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The protein called ‘small ubiquitin-like modifier’ (SUMO) is post-translationally linked to target proteins at the -amino group
of lysine residues. This ‘SUMOylation’ alters the behavior of the target protein, a change that is utilized to regulate diverse
cellular processes. Understanding the target-specific consequences of SUMO modification requires knowledge of the location of
conjugation sites, and we have developed a straightforward protocol for the proteome-wide identification of SUMO modification
sites using mass spectrometry (MS). The approach described herein requires the expression of a mutant form of SUMO, in which
the residue preceding the C-terminal Gly-Gly (diGly) is replaced with a lysine (SUMOKGG). Digestion of SUMOKGG protein conjugates
with endoproteinase Lys-C yields a diGly motif attached to target lysines. Peptides containing this adduct are enriched using a
diGly-Lys (K--GG)-specific antibody and identified by MS. This diGly signature is characteristic of SUMOKGG conjugation alone, as
no other ubiquitin-like protein (Ubl) yields this adduct upon Lys-C digestion. We have demonstrated the utility of the approach
in SUMOylation studies, but, in principle, it may be adapted for the site-specific identification of proteins modified by any Ubl.
Starting from cell lysis, this protocol can be completed in ~5 d.

INTRODUCTION
Conjugation by SUMO alters the activity and function of proteins
with important roles in various biological processes, including
those involved in the regulation of the cell cycle, cellular responses
to stress conditions and cell viability. SUMO is linked to the ε-amino
group of lysine residues in a multistep process facilitated by the
consecutive actions of the heterodimeric E1 complex composed
of the SUMO-activating enzymes 1 and 2 (SAE1 and SAE2),
followed by the E2 SUMO-conjugating enzyme Ubc9 and
various SUMO E3 ligases. The isopeptide bond between the
C-terminal carboxyl group of SUMO and the lysine side chain of
the substrate can be hydrolyzed by SUMO-specific proteases1,2.
SUMO-specific proteases are also responsible for the maturation
of SUMO precursors, a process achieved through the removal
of short C-terminal extensions, and for the depolymerization of
SUMO chains3.
Past limitations of identifying the modification sites
of SUMOylated proteome
Typically, only a small proportion of the cellular pool of a target
protein is conjugated to SUMO, so identification of such target protein relies on an efficient enrichment of SUMOylated
molecules. Various approaches have been used to purify SUMO
conjugates, and thousands of putative SUMOylation substrates
have been identified using high-throughput MS–based applications4–9. However, these approaches do not provide direct
evidence of protein SUMOylation, as they do not identify modified lysine(s)—an analytical goal that is fundamental not only
to designating a bona fide substrate but also to revealing the
functional consequences of SUMO modification.
Until recently, methods for the system-wide identification
of SUMO target lysines using MS were not available. Although
SUMO substrates can be efficiently purified from cells, the
complexity of peptide samples yielded by protease digestion is
high, because every protein is cleaved into multiple peptides.
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Another obstacle in developing an approach to identify
SUMOylation target lysines is the under-representation of the
modified peptides in an excess of unmodified peptides. These
issues are not unique to the study of SUMOylation. Success in the
localization of any post-translational modification site depends
on the simplification of peptide mixtures by enrichment of modified species. Through this approach, large-scale identification of
post-translational modifications was enabled by the utilization
of TiO2 to enrich phosphorylated peptides10 or by the use of
acetyllysine-specific antibodies for the purification of acetylated
peptides11. More recently, a diglycine-modified lysine (K-ε-GG)–
specific antibody was introduced for the enrichment of diglycine
remnant–containing peptides that were derived from the trypsin
digestion of ubiquitin-modified proteins12.
Standard ‘bottom-up’ MS-based proteomic approaches rely on
the use of trypsin, an endoproteinase that cleaves C-terminal to
lysines and arginines13,14. Identification of SUMOylation target
lysines is, therefore, also complicated by the dearth of arginine
and lysine residues in the C-terminal region of SUMO (Fig. 1a).
The C-terminal tryptic peptide of mammalian SUMO1, SUMO2
or SUMO3 consists of either 19 or 32 amino acids, and it remains
linked to target lysines following the tryptic digestion of SUMO
conjugates. This creates large branched peptides, whose tandem
mass spectrometry (MS/MS) fragmentation spectra are highly
complex and, to date, could only be processed using software
that has limited utility when applied to the analysis of complex
peptide mixtures15–17.
Protocol overview
Here we provide step-by-step instructions for a method that circumvents the limitations of SUMOylation-site proteomics, thus
enabling large-scale identification of SUMO2 modification sites18.
This method was initially described by Tammsalu et al.18. We have
generated a hexahistidine (6His)-tagged version of SUMO2 with a
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single amino acid substitution at the C terminus of the molecule
(Fig. 1a), where the amino acid preceding the diglycine motif
has been mutated to lysine (6His-SUMO2T90K). A stable HEK293
N3S cell line has been generated with a pEFIRESpuro-6HisSUMO2T90K vector (Fig. 1b) that expresses 6His-SUMO2T90K at
levels that are comparable to those of the endogenous counterpart (Fig. 1c). Moreover, the level of polymerization and conjugation of 6His-SUMO2T90K to substrate proteins after heat
shock–induced stress response is comparable to that achieved
by endogenous SUMO2 in non-modified HEK293 cells. We have
also generated a stable HEK293 N3S cell line that expresses an
equivalent version of SUMO1 (6His-SUMO1T95K), although the
expression pattern and level of conjugation to target proteins of
this species have not been extensively characterized.
Proteins modified by 6His-SUMO2 T90K are purified from
HEK293 cell lysates using nickel affinity chromatography (Fig. 2).
Enriched substrates are thereafter digested with Lys-C, an endoproteinase that catalyzes the hydrolysis of peptide bonds C
terminally to unmodified lysine residues19 and creates a diglycine remnant on target lysines modified by the mutant SUMO.
Digestion of SUMOylated proteins with Lys-C is carried out on a
30-kDa-cutoff filter device, and the enzyme is removed by passing
the peptide mixture through the filter. Peptides that correspond
to the areas of the target protein in which the frequency of lysine
residues is low will have a high molecular weight and might be
retained on the filter. Those peptides will be even longer if they
contain diGly-Lys, as Lys-C does not hydrolyze peptide bonds on
the C-terminal side of modified lysines. Therefore, sequence coverage is increased with an additional enzymatic digestion of the
high-molecular-weight peptides retained on the membrane using
endoproteinase Glu-C. This endoproteinase has a high specificity
for peptide bonds that are C-terminal to glutamic or aspartic
acids20, and it, too, can be separated from the peptide mixtures
using a 30-kDa-cutoff filter device. After the digestion with both
enzymes, peptides that include lysines modified by diGly remnant of SUMO2T90K are enriched with respect to the unmodified species by immunoaffinity purification with a commercially
available K-ε-GG-specific antibody. Finally, peptide sequences
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Figure 1 | 6His-SUMO2T90K as a biochemical tool for the large-scale
identification of SUMOylation sites. (a) Aligning human Ubl-family proteins
by their C terminus and focusing on remnant peptides attached to the target
lysines after Lys-C digestion (in blue) shows that mutating the residue before
Gly-Gly sequence to lysine (in red) as in SUMO2T90K creates a cleavage site
for Lys-C, which produces a diGly remnant on modified lysines with a unique
mass-to-charge (m/z) signature. Lysines targeted by Lys-C are underlined.
(b) Depiction of a bicistronic vector pEFIRESpuro-6His-SUMO2T90K used for a
stable transfection of HEK293 N3S cells. Plasmid features are the following:
pEF-1a, human elongation factor 1α promoter; 6His, hexahistidine tag;
SUMO2T90K, SUMO2 variant suitable for the identification of SUMOylation
sites; MCS, a multiple cloning site; IRES, internal ribosome entry site; PuroR,
puromycin resistance gene pac; SV40 polyA, simian virus 40 polyadenylation
sequence; f1, bacteriophage f1 origin; AmpR, ampicillin resistance gene bla;
ColE1, ColE1 origin. (c) Western blot images of lysates from parental HEK293
N3S cells or those stably expressing 6His-SUMO2T90K either unstressed (37 °C)
or after heat shock–induced stress response (43 °C, 30 min) using antibodies
specific for 6His (top) or SUMO2 (bottom). Immunoblot images show no
difference in polymerization and conjugation to substrates between the two
cell lines, and they demonstrate comparable expression level of SUMO2T90K
to endogenous SUMO2. Nonspecific immunoreaction is indicated by asterisk.
Data are representative of three independent experiments.
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are determined and modification sites are identified using liquid
chromatography (LC)-MS/MS operated with high-sensitivity and
high-selectivity settings that are optimal for the acquisition of
low-abundance peptides (Fig. 2)18.
We have previously shown that our method enables proteome-wide identification of SUMO2 modification sites from
cultured human cells18. Approximately 10 mg of total cellular
protein, corresponding to the lysate from ~90 million cells, is
sufficient for one LC-MS/MS analysis, and it enables the identification of ~1,000 modification sites over two analytical runs.
This performance is largely a consequence of the fact that the
K-ε-GG peptide–specific enrichment step decreases the complexity of samples over 500-fold, while increasing the proportion of
SUMO modification remnant–containing peptides from 0.06%
to 33.7% (Fig. 3; left and middle panels). The performance of
site identification is also improved in this protocol by the optimization of MS parameters. MS/MS spectra of low-abundance
SUMOylated peptides are acquired with a very long ion injection
time (1,000 ms) in addition to longer measurement time in the
Orbitrap (transient length). Utilization of these ultrasensitive
settings increases the low-abundance ion counts and resolution,
and it improves the identification rate of diGly-Lys-containing
peptides by another twofold while increasing the proportion of
SUMO-modified peptides to a total of 59.2% (Fig. 3, right panel;
Table 1). Reproducibility analysis using two replicate purifications from the same biological sample showed a 69.0% overlap
in SUMO2 modification site identifications18.
Comparison with alternative protocols
Recently, other large-scale proteomic approaches that enable the
identification of SUMO modification sites have been published21–23.
All of these methods, including ours, depend on mutant forms of
affinity-tagged SUMO and use both protein- and peptide-level
enrichment. In practical terms, the present method is comparable to the others in terms of protocol duration (~5 versus 3–6 d)
and starting material quantities (90 million versus 20–80 million
cells)18,21–23. In addition, the number of SUMO modification sites
identified per biological replicate by our method is at least as
nature protocols | VOL.10 NO.9 | 2015 | 1375
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Figure 2 | Overview of the PROCEDURE for the
enrichment and large-scale identification of
SUMO2-modified peptides. Proteins modified by
6His-SUMO2T90K are purified using metal affinity
chromatography. After Lys-C digestion, peptides
are separated from the protease with a 30-kDa
filter device. High-molecular-weight peptides
retained on a membrane are subsequently
cleaved with an endoproteinase Glu-C, and the
sample is kept separately. Finally, SUMO remnant
peptides are enriched from each sample using
K-ε-GG-specific antibody and analyzed by liquid
chromatography–tandem mass spectrometry
(LC-MS/MS).
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Figure 3 | Proteome-wide identification of SUMOylation sites enabled by the
efficient enrichment and improved acquisition of modified peptides by MS.
Number of unmodified (in white) or diGly-Lys-containing (in gray) peptides
identified after nickel affinity purification using standard MS settings (left),
or after subsequent diglycine-lysine-specific immunoaffinity enrichment
using standard MS parameters (middle), or MS settings refined for the
optimal acquisition of very low-abundance peptides in low-complexity
samples (right). The number of SUMO modification sites is reported in
brackets. LC-MS/MS settings are given in Table 1. Data points are a mean
of two replicate purifications from the same biological sample with
s.d. depicted as error bars.

compromised with regard to maturation, conjugation, deconjugation and, where appropriate, polymerization into chains.
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Construction of a stable cell line expressing 6His-UblKGG. The
experimenter has the choice between various cultured cell lines
and model organisms. Therefore, the mutant form of Ubl should
be constructed using the appropriate method optimized for the

8,000

Peptides

6,000

Unmodified

5,386

SUMOylated

4,000

2,000

1,180
(4)
3

0

Ni-NTA
standard
settings

(436)
599

K-ε-GG
standard
settings

816

(940)
1,186

K-ε-GG
ultrasensitive
settings

chosen culture. Please note that the culture medium and conditions are also dependent on the cell line and model organism,
and they should be chosen accordingly. However, an outline of
the process implemented by the authors is given in this section,
in case the experimenter prefers to use or modify the vector(s) or
cell line(s) constructed by the authors.

Table 1 | LC-MS/MS settings.
Instrument
LC system

Ion source

Mass spectrometer: full MS

Mass spectrometer: dd-MS2

Mass spectrometer: general

Parameter

Standard settings

Ultrasensitive settings

Sample loading

At maximum pressure 800 bar

At maximum pressure 800 bar

Gradient length (min)

90

90

Gradient flow rate (nl/min)

250

250

Linear gradient (percentage of LC
solvent B in LC solvent A)

5–22% for 60 min

5–22% for 60 min

22–40% for 12 min

22–40% for 12 min

40–90% for 3 min

40–90% for 3 min

Column heater temperature (°C)

45

45

Spray voltage (kV)

1.8

1.8

Capillary temperature (°C)

275

275

Resolution (at m/z 400)

70,000

70,000

Automatic gain control target (ions)

1,000,000

1,000,000

Maximum injection time (ms)

20

20

Scan range (m/z)

300–1,800

300–1,600

Resolution (at m/z 400)

17,500

35,000

Automatic gain control target (ions)

500,000

500,000

Maximum injection time (ms)

60

1,000

Loop count

10

1

Isolation window (m/z)

2.0

2.0

Normalized collision energy

30

30

Polarity

Positive

Positive

Intensity threshold

21,000

20,000

Charge exclusion

Unassigned, 1, >8

Unassigned, 1, >8

Peptide match

Preferred

Preferred

Dynamic exclusion (sec)

40

40

LC-MS/MS settings are optimized for EASY-nLC 1,000 liquid chromatography system coupled to Q Exactive mass spectrometer via EASY-Spray ion source using EASY-Spray analytical column (50 cm × 75 µm inner
diameter) and Acclaim PepMap 100 precolumn (2 cm × 75 µm inner diameter). These settings should be adjusted when operating other LC-MS/MS systems.
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We have used transfection with a bicistronic eukaryotic expression vector pEFIRESpuro24 to generate human HEK293 N3S cells
expressing 6His-SUMO2T90K (Fig. 1b). Transcription is driven
by a human elongation factor 1a promoter and generates a single
mRNA encoding the protein of interest and puromycin acetyl
transferase (pac). Upstream of the pac coding sequence is an
internal ribosome entry site of an encephalomyocarditis virus,
which should ensure that all clones that are resistant to puromycin express the protein of interest24. We encoded a mature form
of SUMO2 with an N-terminal 6His fusion into the vector and
introduced a T90K substitution by site-directed mutagenesis. In
addition, an NheI restriction sequence was coded between the
sequence for SUMO2T90K and the 6His-tag, which, together with
a multiple cloning site downstream to SUMO, ensures a simple
process for replacing SUMO2T90K sequence with a gene of any
Ubl of interest. Similarly, a stable HEK293 N3S cell line has been
generated that expresses 6His-SUMO1T95K.
Preparations and method optimization. The amount of material required for this type of experiment is highly dependent on
the properties of the model organism, cell line or treatment used
in the analysis. We have previously shown that ~20 mg of heatshocked human HEK293 N3S cell lysate protein yields ~360 µg
of nickel affinity-purified protein, which is sufficient for the
identification of ~1,000 SUMO2 modification sites per biological
replicate18. However, elevated temperatures are known to strongly
increase the abundance of SUMO2 conjugates6. Trial experiments

are thus required to evaluate the abundance of proteins modified by mutant SUMO using affinity enrichment of SUMOylation
substrates and protein immunoblotting.
The amount of nickel-nitrilotriacetic acid (Ni-NTA) agarose
beads required for the efficient enrichment of SUMOylated proteins depends also on the experiment, and it should be empirically
determined. The minimum volume of Ni-NTA agarose resin that
enables efficient recovery of the 6His-SUMO2-modified proteins
should be determined, as this will minimize the level of nonspecifically bound contaminants. In our experience, ~250 µl of
packed agarose beads can be added to ~50 mg of HEK293 N3S
6His-SUMO2T90K cell lysate protein after heat shock–stimulated
stress response. It may be possible to omit the protein-level purification of SUMO conjugates, but if this is the case then alternative
methods to reduce the complexity of the sample, such as isoelectric focusing, size exclusion or strong cation exchange chromatography, should be considered.
The amount of K-ε-GG-specific antibody required should be
evaluated on the basis of the proportion of diGly-Lys-containing
peptides in the samples after protein digestion. In our experience,
18.75 µg of antibody (3 µl of packed resin) is sufficient to enrich
SUMO remnant–containing peptides from 100 to 400 µg of
sample after nickel affinity chromatography18. In addition,
31 µg of K-ε-GG antibody (5 µl of packed resin) has been used
to purify peptides encompassing ubiquitin-modified lysines
from 10 mg of human Jurkat cell lysates after treatment with a
proteasome inhibitor MG-132 (ref. 25).

MATERIALS
REAGENTS
• Guanidine hydrochloride (guanidine-HCl; Amresco, cat. no. 0287)
! CAUTION Guanidine-HCl is harmful; extra care should be taken
when handling it.
• Na2HPO4 × 2H2O (VWR BDH Prolabo, cat. no. 28040)
• NaH2PO4 × 2H2O (VWR BDH Prolabo, cat. no. 28015)
• Trizma base (Sigma-Aldrich, cat. no. T6066)—make a solution of Trizma
base and titrate it with HCl to make up a Tris-HCl buffer with desired pH
• Hydrochloric acid, 37% (vol/vol) (HCl; VWR Chemicals, cat. no. 20252)
! CAUTION Hydrochloric acid is harmful; extra care should be taken when
handling it.
• Imidazole (Merck, cat. no. 104716) ! CAUTION Imidazole is harmful;
extra care should be taken when handling it.
• 2-Mercaptoethanol (Sigma-Aldrich, cat. no. M6250)
! CAUTION 2-Mercaptoethanol is toxic; extra care should be taken when
handling it.
• Urea (Melford, cat. no. U1363)
• 2-Chloroacetamide (Sigma-Aldrich, cat. no. C0267)
! CAUTION 2-Chloroacetamide is toxic; extra care should be taken when
handling it.
• MOPS (Sigma-Aldrich, cat. no. M1254) ! CAUTION MOPS is harmful;
extra care should be taken when handling it.
• NaCl (Sigma-Aldrich, cat. no. S7653)
• NaOH solution, 10 M in H2O (Sigma-Aldrich, cat. no. 72068) ! CAUTION 10 M
NaOH is corrosive; extra care should be taken when handling it.
• Trifluoroacetic acid (TFA; Sigma-Aldrich, cat. no. T6508) ! CAUTION TFA is
corrosive and toxic; extra care should be taken when handling it.
• SDS (Sigma-Aldrich, cat. no. L4509) ! CAUTION SDS is harmful; extra care
should be taken when handling it.
• DTT (Formedium, cat. no. DTT010) ! CAUTION DTT is harmful; extra care
should be taken when handling it.
• Glycerol (VWR BDH Prolabo, cat. no. 24388)
• Lysyl endopeptidase (Endoproteinase Lys-C; Wako, cat. no. 129-02541)
• Endoproteinase Glu-C, sequencing grade (Roche, cat. no. 11047817001)
! CAUTION Glu-C is harmful; extra care should be taken when handling it.
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• Dulbecco’s PBS, 1× (DPBS; Gibco, cat. no. 14190)
• Bis(sulfosuccinimidyl)suberate (BS3; Pierce, cat. no. 21585)
! CAUTION BS3 is harmful; extra care should be taken when handling it.
• Methanol (Sigma-Aldrich, cat. no. 34860) ! CAUTION Methanol is
flammable and toxic; extra care should be taken when handling it.
• Acetic acid glacial (VWR Chemicals, cat. no. 20104) ! CAUTION Acetic acid
is harmful; extra care should be taken when handling it.
• Ethanol absolute (VWR Chemicals, cat. no. 20821) ! CAUTION Ethanol is
highly flammable; extra care should be taken when handling it.
• Acetonitrile (VWR BDH Prolabo, cat. no. 20060.320) ! CAUTION Acetonitrile
is flammable and harmful; extra care should be taken when handling it.
• Formic acid, 0.1% (vol/vol) in water (Fisher Scientific, cat. no. LS118)—this is
liquid chromatography (LC) solvent A ! CAUTION This solution may cause eye,
skin and respiratory tract irritation; extra care should be taken when handling it.
• Formic acid, 0.1% (vol/vol) in acetonitrile (Fisher Scientific,
cat. no. LS120)—this is LC solvent B ! CAUTION This solution is
flammable and harmful; extra care should be taken when handling it.
• Bicinchoninic acid (BCA) protein assay reagent A (Pierce, cat. no. 23223)
• BCA protein assay reagent B (Pierce, cat. no. 23224) ! CAUTION BCA
protein assay reagent B is very toxic; extra care should be taken when
handling it.
• Nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, cat. no. 30210)
! CAUTION Ni-NTA agarose is harmful; extra care should be taken when
handling it.
• PTMScan ubiquitin branch motif (K-ε-GG) immunoaffinity beads
(K-ε-GG antibody conjugated to protein A agarose beads; Cell Signaling
Technology, cat. no. 5562)
• NuPAGE Novex Bis-Tris precast protein gel (for SDS-PAGE; Life
Technologies, cat. no. NP0301)
• Coomassie brilliant blue R-250 (VWR Chemicals, cat. no. 443283M)
• Double-distilled water
• Deionized water
EQUIPMENT
• Branson Digital Sonifier 450 with 102-C converter, 1/2-inch tapped bio
horn and 1/8-inch tapered microtip

© 2015 Nature America, Inc. All rights reserved.
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• Beckman Coulter Avanti J-25 high-speed centrifuge with JA-25.50
fixed-angle rotor
• Sartorius Minisart NML syringe filters with a pore size of 0.45 and
0.2 µm (cat. nos. 16534 and 16555)
• Heraeus Fresco 21 microcentrifuge (Thermo Scientific)
• Stuart tube rotator SB3
• Empty micro Bio-Spin chromatography columns for nickel affinity
chromatography (Bio-Rad, cat. no. 732-6204)
• NanoDrop 2000 UV-visible spectrophotometer (Thermo Scientific)
• Vivacon 500 ultrafiltration spin columns (Sartorius, cat. no. VN01H22)
• Wet chamber (a humidified container; we place a wet tissue into a
microcentrifuge tube storage box)
• Digital heatblock (VWR Collection, cat. no. 460-3207)
• Protein LoBind tubes 0.5, 1.5 and 2.0 ml (Eppendorf, cat. nos. 0030108094,
0030108116 and 0030108132)
• Eppendorf concentrator plus vacuum concentrator
• pH indicator paper stick, chart pH 4.5–10.0 (Fisher Scientific, cat. no.
10333501)
• Eccentric tip syringe, 20 ml (BD Plastipak, cat. no. 300613)
• Empore C18 extraction disks (3M, cat. no. 2215)
• Bandelin Sonorex ultrasonic bath
• EASY-nLC 1000 liquid chromatography system (Thermo Scientific,
cat. no. LC120)
• EASY-Spray source (Thermo Scientific, cat. no. ES081)
• EASY-Spray analytical column, 50 cm × 75 µm inner diameter, PepMap
RSLC C18, 2 µm (Thermo Scientific, cat. no. ES803)
• Acclaim PepMap 100 pre-column, 2 cm × 75 µm, nanoViper, C18,
3 µm, 100 Å (Thermo Scientific, cat. no. 164705)
• Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific)
• MaxQuant quantitative proteomics software (version 1.3.0.5 or newer;
http://141.61.102.17/maxquant_doku/doku.php?id=start)
REAGENT SETUP
Sodium phosphate buffer Prepare 500 mM stock solutions of Na2HPO4
and NaH2PO4 in water. Prepare a solution of 77.5% (vol/vol), 5.3% (vol/vol)
or 1.55% (vol/vol) of 500 mM NaH2PO4 in 500 mM Na2HPO4 to make up
500 mM sodium phosphate buffer at pH 6.3, 8.0 or 9.0, respectively. Stock
solutions can be stored at room temperature (~22 °C) for several months.
Cell lysis buffer Prepare a solution containing 6 M guanidine-HCl, 100 mM
sodium phosphate buffer (pH 8.0), 10 mM Tris-HCl (pH 8.0), 10 mM
imidazole and 5 mM 2-mercaptoethanol.  CRITICAL Fresh buffer should be
prepared on the day of use. ! CAUTION Guanidine-HCl and 2-mercaptoethanol
are toxic; extra care should be taken when handling them.
NiA wash buffer, pH 8.0 Prepare a solution containing 8 M urea, 100 mM
sodium phosphate buffer (pH 8.0), 10 mM Tris-HCl (pH 8.0), 10 mM
imidazole and 5 mM 2-mercaptoethanol.  CRITICAL Urea solutions
are unstable, and fresh buffers should be prepared on the day of use.
 CRITICAL Urea solutions should not be heated above room temperature
to avoid protein carbamylation. ! CAUTION 2-mercaptoethanol is toxic;
extra care should be taken when handling it.
NiA wash buffer, pH 6.3 Prepare a solution containing 8 M urea, 100 mM
sodium phosphate buffer (pH 6.3), 10 mM Tris-HCl (pH 8.0), 10 mM
imidazole and 5 mM 2-mercaptoethanol.  CRITICAL Fresh urea

buffer should be prepared on the day of use.  CRITICAL Avoid heating
buffers containing urea above room temperature to prevent protein
carbamylation.  CRITICAL Determine the pH of the wash buffer, and
ensure that it is >pH 6.0. More acidic conditions cause histidine protonation
and dissociation of the polyhistidine-tagged protein from the nickel resin.
! CAUTION 2-Mercaptoethanol is toxic; extra care should be taken when
handling it.
NiA elution buffer Prepare a solution containing 200 mM imidazole in
NiA wash buffer, pH 8.0.  CRITICAL Prepare fresh buffer on the day of use.
 CRITICAL Avoid heating the buffer above room temperature, because
urea is unstable and its degradation produces carbamylate proteins.
! CAUTION Imidazole is harmful; extra care should be taken when handling it.
Urea-containing buffer A (UA buffer) Prepare a solution containing 8 M urea
and 100 mM Tris-HCl, pH 8.0.  CRITICAL Prepare a fresh buffer on the day
of use, because urea solutions are unstable.  CRITICAL Urea solutions should
not be heated above room temperature to prevent protein carbamylation.
Immunoaffinity purification buffer (IAP buffer) Prepare a solution
containing 50 mM MOPS-NaOH (pH 7.2), 10 mM Na2HPO4 and 50 mM
NaCl. IAP buffer can be stored at room temperature for several months.
! CAUTION MOPS is harmful; extra care should be taken when handling it.
Cross-linking (CL) conjugation buffer Prepare a solution containing 20 mM
sodium phosphate buffer (pH 9.0) and 150 mM NaCl.  CRITICAL Freshly
prepare the buffer on the day of use.
Laemmli sample buffer, 5× Prepare a solution containing 625 mM
Tris-HCl (pH 6.7), 10% (wt/vol) SDS, 75% (vol/vol) glycerol and 1.5 M DTT.
 CRITICAL Long-term storage of Laemmli sample buffer is achievable at
−80 °C. ! CAUTION DTT and SDS are harmful; extra care should be taken
when handling them.
Coomassie brilliant blue stain Prepare a solution containing 0.18% (wt/vol)
Coomassie brilliant blue R-250, 9.1% (vol/vol) acetic acid and 45.5% (vol/vol)
ethanol. Stir the solution overnight at room temperature. Coomassie
brilliant blue stain can be stored at room temperature for several weeks.
! CAUTION Ethanol is highly flammable and acetic acid is harmful.
Extra care should be taken when handling them.
Cultured cell samples This protocol is suitable for the site-specific analysis of
any Ubl of interest, and it can be adapted across species. However, a prerequisite for this is the expression of a mutant form of Ubl of interest, in which
the amino acid residue preceding the C-terminal Gly-Gly sequence has been
mutated to lysine (UblKGG). As the experimenter has the choice between different cultured cell lines and model organisms, the mutant form of Ubl should
be constructed using the appropriate method optimized for the chosen culture.
Please note that it is recommended that the endogenous gene encoding the Ubl
of interest be replaced with the UblKGG. Culture medium and conditions are
also dependent on the cell line or model organism used for the analysis and
should be chosen accordingly. A more comprehensive overview of the points to
consider before starting this protocol is given in the INTRODUCTION. As an
example, an outline of the method used to construct a stable human HEK293
N3S cell line expressing 6His-SUMOKGG is provided in the ‘Points to consider
before starting this protocol’ section of the INTRODUCTION. All vector(s)
and cell line(s) constructed by authors are available upon request.

PROCEDURE
Cell lysis ● TIMING ~1.5 h
1| Lyse cells by adding 5 ml of fresh lysis buffer per 1 g of cell pellet.
 CRITICAL STEP We recommend carefully resuspending cell pellets in a small volume of 1× Dulbecco’s PBS before their lysis,
in order to disrupt cell clusters and ensure equal lysis efficiency of individual cells.
2| Shear DNA and reduce the sample viscosity by sonicating the cell lysate on ice with short 20-s pulses and 20-s intervals
to avoid sample overheating (3–6 min, 35% amplitude, 1/8-inch tapered microtip).
 CRITICAL STEP The cell disruptor probe should be cleaned thoroughly with double-distilled water before switching samples
to avoid cross-contamination.
3| Separate the cell lysate from the insoluble material by centrifugation at 46,000g for 30 min at 4 °C. Collect the
supernatant and leave the glassy pellet in the tube. Purify the supernatant fraction further by filtering through syringe filters
with a pore size of 0.45 and 0.2 µm. Discard the glassy pellet of insoluble material.
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4| Determine the protein concentration in the supernatant fraction by implementing the BCA assay according to the
manufacturer’s instructions.
? TROUBLESHOOTING
 PAUSE POINT Processed cell lysates can be stored at −80 °C for several months.
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Nickel affinity purification ● TIMING ~1 d
 CRITICAL Nickel affinity purification should be completed as fast as possible at room temperature to avoid urea
degradation or precipitation.
5| Measure the required volume of Ni-NTA agarose beads and equilibrate by washing it three times with ten resin
volumes of cell lysis buffer. Resuspend the beads by inverting or flicking the container, and collect the resin by
centrifugation at 400g for 2 min at 4 °C. Please note that the minimum amount of Ni-NTA agarose resin that enables
efficient recovery of the target protein should be determined experimentally and used in this section of the PROCEDURE
(see ‘Points to consider before starting this protocol’). In our experience, a ratio of 1:200 (vol/wt) of packed agarose beads
to heat-shocked HEK293 N3S 6His-SUMO2T90K cell lysate protein is optimal for efficient recovery of SUMO2T90K conjugates.
 CRITICAL STEP Trim the end of a pipette tip to ensure homogeneous passage of resin.
 CRITICAL STEP We do not recommend vortexing the beads, because they might stick to the sides of the container.
6| Add equilibrated Ni-NTA agarose beads to the cleared supernatant fraction obtained after Step 3 of the PROCEDURE,
and mix the sample gently overnight (14–18 h) at 4 °C in a tube rotator.
 CRITICAL STEP Find optimal rotation speed to keep the resin in suspension while avoiding forceful agitation.
7| Transfer the slurry of Ni-NTA agarose beads into an empty spin column, and allow it to drain through the column
by gravity while Ni-NTA agarose beads settle in the bottom of the column. Please note that the protein in the
flow-through fraction can be collected, stored at −80 °C for several months and used in future experiments to answer
other biological questions.
8| Wash the column using gravity with five resin volumes of cell lysis buffer, followed by ten resin volumes of NiA wash
buffer, pH 8.0, ten resin volumes of NiA wash buffer, pH 6.3 and ten resin volumes of NiA wash buffer, pH 8.0.
? TROUBLESHOOTING
9| Elute proteins from Ni-NTA agarose beads three times using gravity with two resin volumes of NiA elution buffer into
separate clean containers.
10| Determine the protein concentration in each elution fraction by UV-visible spectrophotometry at 280 nm or by
BCA assay (according to the manufacturer’s instructions).
 CRITICAL STEP Depending on the protein elution profile, additional extraction steps may be required until the majority
of polyhistidine-tagged proteins have been eluted from the Ni-NTA resin. Repeat Steps 9 and 10 until the protein
concentration decreases below 40 µg/ml, and store all eluted fractions to increase the amount of purified protein.
? TROUBLESHOOTING
 PAUSE POINT Nickel affinity chromatography elution fractions can be stored at −80 °C for at least 3 months.
Filter-aided sample preparation and protein digestion ● TIMING ~2 d
 CRITICAL We recommend that, in this section of the PROCEDURE, ultrafiltration spin columns with flat membranes be
used to increase the yield of peptides. This protocol is designed for Vivacon 500 ultrafiltration spin columns with 0.32 cm2
of active membrane area. Various sizes of ultrafiltration spin columns can be used, but the procedure has to be adjusted
according to the active membrane area of the columns.
 CRITICAL Avoid contact between the pipette tip and the membrane, as it might damage the filter device. We recommend
mixing the solutions on filter units with short pulses (1–2 s) of vortex at low spin speed.
11| Combine nickel affinity elution fractions containing polyhistidine-tagged proteins purified at Step 9 of the PROCEDURE,
and concentrate up to 250 µg of protein on 30-kDa-cutoff ultrafiltration spin columns by centrifugation at 14,000g at room
temperature until <30 µl of the solution is retained on the filter unit.
 CRITICAL STEP The centrifugation speed of the rotor should be adjusted as recommended by the manufacturer of the
ultrafiltration column device.
? TROUBLESHOOTING
12| Wash the filter units twice with 200 µl of UA buffer. Discard the flow-through from the collection tube.
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13| Carbamidomethylate thiol groups of cysteine residues by adding 100 µl of 50 mM 2-chloroacetamide solution
in UA buffer to the filter device. Incubate the samples at room temperature for 20 min in the dark.
 CRITICAL STEP Please note that this modification of cysteine residues prevents disulfide bond formation and further
oxidation of the cysteine thiol group.
 CRITICAL STEP The more selective alkylating agent 2-chloroacetamide is preferred to the widely used 2-iodoacetamide to
avoid the production of 2-acetamidoacetamide adducts (114.0429 Da) on lysine residues that mimic diglycine modification
(114.0429 Da) from the standpoint of MS analysis26.
14| Remove residual 2-chloroacetamide by centrifugation at 14,000g at room temperature until <30 µl of solution is
retained on the filter unit (15–30 min). Discard the flow-through.
15| Wash the filter twice with 200 µl of IAP buffer. Discard the flow-through from the collection tube.
16| Transfer the filter device to a clean collection tube.
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17| Add endoproteinase Lys-C in 50 µl of IAP buffer (enzyme to protein ratio 1:50), and digest the proteins for 16 h
at 37 °C in a wet chamber.
18| Collect the peptides after endoproteinase Lys-C digestion by centrifugation at 14,000g at room temperature until the
filter is dry (15–30 min). Transfer the peptide-containing flow-through fraction into a clean microcentrifuge tube.
19| Wash the filter twice by adding 50 µl of IAP buffer, and pass the solution through the filter to increase the yield of Lys-Cdigested peptides. Combine the two 50-µl aliquots of wash solutions with the Lys-C-digested peptides obtained after Step 18 of
the PROCEDURE, and proceed to Step 20. Simultaneously, keep the dry filter device and proceed to Step 21 of the PROCEDURE.
20| Heat the peptides at 95 °C for 5 min to inactivate residual Lys-C.
 PAUSE POINT Peptides after Lys-C digestion can be stored at −80 °C for several months.
21| Transfer the dry filter device into a clean collection tube.
22| To digest high-molecular-weight peptides retained on the 30-kDa ultrafiltration spin column, add endoproteinase
Glu-C in 50 µl of IAP buffer (enzyme-to-protein ratio 1:100) to the column and incubate the filter device for 16 h at
25 °C in a wet chamber.
23| Collect the peptides after Glu-C digestion by centrifugation at 14,000g at room temperature until the filter device is
dry (15–30 min). Transfer the peptide-containing flow-through fraction into a clean microcentrifuge tube.
24| Wash the filter twice by adding 50 µl of IAP buffer and pass the solution through the filter to increase the yield of
Glu-C-digested peptides. Combine the two 50-µl aliquots of wash solutions with the Glu-C-digested peptides obtained after
Step 23 of the PROCEDURE and proceed to the next step. Discard the dry filter device.
25| Inactivate residual Glu-C by heating the peptides at 95 °C for 5 min.
 CRITICAL STEP Do not combine peptides of the same origin from Steps 20 and 25, because doing so would complicate
MS data processing.
 PAUSE POINT Peptides isolated after Glu-C digestion can be stored at −80 °C for several months.
Cross-linking of K-«-GG-specific antibody ● TIMING ~6 h
 CRITICAL Chemical cross-linking of the K-ε-GG-specific antibody to protein A agarose beads reduces the release of antibody
fragments upon low-pH elution of diGly-Lys-containing peptides25. This chemical cross-linking should therefore be implemented,
and we recommend using a reagent bis(sulfosuccinimidyl)suberate (BS3) for this purpose. In our experience, BS3 is preferred
to other cross-linking reagents, as BS3 yields less antibody heavy and light chain contamination of the peptide samples.
 CRITICAL Throughout this section of the PROCEDURE, all sample centrifugations are performed at 1,000g for 1 min
at room temperature, and the beads are allowed to settle to the bottom of the microcentrifuge tube by gravity for
another 5 min on the benchtop.
 CRITICAL We recommend resuspending protein A agarose beads by gently flicking the bottom of the microcentrifuge tube
until the resin has been in suspension for 2 min. Avoid vortexing or pipetting the suspension up and down, as the resin
might stick to the lid, the sides of the microcentrifuge tube or the pipette tip.
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26| Transfer K-ε-GG-specific antibody-conjugated protein A agarose beads into a clean microcentrifuge tube. Collect a small
aliquot of this antibody-conjugated resin (3 µl of packed resin; 18.75 µg of antibody) into another clean tube, and place
it on ice until Step 31 of the PROCEDURE. Please note that this small aliquot of antibody-conjugated resin will be used
as a comparison to determine the efficiency of K-ε-GG-specific antibody cross-linking. With the rest of the sample,
proceed to the next step of the PROCEDURE.
 CRITICAL STEP Trim the end of a pipette tip to ensure homogeneous passage of the antibody agarose bead suspension.
27| Wash the antibody-conjugated beads twice with 20 resin volumes of fresh CL conjugation buffer. Collect the beads and
discard the wash solutions.
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28| Resuspend the beads in 25 resin volumes of 5 mM BS3 in CL conjugation buffer, and cross-link the K-ε-GG-specific
antibody to the protein A agarose beads by incubating the mixture for 30 min at room temperature in a tube rotator while
keeping the resin in suspension.
 CRITICAL STEP Adjust the rotation speed appropriately to avoid forceful agitation of beads.
29| Quench the cross-linking agent by adding 1 M Tris-HCl, pH 7.5, to a final concentration of 50 mM, and incubate the
beads for 15 min at room temperature while keeping the resin in suspension via rotation in the tube rotator.
 CRITICAL STEP Avoid forceful agitation of the beads.
30| Collect the beads and discard the supernatant.
31| Continue with samples from Steps 26 and 30 in parallel. Wash protein A agarose beads conjugated (Step 26) or
cross-linked (Step 30) to K-ε-GG-specific antibody three times with 20 resin volumes of cold IAP buffer. Collect the beads
and discard the wash solutions.
32| Resuspend the resins in cold IAP buffer to a final concentration of 50% (vol/vol). Collect a small aliquot of
antibody-cross-linked resin (3 µl of packed resin; 18.75 µg of antibody) that will be used during Steps 33–38 of the
PROCEDURE to determine the efficiency of cross-linking K-ε-GG-specific antibody to protein A agarose resin. Please note
that there should now be three samples: (i) a small aliquot of antibody-conjugated resin collected during Step 26 of the
PROCEDURE and washed during Step 31 of the PROCEDURE; (ii) a small aliquot of antibody-cross-linked resin collected in
this step of the PROCEDURE; and (iii) the remaining antibody-cross-linked resin. Proceed with small aliquots of protein A
agarose beads either conjugated (i) or cross-linked (ii) to K-ε-GG-specific antibody to the next step of the PROCEDURE.
 PAUSE POINT The remaining protein A agarose beads cross-linked to K-ε-GG-specific antibody (iii) can be stored in IAP
buffer at 4 °C for several months.
33| Discard the supernatant fraction from the small aliquots (3 µl of packed resin) of protein A agarose beads either
conjugated or cross-linked to K-ε-GG-specific antibody.
34| Add 50 µl of 0.15% (vol/vol) trifluoroacetic acid (TFA) to resins, and extract the unbound antibody by gently
flicking the tube for 2 min at room temperature. Sediment the resins and transfer the supernatant fractions into clean
microcentrifuge tubes. Keep the resins and proceed to the next step of the PROCEDURE.
35| Repeat Step 34 of the PROCEDURE and transfer the second batch of 0.15% (vol/vol) TFA supernatant fractions into
the same microcentrifuge tubes used in Step 34 of the PROCEDURE. Please note that there should now be four samples:
two supernatant fractions that contain K-ε-GG-specific antibody eluted from resins that were previously either conjugated (i)
or cross-linked (ii) to the antibody and two packed resins that were previously either conjugated (iii) or cross-linked (iv) to
the K-ε-GG-specific antibody. Continue with supernatant fractions (i and ii) according to the instructions of Step 36 of the
PROCEDURE. Store the packed resins (iii and iv) at room temperature and proceed to Step 37 of the PROCEDURE.
36| Evaporate the 0.15% (vol/vol) TFA until dryness at 60 °C in vacuum concentrator and dissolve eluted antibody in
10 µl of 1× Laemmli sample buffer.
 CRITICAL STEP Residual TFA in the sample will decrease the pH of the solution to an unacceptable level, which is
indicated by a yellow color. Adjust the pH of the solution by adding a few microliters of 0.1 M NaOH until the navy blue
color of the 1× Laemmli buffer is restored. Proceed with the samples to Step 38 of the PROCEDURE.
 PAUSE POINT Elution fractions containing unbound K-ε-GG-specific antibody can be stored in 1× Laemmli sample buffer
at −20 °C for several months.
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37| Resuspend the antibody-conjugated or antibody-cross-linked resins in 1× Laemmli sample buffer, and extract the
residual unbound antibody by heating the beads at 95 °C for 5 min. Allow the samples cool to room temperature and the
beads to settle by gravity, and then transfer the supernatant fractions into clean microcentrifuge tubes. Proceed with
the supernatant fractions to the next step of the PROCEDURE. Discard the resins.
 PAUSE POINT Supernatant fractions of the heated resins can be stored in 1× Laemmli sample buffer at −20 °C for several months.
38| Evaluate the adherence of the K-ε-GG-specific antibody either conjugated or cross-linked to protein A agarose beads
by comparing the amount of antibody eluting from the resin using 0.15% (vol/vol) TFA that is normally used for extracting
peptides. After the acidic elution, residual unbound antibody can be extracted by boiling the resin in 1× Laemmli buffer.
Run an SDS-PAGE using your preferred settings, and compare the amount of K-ε-GG-specific antibody in each condition:
two samples containing K-ε-GG-specific antibody eluted with 0.15% (vol/vol) TFA that were obtained after Step 36 of
the PROCEDURE, and two samples containing K-ε-GG-specific antibody eluted by heating the protein A agarose resins
in 1× Laemmli buffer during Step 37 of the PROCEDURE.
 CRITICAL STEP The amount of BS3-cross-linked K-ε-GG-specific antibody eluting with 0.15% (vol/vol) TFA should be
below the sensitivity threshold of Coomassie brilliant blue stain when 3 µl of packed resin (18.75 µg of antibody) is used
as an input for the experiment. A very small proportion of cross-linked antibody can be extracted when the resin is heated
in 1× Laemmli buffer.
? TROUBLESHOOTING
Immunoaffinity enrichment of diGly-Lys-containing peptides ● TIMING ~18 h
 CRITICAL Throughout this section of the PROCEDURE, K-ε-GG-specific protein A agarose beads should be collected by
centrifugation at 1,000g for 1 min at 4 °C, and the residual beads in suspension should be sedimented to the bottom of
the microcentrifuge tube by gravity for 5 min on ice.
 CRITICAL A homogeneous suspension of agarose beads should be achieved by gently flicking the bottom of the
microcentrifuge tube until the resin has been in suspension for 2 min. We do not recommend vortexing or pipetting the
suspension up and down, because the resin might stick to the sides of the microcentrifuge tube or the pipette tip.
39| Thaw out peptide samples from Steps 20 and 25.
40| Verify that the pH of the peptide solutions is neutral with a pH indicator strip.
 CRITICAL STEP The pH of the peptide solution should not be below 6. If necessary, adjust the pH with a few microliters
of 0.1 M NaOH.
41| Determine the peptide concentration in each sample by UV-visible spectrophotometry at 280 nm.
? TROUBLESHOOTING
42| Add 18.75 µg (3 µl of packed resin) of K-ε-GG-specific antibody-cross-linked protein A agarose resin stored in Step 32
of the PROCEDURE into each peptide sample. Allow antibody-antigen binding to occur during an incubation period of 16 h
at 4 °C, while the suspension is being gently rotated.
 CRITICAL STEP Avoid forceful agitation of beads by setting an appropriate speed of rotation.
43| Sediment the antibody-cross-linked agarose beads, and remove the supernatant. Please note that the supernatant
fraction contains all unbound peptides that can be stored at −80 °C for additional experiments.
44| Wash the beads twice with 50 resin volumes of cold IAP buffer. Sediment the resins and discard the supernatant fractions.
45| Extract diGly-Lys-containing peptides by adding to the packed resins two 50-µl aliquots of 0.15% (vol/vol) TFA in
sequence. After each addition, sediment the beads and separate the elution fraction from the packed beads. Combine the
two 50-µl aliquots of elution fractions, but keep Lys-C-digested and Glu-C-digested samples separately. Transfer the elution
fractions into a clean microcentrifuge tube and discard the resins.
46| Determine the peptide concentration in each sample by UV-visible spectrophotometry at 280 nm.
 CRITICAL STEP Peptide concentration after diGly-Lys-specific enrichment can be very low, and it might not be detected by
UV-visible spectrophotometry. This lack of detection is not a problem, as the main goal of this step is to verify whether the
total amount of peptides in each sample is higher or lower than 15 µg.
? TROUBLESHOOTING
 PAUSE POINT Extracted diglycine-lysine-containing peptides can be stored in 0.15% (vol/vol) TFA at −80 °C for several months.
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Peptide desalting using StageTips ● TIMING ~1.5 h
 CRITICAL Throughout this section of the PROCEDURE, all solutions should be passed through the StageTip C18–bonded
silica extraction disks by centrifugation at 400g at room temperature for ~2 min.
 CRITICAL Avoid spinning StageTips to dryness by leaving a thin (~1 mm) layer of solution above the top surface.
47| Assemble at least one StageTip per each peptide sample by stacking three layers of C18-bonded silica extraction disks
into a 200-µl pipette tip, as described by Rappsilber et al.27.
 PAUSE POINT StageTips can be stored in a clean pipette tip box at room temperature for several months.
48| Wash StageTips with 50 µl of methanol. Discard the flow-through fraction.
49| Condition the disks by passing 50 µl of 80% (vol/vol) acetonitrile in 0.1% (vol/vol) TFA.
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50| Equilibrate StageTips by passing 50 µl of 0.1% (vol/vol) TFA through the disks. Discard the flow-through.
51| Load up to 15 µg of peptides obtained during Step 45 of the PROCEDURE into individual equilibrated C18–bonded silica
StageTips, and pass the samples through the three-layered disks by centrifugation. Discard the flow-through.
 CRITICAL STEP If necessary, prepare more StageTips for each peptide sample and divide peptides between multiple
equilibrated StageTips. Alternatively, bigger C18-bonded silica cartridges can be used for a large amount of peptides,
but this protocol has to be adjusted according to the volume of the C18-bonded silica matrix.
52| Desalt peptides bound to the C18-bonded silica extraction
disks by adding two 100-µl aliquots of 0.1% (vol/vol) TFA.
Each time, pass the solution through the C18-bonded silica
matrix and discard the flow-through fraction.
 PAUSE POINT Desalted peptides bound to the StageTips
can be stored in a clean pipette tip box at −20 °C for
several months.
53| Extract the peptides from StageTips by adding two 20-µl
aliquots of 80% (vol/vol) acetonitrile in 0.1% (vol/vol)
TFA, and each time pass the solution through the disks
by pressure using a syringe, as described by Rappsilber
et al.27. Keep the flow-through fraction that contains
desalted peptides, and proceed to the next step. Discard the
StageTips.
54| Evaporate the liquid from the desalted peptide samples
using a vacuum concentrator at 30 °C.
 CRITICAL STEP Temperatures higher than 30 °C should
not be used, as they would increase the oxidation rate of
amino acid residues, thus complicating the identification of
peptide sequences.
55| Add 20 µl of 0.1% (vol/vol) TFA to the dried sample,
and reconstitute the peptides by sonicating the samples in a
water bath at room temperature for 3 min.
 PAUSE POINT Desalted peptide solutions in 0.1% (vol/vol)
TFA can be stored at −20 °C for several months or kept at
−80 °C for long-term storage.
LC-MS/MS analysis and data processing ● TIMING >3 d
56| If the peptide samples have been frozen, thaw them to
room temperature.
57| Analyze 10% (2 µl) or up to 1 µg of each peptide sample
using standard LC-MS/MS settings, as described in Table 1.
? TROUBLESHOOTING
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Table 2 | MaxQuant settings.
Parameter

Settings

Version

1.3.0.5 (or newer)

Fixed modifications

Carbamidomethyl (C)

Variable modifications

Oxidation (M)
Acetylation (protein N-term)
Gly-Gly (K, not C-term)
Phosphorylation (STY)

Multiplicity

1

Enzyme

Lys-C/P
Lys-C/P and Glu-C

Maximum missed cleavages

3 (Lys-C/P)
5 (Lys-C/P and Glu-C)

Special amino acids

K

Include contaminants

True

First search p.p.m.

20

Main search p.p.m.

6

MS/MS tolerance (Fourier transform 20
MS, p.p.m.)
Top MS/MS peaks per 100 Da

10

Peptide false discovery rate

0.01

Protein false discovery rate

0.01

Site false discovery rate

0.01

Minimum peptide length (residues)

7

Maximum peptide mass (Da)

10,000

Second peptides

True

protocol
58| Evaluate sample complexity based on total ion current and base peak chromatograms. Optimize the length and
configuration of the linear gradient to achieve an evenly dispersed elution of peptides from the reverse-phase column.
59| Process raw MS output data using the MaxQuant software28,29 with the settings outlined in Table 2.
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60| Assess the quality of the results based on the intensity and elution profiles of diglycine-lysine-containing peptides.
In our experience, peptide samples following K-ε-GG-specific affinity purification are highly enriched in diGly-Lys-containing
peptides and low in complexity. In addition, the abundance of modified peptides is low, as indicated by a low number of ion
counts per diGly-Lys-containing peptide. Higher peptide ion count can be achieved by increasing the maximum ion injection
time, which ensures better peptide coverage in MS/MS spectra and increases the likelihood of identification.
 CRITICAL STEP A balance between ion injection time and loop count is required. Longer ion injection time will increase
the likelihood of peptide identification, but it will also increase MS cycle time. If MS cycle time exceeds peptide elution time,
then the precursor ion selected for MS/MS might no longer be present. Decreasing the loop count will decrease MS cycle time,
but it should also be adjusted according to the number of coeluting peptides to ensure that the precursor ions of all peptides
are selected for MS/MS fragmentation.
61| Analyze up to 1 µg of each peptide sample using LC-MS/MS settings for optimal acquisition of samples of low-complexity
and low-abundance peptides. Ultrasensitive settings that are recommended by us are in Table 1.
? TROUBLESHOOTING
62| Process raw MS data as described in Step 59 of the PROCEDURE.
? TROUBLESHOOTING
Troubleshooting advice can be found in Table 3.
Table 3 | Troubleshooting table.
Step

Problem

Possible reason

Solution

4

Protein yield is lower than
expected

Inefficient cell lysis (Step 1)

Resuspend the cell pellets in a small volume of 1×
Dulbecco’s PBS to disrupt cell clusters and to facilitate cell lysis
Increase the amount of lysis buffer added per cell
pellet weight

8

Appearance of a white
precipitate

Nickel affinity purification is
performed at a low temperature,
which could cause urea to
precipitate

Bring the urea-containing buffers back to room temperature
and agitate until the urea is in solution

Wash the nickel resin with an additional volume of wash
buffer, pH 8.0, at room temperature until there is no visible
contamination of urea precipitate
10

Protein yield is lower
than expected

Ni-NTA agarose beads precipitated
while mixing with the cleared
cell lysate

Make sure that Ni-NTA agarose beads are in solution.
If necessary, increase the speed of rotation

Ni-NTA agarose slurry was
agitated too forcefully

Ensure that the slurry is agitated just enough to keep the
resin in solution, but not too forcefully. If necessary, decrease
the speed of rotation

Incorrect buffer composition

Recheck that all buffers are prepared according to the protocol.
For example, increased concentration of imidazole might
cause preliminary elution of polyhistidine-tagged proteins
Run a control western blot analysis to examine whether the
polyhistidine-tagged proteins are in one of the following
nickel affinity chromatography fractions: flow-through;
first wash with a buffer at pH 8.0; second wash with a buffer
at pH 6.3; third wash with a buffer at pH 8.0
(continued)
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Table 3 | Troubleshooting table (continued).
Step

11

Problem

Possible reason

Solution

Protein yield is higher
than expected

The amount of nonspecifically
bound contaminants is high

Analyze samples by SDS-PAGE and western blotting to
evaluate the proportion of 6His-Ubl conjugates to nonspecific
contaminants. If necessary, increase the concentration of
imidazole in the lysis or wash buffers to decrease the amount
of nonspecifically bound proteins. Alternatively, decrease the
amount of Ni-NTA agarose beads added to the cell lysate

Filter unit is blocked

Protein sample contains insoluble
material

Make sure that the cell lysate is fully processed and cleared
of insoluble material (Step 3)

© 2015 Nature America, Inc. All rights reserved.

Make sure that nickel affinity purification elution fractions
do not contain any insoluble particles—for example,
precipitated urea (Step 9)
38

Similar amount of antibody
is eluting from conjugated
or cross-linked protein A
beads using 0.15% TFA

Inefficient cross-linking

The N-hydroxysulfosuccinimide (NHS) ester moiety of a
cross-linking agent BS3 can hydrolyze and become
nonreactive. Ensure that all solutions containing this
cross-linking agent are prepared fresh, and discard unused
reconstituted cross-linking agent

41

Peptide yield is lower
than 20% of the amount
of input protein (Step 10)

Filter device broke during
filter-aided sample preparation

Avoid contact between the filter membrane and the pipette
tip to prevent damaging the filter
Judge the integrity of the filter during filter-aided sample
preparation. Keep the flow-through fraction as soon as
problems appear. Transfer the flow-through on a new filter
device and continue according to the protocol

46

Peptide yield is very low

Concentration of diGly-Lyscontaining peptides is below the
detection level of the UV-visible
spectrophotometer

Do not worry and proceed with the protocol

57

Yield of diGly-Lyscontaining peptides is
lower than expected

Concentration of diGly-Lyscontaining peptides is
very low

Proceed with the protocol by loading more material and
operating LC-MS/MS system with ultrasensitive settings

57,61 Proportion of diGly-Lyscontaining peptides to
nonspecifically bound
peptides is low

Insufficient washing of the
K-ε-GG beads (Step 43)

Increase the volume of wash buffer or add additional washes
to decrease the amount of nonspecifically bound peptides

61

Loss of K-ε-GG agarose beads

Ensure that the majority of K-ε-GG agarose beads have
stacked to the bottom of the microcentrifuge tube before
removing solutions off the beads. If necessary, increase the
incubation time on ice to sediment residual beads in solution

Low amount of Ubl of interest is
conjugated to target proteins

Increase the amount of cells per experiment

Yield of diGly-Lyscontaining peptides is
lower than expected

● TIMING
Steps 1–4, cell lysis: ~1.5 h
Steps 5–10, nickel affinity purification: ~1 d
Steps 11–25, filter-aided sample preparation and protein digestion: ~2 d
Steps 26–38, cross-linking of K-ε-GG-specific antibody: ~6 h
Steps 39–46, immunoaffinity enrichment of diGly-Lys-containing peptides: ~18 h
Steps 47–55, peptide desalting using StageTips: ~1.5 h
Steps 56–62, LC-MS/MS analysis and data processing: >3 d
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Figure 4 | Increased precursor ion count and improved fragment ion sequence coverage enabled by the acquisition of MS/MS spectra with ultrasensitive
settings. (a) Annotated MS/MS spectrum of a peptide of Top2A acquired by MS with standard instrument settings. This spectrum has an Andromeda score
of 36.253. (b) Annotated MS/MS spectrum of a peptide of Top2A acquired by MS with ultrasensitive instrument settings. This spectrum has an Andromeda
score of 190.31. C-and N-terminal fragments of the peptide are illustrated by y- (in red) and b-ion series (in blue), respectively. Internal fragments,
immonium ions and fragment ions with a neutral loss are reported in purple, green and yellow, respectively. Diagnostic ions associated with the diGly
modification are reported in pink.

ANTICIPATED RESULTS
We have applied this protocol for the large-scale identification of SUMOylation sites using heat-shocked human
HEK293 N3S cells stably expressing 6His-SUMO2T90K (ref. 18). Direct evidence of modification was provided for ~1,000
SUMO2 target lysines per biological replicate using ~20 mg of total cellular protein (corresponding to 90 million cells
per MS/MS analysis).
The importance of diGly-Lys-specific peptide enrichment step is demonstrated by a more than a 500-fold decrease in
peptide sample complexity in our work (Fig. 3; left and middle panels). The experimenter should thus observe a decrease
in the same order of magnitude, provided that the cross-linking of the K-ε-GG-specific antibody to the resin and the
enrichment using this cross-linked antibody have been successful. In addition, acquisition of MS/MS spectra of
low-abundance SUMO remnant–containing peptides with ultrasensitive instrument settings should increase the precursor
ion counts and improve the likelihood of identification of diGly-Lys-containing peptides. In our experience, the number of
identified SUMO modification sites increased by another twofold (Fig. 3; middle and right panels). Increased precursor ion
count should also result in improved peptide sequence coverage. We have illustrated this by comparing the MS/MS spectra
of a peptide of DNA topoisomerase 2-alpha (Top2A) acquired with either standard (Fig. 4a) or ultrasensitive instrument
settings (Fig. 4b) that result in an Andromeda score29 of 36.253 or 190.31, respectively. An example of downstream
data analysis carried out on MaxQuant output files is available via Tammsalu et al.18.
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