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Summary

Protein ubiquitination is a highly conserved, central mechanism to regulate cellular events in all
eukaryotes, such as proteasomal degradation, protein trafficking, DNA repair, synaptic plasticity
and immune response. The consequence of protein ubiquitination is modulated by the structure of
ubiquitin moiety attached on the substrates, including ubiquitin monomer and diverse
polyubiquitin chains with different linkages (N-terminus, K6, K11, K27, K29, K33, K48 and
K63). The development of ubiquitin-enrichment strategies coupled with sensitive mass
spectrometry enables direct analysis of ubiquitinated proteins in cells, providing an invaluable tool
for ubiquitin research. In this chapter we describe recent technology updates for analyzing tissue-
specific ubiquitin conjugates in transgenic models, as well as targeted proteomics methods for
quantifying different polyubiquitin chain linkages in any type of samples, including human
tissues.
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1. Introduction

Ubiquitin (Ub) is an essential protein of 76 amino acids encoded by multiple genes in
eukaryotes. Ubiquitin conjugation of proteins is carried out by the sequential action of
ubiquitin activating (E1), conjugating (E2) and ligating (E3) enzymes, and the modification
is reversed by deubiquitinating (DUB) proteases (1). This post-translational modification is
involved in a wide range of cellular processes. Ubiquitination is linked to the turnover of an
ever-growing number of proteins; it regulates protein trafficking, and is also widely used to
transiently facilitate protein-protein interactions, but little is known yet regarding where and
when are those proteins ubiquitinated /n vivo, within the context of a whole organism.

Although ubiquitin is typically conjugated to the side chain of lysine residues on targeted
proteins (Fig. 1), in some cases, non-lysine residues (e.g., N-terminal amine group and
cysteine residues) function as alternative sites during ubiquitination (2, 3). Moreover, after
the first ubiquitin molecule is attached to the substrates, additional Ub molecules can be
mounted through any of the eight amine groups in the first molecule, including the N-
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terminus, K6, K11, K27, K29, K33, K48, and K63 (4-6), to form polyUb chains. These
eight polyUb linkages may produce diverse chain structures (7-9), providing different
structures for downstream recognition by Ub receptors and thus mediating specific signaling
processes (10, 11). Therefore, analysis of polyUb chains on the substrates is instructive to
understand the function of ubiquitination events.

The ubiquitin pathway is essential for brain development and function, and its failure is
associated with a number of neurodegenerative diseases (12, 13). For instance, some early-
onset Parkinson’s disease cases are linked to mutations in the Parkin E3 ligase (14).
Mutations in KLHL7, one subunit of a cullin E3 ligase, cause progressive degeneration of
rod and cone photoreceptors in the retina; another E3 (gigaxonin) gene mutations are
associated with giant axonal neuropathy (15); and UBE3A mutations are linked to the onset
of Angelman syndrome (16). Different from ubiquitin conjugation enzymes, mutations in
two DUB genes, UCHL1 and ATXNS3, are also linked to Parkinson’s disease and spinal
cerebral ataxia, respectively (16). In addition, ubiquitin-positive inclusion staining is viewed
as a hallmark of pathology in a wide range of neurodegenerative disorders, suggesting its
involvement in the disease development (12, 16). However, it is not known how changes in
the Ubiquitin Proteasome System (UPS) during normal aging are related to pathological
processes that occur during early stages of neurodegeneration. Studies that have attempted to
measure global proteasome activity and address the issue of global age-related decrease in
ubiquitin turnover remain inconclusive. The analysis of ubiquitination activities in a tissue
or cell type-specific manner (e.g. in neuron) should be able to deepen the understanding of
these topics.

Advances in mass spectrometry (MS) make it feasible to analyze proteins in the attomole
range (17-20), providing unprecedented sensitivity for biochemical analysis of ubiquitin
signaling. Prior to MS analysis, ubiquitinated proteins are often enriched by affinity
approaches, including ubiquitin antibodies (21, 22), ubiquitin-binding proteins (23-26), or
epitope-tagged ubiquitin (e.g., FLAG, HA, myc, His, and biotin tag) (27-29). Polyhistidine
tagging allows the purification to be performed under denaturing conditions, in order to
prevent protease activity, including that of the DUB proteases (4). An alternate method that
works under denaturing conditions is biotin-tagging (30). The biotin-avidin interaction is far
stronger and allows for much more stringent washes, resulting in minimal non-specific
background. Furthermore, most organisms contain a limited number of endogenous
biotinylated proteins that can be readily identified by mass spectrometry. A tagged ubiquitin
construct containing both a His-tag and a biotin-accepting domain was shown to be
efficiently biotinylated by endogenous enzymes in cell culture, but has not been reported yet
to work /in vivo, maybe due to the size of the used tag being far larger than ubiquitin itself
(30).

Here we describe a detailed protocol for the efficient isolation of neuronal ubiquitin
conjugates from specific tissues in flies (31). The system relies on the BirA (biotinylating)
enzyme from E. coliexpressed as a fusion protein with multiple copies of ubiquitin that bear
a short biotinylatable motif at their N-terminus (Fig. 2). Endogenous DUBSs process this
polypeptide into individual ubiquitin molecules that are then modified by BirA /n vivo. Due
to the strength and the specificity of the avidin-biotin interaction, we have been able to
isolate and enrich the neuronal ubiquitinated proteins from a multicellular organism up to
levels not achieved previously by any other approaches. This allows to identify by mass
spectrometry those neuronal proteins that are ubiquitinated in a specific tissue, and to
resolve by western blotting whether they are mono or polyubiquitinated, even in the absence
of proteasome inhibitors, therefore reporting on physiological ubiquitination levels.
Furthermore, we present a targeted MS approach to quantify the polyUb linkages on isolated
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protein targets or in total tissue lysates, such as human postmortem brains (Fig. 3). This
approach is highly specific and bypasses the requirement of antibody against polyUb chains.

2. Materials

2.1 Enrichment of neuron-specific ubiquitinated proteins in Drosophila

1

10.
11.
12.

13.

14.

15.
16.
17.
18.

Fly lines expressing BirA (negative control) or biotin-Ub-BirA under the neuronal
elavGAL4 driver (31) (see Note 1

Apple juice plates: Mix 72 g of agar with 1.5 L of cold water. Warm it up while
stirring until it starts boiling. Add further 500 mL of water, 800 mL of apple juice,
and 80 g of dextrose pre-dissolved in 40 mL of water. Stir for 1-2 min. Switch off
the heater and keep stirring until the solution cools down to 60°C. Add 80 mL of
10% Nipagin solution (in 50% EtOH) and stir for 1 min. Pour into 90mm Petri
dishes.

Yeast paste: from frozen yeast blocks, dilute if needed with a small amount of
water.

PA 160/43 mesh: SAATIFIL polyamide, 160 microns mesh size (Fujifilm Sericol
UK Ltd)

Fly collection cages: ~9 cm diameter, 16 cm high, blocked with PA 160/43 mesh at
one end.

Embryo collection sieve made with the top half of a 50 mL tube, which is used to
hold a disk of PA 160/43 mesh. The cap has been perforated to the whole diameter
of the tube opening.

PBST: 0.1% Triton X-100 in PBS solution.

Bleach 50% in water.

Dounce tissue grinder 7 mL (Jencons).

N-ethylmaleimide (NEM, Sigma).

Embryo lysis buffer: 8 M Urea +1% SDS + 50 mM NEM in PBS.

25x P.I : 1 Protease inhibitors tablet (Roche Applied Science) in 2 mL Lysis/
Binding buffer.

PD10 Desalting Columns (GE Healthcare); maximum sample volume 2.5 mL,
recovery > 95%.

High Capacity NeutrAvidin-agarose beads (ThermoScientific); binding capacity >
8 mg biotinylated BSA/ml of settled resin.

Binding buffer: 3 M Urea + 1 M NaCl + 0.25% SDS
Washing Buffer 1 (WB1): 8 M Urea + 0.25% SDS in PBS.
WB2: 6 M GdnHCI in PBS.

WB3: 6.4 M Urea + 1 M NaCl + 0.2% SDS in PBS.

1 The approach is based on the /n7 vivo biotinylation of ubiquitin expressed uniquely in the nervous system using the GAL4/UAS
system. We take advantage of the processing activity of endogenous deubiquitinating enzymes to digest a precursor containing both
the tagged ubiquitin and the enzyme responsible for its biotinylation, the bacterial BirA enzyme. As a wide range of drivers for
different tissue expression are available in the fly system, this strategy could be used to isolate ubiquitin conjugates from other tissues,
as well as from different developmental stages. It is likely to be also applicable to other model organisms.
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WB4: 4 M Urea + 1 M NaCl + 10% isopropanol +10% EtOH + 0.2% SDS in PBS.
WBS5: 8 M Urea + 1% SDS in PBS.
WB6: 2% SDS in PBS.

Elution buffer (4x Laemmli SDS loading buffer): 200 mM Tris, pH 6.8, 8% SDS,
40% glycerol, and 0.8 mg/mL of Bromophenol blue, with the addition of 100 mM
DTT.

Minicolumn clarifying filters (Sartorious).

2.2 Analysis of the ubiquitinated proteins by mass spectrometry

1

2
3
4,
5

o

10.
11

12.
13.

14.

15.

16.

Acetone (Sigma)
lodoacetamide (IAA, Sigma)
SDS gel running apparatus
SDS poly acrylamide gels

Coomassie Blue G-250 staining buffer: 0.2% Brilliant Blue G250 (Sigma), 0.5%
acetic acid (J.T. Baker) and 20% methanol (Sigma)

Razor blade, air incubator, and speedvac

Gel washing buffer: 50% acetonitrile (Sigma) and 50% 50 mM ammonium
bicarbonate (Sigma)

Trypsin (Promega)
Extraction buffer: 5% formic acid (Fisher Scientific) and 50% acetonitrile (Sigma)
Trifluoroacetic acid (TFA) (B&J)

MS sample loading buffer: 6% acetic acid, 0.005% heptafluorobutyric acid, 5%
acetonitrile, and 0.1% TFA

Methanol (Sigma)

100 wm i.d. x 12 cm fused-silica capillary C1g column (Magic C18AQ); particle
size, 5 wm; pore size, 200 A; Michrom Bioresources, Auburn, CA)

Buffer A: 0.4% acetic acid (J.T. Baker), 0.005% heptafluorobutyric acid (Sigma),
and 5% acetonitrile (Sigma)

Buffer B: 0.4% acetic acid (J.T Baker), 0.005% heptafluorobutyric acid (Sigma),
and 95% acetonitrile (Sigma)

LTQ-Orbitrap mass spectrometer (Thermo Finnigan, San Jose, CA) or other LC-
MS/MS systems

2.3 Quantitative profiling of polyUb linkages in isolated ubiquitinated proteins, cells or
tissues by mass spectrometry

The majority of materials are listed above with some additional items.

1
2.
3.

Cultured cells or tissues
Cell lysis buffer: 8 M Urea +1% SDS + 20 mM IAA in PBS

Glass beads (BioSpec Products, 0.5-mm diameter)
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LTQ-Orbitrap mass spectrometer (Thermo Finnigan, San Jose, CA) or LC coupled
with triple quadrupole (QqQ) mass spectrometers.

3.1 Enrichment of neuron-specific ubiquitinated proteins in Drosophila

1

10.

11.

12.
13.

14.

Fly cages containing young flies from about 6 bottles are enclosed with Apple juice
plates partially covered with yeast paste.

Allow flies to lay the embryos for 12 hr, change plates and let embryos age for
further 9 hr.

Collect embryos gently using a brush, wash with PBST, water and dechorionate in
50% bleach solution for 3 min. Wash immediately with water and PBST, collect
into tubes, flash-freeze and kept at —80°C until required.

Pre-wash 0.1 mL Neutravidin agarose beads with Binding buffer (see Note 2).

Crash 1-1.5 mL dechorionated embryos with 2.5 mL of Lysis buffer + 400 L
25xPI (in Lysis buffer) using a 7 mL Dounce thissue homogeniser.

Centrifuge 1 min at 14 K at room temperature. Discard pellet.
Centrifuge the supernatant for 5 min at 14 K at 4°C. Repeat this step if needed.

Apply supernatant to a PD10 column preequilibrated with 25 mL Binding buffer
(see Note 3).

Add 250 L of 25xP1 in Binding buffer to the eluate (3.5 mL, save 1 % for
Western blotting analysis) and incubate with NeutrAvidin beads for 40 min at room
temperature and 2 hr at 4°C.

Spin down the beads (2 min at 1000 rpm) and keep the supernatant as flow-
through.

Wash beads in 15 mL tube with Washing buffers (12 mL each time): 3x WB1, 3x
WB2, 1x WB3, 3x WB4, 1x WB1, 1x WB5 and 3x WB6 (see Note 4).

Boil beads for 5 min at 95°C with 40 pL Elution buffer.

Centrifuge-elute in minicolumn filter for 2 min at 14 K to recover Ub-conjugates
(~65 L) for mass spectrometry analysis.

Regular Western blotting analysis may be also performed to examine if one protein
is ubiquitinated by comparing mass shift in the input with that in the eluted sample.
The data may be able to differentiate monoubiquitination from polyubiquitination
(polyUb chain on one ubiquitination site) and/or polymonoubiquitination (multiple
monoubiquitin on different Lys sites).

3.2 Analysis of the ubiquitinated proteins by mass spectrometry

1

If the volume of eluted Ub-conjugates is too large (e.g. more than 100 pL), acetone
precipitation may be performed to concentrate the sample. Add four times cold
acetone (-20°C) of the sample volume, and then incubate at —20°C for 1 h.
Centrifuge the precipitated proteins at 15,000 x g for 10 min. Dry and dissolve the

2As solubilized urea is in equilibrium with ammonium cyanate that leads to carbamylation of amine groups in proteins, and the
reaction is accelerated by heating, we generally use fresh urea solutions and do not heat urea solutions.

We are using the PD10 columns to eliminate free biotin, but also as a buffer exchange step. We equilibrate the column with Binding
buffer, so the sample is exchanged into Binding buffer, ready to incubate with the beads.

These different wash buffers are used to almost eliminate background proteins under various denaturing conditions.
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pellet in Laemmli SDS loading buffer with 5 mM IAA and 8 M urea at room
temperature. Do not heat the sample (see Note 2, 5 and 6).

2. Run the purified Ub-conjugate sample on 6—12% gradient gel and stain with
Coomassie Blue.

Excise the gel lanes into multiple slices for in-gel digestion (32).
4. Cut the each gel slices into as small pieces as 1 mm3,

Wash the gel with gel washing buffer briefly and then dehydrate the gel with 100%
acetonitrile.

6. Remove acetonitrile and completely dry the gel pieces in speedvac for 15 min.

7. Cover the gel pieces with trypsin solution on ice (12.5 ng/pl trypsin in 50 mM
ammonium bicarbonate) to allow the gel rehydrate.

8. Incubate the sample at 37°C overnight and extract the digested peptides.
9. Dry the sample in speedvac and then resuspend into MS sample loading buffer.

10. Load the sample on LC-MS system (e.g. LTQ-Orbitrap) using an optimized
protocol (33). Briefly, the peptides are loaded onto a C1g column and eluted during
a 10-30% gradient. The eluted peptides are detected by Orbitrap (350-1500 m/z,
1,000,000 AGC target, 1,000 ms maximum ion time, resolution 60,000 fwhm)
followed by ten data-dependent MS/MS scans in LTQ (2 m/z isolation width, 35%
collision energy, 5,000 AGC target, 200 ms maximum ion time, see Note 7).

11. MS/MS spectra are searched against yeast database using the SEQUEST Sorcerer
algorithm (version 2.0, SAGE-N) (34). Searching parameters included mass
tolerance of precursor ions (£50 ppm) and product ion (0.5 m/z), partially tryptic
restriction, fixed modification of carboxyamidomethylated Cys (+57.0215 Da),
dynamic modifications for oxidized Met (+15.9949), five maximal modification
sites and three maximal missed cleavages (see Note 8).

12. The target-decoy strategy is used to evaluate false discovery rate (35, 36). In
general, the protein false discovery rate is controlled less than 1% after filtering.

13. Validate the identified Ub-conjugates by western blotting (see Note 9, 10 and 11).

5 |odoacetamide (IAA) or N-ethylmaleimide (NEM) can be used as a Cys-alkylation reagent to block most of DUB activities. At high
temperatures (e.g. heating in SDS gel loading buffer), IAA modifies a fraction of Lys residues twice to form a tag of 114.0429 Da, the
same mass of a GG tag generated by tryptic digestion of ubiquitin (41). Even chloroacetamide (41) might produce this artifact tag at
high temperature (6), but NEM does not. At low temperature (i.e. room temperature or lower) or low dosage, this side reaction of IAA
is essentially eliminated (6). As the most abundant ubiquitinated peptide in cells (K48-GG Ub peptide) could be distinguished from its
iodoacetamide-modified artifact based on LC retention time and a specific neutral loss in MS/MS pattern, detecting if such an artifact
peptide exists in samples would be used for quality control during analysis. During the experiment, although NEM/IAA was only
added in the Lysis buffer, it could be added in all except the elution buffer to inhibit DUB activities.

Sample loss may occur during the concentration step by acetone precipitation, in particular for highly diluted samples. It is
recommended to perform a testing experiment to examine the recovery of Ub-conjugates. Alternatively, one may minimize the
volume of elution buffer and collect the eluent into multiple fractions, some of which will have higher concentration of Ub-conjugates
and can be directly used for SDS gel electrophoresis without the concentration step.

The amount of the sample loaded on the column is dependent on the LC system used. In general, we load peptides digested from 1
pg protein onto a 12 cm x 70 wm 1D column. Increasing gradient elution time may increase the number of identified proteins, but a
glateau can be reached at a certain point due to broadening of elution peaks. More details may be found in a technical paper (33).

Although the Orbitrap allows the acquisition of high resolution data with mass accuracy within a few ppm or even subppm
dependent on the setting and intensity of ion signal, wide window (50 ppm) is used during the search and a much narrower mass
window is used later during data filtering to remove false positives. However, the narrow mass window may be applied during the
search step, and then cannot be used for filtering (33).
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3.3 Quantitative profiling of polyUb linkages in isolated ubiquitinated proteins, cells or
tissues by mass spectrometry

To quantify polyUb linkages on substrates, we employed the absolute quantification
(AQUA,) strategy (Fig. 3) (37), also termed LC-SRM/MRM (selected or multiple reaction
monitoring). The first step is to generate stable-isotope labeled internal standards
corresponding to ubiquitinated peptides by chemical synthesis or metabolic labeling. The
stable-isotope labeled standards are added into any protein samples, such as purified Ub-
conjugates, cell or tissue lysate. Trypsin digestion of ubiquitin moiety leads to the
production of specific GG peptides from polyUb chains and modified substrates. The native
peptides and internal standards are co-eluted during chromatography, but separated in a
mass spectrometer. The MS instrument is set to SRM mode in which native peptides and
internal standards are selected for fragmentation to generate product ions. Pairs of product
ions are monitored and their ratios allowed for measurement of linkages in the original
sample. The AQUA strategy circumvents antibody requirement to detect targeted proteins in
complex mixtures. As it is not difficult to find unique peptides for any protein, this strategy
can be extended to quantify nearly all proteins. The method is modified from a previously
reported protocol (38, 39), listed in detail below.

1. Prepare a number of internal standards included labeled, synthetic GG-linked Ub
peptides for absolute quantification (6), and metabolically labeled HEK293 cells
(Lys +8.0142 Da and Arg +10.0083 Da), yeast or mouse tissues (Lys +6.0201 Da)
for relative quantification (40) (see Note 12 and 13).

2. The synthetic peptides are used to optimize the LC-SRM conditions, such as
elution gradient to determine retention time, fragmentation condition, and the
selection of product ions (Table 1, see Note 14).

3. Labeled cell lysate (20 p.g) is prepared in the Lysis buffer, spiked into unlabeled
lysates mostly at a 1:1 ratio, and resolved on a 1D SDS gel. The gel region above
80 kDa containing the vast majority of polyUb species is used for analysis. If
ultrahigh detection sensitivity is achieved in an optimized LC-SRM setting, the
entire gel lane could be excised into a single gel band.

9 Proteins that are not modified by ubiquitin are usually co-purified during the purification of Ub-conjugates, raising a main challenge
on how to remove these false positives. The first effective approach is to reduce the contaminants during purification by introducing
highly stringent buffers (e.g. 8 M urea, or 6 M GdnHCI); denaturing conditions are useful for not only minimizing contaminants but
also inhibiting DUB activities. Only two types of tags (6xHis and biotin) on ubiquitin are suitable for denatured conditions (4, 42).
Even under such stringent conditions, the contaminants may still contribute up to ~50% of the identified ubiquitinated proteome, since
many contaminants exist in a minute amount but are still detectable by highly sensitive mass spectrometry (43). Moreover, the status
of protein ubiquitination may be verified by traditional western blotting, virtual western blotting images reconstructed based on 1D gel
and LC-MS/MS (43), and the ubiquitinated sites. The caveats of analyzing ubiquitinated lysine residues are discussed in another
review paper (44).

Quantitative comparison of protein samples from negative control (e.g. cells expressing untagged ubiquitin) with cells expressing
tagged ubiquitin is an alternative method to differentiate contaminants and Ub-conjugates. While the contaminants are proposed to be
isolated from both sources at equal efficiency, the real Ub-conjugates are only enriched from cells carrying the tagged ubiquitin. This
strategy has been successfully used for mapping SUMOylated proteins (45).

Development of specific antibodies to GG-tagged ubiquitinated peptides provides an independent method for enriching
ubiquitinated species (46). This method allows the enrichment of ubiquitinated peptides instead of Ub-conjugates. The identification
GG peptides validate the status of protein ubiquitination, although false discoveries may also exist in database search (47).

Although internal standard peptides work in the AQUA analysis, they do not represent true standards for proteins, because
di:?estion efficiency is not accounted for. Labeled proteins are better standards in this type of study.

13 Metabolic labeling is performed using the SILAC (stable isotope labeling of amino acid in cell culture) protocol in cells (e.g.
mammalian culture and yeast). To prevent significant heavy isotope-labeled Arg-Pro conversion, extra proline is often implemented.
More recently, the SILAC strategy has also been applied to other model systems, including fly (48) and mouse (49). It will thus be
Eossible to perform a similar analysis of ubiquitinated proteins in higher organisms.

4 Optimization of the LC-SRM conditions is crucial to improve the detection sensitivity of peptides of interest. As peptides
ionization efficiency varies vastly and reliable detection is often influenced by the co-eluting peptides due to ion suppression, it is
recommended to carry out pilot experiments to characterize the sensitivity.
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4. If labeled peptides are used as internal standards, the peptides are added in during
trypsin digestion instead of the step of gel running.

5. Perform in-gel trypsin digestion to produce pairs of light and heavy peptides.

6. Analyze peptide pairs by reverse phase LC followed by MS, in which peptide ion
pairs of interest are selected for fragmentation and quantified by intensity ratio of
coeluting, related product ion pairs. The instrument is operated in the SRM or
MRM mode.

7. The LC-SRM analysis can be performed on a number of instruments, such as a
hybrid LTQ-Orbitrap mass spectrometer (Thermo Finnigan, San Jose, CA) or triple
quadrupole (QqQ) mass spectrometers (see Note 15).
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NH2 — K
(Substrates)

NH2 at N-terminus
SH on Cys

Lipid or other small chemicals

The chemistry of the ubiquitin family. During the posttranslational modification by Ub and
Ub like proteins, the C-terminal carboxyl group forms an isopeptide bond with the amine
group on the side chain of Lys residues. Alternatively, N-terminal amine, Cys residues and
even some lipid and other small molecules also serve as acceptors in this reaction.
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Using elav-GAL4 driver, express bioUb or just birA in neurons
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Figure 2.

The strategy for analyzing neuron-specific protein ubiquitination in the fly. The neuronal
elavGAL4 driver allows the expression of BirA (negative control) or Ubg-BirA in neurons
using the GAL4/UAS system. Biotinylated Ub-conjugates are isolated and subjected to 1D
SDS gel analysis followed by in-gel digestion and LC-MS/MS.
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Measurement of the abundance of Ub linkages by mass spectrometry. (A) The synthesis of
stable isotope-labeled internal standard as exemplified by K48 linkages. (B) and (C)
Representative AQUA analysis of K11 and K48 linkages, respectively.
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