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Abstract

Several neurodegenerative diseases including Alzheim er’s Disease (AD) are characterized by
ubiquitin-positive pathological protein aggregates. Here, an immunoaffinity approach is utilized to
enrich ubiquitylated isopeptides after trypsin digestion from five AD and five age-matched control
postmortem brain tissues. Label-free MS-based proteomic analysis identified 4,291 unique
ubiquitylation sites mapping to 1,682 unique proteins. Differential enrichment analysis showed
that over 800 ubiquitylation sites were significantly altered between AD and control cases. Of
these, approximately 80% were increased in AD, including seven polyubiquitin linkages, which is
consistent with proteolytic stress and high burden of ubiquitylated pathological aggregates in AD.
The microtubule associated protein Tau, the core component of neurofibrillary tangles, had the
highest number of increased sites of ubiquitylation per any protein in AD. Tau polyubiquitylation
from AD brain homogenates was confirmed by reciprocal co-immunoprecipitation and by affinity
capture using tandem ubiquitin binding entities (TUBESs). Co-modified peptides, with both
ubiquitylation and phosphorylation sites, were also enriched in AD. Notably, many of the co-
modified peptides mapped to Tau within KXGS motifs in the microtubule binding repeat
suggesting that cross-talk between phosphorylation and ubiquitylation occurs on Tau in AD.
Overall, these findings highlight the utility of MS to map ubiquitylated substrates in human brain
and provides insight into mechanisms underlying pathological protein posttranslational
modification in AD.
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1. Introduction

Ubiquitylation is a posttranslational modification (PTM) modulating multiple cellular
pathways including maintenance of cellular protein homeostasis, cell signaling,
transcription, DNA repair and cell division[®: 2]. The covalent conjugation of ubiquitin to
primarily the e amino group of lysine residues is achieved by sequential activities of
ubiquitin activating (E1), ubiquitin conjugating (E2) and ubiquitin ligase (E3) enzymes and
scaffolds[3 4. Ubiquitin signaling is highly conserved among eukaryotes!®] and, to date, 3
E1ls, over 40 E2s and more than 600 E3 ligases have been described!“l. Ubiquitylation
regulates cellular processes by modulating protein turnover, activity, protein-protein
interactions and sub-cellular localization[®l. Both the proteasome and autophagy degradation
pathways rely on ubiquitin signaling for selectively targeting substrates for degradationl’=9l.
The importance of ubiquitin signaling is illustrated by impairment in protein homeostasis
which is linked with protein aggregation in proteinopathies[® 191, Namely, several
neurodegenerative diseases including Alzheimer’s Disease (AD), frontotemporal lobar
degeneration (FTD), Parkinson’s disease (PD), Huntington’s disease (HD) and corticobasal
degeneration (CBD) have characteristic ubiquitin positive pathological protein aggregates
[8.10, 111, One of the core features of T auopathies including AD is the accumulation of
neurofibrillary tangles (NFTs) composed of the microtubule-associated protein Tau (MAPT)
[12-14] /A key physiological functions of Tau is to stabilize microtubules, however, in
pathological conditions, Tau is heavily phosphorylated and forms insoluble NFTs that no
longer stabilize microtubules4: 151, Although Tau phosphorylation is a robust marker of
NFT pathology, recent studies emphasize the role of other PTMs such as

ubiquitylationl12: 161 acetylation[”: 18] and O-GlcNAcetylation[1°l. However, global
ubiquitylation substrates and ubiquitylation sites in AD brain is lacking. Thus, mapping the
brain ubiquitylome associated in AD brain will contribute towards our understanding of the
underlying proteostasis mechanisms as well as reveal potential diagnostic biomarkers that
translate into cerebrospinal fluid (CSF).

MS based quantitative proteomics is a powerful tool for the identification and quantification
of proteins and their PTMs from complex protein mixtures(20: 21-231. Mapping of ubiquitin
sites by MS relies on identification of the last two remnant glycine residues (di-Gly) of
ubiquitin on lysine residues following trypsin digestion1[21. 221 A di-Gly remnant on lysine
blocks trypsin cleavage producing miscleaved isopeptides with a mass shift of 114.043 Da,
which is resolved by high resolution MSI[21: 221, However, the identification of ubiquitin
substrates using MS is challenging due to the low stoichiometry of ubiquitin modified
isopeptides in complex protein extracts such as brain homogenate[23: 241, To overcome this
limitation, many enrichment techniques have been developed including expression of
epitope tagged ubiquitin2®], ubiquitin binding antibodies and ubiquitin binding domains[28],
which enrich both conjugated and free ubiquitin[2® 271, However, a major breakthrough was

Proteomics. Author manuscript; available in PMC 2018 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abreha et al.

Page 3

reached with the development of antibodies specific to peptides carrying the di-Gly remnant
(K-e-GG) that enabled robust and reliable identification and quantification of ubiquitylated
isopeptides from cells and tissue extracts[23: 28],

Here, we analyzed human control and AD postmortem brain tissue samples to assess both
total changes to the proteome and ubiquitylome associated with AD neuropathology.
Coupling immunoaffinity enrichment of ubiquitylated isopeptides using a di-Gly remnant
specific antibody[23] with label-free MS-based proteomics revealed 4291 unique ubiquitin
modified sites mapping to 1682 unique proteins. Differential enrichment analysis revealed
that over 800 di-Gly sites were significantly altered between AD and control cases. Of these,
approximately 80% were increased in AD, which included the seven poly-ubiquitin
linkages. We also mapped 28 sites of ubiquitylation on Tau, the core component of
neurofibrillary tangles in AD, which also had the highest number of increased di-Gly
isopeptides. Finally, additional database search results identified enrichment of co-modified
isopeptides, having both ubiquitylation and phosphorylation sites, in AD. Notably, many of
the co-modified Tau isopeptides carry KXGS motifs that influence Tau microtubule binding
propensity and aggregation[2%l. Overall, the study highlights the utility of MS to perform
comprehensive mapping of the human brain ubiquitylome changes in AD brain, which
provides insight into underlying proteostasis pathways and targets that may have potential as
novel diagnostic biomarkers.

2. Experimental Section

2.1. Human postmortem brain tissues

All human postmortem brain tissues were obtained from Emory’s Alzheim er’s Disease
Research Center (ADRC) Brain Bank. Frontal cortex brain tissue samples from five AD and
five control cases, matched for age, gender and post-mortem interval (PMI), were selected
for the study. Cases were selected based on Braak and CERAD scores which are
neuropathologic measures of NFTs and amyloid plaque burden, respectively. Clinical and
pathologic traits for all subjects are provided in Table S1.

2.2. Tissue homogenization and enzymatic digestion

Tissue samples were prepared essentially as described before with slight modifications[3°].
Postmortem human frontal cortex brain samples from five AD cases and five healthy
controls were homogenized in 8M urea lysis buffer (8M urea, 100 mM NaHPO4 buffer
system, pH 8.5, supplemented with HALT protease and phosphatase cocktail inhibitors
(Thermo Fisher Scientific, # 78440) using a Bullet Blender (Next Advance) per
manufacturer’s protocol. Each tissue sample was placed in 1.5 ml Rino tube containing 750
mg stainless steel beads (0.9-2 mm in diameter). 500 ul 8M urea lysis buffer was added to
each tissue and blended twice for 5 min at 4°C. Homogenates were transferred to clean
Eppendorf tubes and centrifuged at 10,000xg for 5 min and sonicated (Sonic Dismembrator,
Fisher Scientific) 3 times for 5 s with 15 s intervals of rest at 30% amplitude to disrupt
nucleic acids. Protein concentration was determined by the bicinchoninic acid (BCA)
method. Protein homogenates were diluted with 50 mM NH4HCOg3 to approximately 2 M
urea concentration and reduced using 1 mM 1,4-dithiothreitol (DTT) for 30 min and
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alkylated with 5 mM iodoacetamide (IAA) for 30 min in the dark. Proteins were digested
with Lys-C (Wako; 1:100 enzyme: substrate ratio) at room temperature for 3 h followed by
further overnight digestion with trypsin (Promega; 1:50 enzyme: substrate ratio) at room
temperature. Tryptic peptides were subsequently acidified using 1% formic acid (FA) and
0.1% trifluoroacetic acid (TFA) before desalting and purification using Sep-Pak C18
columns (Waters) followed by peptide elution in 50% acetonitrile.

2.3. Immunoaffinity enrichment of di-Gly isopeptides

Ubiquitin modified isopeptides were enriched with a di-Gly remnant specific antibody
(PTMScan® Ubiquitin Remnant Motif (K-e-GG) Kit; Cell Signaling, # 5562) according to
manufacturer’s protocol. The specificity of this antibody for K-e-GG isopeptide in the
absence or presence of proteasome inhibition has been described[31l. Briefly, 10 mg of urea
homogenates from control (n=5) and AD (n=5) cases were enzymatically digested and
desalted as described above. Peptides eluted in 50% acetonitrile were frozen at —80°C
overnight followed by drying using lyophilization. Peptides were resuspended in
immunoaffinity purification (IAP) buffer (50 mM MOPS, pH 7.2, 10 mM sodium phosphate,
50 mM NaCl) followed by incubation with K-e-GG antibody conjugated beads for 2 hr at
4°C. Beads were washed with 1AP buffer four times and affinity enriched peptides were
eluted using 50 ul of 0.15% TFA (v/v) twice followed by desalting using C18 StageTips
before LC-MS/MS analysis.

2.4. Liquid Chromatography Tandem Mass Spectrometry

Peptides were reconstituted in peptide loading buffer (0.1% TFA) containing 0.2 pmol of
isotopically labeled peptide calibrants (Thermo Fisher Scientific, #88321). Approximately 1
ug of peptide was separated on homemade C18 fused silica column (75 um internal
diameter). Elution was performed over a 140-min gradient at a rate of 400 nL/min with a
solvent ranging from 3% to 80% (buffer A: 0.1% formic acid in water, buffer B: 0.1%
formic acid in acetonitrile). Peptides were analyzed on an Orbitrap Fusion Tribrid Mass
Spectrometer (ThermoFisher Scientific). The mass spectrometer duty cycle was
programmed to collect at top speed with 3 second cycles. The MS scans (400-1500 m/z
range, 50 ms maximum injection time) were collected at a resolution of 120,000 and ACG
target of 200,000 ion counts in profile mode. Higher-energy collision dissociation (HCD)
MS/MS spectra (1.6 m/z isolation window, 0.5 m/z offset, 30% collision energy, 10,000
ACG target, 35 ms maximum ion time) were detected in the ion trap. Dynamic exclusion
was set to exclude previously sequenced precursor ions for 30 s within a 10 ppm window.
Precursor ions with charge states 2—7 were included. Each di-Gly isopeptide enriched
sample was analyzed in technical replicate.

2.5. Label-Free Protein Quantification

Raw files for total proteome and ubiquitylome (di-Gly enriched) were searched using
MaxQuant integrated Andromeda search engine (versions 1.6.0.1 or 1.5.3.3[32]). A separate
search was performed for doubly modified peptides with both ubiquitylation and
phosphorylation sites using MaxQuant (version 1.5.5.1). UniProt protein sequences
containing both Swiss-Prot and TrEMBL human protein sequences (90,411 target sequences
downloaded April 21, 2015), were duplicated into a reverted (decoy) peptide database,

Proteomics. Author manuscript; available in PMC 2018 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abreha et al.

Page 5

searched, and used to control peptide and razor protein false discovery rate (FDR) at 1%
within MaxQuant. Methionine oxidation (+15.9949 Da), asparagine and glutamine
deamidation (+0.9840 Da), N-terminal acetylation (+42.0106 Da) and cysteine
carbamidomethylation (+57.0215 Da) were assigned as fixed modifications. Ubiquitylation
(+114.043Da) was assigned as a variable modification for di-Gly peptide search. For doubly
modified peptide searches, both ubiquitylation and phosphorylation (+79.9663Da) were
included as variable modifications on lysine and serine, threonine, or tyrosine, respectively.
Tryptic peptides with 2 or 5 miscleavages were included for total proteome or ubiquitin-
modified proteome database search, respectively. 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, 0.6 Da tolerance for low resolution MS/MS scans
obtained in the linear ion trap. The false discovery rate (FDR) for peptide spectral matches,
proteins, and site decoy fraction were all set to 1 %. The label-free (LFQ) algorithm in
MaxQuant was used for protein quantitation as previously described[33l. Missing values
were imputed assuming informative missingness such that missing values were replaced
with a left Gaussian tail random distribution per parameters previously determined ideal for
LFQ based studies34. All raw files and MaxQuant search output data files are available on
Synapse https://www.synapse.org/#!Synapse:syn11931357 (doi: 10.7303/syn11931344).

2.6. Gene Ontology (GO) Enrichment and Hierarchical Clustering Analysis

Functional enrichment of differentially expressed proteins was determined using the GO-
Elite (v1.2.5) python packagel3°]. GO-Elite Hs (human) databases were downloaded on or
after June 2016. The set of all proteins identified in the proteomic analyses was used as the
background. Z score and one tailed Fisher’s exact test (Benjamini-Hochberg FDR corrected)
was used to assess the significance of the Z score. Peptides were collapsed to one gene
symbol and each gene symbol was equally weighted regardless of the number of matching
peptides. Z score cut-off of 1.96, P value cut off 0.01 and a minimum of 5 genes per
ontology were used as filters prior to pruning the ontologies. Clustering analysis on
differentially abundant ubiquitin modified peptides was performed with the R NMF package
in Microsoft R open V3.3. Age, sex and PMI-regressed log2 abundances were converted to
Z scores (mean centered abundance, fold of SD) and clustered with Euclidian distance
metric, complete method of the hclust function called from NMF package aheatmap
function.

2.7. Validation of Tau Ubiquitylation

Healthy control (n=4) and AD (n=4) postmortem frontal cortex brain tissues were
homogenized in NP-40 lysis buffer (25 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 5% glycerol, HALT cocktail protease and phosphatase inhibitors, 5 mM
iodoacetamide, pH 7.5) using a bullet blender according to manufacturer’s instructions
followed by centrifugation at 10,000 x g for 10 min at 4°C. For immunoprecipitation assay,
1 mg of protein from each brain sample was first pre-cleared using Protein A-Sepharose
beads (Invitrogen #101041). Samples were incubated with a primary antibody (Tau5,
Invitrogen (MA5-12808) or FK2, Enzo (BML-PW8810)) overnight at 4°C. Purified Mouse
1gG2a K isotype (BD pharmingen # 550339) was used as an isotype-matched negative
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control. Lysates were subsequently incubated with DynaBeads-Protein G (Invitrogen
#1003D) beads for 1 hr. Beads were then washed 3 times using wash buffer (50 mM Tris
HCI, pH 8, 150 mM NaCl and 1% NP-40). Bound protein complexes were eluted by boiling
in Laemmli sample buffer (65.8 mM Tris-HCL, 26.3% Glycerol, 2% SDS, 0.02%
bromophenol blue) at 98°C for 5 min followed by immunoblot analysis. For
polyubiquitylated proteins pull-down assay, 1 mg of proteins from each control and AD (n=2
each) brain homogenate were pre-cleared as described above. Pre-cleared brain
homogenates were incubated with 2 pg of purified tandem ubiquitin binding entities (Biotin-
TUBEL, LifeSensors, cat #UM301) overnight at 4°C followed by incubation with
streptavidin-magnetic beads (Invitrogen, 11205D) for 1 h at room temperature. Beads were
then washed with wash buffer followed by 5 min boiling in Laemmli sample buffer for
immunoblot analysis.

2.8. Immunoblot Analysis

Immunoblotting was prepared essentially as described with slight modifications[36]. Protein
extracts boiled in Laemmli sample buffer were resolved on Bolt 4-12% Bis-Tris gels
(ThermoFisher Scientific) followed by transfer to nitrocellulose membrane using iBlot 2 dry
blotting system (ThermoFisher Scientific). Membranes were incubated with blocking buffer
for 30 min followed by overnight primary antibody incubation, washed with TBST (Tris-
buffered saline, 0.1% Tween 20) and incubated with fluorophore-conjugated AlexaFluor-680
or AlexaFluor-800 secondary antibodies for 1 hr at room temperature and scanned using an
Odyssey Infrared Imaging System (LI-COR Biosciences).

3. Results and Discussion

3.1. Quantitative Proteomic Analysis of Human Brain Homogenates

In this study we assessed both the total proteome as well as ubiquitylome by LC-MS/MS
analysis (Figure 1) from the same individual control and AD human postmortem frontal
cortex brain tissues (n=5each). Cases were matched for age, gender and post-mortem
interval (PMI) and selected based on CERAD and Braak scores, which measure p-amyloid
(AB) plagque burden and pathological Tau distribution, respectively[37). AD cases had an
average Braak score of 6 (highest), indicating that Tau pathology had spread to the frontal
cortex, compared to the controls (average=1.4) (Table S1).

Label-free proteomic analysis was first performed on total brain homogenates to validate
signature changes associated with AD pathology and, as described below, to assess the level
of ubiquitin enrichment following di-Gly peptide affinity capture. In the total proteome
analysis, we identified 42,144 peptides mapping to 4,443 protein groups across all samples
analyzed. AB levels, quantified by summing ion intensities of two amyloid precursor protein
(APP) peptides corresponding to the Ap peptide residues 6-16 (HDSGYEVHHQK) and 17—
28 (LVFFAEDVGSNK)[30], were significantly increased in AD cases compared to controls
consistent with high CERAD neuropathology scores (Figure 2A and Table S1). Furthermore,
LFQ measurements for Tau were also increased in AD cases (Figure 2B), which is
confirmed by Tau phosphorylation levels by immunoblot (Figure 2C). Differential
expression analysis revealed 591 proteins that were significantly changed in AD compared
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to control cases (1.5-fold-change, p<0.05) (Table S2). Of these, 362 and 229 proteins were
increased and decreased, respectively (Figure 2D). Proteins decreased in AD were enriched
for gene ontology (GO) terms linked to nerve growth factor receptor signaling, actin
cytoskeleton organization, and synapse processes consistent with the down-regulation of
proteins associated with neurons and synapses[3% (Figure S1). Conversely, GO analysis of
the proteins increased in AD showed enrichment for cell adhesion, nucleosome assembly,
and complement activation pathways. Increased complement activation markers in AD is
consistent with the enhanced inflammation described in ADI38l. Therefore, label-free
proteomic analysis, prior to ubiquitin enrichment, of the selected AD cases revealed
significant increase of Ap and Tau as well as changes in expected disease signatures
associated with AD neuropathological burden.

3.2. Identification and Quantification of Ubiquitylated Isopeptides

The major goal of this study was to identify and quantify global ubiquitylome changes in
brain associated with AD. However, identification of di-Gly isopeptides in the total
proteome is challenging due to the low stoichiometry of ubiquitin modified peptides in the
total proteomel2L: 23. 271 |ndeed, following database searches we observed a very low
percentage of di-Gly isopeptides (0.18% of total peptide spectral matches identified) in the
total proteome in control and AD cases further justifying the need for ubiquitin enrichment
approaches. To this end, di-Gly isopeptides were enriched using a di-Gly remnant specific
antibody from each control and AD case (Figure 1). All samples were analyzed as technical
replicates, which were significantly correlated (R2>0.95, p<0.01), indicating high
reproducibility in peptide quantification (Figure S2). These LFQ replicate measurements of
di-Gly isopeptide intensities for each sample were then averaged for subsequent analyses. In
total, we identified and quantified 16,680 peptides mapping to 1,682 proteins, of which
4,291 peptides were ubiquitylated. Comparison of di-Gly isopeptides in the total proteome
versus ubiquitin-enriched proteome indicated a significant increase in the percentage of di-
Gly peptides identified (Figure 3A). The total percent of peptide spectral matches (MS/MS
count) increased from 0.18% (55/29322) in the total proteome to 28.9% (3411/11768)
following ubiquitin enrichment. This fold enrichment (156.4 £42.71) was significant
(p<0.0001) across all cases and highlights the effectiveness of di-Gly specific antibody in
enriching previously ubiquitylated isopeptides from human postmortem brain tissue.

3.3. Differential Ubiquitylation in AD brain

Differential enrichment analysis resulted in 834 di-Gly peptides that were at least 1.5-fold
higher or lower in AD cases compared to controls (p < 0.05) (Table S3). The majority of the
di-Gly peptides (~80%) were significantly enriched in AD, whereas only 20% of di-Gly
peptides were decreased in AD compared to controls (Figure 3B). This bias towards
increased ubiquitylation in AD supports the high burden of ubiquitin positive pathological
protein aggregates in AD and is also reflective of proteolytic stress induced in cells39 40 |
Consistently, the microtubule associated proteins Tau (MAPT) had the most increased sites
of ubiquitylation per any protein (~5%) (Figure 3B, Table S3, Supporting Information). Of
note, we did not observe an increase in di-Gly isopeptides mapping to the Ap sequence in
amyloid precursor protein (APP) or apolipoprotein (APOE), the latter representing the gene
product for the major genetic risk factor for AD that associates with AP senile plagues in
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AD brain[#1]. This indicates that the majority of the ubiquitylated substrates in AD brain are
associated with NFT pathology or intracellular processes potentially related to protein
homeostasis. Towards this end, GO analysis of increased ubiquitylated substrates were
enriched in pathways and processes related to axonal function, microtubule associated
complex, membrane ion transport and ATPase activity (Figure S3). For example, increased
ubiquitylation of cytoskeleton associated proteins included, FLOT1, GAPDH, GNAZ, GSN,
MAP4, MAP6, MAPT, PPIA, TUBB4B, VIM, YWHAB, YWHAE, YWHAG, YWHAH,
YWHAQ, YW HAZ suggesting the potential impact of ubiquitylation on cytoskeletal
structure and integrity in AD (Table S4, Supporting Information). Transporting ATPases are
also highly ubiquitylated in AD and include the subunits of the Na*/K* pump (Table S4,
Supporting Information). Na*/K *- ATPases function is altered in activated microglia in
ADI#2] suggesting a potential role for ubiquitylation in regulating microglia Na*/K*- ATPase
activity in AD. Proteins that were significantly less ubiquitylated in AD compared to
controls were enriched for GO terms related to nucleoside phosphate and small molecule
processes (Figure S3, Table S4). This included the vacuolar ATPases ATP6V1H and
ATP6V1B2, which are subunits of a multi-subunit enzyme involved in acidification of
intracellular organelles, critical in protein sorting, receptor mediated endocytosis and in
generating synaptic vesicle proton gradient[43l. Thus, the loss of ubiquitylation of subunits
within this pathway in AD implies potential dysregulation in protein sorting and organelle
acidification. Finally, to determine if AD cases could be classified based solely on brain
protein ubiquitylation pattern, a supervised hierarchical clustering analysis was performed
using the 834 di-Gly isopeptides that were significantly altered in AD. As the resulting
dendrogram indicates (Figure 3C), ubiquitylation signals are sufficient to stratify AD cases
from controls. Together these findings highlight the increased burden of protein
ubiquitylation in AD brain, which is likely related to intracellular AD pathology (i.e., Tau
NFTs) and/or proteolytic stress linked to the dysfunctional ubiquitin-proteasome system
(UPS) and autophagy pathwaysl: 441,

3.4. Polyubiquitin Linkage Analysis in AD

A polyubiquitin chain is assembled by ubiquitin conjugation to one of the seven lysine side
chains (K6, K11, K27, K33, K48 and K63) within ubiquitin itself(45] (Figure 4A). Each
polyubiquitin chain has unique topology adding complexity to the ubiquitin code, which is
read by the ubiquitin binding domains (UBDs) of ubiquitin receptors!4€]. K48-linked-
polyubiqutin chains primarily serve as signals for degradation by the proteasome, whereas
mono-ubiquitylation and K63-linked-polyubiquitin linkages serve as non-degradative signals
for highly regulated cellular processes such as endocytosis, lysosomal degradation and DNA
repairl”: 391, Although studies predominantly focus on K48-linked polyubiquitin chains in
proteasomal degradation, the role of the remaining polyubiquitin linkages is increasingly
being recognized. For instance, the K29-linkage is reported to have roles in the proteasomal
and autophagy pathways and K6-, K27-, K33-linkages are shown to play roles in DNA
repair pathways[#°l. MS analysis of polyubiquitin linkages in total human brain
homogenates by Dammer et.al [3% identified K11-, K29-, K48- and K63-linked
polyubiquitin chains without ubiquitin affinity enrichment. Here we observed all seven
polyubiquitin linkage types including atypical polyubiquitin linkages such as K6-, K27-and
K33-linked chains that have not been identified in human brain tissues (Figure 4B and Table
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S5). Total ubiquitin protein (UBB) levels were also measured from LFQ intensities obtained
from total proteome analysis. Notably, each of the linkage type as well as UBB itself were
significantly enriched in AD cases (Figure 4B). This is consistent the significant increase in
ubiquitylated protein substrates in AD brain quantified by MS (Figure 4B), which is likely
caused by dysfunctional protein degradation pathways in AD [10]. Contrary to Dammer et al,
we observed increased K29-linked polyubiquitin chains in AD cases compared to
controlst39], This discrepancy is likely due to enriching minor ubiquitin peptides using the
di-gly isopeptide specific antibodies compared to Dammer etall3%, which quantified the
polyubiquitin linkages without pre-enrichment. Ultimately, to resolve the precise temporal
sequence of polyubiquitin chain enrichment in the progression of AD, CSF biomarker
studies that target the specific polyubiquitin chains are necessary.

3.5. Identification of Tau Ubiquitylation Sites In AD

Although the role of Tau phosphorylation in promoting dissociation from microtubules and
aggregation has been well described [47]; sites of Tau ubiquitylation associated with AD have
not been entirely mapped. Pioneering proteomic analysis of Tau from AD brain, enriched
using paired helical filament (PHF) specific antibodies, identified ubiquitylation on three
lysine residues, K254, K311 and K352[48]. However, Tau (2N4R isoform; 441 total residues)
has 44 lysine residues that are potential ubiquitin conjugation sites. Here we identified a
total of 28 Tau ubiquitylation sites in human AD brain samples (Figure 5). Of these, 15 sites
(Figure 5A,; labelled in orange) have not been identified previously[48: 4%1. We also mapped 6
ubiquitylation sites (K259, K267, K281, K290, K298 and K311) previously identified in
mouse Tau from transgenic mice over-expressing human APP (hAPP)?. Notably, the
majority of these ubiquitylation sites on Tau are located in the proline-rich domain and
microtubule binding region (MTBR); the latter forms the amyloid core of NFTs[5% (Figure
5A). The proline-rich domain in Tau has Pro-XX-Pro (PXXP) motifs predicted to serve as
recognition sites for SH3-domain containing proteins such as kinases(!3: 511 that act on Tau.
Modifications within the MTBR are also predicted to impact Tau microtubule binding
causing microtubule destabilization[X> 521, For example, phosphorylation of Tau at $262
within the MTBR is reported to disrupt Tau microtubule binding and cause microtubule
depolymerization[1® 52,

To validate Tau ubiquitylation identified by MS, we performed reciprocal co-
immunoprecipitation (co-1P) experiments from control and AD brain tissues (Figure 6A).
Polyubiquitin immunoprecipitations (FK2 antibody) were enriched with high molecular
weight (HMW) Tau immunoreactivity from AD brain extracts, whereas IPs from control
extracts showed little detectable HMW Tau signal. Conversely, Tau IP from AD brain
extracts were selectively enriched with HMW polyubiquitin compared to Tau IPs from
controls (Figure 6B). Negative control IPs using non-specific 1gG failed to enrich
appreciable levels of Tau or poly-ubiquitin. Finally, we affinity captured poly-ubiquitylated
proteins from AD and control brain extracts using Tandem Ubiquitin Binding Entities
(TUBES), which are tandem UBDs with dissociation constants for poly-ubiquitin in the
nanomolar range[®3]. Consistent with the antibody co-IP results, TUBE captured
ubiquitylated substrates from AD brain extracts were enriched with HMW Tau
immunoreactivity compared to substrates captured from controls extracts (Figure 6C).
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Collectively, these findings demonstrate that Tau is polyubiquitylated in AD brain, likely via
K6-, K11-, K48- linkages[#8l, and further reinforce the quantitative proteomics, which show
that Tau is a significantly ubiquitylated substrate in AD brain.

3.6. Co-Modification of Tau by Phosphorylation and Ubiquitylation In AD Brain

Cross-talk between PTMs is hypothesized to add complexity to cellular homeostasis
regulatory processes®#l. The role of complex PTMSs on Tau protein aggregation is evidenced
by cross-talk between phosphorylation and acetylation[15: 551, The MTBR of Tau has four
KXGS motifs and competition between phosphorylation (on serine) and acetylation (on
lysine) within this motif has been reported[7]. Hypoacetylation within KXGS motifs is
associated with hyperphosphorylation and increased Tau aggregation. However, the PTM
cross-talk between ubiquitylation and phosphorylation on Tau or other proteins in human
brain is not well established. Here, we identified a total of 2,780 human brain peptides that
were co-modified by both phosphorylation and ubiquitylation (Table S6). Differential
enrichment analysis revealed significant changes in 204 co-modified peptides in AD
compared to control samples (Table S7). Of these, 162 peptides were increased and 62 were
decreased in AD cases (Figure 7A). Of note, 25% of these co-modified peptides mapped to
Tau, with the majority harboring the KXGS motif. This indicates that crosstalk between
phosphorylation and ubiquitylation also occurs within this motif on Tau (Figure 7B).
Besides phosphorylation and ubiquitylation, lysine residues in Tau have been reported to
undergo multiple post-translational modifications including acetylation[!8: 561 glycationl57],
methylation[®8], and SUMOlyation[®5]. Future studies are needed to characterize potential
relationship between phosphorylation and these lysine modifications on Tau protein
function. GO enrichment analysis on co-modified gene products mapped to a wide variety of
biological processes including: ubiquitin-specific protease activity, G1/S transition of mitotic
cell cycle, and macromolecule catabolic processes (Table S8). Thus, cross-talk between
ubiquitylation and phosphorylation, which can occur in cells following proteolytic stress>],
may influence a diverse number of proteins and pathways in AD brain.

4. Conclusions

Using an immunoaffinity capture approach we mapped changes in AD brain ubiquitylome
revealing a global increase in Tau ubiquitylation and other novel targets in AD. Overall,
these findings will contribute towards our understanding of the underlying proteostasis
pathways altered in AD and the potential identification of novel diagnostic biomarkers in
CSF or other biofluids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Ubiquitin signaling plays critical roles in maintaining cellular protein homeostasis
through clearing protein aggregates via the autophagy and proteasomal degradation
pathways. One of the hallmarks of Alzheim er’s Disease (AD) and related
neurodegenerative diseases is dysregulation of cellular protein homeostasis and
accumulation of ubiquitin-positive protein aggregates in brain. Although previous studies
have described the association of ubiquitin signaling defects with AD, site-specific
changes in the ubiquitin-modified AD brain proteome have not been characterized. Here,
we mapped the ubiquitin-modified proteome in AD brain using immunoaffinity
enrichment coupled with high resolution mass spectrometry. A quantitative proteomic
analysis identified changes in AD brain ubiquitylation patterns compared to control brain
tissues. We also report novel ubiquitylation sites in the microtubule binding repeats and
other domains of Tau, the core component of neurofibrillary tangles in AD. Finally, co-
modified peptides, containing both ubiquitylation and phosphorylation, were also
enriched in AD brain, suggesting that cross-talk between phosphorylation and
ubiquitylation occurs in disease. Our findings highlight the utility of an immunoaffinity
enrichment approach coupled to MS analysis for mapping AD associated ubiquitylation
changes in human brain, which provides insights into underlying proteostasis pathways
altered in AD.
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Experiment workflow. A) Control and AD human postmortem frontal cortex brain tissues

(n=5 each group) were homogenized in 8M urea lysis buffer. For both global and

ubiquitylome analysis, brain protein extracts from each sample was first denatured, alkylated

and proteolytically digested followed by peptide desalting as described in methods. For
global proteome analysis, peptides were analyzed by LC-MS/MS on Orbitrap Fusion Tribrid
mass spectrometer. For brain ubiquitylome analysis, peptides were subjected to di-Gly
affinity enrichment as described in methods followed by LC-MS/MS analysis in replicate on
an Orbitrap Fusion Tribrid mass spectrometer. Protein abundance was calculated by peptide

ion-intensity measurements across LC-MS runs using the label free quantification (LFQ)

algorithm in MaxQuant.
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Quantitative analysis of total brain proteome. A) Comparison of Ap peptide levels measured
by LFQ ion intensities in AD and control brain samples showed a significant increase in Ap
peptide levels in AD. Error bars represent £ SD (**p<0.05). B) Comparison of Tau protein
levels in AD vs control cases measured by LFQ ion intensities showed a significant increase
in Tau measures in AD. Error bars represent £ SD (**p<0.05). C) AD and control brain
samples homogenized in 8M Urea lysis buffer were resolved on SDS-PAGE followed by
western blot analysis using anti-pTau-S231 antibody. D) Volcano plot displays individual
proteins (log, fold-change) vs. t test significance [-logg(p value)]. Statistically significant
proteins [-logig(p value) = 1.30 and +1.5-fold-change) are colored as red (increased) or
green (decreased) whereas proteins that did not meet criteria are colored in blue. Among
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these, 362 proteins (red) showed a 1.5-fold-increase in AD samples and 229 proteins (green)
showed a 1.5-fold-decrease in AD cases compared to controls.
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Figure 3.
Quantitative analysis of AD brain ubiquitylome following di-Gly peptide enrichment. A)

Comparison of the percentage of di-Gly peptide spectral matches (MS/MS count) in total
proteome vs GG-enriched proteome. In the total brain proteome only 0.18% (55/29322) of
matched peptides were di-Gly modified versus 28.9% (3411/11768) of matched peptides in
immunoaffinity (di-Gly specific antibody) enriched proteome. Error bars represent = SD
(***p<0.0001). B) Volcano plots displays individual di-Gly peptides log,-fold-change vs. t
test significance [-logyg(p value)] for AD vs Control. Red (n=674) and green (n=160) points
represent significantly (-logig(p value) = 1.30, at least +1.5-fold change) differentially
increased or decreased di-Gly peptides in the AD compared to controls, respectively. Blue
points are di-Gly peptides identified that are not significant. C) Hierarchical clustering
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analysis using di-Gly peptide intensities segregates AD cases based on ubiquitylation
pattern. Log, di-Gly peptide intensities were converted to Z scores (mean centered
abundance, fold of standard deviation) for clustering.
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Figure 4.
Polyubiquitin-linkage analysis in AD brain. A) Amino acid sequence of a 76 amino acid

ubiquitin, depicting the seven internal lysine residues (red) that are sites of polyubiquitin
attachment. Arginine is highlighted (green) as a site of trypsin cleavage. Peptide lengths of
each linkage are underlined and color-coded B) A bar graph depicting increased
polyubiquitin linkage peptide intensities (K6, K11, K27, K29, K33, K48, K63) and total
ubiquitin protein (UBB) levels measured by LFQ ion intensities. Each log, GG-peptide
intensity was normalized to the geometric mean across all AD and control samples (n=10).
Significance was measured using one-way non-parametric ANOVA (*p<0.05, **p<0.001,
***p<0.0001).
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K321 VTSKCGSLGNIHHKPGGGQVEVK| 10.82 4.25E-08 | 1.59E-106
K331 CGSLGNIHHKPGGGQVEVK 5.02 8.67E-06 | 2.77E-06
K340 CGSLGNIHHKPGGGQVEVKSEK | 5.87 6.05E-06 | 3.47E-237
K343 SEKLDFK 11.07 1.13E-09 | 1.81E-03
K353 VQSKIGSLDNITHVPGGGNK 4.24 1.13E-06 | 2.87E-07
K369 IGSLDNITHVPGGGNKK 5.08 2.33E-06 | 1.23E-05

& K375 KIETHKLTFR 3.79 4.36E-05 | 4.70E-04

o | [xsss LTFRENAKAK 356 | 4.79E-06 | 4.85E-04

+ K385, K395 | AKTDHGAEIVYKSPVWSGDTSPR |  6.03 3.68E-07 | 3.00E-34

O K395 TDHGAEIVYKSPVVSGDTSPR 6.51 8.20E-08 | 2.27E-81
* Exon 13 skip (residues 275-306)

Figureb.

Quantification of Tau ubiquitin sites in AD Brain. A) schematic representation of Tau
protein domains and ubiquitylation sites identified in this study. Residues are numbered
according to Tau 441 isoform (P10636-8). A total of 15 novel ubiquitylation sites are
indicated in orange, whereas previously known sites are in black. B) Statistical analysis
(Student’s t test) indicates a significant fold change increase in Tau ubiquitin site intensities
in AD compared to controls (p<0.05). PEP (posterior error probability) measures a
probability of a peptide to be a false hit. All ubiquitin sites had localization probabilities
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above 90 percent, as assessed on the fragmentation spectra by MaxQuant. *Exon 13 skip
event (amino acid 275-306 in Tau 441 isoform).
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Figure 6.

Validation of Tau ubiquitylation in AD brain. A) Validation of Tau polyubiquitylation in AD.
Immunoprecipitation (IP) analysis performed on control and AD brain extracts (n=2, each)
using anti-ubiquitin antibody (FK2) followed by immunoblotting using tau antibody. B)
Reciprocal IP was performed on AD and control brain extracts using anti-Tau antibody
followed by immunoblotting using anti-ubiquitin antibody (FK2) shows high molecular
weight immunoreactivity in AD cases. *Indicates light and heavy immunoglobulin chains.
C) Affinity precipitation (AP) of polyubiquitylated proteins using TUBE-biotin followed by
western blot analysis using anti-tau antibody to detect polyubiquitylated Tau. Lysates
incubated with beads alone were used as negative controls. Inputs refer to protein lysates
prior immunoprecipitation.
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Co-maodification of Tau by phosphorylation and ubiquitylation in AD brain A) Volcano plot
displays log, fold change of intensities in AD versus control of co-modified peptides with
both ubiquitylation and phosphorylation sites (minimum +1.5-fold change, and Student’s t
test significance, p<0.05). Red dots represent 182 dually modified peptides significantly
increased in AD cases compared to controls and green dots represent 22 dually modified
peptides decreased in AD compared to controls. Co-modified peptides from Tau protein are
highlighted in purple. B) A representative MS/MS spectrum of a Tau peptide SK-
GGIGPSTENLK (Residue 258-267) with ubiquitylation site at K259 and phosphorylation

site at S262.
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