A
two-step database search method using the Andromeda search engine was employed wherein
proteins that were identified from a primary target-decoy search against human UniProtKB
database were used to create a second smaller focused database. This focused database was then
used to search for phosphorylation (serine, threonine or tyrosine) and mono-, di- and tri-
methylation (arginine or lysine) with consideration of up to 6 missed trypsin cleavage events. (d)
HCD MS/MS output of a R242-R254 U1-70K LC1/BAD peptide precursor [M+5H]**. HCD
results in a strong neutral loss (-98 Da) of phosphoric acid and few fragment ions (b- and y-ions).
(e) Isolation and ETD fragmentation of the same precursor peptide reveals an information-rich
MS/MS spectrum (c- and z-ions), while preserving the phosphorylated serine, labile by HCD.
Charged-reduced precursors (*) are also annotated in the MS/MS spectrum (f) ETD fragmentation
produces the vast majority of unique peptide matches to U1-70K LC1/BAD as compared with
HCD. (g) ETD fragmentation facilitates the identification of increased number of post-
translationally modified peptides matched to U1-70K LC1/BAD as compared with HCD. (h)
Protein coverage generated by HCD fragmentation compared with ETD fragmentation across all
trypsin incubation lengths (15, 30, 60, 120, 240 minutes, and overnight). Peptides are colored
according to whether each residue is unmodified (green), mono-methylated at an Arginine/Lysine
(yellow), di-methylated at Arginine/Lysine (red) or phosphorylated at Serine/Threonine/Tyrosine
(turquoise).
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Figure 2.2. Middle-down ETD MS strategy provides enhanced sequence coverage of U1-70K
arginine-rich low complexity domains. (a) Summation of modified peptide spectral matches
(PSMs) of all trypsin digestion times and ETD/HCD dissociation methods on the LC1/BAD
domain of the purified recombinant LC1/BAD protein. Peptides are colored according to whether
each residue is unmodified (green), monomethylated at an Arginine/Lysine (yellow), dimethylated
at Arginine/Lysine (red) or phosphorylated at Serine/Threonine/Tyrosine (turquoise). Using
middle-down ETD, near complete coverage of the LC1/BAD domain was achieved, identifying 8
phosphorylation sites and 23 methylation sites (12 mono-methylated arginines, 13 di-methylated
arginines, and four mono-methylated lysines) in total. (b) Amino acids 231-310 of the HEK-293T-
native U1-70K LC1/BAD domain was almost completely sequenced (76/80 residues, 95%),
identifying 9 phosphorylation sites with 8 total methylation sites. By comparison, the U1-70K LC2
domain, without BAD or RS motifs but similar arginine content, contains less methylation and
phosphorylation PTM.
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Figure 2.3. Isolation of nucleoplasm by cellular fractionation enriches for RNA-binding
proteins. (a) Schematic of the HEK-293T cellular fractionation protocol. (b) At the top of the
panel, the individual fractions were resolved by SDS-PAGE and stained with Coomassie Blue to
visualize protein. Histone proteins at the indicated molecular weight span approximately 15-22
kDa and are outlined (dashed blue box). At the bottom of the panel, immunoblot analysis for U1-
70K (green) and SRSF1 (red) in cellular fractions. (c) Densitometry quantification of nuclear
histone and RBP proteins across cellular fractions. Histone proteins show a 5.26-fold enrichment
in the chromatin fraction, and 0.45-fold depletion in the nuclear extract fraction relative to the
whole cell homogenate. U1-70K shows a 2.75-fold enrichment in the nucleoplasm as compared to
levels in the whole cell homogenate. Similarly, SRSF1 shows a 7.02-fold enrichment in the
nucleoplasm compared to whole cell homogenate. (d) Gene ontology (GO) analysis of
nucleoplasm proteins identified by middle-down proteomics. Significant over-representation of an
ontology term within the nucleoplasm sample compared to the background proteome is reflected
with Z score greater than 1.96, equivalent to p<0.05 (to the right of the red line). (e) When
comparing to 796 RNA-binding proteins previously identified in HEK-293T cells %, our
nucleoplasm extract dataset matched to 687 of these (86%), as well as identified 3234 other nuclear
proteins.

76



HCD b 12000

a ETD
. N
C N B HCD
©
25000 = W ETD
3 - ETD %
g 20000 = HCD QL
o Q
2 15000 =]
5 o
5 10000+ =
5 = 50004
'E 5000 —
3 3
z o
A L] L) L) L) L) T T o
5 10 20 40 80 160 OIN [t
d Trypsin Incubation Length
3000
P = mmK/R
E @ diKR
%5 2000 < pSITIY
£
3 M
E
2 1000+
[
R RO S "v““ n',‘? ¢§=° ‘ﬁq@e oS 2O S O S

0 T L]

J L 1 L] L)
S T m 40 80 160 ON Andromeda Score Bin Range
Trypsin Incubation Length (min)



Figure 2.4. Middle-down ETD analysis of nucleoplasm contributes to greater coverage of
Arg-rich RNA-binding proteins. (a) Venn diagram showing overlap between ETD and HCD
fragmentation strategies of 57,871 unique peptides sequenced from nucleoplasm extract. (b)
Andromeda scores of peptides fragmented by ETD (blue bars) versus HCD (green bars). (c) The
number of peptides fragmented by either ETD (blue) or HCD (green) at each trypsin incubation
time length. (d) The total number of PTM across increasing trypsin incubation time lengths
(monomethylation of Lysine/Arginine = mmK/R, yellow; dimethylation of Lysine/Arginine =
dmKJ/R, red; phosphorylation of Serine/Threonine/Tyrosine = pS/T/Y, turquoise).
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Figure 2.5. HCD and ETD fragmentation of nucleoplasmic sample enhances identification of
unique peptides. (a) The number of unique modified peptides fragmented by ETD and HCD at
all trypsin digest time points. (b) Average missed cleavages events decrease as trypsin incubation
times increase. (c) Andromeda scores of unique modified peptides fragmented by ETD (blue bars)
versus HCD (green bars). (d) As determined by the decision tree approach %, peptides with
charges greater than +2 are preferentially sequenced by ETD. (e) The average charge of a peptide
decreases with increasing trypsin incubation time. (f) Peptide length decreases with increasing
trypsin incubation time. (g) The average number of matches per peptide across trypsin incubation
time lengths. (h) Most assigned peptides (97%) matched to the measured mass with under 1.0 parts
per million (ppm) error. (i) The number of peptides fragmented by ETD (blue bars) versus HCD
(green bars) containing monomethylation at Lysine/Arginine (mmK/R) across trypsin incubation
time lengths. (j) The number of peptides fragmented by ETD (blue bars) versus HCD (green bars)
containing dimethylation at Lysine/Arginine (dmK/R) across trypsin incubation time lengths. (k)
The number of peptides fragmented by ETD (blue bars) versus HCD (green bars) containing
phosphorylation at Serine/Threonine/Tyrosine (pS/T/Y) across trypsin incubation time lengths.
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Figure 2.6. Motif algorithms resolve RNA-binding protein subgroups with distinct biological
properties. (a) A scoring algorithm was developed (see methods) to select unique peptides that
contain BAD-/ RS-/RG-/YG-patterned primary sequences, and the group membership of proteins
containing these motifs by Venn diagram. The U1 snRNP member U1-70K (red) contains BAD,
RS and RG motifs. (b-e) Gene ontology (GO) analysis of BAD and RS proteins identified by our
algorithm. Significant over-representation of an ontology term is reflected with a Z score greater
than 1.96, equivalent to p<0.05 (to the right of the red line). (b) The BAD proteins (237) have the
expected biological processes (‘RNA splicing” and ‘mRNA processing’), and subcellular
localization (‘spliceosomal complex’ and ‘nucleus’). (c) RS proteins (117) retain similar processes
and localization (‘nuclear speckles’ and ‘spliceosomal complex’). (d) RG proteins (323) localized
to the ‘heterogeneous nuclear ribonucleoprotein complex’ and ‘catalytic step 2 spliceosome’, and
are involved in ‘RNA splicing’ and ‘RNA binding’. (e) YG proteins (326) also localized to the
‘heterogeneous nuclear ribonucleoprotein complex’ and ‘catalytic step 2 spliceosome’, and the
primary group biological process and molecular function were ‘RNA splicing’ and ‘RNA binding’,
respectively.
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Figure 2.7. A motif algorithm stringently selects high-confidence peptides. (a) A scoring
algorithm was developed (see methods) to select identified unique peptides that contain BAD-/RS-
IRG-/YG-patterned primary sequence. A total of 57,871 unique peptides were scored using the
scoring algorithms, and a conservative score cutoffs of 0.3 or greater (BAD), 0.18 or greater (RS),
0.129 or greater (RG) or 0.103 or greater (YG) were used for each algorithm. (b) Histogram
analysis of the MaxQUANT Andromeda Scores of no-M (grey), BAD (purple), RS (red), RG
(orange) and YG (blue) peptides. (c) Frequency of ETD (blue) or HCD (green) fragmentation
strategies yielding successfully-identified unique peptides to no-M, BAD, RS, RG and YG peptide
subgroups.
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Figure 2.8. PTM validation by phosphosite.org database comparison and manual inspection
of spectra. (a) Phosphorylation sites at Serine/Threonine/Tyrosine (pS/T/Y) observed within the
nucleoplasm extract dataset were compared with sites listed on the proteomic PTM database
phosphosite.org 2%, and either validated (confirmed), or represent new PTM sites unreported by
phosphosite.org. (b) ETD-fragmented S266-274 captures a doubly-phosphorylated peptide within
the LC1/BAD domain of U1-70K. Both the [M+2H]?* and [M+3H]** precursor ions are readily
assigned, along with a series of c- and z-type fragment ions. (C) ETD-fragmented MS/MS spectra
of S474-R489 peptide mapping to SRSF4. The [M+4H]*" precursor is the most abundant ion in a
spectra which includes a collection of c- and z-ions (D) An ETD-fragmented MS/MS spectra of
LUC7L3 spanning residues S333-R341 capturing phosphorylation at S333 and S334 within the
BAD/RS domain of LUC7L3. A near-complete z-series of fragment ions is assigned, along with
the [M+3H]®* precursor ion.
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Figure 2.9. Arginine-rich RNA-binding proteins are enriched for PTMs. (a) Unique peptides
were mapped to arginine-rich proteins LUC7L2, SRSF2, and SRSF4 (Uniprot ID following
semicolon). Peptides are colored according to whether each residue is unmodified (green),
monomethylated at an Arginine/Lysine (yellow), dimethylated at Arginine/Lysine (red) or
phosphorylated at Serine/Threonine/Tyrosine (turquoise). High modification density was
observed in the BAD and/or RS low-complexity (LC) domains of each of the three proteins.
Sequences used to build this illustration are listed in Supplemental Table S5. (b) The percentage
of peptides containing two or more PTMs was calculated for no-Motif (no-M), BAD, RS, RG and
YG motif-containing peptides. (c) The number of peptides containing no (0) to increasingly-
modified states of PTM (1-6) were tallied and compared, using a heat map to illustrate occupancies
of each subgroup. (d) The number of peptides containing uniform to double- or triple-
combinations of PTM subtypes were calculated and compared between peptide groups (no-M vs
BAD vs RS vs RG vs YG), using a heat map to illustrate the frequency of each (monomethylation
of Arginine/Lysine (yellow), dimethylation of Arginine/Lysine (red) or phosphorylated of
Serine/Threonine/Tyrosine (turquoise).
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Figure 2.10. Arginine methylation and serine phosphorylation are enriched in RSRS motifs.
(@) The density of modified residues (K/R monomethylation, K/R dimethylation, S/T/Y
phosphorylation) within a peptide divided by the density of the total residues (K/R/S/T/Y) within
the same peptide was averaged for peptide subgroups (no-M, BAD, RS, RG and YG) and presented
as an averaged percentage. Approximately 31% of all residues in RS peptides are post-
translationally modified, compared to 6.5% of no-M. In comparison, 28% of BAD peptide
residues, 24% of RG peptide residues are post-translationally modified. Approximately 4% of
residues within YG peptides are modified. (b) Fold enrichment of PTM frequency for lysine,
arginine, and serine were observed in BAD, RS and RG peptides, normalized to the PTM
frequency observed in no-M peptides. (c) Motif Logos illustrating residue frequencies adjacent to
a center modified residue was performed for monomethylated arginine (mmR), dimethylated
arginine (dmR) and phospho-serine (pS). (d) Fifteen combinations of arginine methylation and
serine phosphorylation observed within RSRS sequences were normalized compared by a percent
of total RSRS motif occurrences calculation and a heat map illustration.
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Figure 2.11. Dephosphorylation increases protein interactions between SRSF2 and the BAD
RNA-binding proteins U1-70K and LUC7L3. (a) Nucleoplasm fractions of HEK-293T cells
transfected with Myc-tagged recombinant SRSF2 were treated with water (-CIP) or calf intestinal
alkaline phosphatase (+CIP) for 60 minutes at 37°C. Fractions were analyzed by SDS-PAGE and
immunoblotted for Myc. Differences in electrophoretic mobility were observed due to the loss of
phosphorylation as a result of phosphatase treatment. (b) Immunoprecipitation of Myc-tagged
SRSF2 in -CIP and +CIP treated nucleoplasm fractions followed by immunoblotting for BAD
proteins (U1-70K and LUC7L3). Paired t-test (n=3) showed significant enrichment of U1-70K
(p=0.0347) and LUC7L3 (p=0.0422) in the co-immunoprecipitate complex following CIP
treatment.
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Figure 2.12. Motif analysis of nucleoplasmic PTM-modified peptide sequences. Unique PTM-
containing sequences were searched using the Motif Logo tool on PhosphoSite.org to illustrate the
frequencies of residues with increased occupancies at positions relative to a center modified
residue (mmR=monomethyl arginine, dmR=dimethyl arginine, mmK=monomethyl lysine,
dmK=dimethyl lysine, pS=phospho-serine, pT=phospho-threonine, pY=phospho-tyrosine).
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CHAPTER 3.0 : Phosphorylation regulates arginine-rich RNA-binding protein solubility
and oligomerization

Keywords: RNA-binding proteins, phosphorylation, post-translational modifications (PTMs),
mass spectrometry, protein interactions, SRSF2, SC35

*These findings were published in the Journal of Biological Chemistry on October 13, 2021 .
Supplemental tables can be found online at: https://www.jbc.org/article/S0021-9258(21)01112-
1/fulltext
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3.1 ABSTRACT

Post-translational modifications (PTMSs) such as phosphorylation of RNA-binding proteins (RBPS)
regulate several critical steps in RNA metabolism, including spliceosome assembly, alternative
splicing, and mRNA export. Notably, serine-/arginine- (SR) rich RBPs are densely phosphorylated
compared with the remainder of the proteome. Previously, we showed that dephosphorylation of
the splicing factor SRSF2 regulated increased interactions with similar arginine-rich RBPs U1-
70K and LUC7L3. However, the large-scale functional and structural impact of these
modifications on RBPs remains unclear. In this work, we dephosphorylated nuclear extracts using
phosphatase in vitro and analyzed equal amounts of detergent-soluble and -insoluble fractions by
mass spectrometry-based proteomics. Correlation network analysis resolved 27 distinct modules
of differentially soluble nucleoplasm proteins. We found classes of arginine-rich RBPs that
decrease in solubility following dephosphorylation and enrich the insoluble pelleted fraction,
including the SR protein family and the SR-like LUC7L RBP family. Importantly, increased
insolubility was not observed across broad classes of RBPs. We determined that phosphorylation
regulated SRSF2 structure, as dephosphorylated SRSF2 formed high molecular weight oligomeric
species in vitro. Reciprocally, phosphorylation of SRSF2 by serine/arginine protein kinase 2
(SRPK?2) in vitro decreased high molecular weight SRSF2 species formation. Furthermore, upon
pharmacological inhibition of SRPKs in mammalian cells, we observed cytoplasmic
mislocalization and increased formation of cytoplasmic granules as well as cytoplasmic SRSF2
tubular structures that associated with microtubules by immunocytochemical staining.
Collectively, these findings demonstrate that phosphorylation may be a critical modification that

prevents arginine-rich RBP insolubility and oligomerization.

96



3.2 INTRODUCTION

RNA-binding proteins (RBPs) cooperatively engage both RNA and protein?®4, RBPs
frequently contain an RNA-binding domain, typically K-homology (KH) or RNA recognition
motif (RRM) domains, that allow the RBP to achieve sequence-specific binding to target RNA
molecules®. Unbiased RNA interactome studies have identified many RBPs containing low
complexity (LC) domains that participate in both RNA and protein interactions>>®4%¢, LC domains
are typically composed of a select few residues out of the entire amino acid code, giving rise to
protein domains that are intrinsically disordered?®. However, LC RBPs exist in a dynamic
continuum of native states that range from soluble monomers to liquid-liquid phase separated
(LLPS) granules to insoluble fibrils?® in vitro and in vivo®®’. These assembly states are believed
to be influenced in large part by RNA molecules’®?%8 and post-translational modifications (PTMs)
140.146 * Although we are beginning to decipher a “molecular grammar” regulating LLPS %, the
conditions that give rise to irreversible aggregation are incompletely known.

Recently it has been discovered that the progression of several neurodegenerative diseases
is promoted by the aggregation of RBPs®25477:96.100269-271 " nterestingly, LC domains are necessary
for RBP LLPS and fibrillization'%270272273 processes found to be regulated by PTM. LC RBPs
are commonly modified by reversible PTM in the physiological milieu®®2™ et in
neurodegenerative disease phosphorylation PTMs increasingly occupy RBPs such as TDP-
43134275276 |t remains unclear whether phosphorylation is a trigger, or rather a consequence, of
pathogenic RBP aggregation.

A major gap in our understanding of arginine-rich proteins is our inability to accurately
measure absolute, site-specific phosphorylation levels. Recently our group used middle-down

proteomic approaches to demonstrate arginine-rich RBPs have high steady-state levels of PTMs,
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particularly phosphorylation?”’. One such group of arginine-rich RBPs with high levels of
phosphorylation is the serine-/arginine-rich (SR) splicing factor family of RBPs'*®. This twelve
member RBP family is known to contain at least one RRM RNA-binding domain?’® at the N-
terminus and a C-terminal arginine-/serine-rich (RS) domain distinguished by an expanded tract
of RS dipeptide motifs, a phosphomotif conserved from yeast to man®. The most extensively
studied regulator of SR protein function is phosphorylation, primarily catalyzed by nuclear cdc2-
like kinases (CLKs)?"® and cytoplasmic SR protein kinases (SRPKs)'?4280281 pPhosphorylation
regulates nearly every facet of SR protein function, including splicing*?, coupling to sites of active
transcription?82283, subcellular localization!?5284285 nuclear speckle
compartmentalization'?427%28 and binding partner selection and affinity*’224227828 mportantly,
it is not fully understood whether excessive, or rather, insufficient phosphorylation alters the
stability of SR proteins.

Our group?’” and others?20285287.288 g ggest SR proteins may increasingly bind together
and aggregate when insufficiently phosphorylated. Importantly, SR proteins and proteins that
harbor homologous domains can aggregate under native conditions?®. Collectively, these data
support a hypothesis that dephosphorylation would result in SR proteins becoming insoluble, as
well as those RBPs with SR-like LC domains.

Here, we sought to understand the role of phosphorylation in regulating RBP solubility.
We enriched for RBPs by biochemical fractionation from mammalian cell lines and incubated with
calf intestinal alkaline phosphatase (CIP), which catalyzes the removal of phosphate PTMs from

proteins?®°

. We conducted liquid-chromatography coupled with tandem mass spectrometry (LC-
MS/MS) on detergent-soluble and -insoluble pellet fractions of dephosphorylated and mock-

treated nucleoplasm extracts and used a network based approach to identify groups of RBPs that
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exhibited similar solubility changes that were regulated by phosphorylation. Importantly, we found
that SRSF2 and related SR proteins co-aggregated to the insoluble fraction, while other nuclear
RBPs such as TDP-43 did not. Moreover, we found that phosphorylation regulates SRSF2
assembly states in vitro. Finally, we show that SRPK inhibition in cells results in an increase in
the number of cells harboring cytoplasmic SRSF2 granules as well as filamentous-like structures
that co-localize with microtubules. Collectively, this work reinforces phosphorylation as an
important regulator of SR protein solubility and structure and suggests that phosphorylation may
be a preventative cellular mechanism against arginine-rich RBP aggregation.

3.3 MATERIALS AND METHODS

Materials

The primary antibodies used in this study include: rabbit polyclonal anti-myc (Cell Signaling
Technology 2272S), rabbit polyclonal anti-SRSF2 (Abcam ab229473), mouse monoclonal anti-
SRSF2 (Clone 1Sc-4F11, Millipore Sigma 04-1550), mouse monoclonal anti-pSRSF2 (Abcam
ab11826), rabbit polyclonal anti-LUC7L (ThermoFisher 17085-1-AP), rabbit polyclonal anti-
LUC7L3 (ThermoFisher PA5-53816), rabbit polyclonal anti-RBM25 (Abcam ab72237), rabbit
polyclonal anti-SRSF1 (Abcam ab38017), rabbit polyclonal anti-TDP-43 (ProteinTech Group
10782-2-AP), rabbit anti-pS409-410 TDP-43 (CosmoBio, CAC-TIP-PTD-P02), rabbit polyclonal
anti-panQKI (generated by UC Davis/NIH NeuroMab Ab_10671658), rabbit polyclonal anti-
ZC3H18 (ThermoFisher PA5-59322), rabbit polyclonal anti-SRRM1 (ab221061), mouse anti-
GAPDH (Abcam ab8245), rabbit polyclonal anti-Histone H3 (Abcam ab1791), rat monoclonal
anti-alpha-tubulin clone YL1/2 (MAB1864), rabbit polyclonal anti-TUBB8 (ab97880) and mouse
IgM anti-pSR proteins (Clone mAb104, ATCC CRL-2067, see below isolation method). Each

antibody save for mAb104 was used at a 1:1,000 dilution in blocking buffer for western blotting.
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Each antibody used for ICC was diluted 1:500 in normal horse serum (NHS). The pcDNA3.1-

SC35-cMyc SRSF2 plasmid was a gift from Kathleen Scotto?®* (Addgene plasmid #44721).
mAb104 Isolation

Immortalized mouse hybridomas were purchased from ATCC (CRL-2067). Cells were thawed and
then passaged twice before collection. Forty-eight hours post-passaging, the cell suspension media
was aliquoted into a 15 ml conical tube then spun at 250xg for 5 min. The supernatant was aspirated
and cells were resuspended in 2%FBS in DMEM. Cells were cultured for 3 more days then the
cell suspension was aliquoted into a 15 mL conical tube then spun at 1,500xg for 15 min. The
supernatant was transferred to a fresh 15 mL conical tube, then aliquoted into microcentrifuge
tubes. The supernatant aliquot volumes were then reduced under SpeedVac (Labconco 731022) to
50% of original volume and restored to the original volume with 100% glycerol. Tubes were then

frozen at -20C. The antibody was diluted 1:5 in blocking buffer for western blotting.
Local Charge Density and Net Charge Per Residue (NCPR)

Residue charge at physiological pH (7.4) was calculated using a simple algorithm modeled from
EMBOSS. The residues D/E were counted with charge = -1, residues K/R with charge = +1, and
H with charge = +0.5. Residues S/T/Y were counted as either charge = 0 or -2, to mimic the charge
assumed after phosphorylation post-translational modification at physiological pH?%2. To generate
the local charge density, the average charge over a window of 21 residues starting at the C-terminus
was calculated, sliding towards the N-terminus of the protein. To calculate the Net Charge per
Residue (NCPR) of full proteins, the residue charges, as calculated above, were summed and this

number was divided by the number of residues in the protein. The NCPR of the average protein of
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the known human proteome is ~ +0.013, spanning -0.40 to 0.32 (minimum protein size = 100

residues).
Cell Culture and Transfection

HEK293 cells were cultured in Dulbecco’s Modified Eagle Medium [DMEM, high glucose
(Gibco)] supplemented with 10% (v/v) fetal bovine serum (Gibco) and 1% penicillin-streptomycin
(Gibco), and maintained at 37°C under a humidified atmosphere of 5% (v/v) COz in air. Cells were
grown to 70-80% confluency in 10 cm? culture dishes and transfected with 10 pg SRSF2-myc
plasmid and 30 pg linear polyethylenimine (PEI). Cells were harvested and fractionated to enrich
for nucleoplasm as described below. For western blotting SRPIN340-inhibitor treated cells,
HEK?293 cells were incubated for 12 hours?®® with equivolume amounts of either DMSO (vehicle)
or SRPIN340 (final concentration = 50 uM) starting 24 hours post-passage. Afterwards, cells were
harvested in IP lysis buffer (50 mM HEPES pH7.4, 150 mM NacCl, 5% Glycerol, 1 mM EDTA,
0.5 (v/v) NP-40, 0.5% (v/v) CHAPS) and sonicated at 25% amplitude for 3 x 10 sec on/off cycles.
Lysates were then cleared after a 15,600xg centrifugation step at 4°C. Supernatants were

transferred to new tubes and run by SDS-PAGE followed by western blotting.
Nucleoplasm Enrichment

This cellular extraction procedure was adapted from the Gozani group*®® and modified to include
NP-40 detergent. In short, forty eight hours post-transfection, HEK293 cells were rinsed with cold
PBS then scraped in PBS+1xHALT protease/phosphatase inhibitor (ThermoFisher). The cell
slurry was centrifuged for 5 min at 1,000xg at 4°C to pellet cells. The supernatant was aspirated
and the cells were washed with 1 mL PBS+1xHALT (100 pL taken as total fraction) and

centrifuged again to pellet cells. The supernatant was aspirated and the cells were swelled in 150
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ML Hypotonic Lysis Buffer+1xHALT (10 mM HEPES pH 7.9, 20 mM KCI, 0.1 mM EDTA, mM
dithiothreitol (DTT), 5% Glycerol, 0.5 mM PMSF, 10 ug/mL Aprotinin, 10 ug/mL Leupeptin,
0.1% NP-40) and incubated on ice for 5 min. The sample was then centrifuged for 10 min at
15,600xg at 4°C. The supernatant was collected as the cytoplasmic fraction, and the resulting pellet
was incubated in 100 pL High Salt Buffer+1xHALT (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 10 ug/mL Aprotinin, 10 ug/mL Leupeptin) for
30 min on ice to extract nuclei. The samples were then sonicated for 5 sec at 25% amplitude and
centrifuged at 18,213xg for 10 min at 4°C. The supernatant was collected as the nucleoplasm
fraction, and the pellet (chromatin fraction) was resuspended and sonicated in Nuclei lysis buffer
(50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS). All fractions were frozen at -70°C, and only

the cytoplasm and nucleoplasm fraction were used for following applications.

Calf Intestinal Phosphatase (CIP) Treatment

For dephosphorylation assays, nucleoplasm fractions (100 pg) were incubated with either mock
(distilled water) or 50 Units of calf intestinal alkaline phosphatase (QuickCIP, NEB M0525L) for
1 hour at 37°C. Following this, Laemmli sample buffer (8% glycerol, 2% SDS, 50mM Tris pH
6.8, 3.25% beta-mercaptoethanol) was added to each sample to 1X and boiled at 95°C for 10
minutes and run by SDS PAGE. For sedimentation assays, nucleoplasm fractions (100 pg) were
incubated with either distilled water (mock) or 50 Units of calf intestinal alkaline phosphatase
(QuickCIP, NEB M0525L) and brought up to 100 uL with PBS. The samples were heated at 37°C

for 1 hour.

Sedimentation Assay
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Following QuickCIP dephosphorylation, 50 pL of the 100 uL sample was added to polycarbonate
ultracentrifuge tubes. Samples were spun at 100,000xg for 1 hour at 4°C. The supernatant (vol=50
pL) was transferred to a LoBind tube (Eppendorf 0030108442) and the insoluble pellet was
resuspended in 50 L. 8M Urea and transferred to a separate LoBind tube. The pellet sample was
sonicated for 1 sec on/off cycles at 25% amplitude until the pellet disappeared. For western
blotting, 7.5 uL of total (pre-spin) fractions were added and 15 pL of soluble and pellet fractions

were added. For mass spectrometry analysis 30 pL of soluble and pellet fractions were used.
Western Blotting

Western Blotting was performed according to standard protocol as previously described?’’. In
short, samples were boiled in Laemmli sample buffer (8% glycerol, 2% SDS, 50mM Tris pH 6.8,
3.25% beta-mercaptoethanol) for 10 minutes, then resolved on a Bolt® 4-12% Bis-tris gel
(Invitrogen NW04120BOX) by SDS-PAGE and semi-dry transferred to a nitrocellulose membrane
with the iBlot2 system (ThermoFisher 1B21001). Membranes were blocked with TBS Starting
Block Blocking Buffer (ThermoFisher 37542) and probed with primary antibodies (1:1,000
dilutions) overnight at 4°C. Membranes were then incubated with secondary antibodies conjugated
to either Alexa Fluor 680 or 800 (Invitrogen) fluorophores for one hour at RT. Membranes were
imaged using an Odyssey Infrared Imaging System (Li-Cor Biosciences) and band intensities were

calculated using Odyssey imaging software.
Sample preparation for mass spectrometry analyses

Thirty microliters of soluble and pellet fractions were normalized to 50 uL with 8M urea buffer.
Next, 10 mM Dithiothreitol (DTT) in 50 mM ammonium bicarbonate (ABC) was added to a final

concentration of 1 mM and incubated for 30 min at room temperature (RT), then 50 mM
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iodoacetamide (IAA) in 50 mM ABC was added to a final concentration of 5 mM and incubated
in the dark for 30 min at RT. Samples were then digested overnight with 1 pg of Lys-C (Wako
121-05063). Following Lys-C digestion, samples were diluted to 1M urea and digested overnight
with 1 pg of Trypsin (ThermoFisher 90057). The next day samples were incubated with acidifying
buffer [10% Formic Acid (FA), 1% trifluoroacetic acid (TFA)] and centrifuged for 2 min. Sample
pH was verified as less than 3 using pH strips. Samples were desalted on an Oasis® PRIME HLB
10 mg plate (Oasis 186008053) and washes were flowed through columns by a 96-well Positive
Pressure processor (Waters 186006961). Samples were washed first with methanol, then Buffer A
(0.1% TFA). The digested samples were then loaded onto Oasis® PRIME HLB 10 mg plates
(Oasis 186008053), washed with Buffer A twice, and then peptides were eluted with Buffer C
[50% acetonitrile (ACN), 0.1% FA]. The elutant was lyophilized using a SpeedVac (Labconco

731022).

Mass spectrometry analysis

Lyophilized peptides were resuspended in loading buffer (0.1% FA, 0.03% TFA, 1% ACN) and
separated on a self-packed C18 (1.9 um Dr. Maisch, Germany) fused silica column (20 cm x 75
um internal diameter; New Objective, Woburn, MA) by a NanoAcquity UHPLC (Waters). Linear
gradient elution was performed using Buffer A (0.1% formic acid, 0% acetonitrile) and Buffer B
(0.1% formic acid, 80% acetonitrile) starting from 3% Buffer B to 40% over 100 min at a flow
rate of 300 nl/min. Mass spectrometry was performed on an Orbitrap Fusion Lumos Mass
Spectrometer in top speed mode. One full MS1 scan was collected followed by as many data-
dependent MS/MS scans that could fit within a three second cycle. MS1 scans (400-1600 m/z
range, 400,000 AGC, 50 ms maximum ion time) were collected in the Orbitrap at a resolution of

60,000 in profile mode with FAIMS CV set at -45. The MS/MS spectra (1.6 m/z isolation width,
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35% collision energy, 10,000 AGC) were acquired in the ion trap. Dynamic exclusion was set to

exclude previous sequenced precursor ions for 30 seconds with a mass tolerance of 10 ppm.
Database Searching

Data files for the 16 samples were analyzed using MaxQuant v1.6.17.0 with Thermo Foundation
2.0 for RAW file reading capability. The search engine Andromeda®* was used to build and search
a concatenated target-decoy UniProt Knowledgebase (UniProtKB) containing both Swiss-Prot and
TrEMBL human protein sequences (86,395 sequences, downloaded August 9, 2020) with 245
contaminant proteins as a parameter for the search 2°, Methionine oxidation (+ 15.9949 Da),
protein N-terminal acetylation (+ 42.0106 Da) and STY-phosphorylation (+ 79.966 Da) were
included as variable modifications (up to 5 allowed per peptide); cysteine was assigned a fixed
carbamidomethyl modification (+ 57.0215 Da). Fully tryptic peptides were considered with up to
2 miscleavages allowed in the search. A precursor mass tolerance of + 20 ppm was applied prior
to mass accuracy calibration and + 4.5 ppm after internal MaxQuant calibration. The false
discovery rate (FDR) for peptide spectral matches, proteins and site decoy fraction were all set to
1%. Phosphorylated peptides were not quantified. Protein group intensity was used for protein
quantitation. The quantitation method did not consider reverse, contaminant, and by site only

protein identifications, leaving 5,017 proteins for downstream analysis.
Weighted Gene Correlation Network Analysis of Nuclear Fractionation Proteome

Prior to network analysis, the nucleoplasm proteome (5,017 proteins) was culled to select for
proteins with less than or equal to 50% missing values (intensity values in 8 out of 16 samples;
4,366 proteins). The intensity values were then log.-transformed. Missing protein intensity values

were imputed using random numbers drawn from a normal distribution of observed protein
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intensity values of each sample (width = 0.3, down shift = 1.8, calculated separately for each
column) in Perseus v1.6.15.0. The R package Weighted Gene Correlation Network Analysis
(WGCNA) v1.68 was used to cluster proteins by abundance into groups of proteins with similar
solubility patterns using a dissimilarity metric for clustering distance based on 1 minus the
topology overlap matrix (1-TOM), a calculation based on an adjacency matrix of correlations of
all pairs of proteins in the abundance matrix supplied to WGCNA®, The weighted protein co-
expression network was built using the log.-transformed intensity values using the
blockwiseModules function with the following parameters: soft threshold power beta = 20,
deepSplit = 4, minimum module size = 15, merge cut height = 0.07, signed network partitioning
about medioids respecting the dendrogram, and a reassignment threshold of p = 0.05. GO Elite
v1.2.5 python package was used as previously published to categorize summary biological
functions of individual modules®?%, Z scores were determined by one-tailed Fisher’s exact text
(Benjamini-Hochberg FDR corrected) to demonstrate overrepresentation of ontologies in the
nucleoplasm proteome of each module. The filters included a cutoff for Z scores as 1.96, P value

cut off of 0.01 and a minimum of 5 genes per ontology.
Differential Solubility Analysis

Proteins either differentially soluble or differentially insoluble following dephosphorylation were
calculated using a two-tailed paired t-test on the fraction insolubility values according to a previous

study by our group?%:

logz[insoluble/(insoluble + soluble)]+cip - logz[insoluble/(insoluble + soluble)]mock
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Proteins were highlighted as enriched/depleted from a fraction if greater than or equal to a two-
fold change in fraction insoluble values (£log»(2)=1) was observed with a p-Value less than 0.05

(two-tailed paired t-test).

SR protein similarity and insolubility enrichment assessment

The RS domain (AA117-221) of SRSF2 was searched September 15, 2021 for similarity using the

Uniprot pBLAST feature (http://www.uniprot.org/blast/) using the following parameters: Target

Database Human, E-threshold: 10, Matrix: Auto, Filtering: None, Gapped: Yes, Hits: 1000.
Similar proteins were then filtered to remove unreviewed protein entries, leaving 193 proteins with
E-values less than 0.005 and similarity to the SRSF2 RS domain of greater than 20%
(Supplemental Table S6). Protein alignment was performed using Clustal Omega multiple

sequence alignment (https://www.ebi.ac.uk/Tools/msa/clustalo/). The list of 193 proteins was then

compared to the list of proteins with increased insolubility following dephosphorylation (n=734)

using a hypergeometric Fisher’s exact test overlap using R.

SRPK2 in vitro kinase reaction

Human recombinant SRPK2 (0.4 ug/reaction; EMD Millipore 14-666; Glu46-end) and SRSF2 (0.8
pg/reaction; MyBioSource, Inc. MBS2029592; Thrl4-end) expressed in E. coli were purchased
and added to Kinase Buffer I (25 mM MOPS pH7.2, 12.5 mM B-glycerol phosphate, 25 mM
MgClz, 5 mM EGTA, 2 mM EDTA, 0.25 mM DTT; Abcam ab189135). Different concentrations
(10, 50, 100 uM) of SRPK inhibitor SRPIN340 was added previous to SRSF2 substrate. Either
water (mock) or ATP was added to a final concentration of 100 uM to a final volume of 25 pL
and incubated for 30 min at 30°C. Reactions were then separated by denaturing or non-denaturing

Blue native Gel Electrophoresis or by Isoelectric focusing (IEF).
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Radioactive kinase assays were performed as previously described?®’. In short, kinase
reactions were set up in Kinase Buffer 1 (25 mM MOPS pH7.2, 12.5 mM B-glycerol phosphate,
25 mM MgCl,, 5 mM EGTA, 2 mM EDTA, 0.25 mM DTT; Abcam ab189135) with 1 uM “cold”
ATP and 10 puCi y—[*?P]JATP or only 10 uCi y—[**P]JATP totaling 10 pL. Reactions were incubated
for 10 min at 30°C and stopped by the addition of SDS loading buffer and analyzed by both SDS-

PAGE and autoradiography.
Blue Native Gel Electrophoresis

Blue native PAGE was carried out as described previously*®. Purified recombinant SRPK2 and
SRSF2 proteins (0.4 and 0.8 ug, respectively) were incubated with blue native gel loading buffer
[5% glycerol, 50mM TCEP (Sigma-Aldrich 646547), 0.02% (w/v) Coomassie G-250 (Invitrogen
BN2004), 1X NativePAGE Sample Buffer (Invitrogen BN2003)] in LoBind tubes (Eppendorf
0030108442) for 30 min at room temperature. Mock and CIP-treated nucleoplasm lysate (50 ug)
were incubated with the same blue native gel loading buffer and incubated on ice for 30 min.
Samples and Blue Native Protein Ladder (ThermoFisher LC0725) were loaded onto NativePAGE
Bis-Tris Gels (3-12%, Invitrogen BN1001BOX) and gel electrophoresis was performed using
anode NativePAGE Running Buffer (Invitrogen BN2001) and cathode buffer (Invitrogen
BN2002) with additive (Invitrogen BN2004) and run for 15 min at 150V. The Dark Blue Cathode
Buffer was then interchanged with Light Blue Cathode Buffer, proceeding for another 90 min at
150V. Following this, the gel was gently rocked in 50 mM Tris-HCI, pH7.5 and 1% SDS for 30
min and transferred using the semidry iBolt transfer system (Invitrogen) with PVDF membrane
(Invitrogen 1B24002) for 7 min at 20V. Following transfer, the PVDF membrane was rocked in

8% acetic acid solution for 5 min, rinsed with distilled water, air dried, then rinsed with methanol.
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The membrane was then blocked, western blotted and imaged on the Odyssey Infrared Imaging

System (Li-Cor Biosciences).
Immunocytochemistry

Immunocytochemical staining was carried out as previously described?®®. HEK293 cells were
grown on Nunc Lab-Tek Il Chamber Slide systems (ThermoFisher 154534PK). Twenty four hours
post-passage, HEK293 cells were incubated with equivolume amounts of either DMSO (vehicle)
or SRPIN340 (final concentration = 50 puM). Cells were incubated at 37°C under a humidified
atmosphere of 5% (v/v) COz in air for 4 hours. Cell media was aspirated then washed 3 x warm
sterile PBS for 5 min each. Cells were then fixed with 4% paraformaldehyde (Electron Microscopy
Sciences 15713S) diluted in PBS for 45 min at RT and afterwards washed 3 x warm sterile PBS
for 5 min each. Cells were then incubated with 0.05% Triton X-100 diluted in PBS for 20 min at
RT. Afterwards, cells were blocked with 10% normal horse serum (NHS) in PBS for 45 min at
RT. The blocking solution was aspirated and excess liquid was removed with a kimwipe. The cells
were then incubated in primary antibody diluted in 2% NHS/1xPBS overnight at 4°C. The next
day, cells were washed 3 x warm sterile PBS for 5 min each. Cells were then incubated in
secondary antibody diluted in 2% NHS/1xPBS for 1 hour at RT then washed 3 x warm sterile PBS
for 5 min each. PBS was aspirated and a droplet of DAPI-containing mounting media (Abcam
ab104139) was placed on cells which were coverslipped and sealed with clear nail polish. Images
were captured on a Keyence BZ-X810 widefield laser scanning microscope (Keyence). At least

14 images were taken for each condition per biological replicate at random areas of the slide.

Imaging Quantification and Statistical Analysis
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Images were analyzed with FIJI. Graphs were developed with GraphPad Prism. Over 100 cells
each were counted (DAPI+ nuclei) and analyzed per three biological replicates. Then, the number
of SC35+ (pSRSF2) granules were counted in each image and divided by total cells observed. The
average number of granules per cell per image (n=14) was collected for each biological replicate.
At least 120 cells were counted in each condition per replicate. The number of cytoplasmic
granules per cell was averaged for each replicate and conditions were statistically compared using
a two-tailed paired t-test. To measure the percent of cells with cytoplasmic SRSF2 tubules, the
total number of DAPI+ nuclei were counted as the number of cells per image. A total of 15 images
per biological replicate were recorded, with four biological replicates analyzed. Then, the number
of cells that contained an SRSF2 tubule morphology were counted. The number of SRSF2 tubule-
containing cells were then divided by the number of DAPI+ nuclei and expressed as a decimal.
The number of SRSF2 tubules per cell was averaged in each replicate and the vehicle and drug

conditions were statistically compared using a two-tailed paired t-test.
Immunoprecipitation

Immunoprecipitations were performed essentially as described?””. Briefly, HEK-293 cells were
transiently transfected with either myc-tagged SRSF2 plasmid or a mock control pUC19 vector.
Harvested cells were fractionated to isolate the nucleoplasm and cytoplasm as described above.
Protein concentrations were determined using a bicinchoninic acid (BCA) assay (ThermoFisher
23225). Approximately 20 uL of Protein A Sepharose 4B beads (catalog no. 101042, Invitrogen)
were washed twice in immunoprecipitation (IP) buffer [50 mM HEPES pH 7.4, 150 mM NacCl,
5% glycerol, 1 mM EDTA, 0.5% (v/v) NP-40, 0.5% (v/v) CHAPS, HALT phosphatase inhibitor
cocktail (1:100, ThermoFisher 87786) then blocked in 0.1 mg/ml bovine serum albumin

(ThermoFisher 23209), then washed an additional three times in IP buffer. Anti-myc (4 1ug) mouse
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monoclonal antibody (Cell Signaling 2276) or mouse isotype IgG control (4 pg, BD Pharmingen
550339) were incubated with the bead slurry in IP buffer and rotated for 90 minutes to conjugate
antibody to beads. The beads were then washed three times in IP buffer, then nucleoplasm lysates
were added to beads (0.2 mg per IP) and incubated rotating overnight at 4°C. The beads were then
washed three times in IP was buffer (IP buffer lacking glycerol and CHAPS) then resuspended in
IP wash buffer. Preceding the final wash, the bead slurry was transferred to a new microcentrifuge
tube to limit contamination. The bead slurry was then centrifuged at 500 x g for 5 min at 4°C and
the pelleted beads were resuspended with 1X Laemmli sample buffer (8% glycerol, 2% SDS, 50
mM Tris pH 6.8, 3.25% B-mercaptoethanol) and run by SDS-PAGE. Nucleoplasm fractions (10
pg) were included as input loading controls. Three independent biological replicates were

performed and a representative image was shown.

DATA AVAILABILITY

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium

via the PRIDE partner repository?® with the dataset identifier PXD026894 on 6/23/2021.

3.4 RESULTS

3.4.1 Phosphorylation prevents SRSF2 aggregation

Here, we use SRSF2 as a paradigm to study the regulation of arginine-rich RBP solubility,
structure and morphology by phosphorylation. In SRSF2, the arginine-/serine-rich (RS) domain is
highly phosphorylated®”’, a region with high probability of intrinsic disorder (Fig.3.1a)3%°%!, We
incubated lysates containing recombinant SRSF2-myc, a known phosphoprotein, with calf

intestinal alkaline phosphatase (CIP) which corresponded to a faster migrating SRSF2 band
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(Fig.3.1b) by SDS-PAGE, suggesting substantial dephosphorylation of SRSF22443%2, To further
validate dephosphorylation of SRSF2, we immunoblotted with an antibody raised against the C-
terminus of SRSF2 that preferentially labels hypophosphorylated SRSF2 (hypoSRSF2)303-3%5
(Fig.3.1c). We once again observed increased migration of SRSF2. Furthermore, we saw an

increase in hypoSRSF2 labeling, demonstrating that SRSF2 is indeed dephosphorylated.

We then asked whether phosphorylation regulates the solubility of SRSF2. Detergent-
soluble (S) and -insoluble pelleted (P) fractions were isolated following mock (-CIP) or
phosphatase (+CIP) treatment (Fig.3.2a). We resolved equal amounts of total (T), soluble (S) and
pelleted (P) fractions by SDS-PAGE and immunoblotted for SRSF2-myc (Fig.3.2b). Labeling of
each fraction with the hypoSRSF2 antibody confirmed that the pellet fraction was enriched with
hypoSRSF2 (Fig.3.1d). While phosphorylated SRSF2-myc was primarily soluble (68% of total)
in the mock condition, dephosphorylated SRSF2-myc significantly decreased in solubility,
enriching to the detergent-insoluble pellet fraction (89% of total, Fig.3.2c). This suggests similar
arginine-rich  RBPs or groups of RBPs may experience altered solubility following
dephosphorylation as well. We next sought to globally identify and quantify RBPs that aggregate

following dephosphorylation.

3.4.2 Proteomics reveals RBPs that aggregate following dephosphorylation

Following dephosphorylation, the soluble and insoluble (i.e., pellet) samples were analyzed
by label-free quantitative proteomics, using liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) in biological quadruplicate (Fig.3.2a, Online Supplemental Table
S1). Notably, dephosphorylation did not induce global aggregation of the nuclear proteome, as

insoluble pellet fraction protein concentrations were unchanged after phosphatase incubation
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(Online Supplemental Table S2). Following database search and removal of proteins with >50%

missing values, we identified 4,120 unique proteins (Online Supplemental Table S3).

To discover proteins with the largest changes in solubility following dephosphorylation,
we calculated the log. fold differences of fraction insoluble values between phosphatase and mock
treatments and visualized this as a volcano plot (Fig.3.2d, Online Supplemental Tables S4-5).
Proteins were highlighted as enriched/depleted from a fraction if a greater than or equal to a two-
fold change in fraction insoluble values was observed with a p value less than 0.05 (two-tailed
paired t-test). Relatively few proteins (n=10) enriched to the soluble fraction following
dephosphorylation. In contrast, many more proteins (n=734) experienced increased aggregation
following dephosphorylation. To ask whether SR proteins were enriched within this group, we
performed a homology search of the RS domain of SRSF2 using the protein BLAST tool. We
identified many proteins with high homology to the RS domain of SRSF2 (n=193), including other
SR proteins (SRSF3/4/5/6/7), as well as the SR-like proteins SRRM1 and LUC7L3 (Fig.3.3a,
Online Supplemental Table S6). Using a one-dimensional hypergeometric Fisher’s exact test
(FET) analysis, we concluded that the SR/SR-like group was significantly enriched to the list of
proteins that experienced significantly decreased solubility following dephosphorylation (BH-
corrected p-value = 0.0132) (Fig.3.3b). These observations suggest phosphorylation is an
important PTM that regulates the solubility of SRSF2, as well as the solubilities of similar

arginine-/serine-rich RBPs.

3.4.3 Arginine-/lysine-rich RNA-binding proteins with positive net charge preferentially

aggregate following dephosphorylation
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Phosphorylation significantly alters the net charge of a protein, adding a -2 charge with
each phosphorylated residue at physiological pH?®?. We hypothesized that proteins with highly
positive net charge (high densities of arginine/lysine) may be predisposed to aggregate when not
sufficiently phosphorylated. We plotted the distribution of net charge per reside (NCPR) of the
nucleoplasm proteome sequenced and highlighted those proteins that were two standard deviations
below (< -0.083; yellow) or above (> +0.099; purple) the mean NPCR (Fig.3.2e). Interestingly,
11/12 members of the SR protein family surpass the positive NCPR threshold, with SRSF2 being
the most positively charged overall. The SR RBP family has an abnormally high positive average

net charge, relative to other RBP families (Online Supplemental Table S8).

Using the aforementioned NCPR criteria to split our proteome into groups of low, middle
and high NCPR, we asked whether higher intrinsic NCPR values conferred increased susceptibility
to protein aggregation following dephosphorylation. Indeed, we saw a stepwise increase in average
fraction insolubility values with increasing NCPR value (Fig.3.2f). When compared with the group
of proteins with low NCPR values (n=69, < -0.083), middle-charged proteins (n=3796, -0.083 < x
< +0.099) had a significantly increased average log: fraction insolubility value (0.89 versus 0.436,
respectively). Moreover, the high NCPR group (n=133, > +0.099) had the highest fraction
insolubility value (1.56), which was significantly increased when compared with both the middle-
charged and low-charged groups. These data suggest proteins with a high NCPR (> +0.099) are
highly susceptible to increased aggregation following dephosphorylation. SRSF2, as well as
SRSF3/4/5/6/7, all surpassed the +0.099 NCPR threshold and also experienced significantly
aggregation following dephosphorylation. We conclude that phosphorylation may be an especially
important mechanism to regulate the solubility of proteins with high concentrations of arginine

and lysine, among which are many nuclear RBPs involved in splicing.
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3.4.4 Systems analysis identifies modules of proteins with solubility impacted by

phosphorylation

We hypothesized that if we applied systems biology approaches to the protein abundance
data we collected, we could discover groups of structurally-similar proteins with shared biology
that may co-aggregate when not sufficiently phosphorylated. To test this, we performed Weighted
Gene Correlation Network Analysis (WGCNA)® to group proteins with highly correlated soluble
and insoluble fraction abundance patterns. To define functionally divergent protein groups, we
plotted a dendrogram that was segregated by hierarchical clustering into modules of related
proteins (Fig.3.4). The network reduced our proteome into 27 modules [rank ordered by size, M1
(largest) — M27 (smallest)] each assigned a representative color (Online Supplemental Table S7).
Each module was classified by the strength of associations to GO terms linked to discrete and

generalizable cellular functions.

To understand which module of proteins experienced the greatest alterations in solubility
following dephosphorylation, we performed a one-dimensional hypergeometric Fisher’s exact test
(FET) for enrichment within each module of those proteins with the most increased insolubility
following CIP-treatment (n=734) (Fig.3.5a). Several key modules (M5, M7, M16) were enriched
with proteins that aggregated following dephosphorylation. To identify protein drivers behind
module solubility changes, eigenprotein values were plotted according to protein fraction and
treatment condition (Fig.3.5b-c). Eigenproteins are defined as the first principal component of a
module and serve as a representative, weighted module expression profile. As expected, some
modules did not experience appreciable solubility changes following dephosphorylation. Among

these were the soluble module M1 (protein folding) and insoluble module M9 (MRNA splicing),
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both unchanged in solubility profile after dephosphorylation (Fig.3.5b). Other modules, however,
including M5 (dephosphorylation), M7 (cell cycle phase) and M16 (DNA repair) represented a
prominent group of modules comprised of proteins that are soluble when phosphorylated, yet
aggregate upon dephosphorylation (Fig.3.5¢). The three members of the SR-like LUC7L family
were each hub proteins of the M7 module, which experienced a large decrease in solubility. SRSF2
was a member of the M16 module, which interestingly also contained several cytoskeletal
components (Online Supplemental Table S7). Given the robust insolubility of individual
modules following dephosphorylation, we sought to validate individual proteins that significantly

changed in solubility as well.

3.4.5 Confirmation of hub protein solubility changes following dephosphorylation

To examine the effect of dephosphorylation on the solubility of individual RBPs, we
plotted the mass spectrometry protein abundance measurements (Fig.3.6a) and compared with
immunoblot signals of select endogenous proteins from total, soluble and pelleted fractions
(Fig.3.6b). The classical SR proteins SRSF1 and SRSF2 were depleted from the soluble fraction
which was verified by western blot. LUC7L and LUC7L3, both hubs of the M7 “cell cycle phase’
module, were significantly depleted from soluble fractions and enriched to insoluble pellet
fractions. Other nuclear RBPs in HEK293 nucleoplasm lysates including TDP-43 (M5), RBM25
(M2) and ZC3H18 (M9), however, showed no significant solubility changes following
dephosphorylation. It should be noted that some RBPs harbor relatively few phosphorylation
PTMs in the absence of stress conditions (e.g., TDP-43), demonstrated by the lack of mobility

change following dephosphorylation®*. Nevertheless, mass spectrometry examination of soluble
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and pellet fractions revealed global RBP solubility changes in response to phosphatase co-

incubation, revealing RBPs susceptible to destabilization following dephosphorylation.

3.4.6 Phosphorylation decreases NCPR and regulates the oligomerization of arginine-rich

SRSF2

With no consideration of post-translational modifications (PTMs), SRSF2 is among the
most positively charged proteins in the entire proteome (Online Supplemental Table S8). In a
theoretical exercise of how phosphorylation changes the net charge of the SRSF2, we calculated
the average SRSF2 NCPR (Fig.3.7a) and local charge density in a 21 residue sliding window range
(Fig.3.7b) assuming three separate states: no phosphorylation (hypoSRSF2), MS-observed
phosphorylation (pSRSF21)2"7, and full phosphorylation (hyperpSRSF2) (Online Supplemental
Table S9). Although substantially positively-charged within the RS domain, SRSF2 adopts
increasing negative charge with increasing phosphorylation, such that the RS domain becomes net
negatively-charged at full phosphorylation occupancy. As we observed increased SRSF2
aggregation upon dephosphorylation, we asked whether phosphorylation could similarly regulate

the oligomerization of recombinant SRSF2.

Given the aggregation we observed for SRSF2, we hypothesize that a critical structural
change occurs as a result of dephosphorylation. To test this, we analyzed phosphorylated and
dephosphorylated lysates containing SRSF2-myc by both denaturing SDS-PAGE and non-
denaturing Blue native PAGE followed by western blotting for the myc-tag of recombinant SRSF2
(Fig.3.7c-d). In contrast to SDS-PAGE, which separates proteins under denaturing conditions,
native PAGE resolves native protein masses in high molecular weight oligomeric states as well as

protein complexes formed by physiological protein-protein interactions®®’. The mock-treated

117



SRSF2-myc sample had a recognizable monomer species band at ~ 37 kDa, whereas
dephosphorylated SRSF2 exhibited monomer as well as high molecular weight oligomeric species
(Fig.3.7d). These data suggest that dephosphorylation leads to high molecular weight oligomeric
SRSF2 structures, although in complex cellular lysate we could not determine whether the high
molecular weight species are due to phosphorylation-dependent changes alone on SRSF2 or in part

by protein-protein interactions as well.

To directly demonstrate how SRSF2 structure changes with phosphorylation, we
performed an in vitro kinase reaction using purified SR protein kinase 2 (SRPK2) and SRSF2
substrate and analyzed reactions by non-denaturing native PAGE (Fig.3.7e-f)!?. As proof of
principle, we confirmed SRPK2 robustly phosphorylates SRSF2 substrate in vitro using
radiolabeled ATP (Fig.3.8). Both SRPK2 and SRSF2 were expressed and purified in E. coli, an
organism with a low abundance of phosphoproteins and only three known Ser/Thr-directed
kinases®®3%°, We then separated these reaction products by non-denaturing native PAGE and
found that unphosphorylated SRSF2 formed high molecular weight oligomers, with a prominent
high molecular weight schmear between 480-1,000 kDa (Fig.3.7f). In contrast, SRPK2-
phosphorylated SRSF2 exhibited a decreased molecular weight range of oligomeric species, as
well as a prominent monomer band at ~50 kDa. Reactions incubated with increasing
concentrations of SRPIN340, an ATP-competitive selective SRPK inhibitor®°, yielded a dose-
dependent recovery of high molecular weight oligomer species along with a depletion of SRSF2

monomer, suggesting that phosphorylation directly regulates the oligomerization state of SRSF2.

3.4.7 SRPK inhibitor SRPIN340 decreases SR protein phosphorylation and increases SRSF2

granule and tubule formation
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Having established that SRSF2 aggregates and forms high molecular weight oligomers
upon dephosphorylation in vitro, we attempted to inhibit SR protein phosphorylation in cells. We
incubated HEK293 cells in media containing the compound SRPIN340. To validate SRPIN340
we analyzed cell lysates by western blot using mAb104Y, an antibody that labels phosphoepitopes
on numerous SR proteins®!* (Fig.3.9a). Quantification of mAb104 immunoblot signal intensities
normalized to Histone H3 demonstrate that several SR proteins, particularly SRSF2, exhibit
decreased phosphorylation with increasing concentrations of SRPIN340 (Fig.3.9b).
Independently, we compared pSR protein labeling with that of phosphoTDP-43 (pTDP-43)?7°. We
found that while pTDP-43 did not quantitatively change with SRPIN340 treatment, pSRSF2 signal
was significantly decreased at 50 uM SRPIN340. These results demonstrate that inhibition of
SRPKSs using SRPIN340 successfully reduces pSRSF2 levels, as well as overall SR protein

phosphorylation.

Next, we asked whether SR protein phosphorylation dysregulation could fundamentally
alter the localization of the RBP SRSF2. Using a nuclear-cytoplasmic fractionation procedure
(Fig.3.9¢)!%3% \we isolated cytoplasmic and nuclear fractions from cells that underwent either
vehicle- or SRPIN340-treatment (Fig.3.9d). In HEK293 cells, SRSF2 appeared to occupy
cytoplasmic and nuclear extracts at similar levels. However, in SRPIN340-treated cells SRSF2
was primarily cytoplasmic. Quantification of nuclear fraction abundances (percent nuclear SRSF2)
demonstrates that SRSF2 is significantly less nuclear in SRPIN340-treated cells (~18%) versus
vehicle-treated cells (~40%) (Fig.3.9e). Therefore, we demonstrate that SRSF2 is enriched in
cytoplasmic fractions when its phosphorylation state is decreased. The cytoplasmic
mislocalization of SRSF2 following pharmacological inhibition of SRPKSs was also demonstrated

with an antibody raised against a non-phospho epitope of SRSF2 (Fig. 3.10).

119



As we observed high molecular weight species of dephosphorylated SRSF2 in vitro, we
hypothesized that inhibiting SR protein kinases within cells would induce an increase in
cytoplasmic granules and/or the formation of fibril-like species, hallmarks of various RBP
proteinopathies®'?. Immunocytochemical (ICC) staining using the nuclear speckle antibody SC35
demonstrated canonical nuclear speckle morphology of pSRSF2 in vehicle-treated cells (Fig.3.9f).
In cells incubated with SRPIN340, we observed unusual cytoplasmic granules (Fig.9g). We
performed quantification and observed a significant increase in the average number of cytoplasmic
granules per cell in the SRPIN340 condition (Fig.3.9h). We next labeled cells using the
hypoSRSF2 antibody, observing dephosphorylated SRSF2 dispersed largely throughout the
cytoplasm and infrequently observed as small tubules extending from the cell body outwards
(Fig.3.9i). In cells incubated with SRPIN340, however, we observed a significant increase in cells
harboring cytoplasmic SRSF2 tubule structures, which were substantially larger in size (Fig.3.9j-
k). Cytoplasmic mislocalization was independently validated with an antibody raised against a
non-phospho epitope of SRSF2 (Fig.3.10). As expected, granule condensation and formation of
tubule-like filaments was not observed for TDP-43 which showed a consistent pattern of nuclear

distribution in both conditions (Fig.3.9j-k).

3.4.8 SRSF2 interacts with microtubule subunit proteins a- and B-tubulin

Given the unusual tubular morphology we observed of hypophosphorylated SRSF2 in cells
and enhanced aggregation of SRSF2 following dephosphorylation in vitro, we further examined
constituents of M16, of which SRSF2 is a member (Fig.3.11a). Interestingly, several proteins
within this module are components of the cytoskeleton, including microtubule subunit protein [3-

tubulin 8 (TUBBS8). To answer whether SRSF2 interacts with microtubules, we immunopurified
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recombinant SRSF2 and immunoblotted for TUBB8 and TUBAL1A. We indeed found that SRSF2
interacts with TUBB8 and TUBA1A (Fig.3.11b). Furthermore, ICC staining of SRSF2 with either
TUBALA or TUBB8 demonstrates that dephosphorylated SRSF2 preferentially associates with
microtubule structures (Fig.3.11c-d). Thus, network-based proteomics revealed an association
between arginine-rich RBPs like SRSF2 and microtubules, confirmed by both biochemical and

cell imaging approaches.

3.5 DISCUSSION

Here we used a mass spectrometry-based proteomics approach to investigate how
phosphorylation affects protein solubility and oligomerization. Using systems biology analyses we
identified modules of proteins with shared biology and sequence homology that co-aggregate
following dephosphorylation. Arginine-rich proteins, including SRSF2, were among the proteins
with the most decreased solubility following dephosphorylation. SRSF2 was used as a paradigm
to investigate the relationship between phosphorylation and protein structure and solubility. We
discovered that dephosphorylation regulates higher order multimer formation of SRSF2, whereas
phosphorylated SRSF2 more frequently exists as a monomer species in vitro. Inhibition of SR
protein kinases within mammalian cells decreased SR protein phosphorylation, resulting in
increased cytoplasmic SRSF2 localization, granule and tubule formation. We also observed SRSF2
to form unusual cytoplasmic tubule SRSF2 structures which co-localize with cytoskeletal proteins.
Collectively, these data suggest that phosphorylation tunes SRSF2 net charge, solubility and

structure by virtue of multimer disassembly in vitro and in vivo.

SRSF2 is a well-studied classical SR protein with integral roles in constitutive and

alternative splicing?’®. This study highlights numerous functions of SRSF2 that are regulated by
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phosphorylation and are associated with RBP dysregulation in neurodegenerative disease,
including decreased solubility, high molecular weight oligomer formation, and cytoplasmic
mislocalization and granule and tubule-like morphology formation. Another phenotype of
dysregulated RBPs in neurodegenerative disease is the accumulation of splicing errors82101.102
which could possibly be influenced by SR protein phosphorylation status. Given the substantial
solubility and localization changes of SRSF2 we observed upon SRPK inhibition using SRPIN340,
we hypothesize that many genes would be alternatively spliced as a result of SR protein
hypophosphorylation. Use of the broad SRPK inhibitor SRPIN340 may provide a stronger effect
of SR protein phosphorylation suppression than siRNA-mediated knockdown alone3®, Indeed,
several groups have discovered altered splicing as a result of SRPK inhibition using SRPIN340 in
mammalian cells®331, Future studies investigating the regulation of the SR protein splicing

network by phosphorylation may help to resolve specific genes susceptible to splicing defects upon

kinase dysregulation in disease.

Although mutations in SRSF2 are frequently observed in individuals with myelodysplastic
syndromes (MDS) or chronic myelomonocytic leukemia (CMML)35-31°) SRSF2 has not been
commonly associated with human neurodegenerative disease. Recently, however, the McKnight
group demonstrated that SRSF2 does indeed form condensates in vitro, a hallmark feature of RBPs
that aggregate in neurodegenerative disease, which importantly was reversible by
phosphorylation®%32t, While it is generally considered that phosphorylation promotes protein
aggregation, a notable finding of this study is that arginine-rich RBPs, such as the SR and LUC7L
protein families, exhibit remarkably similar aggregation patterns when dephosphorylated. Indeed,
our group and others have observed that arginine-rich splicing proteins mislocalize and aggregate

in AD brain®96204322  As kinases are dysregulated in AD3* SRSF2 is a protein susceptible to
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solubility dysregulation in disease. Remarkably, SRSF2 was identified as a novel protein that
associates with phosphorylated tau in AD brain by proteomic examination of microdissected
neurofibrillary tangles®?. Our group has not identified SRSF2 as a protein with significantly
increased insolubility in AD%% However, our studies have been limited to sarkosyl-insoluble
fractions only. Future studies that include internal comparisons of insoluble to soluble fractions
may implicate SRSF2 and similar RBPs that are depleted from AD brain homogenate soluble

fractions, and may reveal novel proteins that undergo altered solubility in AD.

We highlight phosphorylation as a critical feature of RBPs that strongly influences protein
solubility. An important consideration is the influence that similarly negatively charged RNA
molecules may hold over the solubility of nuclear proteins. Future investigations that explore the
role of RNA in regulating the solubility of RBPs may yield a parallel interpretation of RBP
stability. Further still, studies that investigate the role of phosphorylation in the regulation of
arginine-rich RBP aggregation may hold promise to reveal the mechanism underlying RBP

aggregation in neurodegenerative diseases.
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Figure 3.1. The arginine-/serine-rich (RS) domain of SRSF2 is predicted to be highly
disordered. The DISOPRED 3.0 algorithm predicts intrinsically disordered regions of proteins
based on primary sequence alone. The protein architecture of SRSF2 below is sized to match the
x-axis of the disorder plot. SRSF2 harbors an N-terminal RNA-recognition motif (RRM) domain
(green box) and a C-terminal arginine-/serine-rich (RS) domain (black box). (b) Nucleoplasm
extracts of HEK293 cells expressing recombinant SRSF2-myc protein were incubated with either
distilled calf intestinal alkaline phosphatase (+CIP) for increasing time lengths (10 min, 30 min, 1
hour) or water (-CIP) or at 37°C and separated by denaturing SDS-PAGE and immunoblotted for
the myc tag. (c) Nucleoplasm fractions of HEK293 cells transiently-expressing SRSF2-myc were
treated with either dH20 (-) or CIP (+), separated by SDS-PAGE and immunoblotted for myc tag
(red) and hypophosphorylated SRSF2 (green, hypoSRSF2) as well as Histone H3 for loading
control. Increased electrophoretic mobility of SRSF2-myc was observed in +CIP treatment, along
with increased labeling by hypoSRSF2-specific antibody (1Sc-4F11).
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Figure 3.2. Phosphorylation regulates arginine-rich RNA-binding protein solubility. (a)
Sample preparation and proteomic workflow. Nucleoplasm extracts of HEK293 cells expressing
recombinant SRSF2-myc protein were incubated with either calf intestinal phosphatase (+CIP) or
distilled water (-CIP) at 37°C for 1 hour. Following this, samples were ultracentrifuged at
100,000xg for 1 hour. The soluble and insoluble pellet fractions were desalted and run by either
western blot or liquid chromatography coupled with tandem mass spectrometry. (b) Pre-spin input
(total, T), supernatant (soluble, S) and insoluble pellets (P) were run by SDS-PAGE and western
blotted for myc. The average percent soluble (sol./(sol. + insol.)] and insoluble (insol./(sol. +
insol.)] values were calculated for five biological replicates and displayed below the representative
western blot. (c) Band densitometry of soluble and pellet fraction log>-transformed SRSF2-myc
band intensities normalized to the total signal in -CIP and +CIP conditions (5 biological replicates;
Soluble p value = 0.0123; Pellet p value = 0.0372; two-tailed paired t-test). (d) Differential
abundance of proteins in the soluble fractions. Fold-change, displayed on the x-axis, was the log:
value for fraction of signal that was insoluble [insoluble/(insoluble+soluble)] for the pairwise
comparison +CIP/-CIP. The t-statistic (-logio(p-Value)) was calculated for all proteins and
displayed on the y-axis. Insoluble-enriched proteins were highlighted in red (logz(fold change) >
1, p value < 0.05) and proteins depleted from the insoluble fractions upon dephosphorylation were
highlighted in blue (logz(fold change) < -1, p-Value < 0.05) squares, respectively. (e) Histogram
plot of the net charge per residue (NCPR) of all measured nuclear proteins (n=4366; green)
overlaid with the top 10% most insoluble proteins (n=435; magenta). The left y-axis corresponds
to protein bin counts of all measured nuclear proteins (green) whereas the right y-axis corresponds
to the protein bin counts of the top 10% insoluble proteins (magenta). Gaussian curves were fit to
the histogram plots, with two curves fit to the top 10% insoluble proteins. The NCPR range right
of the right-most gaussian curve mid-point (NCPR=0.076) was shaded purple. (f) An S-graph
ranking each protein by the NCPR value. SR proteins are highlighted, ranking among the highest
NCPR value proteins in the proteome. The region of proteins with NCPR values greater than 0.076
was shaded purple, while proteins with NCPR<0.076 were colored green.
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Figure 3.3. SR and SR-like proteins are enriched in detergent insoluble pellet when
dephosphorylated. (a) Protein BLAST of the RS domain of SRSF2 identified 193 SR and SR-
like proteins. Protein sequence alignment with residues colored according to charge. Sequences
were aligned and compared according to the residue charge status (basic=purple, acid=red, acidic
when phosphorylated=orange, nonpolar=black). (b) The group of SR and SR-like proteins with
significantly altered fraction insoluble values following dephosphorylation.
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Figure 3.4. The nuclear proteome was separated into discrete groups by weighted gene
correlation network analyses. Weighted Gene Correlation Network Analysis (WGCNA) cluster
dendrogram groups all proteins (n=4,366) measured by hierarchical clustering into 27 different
protein modules (M1-M27). The top generalizable biological process gene ontology term was
given as a title to each module.
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Figure 3.5. A correlation network approach groups proteins into modules with discrete gene
ontologies and solubility patterns in response to dephosphorylation. (a) Protein modules were
clustered to assess module relatedness based on correlation with abundances in detergent-soluble
and -insoluble pellet fractions in -CIP and +CIP conditions. Log values for fraction of signal that
was insoluble [insoluble/(insoluble+soluble)] for the pairwise comparison +CIP/-CIP displayed as
a heatmap for each module and compared with the average net charge per residue (NCPR) of all
members of that module, also displayed as a heat map. Significance of enrichment to top 734
insoluble proteins displayed as asterisks, determined by one-dimensional hypergeometric Fisher’s
exact test (FET, BH corrected; *p < 0.05, **p < 0.01, ***p < 0.001). Modules with positive
average NCPR are colored purple while those with negative average NCPR are colored yellow.
(b-c) Eigenprotein abundance box and whisker plots of selected modules. The farthest data points,
up to 1.5 times the interquartile range away from box edges, define the extent of whiskers (error
bars). (b) Protein modules that are unchanged in solubility phosphorylated or dephosphorylated.
(c) Selected modules with increased insolubility abundances following dephosphorylation.
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Figure 3.6. RNA-binding proteins have variable abundance patterns in soluble and pellet
fractions following dephosphorylation. (a) Box and whisker plots of mass spectrometry
abundance measurements (n=4) of RNA-binding proteins in soluble and pellet fractions in -CIP
and +CIP conditions. (two-tailed paired t-test; *p < 0.05, **p < 0.01, ***p < 0.001). Module
number and color are indicated next to each gene symbol. Whiskers range from min to max values.
(b) Western blot validation of solubility changes of well-described RNA-binding proteins.
Modules, colored accordingly, are paired with the protein name.
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Figure 3.7. SRSF2 net charge and insolubility, respectively, increases substantially with
dephosphorylation. (a) SRSF2 net charge per residue (NCPR) calculated according to
phosphorylation state, i.e., no phosphorylation (hypoSRSF2), phosphorylation sites previously
observed by middle-down mass spectrometry (pSRSF2, Kundinger & Bishof et al., 2020) or full
phosphorylation (hyperpSRSF2). Phosphorylation sites represented by turquoise ball and stick. (b)
Line plots of average charge density (window = 21 residues) from C-terminus to N-terminus of
SRSF2 that is either non-phosphorylated (black), observed phosphorylation by MS (grey,
Kundinger & Bishof et al., 2020) or fully phosphorylated (turquoise) in the RS domain. The
SRSF2 protein map is included below the line plot, with the RNA-recognition motif (RRM)
domain (green box) and RS domain (black box) annotated. (c) Nucleoplasm extracts of HEK293
cells expressing recombinant SRSF2-myc protein were incubated with either calf intestinal
alkaline phosphatase (+CIP) or distilled water (-CIP) at 37°C for 1 hour. Following this, samples
were split and run by both denaturing and non-denaturing native PAGE and western blotted for
myc (n=3). (d) By denaturing SDS-PAGE (left), CIP-treated SRSF2-myc has increased
electrophoretic mobility. Equal loading is demonstrated by Histone H3 labeling. Immunoblotting
for SRSF2-myc after non-denaturing Blue native PAGE (right) identifies various
dephosphorylated SRSF2 species not observed in mock-treated samples, including monomer (~37
kDa, light grey triangle), dimer (~74 kDa, dark grey triangle), tetramer (~148 kDa, black triangle)
and high molecular weight (HMW) species. (e) Diagram of in vitro kinase reaction using kinase
SRPK2 (black) and substrate SRSF2 (green). Both SRPK2 and SRSF2 were expressed and
purified from E. coli and were mixed in the presence (+) or lack thereof (-) ATP and incubated at
30°C for 30 min. Phosphorylated SRSF2 was represented by a turquoise ring. (f) The in vitro
reaction was separated by non-denaturing native PAGE which was transferred and western blotted
for SRSF2. Monomeric (grey triangle), tetrameric (black triangle) and high molecular weight
(HMW) oligomeric (line) species were unequally observed in the —and + ATP conditions by non-
denaturing native PAGE.
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Figure 3.8. Validation of in vitro SRPK2-SRSF2 kinase reactions. (a-b) Serine-/arginine
protein kinase 2 (SRPK2) and SRSF2, expressed and purified from E. coli were mixed in the
presence or lack thereof (-/+, respectively) ATP and incubated at 30°C for 30 min and run by
denaturing SDS-PAGE or isoelectric focusing (IEF) gel electrophoresis. (a) Equal loading of
SRPK2 was validated by Coomassie staining (~110 kDa). (b) The pl of non-phosphorylated
SRSF2 (-ATP) is 12.4, while SRSF2 co-incubated with SRPK2 and ATP had an apparent pl range
of 10-12.4.
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Figure 3.9. Inhibiting SRPKs decreases SR protein phosphorylation and increases cells
harboring cytoplasmic SRSF2 granule and tubule structures in HEK293 cells. (a) HEK293
cells were incubated with either DMSO (vehicle, VEH) or increasing concentrations of SRPK
inhibitor SRPIN340 for a length of 12 hours. Immediately following treatment, cells were
harvested, run by SDS-PAGE and Western blotted for phosphoSR (pSR) proteins SRSF4 (purple),
SRSF6 (blue), SRSF10 (red), SRSF2/SRSF7 (gold), SRSF1/9 (turquoise) and SRSF3 (green)
(mAb104 antibody, red signal). These membranes were also co-labeled using the SC35 antibody
(green signal) that independently recognizes pSRSF2 (gold). The putative pSRSF2 band is indeed
labeled by both mAb104 (red signal) and SC35 (green signal), such that the 35 kDa band appears
a yellow color, bolstering confidence that pSRSF2 is indeed that protein. A p-TDP-43 antibody
and a Histone H3 antibody were used to confirm specificity of SRPIN340 and equal protein
loading, respectively. (b) mAb104 pSR protein band intensities for SRSF4 (purple), SRSF6 (blue),
SRSF10 (red), SRSF2/SRSF7 (gold), SRSF1/9 (turquoise) and SRSF3 (green) of SRPIN340
treatments (10 uM, 50 puM) were quantified and normalized to the DMSO condition (artificially
set to value=1). Error bars indicate maximum and minimum ranges of band values. (c) Band
intensities of pTDP-43 (black) and pSRSF2 (gold) were quantified and normalized to Histone H3
labeling. The DMSO condition was artificially normalized to equal 1.00 and compared with
normalized pTDP-43 and pSRSF2 values in SRPIN340 conditions. The pSRSF2 signal was
significantly decreased compared with pTDP-43 at 50 uM SRPIN340 concentration (multiple t
tests, *p value=0.0099). (d-e) Immunocytochemical (ICC) staining of HEK293 cells for
phosphoSRSF2 (pSRSF2)-positive nuclear speckles (green) and DAPI+ nuclei (blue) in vehicle-
treated cells (d) and 50 uM SRPIN340-treated cells (e). (f) The number of cytoplasmic granules
observed were divided by the number of cells counted and averaged for 14 independent images in
three independent replicates (*p value = 0.0191, two-tailed paired t-test). A minimum of 120 cells
were counted in each condition per replicate. The error bars represent the range of standard
deviation. (g-h) ICC staining of HEK293 cells for hypophosphorylated SRSF2 (hypoSRSF2)
(green) and DAPI+ nuclei (blue) in vehicle-treated cells (g) and 50 uM SRPIN340-treated cells
(h). (i) The fraction of cells harboring cytoplasmic SRSF2 tubule structures was quantified in four
biological replicates and compared (*p value = 0.0178, two-tailed paired t-test). (j) Vehicle- and
(k) 50 uM SRPIN340-treated HEK?293 cells were stained by ICC for TDP-43 (green) and DAPI-
stained.
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Figure 3.10. Hypophosphorylated SRSF2 exhibits nuclear mislocalization phenotypes. ICC
staining of vehicle (DMSO) and 50 uM SRPIN340-treated HEK293 cells for total SRSF2
(totSRSF2, red) and DAPI (nuclei; blue). We observed cells with SRSF2 cytoplasmic
mislocalization (arrowhead) and tubule formation (arrow).
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Figure 3.11. Association of SRSF2 with microtubule proteins. (a) I-graph of module 16 (M16)
representing hub proteins and corresponding gene symbols as nodes. Node size and edges (gray)
are reflective of the degree of intramodular connectivity in WGCNA (KME). SRSF2 (green) and
cytoskeletal-associated proteins (red) are highlighted. (b) Representative western blot of an
immunoprecipitation (IP) of recombinant SRSF2-myc in cytoplasm and nucleoplasm extracts
isolated from HEK?293 cells (n=3 replicates per fraction). Co-IP complexes were blotted for a-
tubulin (TUBA1A) and p-tubulin (TUBBS8). (c-d) ICC staining of HEK293 cells for
hypophosphorylated SRSF2 (hypoSRSF2) (green) and both TUBALA (red; c) and TUBBS (red,;
d) in vehicle- cells or 50 uM SRPIN340-treated cells.

146



CHAPTER 4.0 : DISCUSSION.

4.1 Summary

Post-translational modifications (PTMSs), including phosphorylation of arginine-rich RNA-
binding proteins (RBPs), regulate RNA metabolism through RBP interactions, spliceosome
assembly, alternative splicing and mRNA export. Here we use a middle-down (partial protein
digestion) proteomic approach coupled with electron transfer dissociation (ETD) fragmentation to
significantly improve protein coverage and PTM identification in mammalian cell extracts by mass
spectrometry®®. We discover a substantial number of PTMs, particularly phosphorylation, in
arginine-rich low complexity (LC) domains of RBPs. We demonstrate that removing phosphate
increases interactions between structurally similar RBPs. We next dephosphorylated nuclear
extracts in vitro and performed ultracentrifugation, analyzing equal amounts of detergent-soluble
and -insoluble fractions by mass spectrometry-based proteomics. Using correlational network
analyses, we identified modules and groups of RBPs that aggregate following dephosphorylation,
including the SR protein family and SR-like proteins. However, increased aggregation was not
observed for all nuclear RBPs let alone all nuclear proteins. We demonstrate that phosphorylation
regulates the structure and oligomerization of the canonical arginine-rich RBP SRSF2. Inhibition
of kinases specific to arginine-rich RBPs resulted in a decrease in SR protein phosphorylation and
increased SRSF2 cytoplasmic mislocalization, granule and fibril formation. Taken together, these
results demonstrate that phosphorylation occurs within arginine-rich LC domains of RBPs at levels
not observed elsewhere in the proteome, and this PTM subtype regulates protein interactions to

decrease the mislocalization and aggregation of SRSF2 and other arginine-rich RBPs.

4.2 Future directions of mass spectrometry to improve sequencing of arginine-rich RNA-

binding proteins
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Several efforts have attempted to apply alternative proteomic approaches to sequence
arginine-rich protein sequences and improve PTM identifications within these sequences. One
such approach includes “Confetti’’®?%, which is a method of using multiple proteases to sequence
similar protein sequences and/or proteomes. Analyzing PTMs from the same sample when
digested with different proteases increases confidence that the peptide or protein identified is a
true identification not an erroneous one simply due to noise. Specific types of PTMs can also be
targeted by immunoaffinity enrichment approaches combined with novel proteomic methods.
Maron et al. used a label-free ETD/HCD proteomic methodology to identify arginine methylated
peptides enriched using immunoaffinity based PTMScan methods®?®. Despite these advances,
additional approaches are needed to reliably map PTMs with these highly repetitive but
functionally important regions.

Importantly, middle-down proteomic approaches which utilize incomplete trypsin
digestion methods and result in longer peptides (which increase the search space needed to
correctly match spectra to peptides) need vastly expanded computational power. Improved search
engines, including MSFragger?®®, MetaMorpheus®”’ and TagGraph?®!, have recently been
developed and applied in order to overcome these limitations. MSFragger is exclusive among these
search engines in that it has superior PTM localization algorithms to support more sensitive PTM

identification hits with higher confidence in terms of localization®?®

. Another limitation of studying
site-specific PTMs is that a PTM may not be abundant enough to be sequenced in every sample,
as only a fraction of any protein in a sample is modified at any given site. To combat this, a
Bioconductor package may be employed called Differential Enrichment Analysis of Proteomics

(DEP) data which uses a k-nearest neighbor calculation to generate imputed values for abundances

missing in random samples and a minimum imputed value to abundances missing at non-random
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(i.e., in experimental conditions)3?°. However, more innovative methods need to be continually
applied to enhance our confidence that the ions we collect and spectra we sequence are true
identifications.
4.3 Use of middle-down proteomic approaches to sequence post-translational modification
sites in arginine-rich RNA-binding proteins in Alzheimer’s disease

In Chapter 2, we describe a nuclear-cytoplasmic fractionation procedure that isolated
nucleoplasmic extracts which were enriched with RBPs, including arginine-rich RBPs. To
sequence arginine-rich RBPs, which enrich to insoluble fractions of AD brain extract®®, a similar
method to isolate nuclei may be used to enrich RBPs from AD brain extract will be important to
address whether the phosphorylation status of arginine-rich RBPs is dysregulated in AD. However,
brain homogenate has high cellular heterogeneity and methods used to isolate neurons, let alone
neuronal nuclei, are technically difficult®3!. Recent advances that attempt to address this problem
include using fluorescence activated cell sorting (FACS) for NeuN positive nuclei of neurons
extracted from human postmortem frontal cortex brain tissue®*. Using a middle-down ETD
approach to sequencing FACS-sorted NeuN+ neuronal nuclei populations in Control and AD
samples may reveal important PTM differences that could underlie the altered splicing observed
in disease®10%192 However, given the localization and morphological changes observed for
SRSF2 upon dephosphorylation described in Chapter 3, it may be that cytoplasmic pools of SRSF2
undergo the largest alterations in phosphorylation status in disease. Therefore, a comprehensive
examination of nuclear and cytoplasmic pools separately may yield important insights into any
alterations of SRSF2 and other arginine-rich RBPs that may occur in disease.
4.4 Recent discoveries of RNA-binding protein functions regulated by post-translational

modifications
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We describe the initial discovery of PTMs, with a special emphasis on the phosphorylation,
on arginine-rich RBPs and SR proteins in the Introduction. While it may be that large changes in
phosphorylation status trigger certain functions, residue-specific PTM changes can confer
fundamental alterations in RBP behavior. For example, the nuclear SR-protein kinase CLK1
reorganizes splicing factor U1-70K for early spliceosome protein assembly by phosphorylating
S226 within U1-70K, a site N-terminal to the arginine-rich low complexity LC1/BAD domain®3,
A major finding of Chapter 2 is that methylation and phosphorylation frequently co-modify RSRS
motifs in mammalian cells. Support for this finding come from studies in S. cerevisiae, showing
the co-occurrence of methylation and phosphorylation in condensate-associated proteins®®*. A
large-scale proteomic investigation of substrates of protein arginine methyltransferases (PRMTS)
revealed that arginine methylation is not only more abundant than we previously thought, but the
transcriptome and proteome are significantly changed upon inhibiting specific classes of
PRMTSs%%. The group also found that PRMTs differentially methylate similar RBPs (FUS and
TAF15) and can modulate binding interactions between these proteins. Arginine methylation is
increasingly being understood as a core modifier of RBPs which can regulate RNA
metabolism?7433%53%  PRMT7-mediated arginine methylation regulates gene expression and
virulence in the single-cell eukaryote Leishmania major®¥’. However, we are still at an early stage
of applying next-generation sequencing tools to routinely identify and measure co-occurring PTMs
to study how these modifications change in different biological conditions. Combining next-
generation proteomic sequencing methods with RNA-seq and/or cryo-EM technologies may allow
us to define discover a ‘splicing PTM code’ which may dictate how the spliceosome is built and
what pre-mRNA substrates are spliced under different conditions.

4.5 Is phosphorylation a trigger for or a consequence of protein aggregation?
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A fundamental question of this thesis is whether post-translational modifications trigger,
or are rather simply ‘blaze marks’, of earlier protein aggregation events. Numerous studies
highlight certain PTMs that speed up aggregation kinetics while others indicate removing PTMs
achieve the same effect40:143.144.146.147 \\hile it is immediately clear that this question is context
dependent (i.e., which protein is modified), there remains a large amount of investigation to
discover underlying rules regarding the PTM regulation of protein aggregation and the process of
LLPS, the liquid de-mixing of proteins driven by multivalent interactions, in the broader context’®.
In Chapter 3, we make the argument that phosphorylation prevents the insolubility,
oligomerization and aggregation of the arginine-rich RBP SRSF2. Therefore, we and others’™
speculate that phosphorylation prevents the aggregation of low complexity proteins (e.g., arginine-
rich RBPs) and that any phosphorylation PTMs found on aggregates in post-mortem samples may
be a response of the cell to buffer liquid-to-solid transitions of certain low complexity proteins in
the cell.

We hypothesize that insufficient phosphorylation may cause many protein aggregation
events in neurodegenerative disease, and aggregate protein hyperphosphorylation discovered in
post-mortem tissue may be the result of an earlier cellular response to reverse aggregation. An
example which exemplifies this theory is the prevailing literature of AD Tau, which is
hyperphosphorylated in post-mortem brain samples*®%*. Although it has long been assumed that
phosphorylation of Tau promotes aggregation because of this correlation, several recent studies
indicate that phosphorylation may instead mitigate Tau aggregation. The Kosik group identified
phosphomimetic substitutions in Tau that suppress Tau aggregation in a in vivo Cry2 optogenetic
model**2, In support of this, another group recently found phosphorylation of Tau in vitro inhibits

aggregation, seeding activity and microtubule binding/polymerization*3. Another recent,
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independent example that supports this theory is the study of the hyperphosphorylated TDP-43
which was found to reduce phase separation and aggregation of TDP-43, rendering the protein
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more liquid-like in vitro=**. An important consideration remains that soluble disease-associated

proteins may be more toxic than aggregates®®

, in which aggregated proteins may be better
degraded and cleared. Additional investigation of other proteins may reveal more RBPs that are
regulated in a similar manner.

4.6 Does phosphorylation regulate the core splicing function of arginine-rich RNA-binding
proteins?

A striking fact that underpins our understanding of arginine-rich RBPs, and SR proteins in
particular, is that the regulation of RBP behavior is not based on primary protein sequence alone
but also to a substantial degree on the types and number of PTMs!3. Dynamic states of arginine-
rich RBP phosphorylation are achieved by counterbalancing the activity of both kinases and
phosphatases®®®. We hypothesize that attempts to alter the extent of hyperphosphorylation and
hypophosphorylation of SR proteins in cells, achieved through kinase inhibition, results in
fundamental change in RBP modification and function in key post-transcriptional processes such
as splicing. In Chapter 3 we highlight gross solubility, structural and localization changes of
SRSF2 that occur when phosphorylation levels are altered by SRPK inhibition. Other groups have
discovered that treatment of HelLa cells with the ATP-competitive SRPK inhibitor SRPIN340
causes alternative splicing events in VEGF®!313 and MAP2K1 transcripts®4. We further
hypothesize that the removal of SRSF2 and other SR proteins from solution due to insufficient
phosphorylation would be a surrogate for functional depletion. Experiments in cells with reduced

SRSF2 expression reveal altered splicing programs®3°24 and deficits in transcription initiation and

elongation®*!, as splicing is inextricably coupled to transcription3#2. Future global studies of RNA
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expression and splicing patterns in SRPIN340-treated cells compared with controls may elucidate
scores of individual genes that rely on correct SR protein phosphorylation for proper splicing (or
other steps in post-transcriptional processing), helping to sketch out a framework of the splicing
code under PTM control.
4.7 The in vivo roles of phosphatases

A caveat of the study of the regulation of arginine-rich RBPs by phosphorylation is that
the majority of studies have been conducted on the role of kinases (SRPKs, CLKSs) in the absence
of consideration of phosphatases. It is generally assumed that phosphatases have relatively little
substrate specificity34®. For example, dephosphorylation motifs are not nearly as well described as
counterpart kinase motifs, partly due to the complexity conferred by the formation of holoenzyme
phosphatase structures in vivo, which complicates the investigation into the motif specificity of
individual phosphatases®*®. This means that there could be an exponential number of holoenzymes
formed by different combinations of phosphatases. Moreover, the two major phosphatases, PP1
and PP2A, together are responsible for a large body of substrates, making the identification of
specific protein substrate motifs technically challenging®*3-34, Interestingly, a large number of PP1
mammalian substrates are intrinsically disordered®®, a property widely shared by arginine-rich
RBPs. A recent study used MS-based proteomic approaches to identify phosphatase motifs after
incubating PTM peptide libraries with either PP1 or PP2A34, This study identified a phosphatase
motif, RXXpS, that was differentially phosphorylated when incubated with the phosphatases PP1
versus PP2A. Importantly, the researchers identified numerous RxxpS sites in SR proteins that
were preferentially dephosphorylated by PP1 but not PP2A, suggesting that not only that SR
proteins are dephosphorylated by PP1 but also that we can broadly apply these methods to detect

phosphatase substrate motif preferences.
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In support of the finding of PP1 phosphatase specificity to RS motifs in SR proteins, recent
work has elucidated PP1 phosphatase binding motifs in the N-terminal domains of SR proteins
that regulate the phosphorylation status of the RS domain, nuclear speckle formation and
splicing®?2®,  Moreover, other groups have further strengthened the link between
dephosphorylated arginine-rich RBPs and alterations in cellular binding patterns, localization and
morphology, as dephosphorylated SRSF2 binds more strongly to mature poly(A)+ mRNAs than
phosphorylated SRSF2 does'?. Instead of a classical nuclear export signal (NES), SRSF2 export
(and thereby subcellular localization) is regulated by dephosphorylation of nuclear SRSF2, which
increases SRSF2 interaction with the nuclear export factor NXF1125, Therefore, increased attention
and innovative approaches must be applied to comprehensively describe the role of phosphatases
and specific sites of dephosphorylation in regulating arginine-rich RBP behavior.

4.8 Implications of phosphorylation dysregulation in AD

Mass spectrometry-based proteomic investigations of the sarkosyl insoluble fractions of
brain extract identified numerous arginine-rich splicing RBPs that aggregate in both early onset
familial and late onset sporadic AD 54%%, Furthermore, our group demonstrated arginine-rich
RBP protein insolubility in AsymAD brains that harbor little to no Tau aggregation, suggesting
that the aggregation of arginine-rich RBPs may be a critical event that can possibly seed later Tau
aggregation %. Immunohistochemical staining revealed arginine-rich RBPs including U1-70K
form fibril aggregates in AD brain that co-localize with Tau %%, In summary, arginine-rich

RBPs aggregate and associate with Tau in AD due to some unknown mechanism.

Proteinopathies are believed to be promoted by altered PTM status of aggregating
proteins’®. Here, we show that reduced phosphorylation states promotes the insolubility,

oligomerization and cytoplasmic mislocalization and granule and tubule formation of arginine-
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rich RBPs. Each of the aforementioned events are pathological RBP phenotypes associated with
neurodegenerative diseases including AD. Importantly, in AD several kinases have altered steady-
state expression levels!3*. This suggests that a kinase specific to arginine-rich RBPs could be
altered in terms of expression or activity that may help to explain the several pathological
phenotypes we observe with arginine-rich RBPs in AD. Indeed, examination of large brain cohorts
by RNA-seg®’ and mass spectrometry?’! at Mt. Sinai and Emory, respectively, demonstrate that
the brain-specific kinase SRPK22%°, which preferentially phosphorylates arginine-rich RBPs, has
decreased steady-state levels of both RNA and protein (Fig.4.1a-b). It is unknown whether SRPK2
downregulation occurs as a result of AP deposition. Decreased SRPK2 transcript and protein in
AD may result in chronic, insufficient phosphorylation of arginine-rich RBPs and could help to
explain the cytoplasmic mislocalization, fibrillization and splicing alterations observed in AD
(Fig.4.1c)**1%0101 Continued examination of arginine-rich RBP aggregation in AD through the
framework of altered phosphorylation may reveal new therapeutic targets and options to treat AD

in the future that may importantly influence the Amyloid cascade.

4.9 Future Directions

Phosphorylation of low complexity domains is often considered non-specific events due to
off-target promiscuous kinases®*®. Here, we use innovative MS-based proteomic approaches to
provide evidence that phosphorylation is enriched within arginine-rich low complexity RBPs and
identify modified residues specifically. We then use a series of biochemical approaches to
demonstrate that phosphorylation regulates the binding interactions, solubility, oligomerization,
localization and morphology of an arginine-rich RBP, SRSF2. Based on our global proteomic
study of solubility changes correlated with changes in phosphorylation, we hypothesize that

arginine-rich RBPs as a whole function in a manner similar to SRSF2. These findings provide a
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framework for understanding the role of phosphorylation in preventing numerous potentially

detrimental functions of arginine-rich RBPs in vivo.

The evidence that | present herein suggest a much more nuanced understanding of PTMs
and low complexity RBPs is warranted. Applying the approaches described in Chapter 3 to
neurodegenerative disease-associated RBPs may help to reveal mechanisms underlying protein
aggregation and may even serve to guide identification of RBPs that are susceptible to protein
aggregation in diseases or disorders with kinase and/or phosphatase dysregulation®*°, including
AD. Although our group has not discovered SRSF2 as a protein that was enriched in detergent
insoluble pellets of AD brain extract, we have identified numerous arginine-rich RBPs including
U1-70K, LUC7L3 and SRSF11%. Future studies that include soluble fractions alongside insoluble
fractions analyzed in the manner described in Chapter 3, may help to identify novel proteins with
altered stabilities in AD. Interestingly, the Wisniewski group recently used laser microdissection
to isolate Tau neurofibrillary tangles (NFTs) from AD brain sections and discovered that SRSF2

and other SR proteins preferentially associate with phosphorylated AD Tau3%

. This exciting result,
in combination with the results described herein, argue that more in-depth examinations of SRSF2
such as immunohistochemistry in AD brain is warranted. Combining these techniques with

innovative MS proteomic methods may identify specific residues and avenues for therapies to

prevent phosphorylation dysregulation in AD.

We can also use the proteome analyzed in Chapter 3 to develop hypotheses as to why
certain arginine-rich RBPs do not undergo major solubility changes upon dephosphorylation. For
example, we did not observe a change in U1-70K solubility upon incubation with phosphatase.
Possibly, the LC1/BAD domain of U1-70K may be an example of a ‘phosphomimetic’ version of

an RS domain, with aspartate and glutamate residues substituting for serine and effectively
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mimicking a phosphorylated RS domain. U1-70K may also be a particularly phosphatase resistant,
although this has not been established. The lack of solubility changes upon dephosphorylation
suggests that the aggregation of U1-70K, notably evident in Alzheimer’s disease®**>%, is not
initiated by changes in phosphorylation status. Instead, other PTMs including methylation could

influence this process.

Finally, understanding how phosphorylation alters the splicing of specific transcripts is
critical. This question is particularly important in our understanding of AD, as it was recently
discovered that altered splicing is a bona fide hallmark of AD pathology®21°%192 We are currently
examining a next-generation RNA-seq dataset in mammalian HEK293 samples treated with the
SRPK inhibitor SRPIN340 versus vehicle control to explore whether global changes in splicing
occur as a result of inhibition of SR protein phosphorylation (Fig.3.9a-b). We also plan to compare

339 and those

any splicing changes with those observed under conditions of SRSF2 knockdown
found in AD to determine whether phosphorylation-regulated splicing events are conserved.
Unambiguously linking specific sites of phosphorylation to complex biological functions and

pathologies of RBPs now appears as an attainable goal in the modern age of proteomics.

This work highlights phosphorylation as a PTM that prevents the oligomerization,
insolubility and mislocalization of arginine-rich RBPs. Whether the phosphorylation status of
arginine-rich RBPs in AD is altered is now a framework which we can begin to examine using
next generation proteomic sequencing methods. If altered phosphorylation of arginine-rich LC
domains of RBPs is confirmed, interventions that promote proper phosphorylation of these
proteins can be tested in cell and animal models of AD. The role of altered phosphorylation in
regulating arginine-rich RBP aggregation may reveal new therapeutic avenues to treat AD in the

future.
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4.10 FIGURES
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Figure 4.1. Proposed model of arginine-rich RNA-binding protein solubility and
oligomerization changes regulated by phosphorylation. (a) Levels of SRPK2 RNA transcript
as measured by RNA-sequencing in control (CTL) and Alzheimer’s disease (AD) brain (two-tailed
t-test, *p < 0.05, **p < 0.01, ***p < 0.001). (b) Levels of SRPK2 protein as measured by mass
spectrometry in CTL and AD brain (two-tailed t-test, *p < 0.05, **p < 0.01, ***p < 0.001). (c)
Equilibrium of structural states (monomer, oligomer, aggregate) of arginine-rich (Arg-rich) RNA-
binding proteins (green) in varying states of phosphorylation (dark turquoise border). The
decreasing magnitude of phosphorylation (turquoise triangle) is illustrated to correlate to
decreasing SRPK2 levels. Phosphorylation regulates higher order SRSF2 solubility,
oligomerization and structure formation.
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