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Deubiquitylation of Protein Cargo Is Not an
Essential Step in Exosome Formation*s

Alyssa R. Huebnert, Lei Chengt, Poorichaya Somparn§, Mark A. Knepperq],
Robert A. Fentont|[**, and Trairak Pisitkunt§|**

Exosomes, derived from multivesicular bodies (MVBs),
contain proteins and genetic materials from their cell of
origin and are secreted from various cells types, including
kidney epithelial cells. In general, it is thought that protein
cargo is ubiquitylated but that ubiquitin is cleaved by
specific deubiquitylases during the process of cargo in-
corporation into MVBs. Here, we provide direct evidence
that, in vivo, deubiquitylation is not essential. Ubiquitin
was detected within human MVBs and urinary exosomes
by electron microscopy. Of the >6000 proteins identified
in human urinary exosomes was mass spectrometry, 15%
were ubiquitylated with various topologies (Lys63>Lys48>
Lys11>Lys6>Lys29>Lys33>Lys27). A significant prefer-
ence for basic amino acids upstream of ubiquitylation
sites suggests specific ubiquitylation motifs. The current
studies demonstrate that, in vivo, deubiquitylation of pro-
teins is not necessary for their incorporation into MVBs
and highlight that urinary exosomes are an enriched
source for studying ubiquitin modifications in physiologi-
cal or disease states. Molecular & Cellular Proteomics
15: 10.1074/mcp.M115.054965, 1556-1571, 2016.

Exosomes are extracellular nanovesicles (20-100 nm) that
are secreted from various cells types in the body (1). In the
urinary system, exosomes are secreted from epithelial cells
from all segments of the kidney tubule and urinary tract (2).
Urinary exosomes contain proteins and genetic materials e.g.
mRNA and miRNA, from their cell of origin that may represent
physiology or pathophysiology of a variety of renal and sys-
temic diseases (3).

In general, exosomes originate in late endosomal compart-
ments called multivesicular bodies (MVBs). An essential post-
translational modification that marks membrane proteins for
incorporation into MVBs is ubiquitylation (4). Ubiquitin is a
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small 76 amino acid protein that requires reversible enzymatic
activity of E1, an activation enzyme; E2, a conjugation en-
zyme; and E3, a ligation enzyme, for binding to a specific
substrate. Ubiquitin acts as a signal for mediating a range of
cellular functions, including protein trafficking, DNA repair,
endocytosis, proteasomal and lysosomal degradation, and
transcriptional regulation. The role of ubiquitin in various cel-
lular functions can be directly related to the type of ubiquitin
modifications on a specific substrate, such as monoubiquity-
lation, multimonoubiquitylation, and polyubiquitylation (5).
Various topologies of polyubiquitin chains also play different
roles in biology. For example, Lys48-linked chains can target
proteins for proteasomal degradation, whereas Lys63-linked
chains can target proteins for lysosomal degradation, aid in
DNA repair, or play a role in transcriptional regulation (5).

During the process of protein trafficking, ubiquitylated
membrane protein cargo can be recognized by the endo-
somal-sorting complex required for transport (ESCRT) appa-
ratus on the outer surface of MVBs. Through a cascade of
protein interactions, internal luminal vesicles (ILVs) are formed
inside the MVB that can be released into the extracellular
environment as exosomes upon the fusion of the MVB outer
membrane with the plasma membrane (6). ESCRTSs (0-1l) con-
tain ubiquitin-binding domains, and it is widely accepted that
these domains on the ESCRT complex are responsible for
recognizing mono- and polyubiquitylated (especially Lys63-
linked chain) proteins and sequestering them to MVBs (7).
What is unclear is what happens to the ubiquitin molecule
during cargo incorporation to MVBs. Several studies suggest
that deubiquitylases are recruited to the ESCRT complex and
cleave ubiquitin from cargo proteins before they are incorpo-
rated into the ILVs (8—-11). However, we previously provided
biochemical evidence of ubiquitylated proteins in urinary exo-
somes (2).

Here, we conclusively identify ubiquitylated proteins in renal
epithelial ILVs and in urinary exosomes. Using protein mass
spectrometry coupled with extensive bioinformatics, we dem-
onstrate that in human urinary exosomes numerous proteins
are ubiquitylated, with quantification of polyubiquitin chain
topologies highlighting an enrichment of Lys63-linked ubiqui-

" The abbreviations used are: AQP2, aquaporin 2; HCD, higher-
energy C-trap dissociation; PTM, post-translational modification; Ub,
ubiquitin.
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tin molecules in exosomes. Our studies demonstrate that, in
human epithelial cells, deubiquitylation of protein cargo is not
an essential step in ILV and exosome formation. Furthermore,
urinary exosomes may provide an enriched source for a non-
invasive approach to study ubiquitin modifications in physio-
logical or disease states.

EXPERIMENTAL PROCEDURES

Urine Collection and Exosome Isolation— Urine was collected from
healthy volunteers ages 19-45 years following the Danish guidelines
for collection of biological materials according to the Act on Research
Ethics Review of Health Research Projects, Act number 593 of 14 July
2011, section 14(3). Low-density membrane fractions containing exo-
somes (“exosome fraction”) were isolated as described (2) and resus-
pended in an appropriate buffer, depending on the subsequent ex-
periment. For size distribution analysis of the membrane-bound
structures using a NanoSight (Malvern, UK), exosome samples were
diluted 400 times in particle-free PBS. Five videos of 60 s were
recorded at camera level 13, and no aggregates were observed.
Videos were analyzed at detection threshold 4 on the NanoSight
Software 3.0.

Immunoblotting—For an individual experiment, urine from six
healthy volunteers was pooled into three samples. Each pooled sam-
ple (G1-3) contained urine from one female and one male to gener-
alize the findings of the study. 10 ml of urine were subject to precip-
itation by addition of 40 ml of prechilled 25% trichloroacetic acid in
100% acetone followed by overnight incubation at -20°C. Exosomes
were isolated from the remaining urine as described (2), with the
17,000 X g pellets also collected. Immunoblots of samples were
generated by standard techniques and probed with a ubiquitin (P4D1)
mouse monoclonal primary antibody (#3936, Cell Signaling Technol-
ogy, Danvers, MA) at 1:250 dilution, followed by chemiluminescence
detection. The experiment was repeated three independent times in
different laboratories, with replicate experiments yielding similar
results.

Immunogold Electron Microscopy—Exosomes were isolated from
urine collected from six healthy volunteers, combined and resus-
pended in 200 ul PBS. Samples were mixed (1:1, viv) with 4%
paraformaldehyde in PBS and incubated for 20 min at room temper-
ature. 20 ul of the sample were added to a mesh nickel formvar/
carbon-coated grid, and the droplet incubated for 10 min at room
temperature and washed in PBS (2 x) for 5 min before processing for
immunogold electron microscopy as previously described (12). Pri-
mary antibodies were rabbit polyclonal anti-AQP2 (13) or Na-ClI
cotransporter (NCC) (12), and mouse monoclonal anti-ubiquitin
(P4D1, Cell Signaling Technology or P4G7, Covance). Grids were
imaged using an FEI Morgagni electron microscope.

LC-MS/MS sample preparation using in-gel digestion—Exosome
fractions were reduced and alkylated as described (14). 50 ng of
proteins were separated by SDS-PAGE, stained with Coomassie
(Imperial Protein Stain, Pierce) and fractionated into 32 pieces before
in-gel digestion and mass spectrometry (MS) sample preparation as
described (2).

In-Solution Digestion Followed by Di-Glycine Remnant (K-e-GG)
Immunoaffinity Purification—Exosome fractions were resuspended in
8 M urea/50 mm Tris-HCI/75 mm NaCl. Samples were reduced, alky-
lated using 55 mm chloroacetamide at room temperature for 30 min in
the dark, quenched using 40 mm DTT/50 mm NH,HCO,, and digested
with Lys-C (1:100 (w/w) of protease:protein) at room temperature for
4 h, followed by trypsin digestion at 37°C overnight (1:25 (w/w) of
protease:protein). After desalting, peptides were immunoaffinity pu-
rified using the PTMScan® Ubiquitin Remnant Motif (K-e-GG) Kit
(#5562, Cell Signaling Technology). Reactions were performed using

1 mg of exosome peptides, 4 ul of immunoaffinity purification (IAP)
beads and incubation of the mixture at 4°C for 4 h with rotation. After
washing, peptides were eluted twice each with 50 ul of 0.15% triflu-
oroacetic acid, desalted using C18 StageTips, dried, and stored at
-20°C until MS analysis.

Nano-Liquid Chromatography, Mass Spectrometry Analysis, and
Database Searches—Exosome samples for LC-MS/MS analysis were
prepared from urine pooled from 20 biological replicates (10 males
and 10 females with various ethnic backgrounds). LC-MS/MS analy-
sis was performed in two technical replicates for all samples. Pep-
tides were separated by nano-liquid chromatography (UltiMate®
3000 RSLCnano system, Thermo Fisher Scientific) coupled to a mass
spectrometer (Q Exactive Hybrid Quadrupole-Orbitrap, Thermo
Fisher Scientific) through an EASY-Spray nano-electrospray ion
source (Thermo Fisher Scientific). The MS methods included a full MS
scan at a resolution of 70,000 followed by 10 data-dependent MS2
scans at a resolution of 17,500. For in-gel digested samples, the full
MS scan range of 200 to 2000 m/z was selected and precursor ions
with the charge states of +1 or greater than +8 were excluded. For
immunoaffinity purified samples, due to the higher charge states of
the enriched ubiquitylated peptides, the full MS scan range of 300 to
1500 m/z was selected and the additional exclusion of +2 precursor
ions was implemented. Normalized collision energy of HCD fragmen-
tation was set at 35%. A dynamic exclusion of 60 s was used.
Peaklist-generating software used was Thermo Xcalibur 2.2 (August
12, 2011). Raw LC-MS/MS files were searched by X! Tandem
(CYCLONE, 2013.2.01), Andromeda (MaxQuant, version 1.3.0.5), and
SEQUEST (Proteome Discoverer, version 1.4) algorithms against hu-
man databases (ENSEMBL GRCh37.70: 104,785 sequences and
NCBI RefSeq: 35,930 sequences) plus common contaminants con-
catenated with their reversed sequences. A target-decoy approach
was used to limit a false discovery rate of the identified peptides to
less than 2% (15). For each MS2 scan, peptide sequences from the
three search algorithms that passed the false discovery rate threshold
were compared, and ambiguous identification was discarded. Parent
and fragment monoisotopic mass errors were set at 10 ppm. Carb-
amidomethyl at cysteine was used as a fixed modification mass.
Variable modifications were oxidation at methionine, di-glycine
(+114.042927, Unimod Accession #: 121) at lysine, and LeuArg-
GlyGly (LRGG, +383.228103, Unimod Accession #: 535) at lysine. A
maximum of three missed cleavage sites were allowed.

Quantification of Polyubiquitin Chains Using Ubiquitin-Absolute
Protein Quantification (AQUA)—Lys11-, Lys48-, and Lys63-linked
polyubiquitin AQUA peptides (Cell Signaling Technology) were used
(16). After in-solution digestion, 30 ug of sample were spiked with an
AQUA peptide mixture containing 2.5 pmol of each GG-linked ubig-
uitin-AQUA peptide of interest (Lys11: TLTGK[GG]TITLEVEPSD-
TIENVK, Lys48: LIFAGK[GG]JQLEDGR, and Lys63: TLSDYNIQK-
[GGJESTLHLVLR, where L is the heavy isotope labeled amino acid
residue) before LC-MS/MS. Supplemental Table 2 shows the inclu-
sion list used to identify the GG-linked endogenous (light) and AQUA
(heavy) peptides. Absolute quantification of the GG-linked endoge-
nous peptides was performed using extracted ion chromatograms
from the endogenous peptide compared with the AQUA peptide in
five biological replicates.

Bioinformatics Analysis—Functional annotation of proteins were
performed by DAVID Bioinformatics Resources 6.7 (http://david.abcc.
ncifcrf.gov/) (17). Conserved domain analysis was performed by the
Batch Web CD-Search Tool (http://www.ncbi.nim.nih.gov/Structure/
bwrpsb/bwrpsb.cgi) (18). CPhos was utilized to assess the conser-
vation of ubiquitylated sites (http://helixweb.nih.gov/CPhos/) (19). An-
notations of ubiquitylated sites were extracted from the UniProt
Knowledgebase (http://www.uniprot.org/). Novelty of ubiquitylated
sites were determined by comparison with ubiquitylation datasets
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Fic. 1. Enrichment of ubiquitylated proteins in a low-density membrane fraction of human urine. (A) Immunoblotting of ubiquitin in
whole urine, 200,000 X g (200k) “low-density membrane” pellet, and 17,000 X g (17k) pellet of human urine from three groups of pooled
samples (G1-3). Each lane is loaded with an equal quantity of total protein. Conjugated Ub signal (observed at >25 kDa) is predominant in the
200k pellet (B), whereas free mono- and di-Ub signal is predominant in the 17k pellet (C). Values are S.E. and *, **, and *** indicate p values
of less than 0.05, 0.01, and 0.001, respectively, by one-way analysis of variance (ANOVA) followed Tukey’s multiple comparison tests. Data

are representative of three individual experiments (see Methods).

from PhosphoSitePlus (http://www.phosphosite.org/) (20). Motif anal-
ysis was performed by motif-x (http://motif-x.med.harvard.edu/) (21)
using a background of all identified peptides prealigned using K as
the central residue (to correct for any bias introduced in the analysis
via the use of trypsin digest) and default parameters (width = 13,
occurrences = 20, and significance = 0.000001).

Determination of Ubiquitylation Forms of Proteins in Urinary Exo-
somes—Only ubiquitylated proteins with at least 10 identified pep-
tides (ubiquitylated and unmodified peptides) were analyzed. A dis-
tribution of molecular masses corresponding to the identified
locations of ubiquitylated and unmodified peptides of each protein
from a 1D SDS-PAGE gel was plotted. A fifth-order polynomial fitting
assigned a molecular mass range for each gel fraction. The unmod-
ified mass of a protein was derived from the mode of its nonubiqui-
tylated peptide distribution. Molecular masses of the ubiquitylated
forms of each ubiquitylated protein were derived from the corre-
sponding locations on the gel of its ubiquitylated peptides. The mass
difference between the ubiquitylated and unmodified form of each
ubiquitylated protein was calculated.

Data Deposition—The mass spectrometry proteomics data, includ-
ing annotated spectra for all modified peptides and proteins identified
on the basis of a single peptide, have been deposited to: 1) the
ProteomeXchange Consortium via the PRoteomics IDEntifications
(PRIDE) partner repository with the dataset identifier PXD002645
(Username: reviewer33476@ebi.ac.uk, Password: eAMpXajt) and
2) the MS-Viewer (http://prospector2.ucsf.edu/prospector/cgi-bin/
msform.cgi?form=msviewer) with the following keys: 5r4leji505,
c5pjgvljul, welbkewo30, niolgjxqzv, and ke8clhonnl.

RESULTS

Ubiquitylated Proteins Are Enriched in a Low-Density Mem-
brane Fraction Isolated from Urine—Quantitative assessment
of the relative abundances of ubiquitylated proteins in differ-
ent urine fractions was performed by comparing ubiquitin

signal intensities between whole urine precipitate, 17,000 X g
pellet (containing larger cellular membranes, larger organelles
e.g. nuclei/mitochondria and other forms of fragmented cel-
lular debris), and 200,000 X g pellet (containing low-density
membranes e.g. exosomes and exosome-like vesicles) by
immunoblotting (Fig. 1A). The signal intensities of conjugated
ubiquitin (Ub) molecules were significantly greater in the
200,000 X g pellet samples relative to 17,000 X g pellet
samples and were lowest in precipitated whole urine samples
(Fig. 1B). However, free Ub signals (mainly mono-Ub) were
almost exclusively observed in the 17,000 X g pellet samples
(Fig. 1C) in agreement with the notion that this fraction con-
tains nonspecific cellular materials and whole cells (containing
soluble free mono-Ub). These data indicate that ubiquitylated
proteins (indicated by conjugated Ub signal), but not free Ub
molecules, are recruited to and concentrated in low-density
membrane fractions of urine.

Ubiquitin Is Detected in Both MVBs and in Urinary Exo-
somes — Detection of ubiquitylated proteins in the low-density
membrane fractions from urine supports a mechanism where
ubiquitylated proteins are recruited to MVBs, where a propor-
tion are sequestered into ILVs without prior deubiquitylation
before release into the urinary space as exosomes. To sup-
port such a mechanism, immunogold electron microscopy
was performed to identify Ub within MVBs within epithelial
cells of the human kidney and within human urinary exo-
somes. MVBs were identified in cells from various segments
of the kidney tubule (Fig. 2A and Supplemental Fig. 1), the
majority of which contained ILVs immuno-positive for Ub. In
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FiG. 2. Identification of ubiquitin in human MVBs and urinary
exosomes by immunogold electron microscopy. (A) Ubiquitin is
readily detected in association with internal luminal vesicles of an
MVB within a human kidney epithelial cell. Exosomes isolated from
human urine labeled with ubiquitin (B) or ubiquitin plus AQP2 (C) or
NCC (D); arrows indicate ubiquitin (5 nm gold particles) and arrow-
heads indicate AQP2 or NCC (2 nm gold particles). (E) Size distribu-
tion of low-density membrane vesicles from 200,000 X g pellet frac-
tion (n = 159).

urine low-density membrane fractions, exosomes were also
positive for Ub (Fig. 2B). Size distribution analysis of the
membrane-bound structures in this fraction using transmis-
sion electron microscopy demonstrated that they have a
mean diameter of 58.2 * 1.8 nm (S.E.) (Fig. 2E). Nanosight
analysis of various different purifications of low-density mem-
brane fractions supported their classification as exosomes
with a mean diameter of 89.4 + 2.52 nm (S.E.) (Supplemental
Fig. 2). A cohort of exosomes or MVBs (Figs. 2C and 2D and
Supplemental Fig. 1) were colabeled for Ub and the common
urinary exosome cargo proteins AQP2 and SLC12A3 (NCC);
however, based on these data, whether the ubiquitylation
occurs directly on AQP2/NCC or other cargo proteins was
unclear.

Large-Scale Identification of Ubiquitylated Proteins in Uri-
nary Exosomes—To determine if ubiquitylation of cargo pro-

teins within exosomes is a common event, large-scale anal-
ysis of specific ubiquitylation sites on urinary exosome cargo
from humans was performed. Two techniques prior to LC-
MS/MS analysis were performed to both maximize coverage
of membrane-associated proteins and to specifically enrich
for ubiquitylated peptides (Supplemental Fig. 3). Overall, 5041
proteins were identified; among these proteins were 619
unique ubiquitylated proteins (Fig. 3A). All proteins identified
and their associated information are listed in a publicly acces-
sible online database at http://interpretdb.au.dk/database/
UbExo/. This database is the largest urinary exosomal pro-
teome from normal humans to date. Ubiquitylated peptides
were identified throughout the molecular weight range of the
1D SDS-PAGE gel (Fig. 3B), corresponding well with the low-
density membrane fraction immunoblot (Fig. 1A). A low cor-
relation between the numbers of ubiquitylated proteins, pep-
tides, and sites identified using the two techniques (Fig. 3C)
highlighted their complementary nature in the detection of
ubiquitylation events. In total, 1084 sites from 866 peptides
were identified. With reference to the human ubiquitylation
site dataset in the PhosphoSitePlus online resource (version
date: 050415), the majority of ubiquitylated sites identified
herein are novel, in particular those identified following in-gel
digestion (88% novel, Fig. 3D). Motif analysis of the immuno-
affinity purification (IAP) results revealed no significant mo-
tif surrounding ubiquitylated lysine residues. In contrast, sev-
eral significant motifs were identified from the in-gel digestion
sites, the majority of which contained K or R on the N-terminal
side (within -6 position) of the ubiquitylated lysine residue
(Fig. 3E). Comparing among various eukaryotic species in
the HomoloGene database (http://www.ncbi.nlm.nih.gov/
homologene), ubiquitylated sites from the in-gel digestion
were slightly more conserved than those from the IAP at both
ubiquitylated lysine residues and their surrounding motifs (up-
per and lower panels of Fig. 3F, respectively), although the
overall conservation of these ubiquitylated sites was not
higher than the background “all lysines” identified. Consistent
with the high number of ubiquitylated proteins identified, ubig-
uitin was the third most abundant protein in low-density mem-
brane fractions of human urine (Fig. 3G) and was observed
with a similar distribution as the ubiquitylated peptides along
the 1D SDS-PAGE gel (Fig. 3H, r? = 0.4993, p value < 0.0001
in comparison to the distribution in Fig. 3B).

Bioinformatic Analysis of Ubiquitylated Proteins in Urinary
Exosomes—Conserved domain analysis identified ubiquity-
lated sites in a variety of protein functional domains (Fig. 4A).
The domain “Ubiquitin” was highly conserved with the highest
instance of ubiquitylated peptides and sites (14 unique pep-
tides and all seven side chain linkages of ubiquitin i.e. Lys6,
Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63) indicating
that, in addition to total ubiquitin, polyubiquitin chains are
highly enriched in urinary exosomes. Though ubiquitylation is
known to play a role in multiple processes, gene-annotation
enrichment analysis revealed that in urinary exosomes, ubig-
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Fic. 3. Large-scale identification of ubiquitylated proteins in urinary exosomes. (A) Total ubiquitylated and nonubiquitylated proteins
identified in human urinary exosomes. (B) Quantity of ubiquitylated peptides from 1D SDS-PAGE gel. (C) Total ubiquitylated proteins, peptides,
and sites identified from in-gel digestion, in-solution digestion with IAP, or both. (D) Novel versus known ubiquitylated sites identified from either
in-solution digestion with IAP or in-gel digestion. (E) Top four motif logos of ubiquitylated sites identified from in-gel digestion display strong
preferences for lysine at various positions N-terminal to the ubiquitylated lysine residue. Seven significant motifs with their scores and matching
peptide numbers are shown in a table. The logos and scores of the overrepresented ubiquitylation motifs were generated by motif-x program.
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uitylated proteins involved in transcription and transcriptional
regulation as well as ion or solute transport were significantly
overrepresented relative to the general distribution of protein
classes (Fig. 4B). 83 transcription factors (TFs) were discov-
ered in urinary exosomes; among these TFs, 30 (36%) were
novel ubiquitylated TFs in human (Table |A). Fig. 4C demon-
strates the relative percentages of transcription factor classes
between all human TFs and urinary exosomal TFs or ubiqui-
tylated exosomal TFs. Several classes of TFs in urinary exo-
somes were significantly overrepresented against the back-
ground of all human TFs, including high-mobility group
domain factors, AT-Rich Interaction Domain (ARID) domain
factors, small mothers against decapentaplegic/nuclear factor
1 (SMAD/NF-1) DNA-binding domain factors, and STAT do-
main factors. Several of these TFs are known to play a role in
modulating kidney development, cell proliferation, autophagy,
the cell cycle, cell morphology, transcriptional activation by
nuclear hormone receptors, and innate immune responses.
Multiple ubiquitylated ion or solute transport proteins were
detected in urinary exosomes, with 80% of the identified
ubiquitylation sites previously unknown (Table IB). The ubig-
uitylated ion/solute transport proteins identified in human uri-
nary exosomes was representative of the whole renal tubule.
Additional features of the ubiquitylated peptides identified are
highlighted in Supplemental Fig. 4.

Quantification of Various Ubiquitylation Forms and Ubiquitin
Topologies—Monoubiquitylation, multimonoubiquitylation, or
polyubiquitylation, in addition to the type of ubiquitin linkage
utilized, are essential factors that can determine the role of
ubiquitylation in various biological processes, which may in-
clude a mechanism for cargo protein incorporation into MVBs.
To determine the proportion of these ubiquitylation forms on
proteins in urinary exosomes, we calculated a mass difference
between ubiquitylated and unmodified forms of each ubiqui-
tylated protein based on its peptide distribution pattern on a
1D SDS-PAGE gel (Fig. 5A). A classification scheme was
implemented on these mass difference values in reference to
an expected mass increase by a single ubiquitylation event
(as a function of the ubiquitylated site number multiplied by
the molecular weight of a ubiquitin molecule, 8.565 kDa, Fig.
5B). This classification resulted in three different groups of
ubiquitylated proteins (Supplemental Table 1) corresponding
with monoubiquitylation (43%), multimonoubiquitylation (3%),
and equivocal events e.g. polyubiquitylation and mono/multi-
monoubiquitylation with other PTMs or multimeric protein
forms (54%). For the latter group, the presence of polyubiqg-
uitylated proteins was reinforced by the identification of many
polyubiquitin chains with a combined pattern on the 1D SDS-
PAGE gel comparable to that of the ubiquitylated peptides

except in the < 15 kDa region (Fig. 5C, r* = 0.6891, p value <
0.0001 in comparison to the distribution in Fig. 3B). Further-
more, a specific configuration of polyubiquitylation on many
proteins can be determined by an unambiguous mass distri-
bution pattern of their ubiquitylated peptides over the back-
ground of their nonubiquitylated peptides (Fig. 5D and
supplemental data 3 for the molecular weight distribution
plots of all the classified proteins). Using this approach, some
ubiquitylated peptides were found at or below the expected
molecular weight of their target protein (Supplemental Fig. 5),
which may represent degradation products or proteins in a
modified e.g. cleaved, form.

To initially quantify polyubiquitin chain topologies, peptide
counting was utilized (Fig. 5C from the 1D SDS-PAGE data
and Fig. 6A from all the data combined). This indicated that
K63-linked polyubiquitin chains (Lys63) were most frequently
observed, followed by Lys48, Lys11, Lys6, Lys29, Lys33, and
Lys27. The estimated relative abundance of K11, K48, and
K63 polyubiquitin chains provided by peptide counting was
confirmed using an absolute protein quantification (AQUA)
technique (Figs. 6B and 6C). Consistent with the peptide
counting data, Lys63 polyubiquitin chains were verified by
AQUA to be significantly more abundant in human urinary
exosomes than K48 or K11 chains.

DISCUSSION

Urinary extracellular nanovesicles (exosomes) are predom-
inantly derived from the epithelial cells that line the kidney
tubule and urinary tract. Alterations in their protein or nucleic
acid cargo have been proposed to reflect the physiological
and pathophysiological state of cells within the renal tubule,
the genitourinary tract, or elsewhere in the body (3). In general
(22), it is thought that protein cargo to be incorporated into
urinary exosomes is ubiquitylated, recognized by the ESCRT
apparatus on MVBs, and deubiquitylated by deubiquitylases
during the process of cargo incorporation into MVBs (8-11).
In this study, we provide direct evidence that deubiquitylation
of protein cargo is not an essential step in internal luminal
vesicle and urinary exosome formation and a large proportion
of exosome protein cargo is ubiquitylated with various topol-
ogies. Our studies demonstrate that urinary exosomes are an
enriched source for a noninvasive approach to study ubiquitin
modifications in physiological or disease states and that anal-
ysis of cargo ubiquitylation status (rather than abundance)
may be better suited to discovery of new biomarkers for renal
and systemic diseases. Furthermore, the large number of
ubiquitylation sites on human proteins identified in this study
will be a major resource to the cell biology community and be

(F) Distributions of site and motif conservation scores of ubiquitylated lysines from in-gel digestion, in-solution digestion plus IAP, and all
identified lysines. (G) Thirty most abundant proteins identified in low-density membrane fractions of human urine based on normalized and total
peptide counts (see supplemental data 1 for the complete list). A gene symbol for each protein is displayed, except for ubiquitin (encoded by
four different genes i.e. RPS27A, UBA52, UBB, and UBC). (H) Instances of ubiquitin peptide identification from 1D SDS-PAGE gel.
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Significant GO biological process terms

Term % False discovery rate Protein count
Transcription 0.14 37
lon transport 1.67 44
Regulation of transcription 3.05 49

Cation transport 4.47 34

Cc

uAll human TFs Urinary exosomal TFs Ubiquitylated exosomal TFs

C2H2 zinc finger factors
Homeo domain factors
Basic helix-loop-helix factors (bHLH) =
Tryptophan cluster factors me=
Nuclear receptors with C4 zinc fingers =
Basic leucine zipper factors (bZIP) ===
High-mobility group (HMG) domain factors [
Fork head / winged helix factors ===
Rel homology region (RHR) factors ===
ARID domain factors
Paired box factors ®
SMAD/NF-1 DNA-binding domain factors =
C2HC zinc finger factors &
C3H zinc finger factors &
Uncharacterized *
STAT domain factors
NonO domain factors

** 8.18E-03

**1.14E-02

* 8.45E-07

*9.00E-03
*1.76E-12
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Percent
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Fic. 4. Bioinformatic analysis of ubiquitylated proteins in uri-
nary exosomes. (A) Top conserved domains found to be associated
with the ubiquitylated peptides identified (only conserved domains
with at least two unique ubiquitylated peptides are shown (see
supplemental data 2 for all conserved domains detected). (B) Significant
gene ontology biological process terms determined by gene-annotation

of broad utility for targeted analysis of individual ubiquitylation
site function.

Advancing our previous studies (2), biochemical analysis
indicated that ubiquitylated proteins, but not free ubiquitin,
are in low-density membrane fractions of human urine. Direct
detection of ubiquitin within ILVs of MVBs in kidney tubule
epithelial cells and urinary exosomes by immunogold electron
microscopy supports a mechanism where ubiquitylated pro-
teins are recruited to MVBs, and a proportion are sequestered
into ILVs without prior deubiquitylation before release into the
urinary space as exosomes. Consistent with this mechanism,
ubiquitin was the third most abundant protein in low-density
membrane fractions of human urine and ~13% of all the
proteins identified in exosomes were ubiquitylated. Although
the centrifugation technique we used to isolate the low-den-
sity membrane fractions of human urine is considered the
“gold standard,” as with all biochemical techniques, we can-
not completely exclude that some small membrane-bound
vesicles make up a very small percentage of the analyzed
sample. However, the vesicle size distribution by transmission
electron microscopy and Nanosight analysis, coupled with the
immunogold detection of ubiquitin in membrane-bound ves-
icles <100 nm in diameter, strongly supports our conclusions
of ubiquitylated proteins within exosomes. Furthermore, al-
though this is the first study of ubiquitylated proteins from
exosomes derived directly from human subjects, detection of
ubiquitin in exosomes isolated from culture media of myeloid-
derived suppressor cells (23), human B-cells (HLA-DR15), or
mouse immature splenic dendritic cells (D1) (24) further sup-
ports a model where deubiquitylation of protein cargo does
not always occur during MVB formation. In addition to ubig-
uitylated cargo, our mass spectrometry data identified numer-
ous nonubiquitylated peptides in low-density membrane frac-
tions of human urine. This has three possible explanations.
First, nonubiquitylated peptides may be identified, although
they arise from a ubiquitylated cargo protein. Secondly, nonu-
biquitylated proteins may be targeted by ESCRT-interaction
domains for entry into ILVs. In line with this, ubiquitin was
proposed not as a unique sorting signal that is essential for
MVB recruitment but rather as a temporary ESCRT-interac-
tion domain that can be added and removed from proteins to
regulate their interaction with the ESCRT machinery (25).
Thirdly, we cannot exclude a model where specific cargos, for
example, particular proteins classes, are deubiquitylated dur-
ing ILV formation.

Our application of in-gel digestion or in-solution immuno-
affinity isolation techniques prior to large-scale ubiquitylation

enrichment analysis. (C) Percentage distributions of transcription fac-
tor (TF) classes of all human TFs, urinary exosomal TFs, and ubiqui-
tylated exosomal TFs. * and ** indicate significantly overrepresented
TF classes of urinary exosomal TFs and ubiquitylated exosomal TFs,
respectively, compared against the background of all human TFs by
chi-squared tests.
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Ubiquitin in Exosomes

TaBLE 1B

Ubiquitylated transporter, channel, and related proteins identified in urinary exosomes. "indicates known ubiquitylated sites. Ubiquitylated site
topological domain is reported as the following notation: [NH-tail (N), COOH-tail (C), loop (L); Cytoplasmic (Cy), Extracellular (Ex), Intramem-
brane (In), Mitochondrial intermembrane (M)]

Accession
number

NP_000918

NP_058198

NP_001146

NP 932766

NP_000477

NP_078800

NP 001681

NP_057078

NP 000711

NP_001121371

NP_039234

NP_065698

NP_722449

Gene symbol

ABCBI1

ABCGI

ANXA6

AQP1

AQP2

ATP13A3

ATP6VIA

ATP6V1D

CACNAI1D

CLCNS

CLIC4

JPH1

KCNIJ1

NP_001258447 KCNMAL1

Protein name

multidrug resistance
protein 1

ATP-binding cassette
sub-family G member 1
isoform 2

annexin A6 isoform 1

aquaporin-1 isoform 1

aquaporin-2

probable cation-
transporting ATPase
13A3

V-type proton ATPase
catalytic subunit A

V-type proton ATPase
subunit D

voltage-dependent L-
type calcium channel
subunit alpha-1D
isoform a

H(+)/CI(-) exchange
transporter 5 isoform a

chloride intracellular
channel protein 4

junctophilin-1

ATP-sensitive inward
rectifier potassium
channel 1 isoform ¢

calcium-activated
potassium channel
subunit alpha-1 isoform
e

Ubiquitylated
site

K249 [L;Cy],
K515” [L;Cy],
K609 [L;Cy],
K685 [L;Cy],
K1093" [C;Cy]

K27 [N;Cy]

K113*, K6077,
K610, K613,
K620"

K243 [C;Cy]

K238 [C;Cy]

K342" [L]

K14

K207

K8 [N;Cy], K9
[N;Cy]

K649" [C;Cy]

K11 [N]

K593 [N;Cy]

K20 [N;Cy],
K361 [C;Cy],
K388 [C;Cy]

K439 [C;Cy]

Transporter,
channel, and
related
activities

ATP-binding
cassette
transporter

ATP-binding
cassette
transporter

ligand-gated
ion channel

water channel

water channel

cation-
transporting
ATPase
proton-
transporting
ATPase
proton-
transporting
ATPase

voltage-gated
calcium
channel

2CI(-)/H(+)
exchange
transporter

chloride
channel
regulation of
ryanodine-
sensitive
calcium-
release channel

inward rectifier
potassium
channel

calcium-
activated
potassium
channel

Renal
localization

proximal
tubule

renal tubules

ubiquitous

proximal
tubule; thin
descending
limb of Henle

collecting duct

renal tubules

glomeruli;
renal tubules

renal tubules

renal tubules

proximal
tubule; thick
ascending
limb;
collecting duct
intercalated
cells

proximal
tubule

N/A

thick
ascending
limb; macula
densa;
connecting
tubule;
collecting duct
podocytes;
connecting
tubule;
collecting duct

OMIM Gene-
Phenotype
Relationships

Susceptibility to
colchicine resistance;
Susceptibility to
inflammatory bowel
disease 13

Diabetes insipidus,
nephrogenic

Primary aldosteronism,
seizures, and neurologic
abnormalities; Sinoatrial
node dysfunction and
deafness

Dent disease;
Hypophosphatemic
rickets; Nephrolithiasis,
type I; Proteinuria, low
molecular weight, with
hypercalciuric
nephrocalcinosis

Bartter syndrome, type 2

Generalized epilepsy
and paroxysmal
dyskinesia
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Ubiquitin in Exosomes

TABLE IB—continued

NP_001138436

NP_002605

NP_000288

NP 057077

NP_054858

NP_003030

NP_000332

NP_001012680

NP_001091954

NP_000334

NP_848593

NP_057699

NP_001171761

NP_000330

NEDD4L

PDZK1

PKD2

PLLP

SCNI11A

SLC2A5

SLC3Al1

SLC3A2

SLC4A4

SLC5A1

SLC5A12

SLC6A13

SLCI12A1

SLCI12A3

E3 ubiquitin-protein
ligase NEDD4-like
isoform 2

Na(+)/H(+) exchange
regulatory cofactor
NHE-RF3 isoform 1

polycystin-2

plasmolipin

sodium channel protein
type 11 subunit alpha

solute carrier family 2,
facilitated glucose
transporter member 5
isoform 1

neutral and basic amino
acid transport protein
rBAT

4F2 cell-surface antigen
heavy chain isoform b

electrogenic sodium
bicarbonate
cotransporter 1 isoform
1

sodium/glucose
cotransporter 1 isoform
1

sodium-coupled
monocarboxylate
transporter 2

sodium- and chloride-
dependent GABA
transporter 2 isoform 1

solute carrier family 12
member 1 isoform F

solute carrier family 12
member 3 isoform 1

K341", K418"

K199

K16 [N;Cy],
K695~ [C;Cy]

K7 [N;Cy]

K888 [L]

K9* [N;Cy],
K488" [C:Cy],
K492* [C;Cy]

K5 [N;Cy], K7
[N;Cy], K45
[N;Cy], K60
[N;Cy]

K1727 [N;Cy]

K1046 [C;Cy]

K619 [L;Ex],
K626 [L;Ex],
K629 [L;Ex]

K579 [C;Cy],
K606 [C;Cy]

K557 [CCy]

K56 [N;Cy],
K140 [N;Cy],
K846 [C;Cy],
K989 [C;Cy],
K1012 [C;Cy],
K1079 [C;Cy]
K94 [N;Cy],
K128 [N;Cy],
K784 [C;Cy],
K801 [C;Cy],
K823 [C;Cy],
K918 [C;Cy]

regulation of
ion
transmembrane
transport

regulation of
ion
transmembrane
transport
calcium
permeable
cation channel
may participate
in ion transport

voltage-gated
sodium
channel

facilitated
glucose/fructos
¢ transporter

neutral and
basic amino
acid
transporter
calcium:sodiu
m antiporter;
neutral amino
acid
transporter

sodium:bicarbo
nate symporter

glucose:sodiu
m symporter

sodium/monoc
arboxylate
cotransporter
gamma-
aminobutyric
acid:sodium
Symporter;
neurotransmitt
er:sodium
Symporter

sodium:potassi
um:chloride
Symporter

sodium:chlorid
€ symporter

thick
ascending
limb; distal
convoluted
tubule;
connecting
tubule;
collecting duct

proximal

tubule

renal tubules

renal tubules

N/A

proximal
tubule

proximal
tubule

proximal
tubule

proximal
tubule

proximal
tubule

proximal
tubule

renal tubules

thick
ascending
limb; macula
densa

distal
convoluted
tubule

Polycystic kidney
disease 2

Episodic pain syndrome,
familial, 3; Neuropathy,
hereditary sensory and
autonomic, type VII

Cystinuria

Renal tubular acidosis,
proximal, with ocular
abnormalities

Glucose/galactose
malabsorption

Bartter syndrome, type 1

Gitelman syndrome
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Ubiquitin in Exosomes

TABLE IB—continued

NP_598408

NP_001139447

NP_066568

NP_004687

NP_006623

NP_003049
NP_004781

NP_006663

NP_004245

NP_004247

NP_005838

NP_077008

NP_443133

NP_001159820

NP_004204

NP_006336

NP_003043

NP 861441

NP_061849

NP_001138528
NP_079533

SLCI12A6

SLC13A2

SLC15A2

SLC16A4

SLC17A3

SLC22A2

SLC22A6

SLC22A7

SLC22A8

SLC22A13

SLC23A1

SLC25A23

SLC25A25

SLC26A11

SLC28A1

SLC30A9

SLC34A1

SLC36A2

SLC38A2

SLC44A2
SLC44A4

solute carrier family 12
member 6 isoform a

solute carrier family 13
member 2 isoform a

solute carrier family 15
member 2 isoform a

monocarboxylate
transporter 5 isoform 1

sodium-dependent
phosphate transport
protein 4 isoform b
solute carrier family 22
member 2

solute carrier family 22
member 6 isoform a
solute carrier family 22
member 7 isoform a

solute carrier family 22
member 8 isoform 1

solute carrier family 22
member 13

solute carrier family 23
member 1 isoform a
calcium-binding
mitochondrial carrier
protein SCaMC-3
calcium-binding
mitochondrial carrier
protein SCaMC-2
isoform a

sodium-independent
sulfate anion transporter

sodium/nucleoside
cotransporter 1 isoform
1

zinc transporter 9

sodium-dependent
phosphate transport
protein 2A isoform 1

proton-coupled amino
acid transporter 2

sodium-coupled neutral
amino acid transporter 2

choline transporter-like
protein 2 isoform 2
choline transporter-like
protein 4 isoform 1

K1102 [C;Cy]

K239 [L],
K352 [L]

K721 [C]

K250 [L;Cy]

K4 [N], K15
[N]

K330 [L;Cy]

K315 [L;Cy],
K321 [L;Cy]

K319 [L]

K105 [L;Ex],
K120 [L;Ex],
K122 [L;Ex],
K303 [L;Cy]
K293 [L;Cy],
K301 [L;Cy],
K314 [L;Cy]
K242 [L;In],
K597 [C;Cy]

K460 [C;M]

K31 [N;M]

K600" [C;Ex]

K393 [L;Ex]

K551 [C]

K77 [N;Cy]

K17 [N;Cy],
K28 [N;Cy],
K29 [N;Cy],
K33 [N;Cyl,
K49 [N;Cy]

K2 [N;Cy],

K3* [N;Cy],
K33 [N;Cy]

K15” [N;Cy]
K18 [N;Cy]

potassium:chlo
ride symporter

low affinity
sodium:dicarbo
xylate
Symporter
peptide:proton
symporter
monocarboxyli
c acid
transporter

organic anion
transporter

organic cation
transporter
organic anion
transporter
organic anion
transporter

organic anion
transporter

organic
anion/urate
transporter
L-ascorbic acid
transporter
mitochondrial
ATP-Mg/Pi
carrier

mitochondrial
ATP-Mg/Pi
carrier

sulfate anion
transporter

nucleoside:sodi
um symporter

zinc
transporter

sodium-
dependent
phosphate
transporter

hydrogen:amin
o acid
symporter

amino acid
transporter

choline
transporter
choline
transporter

proximal
tubule

proximal
tubule

proximal
tubule

renal tubules

proximal
tubule

proximal
tubule
proximal
tubule
proximal
tubule

proximal
tubule
collecting duct

proximal
tubule

ubiquitous

ubiquitous

collecting duct
intercalated
cells

proximal
tubule

ubiquitous

proximal
tubule

proximal
tubule

renal tubules

renal tubules

N/A

Agenesis of the corpus
callosum with peripheral
neuropathy

Fanconi renotubular
syndrome 2;
Nephrolithiasis/osteopor
osis, hypophosphatemic,
1

Hyperglycinuria;
Iminoglycinuria, digenic
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Ubiquitin in Exosomes

TABLE IB—continued

solute carrier organic

organic anion

NP_009187 SLCO2B1 anion transporter family K702 [C;Cy] S N/A -
member 2B1 isoform 1 P
solute carrier organic . " ;
NP 851322 SLCOACI anion transporter family o>/ GCY],  organic anion pro"]‘mal -
member 4C1 K74 [N;Cy] transporter tubule
metalloreductase oxidoreductase
NP 001035755 STEAP2 STEAP? isoform a K11 [N] . renal tubules -
. ferric-chelate ?Anemia, hypochromic
NP_878919 STEAP3 r;;g/ligge;islg?jrs; a E}g &fgy}’ reductase renal tubules microcytic, with iron
el activity overload 2
stromal interaction regulation of it/{n n;uggldeilzgﬁ;i i
NP_003147 STIM1 molecule 1 isoform 2 K267" [C;Cy]  calcium ion renal tubules . yrg atg’l'
precursor transport Seiteae &
Stormorken syndrome
distal
transient receptor calcium ;:L?;\l/lcél'uted
NP_061116 TRPV6 potential cation channel K63 [N;Cy] h | 2 -
subfamily V member 6 channe connecting
tubule;
collecting duct
voltage-dependent voltae-sated
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profiling using LC-MS/MS resulted in complimentary datasets
that allowed in-depth analysis of ubiquitylated exosomal pro-
teins. Although previous studies, the majority performed in
yeast or cell culture models, have indicated that monoubig-
uitylation is important for marking membrane proteins to be
incorporated into MVBs e.g. (4, 26), we detected proteins with
profiles corresponding with monoubiquitylation, multimonou-
biquitylation, and polyubiquitylation in low-density membrane
fractions of human urine. Although a proportion of these ubig-
uitin forms cannot be exactly determined due to unknown
parameters that can also alter a protein mass e.g. other PTMs,
multimer formation, and endogenous cleavage, it supports
our model that deubiquitylation of protein cargo during ILV
formation is not necessary. Combined with our observations
that all classes of polyubiquitin chains (K6, K11, K27, K29,
K33, K48, and K63) are detected on cargo from urinary exo-
somes with variable frequencies, these data support the
growing body of evidence that multimonoubiquitylation and
polyubiquitylation are necessary to overcome the low-affinity
binding of ubiquitin to ubiquitin interaction motifs on adapter
proteins and facilitate rapid internalization and endosomal
sorting of particular classes of membrane proteins e.g. (27,
28). Furthermore, the high abundance of K63-linked ubiquitin
chains we detected on urinary exosome cargo is in line with
studies in yeast and cultured mammalian cells that K63-link-
age is a better signal than monoubiquitylation during endo-
somal sorting and may even be important for MVB biogenesis
(29). One question that our studies cannot address, but would
be an interesting avenue of future research, is whether deu-
biquitylation of cargo proteins actually alters the rate of exo-

some formation and secretion. For example, experiments ex-
amining the secretion rate and/or concentration of exosomes
into cell culture media following treatment of cells with broad
spectrum deubiquitylase or E3 ligase inhibitors may provide
novel information on this aspect.

Defining a valid ubiquitylation motif has been the subject of
various studies using multiple, potentially biased, enrichment
strategies (30-33). Despite identification of, for example, a
significant preference for hydrophobic residues such as Phe,
Tyr, Trp, Leu, lle, and Val adjacent to ubiquitylated lysines (30,
33, 34), the majority of studies have been unsuccessful in
identifying specific ubiquitylation recognition motifs (32). Our
use of in-gel digestion of exosomal protein cargo prior to
LC-MS/MS, without a specific enrichment strategy (e.g.
K-e-GG immunoaffinity purification), provided a nonbiased
platform for analysis of overrepresented motifs surrounding
ubiquitylation sites. We determined that there was a unique
and strong preference for an additional lysine within six amino
acids upstream of the ubiquitylated lysine residue. Although
not a specific “ubiquitylation motif” per se, this clear prefer-
ence for lysine surrounding the ubiquitylated residue is in line
with a previous study highlighting a significant preference for
positively charged residues (Lys and Arg) upstream of the
ubiquitylation site (35). The current datasets will provide ad-
ditional information to build computational models for ubiqui-
tylation-binding motifs (33, 34).

Another observation from the current study is that we ob-
served several instances of DiGly modification on C-terminal
lysine residues, despite the use of chloroacetamide during
alkylation steps. We have also observed this phenomenon
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Fic. 5. Quantification of ubiquitylation forms in urinary exosomes. (A) Frequency distribution of mass differences between the ubiqui-
tylated and unmodified forms of ubiquitylated proteins. 194 events satisfying the criterion in Materials and Methods were evaluated. (B) Upper
panel: scheme to classify ubiquitylation forms into three groups. Lower panel: percentages of the different groups of ubiquitylated proteins. (C)
Instances of different polyubiquitin linkages in urinary exosomes. (D) Paradigms of specific configurations of ubiquitylation determined by an
unambiguous mass distribution pattern of ubiquitylated peptides over the background of nonubiquitylated peptides. Left panel: aquaporin-1
isoform 1 (unmodified form = 28 kDa; K243 ubiquitylated peptides were identified from the corresponding gel locations of mono-, di-, and
tri-ubiquitylated (Ub) forms of the protein). Middle panel: annexin A1 (unmodified form = 39 kDa; K128 ubiquitylated peptides were identified
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Fic. 6. Quantification of polyubiquitin chain topologies in human
urinary exosomes. (A) Relative abundance of seven polyubiquitin link-
ages quantified by peptide counting. (B) Representative mass spectra
demonstrate relative peak heights of the GG-linked endogenous (light)
and AQUA (heavy) peptides of K11-, K48-, and K63-linked polyubiquitin
chains. An equal amount (2.5 pmol) of each GG-linked ubiquitin-AQUA
peptide was spiked into each sample. (C) Relative abundance of K11,
K48, and K63 polyubiquitin chains quantified using the AQUA technique
(n = 5). * p < 0.0001 by Tukey’s multiple comparison tests.

ourselves in other studies (not published), supporting that this
is a valid identification and not an artifact. Furthermore, DiGly
modification on C-terminal lysine residues has been reported

by others, who observed that following trypsin digest of a
poly-Ub standard, 23% of identified ubiquitylation sites were
on the terminal lysine (36). This fits well with our study that
observed 20% of ubiquitylation sites on C-terminal lysines.
However, it is still plausible that this phenomenon could be a
result of chloroacetamide treatment under some certain con-
ditions (albeit less common than with iodoacetamide). There-
fore, the C-terminal ubiquitylation sites identified in this study
should be interpreted with caution.

In addition to being an enriched source of ubiquitylated
proteins for studying the characteristics of ubiquitin modifica-
tions, the urinary exosomal proteome we generated is the
largest from normal humans to date. The majority of the
ubiquitylated sites identified herein are novel in human, thus
the datasets will serve as a major resource for targeted anal-
ysis of individual ubiquitylation site function. In total, 21% of
ubiquitylated proteins in exosomes were classified as trans-
membrane proteins (a similar percentage to total number of
transmembrane proteins identified in exosomes), supporting
the idea that in mammalian cells ILV formation can occur via
both ESCRT-dependent and -independent mechanisms (37—
39) or that cytosolic components are randomly loaded into
ILVs upon intraluminal budding. Within the large pool of ubig-
uitylated cargo in urinary exosomes, proteins involved in tran-
scription/transcriptional regulation were significantly overrep-
resented. Although previous studies have identified mRNA
and miRNAs in urinary microvesicles (40-42), the current
study suggests that urinary exosomes may be able to vector-
ally influence other cells in the renal epithelia and urinary tract
systems not only by delivering RNA cargo but also by deliv-
ering a wide range of TFs and regulatory proteins that may
control/contribute to gene expression.

In conclusion, this study provides a new model for cargo
recruitment to MVBs and ILV formation prior to urinary exo-
some secretion (Supplemental Fig. 6). The lack of deubiqui-
tylation of cargo proteins proposed in this model is likely to be
similar for exosomes formed and secreted from other cell
types. Furthermore, analysis of ubiquitylated cargo within uri-
nary exosomes can be used to study the molecular physiol-
ogy and pathophysiology of ubiquitylation events in renal
epithelial and urinary tract systems and potentially for the
discovery of new biomarkers for renal and systemic diseases.
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