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Abstract

Ubiquitin (Ub) and the ubiquitin-like proteins (Ubls) comprise a remarkable assortment of
polypeptides that are covalently conjugated to target proteins (or other biomolecules) to modulate
their intracellular localization, half-life and/or activity. Identification of Ub/Ubl conjugation sites
on a protein of interest can thus be extremely important for understanding how it is regulated.
While mass spectrometry (MS) has become a powerful tool for the study of many classes of post-
translational modifications, the identification of Ub/Ubl conjugation sites presents a number of
unique challenges. Here, we present an improved Ub/Ubl conjugation site identification strategy,
utilizing SUMmOnN analysis and an additional protease (LysC), as a complement to standard
approaches. As compared to standard trypsin proteolysis-database search protocols alone, the
addition of SUMmOnN analysis can; (a) identify Ubl conjugation sites that are not detected by
standard database searching methods, (b) better preserve Ub/Ubl conjugate identity, and (c)
increase the number of identifications of Ub/Ubl modifications in lysine-rich protein regions.
Using this methodology, we characterize for the first time a number of novel Ubl linkages and
conjugation sites, including alternative yeast (K54) and mammalian SUMO chain (SUMO-2 K42,
SUMO-3 K41) assemblies, as well as previously unreported NEDD8 chain (K27, K33 and K54)
topologies.
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1 Introduction

Ubiquitin (Ub) and the ubiquitin-like proteins (Ubls; Fig. 1A) are a family of polypeptides
that are covalently conjugated to “target” proteins (or other biomolecules) to modulate their
intracellular localization, half-life, and/or activity [1-4]. While the Ubls vary significantly in
their degree of homology with Ub, and in the populations of molecules that they target, all
Ubls appear to be conjugated to their targets in a manner similar to that of Ub, via an E1/E2/
E3 activation, conjugation, ligation cascade [1-4]. Covalent conjugation of Ub/Ubls to
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proteins is an extremely versatile post-translational modification (PTM), implicated in a
variety of critical cellular processes [1-5]. A vast number of proteins are modified by Ub and
the Ubls [reviewed in 6], and deregulation of the Ub/Ubl systems have been implicated in a
number of human diseases [1-5].

Monoubiquitylation (/.e. conjugation of a single Ub polypeptide to a single target protein
lysine residue) is important in processes such as endocytosis and plasma membrane receptor
recycling [7]. However, Ub itself contains seven internal lysine residues, all of which can
also be ubiquitylated to form poly-Ub multimers, or Ub “chains” [reviewed in 8]. The ability
to form chains dramatically increases the functional diversity of Ub, in that multimers of
varying lengths and linkage types are structurally distinct, interact with different subsets of
binding proteins, and can therefore confer very different biological outcomes to a targeted
substrate [1-5, 9]. The best characterized function of Ub chains (in this case, consisting of at
least four Ub units linked via K48) is the targeting of a protein substrate for 26S
proteasome-dependent degradation [10]. Other chain types (such as those linked via K11 or
K29) may also be involved in degradation [11]. By contrast, K63-linked chains play roles in
intracellular signaling, the DNA damage response, endocytosis and aggresome formation
[12-15].

The SUMO (Small Ubiquitin-related MOdifier) proteins, a family of Ubls expressed in all
eukaryotes, are also covalently conjugated to the epsilon amine group of lysine residues in a
large number of target proteins [16-24]. A consensus sequence for SUMOylation, ¥'KXE/D,
where ¥ is a hydrophobic residue (usually I, L or V), K is the lysine to which SUMO is
conjugated, and x is any amino acid, was first described for the yeast septin proteins [25].
However, as more SUMO conjugation sites have been identified, it has become clear that
not every SUMO consensus site is SUMOylated, and that SUMO is often conjugated to
target proteins at “non-consensus” sites [see Table 2 in 26]. Like Ub, the yeast and metazoan
SUMO proteins can form multimeric chains. The major SUMO branching sites are located
at K15 in the yeast SUMO protein (Smt3p); K7 and K17 in human SUMO-1; and at K11 in
human SUMOQOs-2/3 [27-29]. The function of SUMO chains is unknown at present.

NEDDS8 (Neural precursor cell Expressed Developmentally Down-regulated 8) is a 9.1 kDa
Ubl displaying 58% sequence homology with Ub. The S. cerevisiae NEDDS8 ortholog is
encoded by the Related to Ubiquitin 1 (RUBI) gene. A number of proteins are NEDDylated
[30-32], and NEDDylation appears to activate and/or stabilize multicomponent Ub E3
ligases [33]. NEDDS8 was also reported to form chains /n vitroand in vivo [31, 32], but the
function of these structures is unknown.

Sequence database searching (as performed by programs such as SEQUEST [34], Mascot
[35] or XITandem [36]) compares MS/MS fragment ion spectra against theoretical
fragmentation patterns derived from a user-defined protein database, and assigns scores
based on the quality of the match [e.g. 37, 38]. Most PTMs alter one or more peptide
fragment ions by a predictable, indivisible mass, and do not undergo a significant degree of
fragmentation during the CID process. The theoretical spectra used in the matching process
may thus simply be recalculated to reflect an appropriate mass shift on one or more fragment
ions.

For example, following trypsin cleavage, a Ub-conjugated peptide is modified at a lysine
residue with a diglycine (-GG) remnant (Fig. 1A), which shifts the mass of the peptide
fragments containing the modified lysine residue by +114 Da (Figs. 1B and 1C). Many
ubiquitin conjugation sites have been successfully identified using this type of approach
[e.g. 39]. Importantly, however, Ub is not the only PTM that yields a GG-modified target
peptide following trypsin cleavage. NEDD8, Rublp, and the interferon-stimulated gene 15
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(ISG15) proteins also harbor C-terminal —(R)GG sequences (Fig. 1A). Following trypsin
cleavage, these Ubl-derived -GG remnants are therefore indistinguishable from a Ub-derived
-GG moiety, resulting in a loss of modifier identity.

Trypsin cleavage of many of the other Ubls (e.g. all eukaryotic SUMO proteins, as well as
FUB1, URM1, HUB1 and FAT10) results in a much longer C-terminal peptide remnant or
“tail” (Fig. 1A). Unlike most PTMs, Ubl tails produce multiple fragment ions during the
CID process. If the tail is conjugated to a target peptide, fragment ions derived from the Ubl
are combined with fragment ions from the target peptide, and a complex overlapping
fragmentation pattern is generated (Fig. 1D). This type of CID spectrum is generally not
correctly interpreted by standard search software, and is therefore not correctly identified.
Due to the presence of an additional N-terminus and extra charged residues, Ubl-modified
peptides are also often highly charged. Standard database search algorithms do not typically
search for peptides with charge states higher than 3+ or 4+. Thus, very few Ubl conjugation
sites have been unambiguously identified using standard mass spectrometric methods.

To improve our ability to identify Ubl conjugation sites using MS/MS, we developed the
SUMMOn pattern recognition software tool [28]. SUMmMORN utilizes a novel type of search
strategy, scanning MS/MS spectra for the presence of a user-defined fragment ion series,
corresponding to the Ubl of interest. We previously demonstrated the utility of SUMmOn by
identifying several novel human SUMO-1 conjugation sites.

Here, we describe an integrated strategy for the identification of Ub and Ubl conjugation
sites using SUMmMOn, standard database search engines, and a combination of proteolytic
enzymes. Using this methodology, we: (a) demonstrate that, unlike standard trypsin-
database search protocols alone, the use of SUMmOn and alternative proteases can maintain
the identity of the original Ub/Ubl conjugate, (b) we identify a number of putative
NEDDylation sites in the UbcH12 protein, indicating that our protocol can also improve the
identification of Ub/Ubl conjugation sites in lysine-rich protein regions, and finally (c) we
identify several previously unreported alternative SUMO and NEDDS8 chain topologies.

2 Materials and methods
2.1 LC/MS analysis

Lysyl endopeptidase C (LysC) was purchased from Wako Chemical (Osaka, Japan), and
TPCK sequencing grade trypsin was purchased from Promega (Madison, WT). The HelLa
S100 protein fraction was from Boston Biochem (Boston, MA). Analytical columns (75um
inner diameter) and pre-columns (100m) for LC-MS analysis were made in-house from
silica capillary tubing from InnovaQuartz (Phoenix, AZ), and packed in-house with 5uM
100A C4g —coated silica particles (Magic, Michrom Bioresources, Auburn, CA).

Peptides were subjected to LC-ESI-MS/MS, using a 120 min RPLC (95% water-95%
acetonitrile, 0.1% formic acid) buffer gradient running at 250n1-400nl/min on a Proxeon
EASY-nLC pump in-line with a hybrid LTQ-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA). A parent ion scan was performed in the Orbitrap, using a
resolving power of 60,000, then the four most intense peaks were selected for MS/MS
(minimum ion count of 1000 for activation), using standard CID fragmentation. Fragment
ions were detected in the LTQ. Dynamic exclusion was activated such that MS/MS of the
same /my/z (within a —0.1 and +2.1 Th window; exclusion list size = 500) detected 3 times
within 45 seconds were excluded from analysis for 30 seconds.

For protein identification, Thermo .RAW files were converted to the . mzXML format using
ReAdW software [40], then searched using X!Tandem [36] against the yeast ORF

Proteomics. Author manuscript; available in PMC 2012 June 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jeram et al.

Page 4

(Saccharomyces Genome Database, December 2005) or human (Ensembl 44.36F) databases,
supplemented with a curated custom database containing the mature Ubl sequences. (Since
Ub and most of the Ubls are translated as pro-proteins, then cleaved at a C-terminal
diglycine motif to form the active or “mature” Ub/Ubl (e.g. see Fig. 1A), the mature protein
sequences are not represented in most protein databases, and therefore must be added
manually.) X!Tandem search parameters were: complete modifications, none; cysteine
modifications, none; potential modifications, +114.04@K, +16@M and W, +32@M and W,
+42@N-terminus, +1@N and Q; —17@N-term Q; —18@N-term E; parent mass error
+10ppm; fragment error 0.4 Da; maximum charge 4+; missed cleavage sites 3; semi-
cleavage, no. For determination of conjugation site location, MS/MS data were subjected to
SUMmMOn analysis [28] using a digestion tolerance of 25 ppm, and a mass tolerance of 1000
ppm. SUMmOn data cutoffs were modification and target scores =0.8.

2.2 In vitro Ub/Ubl reactions

3. Results

Wild type and K11R mutant SUMO-2/3 proteins and SUMO-2/3 chains were purchased
from Boston Biochem. SUMO-2/3 and yeast SUMO chains were also generated in-house, as
in [28]. /n vitro NEDDylation reactions were conducted using 50 nM GST-NEDDS E1, 0.4
M GST-UbcH12, 10 M NEDDS (all from Boston Biochem), 0.45 .M Mdmz2 as the E3 (a
kind gift from C. Arrowsmith), 2 mM ATP, 5 mM MgCl,, 50 mM NacCl, and 50 mM Tris,
pH 7.5. In vitro ubiquitylation reactions were conducted using 20 nM Ubal, 0.6 uM E2D2,
and 0.45 uM Mdm2 (all gifts from C. Arrowsmith). All reactions were incubated at 37°C for
two hours. Unconjugated Ub/Ubl proteins were removed from the reaction mix, and the
reaction buffer exchanged for ammonium bicarbonate (ammbic), using a microcon spin unit
with a nominal molecular weight cutoff of 30 kDa (Millipore, Billerica, MA). After two
ammbic pH 8.3 washes (400p.1), the retentant was resuspended in 2501 ammbic and
subjected to protease cleavage with 1pg trypsin or LysC, overnight at 37°C.

3.1 Alternative SUMO chain linkages

The mammalian SUMO-2 and SUMO-3 proteins were previously demonstrated to form
SUMO-SUMO conjugates (SUMO chains) via K11 [27]. The yeast SUMO protein (Smt3p)
forms chains primarily via K15 [29]. Earlier reports have suggested that mutation of these
lysine residues dramatically decreases, but does not eliminate, SUMO chain formation [e.g.
27]. To determine whether, like Ub, the SUMO proteins can form additional, alternative
chain linkages, we subjected the products of /n vitro yeast and mammalian SUMO reactions
to MS/SUMmMOnN analysis.

SUMO-2 Jn vitro autoSUMOylation reactions (as well as purchased, purified SUMO-2
chains; Boston Biochem) were treated with trypsin, and analyzed on an LTQ-Orbitrap.
SUMMON analysis of these data identified SUMO-2 chains formed primarily through K11,
but also identified SUMO-2 chains linked via K42 (Figs 2A-C, Table I, and Supporting
Information Fig. 1B and 2A. K42-linked SUMO-2 target peptide mass = 1054.61 Da, target
peptide sequence (R)HTPLSKLMK(A), aa 37-45). The K42-linked SUMO-2 CIDs
accounted for ~3% of all chain spectra detected by SUMmOn (modification score =0.8,
target score =0.8; Table I). Assuming up to one missed trypsin cleavage, and variable
modifications at methionine (oxidation) and glutamine (pyroglutamate), no other predicted
tryptic peptides in the reaction mix correspond to the /7/z of the K42-linked SUMO-2-
SUMO-2 peptide assigned by SUMmOR, within a parent mass error of 100 ppm.

As expected, SUMmON did not detect K11 SUMO-2 linkages in an MS analysis of in vitro
reactions containing a SUMO-2 K11R mutant protein (which cannot form K11-linked
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chains). However, the K11R mutation did not affect the /m/z corresponding to the K42-
linked SUMO-2 peptide assigned by SUMmMOn (elution time ~71 min; Fig. 2D, compare
middle and top panels). While unmodified peptides derived from components of the
reaction mix (e.g. the E1 SAE2 3+ peptide
R.KPPVPLDWAEVQSQGEETNASDQQNEPQLGLK.D) were unchanged, SUMmOn did
not detect any SUMO linkages in in vitro SUMO-2 reactions lacking ATP (precluding the
formation of SUMO conjugates; Fig. 2D, bottom panel) or in /n vitro reactions containing a
SUMO-2 K11,42R mutant (Supporting Information Fig. 2A). We thus identified a novel,
non-consensus SUMO-2 chain linkage.

SUMmMOnN analysis of /n vitro reactions containing recombinant wild type SUMO-3 protein
identified SUMO chains formed through both K11 and K41 (Supporting Information Fig.
2B and 3, SUMO-3 K41-linked target peptide mass = 1054.61 Da, target peptide sequence
(R)HTPLSK LMK(A), aa 36-44). The SUMO-3 K41 linkage spectra represented ~6% of all
chain product spectra assigned by SUMmOnN in /n vitro SUMOylation reactions (Table I). In
reactions containing a SUMO-3 K11R mutant protein, the /7/z assigned by SUMmOn as the
K11-linked SUMO-3 peptide was not detected. This mutation, however, had no effect on the
my/z assigned by SUMmOn as the K41-linked SUMO-3 peptide (Supporting Information
Fig. 2B). An in vitro reaction lacking only ATP also lacked the m/zassigned to the K11- and
K41-linked SUMO-3 chains (data not shown) as did an /n vitro reaction with a SUMO-3
K11,41R mutant (Supporting Information Fig. 2B). The human SUMO-3 protein can thus
also form at least two types of SUMO chain linkages /n vitro. As previously observed [28],
the database search programs X!Tandem and SEQUEST were unable to identify any
SUMO-2 or SUMO-3 linkage types in any of the reactions, presumably due to the long C-
terminal tryptic tails.

The C-terminal-most tryptic cleavage site in the 98 aa S. cerevisiae SUMO (Smt3p) protein
is at R93 (Fig. 1A). Cleavage of yeast SUMO with trypsin thus yields a 5 aa “tail”.
SUMMON can successfully detect this 5aa remnant on covalently modified target proteins
[28]. However, a yeast SUMO R93A mutant (with the C-terminal tryptic cleavage site now
at R71, tryptic cleavage of this protein results in a 27aa tail; Fig. 1A) is much more
efficiently identified by SUMmONn, due to the presence of many more SUMO tail fragment
ions. We did not observe any difference in the ability of this point mutant to be conjugated
to substrates: e.g. Sc SUMOR93A was conjugated /n vitroto a C-terminal RanGAP1
protein fragment (aa 420-589) as efficiently as the wild type protein (Supporting
Information Fig. 4A).

The Sc SUMOR93A protein was used to determine if, like the mammalian SUMOs, the
budding yeast SUMO protein can form alternative chain topologies. SUMmOnN analysis of
an Sc_ SUMOR93A-containing /n vitro autoSUMOylation reaction identified a SUMO-
SUMO linkage at K54 (Fig. 3A-C, Supporting Information Fig. 4B-C; target peptide mass =
965.52 Da, target peptide sequence (R)LMEAFAKR(Q), aa 48-55). No other predicted
tryptic peptide in the reaction mix corresponds to this mass and charge state within 100 ppm.
In an identical reaction mix lacking only ATP, the m/z assigned by SUMmOn as the K54-
linked peptide was not detected (Fig. 3D).

Bylebyl et al. [41] demonstrated that yeast strains lacking one of the two SUMO proteases
(Ulp2p) accumulate high molecular weight SUMO conjugates (presumably SUMO chains),
and display hypersensitivity to hydroxyurea (HU). HU hypersensitivity is alleviated by
replacing the endogenous SUMO (SM73) gene with a sequence coding for a SUMO protein
that is unable to form chains (all lysine codons mutated to arginine codons). Replacing the
endogenous gene with a SUMO coding sequence lacking the primary SUMO-SUMO
conjugation site (as well as two nearby lysine residues; K11,15,19R) partially alleviated HU
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sensitivity. Interestingly, a SUMO K54,58R mutant was also able to partially alleviate HU
sensitivity. Consistent with our /n vitro data, these /in vivo data suggest that multiple types of
SUMO chains may exist in yeast, and that the K54 linkage may play an important (but
unknown) physiological role.

3.2 NEDD8 chain linkages

To determine whether SUMmMON could identify other types of Ubl conjugation sites, we also
generated /n vitro autoNEDDylation reactions (using the NEDD8 E1, APPBP1/Uba3, the E2
UbcH12/UBE2M and Mdm?2 as the E3). Half of the sample was subjected to trypsin
cleavage, and the other half proteolyzed with LysC. The resulting peptides were analyzed by
both SUMmOn and X!ITandem. Previous reports have indicated that /n vitro NEDDylation
reactions produce K48- and K22-linked NEDDS chains [31, 32]. SUMmOn also identified
both K22- and K48-linked NEDDS chains in the LysC-treated reaction mix (Fig. 4A-F,
Supporting Information Fig. 5A and B). The K48 linkage (target peptide mass = 2459.24
Da, target peptide sequence (K)EGIPPQQQRLIYSGK QMNDEK(T), aa 34-54) accounted
for ~44% of observed NEDD8 chain linkage spectra, while K22 linkages (target peptide
mass = 1927.04 Da, target peptide sequence (K)EIEIDIEPTDK VERIK(E), aa 12-27)
accounted for ~3% of chain spectra assigned by SUMmOnN. SUMmOn also identified a
previously unreported NEDDS chain linkage at K54 (Fig. 4G-1 and Supporting Information
Fig. 5C, target peptide mass = 1396.61 Da, target peptide sequence

(K)YQ*MNDEK TAADYK(I), *pyroglutamate, aa 49-60), representing ~41% of the NEDD8
chain spectra detected in the analysis. The m/zassigned by SUMmOn as the K54-linked
NEDDS peptide could not be assigned to any other predicted peptide in the reaction mix,
within 100ppm. An identical reaction mix lacking ATP also lacked the m/z corresponding to
the NEDD8 K54 linkage, and SUMmMON did not assign any NEDD8 conjugates in this
reaction (data not shown). X!Tandem was unable to identify any NEDDS8 linkages in the
LysC-digested samples (data not shown), but successfully identified the GG-moiety at
NEDD8 K48 and K54 in the reaction mix digested with trypsin (Supporting Information
Fig. 6). Thus, using a combination of SUMmOn and standard database searching, we were
able to unambiguously identify two known linkage sites, as well as an abundant novel
NEDDS8 chain linkage site.

Two less abundant, previously unreported NEDDS8 linkages were also detected by
SUMmMON, at K27 (Supporting Information Fig. 5D; target peptide mass = 1414.80 Da,
target peptide sequence (K)VERIKERFEEK(E), aa 23-33) representing ~9% of the detected
chain products, and K33 (Supporting Information Fig. 5E; target peptide mass = 2484.32
Da, target peptide sequence (K)ERFEEK EGIPPQQQRLIYSGK(Q), aa 28-48) representing
~3% of the chain spectra. X!Tandem did not identify these linkages. These data indicate
that, like Ub, NEDDS is capable of forming chains on many different lysine residues /n
vitro.

3.3 Improved identification of Ubl conjugation sites in lysine-rich protein regions

In the same set of /n vitro NEDDylation reactions, SUMmOn also identified several NEDD8
modification sites on the E2 enzyme UbcH12/UBE2M. This set of NEDD8 conjugation sites
all occur within a lysine-rich ~28aa N-terminal extension of UbcH12, at K8, K11, K12,

K21, K25 and K26 (Fig. 5A, Supporting Information Fig. 7A-F and Table I). None of these
conjugation sites have been previously reported, and none were detected in trypsin digests of
the same /n vitro reactions, as analyzed by X!Tandem, presumably due to the small size of
the GG-modified tryptic peptides (Fig. 5B, Supporting Information Table 1), which largely
precludes their detection in the standard 400-1800 /m/z window used in typical ion trap
instrument MS parent ion scans. The longer LysC-generated NEDDS tail results in much
larger peptides (Fig. 5C), allowing them to be trapped and analyzed by the mass
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spectrometer. Thus, another advantage of using LysC digestion and SUMmOn analysis is
that it can allow for the identification of Ub/Ubl conjugation sites on small target peptides in
lysine rich regions that may otherwise go undetected.

3.4 Maintenance of Ub/Ubl identity

Trypsin is the enzyme of choice for most MS-based proteomics analyses. Following trypsin
cleavage, Ub-conjugated peptides are modified at a lysine residue with a -GG (diglycine)
moiety. Standard database search tools can efficiently identify peptides bearing this
modification. However, several of the Ub-like proteins (e.g. human NEDD8 and 1SG15, and
S. cerevisiae Rublp) also possess C-terminal —(R)GG amino acid sequences (Fig. 1A, Fig.
5B). Following trypsin proteolysis, these Ubl-derived -GG remnants are therefore
indistinguishable from a Ub-derived -GG maodification, resulting in a loss of modifier
identity. Treatment of the same Ub/Ubl conjugates with LysC yields target peptides
conjugated to longer, and therefore more informative, Ub/Ubl tails (Fig. 1A, Fig. 5C). LysC
cleavage of Ub results in a 13aa C-terminal peptide, while LysC cleavage of NEDDS,
Rubl1p or ISG15 yields distinct 16 aa, 23 aa and 14 aa C-terminal peptides, respectively
(Fig. 1A). Standard database search tools are generally unable to identify target peptides
conjugated to these longer Ubl peptide fragments [21, 28].

We next tested whether SUMmMON could distinguish between peptides modified by Ub,
NEDDS8 or SUMO-2/3 in the same sample. Ub and NEDDS8 /n vitro reactions were digested
with LysC, and SUMO-2 chains were digested with trypsin. A mixture with an equal ratio of
Ub, NEDD8 and SUMO-2 chains was prepared, based on base peak intensities of the m/z
corresponding to the predominant linkage (Ub K48, NEDD8 K48 and SUMO-2 K11) in
preliminary MS runs. This mixture was subjected to MS, and Ub K48-linked chains
(Supporting Information Fig. 8A; target peptide mass 3429.78 Da, target peptide sequence
(K)EGIPPDQQRLIFAGKQLEDGRTLSDYNIQK(E), aa 34-63), NEDD8 K48- and K54-
linked chains, and SUMO-2 K11-linkages were all identified by SUMmMOn. SUMmOn was
also able to differentiate between co-eluting Ub/Ubl conjugates: the Ub K48-linked peptide
and the SUMO-2 K11-linked peptide both elute at ~65 min (Supporting Information Figs.
8B and C), and both linkage types were successfully identified. Thus, SUMmOn is able to
identify multiple Ub/Ubl linkages in a more complex sample, and unlike standard trypsin-
database searching approaches, the use of longer, more informative LysC-generated Ub/Ubl
tails allows for unambiguous identification of the PTM.

3.5 Enrichment for Ub/Ubl conjugate CIDs using charge state exclusion

Only a fraction of the total number of peptides may be sequenced in highly complex
mixtures, using typical shotgun proteomics approaches. Any strategy to enrich for specific
subsets of peptides may thus be useful. Our data indicated that a majority of the Ub/Ubl-
linked peptides generated by LysC cleavage are highly charged (all are >3+, most are >4+).
We hypothesized that this property could be used to select for fragmentation of Ub/Ubl
conjugates, using charge state exclusion on the Orbitrap. To test this approach, 25ng of
SUMO-2 chains (corresponding to ~2 pmol of the K11-linked SUMO-2 peptide) was spiked
into 3ug of a HelLa S100 protein fraction. This mix was digested with trypsin and subjected
to MS analysis using standard settings (+1 charge state exclusion only), or 1+, 2+ and 3+
charge state exclusion. The base peak intensity of the 4+ SUMO-2 K11-linked peptide was
low (4E5; 4+ was the most abundant charge state) in comparison to the average base peak
intensity of the lysate fraction (7E6; Supporting Information Fig. 9). In standard MS runs
(excluding only 1+ ions), this peptide was not efficiently selected for CID. However, when
charge-state exclusion (1+, 2+ and 3+) was activated, this peptide was selected for CID
fragmentation and successfully identified by SUMmOnN (Supporting Information Fig. 10).
Thus, SUMmMOn is able to identify Ub/Ubl conjugates in more complex samples, and
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excluding peptides of lower charge from analysis can be used to increase the chances that
low abundance Ub/Ubl conjugated peptides will be selected for CID fragmentation.

3.6 HCD for improved fragmentation of some Ub/Ubl conjugates

The LysC-derived K48-linked Ub peptide is highly charged (4+ to 7+; Table 1) under
standard RPLC buffer conditions. While SUMmMON readily identified the 4+ and 5+ K48-
linked Ub ions, standard CID fragmentation settings resulted in poor fragmentation of the 6+
(Supporting Information Fig. 11A-C) and 7+ (data not shown) precursors. The y,7°* and
y275% ions account for a majority of the total ion current in these spectra, representing
fragmentation at the peptide bond between 136 and P37. Increasing the CID normalized
collision energy or activation Q did not result in any additional informative fragmentation
events (data not shown). In an attempt to improve the fragmentation of this peptide at higher
charge states, /n vitro Ub reactions digested with LysC were subjected to Higher-energy C-
trap Dissociation (HCD), an alternative fragmentation technique in which the C-trap in the
Orbitrap is used as a pseudo-collision cell [42]. HCD was tested using normalized collision
energies of 40%, 45% and 50% (data not shown). We found that a normalized collision
energy of 45% resulted in a more informative fragmentation of the LysC-derived Ub K48-
linked peptide at higher charge states (Supporting Information Fig. 11D-F), and SUMmOn
readily identified this linkage site using HCD data. Thus, HCD and SUMmOn analysis can
also be used to identify Ubl-linked peptides that do not fragment well under standard CID
conditions.

4. Concluding remarks

Taking the above observations into account, we propose an improved methodology for the
identification of Ub and Ubl conjugates (Fig. 6). A sample containing Ub/Ubl-modified
peptides may be digested in two separate reactions using trypsin and LysC. Standard
database searching can be used to identify putative GG-modified and unmodified peptides in
both reactions, and SUMmMOn can be used to identify Ub/Ubl conjugates bearing longer C-
terminal tails. The output from both analyses can be combined and used to unambiguously
identify Ub/Ubl conjugates and conjugation sites.

We have also added spectra from the novel SUMO and NEDDS chain topologies identified
here to our Ub/Ubl spectral library [43], to further facilitate rapid identification of Ub,
SUMO and NEDDS chains in biological samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
Ub ubiquitin
Ubl ubiquitin-like protein
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SUMO small ubiquitin-related modifier
Smt3p suppressor of mif two 3 protein
NEDDS8 neural precursor cell expressed developmentally down-regulated protein 8
LTQ linear quadrupole ion trap
HCD higher-energy C-trap dissociation
Rublp related to ubiquitin 1 protein
ISG15 interferon-stimulated gene 15 kDa protein
ammbic ammonium bicarbonate
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Figure 1.

(A) Amino acid sequence alignment of Ub and Ubls. Gene name and species (Hormo sapiens
(HSs); and Saccharomyeces cerevisiae (Sc)) are indicated at left. C-terminal amino acids
present in the pro-protein, but absent in the mature protein, are indicated in green. FUB1 and
Ub are synthesized as fusion proteins (as indicated by .....). The Ubl C-terminal “tail” that
remains conjugated to a target molecule following trypsin (red'text) or LysC (underlined
text) digestion is highlighted. Additional residues resulting from LysC digestion are
indicated in b/ue. Lysine residues implicated in Ub/Ubl chain formation (previously
published, or as reported here) are indicated in bo/d. (B) A theoretical unmodified peptide
and its corresponding (simplified) CID spectrum. Trypsin cleavage sites indicated by
arrows. b- and y~ion series are indicated by dark and light b/ue peaks, respectively. (C) A
theoretical ubiquitylated tryptic peptide, and its corresponding (simplified) CID spectrum.
The entire &-ion series, as well as the )5 ion, undergo a +114.04 Da mass shift (shifted ions
highlighted in orange). (D) A theoretical Ubl-modified peptide, and its corresponding
(simplified) CID spectrum. &’- and )/’-ion series denote the fragmentation ion series of the
Ubl (in red and pink, respectively). The additional Ubl fragment ions create a highly
complex CID spectrum which is uninterpretable by standard database search software. For
example, the /3 ion includes the entire target peptide (and is therefore considered a
dependention), and would remain unassigned. The 6'n-2 ion, derived only from the Ubl tail,
is independent of the target peptide. The )2, )3, and )4 ions are unaffected, but would not be
assigned by database search software.
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Figure2.

K42-linked SUMO-2 is identified by SUMmOn. (A) Amino acid sequence of the trypsin-
digested K42-linked SUMO-2-SUMO-2 peptide, indicating the ion fragments assigned by
SUMmMOn. (B) SUMmOn-annotated CID spectrum of the K42-linked SUMO-2-SUMO-2
peptide highlighting £’- and y’-ions derived from the modification (/.e. the C-terminal
tryptic peptide of SUMO-2, aa 61-92). (C) The same spectrum, highlighting the &- and y~
ions derived from the target peptide (aa 37-45 of SUMO-2). (D) Extracted ion
chromatograms (EIC) of three different representative SUMO-2 /n vitro reaction mixes. The
my/z corresponding to the SUMO-2 K11 and K42 linkages elute at ~66 and ~72 min,
respectively (top panel). The m/z corresponding to the SUMO-2 K11 linkage is lost when a
K11R SUMO-2 mutant protein is used in the /n vitro conjugation reaction, while the K42-
linked peptide is unaffected (middle panel). The m/z corresponding to the K42 linkage is
also lost in a reaction mix lacking ATP (bottom panel). Indicated are (i) the EIC of the
SAE2 (SUMO E1) 3+ peptide (R)IKPPVPLDWAEVQSQGEETNASDQQNEPQLGLK(D),
eluting at ~ 59 min, using an /m/zwindow of 1178.57-1178.59, (ii) an EIC of the 4+ (the
most abundant charge state) SUMO-2 K11 linked peptide, using an /7/z window of
1291.59-1291.61, and (iii) the EIC of the 4+ SUMO-2 K42 linked peptide (the most
abundant charge state), using an /m/zwindow of 1152.29-1152.31. For very large peptides,
such as those characterized here, the monoisotopic variant represents only a very small
percentage of the peptide population. The /m/zwindows in Figures 2, 4 and 7 therefore do
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not bracket the monoisotopic m/z for each linkage, but instead encompass the most abundant
isotopic variants (/.e. those that were most often isolated for fragmentation).
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Figure 3.

A yeast SUMO K54-linkage is identified using SUMmOn. (A) Amino acid sequence of the
K54-linked SUMO peptide, and the fragments assigned by SUMmOnN. (B) SUMmOn-
annotated CID spectrum of a yeast SUMO conjugate highlighting £’- and ’-ions derived
from the C-terminal SUMO tryptic peptide, aa 72-98. (C) the same spectrum, highlighting
the &- and y~ions derived from the target peptide (yeast SUMO aa 48-55). (D) EIC of
representative /n vitro yeast SUMO conjugation reactions with and without ATP. The m/z
windows correspond to the 3+ (/m/z = 1305.94-1305.96, elution at ~61 min) and 4+ (/m/
7=974.71-974.73) precursor ions of the SUMO K54-linked peptide. An unmodified yeast
SUMO 3+ peptide MSDSEVNQEAKPEVKPEVKPETHINLK(V) (m/zwindow
1026.52-1026.54, eluting at ~25 min) was detected in both reactions.
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Figure4.

NEDD8 K22, K48 and K54 linkages identified by SUMmON. (A) Amino acid sequence of
the LysC-digested K22-linked NEDD8-NEDDS peptide, indicating fragments identified
using SUMmOn. (B) SUMmOn-annotated CID spectrum of the LysC-digested K22-linked
NEDD8-NEDDS peptide highlighting the &’- and )’-ions derived from the C-terminal LysC
fragment of NEDDS8, aa 61-76. (C) Identical CID spectrum, highlighting the & and y~ions
derived from the target peptide (NEDD8 aa 12-27). (D-F) As described for A-C, but for the
K48-linked NEDDS8 peptide. (G-1) As described for A-C, but for the K54-linked NEDD8
peptide. Asterisk (*) denotes pyroglutamate.
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Figure5.

(A) Amino acid sequence of UbcH12/UBE2M. The lysine-rich 28 aa N-terminal extension
is highlighted in red, and NEDD8-modified lysine residues identified in this study are in
bold. (B and C) Schematic diagram of a NEDD8-modified UbcH12/UBE2M peptide (aa
4-11; K8 modified by NEDD8), cleaved with (B) trypsin (filled arrowhead) or (C) LysC
(white arrowhead). Predicted monoisotopic //z for each peptide at several different charge
states are indicated. Grey m/z values fall below those used in typical ion trap mass
spectrometer parent ion scans.
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Figure6.

Improved workflow for the identification of Ub/Ubl-conjugation sites. (A) The protein
sample of interest is split in two, and digested with trypsin or LysC prior to LC-MS/MS
analysis. (B) Standard database searching is used to analyze a portion of the trypsin-digested
sample, and to create a subdatabase for SUMmON. (C) The remainder of the trypsin-
digested sample, as well as the LysC-digested sample, are analyzed using SUMmOn. During
the initial LC-MS/MS run, CIDs are collected on precursor ions with a charge of 2+ or
greater. An additional LC-MS/MS run can be performed in which CIDs are collected on
precursor ions with a charge of 4+ or greater to enrich for Ub/Ubl-modified peptides. HCD
may also be used to obtain improved fragmentation of highly charged precursor ions.
Combining the results of these multiple analyses can generate a comprehensive list of
unambiguous Ub/Ubl modification sites.
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Observed monoisotopic m/z values (mean from four MS scans) for the identified Ub/Ubl linkages

Table 1

Chain linkage

Target tid
Peptide sequence® ('\j.r+gH)+pep 1ae

Observed

conjugate m/z

Observed
spectr ab)

SUMO-2 K11 (aa 8-21)

SUMO-2 K42 (aa 37-45)

SUMO-3 K11 (aa 8-20)

SUMO-3 K41 (aa 36-44)

ScSUMO K54(aa 48-55)

NEDDS K22 (aa 12-27)

NEDD8 K27 (aa 23-33)

NEDDS K33 (aa 28-48)

NEDD8 K48 (aa 34-54)

NEDDS K54 (aa 49-60)

(K7)EGVKTENNDHINLK (V) 1610.81

(Rge)HTPLSKLMK 45(A) 1054.61

(K7)EGVKTENDHINLK (V) 1496.77

(R3s)HTPLSKLMK 44(A) 1054.61

(R47)LMEAFAKRS5(Q) 965.52

(K41)EIEIDIEPTDKVERIK 7(E) 1927.04

(K22) VERIKERVEEK 35(E) 1414.8

(K27)ERVEEKEGIPPQQQRLIYSGK5(Q)  2484.32

(K33)EGIPPQQQRLIYSGKQMNDEKs,(T)  2459.24

(K4)QU 170289 MNDEKTAADY Kgo(l) 1396.61

(3+) 1720.79
(4+) 1290.85
(5+) 1032.88
(6+) 860.90
(3+) 1535.39
(4+) 1151.79
(5+) 921.64
(3+) 1682.77
(4+) 1262.34
(5+) 1010.07
(6+) 841.89
(3+) 1535.38
(4+) 1151.79
(3+) 1305.28
(4+) 979.21
(4+) 871.50
(5+) 697.40
(4+) 743.44
(5+) 594.95
(4+) 1010.82
(6+) 674.22
(4+) 1004.55
(5+) 803.85
(6+) 670.04
(3+) 984.86
(4+) 738.90

1336

36

356

23

27

11

31

12

151

140

a)
b)

Modified lysine residue indicated in bo/d.

(Q15843), SUMO-2 (P62988), SUMO-3 (P55854), yeast SUMO (Q12306).
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Total number of observed spectra from two separate /n7 vitro reactions, each analyzed with two MS runs. Swiss-Prot accession numbers; NEDD8



