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Summary

This thesis investigates different aspects of protein sumoylation by qualitative and
quantitative mass spectrometry. SUMO, a small ubiquitin-like modifier, is a highly
versatile protein modifier involved in a number of biological pathways, but many aspects
of sumoylation are currently unknown including most cellular substrates and its interplay
with other post-translational modifications. Novel mass spectrometric methods are
developed in this thesis to characterize the primary structure of the protein SUMO and
direct evidence of sumoylation, ubiquitination and phosphorylation sites on SUMO are
provided. The application of SILAC-based quantitative proteomics allows the
identification of novel SUMO substrates and quantitative ‘systems-wide’ profiling of the

SUMO substrate proteome upon perturbation of cellular systems.

The first project studies SUMO polymerization by a novel mass spectrometric strategy.
Mapping sumoylation sites by mass spectrometry is technically challenging because the
fragmentation of the long SUMO tryptic peptide conjugated to the target lysine produces
complex overlapping MS/MS spectra. To overcome this problem we developed a mass
spectrometric strategy based on the transfer of in vitro data to the more complex in vivo
data and very high resolution mass spectrometry. In this way | provided the first direct
evidence that SUMO-1,-2 and -3 form mixed polymers in cells. Importantly, SUMO-1
modifies SUMO-2 and SUMO-3 and since it does not contain an internal sumoylation

consensus site, it is a potential terminator of poly-SUMO-2/3 chains (Matic et al, 2008b).

The second project investigates the cross-talk between sumoylation and ubiquitination.

We found that a subset of SUMO-2 conjugates is subsequently ubiquitinated and



degraded. SILAC-based quantitative proteomics enabled the identification of 73 proteins
modified by SUMO-2 that accumulate after treatment with proteasome inhibitor. In
addition 40 proteins were desumoylated probably because of a lack of free SUMO-2
recycled from ubiquitinated proteins (Schimmel et al, 2008).

The third project raises the question if SUMO proteins can be targeted by post-
translational modifications (PTMs) other than SUMO or ubiquitin. We found that serine
2, the N-terminal residue of SUMO-1 after the removal of the initiator methionine, is N-
acetylated and phosphorylated in vivo. The unambiguous identification of the
phosphopeptide was achieved by measuring its precursor and fragment ions with very
high accuracy and by using the recently introduced higher collision energy (HCD)
fragmentation in addition to standard peptide fragmentation. This phosphoserine is
conserved through evolution as we report the same residue to be phosphorylated in yeast
and Drosophila SUMO. This study raises important biological questions. Could serine 2
of SUMO-3 also be target of phosphorylation, thus constitute the first functional
difference between SUMO-3 and SUMO-2, which contains an alanine in this position? Is
the flexible SUMO N-terminal arm, target of sumoylation and phosphorylation,
analogous to long unfolded histones tails, in which recruitment of proteins is regulated by
PTMs? More generally, are SUMO proteins, as both “modified” and “modifying
players”, central nodes in the PTMs-based signaling (Matic et al, 2008a)?

In the forth project, | studied the global profile of the SUMO-2 substrate proteome during
heat shock (HS) and heat shock recovery response by SILAC-based quantitative
proteomics. Using tandem affinity purification, high accuracy mass spectrometry and
novel quantitative proteomics algorithms collectively termed MaxQuant, we have
detected more than 750 sumoylated proteins and quantified changes in the SUMO
substrates proteome in response to HS. Notably, the patterns of sumoylation show clearly
that proteins whose sumoylation is increased upon HS, lose the modification after HS

recovery; conversely, the HS-induced desumoylation is not entirely recovered. In



response to HS SUMO polymerized into polySUMO chains and redistributed between a
wide variety of proteins. This first systems-wide analysis of a ubiquitin-like modifier
substrate proteome shows that SUMO maodification plays a larger role than previously
considered in the regulation of stress response. Furthermore, the functions of the substrate
proteins implicate sumoylation in the control of the cell cycle, RNA and DNA

metabolism, transcription and apoptosis.

Studies in this thesis have profound implications for different aspects of the emerging
SUMO field and have established methods which will be useful for future directed as
well as large-scale investigations of sumoylation. Direct identification of
phosphorylation, ubiquitination and sumoylation sites on SUMO proteins extends the
concept of modification of a protein modifier. The quantitative proteomics part of the
thesis will be the basis for future studies quantitatively monitoring global changes in

SUMO substrates proteomes in response to different cell stimuli.



Publications from this thesis
(* first author or shared first author)

1. Filip Golebiowski, Ivan Matic*, Michael H. Tatham, Christian Cole, Akihiro
Nakamura, Geoffrey J. Barton, Matthias Mann & Ronald T. Hay. System-wide
changes in the SUMO-2 proteome in response to heat stress. (under review).

2. Jurgen Cox, lvan Matic, Maximiliane Hilger, Nagarjuna Nagaraj, Matthias
Selbach, Jesper V. Olsen and Matthias Mann. A practical guide to the MaxQuant
computational platform for SILAC-based gquantitative proteomics (accepted in
Nature Protocols)

3. Andersen JS, Matic I, Vertegaal AC (2009) Identification of SUMO target
proteins by quantitative proteomics. Methods in molecular biology (Clifton, NJ
497: 19-31

4. Schimmel J, Larsen KM, Matic I*, van Hagen M, Cox J, Mann M, Andersen JS,
Vertegaal AC (2008) The ubiquitin-proteasome system is a key component of the
SUMO-2/3 cycle. Mol Cell Proteomics 7: 2107-2122

5. Matic I*, Macek B, Hilger M, Walther TC & Mann M (2008) Phosphorylation of
SUMO-1 occurs in vivo and is conserved through evolution. J Proteome Res 7,
4050-4057.

6. Matic I*, van Hagen M, Schimmel J, Macek B, Ogg SC, Tatham MH, Hay RT,
Lamond Al, Mann M & Vertegaal AC (2008) In vivo identification of human
small ubiquitin-like modifier polymerization sites by high accuracy mass
spectrometry and an in vitro to in vivo strategy. Mol Cell Proteomics 7, 132-144.

Impact factors (ISI Web of knowledge):
Mol Cell Proteomics: 9.4
J Proteome Res: 5.7



1 Introduction: sumoylation in
signaling pathways

1.1 Posttranslational modifications as regulators of cellular pathways

The complexity and diversity of a proteome are greatly increased by reversible covalent
post-translational modifications (PTMs), which compensate for the surprisingly low
number of genes in vertebrate genomes. Most proteins undergo some form of PTMs,
which can alter their physicochemical properties and conformation. PTMs are
particularly suitable for prompt cellular response to external and internal factors since
their kinetics are much faster than the regulation of protein expression levels. An intricate
interplay of these modifications regulates fundamental protein properties, such as
stability, localization, activity and interaction with other proteins.

Phosphorylation is one of the most common and well-studied reversible PTMs, and
represents an important mechanism for the regulation of protein function (Johnson &
Barford, 1993). It principally occurs on serine, threonine and tyrosine residues in
eukaryotes, whereas it also targets histidine, arginine or lysine side-chains in prokaryotic
proteins. The importance of phosphorylation is highlighted by the fact that a significant
part of the human proteome is involved in phosphorylation or dephosphorylation: there

are more than 520 kinases and more than 120 phosphatases (Manning et al, 2002).



1.2 Ubiquitin and ubiquitin-like proteins

PTMs include reversible covalent modifications not only by small chemical entities, such
as phosphorylation, sulfation, acetylation and methylation, but also of entire small
proteins. Ubiquitin (Ub) was described in 1975 as the first example of a protein that can
be covalently attached to other proteins. It is a globular 76 amino acids long polypeptide
that seems to be present in all eukaryotes and that is one of the most conserved proteins
throughout the phylogenetic tree (Glickman & Ciechanover, 2002). It is perfectly
identical in amino acid sequence from arthropods to mammals and only four amino acids
are different among animals, plants and yeast (Catic & Ploegh, 2005). The presence of
several Ub genes and of recycling mechanisms ensures that high levels of ubiquitin are
always present, mostly in conjugated form. Its abundance and ubiquitous presence in
cells give rise to its name. Ubiquitination is characterized by its diversity of conjugation
products: Ub can be conjugated to target proteins as monoubiquitination (addition of a
single ubiquitin residue to a single target lysine), multiubiquitination (attachment of
several single Ub molecules to different lysines) or polyubiquitination (Ub polymers
linked to a single lysine) (Haglund & Dikic, 2005). Polymerization on lysine 48 is the
best studied one and represents a signal for proteasome-dependent protein degradation: a
series of four ubiquitin molecules linked through lysine 48 is the minimal signal for
proteasomal recognition (Voges et al, 1999). Chains formed via lysine 63 are involved in
processes different from proteasomal degradation, such as cell signaling (Krappmann &
Scheidereit, 2005), and DNA repair (Hoege et al, 2002). Lysine 48-Ub polymers and
lysine 63-chains adopt two different conformations. Polyubiquitinations formed through
lysine 48 have a compact conformation, whereas lysine 63-polymers are extended
(Varadan et al, 2002). All the remaining lysine residues on Ub, which in total has 7
lysines, are likewise used to form polymers, although their functional roles are less clear
(Peng et al, 2003). Ub chains can also be formed by using different lysines for
conjugation with the consequent creation of bifurcations of the polymer (lkeda & Dikic,
2008).
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Figure 1.1: Conjugation/deconjugation of Ub/Ubls

Ubiquitin and ubiquitin-like proteins are covalently attached to substrates via an
isopeptide bond that forms between the C-terminus of SUMO and a lysine ¢-
amino group on the target protein. Reproduced from Mark Hochstrasser, Nature
Cell Biology 2000.

Since the discovery of Ub, several other protein modifiers have been defined. Due to their
similarity to Ub, they were named ubiquitin-like proteins (Ubls). ISG15 (Interferon-
stimulated gene-15) was the first member of the Ubl family to be identified only 4 years
after the discovery of Ub (Farrell et al, 1979). Successively, other Ubls were discovered:
NEDDS8 (neural-precursor-cell-expressed, developmentally downregulated protein 8),
SUMO (small ubiquitin like modifier)-1,-2,-3, FAT10 , FUB1 (Fau ubiquitin-like protein
1), UBL5, URML1 (ubiquitin related modifier 1), ATG8 (autophagy-related ubiquitin-like
modifier) and ATG12 (Kerscher et al, 2006). Like ubiquitin, Ubls are small protein
modifiers that covalently attach to other proteins through an isopeptide bond: the C-
terminal glycine of these modifiers is linked to the g-amino group of lysine of a substrate
protein (Fig.1.1) (Welchman et al, 2005). Although primary sequence similarity between
them can be low, ubiquitin and Ubls share a similar conjugation mechanism (Fig. 1.1)
and almost identical three-dimensional structure, the ubiquitin superfold, which is a -

grasp fold: 5 B strands are folded around an o helix (Fig. 1.2) (Hochstrasser, 2000).



Ub and Ubl conjugation pathways are more complex than those of most other PTMs.
Protein methylation, acetyation, glycosylation and phosphorylation require the action of
single enzymes, such as kinases for phosphorylation. In contrast, attachment of Ub and
Ubls requires several reactions and is usually catalyzed by at least three groups of
enzymes, which are part of a common enzymatic cascade that works sequentially (Fig.
1.1). First, the Ub/Ubls are activated by a specific activating enzyme (E1). The energy of
the whole conjugation reaction is provided in this step by the E1-mediated hydrolysis of
ATP to AMP and pyrophosphate. The activated Ub/Ubl is then transferred to a
conjugating-enzyme (E2). Ub has several E2 enzymes whereas there is only one E2 in the
SUMO cascade. In the last step, the Ub/Ubl is attached to its target with the aid of a
ligase (E3) (Hershko & Ciechanover, 1998). This process is reversible and the removal of
Ub/Ubl is mediated by specific deconjugating enzymes (Welchman et al, 2005).

A recent study showed for the first time that bacteria have an ubiquitin-like pathway
previously believed only to exist in eukaryotes. The protein modifier Pup is involved in
proteasome degradation in Mycobacterium tubercolosis by conjugation to proteasome

targets, a process called pupylation (Pearce et al, 2008).

Figure 1.2: Conserved ubiquitin superfold

Ubiquitin and its kin are related by a common conserved three-dimensional
structure. The figure shows the superimposition of ubiquitin (blue), SUMO-1
(green) and NEDDS8 (red). Reproduced from Rebecca L. Welchman, Colin
Gordon and R. John Mayer, Nature Reviews Molecular Cell Biology, 2005.



1.3 SUMO proteins

The Small ubiquitin-like modifier (SUMO) is the Ubl that seems to modify the largest
pool of proteins and it shares approximately 20% sequence identity with ubiquitin
(Johnson, 2004). Despite the similarity in the three-dimensional structures between
ubiquitin and SUMO, surface charges are very different. In contrast to ubiquitin, whose
surface electrostatic potential is positive, the corresponding region of SUMO is
negatively charged. Depending on which organism the protein comes from, most SUMOs
are around 100 residues long. Similarly to ubiquitin, SUMO is present in all eukaryotes,
but absent in prokaryotes and archaea. Contrary to ubiquitin, which is a single conserved
protein modifier, in some eukaryotes SUMO represents a family of paralogous proteins.
Lower eukaryotes, such as Saccharomyces cerevisiae and Drosophila melanogaster, have
a single SUMO protein, called Smt3 in these organisms, whereas several SUMO
paralogues are expressed in vertebrates and plants. In humans there are three SUMO
isoforms (SUMO-1,-2 and -3). SUMO-2 and -3, which differ between them only by three
amino acids in their conjugated forms, constitute a subfamily distinct from SUMO-1, and
are only 50% identical in sequence to SUMO-1 (Hay, 2005). In addition SUMO-2 and
SUMO-3 isoforms have different cellular localization from SUMO-1 (Zhang et al, 2008).
Whereas there is a large reservoir of unconjugated SUMO-2/3, rapidly available for
conjugation after stress conditions, such as heat shock and osmotic stress, almost all
SUMO-1 is attached to target proteins and is generally much less responsive to stress
(Saitoh & Hinchey, 2000).

SUMO is synthesized as a precursor, whose C-terminal extension is not present in the
mature form. SENP (sentrin/SUMO-specific) proteases process the newly synthesized
SUMO into its conjugatable functional form by removing the additional amino acids and
exposing its C-terminal diglycine motif. Mature SUMO is then activated in an ATP-
dependent reaction by formation of a thioester linkage between its last glycine and the
SUMO-activating E1, consisting of the heterodimer Aosl1-Uba2. The Aosl subunit uses
ATP to adenylate the SUMO C-terminus, which is then followed by release of AMP and



the parallel formation of a thioester bond between SUMO and the catalytic cysteine in the
Uba2 subunit. In the second reaction SUMO is transesterified to cysteine 93 of the single
conjugating enzyme Ubc9. In the final step, SUMO is covalently attached to a substrate
protein through the formation of an isopeptide bond between a lysine on the target protein
and the C-terminal glycine of SUMO (Johnson, 2004). Differently from the ubiquitin E2
enzymes, Ubc9 interacts directly with substrates via their SUMO consensus motif, which
usually resides in an unstructured part of the protein (Bernier-Villamor et al, 2002).
Many, but not all, SUMO target lysines are within this Ubc9 binding motif, which has the
consensus sequence WYKX(E/D), where ¥ is a hydrophobic amino acid, K the acceptor
lysine for conjugation and X is any amino acid (Rodriguez et al, 2001). In some
substrates phosphorylation of a nearby serine (the extended motif is YKXEXXpSP) or
the presence of negatively charged amino acids enhance this motif (Hietakangas et al,
2006; Yang et al, 2006). Because of the direct interaction between Ubc9 and the
consensus motif, E1 and E2 enzymes are sufficient for in vitro sumoylation of target
proteins. However the low affinity of Ubc9 for the YKX(E/D) motif, with Kd in the mM
range, accounts for slow reaction rates in in vitro conjugation assay in the absence of E3
enzymes (Lin et al, 2002). Consequently Ubc9 alone might not be sufficient for efficient
in vivo attachment, which would require the additional aid of an E3 ligase. Most SUMO
E3 ligases belong to the PIAS (protein inhibitor of activated STAT) family of proteins
(Johnson & Gupta, 2001; Sachdev et al, 2001; Takahashi et al, 2001). These proteins
have a motif that is similar to the RING motif in one class of Ub E3 enzymes, called SP-
RING motif (Hochstrasser, 2001). They recognize Ubc9 and increase SUMO
modification rates by stabilizing the binding of Ubc9 to the target protein. PIAS1, a
member of the PIAS family, enhances the SUMO conjugation of the tumor suppressor
p53 (Kahyo et al, 2001). RanBP2 is a SUMO E3 ligase different from any ubiquitin
specific E3 enzyme (Pichler et al, 2004). A short flexible domain of RanBP2 promotes
SUMO conjugation by positioning SUMO on the Ubc9 surface in a conformation that
facilitates sumoylation of a target lysine (Reverter & Lima, 2005) . The polycomb protein
Pc2 is another type of SUMO ligase (Wotton & Merrill, 2007).
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Sumoylation is reversed by removal of SUMO from its substrates by a number of
deconjugating enzymes (SENPs) (Fig. 1.3). SENPs are cysteine proteases able to process
SUMO precursors by exposing the C-terminal diglycine as the first step in the
conjugation cascade (see above) and to deconjugate SUMO from target lysines. SENPs
catalyze the removal of SUMO both directly from its substrates and from other SUMO
moieties in the depolymerization of SUMO chains (Hay, 2007).

!
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Figure 1.3: Reversible attachment of SUMO to target proteins

SUMO proteins are proteolytically processed by SUMO-specific isopeptidases,
called SENPs (Sentrin-specific proteases) in mammals, which shorten SUMO C-
terminal tail and reveal the diglycines motif necessary for the conjugation to
target lysines. Mature SUMO is activated by the E1 enzyme consisting of the
Aos-Ubs2 heterodimer and is then transferred to the E2 enzyme Ubc9. Finally,
SUMO is conjugated to a lysine in the substrate. Reproduced from Ruth Geiss-
Friedlander & Frauke Melchior, Nature Reviews Molecular Cell Biology 2007.
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Intriguingly, all SUMO proteins have a long, charged and highly flexible N-terminal
protrusion that is not present in ubiquitin and other Ubls (Fig. 1.4) (Bayer et al, 1998).
The sequence of this extension is less conserved through evolution than the protein core.
The three amino acid residues different between the otherwise identical SUMO-2 and 3
are all located in this N-terminal arm. In addition the protrusions of SUMO-2 and 3
contain the SUMO consensus motif around lysine 11, which is used for the formation of
SUMO polymers (Tatham et al, 2001). Since there is no such consensus sequence on
SUMO-1, it is thought not be able to be sumoylated in vivo, although SUMO-1 chains
have been generated in vitro (Cooper et al, 2005; Pedrioli et al, 2006).

Ubiquitin MQOIFVKTLTG-KTITLEVEPSDTIENVK
SUMO-1 MSDQEAKPSTEDLGDKKEG-EYIKLKVISQD-SSEIHFKVKMTTHLKKLK
SUMO-2 MAD-E-KPK-E--GVKTEN-DHINLKVAGQDGS-VVQFKIKRHTPLSKLM
SUMO-3 MSE-E-KPK-E--GVKTENNDHINLKVAGQDGS-VVQFKIKRHTPLSKLM

Ubiquitin AKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

SUMO-1 ESYCQRQGVPMNSLRFLFEGQRIADNHTPXELGMEEEDVIEVYQEQTGG
SUMO-2 KAYCERQGLMSRQIRFRFDGQPINETDTPAQLEMEDEDTIDVFQQQTGG
SUMO-3 KAYCERQGLMSRQIRFRFDGQPINETDTPAQLEMEDEDTIDVFQQQOTGG

Figure 1.4: Sequences of human SUMOs and ubiquitin

Alignment of human SUMOs and ubiquitin. Sites of the C-terminal trypsin
cleavage sites are indicated in orange. The SUMO conjugation consensus
sequence on SUMO-2 and -3 is underlined and the target lysine is in red. The
tryptic peptides that remain conjugated to the substrates are indicated in blue.
Reproduced from Ivan Matic et al, Molecular and Cellular Proteomics, 2008.
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One of the consequences of ubiquitin modification is the creation of an additional
noncovalent interaction surface on the susbstrate protein. The newly attached ubiquitin is
recognized by an interaction partner through its ubiquitin binding domain (Kirkin &
Dikic, 2007). Similarly to ubiquitin, SUMO-recognizing proteins have a SUMO
interaction motif (SIM), which however, is a short amino acidic stretch and not an entire
domain, as is the case for ubiquitin. This motif is composed of a series of hydrophobic
residues, namely (V/1) (V/1)X(V/1/L), surrounded by acidic and hydrophilic amino acids
and generates low-affinity interactions between a SIM-containing protein and SUMO
(Kerscher, 2007). SIM forms a B-strand that interacts in a parallel or anti-parallel
orientation with the p2-strand of SUMO (Hecker et al, 2006; Song et al, 2004). SIMs are
present not only in proteins that are recruited by a sumoylated target, but also in some
SUMO E3 enzymes, where the motif is essential for their catalytic activity (Palvimo,
2007).

1.4 Functional consequences of SUMO modification

With the identification of new SUMO targets, it is becoming increasingly clear that,
similarly to other PTMs, virtually all fundamental cellular processes are regulated at
some level by sumoylation. From a molecular perspective sumoylation acts by regulating
the interactions of its substrates with other cellular components. SUMO can mask or
create a binding site for protein-protein interaction or result in a conformational change
of the modified substrate. Components of the SUMO system have been shown to play
critical roles in regulation of gene expression (Girdwood et al, 2004), RNA metabolism,
DNA replication and repair (Baek, 2006), nucleo-cytoplasmic transport, neuronal
survival (Lieberman, 2004), cancer development and cell cycle regulation, including

roles in division, mitotic chromosome structure, cell cycle progression, kinetochore
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function and cytokinesis (Dasso, 2008; Geiss-Friedlander & Melchior, 2007;
Meulmeester & Melchior, 2008). Cellular stresses, such as heat shock, hibernation and
osmotic stress induce SUMO conjugation (Kurepa et al, 2003; Saitoh & Hinchey, 2000).
In these cases sumoylation is induced globally with many target proteins being affected,
although the cellular mechanisms responsible for this global change of the SUMO
conjugation pattern remain to be discovered (Tempe et al, 2008).

A puzzling aspect of sumoylation is that for most SUMO substrates only a small
proportion of the cellular pool is modified by SUMO at any one time, even though the
functional consequences of their sumoylation are dramatic. This enigma remains to be
resolved, although some explanations have been suggested (Geiss-Friedlander &
Melchior, 2007; Hay, 2007). SUMO attachment to a substrate may be responsible for its
association to or dissociation from a protein complex. Once the targeted protein is
included into or released from the complex, SUMO may not be necessary for the
subsequent functions of the protein and it can be detached (Hay, 2005). In this view, a
large percentage of SUMO substrates can be functionally active, even if, because of their
rapid conjugation/deconjugation cycle, a small fraction of the protein is detectably
modified.

The first identified role of SUMO was the modification of GTP-activating protein
RanGAP1 (Mahajan et al, 1997; Matunis et al, 1996), which stimulates the GTPase
activity of Ran. RanGAP1 is the protein with the highest proportion of SUMO
modification, and this is almost exclusively with SUMO-1 modification. Upon
sumoylation, RanGAP1 binds to RanBP2, a component of the nuclear pore and a SUMO
E3 as mentioned above, and consequently localize to the nuclear envelop.

SUMO has an important role in the regulation of gene expression, by modifying
transcription factors which constitute the largest functional category of SUMO targets
(Girdwood et al, 2004). An example of SUMO-mediated activation of transcription is the
sumoylation of heat shock transcription factors (HSF) 1 and 2, whose DNA binding and
transcriptional activities are increased after sumoylation (Goodson et al., 2001; Hong et
al., 2001). In the majority of cases SUMO inhibits transcription (Gill, 2005). Sumoylated

14



lysines can be localized in repression domains in transcription factors. For example
glucocorticoid, progesterone, androgen and mineralcorticoid receptors have a
‘transcriptional synergy control domain’, whose sumoylation reduces the transcriptional
synergy of multiple transcription factors bound to the same promoter (Hay, 2005).
Another mechanism by which sumoylation reduces transcription is the SUMO-dependent
recruitment of proteins to particular nuclear multiprotein structures, such as PML
(promyelocytic leukaemia) bodies, which make them unavailable for activation of
transcription. PML is a tumor suppressor known for its association with acute
promyelocytic leukemia when fused with the retinoic acid receptor (Salomoni &
Pandolfi, 2002). Sumoylated PML is responsible for the formation of PML bodies by
acting as a scaffold, which recruits other SUMO-modified proteins (Ishov et al, 1999;
Lallemand-Breitenbach et al, 2001; Zhong et al, 2000). The transcriptional repression in
PML bodies is achieved through the recruitment of proteins repressing transcription, such
as the transcription factor Sp3 (Ross et al, 2002). In other cases, transcriptional repression
results from SUMO-dependent recruitment of histone deacetylases with consequent
chromatin inactivation at certain promoters (Gill, 2005).

1.5 Interplay between different PTMs

Protein functions are not regulated separately by different PTMs, but rather by an
intricate crosstalk, in which PTMs may have an agonistic or antagonistic effect on each
other (Hunter, 2007).

A connection between the ubiquitin-proteasome pathway and sumoylation was recently
uncovered by studying the substrate-specificity of RNF4, a ubiquitin E3 ligase. RNF4
only conjugates ubiquitin onto PML when PML is conjugated to a SUMO polymer on
lysine 160 (Lallemand-Breitenbach et al, 2008; Tatham et al, 2008). This interaction is
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mediated by the four SIMs present on RNF4. PML is also an example for crosstalk
between phosphorylation and sumoylation: it has been reported that arsenic-induced
phosphorylation of PML facilitates its SUMO conjugation (Hayakawa & Privalsky,
2004).

Another mechanism in which phosphorylation regulates SUMO conjugation is by
extending the conventional sumoylation consensus site. The phosphorylation-dependent
sumoylation motif (PDSM), which is present in heat shock factor-1 among others,
consists of the classical consensus motif followed by a phosphorylated serine and proline:
YKXEXXpSP (Hietakangas et al, 2006). By adding a negative charge in proximity to
the acceptor lysine, phosphorylation facilitates SUMO conjugation. In contrast, for some
other proteins, such as NF-xB, phosphorylation has a negative effect on sumoylation
(Karin & Ben-Neriah, 2000).

PTM crosstalk can also be achieved by competition of different PTMs for the same target
residue: a lysine can be alternatively modified by methylation, acetylation, ubiquitination
or sumoylation (Anckar & Sistonen, 2007; Ulrich, 2005). As an example the same lysine
in PCNA (proliferating cell nuclear antigen) can be targeted by monoubiquitination,
lysine 63-polyubiquitination or sumoylation. PCNA is responsible for loading DNA
polymerases on the DNA assuring its processivity. It regulates essential replication-
related functions, which include the response to DNA repair (Moldovan et al, 2007).
PCNA becomes modified after DNA damage either by a single ubiquitin molecule or by
a lysine 63 polyubiquitin chain (Hoege et al, 2002). Monoubiquitinated PCNA recruits
translesion synthesis (TLS) polymerases, such as polymerases eta and iota, responsible
for error-prone bypass of the DNA damage lesion. By incorporating correct or incorrect
nucleotides at the lesion site, TLS polymerases assure the progression of the replication
fork during DNA synthesis (Bienko et al, 2005). Polyubiquitination of PCNA is
responsible for the error-free bypass, although the mechanism is still unknown.
Sumoylated PCNA is not involved in DNA damage response and it associates with the
Srs2 helicase to supress recombination during normal replication (Pfander et al, 2005).

Another example of a protein whose ubiquitination is opposed by sumoylation on the
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same lysine is given by IxB. NF-kB is inactivated by IkB, which, by masking the nuclear
localization signal of NF-kB, keeps it in the cytoplasm and thereby inactive form. NF-xB
is activated by ubiquitination and proteasome-mediated degradation of IkB. SUMO
competes with ubiquitin for the same lysine on IkB, thereby inhibiting IkB degradation.
(Desterro et al, 1998; Perkins, 2007).

In some cases, a combination of mechanisms is used to finely modulate the function of a
protein by a dynamic interplay between different PTMs. For example, sumoylation of
lysine 403 in the transcription factor MEF2A (myocyte-specific enhancer factor-2A)
reduces its transcriptional activity, whereas acetylation of the same site results in a
transcriptionally active form. In addition to the mutual action of these two PTMs,
phosphorylation at serine 408 enhances SUMO modification of MEF2A, and therefore
promotes its repressed state. In contrast, its dephosphorylation leads to a switch of lysine
403 from sumoylation to acetylation (Shalizi et al, 2006).

The interplay between ubiquitin and NEDDS8 is exemplified by the Mdm2 E3 ligase,
which is a central component of ubiquitin and NEDDS8 conjugation. Mdm2 not only
promotes the ubiquitination and degradation of p53 via the proteasome, but also inhibits
its transcriptional activity by mediating NEDD8 modification (Xirodimas et al, 2004).

A new concept of crosstalk between different PTMs, which is specific for protein
modifiers, is recently emerging: the protein nature of Ub and Ubls makes them potential
targets of different PTMs. So far, SUMO-1 has been shown to be directly targeted by two
PTMs, namely removal of the initial methionine and N-terminal acetylation, which
however are not considered to be regulatory PTMs (Lallemand-Breitenbach et al, 2008).
The question if an Ubl can be modified by a PTM not belonging to the Ubl family,

however, has remained open until now.
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2 Introduction: mass spectrometry-
based proteomics

2.1 Mass spectrometry

Mass spectrometry is a technique used to measure mass-to-charge (m/z) ratios of
electrically charged molecules. Generally, a mass spectrometer (MS) consists of an ion
source for sample introduction, transfer to the gas phase and ionization, a mass analyzer
to separate ions according to their mass to charge (m/z) ratios and a detector, which

records a signal from the separated ions and produces a mass spectrum.

L |

Figure 2.1: Mass spectrometer

The sample is injected through a column inlet into the mass spectrometer. At the
end of the inlet the molecules of the sample are ionized by the ion source. The
mass analyzer separates the ions by their m/z values by applying electric and/or
magnetic fields. The ions abundance is quantified by a detector.
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Historically, mass spectrometry was limited to the analysis of small molecules and
therefore a tool for chemists but not biochemists. Macromolecules, such as peptides, are
fragile and fragment when conventional ionization methods are used. In this perspective,
the most important contribution to the establishment of mass spectrometry as a tool for
biology was probably the development of soft ionization techniques, namely matrix
assisted laser desorption/ionization (MALDI) (Karas & Hillenkamp, 1988) and
electrospray ionization (ESI) (Fenn et al, 1989). In the MALDI approach, peptides or
proteins are homogeneously mixed with an organic matrix and the ionization is achieved
by a laser pulse. The laser energy is absorbed by the matrix, which ionizes and transfers
charge to the biomolecules while protecting them from being destroyed by absorbing the
laser irradiation. MALDI produces mainly singly-charged ions.

In ESI, a liquid containing the biomolecules to be studied is pumped through a capillary
column, which ends in an orifice of very small diameter. A high electric potential is
applied to the liquid, which is thereby electrostatically dispersed into small, highly
charged droplets containing the peptides. As the volatile solvent evaporates, the droplet
size decreases and the charge concentration increases. When the coulombic repulsion is
larger than the droplet’s surface tension, the droplets explodes, producing smaller and
less highly charged droplets. Eventually, ions are fully desolvated by repeated
evaporation and disintegration cycles of droplets and/or desorption of ions out of the
droplets due to the high electrical field on the droplet surface. In contrast to MALDI, this
ionization technique typically produces ions in multiple charged states (Steen & Mann,
2004).
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Figure 2.2: Electrospray

Desalted and concentrated peptides are injected into a capillary chromatographic
column. At the end of the column the peptides are ionized by electrospray and
directly transferred into the mass spectrometer. Reproduced from Hanno Steen
and Matthias Mann, Nature Reviews Molecular Cell Biology, 2004.

2.2 Mass spectrometry-based proteomics

Proteomics is defined as the large-scale study of proteins with the ultimate goal to
identify and analyze all the proteins expressed by a cell or tissue (Aebersold & Mann,
2003). Before the proteomics era the application of mass spectrometry was limited to the
characterization of individual peptides or proteins. Due to a number of recent
technological and methodological advances, MS-based proteomics has established itself
as the leading high-throughput proteomics technology and become sufficiently mature to
allow large-scale studies of proteomes and sub-proteomes (Cox & Mann, 2007). The
sequencing of the human genome and of other genomes has also contributed to the
success of MS-based proteomics by providing protein databases, against which the
experimental spectra can be matched. One of the most powerful and popular MS-based

proteomics formats is the combination of liquid chromatography and tandem mass
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spectrometry (LC-MS/MS), which now allows acquisition of thousands spectra in a few
hours. The typical experiment starts with protein extract preparation from a biological
source, such as cell culture. After one or more fractionation steps (i.e. SDS-PAGE)
proteins are digested with a sequence-specific proteolytic enzyme, usually trypsin. The
resulting peptide mixture is subjected to LC-MS/MS analysis. Peptides are separated by
nano-flow high-performance liquid chromatography (HPLC), in which the small inner
diameter of the column allows very low flow rates and high peptide concentrations and
consequently a good MS signal even with few ug of total peptide. At the end of the
column the solution containing the peptides flows through a needle and the peptides are
sprayed and ionized into the mass analyzer. ESI has the great advantage over MALDI of
allowing a direct on-line coupling of the MS to the HPLC (Fig. 2.2). As peptides elute
from the chromatographic column, they are subjected to automated MS and MS/MS
analysis: an MS spectrum is followed by a specified number of MS/MS spectra, in which
fragment ions of the most abundant peptides determined in the MS scan are acquired.
Then the cycle repeats with another measurement in the MS mode. The MS spectrum
assigns each peptide ion an m/z value and intensity. Since this information is not
sufficient by itself for a confident identification, each peptide is isolated and broken apart
in the mass spectrometer to produce product ions, whose m/z values are then recorded in
the MS/MS spectrum (Fig. 2.3). The peptide is identified by searching its fragmentation
spectrum against an appropriate protein sequence database.
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Figure 2.3: typical LC-MS/MS workflow: from proteins to MS/MS spectra
Proteins are digested and the generated peptides are separated by nano-flow
HPLC. Eluting peptides are ionized by electrospray and analyzed by mass
spectrometry. After the acquisition of precursor ions, the most intense ions are
fragmented and recorded in the MS/MS mode.
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The analyzer used for the studies presented in this thesis is the hybrid linear ion trap
(LTQ)-Orbitrap mass spectrometer (Scigelova & Makarov, 2006). In the most commonly
used mode, the precursor ions are measured in the orbitrap and fragmented in the LTQ by
collision induced fragmentation (CID) whereas the resulting fragment ions are acquired
in the LTQ analyzer (Olsen et al, 2005). This configuration takes full advantage of both
mass spectrometric systems, by combining the high sensitivity and scanning speed of the
LTQ with the very high resolution of the orbitrap, which together with its internal
calibration option produces unprecedented mass accuracy. In addition specific
application, such as unambiguous identification of particularly interesting peptides,
greatly benefit from the high resolution and high accuracy measurement of MS/MS
spectra in the orbitrap, albeit at the cost of a slower scanning rate, and from different
complementary fragmentation techniques, such as HCD (Olsen et al, 2007) and ETD
(Coon et al, 2005). Peptides ionized by ESI are entrained by the gas flow due to the
vacuum in the instrument. They enter the MS through a transfer capillary and are guided
by electric fields until they reach the ion trapping region of the LTQ, where they are
stored. From here the ions can be axially transferred and trapped in the C-trap (Fig.
2.4A), In the C-trap the ion population is compacted into a small cloud and injected onto
the orbitrap, where it is electrostatically trapped and starts to orbit around the central
electrode (Fig. 2.4B). The attraction to the central electrode is counterbalanced by
centrifugal forces, which maintain the ions in orbit. The circular movement around the
inner electrode is combined with harmonic oscillations along the central spindle at a
frequency only dependent on the m/z value (Makarov, 2000). The motion along the axis
of rotation is independent of rotational motion and can be used for calculation of m/z

ratios:

where o is the axial oscillation frequency and k the instrumental constant.
The oscillating ions induce an image current between the two outer orbitrap electrodes,

which is then converted into an m/z spectrum using a mathematical operation called
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Fourier Transformation. The harmonic nature of the oscillations is responsible for the
high performance of the Orbitrap mass spectrometer with respect to the resolution and
mass accuracy. The Orbitrap has a high dynamic range partly because the ions are

shielded from each other by the central electrode, minimizing space charge.
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Figure 2.4: LTQ-Orbitrap mass spectrometer

(A) The LTQ-Orbitrap consists of the linear ion trap coupled to a C-trap for
intermediate storage of ions. From the C-trap the ions enter the orbitrap. (B) The
orbitrap cell consists of a coaxial central spindle-shaped electrode and an outer
barrel-like electrode. The ions orbit around the inner electrode and oscillate along
its long axis. Reproduced from Michaela Scigelova and Alexander Makarov,
Proteomics, 2006.
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2.3 Quantitative proteomics

Mass spectrometry is not inherently quantitative, due to different digestion and mass
spectrometric behaviors of different peptide ions, including solubility, accessibility to the
protease, ionization efficiency and detector response. The most accurate way to obtain
quantitative information with MS involves the use of stable, non-radioactive isotopes
(Ong & Mann, 2005). Peptides that differ only in mass as a result of different isotopic
composition will behave identically in a proteomics experiment apart from being
distinguishably detectable by MS because of their different mass. Quantitation can be
either absolute or relative. The popular AQUA (Absolute Quantitation) approach (Gerber
et al, 2003) consists in adding to a sample a known amount of synthetically produced,
isotopically labeled peptide that mimics a proteolytic peptide present in the peptide
mixture.

Relative quantification at the protein levels of two cell populations can also be achieved
using stable isotopes. Stable isotope labeling by amino acids in cell culture, SILAC (Ong
et al, 2002), uses the metabolic labeling of proteins with either normal or heavy isotope
variants of amino acids. Generally, the method relies on growing two populations of
cells; one in a medium containing the natural (‘light’) form of a particular amino acid,
and the other in a medium that contains the isotopically labeled (‘heavy’) analogue of the
same amino acid. When, in place of the natural form of an amino-acid, the ‘heavy’ form
is supplied to cells in culture, its incorporation into a peptide leads to a defined mass shift
compared to the ‘light’ peptide. This shift is easily detectable by modern MS analyzers.
Typically, arginine and lysine are replaced by their **C and/or °N carbon labeled forms,
leading to C-terminal labeling of tryptic peptides. Since the only difference between the
labeled amino acid and its natural isotope counterpart is the mass, the cells grown in the
heavy isotope behave exactly like the control cells cultivated in the presence of normal
amino acid (Mann, 2006).
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Figure 2.5: SILAC approach

Two cell populations are grown in media containing respectively ‘light' and
‘heavy’ isotopes of particular amino acids (i.e. arginine and lysine). One cell
population is perturbed (i.e. by stimulation with a growth factor such as EGF)
when the other is the control. By measuring the relative intensities of the SILAC
peaks by MS one obtains the ratio of peptides and consequently of the proteins
from which they are derived. Three possible scenarios are illustrated: upon
stimulation a peptide can be down regulated (left spectrum), unchanged (middle
spectrum) or up regulated (right spectrum).
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2.4 Computational MS-based proteomics

Once the precursor and fragment ion spectra have been acquired, the next crucial step in
the MS-based proteomics workflow is the identification of peptides and proteins from the
raw spectra. The most commonly used approach to automatically assign peptide
sequences to MS/MS spectra is through database searching (Colinge & Bennett, 2007).
The masses from both MS and MS/MS scans are submitted to a database search engine,
such as Mascot (Perkins et al, 1999) or SEQUEST (Eng et al, 1994). Measured spectra
are compared against theoretical spectra from candidate sequences with matching mass
obtained after in silico digestion of protein sequences using the enzymatic cleavage rules.
For each theoretical peptide the mass of its precursor and fragment ions are calculated
and a theoretical fragmentation spectrum is obtained. If the measured precursor mass is
equal to its theoretical counterpart within the maximum allowed mass deviation,
considering allowed types of PTMs and enzyme constraints, the acquired MS/MS
spectrum is matched against the theoretical fragmentation patterns. This procedure is
repeated for each peptide from the protein sequence database.

For each experimental fragmentation spectrum, the software produces a list of peptide
sequences and assigns to each peptide sequence a score according to the quality of the
match with the observed fragmentation pattern. As it is a measure of similarity between
the calculated spectrum and the observed spectrum, this probability score indicates the
likelihood that the match is correct and, therefore, that the corresponding peptide was
correctly identified. Since the peptide sequence with the best matching score has the
highest probability to be assigned correctly to the MS/MS spectrum, usually only this
match is used for successive statistical analyses. Due to non-ideal and random matching
between theoretical and experimental spectra, database searching programs inevitably
produce both correct and incorrect identifications. The score given by the search software
is not a good indication of the confidence of identification (i.e. to distinguish true from
false positives): it is a property of a single match between fragmentation spectrum and

peptide sequence and therefore does not consider factors affecting the whole population,
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which include the size of the searched database and performance of the instrument

(Nesvizhskii et al, 2007).
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Figure 2.6: Workflow of a typical database search tool

An experimental fragmentation spectrum is matched against theoretical spectra
derived from a protein sequence database. The database searching engine
scores the similarity between the spectra. In addition the score can be converted
to an expectation value, which is defined as the expected number of peptides
that match randomly to the observed spectrum and have scores equal or higher
than the reported score. Reproduced from Alexey | Nesvizhskii, Olga Vitek and
Ruedi Aebersold, Nature Methods, 2007.
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Global strategies, which study the distribution of the whole population of peptide scores,
have been recently introduced as a better way to estimate the ambiguity of peptide
identification by calculating the rate of false positives. Among these the target-decoy
search approach is usually considered the best way to control false positives in large-
scale proteomics studies (Elias & Gygi, 2007). The first step in this strategy is the
creation of a target-decoy database: the target database contains peptide sequences
representative of the analyzed peptide mixture. The decoy database is obtained by
reversing or randomizing the protein sequences of the original target database. By
assuming that incorrect identification of peptides are equally likely in the target and
decoy database, it is possible to obtain an estimate of the number of false positives by
doubling the number of hits found in the decoy portion of the database, which are
incorrect identifications by definition. In the second step, the list of identified peptides is
filtered according to user-specified criteria and the False Discovery Rate (FDR) is
estimated from the number of decoy hits. In contrast to the search engine score or
expectation value, FDR, instead of controlling the probability that any peptide is a false

positive, estimates the expected proportion of false positives in the whole population.
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Figure 2.7: Target-decoy search approach

Experimental spectra are searched against a concatenated target/decoy
database. The FDR of this list is estimated by counting the number of matches
from the decoy database and confident identifications are separated by a user-
specified cut-off.
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2.5 MaxQuant algorithms for high confidence identification and
quantitation

The introduction of high resolution, high performance mass spectrometers, such as the
LTQ-Orbitrap (Scigelova & Makarov, 2006), has in principle allowed high mass
accuracy of in the low or sub p.p.m. (parts per million) range to be used in peptide
identification. Such a high mass accuracy restricts the searchable space of a database and
thus decreases the false positive identification rate by rejecting many false positives and
improves the confidence of peptide and protein identification (Zubarev & Mann, 2007).
However, in practice the potential of the highly accurate masses was not fully realized in
peptide identification. The novel data processing software MaxQuant (Cox & Mann,
2008a) was specifically developed to take full advantage of high resolution MS
analyzers. It further improves estimated peptide mass accuracy with linear and non-linear
mass recalibration and integration of multiple mass measurements over a liquid
chromatographic peak. Most importantly, it introduced the concept of individualized
mass accuracy depending on the signal of each peptide. Furthermore, by specifying the
number of arginine and lysine residues in a SILAC experiment, MaxQuant uses these
additional criteria to restrict the database search space. The software has additional
features, which make it an ideal solution for the quantitative analysis of a large number of
raw data, such as a method for a three dimensional (time, m/z and abundance)
identification of MS peaks, methods for computing statistics at peptide and protein levels
and statistically robust method for quantifying proteins.

To estimate the FDR, MaxQuant divides the forward peptide sequences from the reverse
hits. A histogram of the distribution of hits is calculated separately for the two lists as a
function of Mascot score and sequence length. From the separate Bayesian probability
densities for true positives and false positives it is possible to determine the probability of
being a false hit, given the Mascot score and the length of the peptide. This quantity,
called posterior error probability (PEP), is a property of a single peptide and represents
the probability that the individual peptide is incorrectly identified. Similarly to the
approach described above, filtering by FDR is achieved by sorting all the identified
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peptides according to their PEP, starting with the lowest. Peptides are accepted along the

list until a certain FDR is reached.

2.6 Analysis of PTMs by mass spectrometry

One of the main applications of mass spectrometry is the direct mapping and quantitation
of PTMs of proteins. These modifications result in mass changes that can be detected
during MS analysis (Witze et al, 2007). Although all kinds of PTMs can potentially be
studied by MS, phosphoproteomics has been particularly successful due both to the
functional importance of phosphorylation and the availability of powerful methods for
detecting protein phosphorylation. Phosphopeptides are detected by the increase in the
peptide mass of 80 Da, which corresponds to the addition of a phospho group, and the
precise modification sites are mapped from mass shifts of the fragments in the MS/MS
spectra. Large-scale in vivo identification of phosphorylation sites is possible mainly
because of the development of methods for enrichment of phosphopeptides. The simplest
and most powerful methods to enrich phosphopeptides, including titanium dioxide
chromatography (Larsen et al, 2005; Pinkse et al, 2004), strong cation exchange
chromatography (SCX) and immobilized metal affinity chromatography (IMAC)
(Andersson & Porath, 1986), are based on the electrostatic interactions between a
positively charged matrix and the negatively charged phosphate group. Building on these
methods and employing triple encoding SILAC, more than 6,000 phosphopeptides were
identified and quantified in a time dependent manner in HeLa cells after stimulation with
EGF (Olsen et al, 2006).
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2.6.1 Identification of sumoylation sites by mass spectrometry

More recently, similar proteomic approaches have been applied to identify peptides
modified by ubiquitin and Ubls. During tryptic digestion of the ubiquitinated protein,
there is no cleavage at the modified lysine and the mass of the ubiquitinated peptide is
increased by the two glycines, which remain of the cleaved ubiquitin (Kirkpatrick et al,
2005). This predictable mass shift of the precursor ion, combined with the fact that the
diglycine remains attached to the lysine during fragmentation, allows an easy detection of
ubiquitinated peptides. However, the diglycine signature tag is not unique for ubiquitin:
the ubiquitin-like proteins NEDD8 and ISG15 share the same Gly-Gly mass shift. In
addition, iodoacetamide, the standard alkylating agent used in proteomics to block
cysteins, can form a 2-acetamideacetamide adduct to lysines with the same atomic
composition of two glycines (Nielsen et al, 2008).

Mapping of sumoylation sites poses additional challenges for detection with mass
spectrometry due to the sequence of SUMO. Trypsin-digested SUMOs release larger
signature tags, such as 19 and 32 amino acids respectively for mammalian SUMO-1 and
SUMO-2/3, which produce many fragment ions during MS/MS fragmentation (Fig. 1.4).
Therefore, although it makes the SUMO-cross-linked peptides unambiguous as compared
to ubiquitin, it also makes identification challenging because the long modifying SUMO
peptide leads to complex MS/MS fragmentation patterns, which are not interpretable by
conventional automated database searching engines. SUMmMON (Pedrioli et al, 2006), a
pattern recognition tool, in combination with low resolution mass spectrometry, has been
successful in detecting peptide modified by SUMO in vitro, although its utility has not
been tested with in vivo samples, which represents further challenges due to the much
higher complexity of the peptide mixture and very low abundance of SUMO conjugates.
As discussed above, the success of phosphoproteomics is due to the intrinsic chemical
nature of phosphopeptides, namely their strong negative charge derived from the acidic
phosphate group. A similarly powerful enrichment strategy as is routinely used for

phosphorylation is not currently available for peptides modified by ubiquitin, SUMO or
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other Ubls. Thus large-scale application of mass spectrometry-based proteomics to the
Ub/Ubl field currently relies on purification at the protein level, not the peptide level, of
Ub/Ubl covalent conjugates. This is limiting for two reasons: first, it is necessary to use
cell line expressing a non-endogenous tagged, often overexpressed, Ub/Ubl; secondly no
information can be obtained about the modification site, which is especially critical when
a protein is modified on multiple sites.

Therefore, although mass spectrometry is well suited to the analysis of sumoylation,

further methodological advances would improve its applicability to the SUMO field.
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3 Evidence for SUMO polymerization in
Vivo

PAPER: In vivo identification of human small ubiquitin-like modifier
polymerization sites by high accuracy mass spectrometry and an in vitro to in vivo

strategy.

The following article was published in the January 2008 issue of Molecular & Cellular
Proteomics, pages 132-44.

It provides the first direct evidence that SUMO polymers can be formed in vivo. Of
particular interest to the SUMO field is the evidence of the formation of mixed chains
formed by SUMO-1 and SUMO-2/3. From a methodological perspective, the article
introduces a novel mass spectrometric approach for the in vivo identification of
particularly interesting peptides by transferring information obtained more easily in vitro.
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In Vivo ldentification of Human Small
Ubiquitin-like Modifier Polymerization Sites
by High Accuracy Mass Spectrometry and
an in Vitro to in Vivo Strategy*s

Ivan Matict§, Martijn van Hagen§T], Joost Schimmelq], Boris Macekt, Stephen C. Ogg|,
Michael H. Tatham**, Ronald T. Hay**, Angus |. Lamond**}%, Matthias Mann$§§,

and Alfred C. O. Vertegaalq 11

The length and precise linkage of pelyubiquitin chains is
important for their biological activity. Although other ubiqg-
uitin-like proteins have the potential to form polymeric
chains their identification in vivo is challenging and their
functional role is unclear. Vertebrates express three small
ubiquitin-like moedifiers, SUMO-1, SUMO-2, and SUMO-3.
Mature SUMO-2 and SUMO-3 are nearly identical and
contain an internal consensus site for sumoylation that is
missing in SUMO-1. Combining state-of-the-art mass
spectrometry with an “in vitro to in vivo” strategy for
post-translational modifications, we provide direct evi-
dence that SUMO-1, SUMO-2, and SUMQ-3 form mixed
chains in cells via the internal consensus sites for sumoy-
lation in SUMO-2 and SUMO-3. In vitro, the chain length of
SUMO polymers could be influenced by changing the rel-
ative amounts of SUMO-1 and SUMO-2. The developed
methodology is generic and can be adapted for the iden-
tification of other sumoylation sites in complex samples.
Molecular & Cellular Proteomics 7:132-144, 2008.

The ubiquitin family (1, 2) includes small ubiquitin-like mod-
ifiers (SUMOs)" that are similar in structure to ubiquitin (3). In
contrast to the well known role of ubiquitin in protein degra-
dation by the proteasome, SUMO conjugation does not di-
rectly target proteins for destruction (4-6). In general, sumoy-
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lation regulates the function of target proteins by affecting
protein-protein interactions, which can result in altered sub-
cellular localization and activity. Sumoylation is essential for
the viability of eukaryotic cells (7-12).

A significant number of target proteins have been identified
for Smt3, the yeast SUMO family membet, and for mammalian
SUMOs (13). These proteomics studies have highlighted the
broad cellular impact of SUMOs on processes including tran-
scription, replication, RNA processing, translation, signaling,
and transport.

Conjugation of SUMOs to target proteins, analogous to the
ubiquitin system, involves E1, E2, and E3 enzymes (1, 2, 4-6).
The E1 enzyme is a dimer that consists of SAE1 and SAE2,
and in contrast to the large set of E2 enzymes involved in
ubiquitination, a single E2 enzyme, Ubc9, is responsible for
sumoylation. In addition, E3 enzymes, including protein inhib-
itor of activated signal transducer and activator of transcrip-
tion family members and RanBP2, can enhance the sumoy-
lation of target proteins but are not strictly required in vitro
(14-17). Sumoylation is reversible; SUMOs can be removed
from target proteins by specific SUMO proteases (4-6, 11).
These proteases are also responsible for the maturation of
SUMO precursors, a process that exposes the carboxyl-ter-
minal diglycine motif that is characteristic for ubiquitin-like
proteins and required for conjugation to target proteins.

Ubiquitin is able to form chains on target proteins via all
seven internal lysines (18, 19). Ubiquitin chains were initially
discovered by studying the role of ubiquitin in targeting pro-
tein substrates for proteolysis. These chains are Lys-48-linked
polymers that mark target proteins for proteasome-mediated
destruction (20). Structurally different ubiquitin chains can
also play other roles in cells that are unrelated to protein
degradation (18, 21). For example, Lys-63-linked chains are
involved in translation, protein kinase activation, vesicle traf-
ficking, and DNA repair. An interesting NMR study has re-
vealed that the conformation of a Lys-63-linked ubiquitin
dimer is distinct from a Lys-48-linked dimer (22). Yeast cells
that express a K63R mutant of ubiquitin are compromised in
DNA repair, but proteolysis is not affected in these cells (23).
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In contrast to the extensive amount of data on ubiquitin
chain formation (19, 24, 25), very little is known about mul-
timerization of ubiquitin-like proteins. The single SUMO family
member in Saccharomyces cerevisiae, Smt3, has been shown
to form chains, but these chains are not required for viability
(26). A yeast strain in which wild-type Smt3 was replaced by
a lysine-deficient Smt3 mutant was viable; it had no obvious
growth defects or stress sensitivities. The amount of Smt3
chains in yeast is limited due to the activity of the Smt3
protease Ulp2 (26). Interestingly Smt3 chains accumulate dur-
ing meiosis (27). Here we investigated the polymerization of
the three mammalian SUMOs by mass spectrometry. Trypsin
digestion of ubiquitinated proteins produces diglycine-modi-
fied lysines, which are easily detected in MS and MS/MS
spectra because of their predictable mass shift. In contrast, it
is technically challenging to map attachment sites for human
SUMO family members due to the fact that the long SUMO
tryptic peptides attached to modified lysines substantially
increase the mass of the peptide and also fragment during
MS/MS. The resulting fragmentation patterns are very com-
plex and not readily interpretable with currently available soft-
ware for analyzing MS/MS spectra. Recently an automated
pattern recognition tool (29) has been developed to overcome
this limitation, but further work is needed to test its utility in
vivo. Mutational strategies where trypsin cleavage sites are
introduced close to the SUMO carboxyl-terminal diglycine
(28, 30) simplify the mass spectrometric analysis but suffer
from the use of non-physiological modifiers. Here we devel-
oped an alternative mass spectrometric strategy based on
high resolution MS and the transfer of in vitro MS data to the
in vivo data generated from very small sample amounts and
high sample complexity. We used this strategy to identify
conjugation sites for human SUMO family members and to
unambiguously detect SUMO branched peptides. This ap-
proach allowed us to map the internal lysines that are used for
SUMO chain formation and to demonstrate the ability of
SUMGOs to form chains in vivo.

EXPERIMENTAL PROCEDURES

Plasmids, Proteins, and Antibodies— SUMO-1 and SUMO-2 pro-
teins were produced in Escherichia coli and purified as described
previously (31). GST-SUMO-1, GST-SAE2-SAE1, GST-Ubc9, and
control GST were produced in E. coli and purified as described pre-
viously (31, 32). The GST tag was removed from the E2 by thrombin
cleavage to increase the enzymatic activity. T7-HIF-1a-His, (aa 373-
605) was produced in E. coli and purified as described previously (33).

Peptide antibody AV-SM23-0100 against SUMO-2/3 was gener-
ated in a rabbit using the peptide MEDEDTIDVFQQQTG (Eurogentec)
(34). Monoclonal antibody 21C7 against SUMO-1 was obtained from
Zymed Laboratories Inc., and monoclonal antibody 610958 against
hypoxia-inducible factor-1a (HIF-1a) was obtained from BD Bio-
sciences. Anti-T7 antibody coupled to HRP was obtained from No-
vagen (1:5000). Secondary antibodies used were anti-rabbit HRP and
anti-mouse HRP (1:5000, Pierce) and Texas Red-conjugated anti-
rabbit and fluorescein isothiocyanate-conjugated anti-mouse (1:350,
Jackson ImmunoResearch Laboratories).

Electrophoresis, Silver Staining, and Immunoblotting— Protein

samples were size-fractionated on Novex 4-12% 2-[bis(2-hydroxy-
ethyl)amino]-2-(hydroxymethyl)propane-1,3-diol gradient gels using
4-morpholinepropanesulfonic acid buffer (Invitrogen). Total protein
was visualized by silver staining. For immunoblotting experiments,
size-fractionated proteins were subsequently transferred onto Hy-
bond-C extra membranes (Amersham Biosciences) using a subma-
rine system (Invitrogen). The membranes were incubated with specific
antibodies as indicated. Bound antibodies were detected via chemi-
luminescence with ECL Plus (Amersham Biosciences).

Cell Culture—Hela cells were grown in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% FCS and 100 units/ml penicil-
lin and streptomycin (Invitrogen). HIF-1a was stabilized by 0.9 mm
CoCl, (Sigma) treatment for 3 h. Hela cells stably expressing Hisg-
SUMO-2 were described previously (34).

Furification of GST-SUMO Conjugates, Hisg-SUMO Conjugates,
and Endogenous SUMO-2/3 Conjugates—GST-SUMO-1 conjugates
were obtained by incubating 20 pg of GST-SUMO-1 or control GST
with 100 pl of HeLa nuclear extract (CILBiotech) in a buffer containing
1.5 mm ATP, 5 mm creatine phosphate (Sigma), 5 mm DTT, and 2 mm
MgCl, for 2.5 h at 30 °C. GST-SUMO-1 conjugates were bound to 30
pl of glutathione beads (GE Healthcare) for 1 h at 4 °C. Beads were
successively washed with conjugation buffer, PBS, PBS containing
0.1% Triton X-100, and PBS only at 4 °C. Bound proteins were eluted
successively in 8 m urea, pH 7, and NuPage LDS protein sample
buffer (Invitrogen).

Hisg-SUMO-2 conjugates were purified essentially as described
previously (34). Endogenous SUMO-2/3 conjugates were purified
from Hela cells lysed in 2% SDS, 50 mm Tris-HCI, pH 7.5, and 10 mm
iodoacetamide supplemented with protease inhibitor mixture
1873580 (Roche Diagnostics GmbH) (35). Lysates were sonicated
and diluted 20-fold in 50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 0.5 mm
B-mercaptoethanol, and 0.5% Nonidet P-40 supplemented with pro-
tease inhibitor mixture. Immunoprecipitations were performed with
antibody AV-SM23-0100 or preimmune serum covalently cross-
linked to protein G-Sepharose beads (GE Healthcare) for 3 h at room
temperature. After extensive washing, bound proteins were eluted in
NuPage LDS protein sample buffer (Invitrogen).

In Vitro Sumaylation—SUMO polymer formation described in Fig.
2A was carried out in 10-ul volumes containing 120 ng of SAE1/2, 2
mm ATP, 0.6 units‘ml~" inorganic pyrophosphatase, 10 mm creatine
phosphate, 3.5 units-ml™" creatine kinase (Sigma), 5 mm MgCl,, 50
mm Tris-HCI, pH 7.5, 800 ng of Ubc9, protease inhibitor mixture, and
the amounts of Ubc9, SUMO-1, and/or SUMO-2 indicated in the
figure. Experiments described in Fig. 2B were carried out in 5-pul
volumes and contained the ATP regeneration mixture, 60 ng of
SAE1/2, 400 ng of Ubc9, and the indicated amounts of SUMO-1
and/or SUMO-2. For mass spectrometric analysis, a similar experi-
ment without protease inhibitors was carried out using 2 pg of
SUMO-1, 2 pg of SUMO-2, 480 ng of SAE1/2, and 4 pg of Ubc9 in a
total volume of 40 ul. Assays were incubated for 3 h at 37 “C before
either endopeptidase Lys-C and trypsin digestion and mass spectro-
metric analysis or addition of SDS sample buffer for immunoblotting
analysis. Aliguots representing 6% of the reaction mixtures were
loaded on the gel. 5 pg of recombinant T7-HIF-1a-His, (aa 373-605)
was sumoylated in vitro and subsequently purified in 8 m urea on
Talon beads for mass spectrometric analysis.

Mass Spectrometry and Data Analysis—Mass spectrometric anal-
ysis was performed by nanoscale LC-MS/MS using a linear ion trap-
Fourier transform-ion cyclotron resonance mass spectrometer (LTQ-
FT-ICR, Thermo Fisher Scientific, Bremen, Germany) or an LTQ-
Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with
a nanocelectrospray ion source (Proxeon Biosystems, Odense, Den-
mark) and coupled to an Agilent 1100 nano-HPLC system (Agilent
Technologies) fitted with an in-house made 75-pm reverse phase C,
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column as described previously (36, 37). In-solution digestion was per-
formed essentially as described previously (38). The 50-kDa band from
a silver-stained gel containing GST-SUMO-1 conjugates (Fig. 4A) was
excised, cut into 1-mm? cubes, and subjected to in-gel digestion ac-
cording to Olsen et al. (37). The resulting peptides were desalted on
RP-C,; stop and go exiraction tips (39). Peptides were eluted with a
140-min linear gradient of 98% solvent A (0.5% acetic acid in H,0) to
50% solvent B (80% acstonitrile and 0.5% acetic acid in H;0).

Data were acquired in the data-dependent mode: in the case of the
LTQ-FT-ICR instrument, full scan spectra (m/z 300-1800, R =
50,000, and ion accumulation to a target value of 3,000,000) were
acquired in the ICR cell. The three most intense ions were sequentially
isolated for accurate mass measurements by selected ion monitoring
scans with 10-Da mass range, R = 50,000, and a target accumulation
value of 50,000 and fragmented in the linear ion trap by collisionally
induced dissociation followed by MS? analysis of the most intense
product ion in the MS/MS scan.

In the case of the LTQ-Orbitrap, the precursor ion spectra were
acquired in the orbitrap analyzer (m/z 300-1600, R = 60,000, and ion
accumulation to a target value of 1,000,000), and the five most
intense ions were fragmented and recorded in the ion trap. In a
separate experiment, peptides derived from the digestion of in vitro
produced SUMO polymers were fragmented in the linear ion trap, and
the fragment ions were recorded in the orbitrap (R = 15,000). The lock
mass option enabled accurate mass measurement in both MS and
orbitrap MS/MS mode as described previously (37). Target ions al-
ready selected for MS/MS were dynamically excluded for 30 s. The
detection and fragmentation of the SUMO-1/SUMO-2 parent ion,
derived from the digestion of the Hisg-SUMO-2 and GST-SUMO-1
conjugates, were obtained with the selected ion monitoring mode
with 10-Da mass range in which the dynamic exclusion option was
not active and only ions with charge state equal to or larger than 4+
or unassigned were fragmented and recorded in the LTQ.

All spectra were acquired in the profile mode. The monoisotopic
m/z values for the SUMO-1/SUMO-2, SUMO-1/SUMO-3, SUMO-2/
SUMO-2, and SUMO-2/SUMO-3 branched precursor peptides were
calculated with GPMAW software (Lighthouse Data, Hanstholm, Den-
mark) and used to search for the corresponding ions with Xcalibur
software (Thermo Fisher Scientific). Assignment was confirmed by
manually interpreting all MS/MS spectra. The corresponding “virtual”
peptides were fragmented in silico with GPMAW, and the resulting
m/z values were used to manually assign fragment ions to the peaks
in the experimental fragmentation spectra. All reported MS/MS spec-
tra were manually validated. Only branched peptides having an ex-
tensive coverage of y ions were considered. The peptides modified by
SUMO-2, containing two prolines, were required to show pronounced
cleavage amino-terminal to the proline residue. Parent ion charge and
retention time were derived from a pilot LC-MS run of simple peptide
mixtures from an in vitro sumoylation reaction and used together with
precursor m/z values and fragmentation spectra to search for the
branched peptides in a more complex mixture.

Visualization of MS Data—The LC-MS runs were visualized by
using the Viewer tool of our in-house guantitative proteomics proc-
essing pipeline (40). The resulting two-dimensional LC-MS plots show
the peptide m/z values (x axis) along the retention time axis. All the
precursor isotope peaks were incorporated into the plots, and their
signal intensities are color-coded with white representing the lowest
intensities and green representing the highest intensities. The “full
range” mode visualizes the peaks present in all MS spectra acquired
during a 140-min chromatographic gradient. The enlarged view of
specific SUMO branched peptides was obtained by selecting the
corresponding m/z and time range and was used for a visual com-
parison of their abundances between different samples.

Microscopy and Image Analysis—Hela cells were grown on glass
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Fia. 1. SUMO-2 and SUMO-3 contain internal sumoylation sites.
A, humans express three different SUMO family members, SUMO-1,
SUMO-2, and SUMO-3. Lysines 11 of SUMO-2 and SUMO-3 (green)
are situated within the underlined sumoylation motif WKX(E/D) where
i is Val, Leu, lle, Phe, or Met. SUMO-1 lacks a consensus sumoyla-
tion motif. These polymerization sites are located within the flexible
amino-terminal extensions that are absent in ubiquitin. Sites of the
carboxyl-terminal trypsin cleavage sites are indicated in orange. The
peptides that remain conjugated to the targets after trypsin cleavage
are indicated in blue. Note that the carboxyl-terminal SUMO-2 and
SUMO-3 tryptic fragments are identical. B, experimental work flow.
SUMO polymers were generated in vitro and analyzed by mass spec-
trometry. The obtained information was subsequently used to study
SUMO multimerization in purified fractions from cells.

coverslips and fixed for 10 min in 3.7% paraformaldehyde in 37 °C
PHEM buffer (60 mm PIPES, 25 mm HEPES, 10 mm EGTA, and 2 mm
MgClz, pH 6.9) (41). Subseguent manipulations were carried out at
room temperature. Permeabilization was carried out for 20 min in PBS
containing 0.5% Triton X-100. Cells were incubated with primary
antibodies AV-SM23-0100 against SUMO-2/3 (1:2000) and 21C7
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Fia. 2. SUMO-1 limits the chain length of unanchored SUMO-2 polymers. A, in vitro SUMO-1 and SUMO-2 heteroconjugate formation.
In vitro SUMQ conjugation reactions were set up containing recombinant SUMO-1 labeled with 2% in the absence (lanes 71-5) and presence
(lanes 6-10) of unlabeled SUMO-2 and the indicated amounts of Ubc9. Reactions were incubated for 3 h at 37 °C before addition of SDS
sample buffer to halt reaction progress. Samples were fractionated by SDS-PAGE. Dried gels were subjected to phosphorimaging to detect
radiolabeled species. The positions of the SUMO conjugates are indicated. B, in vifro SUMO conjugation reactions were set up containing
unlabeled SUMO-1 and/or unlabeled SUMO-2. Samples contained 3 ug of SUMO-2 (fanes 1 and 4), 3 png of SUMO-2 plus 3 pg of SUMO-1
(lanes 2 and 5), or 6 pg of SUMO-2 (fanes 3 and 6). Reactions were incubated for 3 h at 37 °C hefore addition of LDS sample buffer to halt
reaction progress. Samples were size-fractionated by SDS-PAGE, transferred to membranes, and probed using antibody 21C7 to detect
SUMO-1 (fanes 1-3) or AV-SM23-0100 to detect SUMO-2 (lanes 4-6). C—F, mixed chains of SUMO-1 and SUMO-2 were generated in vitro,
digested in solution with endopeptidase Lys-C and trypsin, and analyzed by mass spectrometry. C, the LC-MS/MS analysis using LTQ-FT-ICR
is represented two-dimensionally. A very similar visualization was obtained when the LTQ-Orbitrap was used (data not shown). Peptide
intensities were color-coded with white representing the lowest intensities and green representing the highest intensities. The region that
contains the SUMO-1/SUMO-2 branched peptide is indicated by an arrow. Isotopic distributions of the SUMO-1/SUMO-2 branched peptide
(ellipse) analyzed on the LTQ-FT-ICR (D) and the LTQ-Orbitrap (E) were visualized by enlarging the corresponding region. F, MS scans with
highest intensities (D and E) were directly superimposed. LTQ-FT-ICR peaks are wider and of lower intensity, indicating a better resolution and
mass accuracy for the LTQ-Orbitrap at this m/z value.

against SUMO-1 (1:50), washed, and incubated with secondary anti-
bodies. DNA was stained with 0.3 pa/ml 4',6-diamidino-2-phenylin-
dole (Sigma). After washing, cells were mounted in Vectashield (Vec-
tor Laboratories).

that is absent from SUMO-1 (Fig. 1A). This allows SUMO-2
and SUMO-3 to polymerize in vitro (31). To investigate SUMO
multimerization in cells by mass spectrometry, we developed

Three-dimensional images and sections were recorded on a Zeiss
Axiovert 5100 2TV DeltaVision Restoration microscope (Applied Pre-
cision) using a Zeiss Plan-Achromat 100 x 1.40-numerical aperture
objective and a CCD-1300-Y/HS camera (Roper Scientific). Images
were captured and processed by constrained iterative deconvolution
using SoftWaorx (Applied Precision). Images presented here are max-
imal intensity projections of Z stacks.

RESULTS

SUMO Chain Formation in Vitro—Human SUMO-2 and
SUMO-3 contain an internal consensus site for sumoylation

a novel strategy (Fig. 18). Our approach is based on the idea
that peptide parent ion charge state, retention time, and a
high quality MS/MS spectrum can be more easily, sensitively,
and accurately obtained by LC-MS/MS analysis of a low
complexity mixture, such as that resulting from an in vitro
sumoylation assay. This information can be used subse-
quently to formulate a modification-specific MS method for
the analysis of a complex protein mixture, such as partially
purified cell lysates. The spectra from the complex mixture,
usually of lower quality, can be matched to the high quality

Molecular & Cellular Proteomics 7.1 135

6002 'L Aenuer uo %3H10(1818 OIIYSNILYEYIN SIdIN 1e BIo auuodow Mmmm Wolj papeojumoq

37




" ASBVB

Molecular & Cellular Proteomics

&

Evidence for SUMO Polymerization in Vivo

SUMO-1(79.97)
ELGMEEEDVIEVYQEQTGG

EGVKTENDHINLK
SUMO-2(g )

Branched peptide

e “Virtual” modification

E

SUMO-1(r5.07) S

ELGMEEEDVIEVYQEQTGG—KTENDHINLK “Virtual” peptide
SUMO-2(g_50)

E
. G
SUMOTss) yooypynyes Yu¥o¥us¥e  Yn¥u Yy SUMOZ,

ELG ViTEvrQ Qﬁf;G-KTENDHINLx s
by

Y 10689

10 10685
- |
. j
o —p
o El

H
o 3
n
&

Y™
e B 10696
- Yas® 240
| 10673 10702 17,5 10709
® vidvag | ¥y
£ o Y™ A 1067 1068 1069 1070 1071
5 mz
@
» Y Ve
> 44,0 0
54 ,Iy“ o761\ \ /
. ¥as Vit 4 / "
= Vi Ho | nnoi 1o
2 10198
g Vi el ; “M
9396

10134 YiaZ? H0,
1

E
g By

N |
'A"u jul.uln Luu Um\ul‘u.l) “*lt Jm ..Mi o T T

1400

:.‘LJLLL s LL‘ s s

e

E
SUMOTlsst) yoryayiyon Yu¥u¥u¥r  YuYud G
C e S R

10684972
Yos® |
10 10684972
o
1068.8306
- X
& —_—
®
¥ i
n 2
&
s o Yas™ 0, Ya™
55 10254833
E ® Vi ¥as™ ?":0 1069.1621
e mw T T
- e
Y. mmm)" Yyg HO
2¢ 23 113051‘1 N
e Gl 9
12 Y
o 0
o e ms' y.# 40 |y "‘ mmm
> 34/ 2+
16 " Yot HO
B Yas® mnsm o
it 077583 (01128
Yar™ by,
o sl 13736045
5 7480208 | ‘ ' ‘msuz ‘ l ’ [l\ H ‘ | “ 13555056 1408755
| | |
1200 1400

136 Molecular & Cellular Proteomics 7.1

6002 ‘. Atenuer uo ¥3HLOIT8IS AIIESNILYVIN SIdI Je 610 auluodow’ mmwn woj papeojumoq

38




ASBMB

Molecular & Cellular Proteomics

4

Evidence for SUMO Polymerization in Vivo

spectra derived from analysis of in vitro samples, allowing
unambiguous characterization of peptides.

The formation of polySUMO chains was analyzed in vitro
using '**l-labeled SUMO-1, unlabeled SUMO-2, the E1 and
E2 enzymes, and an ATP regeneration mixture (Fig. 24). When
large amounts of E2 enzyme were used, SUMO-1 was able to
form homodimers in the absence of SUMO-2. In the presence
of SUMO-2, extensive mixed chain formation was observed.
To study the effect of SUMO-1 on SUMO-2 chain length, a
second set of in vitro sumoylation assays was performed with
3 pg of SUMO-2 and either with or without 3 pg of SUMO-1
(Fig. 2B, lanes 1, 2, 4, and 5). We noticed that SUMO-2
polymer formation decreased when SUMO-1 was added to
the reaction, indicating that SUMO-1 limits SUMO-2 polymer
length in vitro. This was not due to a lack of SUMO conjuga-
tion capacity in the mixture because adding extra SUMO-2
instead of SUMO-1 resulted in increased SUMO-2 polymer
formation (Fig. 2B, /ane 6). Note that the SUMO-1 antibody
cross-reacted to a small extent with the relatively large
amounts of SUMO-2 that were used in this assay.

Next we performed in vitro sumoylation assays that con-
tained equal amounts of SUMO-1 and SUMO-2. We digested
the entire reaction mixture with endopeptidase Lys-C and
trypsin and analyzed the resulting peptides by LC-MS/MS on
hybrid linear ion trap-Fourier transform mass spectrometers
(LTQ-FT-ICR and LTQ-Orbitrap). The complexity of the pep-
tide mixture is depicted in Fig. 2C. The most abundant pep-
tides were isolated in the instrument and fragmented by CID,
and the fragment ions were acquired in the LTQ when LTQ-
FT-ICR was used and in the orbitrap when the LTQ-Orbitrap
was used. In the case of the LTQ-FT-ICR mass spectrometer,
the most intense product ions in the MS/MS scans were
further fragmented and analyzed in the LTQ (MS®) to confirm
the identity of the peptide (data not shown). Both instruments
have very high resolution for MS spectra, and the MS/MS
analysis in the orbitrap also results in very high accuracy
fragmentation data albeit at the cost of using more ions. The
accurate m/z values of the SUMO-1/SUMO-2 and SUMO-2/
SUMO-2 branched precursor peptides were calculated and
used to search for the corresponding ions. To compare the
resolution of the two instruments we plotted the chromato-
graphic regions of the 4+-charged SUMO-1/SUMO-2 precur-
sor ions (Fig. 2, D and E) and directly superimposed the MS
spectra (Fig. 2F). Because under given conditions for these

large peptides the LTQ-Orbitrap performed better in terms of
resolution and mass accuracy, we decided to use this instru-
ment for subsequent experiments.

To interpret the MS/MS spectra, we needed to calculate the
m/z of the fragment ions; this is not trivial for cross-linked
peptides because they can have up to four different fragmen-
tation series (for an introduction to peptide sequencing see
Ref. 42). We noticed that only a few peaks could be assigned
if the modifying peptides of SUMO-1 and SUMO-2 were
considered as indivisible modifications. Constructing a “vir-
tual peptide” consisting of the entire modifying peptide joined
with the carboxyl terminus of the modified peptide (Fig. 3A)
allowed the assignment of the majority of peaks (except the
ones arising from the three amino-terminal amino acids of the
modified SUMO-2 peptide) and the identification of Lys-11 in
SUMO-2 as the major internal SUMO acceptor site (Fig. 3, B
and C, and supplemental Fig. S3). The isopeptide bond is
chemically identical to the peptide bond, therefore no mass
difference between the virtual and “real” peptides is ob-
served. It isimportant to note that almost all fragment ions are
composed of amino acids derived from both the modifying
and modified peptides; this explains why it is not possible to
interpret the MS spectra by separately fragmenting the two
parts of the branched peptides in silico. By using our targeted
approach we also found that Lys-5 of SUMO-2 can be mod-
ified by both SUMO-1 and SUMO-2 in vitro, but we did not
detect the corresponding peptides in vivo (supplemental Figs.
S1 and S2) (43).

Peptide identification is unambiguous in these experiments
for four reasons. (i) The enzymatic digestion of the in vitro
sumoylation reaction produces a simple mixture of peptides
(Fig. 2C) that decreases the possibility that two peptides
share the same m/z value. (i) Precursor and fragment ions
analyzed on the orbitrap have very high mass accuracy in the
low or sub-ppm range. (jii) No SUMO-1/SUMO-2 or SUMO-
2/SUMO-2 branched peptides were detected when only
SUMO-1 was used in the in vitro reaction. The SUMO-2/
SUMO-2 ion, but not the SUMO-1/SUMO-2 ion, was detected
if we used only SUMO-2 in the mixture (supplemental Fig. S4).
(iv) Unique characteristics of SUMO branched peptides, such
as high charge state and complex fragmentation pattermns, are
not shared by non-sumoylated peptides.

SUMO Chain Formation in Nuclear Extracts—To study

Fig. 3. The SUMO-1/SUMO-2 branched peptide has a unique fragmentation pattern. Mapping sumoylation sites by mass spectrometry is
challenging due to the complex MS/MS spectra that are generated. The interpretation of MS/MS spectra resulting from the fragmentation of the
modified peptide is possible if the cross-linked peptide is “reversed” (A). The virtual peptide consists of the entire modifying peptide joined with the
carboxyl terminus of the modified peptide. B and C, SUMO-1 is conjugated to lysine 11 of SUMO-2 in vitro. MS/MS fragmentation spectrum of a
tryptic peptide consisting of aa 79-97 of SUMO-1 and 8-20 of SUMQO-2 analyzed in the LTQ (B) or analyzed in the orbitrap (C). B, precursor ion
mass was measured in the FT-ICR analyzer (m/z 908.9266 (4+); mass deviation, —1.76 ppm), and the peptide was fragmented and acquired in the
LTQ mass spectrometer. C, precursor ion mass was measured in the orbitrap mass spectrometer (m/z 908.9282 (4+); mass deviation, 0.03 ppm),
and the peptide was fragmented in the LTQ and analyzed in the orbitrap. The insets are magnifications of the most abundant fragment ion at m/z
1068.5 (3+). Note the much higher resolution and the isotope spacing of the orbitrap (C) compared with the LTQ (B). The low resolution of the LTQ

does not allow an unambiguous assignment of the charge state.
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Fia. 4. GST-SUMO-1 is conjugated to endogenous SUMO-2 and SUMO-3 in a nuclear extract. A-C, GST-SUMO-1 or control GST was
added to HelLa nuclear extracts in the presence of ATP and incubated at 30 °C for 2.5 h prior to purification on glutathione beads. The purified
proteins were eluted in 8 M urea, and proteins that were still bound to the glutathione beads after urea elution were subsequently eluted in LDS
protein sample buffer (S.B.). Purified fractions were size-separated by SDS-PAGE and analyzed by silver staining (A) or by immunoblotting
using antibody 21C7 to detect SUMO-1 (B) or AV-SM23-0100 to detect SUMO-2 and SUMO-3 (C). D, the GST-SUMO-1-enriched fraction was
digested in solution with endopeptidase Lys-C and trypsin. GST-SUMO-1 was conjugated to lysine 11 of endogenous SUMO-3. Shown is the
MS/MS fragmentation spectrum of a tryptic peptide consisting of aa 79-97 of SUMO-1 and aa 8-21 of SUMO-3. Precursor ion mass was
measured in the orbitrap mass spectrometer (m/z 937.4390 (4 +); mass deviation, —0.15 ppm), and the peptide was fragmented and acquired
in the LTQ mass spectrometer.

SUMO chain formation under more physiologically relevant proteins, and SUMO proteases to allow dynamic sumoylation
conditions, an assay was developed that utilizes HeLa nuclear and desumoylation cycles. HeLa nuclear extracts contain sig-
extracts as a source of E1, E2, and E3 enzymes, SUMO target  nificant amounts of SUMO-2/3 but hardly any detectable
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Fia. 5. SUMO polymers detected in extracts from HeLa cells. A, SUMO-2 conjugates were purified from nuclei of HeLLaHis6-SUMO-2 cgljs,
separated by SDS-PAGE, transferred to membranes, and probed using antibody AV-SM23-0100 to detect SUMO-2/3 (lanes 7 and 2) or 21C7
to detect SUMO-1 (lanes 3 and 4). B-E, purified His,-SUMO-2 conjugates were digested in solution by endopeptidase Lys-C and trypsin and
analyzed in the LTQ-Orbitrap. B, the LC-MS/MS analysis is represented two-dimensionally, and the region that contains the SUMO-1/SUMO-2
branched peptide is indicated by an arrow. Isotopic distributions of the SUMO-1/SUMO-2 branched peptide (ellipse) analyzed by the full scan
method (C) or by the selected ion monitoring method (D) were visualized by enlarging the corresponding regions. E, the MS spectra of the
SUMO-1/SUMO-2 branched peptide from the analysis of the in vitro and in vivo sample were directly superimposed.

amounts of SUMO-1 (data not shown). Adding ATP to this
reaction mixture is sufficient to stimulate the conjugation of
GST-SUMO-1 to target proteins. GST-SUMO-1 conjugates
were purified from the reaction mixture and analyzed by silver
staining (Fig. 4A) and by immunoblotting using an antibody
that detects SUMO-1 (Fig. 4B). Many different high molecular
weight SUMO-1 conjugates were detected in the GST-
SUMO-1-purified fraction. Interestingly immunoblotting re-
sults indicated the presence of SUMO-2 and/or SUMO-3 in
the GST-SUMO-1-enriched fraction (Fig. 4C). The most prom-
inent band detected by this antibody suggested that SUMO-2
and/or SUMO-3 are direct targets for GST-SUMO-1. Note
also that the SUMO-2/3 antibody detected the relatively large
amount of monomeric GST-SUMO-1 due to apparent cross-
reactivity, which was rather surprising because recombinant
SUMO-1 and control GST were not detected by the antibody
(44). A potential explanation could be that the antibody also
recognizes an epitope that consists of a carboxyl-terminal
fragment of GST and an amino-terminal fragment of SUMO-1.

To investigate SUMO-SUMO conjugates present under
these conditions, the 50-kDa band recognized by both anti-
bodies was excised from the silver-stained gel (Fig. 4A, ar-
row), digested with trypsin, and analyzed by mass spectrom-
etry. The MS/MS spectrum that was obtained showed
conjugation of GST-SUMO-1 to the internal sumoylation site
of endogenous SUMO-2 (supplemental Fig. S5). In addition
purified GST-SUMO-1 conjugates were digested in solution
with endopeptidase Lys-C and trypsin and analyzed by mass
spectrometry. The mass spectrometric analysis of the in-
solution digestion showed that Lys-11 of endogenous
SUMO-3 can be modified by SUMO-1 (Fig. 4D), whereas the
SUMO-1/SUMO-2 peptide was not selected for sequencing
by the software.

SUMO Chains Purified from Cells—Next we addressed
whether SUMO chain formation occurs in vivo in cultured
mammalian cells. Due to the activity of SUMO proteases and
the lack of specific inhibitors of these proteases, SUMO con-
jugates are best preserved in denaturing buffers. To purify
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SUMO conjugates, we made use of our previously published
stable cell line that expresses low levels of Hisg-SUMO-2 (34).
Nuclei were prepared from this stable cell line, and Hisg-
SUMO-2 conjugates were purified by immobilized metal af-
finity chromatography. The purified fraction was size-sepa-
rated on a gradient gel, transferred to a membrane, and
probed with antibodies to detect SUMO-2/3 and SUMO-1.
SUMO-1 was detected in the His;-SUMO-2-enriched fraction
(Fig. 5A, lane 4). The SUMO-1 signal in /ane 4 was not due to
cross-reactivity of the antibody with SUMO-2 because mono-
meric SUMO-2 was not detected by the SUMO-1 antibody.

The purified fraction was digested in solution with endopep-
tidase Lys-C and trypsin, and SUMO-SUMO conjugates in the
purified fraction were studied by mass spectrometry (Fig. 5,
B-E, and supplemental Fig. S7). The complexity of the pep-
tide mixture is depicted in Fig. 5B. The intensity of the SUMO-
1/SUMO-2 precursor ion was very low, almost indistinguish-
able from background (Fig. 5C), and as a result was not
automatically selected for sequencing. However, the very low
mass deviation of 0.8 ppm, agreement in retention time, and
complete superimposition of the precursor isotopic distribu-
tion of this sample and of the in vitro sumoylation reaction
indicated that the ion signal was derived from the SUMO-1/
SUMO-2 peptide. To unequivocally confirm this finding we
used a peptide-specific method based on the information
obtained from the in vitro experiment (Fig. 1B and “Experi-
mental Procedures”). Only a 10-Da range around the ion of
interest was monitored in the MS mode (selected ion moni-
toring), dynamic exclusion of sequenced ions was disabled,
and the branched peptide was repetitively fragmented and
sequenced. As expected, the intensity of the precursor iso-
tope cluster was much higher compared with the full scan
detection (Fig. 5, C and D). The MS/MS spectrum confirmed
the presence of the SUMO-1/SUMO-2 branched peptide in
the purified fraction (supplemental Fig. S7). Note the striking
similarity in MS/MS patterns in Fig. 3, B and C, and supple-
mental Fig. S7. Furthermore we obtained MS/MS data that
confirmed the presence of SUMO-2/SUMQO-2 and SUMO-2/
SUMO-3 polymers (Fig. 6, A and B). Thus, we conclude that
SUMOs form polymers in cultured mammalian cells.

Using the same narrow mass range approach we were also
able to obtain a high quality fragmentation spectrum of the
SUMO-1/SUMO-2 branched peptide in the GST-SUMO-1
sample digested in solution (supplemental Fig. S6). Note that
this peptide was not sequenced when a full range acquisition
method was used.

Subsequently endogenous SUMOs were studied. First, the
subcellular localization of SUMO-1 and SUMO-2/3 was de-
termined by immunostaining (Fig. 7A). SUMOs are nuclear
proteins that are present throughout the nucleoplasm and
also accumulate in nuclear bodies (34, 45, 46). These nuclear
bodies are the most prominent sites of colocalization of
SUMO-1 and SUMO-2/3 and therefore could be sites where
mixed SUMO chains are present in cells.
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Fic. 6. SUMO polymers detected in extracts from Hela cells.
Purified Hisg-SUMO-2 conjugates were digested in solution by en-
dopeptidase Lys-C and trypsin and analyzed in the LTQ-Orbitrap. A,
SUMO-2 is conjugated to lysine 11 of another molecule of SUMO-2.
Shown is the MS/MS fragmentation spectrum of a tryptic peptide
consisting of aa 59-92 of SUMO-2 and aa 8-20 of another molecule
of SUMO-2. Precursor ion mass was measured in the orbitrap mass
spectrometer (m/z 1070.7000 (5+); mass deviation, —1.03 ppm), and
the peptide was fragmented and acquired in the LTQ mass spectrom-
eter. B, SUMO-2 is conjugated to lysine 11 of SUMO-3. Shown is the
MS/MS fragmentation spectrum of a tryptic peptide consisting of aa
59-92 of SUMO-2 and aa §-21 of SUMO-3. Precursor ion mass was
measured in the orbitrap mass spectrometer (m/z 1093.5092 (5+);
mass deviation, —0.45 ppm), and the peptide was fragmented and
acquired in the LTQ mass spectrometer.

Second, Hela cell lysates were prepared in a denaturing
buffer, and these lysates were subsequently diluted with a
milder buffer to allow the immunoprecipitation of endogenous
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Fia. 7. Endogenous SUMO polymers detected in extracts from
Hela cells. A, SUMO-2/3 and SUMO-1 colocalize in nuclear bodies.
Hela cells were fixed, permeabilized, and stained with 4’6-dia-
midino-2-phenylindole (DAP/) to detect DNA (blue). Immunofluores-
cence was performed to detect SUMO-1 (green) and SUMO-2/3 (red).
Nuclear bodies are enriched for both SUMO-1 and SUMO-2 as indi-
cated by the arrows. Scale bar, 5 pm. B, endogenous SUMO-2/3
conjugates were immunoprecipitated from total Hela lysates, and a
control immunoprecipitation (/P) was performed using preimmune
serum. Proteins were separated by SDS-PAGE, transferred to mem-
branes, and probed using antibody AV-SM23-0100 to detect SUMO-
2/3 (lanes 1 and 2) or 21C7 to detect SUMO-1 (flanes 3 and 4).

SUMO-2/3 conjugates. Endogenous SUMO-1 in this immu-
noprecipitate could be detected by immunoblotting (Fig. 7B,
lane 4) in line with our previous observations (34). To investi-
gate whether endogenous SUMOs can form chains, we di-
gested the SUMO-2/3 immunoprecipitate and analyzed the
resulting peptide mixture by mass spectrometry. The very low
peptide signals in the mass spectrometric analysis confirmed
that the efficiency of the immunoprecipitation was very low
(data not shown). The precursor ion of the endogenous
SUMO-2/SUMO-2 conjugate and/or SUMO-3/SUMO-2 con-
jugate (these precursor ions are indistinguishable; Fig. 14)
was detected and sequenced (supplemental Fig. S8) showing

that endogenous SUMOs polymerize. We were not able to
detect the SUMO-1/SUMO-2 peptide. This may be because
this peptide is below the detection limit of our instrumentation
and does not in itself prove that SUMO-1 cannot modify
endogenous SUMO-2 in vivo.

HIF-1a Is Conjugated to SUMO Chains— Our data clearly
show that SUMO chain formation occurs in cells. However,
little is known about target proteins that can be conjugated to
these SUMO chains, although it has been shown that HDAC4
is attached to a SUMO-2 dimer in cells (31). Nearly all the
target proteins for SUMOs reported to date are detected in
mono- or disumoylated forms. This could reflect either the
limited sensitivity of the detection methods used and/or the
relatively low abundance of the corresponding sumoylated
proteins in cells. To identify target proteins that could be
conjugated to SUMO chains, we performed immunoblotting
axperiments using antibodies directed against previously
published SUMO targets. In this screen for proteins that are
conjugated to a relatively large number of SUMO molecules,
we found that the transcriptional regulator HIF-1e is conju-
gated to up to seven SUMO molecules in cells (Fig. 8A).
HIF-1a contains three sumoylation consensus sites, although
only two appear to be utilized, i.e. Lys-391 and Lys-477 (47).

To investigate the molecular composition of the SUMO
chains attached to HIF-1a by mass spectrometry, an in vitro
conjugation of recombinant HIF-1¢ to a mixture of SUMO-1
and SUMO-2 was performed, and after sumoylation, HIF-1«
was purified from the reaction mixture. Sumoylation was con-
firmed by immunoblotting (Fig. 88), and the remaining amount
of protein was digested with trypsin and analyzed by mass
spectrometry for the presence of SUMO/SUMO chimeric pep-
tides. SUMO-1/8UMO-2 chimeric peptides (supplemental
Fig. S$9) and SUMO-2/SUMO-2 chimeric peptides (supple-
mental Fig. $10) were found by mass spectrometry. Thus,
HIF-1a is conjugated to SUMO polymers in vitro. In addition,
we confirmed the conjugation of SUMO-2 to Lys-391 of
HIF-1a (supplemental Figs. S11 and $12) (47).

DISCUSSION

One of the key features of ubiquitin is its ability to form
chains (18). Here we show that the ubiquitin family members
SUMO-1, SUMO-2, and SUMO-3 are also able to form multim-
ars in vitro and in vivo. SUMO molecules are linked via internal
sumoylation sites present in SUMO-2 and SUMO-3. SUMO-1
can also be incorporated in these chains; however, the absence
of an internal consensus sumoylation site in SUMO-1 appears
to limit further elongation of the chains.

MS/MS has been successfully applied to the identification
of many types of post-translational modifications because of
its unique advantage in providing direct evidence of the mod-
ified peptides. However, until now very few peptides modified
by mammalian SUMO have been identified because the lack
of an Arg or a Lys in the proximity of the carboxyl terminus
leads to the uninterpretability of fragment ions spectra in a

Molecular & Cellular Proteomics 7.1 141

600Z ‘2 Alenuer uo Y3H10M819 A3IHSNILYYIA SIdIN 18 B1o sujuodow mmm wolj papec|umod

43



ASBMB

Molecular & Cellular Proteomics

&

Evidence for SUMO Polymerization in Vivo

A

‘\\\b
v
&
N
&
MO)7
191 = o
M
UMO)3

HIF1a-(SUMO)2
HIF1a-(SUMO)1
HIF1a
)
o
=
64—
ol ib— NS.
51 B
1o i
39—
1 2
anti-HIF1a
B i - 4+ sumoylation
197 =
— HIF1a~(SUMO)5
97 = " —HIF1a-(SUMO)4
— HIF1a-(SUMO)3

— — HIF10-(SUMO)2
~ 5] =
© — HIF1a-(SUMO)1
8 . o )
-
= 39==
— HIF 1o
19m=
14w
short long

exposure exposure

Fia. 8. SUMO chain formation on HIF-1«. A, Hisg-SUMO conju-
gates were purified from nuclei of cells stably expressing Hisg-
SUMO-2 and from nuclei of control HelLa cells, separated by SDS-

straightforward way. This has limited progress in the field
toward understanding the biological roles of this class of
modification. Different approaches have been proposed such
as mutational strategies (28, 30) to obtain a short indivisible
sequence linked to the modified lysine after digestion or a
pattern recognition tool (28, 29) to interpret the complex over-
lapping MS/MS spectra. The mutational method has the ad-
vantage that standard sequencing software can be used suc-
cessfully, but the disadvantage of working with a SUMO
variant is that the conjugation efficiency and other properties
could differ from the wild type in cells. The pattern recognition
software has been successful in detecting peptides modified
by wild-type SUMO in vitro even when using relatively low
accuracy mass spectrometers. The successful identification
of the mammalian SUMO modification sites mapped in this
study using mass spectrometry has been achieved by first
analyzing proteins sumoylated in vitro. The low abundance of
SUMO conjugates in cells and the complexity of the in vivo
samples represents a further challenge. In our experience not
more than 20% of peptides present in a complex mixture are
sequenced in an LC-MS/MS experiment. The low intensity
precursor ions generally are not fragmented when a standard
sequencing method is used.

By taking advantage of the fact that SUMO-2 and SUMO-3
have a known internal consensus sumoylation site, we applied
a targeted approach for the specific and direct detection of
the SUMO modification at this site. The same can be done
with other specific proteins especially if consensus sumoyla-
tion sites are present.

It has been shown that chain formation of the single SUMO
family member in S. cerevisiae is limited due to the activity of
the SUMO protease Ulp2 (26). It is likely that SUMO proteases
also play a role in mammalian cells to limit steady state levels
of SUMO chain length (48). In addition, we have shown here
that the presence of three mammalian SUMO family members
in principle allows an alternative mechanism to regulate
SUMO chain length.

The most obvious way for forming SUMO chains would be
the sequential addition of SUMO-1, SUMO-2, or SUMO-3 to a
pre-existing SUMO-2 or SUMO-3 molecule on a target pro-
tein. It will be important to determine in the future whether
unanchored SUMO chains are formed in vivo. In this regard,
our in vitro data demonstrate that in principle the conjugation
machinery can effectively link together unanchored SUMO
molecules in the absence of other protein targets even in the
absence of E3 factors. Interestingly SUMO chain formation in

PAGE, transferred to a membrane, and probed with an antibody to
detect HIF-1a. B, 5 ng of recombinant HIF-1a was conjugated in vitro
to a mixture of 2 pg of SUMO-1 and 2 pg of SUMO-2. HIF-1a was
subsequently purified from the reaction mixture on Talon beads in 8 m
urea, and a small aliquot of the purified fraction and control HIF-1a were
size-fractionated by SDS-PAGE, transferred to a membrane, and
probed using anti-T7 antibody to detect HIF-1a. N.S., nonspecific.
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vitro was recently found to be enhanced by noncovalent
interaction between Ubc9 and SUMO (43, 49).

Adding E3 ligases to in vitro sumoylation reactions has
been reported previously to increase SUMO chain formation.
A small fragment of RanBP2 was reported to be hypermodi-
fied by SUMO-1 chains in vitro (16). The SUMO-1 lysines 6,
16, 17, 37, 39, and 46 were all shown to function as acceptor
sites for other SUMO-1 molecules in this case (29, 50). In
addition, the small RanBP2 fragment is able to multimerize
SUMO-2, a molecular event involving the internal sumoylation
consensus site and two non-consensus sites (50). The yeast
protein inhibitor of activated signal transducer and activator of
transcription family member Siz1 was reported to enhance the
multimerization of Smt3 (i.e. yeast SUMO) in an /n vitro system
in the presence and in the absence of septin target proteins
(15). Most likely, E3 ligases will also play a role in SUMO
polymerization in cells.

Ubiquitin chain formation is best known for its role in tar-
geting conjugated proteins to the proteasome for degrada-
tion, a process that involves chain formation via Lys-48 or
Lys-29 (18). Ubiquitin also forms chains via other internal
lysines such as Lys-63, and for yeast ubiquitin, it has even
been reported that chain formation can occur via all seven
internal lysines (19). The functional relevance of SUMO chain
formation remains to be determined. So far, there is little
evidence for a role of sumoylation in protein degradation,
although sumoylation has been linked to the degradation of
DNA topoisomerase I8 by a catalytic inhibitor (51), and
SUMO modification of the promyelocytic leukemia protein-
retinoic acid receptor « fusion protein is required for arsenic-
induced, proteasome-dependent degradation (52).
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4 Phosphorylation of SUMO-1

PAPER: Phosphorylation of SUMO-1 occurs in vivo and is conserved through

evolution.

The following article was published in the September 2008 issue of Journal of Proteome
Research, pages 4050-4057.

It shows for the first time that a protein modifier can be targeted by a regulatory post-
translational modification not-belonging to the ubiquitin-like protein family, raising the

concept of a ‘modified modifier’.
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Protein dynamics is regulated by an elaborate interplay between different post-translational modifica-
tions. Ubiquitin and ubiquitin-like proteins (Ubls) are small proteins that are covalently conjugated to
target proteins with important functional consequences. One such modifier is SUMO, which mainly
modifies nuclear proteins. SUMO contains a unique N-terminal arm not present in ubiquitin and other
Ubls, which functions in the formation of SUMO polymers. Here, we unambiguously show that serine
2 of the endogenous SUMO-1 N-terminal protrusion is phosphorylated in vivo using very high mass
accuracy mass spectrometry at both the MS and the MS/MS level and complementary fragmentation
techniques. Strikingly, we detected the same phosphorylation in yeast, Drosophila and human cells,
suggesting an evolutionary conserved function for this modification. The nearly identical human
SUMO-2 and SUMO-3 isoforms differ in serine 2; thus, only SUMO-3 could be phosphorylated at this
position. Our finding that SUMO can be modified may point to an additional level of complexity through
modifying a protein-modifier.

Keywords: SUMO-1e Smt3 e phosphorylation « mass spectrometry « HCD « higher energy dissociation

« evolution « conservation

Introduction

Post-translational modifications {(PTMs) are essential in
virtually every cellular process and often function by modifica-
tion-dependent protein interactions.™* Ubiquitin and ubiquitin
like proteins (Ubls) covalently modify target proteins by at-
taching their C-termini to specific substrate lysines. They are
related by a common tertiary structure, called the ubiquitin
superfold.® SUMO modification regulates the function of target
proteins by modulating protein interactions, intracellular trans-
port, half-life and activity.? There are three distinct human
SUMO isoforms (SUMO-1, -2, and -3), whereas a single SUMO,
called Smt3, is present in yeast and Drosophila. SUMO-2 and
SUMO-3 are almost identical to each other and 50% identical
to SUMO-1.5 In contrast to ubiquitin and other Ubls, SUMO
proteins contain an unstructured and flexible N-terminal
segment that protrudes from the protein core.® No functional
differences have yet been demonstrated between SUMO-2 and
SUMO-3, which differ in just three amino acids, all of them
localized on the N-terminal protrusion.
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Mann, Department of Proteomics and Signal Transduction, Max Planck
Institute for Biochemistry, Am Klopferspitz 18, D-82152 Martinsried, Ger-
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Biochemistry.

4050 Journal of Proteome Research 2008, 7, 4050-4057
Published on Web 08/16/2008

Sumoylation is mediated by an enzymatic mechanism
analogous to ubiquitylation involving three enzymes, namely,
El, E2 and E3. SUMO-specific proteases catalyze SUMO
precursor processing and deconjugation of SUMO from modi-
fied substrates.”

Members of the ubiquitin and Ubl family are not only PTMs,
but also proteins that can be targeted by PIMs, raising the
concept of “modification of a modification”. All seven internal
lysines of ubiquitin can be ubiquitylated,® of which at least
three have different functional consequences. K11 of SUMO-2
and SUMO-3 is modified in vivo by SUMO-1 and SUMO-2/3.21°
Recently, it was shown that K11, K32 and K41 of SUMO-2 can
be modified by ubiquitin."*"'* This raises the question if SUMO
can also be targeted by PTMs not belonging to the ubiquitin/
Ubl family.

Here, we use a targeted, mass spectrometric approach to
characterize the primary structure of SUMO-1. We report that
the SUMO-1 N-terminal arm is phosphorylated and investigate
the evolutionary conservation of this PTM.

Materials and Methods

Cell Culture and Protein Extraction. HeLa-53 suspension cells
were grown in RPMI medium containing 10% FBS and 100
units/mL penicillin/streptomycin (Invitrogen), harvested by
centrifugation for 5 min at 400g, washed with cold PBS and
lysed under nondenaturing conditions with lysis buffer (50 mM
HEPES, pH 7.5, 10% glycerol, 150 mM NaCl, 1% Triton X-100,
1 mM EDTA, 1 mM EFTA, 5 mM S-glycerophosphate, 1 mM

10.1021/pr800368m CCC: $40.75 @ 2008 American Chemical Sociaty
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Table 1. Detected Phosphorylation Sites from S. cerevisiae and Drosophila melanogaster Smt3 and Human SUMO-1

mass deviation

protein phosphopeptide sequence charge miz [ppm] Mascot score  Intensity  acquisition method
SUMO-1 Ac-pSDQEAKPSTEDLGDEK 2 871.3618 —0.06 36.93 3.30 x 10° Full range Top5
Ac-SDQEAKPSTEDLGDK 2 831.3787 -1.05 16.39 1.99 x 10° Full range Top5
Ac-pSDQEAKPSTEDLGDKK 2 935.4093 —0.19 35.93 1.04 x 10° Full range Top5
Ac-SDQEAKPSTEDLGDKK 2 895.4262 —-0.27 45.45 4.21 % 10° Full range Top5
Ac-pSDOQEAKPSTEDLGDKK 3 623.9420 0.05 46.94 6.37 % 10° Full range Top5
Ac-SDQEAKPSTEDLGDKK 3 597.2865 —0.07 48.02 2.40 x 10° Full range Top5
Ac-pSDQEAKPSTEDLGDKK 2 935.4093 0.05 29.78 2.19 x 10° SIM CID/HCD
(from His-SUMO-2) Ac-pSDQEAKPSTEDLGDKKEGEYIK 3 863.7250 0.43 24.76 1.46 x 10° Full range Top5
Ac-SDQEAKPSTEDLGDKKEGEYIK 3 837.0695 0.31 41.87 1.44 % 10° Full range Top5
Yeast Smt3 pSDSEVNQEAK 2 593.7348 —0.47 38.73 8.85 x 10" Full range Top5
Ac-pSDSEVNQEAKPEVKPEVK 3 712.3350 —0.5 34.52 2.13 x 10° Full range Top5
Ac-pSDSEVNQEAKPEVKPEVK 2 1067.9988 —0.52 59.79 2.14 x 10° Full range Top5
Drosophila Smt3 Ac-pSDEKKGGETEHINLK 2 903.9171 —-0.77 28.19 7.88 x 10°
Ac-pSDEKKGGETEHINLK 3 602.9472 —1.76 21.36 2.71 % 10°

NaVO,, 5 mM NaF, complete protease inhibitor mixture
{Roche}). The cell lysate was centrifuged for 1 h at 60 000g at
4 °C and the supernatant was collected.

The YALGB yeast strain®® was grown in YPD liquid medium
to log-phase (0D, 0.8), harvested by centrifugation for 5 min
at 4000g, washed with cold water and frozen in liquid nitrogen.
The cells were resuspended in lysis buffer (50 mM HEPES, pH
6.8, 150 mM KOAc, 2 mM MgOAc, 5 mM g-glycerophosphate,
1 mM NaVO,, 5 mM NaF, complete protease inhibitor mixture
{Roche)) and lysed under nondenaturing conditions using glass
beads. The yeast lysate was centrifuged at 10 000g for 10 min
at 4 °C and the supernatant was collected.

Electrophoresis, Coomassie Staining, and Protein Diges-
tion. Proteins were separated by one-dimensional SDS-PAGE
using Novex 4—12 % precast gels and MES SDS running buffer
{Invitrogen) according to the manufacturer’s instructions. The
gel was stained with Coomassie blue using Colloidal Blue
Staining Kit (Invitrogen). The protein bands in the approximate
molecular weight range 5-20 kDa (Supplementary Figure 1)
were excised from the gel and subjected to in-gel digestion with
trypsin (Promega), essentially as described in Shevchenko et
al.'* The resulting peptide mixture from Hel.a cells was cleaned,
desalted, concentrated and enriched using self-made StageT-
ips.'® Phosphopeptides from the yeast mixture were enriched
by titanium dioxide (TiO,) chromatography, as described
previously.'®

Mass Spectrometry. LC-MS/MS analysis was performed by
a linear ion trap-orbitrap hybrid mass spectrometer (LTQ-
Orbitrap, Thermo Fisher Scientific) equipped with a nano-
electrospray ion source {Proxeon Biosystems) and coupled with
an Agilent 1200 nano-HPLC system (Agilent Technologies). The
digested peptides were separated on an in-house packed 75
sm reversed-phase C18 column.'” Survey scan acquisition was
performed in the orbitrap (R = 60 000 ion accumulation to a
target value of 1 000 000). The five most intense ions were
fragmented and acquired in the LTQ using collisionally induced
dissociation (CID) (“Full range Top5” method).'® In the second
measurement, the phosphorylated and N-terminally acetylated
peptide of SUMO-1 was analyzed in the selected-ion monitor-
ing (SIM) mode with a scanning range of m/z 932.4-938.4
(R= 60 000 ion accumulation to a target value of 100 000). The
two most intense ions were isolated and fragmented in the LTQ
using CID and in the C-trap by higher energy CID (HCD). The
acquisition of the resulting MS/MS spectra was performed in
the orbitrap analyzer (R = 30 000, ion accumulation to a target
value of 75 000) (“SIM CID/HCD” method). Multistage activa-

tion was enable on all CID MS/MS spectra and the lock mass
option was enabled in all measurements to further increase
mass accuracy, as described previously.!®

Data Processing and Analysis. Raw data files were analyzed
with the quantitative proteomics software MaxQuant (version
1.0.9.9),2* which in this case was used for peak list generation,
identification and filtering, and Mascot search engine (version
2.2.0; Mascot Science]. MS/MS spectra were searched against
the human International Protein Index (IPI) database (Version
3.37),%° the Drosophila proteome database (FlyBase 5.4) or a
yeast Saccharomyces cerevisiae ORF protein database. All three
databases contained the forward and reversed sequences and
were supplemented with the most commonly observed con-
taminants. For database search, enzyme specificity was set to
trypsin allowing up to three missed cleavages. Carbamidom-
ethylation (C) was set as fixed modification, while Oxidation
(M), N-Acetyl (Protein) and phospho (STY) were searched as
variable modifications. Initial maximum mass deviation was
set to 7 ppm and the fragment ion mass tolerance to 0.5 Da.

The Viewer tool of MaxQuant was used for a 2D and 3D
visualization of LC-MS runs. The signal intensities are color-
coded, with white and black representing the lowest intensities
and green and red the highest intensities, respectively, in the
2D and 3D view.

Multiple sequence alignment was performed using the
ClustalX program.®!

Results and Discussion

Phosphorylation of Endogenous Human SUMO-1 in Vive.
Recent mass spectrometric identification of sumoylated and
ubiquitinated SUMO peptides'®"? has induced us to investigate
the possibility that SUMO may be targeted by an additional
major regulatory PTM, phosphorylation.

SUMO is usually prepared for MS analysis from stable cell
lines expressing a tagged form of the protein, such as the Hisg-
SUMO-2 Hela cell line.'® These tagged forms have the advan-
tage of good purification yield, but also the drawback that
tagged SUMO expressed at nonendogenous levels may behave
differently from its endogenous counterpart. To avoid this and
still obtain sufficient material for analysis, we decided to lyse
cells under nondenaturing conditions. Under these conditions,
cellular SUMO is rapidly deconjugated from target proteins due
to the strong activity of the desumoylation machinery.®?
Therefore, previously conjugated SUMO is enriched in the
region of the gel whose molecular weight corresponds to that

Journal of Proteome Research « Vol. 7, No. 9, 2008 4051
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Figure 1. Serine 2 of endogenous human SUMO-1 is phosphorylated in vivo. Hela total cell lysate was size-fractionated by SDS-PAGE.
(A) Enlarged 2D view of the MS data from the in gel-digested band is shown and the precursor ion isotope distribution is represented
three-dimensionally. Precursor ion was measured in the orbitrap mass spectrometer (m/z 935.4093 (2+); mass deviation, 0.05 ppm),
and the peptide was fragmented by CID in the LTQ (B) and by HCD in the C-trap (C). In both cases, the fragment ions were analyzed
in the orbitrap analyzer. Insets, magnifications of the most intense fragment ion (B) and of the low mass region (C).
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SMT3 Saccharomyces cerevisiae
SMT3 Drosophila melanogaster
SUMO-1 Danio rerio

SUMO-1 Mus musculus

SUMO-1 Homo sapiens

SUMO-3R Danio rerio

SUMO-3B Danio rerio

SUMO-3 Mus musculus

SUMO-3 Homo sapiens

SUMO-2 Danio rerio

SUMO-2 Mus musculus

SUMO-2 Homo sapiens

Figure 2. Position of the N-acetylated and phosphorylated residue
and its evolutionary conservation. {A) SUMO-1 structure (1A5R)®
was visualized using ICM Browser Pro (Molsoft, Redmond, WA;
version 2.5-1m). (B) Sequence alignment of the N-terminal arm
of SUMO family.

of free SUMO. We lysed Hel.a cells, and after separation by
SDS-PAGE, excised and in-gel digested the band in the ap-
proximate range 5—20 kDa (Supplementary Figure 1). Dephos-
phorylation and protein degradation were prevented by adding
phosphatase and protease inhibitors. The resulting peptides
were analyzed by LC-MS/MS on a hybrid linear ion trap—
orbitrap mass spectrometer (LTQ-Orbitrap). We employed the
standard method used in our laboratory, which consists of a
high resolution scan in the orbitrap concurrent with up to five
low resolution MS/MS scans in the linear ion trap (“Full range
Top5” method, see Materials and Methods).

We found that the N-terminal peptide always lacked the
initial methionine and that it was always N-acetylated in Hel.a
cells. This has also very recently been observed by others.>
Unexpectedly, however, this peptide occurred in two forms;
nonphosphorylated or phosphorylated at the N-terminal serine
(Ser2). The charge state of the nonphosphopeptide was pre-
dominantly triply charged, whereas the phosphopeptide was
predominantly doubly charged, presumably because of the
negatively charged phosphogroup (Table 1). To obtain a rough
measure of the stoichiometry of phosphorylation, we integrated
the ion current of the two peptide forms. Often, phosphopep-
tides are assumed to ionize less well than nonphosphopeptides,
although this is not necessarily true.** Even assuming equal
ionization efficiency, our data is consistent with 35—40 % of
Ser2 being phosphorylated. Thus, our data indicates that a large
proportion of SUMO is phosphorylated in vivo.

Because SUMO is the object of intense biological interest
and because no phosphorylation site has yet been described,
we next wanted to confirm the identity of the phosphopeptide
beyond doubt. The identified phophopeptides of SUMO-1
(Table 1, Supplementary Figures 2—4) had very low mass
deviations from the corresponding calculated values {(low ppm
range or below). However, their MS/MS spectra had low
resolution and low mass accuracy (for a direct comparison of
resolutions between orbitrap and LTQ see Matic et al.’?).
Unambiguous identification of this phosphopeptide was
achieved using the capability of the LTQ-Orbitrap mass spec-
trometer to obtain very high mass accuracy at both MS and
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MS/MS level.'® On the basis of the information from the
standard, “Full range Top5” method, we devised a targeted
peptide-specific method, similarly to the approach used previ-
ously for the identification of the SUMO-1/SUMO-2 branched
peptide.’” A narrow mass range of 6 Th around the m/z value
of the precursor ion of interest was monitored in the survey
scan (“SIM CID/HCD” method). The two most abundant peaks
were isolated and fragmented both in the LTQ by CID and in
the C-trap by higher energy dissociation (HCD) (Figure 1). In
the HCD method, the C-trap, which is normally used for storage
of ions prior to injection in the orbitrap, is used to produce
highly efficient quadrupole-like fragmentation.® The fragment
ions were acquired in the orbitrap producing high-resolution
and high-accuracy MS/MS spectra. Note the similarity of MS/
MS profiles in Figure 1, panels B and C. These high resolution
spectra verified the identity of the b and y ions, crucial for
localizing the modification, where b-ions were observed with
loss of phosphoric acid (H;PO,). In particularly, the b, to by
ion series in Figure 1A and the b, ion in Figure 1C, all with
loss of phosphoric acid, as well as the nonmodified vy, and
Vi ions localize the phosphorylation to the very N-terminus
of the peptide. The fragmentation pathway obtained by HCD
fragmentation in the C-trap also leads to a pronounced internal
fragmentation (Figure 1C), giving rise to the fragment ions in
the low mass part of the spectrum that were absent in CID
fragmentation (Figure 1B). These internal fragments were not
phosphorylated. Low resolution fragmentation spectra of the
peptide with and without missed cleavage further confirmed
the assignments (Table 1 and Supplemental Figures 2-4). In
addition, we also found Ser2 phosphorylation of SUMO-1 in
our previous global study of phosphorylation dynamics during
EGF signaling in HeLa cells.*® Thus, by multiple lines of mass
spectrometric evidence, we unambiguously confirmed that the
endogenous human SUMO-1 is phosphorylated in Hela cells.

Phosphorylation of Endogenous Human SUMO-1 in His,-
SUMO-2 Conjugates. We next asked if SUMO-1 could be
phosphorylated when conjugated to target proteins. For this
purpose, we interrogated the raw spectra from the Hisg-
SUMO-2 fraction, in which we had previously detected mixed
SUMO-branched peptides.'” That fraction did not contain any
free SUMO-1 as determined by Western blotting. \We reanalyzed
the data with phosphorylation as a variable modification and
detected the phosphorylation on SUMO-1 (Supplementary
Figure 8). This shows that SUMO-1 conjugated to target
proteins (likely SUMO-2 in this case) can be phosphorylated.

Identically to the in-gel digested fraction, Ser2 was always
N-terminally acetylated. The nonphosphorylated and phos-
phorylated forms of the peptide have approximately equal
integrated ion current (Table 1), which confirms that a large
fraction of endogenous SUMO-1 is phosphorylated.

Evolutionary Conservation of SUMO Phosphorylation. The
identified peptides indicate that the N-terminal tail of SUMO-1
undergoes three co- or post-translational modifications: re-
moval of the starting methionine residue, N-terminal acetyla-
tion and phosphorylation of the first amino acid (Ser2) of the
mature SUMO-1. Since Ser2 is in a highly flexible and accessible
part of SUMO-1, this phosphoserine is a good candidate for
the regulation of protein binding (Figure 2A).

To investigate evolutionary conservation of the Ser2, we
aligned the amino acid sequences of SUMOs of five different
eukaryotic species (Figure 2B). The alignment shows that
Ser2 of human SUMO-1 is conserved in the single SUMO
forms present in S. cerevisiae and D. melanogaster (both
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Figure 3. Serine 2 of endogenous yeast Smt2 is phosphorylated in vivo. Yeast total cell lysate was separated by SDS-PAGE, the band
was digested in gel, and the phosphopeptides were enriched by TiO, chromatography. The precursor ion, shown in a 2D and 3D
representation (A), was analyzed in the orbitrap mass spectrometer (m/z 712.3350 (34+); mass deviation, —0.58 ppm), and subsequently
fragmented by CID in the LTQ. The resulting fragmentation spectra were acquired in the LTQ analyzer (B).

called Smt3). In vertebrates, which have three SUMO para-
logs, position 2 is serine in SUMO-1 and SUMO-3, whereas
it is alanine in SUMO-2.

It is interesting to note that the amino acid at position 2 is
one of only three amino acids that are different between human
SUMO-2 and SUMO-3, SUMO-2/3 are so far functionally
indistinguishable, but their sequences are quite different from
SUMO-1. Thus, SUMO-1 and SUMO-3, but not SUMO-2, can
in principle be phosphorylated at their N-terminus.

Despite different strategies, including purification of nuclei,
in-solution and in-gel digestion followed by TiO, enrichment
and the targeted mass spectrometric approach, in this study,
we were not able to detect the SUMO-3 phosphoserine-
containing peptide. Digestion with trypsin could produce a
peptide which is too small to be detected by MS (Figure 3B).
However, the phosphopeptide was not identified even after
digestion with endoprotease Asp-N, which should produce a
longer and more easily detectable peptide. Our failure may be
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due to the low stoichiometry of the modification and technical
limitations of our approach and does not prove that SUMO-3
cannot be phosphorylated.

Phosphorylation of Endogenous S. cerevisiae and D. mela-
nogaster Smt3 in Vivo. As mentioned above, Ser2 is evolutionary
conserved in eukaryotic species. To test whether N-terminal
acetylation and phosphorylation of Ser2 are also conserved, we
enriched yeast Smt3 as described for mammalian cells above
and digested the proteins in gel with trypsin. Phosphopeptides
were enriched by TiO, chromatography and analyzed with the
LTQ-Orbitrap using the standard acquisition method. The
identified peptide of interest lacks the first methione and Ser2
is N-acetylated and phosphorylated (Figure 3, Table 1 and
Supplementary Figures 5 and 6), just as in human SUMO-1.
The presence of the b, ion with loss of phosphoric acid and of
the unmodified double charged v, ion (Figure 3B) excludes
the possibility that the phosphorylation is localized on the
nonconserved Serd. As in the human case, the N-terminal
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Figure 4. Serine 2 of endogenous Drosophila Smi3 is phosphorylated in vivo. Proteins were separated by SDS-PAGE and digested in
gel. Phosphopeptides were enriched using TiO; beads. The precursor ion was analyzed in the orbitrap mass spectrometer (m/z903.9171
(24); mass deviation, —0.77 ppm), and subsequently fragmented and acquired in the LTQ.

peptide of yeast Smt3 was always lacking the initial methionine,
hut contrary to what we observed in Hela cells, we also
detected a peptide in which Ser2 is phosphorylated, but not
N-acetylated (Table 1, Supplementary Figure 5).

We next interrogated data from an ongoing Dresophila
phosphoproteome project (Hilger et al., manuscript in prepara-
tion). Proteins extracted from Schneider SL.2 cells were in-gel
digested and phosphopeptides were enriched by TiO, chro-
matography. As shown in Figure 4, Table 1 and Supplementary
Figure 7, the N-terminal peptide is acetylated and phospho-
rylated in this species as well.

Conclusions

The ubiquitin and ubiquitin like proteins are unique in that
they are both post-translational modifiers but can also them-
selves be modified. Thus, they have a “modifying” mode, but
also a “modified” mode. This latter property has only been
explored in depth for ubiquitin and SUMO chain formation.**'®
Here, we have shown that a member of the Ubl family, SUMO-
1, is the target of phosphorylation. We used state-of-the-art
high-resolution mass spectrometry at the MS§ and MS/MS levels
to establish the presence of this modification beyond doubt.
Two factors argue that this modification may be of functional
significance rather than ‘background phosphorylation’. First,
the stoichiometry of the modification is high—the signal of the
phosphopeptide was almost as large as that of the unphos-
phorylated peptide in Hela cells. It appears unlikely that a
nonfunctional site, especially a highly conserved site potentially
important for protein—protein interaction, would be phospho-
rylated at such high levels. Secondly, we found this modifica-
tion over an evolutionary distance of at least one billion vears

and in organisms as different as a unicellular eukaryote, an
insect and human.

Interestingly, a SUMO polymerization site resides within the
amino-terminal arm.'® Here, we have established that two
PTMs not belonging to the ubl/ubiquitin family, namely,
phosphorylation and N-terminal acetylation, contribute to the
SUMO “modified” mode. The unique feature of the SUMO
proteins compared to other Ubls is the long and very flexible
N-terminal protrusion. It has been suggested that this unstruc-
tured tail of the protein might provide an additional surface
for protein—protein interaction.® In this perspective, phospho-
rylation of this extreme N-terminal serine could modulate the
ability of proteins to interact with SUMO.

Interestingly, similar amino-terminal tail domains are present
in histones and are essential for chromatin dynamics. Modi-
fications of histone tails regulate gene expression by mediating
the recruitment of proteins to chromatin.?® The N-terminal
arms of both SUMOs and histones protrude from the protein
core, contain many charged amino acids and different PTMs
sites. Analogously to SUMO, the first serine of histones H2A
and H4 are N-acetylated and phosphorylated.*” Thus, one can
speculate that the N-terminal extensions of SUMO may recruit
interaction partners to sumoylated proteins or SUMO itself in
a similar way that histones amino terminal tails recruit proteins
to chromatin.

SUMO-2 and SUMO-3 have yet to be functionally differenti-
ated. All three residues different between these two paralogs
are localized on the N-terminal protrusion and serine is
conserved from SUMO-1 to SUMO-3, but not SUMO-2. The
slight ditference in the amino acid sequences between SUMO-2
and SUMO-3 tails and the hypothetical SUMO-3 specific
phosphorylation could lead to a different recruitment of
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interacting proteins. If regulated Ser2 phosphorylation on
SUMO-3 can be detected, this would be the first functional
difference between SUMO-2 and SUMO-3. Thus, the functional
meaning of the phosphorylation on SUMO Ser2 and the
investigation of interaction partners merits further studies.

Abbreviations: PTM, post-translational modification; Ubls,
ubiquitin-like proteins; SUMO, small ubiquitin-like modifier;
El, SUMO-activating enzyme, E2, SUMO-protein carrier pro-
tein; E3, SUMO ligase; LC-MS, liquid chromatography-mass
spectrometry; M5/MS, tandem mass spectrometry; SIM, se-
lected ion monitoring; CID, collision-induced dissociation;
HCD, higher-energy C-trap dissociation; LT(Q), linear quadru-
pole ion trap; ppm, parts per million.
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Supporting Information Available: Supplementary
Figure 1, gel region around free SUMO-1 or Smt3 (ap-
proximately 5—20 kDa) was digested in gel and analyzed by
LC-MS/MS; Supplementary Figure 2, MS/MS fragmentation
spectrum of the human SUMO-1 peptide Acetyl-pSDQEAKP-
STEDLGDK. Precursor ion mass was measured in the orbi-
trap analyzer (m/z 871.3618 (24); mass deviation, —0.06
ppm) and the peptide was fragmented by CID and acquired
in the LTQ mass spectrometer; Supplementary Figure 3, MS/
MS fragmentation spectrum of the human SUMO-1 peptide
Acetyl-pSDQEAKPSTEDLGDKK. Precursor ion mass was
measured in the orbitrap analyzer (m/z 935.4093 (2+4); mass
deviation, —0.19 ppm) and the peptide was fragmented by
CID and acquired in the LT(Q) mass spectrometer; Supple-
mentary Figure 4, MS/MS fragmentation spectrum of the
human SUMO-1 peptide Acetyl-pSDQEAKPSTEDLGDKK.
Precursor ion mass was measured in the orbitrap analyzer
{mfz 623.9420 (3+); mass deviation, 0.05 ppm) and the
peptide was fragmented by CID and acquired in the LTQ
mass spectrometer; Supplementary Figure 5, MS/MS frag-
mentation spectrum of the yeast Smt3 peptide pSDSEVN-
QEAK. Precursor ion mass was measured in the orbitrap
analyzer (m/z 593.7348 (2+); mass deviation, —0.47 ppm)
and the peptide was fragmented by CID and acquired in the
LT(Q mass spectrometer; Supplementary Figure 6, M5/MS
fragmentation spectrum of the yeast Smt3 peptide Acetyl-
pSDSEVNQEAKPEVKPEVK. Precursor ion mass was mea-
sured in the orbitrap analyzer (m/z 1067.9988 {2+); mass
deviation, —0.52 ppm) and the peptide was fragmented by
CID and acquired in the LT() mass spectrometer; Supple-
mentary Figure 7, MS/MS fragmentation spectrum of the
Drosophila Smt3 peptide Acetyl- pSDEKKGGETEHINLK.
Precursor ion mass was measured in the orbitrap analyzer
(m/z 602.9472 (3+); mass deviation, —1.76 ppm) and the MS/
MS spectra were acquired in the LT(Q mass spectrometer;
Supplementary Figure 8, Hisg-SUMO-2 MS/MS data from
Matic et al.'® were analyzed with MaxQuant. MS/MS frag-
mentation spectrum of the human SUMO-1 peptide Acetyl-
pSDQEAKPSTEDLGDKKEGEYIK. Precursor ion mass was
measured in the orbitrap analyzer (m/z863.7250 {2+4); mass
deviation, 0.44 ppm) and the peptide was fragmented by CID
and acquired in the LT() mass spectrometer. Note that the
multistage activation was not enabled and that the main
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fragmentation ion is the neutral loss of the precursor ion.
The enlarged left and right regions of the MS/MS spectrum
show the presence of other fragment ions. This material is
available free of charge via the Internet at http://pubs.
acs.org.
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5 Cross-talk between SUMO-2/3 and
the ubiquitin-proteasome system

PAPER: The ubiquitin-proteasome system is a key component of the SUMO-2/3

cycle.

The following article was published in the November issue of Molecular & Cellular

Proteomics, pages 2107-2122.
This study identifies proteins that are targeted by SUMO-2 and consequently

ubiquitinated for proteasomal degradation.
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The Ubiquitin-Proteasome System Is a Key
Component of the SUMO-2/3 Cycle*s

Joost Schimmelt§, Katja M. Larsen§", lvan Matic§|, Martijn van Hagent, Jiirgen Cox|
Matthias Mann||, Jens S. AndersenT**, and Alfred C. O. Vertegaalt t%

Many proteins are regulated by a variety of post-transla-
tional modifications, and orchestration of these modifica-
tions is frequently required for full control of activity. Cur-
rently little is known about the combinatorial activity of
different post-translational modifications. Here we show
that extensive cross-talk exists between sumoylation and
ubiquitination. We found that a subset of SUMO-2-conju-
gated proteins is subsequently ubiquitinated and de-
graded by the proteasome. In a screen for preferential
SUMO-1 or SUMO-2 target proteins, we found that ubig-
uitin accumulated in purified SUMO-2 conjugates but not
in SUMO-1 conjugates. Upon inhibition of the protea-
some, the amount of ubiquitin in purified SUMO-2 con-
jugates increased. In addition, we found that endoge-
nous SUMO-2/3 conjugates, but not endogenous
SUMO-1 conjugates, accumulated in response to pro-
teasome inhibitors. Quantitative proteomics experi-
ments enabled the identification of 73 SUMO-2-conju-
gated proteins that accumulated in cells treated with
proteasome inhibitors. Cross-talk between SUMO-2/3
and the ubiquitin-proteasome system controls many tar-
get proteins that regulate all aspects of nucleic acid
metabolism. Surprisingly the relative abundance of 40
SUMO-2-conjugated proteins was reduced by protea-
some inhibitors possibly because of a lack of recycled
SUMO-2. We conclude that SUMO-2/3 conjugation and
the ubiquitin-proteasome system are tightly integrated
and act in a cooperative manner. Molecular & Cellular
Proteomics 7:2107-2122, 2008.

The ubiquitin-proteasome system plays a key role in virtu-
ally all cellular processes by tightly regulating the degradation
of a large set of proteins (1). Proteins are targeted for deg-
radation by lysine 48-linked polyubiquitin chains that are
covalently conjugated to lysines in target proteins. Ubiquiti-
nation furthermore regulates target proteins in a degradation-
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independent manner, e.g. monoubiquitination is important for
endocytosis (2). A significant part of the human genome en-
codes components of the ubiquitin-proteasome system, in-
cluding E1," E2, and hundreds of E3 enzymes that mediate
the conjugation of target proteins to ubiquitin and ubiquitin
proteases that remove ubiquitins from target proteins.

The ubiquitin family comprises ubiquitin-like proteins
NEDDS, I8G15, SUMO-1, -2, -3, FAT10, FUB1, UBL5, URM1,
ATG8, and ATG12 (3, 4). These proteins share the three-
dimensional structure of ubiquitin and are also conjugated to
target proteins. Like ubiquitination, sumoylation is essential
for eukaryotic life (5). The largest functional group of SUMO
targets are transcription factors (6), and in general, sumoyla-
tion inhibits their transcriptional activity (7). Sumoylation also
regulates other cellular processes including DNA repair, RNA
metabolism, protein transport, translation, and replication (8-
10). Whereas mature SUMO-2 and SUMO-3 are nearly iden-
tical (~95% identity), they differ significantly from SUMO-1
(—50% identity). Previously we have shown that SUMO-1 and
SUMO-2 are conjugated to preferential sets of target proteins
(8). Furthermore SUMO-2 and SUMO-3 contain an internal
sumoylation site that is used for SUMO chain formation in vivo
(11, 12).

Sumoylation is not linked to the degradation of target pro-
teins, although some exceptions have been reported. The
SUMO-accepting lysine 160 in PML and in the oncogenic
PML-retinoic acid receptor « protein is required for the deg-
radation of this fusion protein upon arsenic trioxide treatment
(13). Furthermore it has been published that sumoylation
might be important for the degradation of DNA topoisomerase
13 in response to a catalytic inhibitor (14).

1 The abbreviations used are: E1, SUMO-activating enzyme; E2,
SUMO protein carrier protein; E3, SUMO ligase; aa, amino acids;
Arg0, ['2Cs'*Njarginine; Args, ['°Ces,'*Njlarginine;  Arg10,
['3Cq,"*N,Jarginine;  Bis-Tris,  2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; hnRNP M, heterogeneous nuclear ri-
bonucleoprotein  M; LTQ, linear quadrupcle ion trap; LysO,
['2C,,"*N,]lysine; Lys4, [2H,,'2C,, N, ]lysing; Lys8, ['3C,,"*N,]lysine;
MCM-7, minichromosome maintenance protein 7; PIAS, protein in-
hibitor of activated signal transducer and activator of transcription;
PML, promyelocytic leukemia protein; RanGAP1, Ran GTPase-acti-
vating protein 1; RNF4, RING finger protein 4; SAFB, scaffold attach-
ment factor B; SART, squamous cell carcinoma antigen recognized
by T-cells; SILAC, stable isotope labeling by amino acids in cell
culture; SUMO, small ubiquitin-like modifier; HRP, horseradish
peroxidase.

© 2008 by The American Society for Biochemistry and Molecular Biology, Inc.
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Different kinds of cross-talk between ubiquitination and
sumoylation have been reported recently (15). SUMO and
ubiquitin were shown to counteract each other by competing
for the same acceptor lysine in IxBa (16). NF-«B signaling is
furthermore affected by the ubiquitination and sumoylation of
NF-«B essential modulator (NEMO)/IxB kinase vy, a structural
component of the IkB kinase complex (17). In this case,
SUMO-1 and ubiquitin do not directly compete for the same
acceptor lysine but are conjugated in a sequential manner in
response to genotoxic stress. Proliferating cell nuclear anti-
gen is also modified by SUMO and ubiquitin on the same
acceptor lysine (Lys-164) (15, 18). Sumoylation enables the
interaction between proliferating cell nuclear antigen and the
helicase Srs2, whereas monoubiquitination enables transle-
sion synthesis by Poln, a DNA damage-tolerant polymerase,
and polyubiquitination is needed for DNA repair.

In a screen for preferentiall SUMO-1 and preferential
SUMO-2 conjugates, we found that ubiquitin specifically co-
enriched with SUMO-2. The amount of ubiquitin in SUMO-2-
purified fractions significantly increased upon inhibition of the
proteasome. Quantitative proteomics enabled us to study the
cross-talk between sumoylation and the ubiquitin-protea-
some system at the target protein level. We show here that the
conjugation of a large set of target proteins to SUMO-2 is
tightly connected to the ubiquitin-proteasome system and
conclude that the ubiquitin-proteasome system is a key com-
ponent of the SUMO-2/3 cycle in cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections— Hela cells stably expressing Hisg-
SUMO-1 or Hisg-SUMO-2 were described previously (6). Hela cells
were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% FCS and 100 units/ml penicillin and streptomycin (Invitro-
gen). Stable isotope labeling was carried out essentially as de-
scribed previously (6, 19) using ['2C,,"¥N,Jarginine (referred to as
Arg0), ['*C,,"*N,]arginine (referred to as Args), ['°C,,'*N,]arginine
(referred to as Arg10), ['2C,"*N,]lysine (referred to as LysQ),
[BH,,"2C,. "N, llysine (referred to as Lysd), or ['2C,,"*N,]lysine (re-
ferred to as Lys8) as indicated. Transfections were carried out using
25-kDa linear polyethyleneimine (Brunschwig-Chemie) essentially
as described before (20).

Plasmids, Mutagenesis, Antibodies, Protein Electrophoresis, and
Immunoblotting—The plasmids encoding Hisg-ubiquitin wild type or
7KR and the plasmid encoding wild-type His;-SUMO-2 were de-
scribed previously (21, 22). The Hisg-SUMO-2 K11R, E13A, K32R,
K32R.K34R,K41R,K44R, and allKR plasmids were generated by site-
directed mutagenesis using the QuikChange Il kit according to the
instructions of the manufacturer (Stratagene). Mutants were con-
firmed by DNA sequencing.

The amino acid sequence of the mature protein that we refer to as
SUMO-2 is MSEEKPKEGVKTENDHINLKVAGQDGSVVQFKIKRHT-
PLSKLMKAYCERQGLSMRQIRFRFDGQPINETDTPAQLEMEDEDT-
IDVFQQQTGG (12). Peptide antibody AV-SM23-0100 against SUMO-
2/3 was generated in rabbit using the peptide MEDEDTIDVFQQQTG
(Eurogentec) (6, 22). Peptide antibody 1607 against SART1 was also
generated in rabbit by Eurogentec using peptides CSLSIEET-
NKLRAKLGLKPLEV and CNLDEEKQQQDFSASSTT as described
previously (6). Monoclonal antibodies 21C7 against SUMO-1 and
19C7 against RanGAP1 were obtained from Zymed Laboratories Inc..

Monoclonal antibodies HIS-1 against polyhistidine, R-3802 against
hnRNP M, and M-7931 against MCM-7 were obtained from Sigma.
Monoclonal antibody SC-8017 against ubiquitin and polyclonal anti-
body SC-8152 against PIAS1 were obtained from Santa Cruz Bio-
technology. Monoclonal antibody ab8060 against SAFB was obtained
from Abcam. This antibody also recognizes SAFB2. Secondary anti-
bodies used were anti-rabbit HRP and anti-mouse HRP (1:5000;
Pierce) and anti-goat HRP (1:5000; Sigma).

Protein samples were size-fractionated on Novex 4-12% Bis-Tris
gradient gels using MOPS buffer (Invitrogen). For immunoblotting
experiments, size-fractionated proteins were subsequently trans-
ferred onto Hybond-C Extra membranes (Amersham Biosciences)
using a submarine system (Invitrogen). The membranes were incu-
bated with specific antibodies as indicated. Bound antibodies were
detected via chemiluminescence with ECL Plus (Amersham
Biosciences).

Furification of His,~SUMO- and His,-Ubiquitin-conjugated Pro-
teins— Hisg-SUMO conjugates and Hisg-ubiquitin conjugates were
purified essentially as described previously (23). Cells were scraped in
ice-cold PBS. Two small aliquots of each sample were lysed in lithium
dodecyl sulfate protein sample buffer (Invitrogen) as input control or in
8 m urea, 100 mm Na,HPO,/NaH,PO,, 10 mm Tris/HCI, pH 7.0 to
determine the protein concentration. The remaining cells were solu-
bilized in lysis buffer (6 m guanidinium-HCI, 100 mm Na,HPO,/
NaH.PO,, 10 mm Tris/HCI, pH 8.0, 20 mm imidazole, 10 mm 8 mer-
captoethanol) and sonicated to reduce the viscosity. Hisy-SUMO
conjugates or Hisg-ubiquitin conjugates were enriched on nickel-
nitrilotriacetic acid-agarose beads (Qiagen) and washed using wash
Buffers A-D (Buffer A: 6 M guanidinium-HCI, 100 mm NaHPO,/
Na,HPQ,, 10 mm Tris/HCI, pH 8.0, 0.2% Triton-X-100; Buffer B: 8 m
urea, 100 mm NaH,PO,/Na,HPO,, 10 mm Tris/HCI, pH 8.0, 0.2%
Triton-X-100; Buffer C: 8 m urea, 100 mm NaH,PO,/Na,HPO,, 10 mm
Tris/HCI, pH 6.3, 0.2% Triton-X-100; Buffer D: 8 M urea, 100 mm
NaH,PO,/Na;HPO,, 10 mm Tris/HCI, pH 6.3, 0.1% Triton-X-100).
These wash buffers also contained 10 mm g mercaptoethanol. Sam-
ples were eluted in 6.4 M urea, 80 mm NaH,PO,/Na,HPO,, 8 mm
Tris/HCI, pH 7.0, 200 mm imidazole.

For the experiment described in Fig. 1, A-C, a previously described
method was used (6). For the experiments described in Figs. 3, A and
B, and 6, A and B, His,-SUMO conjugates were immunoprecipitated
using monoclonal antibody HIS-1 (Sigma) as described previously
(23). For the experiment described in Fig. 7A Hela cells were trans-
facted with the Hisg-ubiquitin 7KR encoding plasmid. Cells were lysed
in 6 m guanidinium-HCI, 100 mm NaH,PO,/Na,HPO,, 10 mm Tris/HCI,
pH 8.0, and proteins were digested with endopeptidase Lys-C. His,-
ubiquitin conjugates were subsequently purified on Talon beads (BD
Biosciences), washed two times with lysis buffer and four times with
8 m urea, 100 mm NaH,PO4/Na,HPO,, 10 mm Tris/HCI, pH 8.0, and
eluted in 6.4 m urea, 80 mm NaH,PO,/Na,HPO,, 8 mm Tris/HCI, pH
7.0, 200 mm imidazole. Hisg-ubiguitin and conjugated peptides were
digested with trypsin in solution and identified by mass spectrometry.

Mass Spectrometry and Data Analysis—Mass spectrometric anal-
ysis was performed by nanoscale LC-MS/MS using a linear ion trap
(LTQ) FT-ICR mass spectrometer (Thermo-Fisher Scientific, Bremen,
Germany). Eluates were analyzed by one-dimensional gel electro-
phoresis. Gel lanes were cut in slices and subjected to in-gel diges-
tion with Lys-C. The resulting peptides were extracted, concentrated,
and then loaded onto a fused silica capillary with a 75-pm inner
diameter and an 8-pm tip opening (New Objective, Woburn, MA) filled
with Reprosil 3-um reverse phase material (Dr. Maisch, Ammerbuch,
Germany). Peptides were eluted with a 140-min linear gradient of
95% buffer A (0.5% acetic acid in H,0O) to 50% buffer B (80%
acetonitrile, 0.5% acetic acid in H,O). The LTQ-FT-ICR instrument
was operated in the data-dependent mode to acquire high resolution
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precursor ion spectra (from m/z 300 to 1500, R = 50,000, and ion
accumulation to a target value of 5,000,000 in the ICR cell. The three
most intense ions were sequentially isolated for accurate mass meas-
urements by selected ion moenitoring scans (10-Da mass window, R =
50,000, and a target accumulation value of 90,000). The ions were
simultaneously fragmented in the linear ion trap with a normalized
collision energy setting of 27% and a target value of 10,000,

Peak list-generating software was DTA supercharge (release date,
April 20, 2006). The combined peak list was searched in the Interna-
tional Protein Index database (release date, April 21, 2006; total of
66,279 sequences) using the Mascot program (Matrix Science, Lon-
don, UK). The enzyme specificity was set to Lys-C, allowing for
cleavage N-terminal of proline and between aspartic acid and proline.
Cysteine carbamidomethylation was selected as a fixed maodification,
and methionine oxidation, protein N-acetylation, lysine-d,;, and
['%Cg."°N_]lysine were searched as variable modifications. LTQ-FT-
ICR data were searched with a peptide mass tolerance of 10 ppm and
a fragment mass tolerance of 0.6 Da. lterative calibration algorithms
on the basis of identified peptides resulted in an average absolute
peptide mass accuracy of better than 1 ppm. A maximum of one
missed cleavage was allowed. Stringent criteria were required for
protein identification based on the LTQ-FT-ICR data: at least two
matching peptides per protein, a mass accuracy within 3 ppm, a
Mascot score for individual ions of better than 20, and a delta score
of better than 5.

Protein ratios were calculated for each peptide, and peptide ratios
were averaged for all quantified peptides sequenced for each protein.
MSQuant, an in-house-developed software program was used to
extract information from the Mascot HTML database search files and
to manually validate the certainty in peptide identification and in
peptide abundance ratio. The quantitation was based on relative
intensities from combined scans. The program is available as open
source from SourceForge, Inc.

For the experiments described in Figs. 3, A and B, and 6, A and B,
mass spectrometric analysis was performed by nanoscale LC-
MS/MS using an LTQ-Orbitrap mass spectrometer, (Thermo Fisher
Scientific) equipped with a nanoelectrospray ion source (Proxeon
Biosystems, Odense, Denmark) and coupled to an Agilent 1200 nano-
HPLC system (Agilent Technologies) fitted with an in-house-made
75-pm reverse phase C,, column as described previously (24). In-
solution digestion was performed essentially as before (25). The re-
sulting peptides were desalted on reverse phase C, stop and go
extraction (STAGE) tips (26). Peptides were eluted with a 140-min
linear gradient of 98% solvent A (0.5% acetic acid in H,0) to 50%
solvent B (80% acetonitrile, 0.5% acetic acid in H,O).

Data were acquired in the data-dependent mode: full scan spectra
(m/z 300-2000, R = 60,000, and ion accumulation to a target value of
1,000,000) were acquired in the orbitrap. The 10 most intense ions
were fragmented and recorded in the ion trap as described before
(24). Raw files were processed with our in-house guantitative pro-
teomics software MaxQuant (version 1.0.7.5) that performs peak list
generation, SILAC-based quantitation, false discovery rate determi-
nation, peptide to protein assembly, and data filtration essentially as
described previously (27, 28). The quantitation was based on relative
intensities from combined scans. The data were searched against a
target/decoy human International Protein Index database (version
3.24) supplemented with frequently observed contaminants (total of
66,948 forward) using Mascot (Matrix Science, version 2.1.04). The
enzyme specificity was set to trypsin, allowing for cleavage N-termi-
nal of proline and between aspartic acid and proline. Cysteine carb-
amidomethylation was selected as a fixed medification, and methio-
nine oxidation and protein N-acetylation and deamidation of
asparagine and glutamine were searched as variable modifications.
Spectra determined to be heavy labeled in the presearch MaxQuant

detection of SILAC pairs were searched with the fixed modifications
Arg10 and Lys8; for MS/MS spectra with a SILAC state not determi-
nable before the database search Arg10 and Lys8 were taken as
variable modifications. Initial maximum allowed mass deviation was
set to 7 ppm for peptide masses and 0.5 ppm for MS/MS peaks.
The minimum peptide length was set to 6 amino acids, and a
maximum of three missed cleavages and three labeled amino acids
were allowed. Two proteins were grouped together if the peptide
sequence set of one protein was equal to or a subset of the set of
the second protein.

A false discovery rate of 1% at both the protein and peptide level
was used. Peptide posterior error probabilities were calculated by
deriving, with Bayes’ theorem, the probability of a false identification
for a top scoring peptide from Mascot score and peptide sequence
length-dependent histograms. Protein group posterior error probabil-
ities were calculated by multiplying the posterior error probabilities of
the contained peptide sequences. Each distinct peptide sequence
contributed only one factor, the posterior error probability of the
MS/MS spectrum for a given peptide sequence with the best poste-
rior error probability value. All MS/MS spectra associated with a
peptide sequence, which might consist of resequencing events on the
same peak, sequencing on different isotopic peaks in the same
isotope pattern, sequencing of different charge states, or different
SILAC or maodification states, were used to calculate the protein false
discovery rate only with one single peptide posterior error probability.
Protein groups were then sorted by the posterior error probability, and
a given false discovery rate was ensured by terminating a list of
proteins so that a given percentage of reverse proteins were con-
tained. The used false discovery rate of 1% ensured that at most 1%
of the proteins were wrongly identified. Peptides that lost all proteins
contained within a group after this procedure were also removed from
the peptide list. In addition to the protein false discovery rate thresh-
old, proteins were considered identified by at least two unique se-
quence peptides quantified with at least one quantifiable SILAC pair.
No outliers were removed because of the use of median instead of
average values.

Significance of protein ratios was calculated in two different ways.
Significance A was calculated by first estimating the variance of the
distribution of all protein ratios in a non-parametric way and then
reporting the error function for the z score corresponding to the given
ratio. A robust and asymmetrical estimate of the standard deviation
was obtained by calculating the 15.87, 50, and 84.13 percentiles
r_,, ro, and ry, which correspond to 1 o in each direction from the
average. r, — ry was defined as the right- and r, — r_, was defined
as left-sided robust standard deviations. In case of normally dis-
tributed data, r, — r, and r, — r_, would be equal to each other
(conventional definition of standard deviation). The distance of a
ratio r = r, from the main distribution is measured in terms of the
right standard deviation as follows.

r—ra
z=
h—ro

(Eq. 1)

An analogous calculation is defined for r < rg. Significance A is the
value of the complementary error function for z above, which for a
normal distribution corresponds to the probability of obtaining a value
this large or larger by chance. Significance B was calculated using the
same strategy, but in addition it is based on the dependence of the
distribution on the summed protein intensity. We consider a protein
as up-regulated if its significance B was below 0.001 and the ratio
was higher than 1, down-regulated with significance B below 0.001
and ratio lower than 1, and not regulated if significance B was higher
than 0.001.

Raw mass spectrometric files are stored at Tranche, a public
repository for sharing scientific data. From the Tranche Website files
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can be downloaded with the following hash: 51ebd8yrJ-
ipprwsryY| m30w9M4ZhR6rwu\AmeLgsz4quWQ4e8chgaqsps—
uaRcEwBJ41pFVEZILZBVLAEMWQJOS50AAAAAAAAF]

To address the reproducibility of the data, \ndependem control
immunoblotting experiments were performed (Fig. 4). We used anti-
bodies directed against six different proteins identified by mass spec-
trometry and confirmed increases and decreases in sumoylation of
these proteins upon inhibition of the proteasome, showing the repro-
ducibility of the data.

RESULTS

Ubiquitin Co-purifies Preferentially with SUMO-2 Conju-
gates—The quantitative proteomics experiment that we de-
scribed previously to show that SUMO-1 and SUMO-2 are
conjugated to preferential sets of target proteins (8) was re-
peated using lysine encoding instead of arginine encoding
(Fig. 1A). Control Hela cells were labeled with Lys0, HelLa
cells stably expressing Hise-SUMO-1 were labeled with Lys4,
and Hela cells stably expressing Hisg-SUMO-2 were labeled
with Lys8. Cells were harvested, and nuclear lysates from the
three different populations were mixed in a 1:1:1 ratio. Hisg-
SUMO conjugates were subsequently purified and separated
on a one-dimensional gel (Fig. 1B). The gel lane was cut in
slices, and proteins were in-gel-digested by Lys-C and ana-
lyzed by mass spectrometry. Interestingly we identified two
different ubiquitin peptides from the top slices of the gel lane
that were preferentially enriched in the Lys8-encoded form,
indicating that endogenous ubiquitin co-purified with large
Hisg-SUMO-2 conjugates but not with large Hisg-SUMO-1
conjugates (Fig. 1C and supplemental Fig. S1). The amount
of ubiquitin that co-purified with His,-SUMO-2 conjugates
significantly increased upon inhibition of the proteasome
(Fig. 1, D-F). The reverse expetiment showed that endoge-
nous SUMO-2/3 co-purified with Hisg-ubiquitin conjugates
(Fig. 1, G-).

Endogenous SUMO-2/3 Conjugates Accumulate in Cells
Treated with Proteasome Inhibitors—To study the effect of
proteasome inhibition on endogenous SUMO-1 and endoge-

nous SUMO-2/3, Hela cells were treated with MG132 or
apoxomicin for up to 8 h (Fig. 2). These inhibitors caused rapid
accumulation of ubiquitin in cells (Fig. 2, A and E) and in
addition caused the accumulation of SUMO-2/3 conjugates
albeit with slower kinetics (Fig. 2, C and G). Simultaneously
the amount of non-conjugated SUMO-2/3 was significantly
reduced by these inhibitors (Fig. 2M). The total amount of
SUMO-1 conjugates in cells was not affected by MG132 or
epoxomicin treatments, although the pattern of SUMO-1
conjugates slightly changed (Fig. 2, B and F). Control DMSO
treatments did not affect ubiquitination or sumoylation (Fig.
2, I-K).

Identification of SUMQ-2 Target Proteins That Are Affected
by the Proteasome Inhibitor MG132—To identify individual
SUMO-2 target proteins that are sensitive to proteasome
inhibition, quantitative proteomics was used (Fig. 34). Two
pools of HeLa™=-SUMO-2 cellg were used for this experiment,
the first pool of cells was labeled with Arg0 and Lys0O and
treated with DMSO, and the second pool of cells was labeled
with Arg10 and Lys8 and treated with MG132. It is important
to note that this strategy was optimal for identifying SUMO-2
conjugates that were sensitive to proteasome inhibition, but it
is likely that contaminating non-sumoylated proteins were
co-purified. Especially the group of purified proteins with an
unaltered ratio might contain a significant percentage of con-
taminants. Cells were harvested, and whole cell lysates were
mixed in a 1:1 ratio. His;-SUMO-2 conjugates were subse-
quently purified, digested in solution with trypsin, and ana-
lyzed by mass spectrometry. A summary of the results is
depicted in Fig. 3B. 847 proteins were identified by at least
two unique peptides (supplemental Table 1 protein sheet),
and in total 7643 peptides were identified by mass spectrom-
etry (supplemental Table 1 peptide sheet). Interestingly two
different subsets of MG132-sensitive SUMO-2 target proteins
were identified; 73 target proteins showed a significant in-
crease in sumoylation upon inhibition of the proteasome (sup-

Fia. 1. SUMO-2 conjugates are enriched for ubiquitin. A, a guantitative proteomics strategy to identify SUMO-1 and SUMO-2 conjugates.
B, Hela cells were labeled with Lys0, HeLa™5eSUMO-1 calls were labeled with Lys4, and HelLa"ss-SUMO-2 calis were labeled with Lys8. Equal
amounts of nuclear lysates from the three different populations were mixed, and proteins conjugated to His,-SUMO were purified. The
SUMO-enriched fraction was separated by SDS-PAGE, proteins were visualized by Coomassie staining, the gel lane was cut in slices, and the
proteins present in these slices were digested by Lys-C and identified by mass spectrometry. Peptide mass spectra were quantified to identify
proteins potentially conjugated to SUMO-1 and/or SUMQO-2. C, the Hiss-SUMO-2-purified fraction is specifically enriched for ubiquitin. Two
different ubiquitin peptides (aa MQIFVK and TITLEVEPSDTIENVK) were found to be enriched in Hisg-SUMO-2 conjugates but not in
Hiss-SUMO-1 conjugates in the top part of the gel lane. The peptide mass spectra of the ubiquitin peptide TITLEVEPSDTIENVK is shown. D-F,
the proteasome inhibitor MG132 increases the amount of ubiquitin in His;-SUMO-2 conjugates. Hela cells, HelLa"se-SUMO-1 cells, and
HelLatise-SUMO-2 colis were treated for 1 or 3 h with MG 132 or were treated with DMSO for 3 h. Whole cell lysates were prepared, size-separated
by SDS-PAGE, and transferred to a membrane. Total protein was visualized by Ponceau $ staining (D), and the membrane was probed using
antibody SC-8017 to detect ubiquitin (E). His,-SUMO conjugates from whole cell lysates were purified, size-separated by SDS-PAGE,
transferred to a membrane, and probed to detect ubiquitin (F). G-, the proteasome inhibitor MG132 increases the amount of SUMO-2/3 in
His,-ubiquitin conjugates. Hela cells were transfected with a plasmid that encodes His,-ubiquitin or with an empty control plasmid, and cells
were subsequently treated with MG132 or DMSQ for 3 h. Whole cell lysates were prepared, size-separated by SDS-PAGE, and transferred to
a membrane. Total protein was visualized by Ponceau S staining (G), and the membrane was probed using antibody AV-SM23-0100 to detect
SUMO-2/3 (H). Hisg-ubiguitin conjugates were purified from whole cell lysates, size-separated by SDS-PAGE, transferred to a membrane, and
probed to detect SUMO-2/3 (l).

Molecular & Cellular Proteomics 7.11 2111

600Z ‘2 Alenuer uo Y3H10M819 A3IHSNILYYIA SIdIN 18 B1o sujuodow mmm wolj papec|umod

61



Cross-talk between SUMO-2/3 and the Proteasome

A C D
MG132 MG132 MG132
91'21?3468&) 012123 468(M
191 191—
97—
64—
51— | s-==S55888
39— P-memmmEE.
28— 28—
19— 19—
14— E 14—
1274??‘ 123456738 1’234576778 12345678
anti-ubiquitin anti-SUMO-1 anti-SUMO-2/3 Ponceau 8
E E G H
Epoxomicin Epoxomicin Epoxomicin Epoxomicin
123468 012123 468(M
191—
97—
64_ +

SI—JEEREEE=

39— o v v v

28—
19—
14—

72345678 T8 7234567 12345678
anti-ubiquitin anti-SUMO-1 anti-SUMO-2/3 Ponceau S

DMSO DMSO DMSO DMSO

Molecular & Cellular Proteomics

64—

28—
19—
14—

&

12345678
anti-SUMO-2/3

12345678
anti-ubiquitin

123456738
anti-SUMO-2/3

6002 ‘2 Atenuer uo Y3H1OIT8I8 A3IISNILEVIN SIdIN 1e 610" suljuodow*mmm wosy papeojumod

2112  Molecular & Cellular Proteomics 7.11




ASBMB

Molecular & Cellular Proteomics

&

Cross-talk between SUMO-2/3 and the Proteasome

A

cellss HelaMsg SUMO-2

uy)

HeLaHiss SUMO2 .

wreatment: DMsO MG132 3
= =

2
Arg0, LysO Arg10, Lys8

Mix lysates 1:1

Affinity purification of His6-SUMO

\

Digestion of proteins i solution with rypsin

' K]

Protein identification and quantitation

normalized ratic (MG132/DMSO)

200 400 600 1000

~

L3

.

proteins

Fia. 3. Dynamic alterations in the SUMO-2-conjugated proteome in response to the proteasome inhibitor MG132. A, a quantitative
proteomics strategy to study the effect of MG132 on the SUMO-2-conjugated proteome. HeLa™'*s-SUMO-2 ca|ig were labeled with Arg0 and Lys0
and treated with DMSO for 3 h, and a second pool of HeLaHis-UMS-2 cglis was labeled with Arg10 and Lys8 and treated with MG132 for 3 h.
Equal amounts of whole cell lysates from the two different populations were mixed, and proteins conjugated to His,-SUMQ-2 were purified,
digested by trypsin, and identified by mass spectrometry. Peptide mass spectra were quantified to identify MG132-induced changes in the
SUMO-2-conjugated proteome. B, in total 847 proteins were identified by at least two unique peptides, including 73 proteins that were
preferentially enriched upon MG132 treatment and 40 proteins that were significantly reduced in response to MG132. The natural logarithm of

the SILAC ratio for each protein is depicted to visualize up-regulated and down-regulated proteins.

plemental Table 3), and 40 target proteins showed a signifi-
cant decrease in sumoylation in response to MG132
(supplemental Table 4). The MG132-mediated increase in
SUMO-2 conjugation was consistent with the immunoblot
experiments (Fig. 2), whereas the MG132-mediated decrease
in SUMO-2 conjugation of other target proteins was unex-
pected. The decrease in sumoylation of these target proteins
might potentially be explained by a reduction in free SUMO-2
(Fig. 2M).

The largest functional group of MG132-regulated SUMO-2-
conjugated proteins controls nucleic acid metabolism (sup-
plemental Fig. $2). This group constitutes 47% of all MG132-
up-regulated targets and 40% of all MG132-down-regulated
targets and includes DNA repair factors, replication factors,
helicases, basal transcription machinery components, tran-
scription factors, chromatin modifiers, and RNA binding and
processing factors (supplemental Fig. $2). In addition, both
MG132-sensitive subsets contain a variety of other proteins,
implicating that cross-talk between SUMO-2 and ubiquitin
has a broad impact on cellular processes.

To confirm our findings independently, Hisg-SUMO-2 con-
jugates were purified from DMSO or MG132-treated cells, and
immunoblotting experiments were carried out (Fig. 4). These
experiments confirmed the accumulation of SUMO-2-conju-

gated forms of hnRNP M, MCM-7, and PIAS1 upon protea-
some inhibition (Fig. 4, A-C) and a decrease of SUMO-2-
conjugated forms of SAFB and SART1 (Fig. 4, £ and F). We
noticed a slight decrease in SUMO-2 conjugation of RanGAP1
in this experiment (Fig. 4D). Strikingly the total pools of these
proteins were not affected by MG132, indicating that the
ubiquitin-proteasome system specifically regulates SUMO-2-
conjugated forms of these proteins (Fig. 4, A-F, inputs).

The most obvious explanation for our results would be that
a subset of SUMO-2/3 target proteins is subsequently ubig-
uitinated and degraded by the proteasome. Inhibition of the
proteasome system could then lead to proteins accumulating
in the sumoylated and ubiquitinated form. To study the ubig-
uitination status of hnRNP M, MCM-7, PIAS1, SAFB, and
SARTH1, similar experiments were carried out using Hisg-ubiq-
uitin instead of Hisg-SUMO-2 (Fig. 5). As expected, hnRNP M,
MCM-7, and PIAS1 were indeed ubiquitinated in an MG132-
sensitive manner. PIAS1 (29) was also reported previously to
be ubiquitinated. In contrast, ubiquitinated forms of SAFB or
SART1 could not be detected in these experiments.

SUMO-2/3 Chains Accumulate in Cells Treated with
MG132—Previously we have shown that SUMO-2 and
SUMO-3 are able to multimerize in cells in a ubiquitin-like
manner (11). To investigate whether SUMO-2/3 chains accu-

Fia. 2. Endogenous SUMO-2/3 conjugates accumulate in cells treated with proteasome inhibitors. A-M, Hela cells were treated for the
indicated periods of time with the proteasome inhibitors MG132 (A-D and M) or epoxomicin (E-H and M) or with DMSO (/-L and M). Whole
cell extracts of Hela cells were separated by SDS-PAGE, transferred to membranes, stained with Ponceau S to visualize total protein (D, H,
and L), and probed using antibody SC-8017 to detect ubiquitin (4, £, and /), antibody 21C7 to detect SUMO-1 (B, F, and J), or antibody
AV-SM23-0100 to detect SUMO-2/3 (C, G, K, and M).
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Fia. 4. Dynamic alterations in the
SUMO-2-conjugated proteome in re-
sponse to the proteasome inhibitor
MG132 detected by immunoblotting.
A-F, Hela cells and HelaHise-SUMO-2
cells were treated with MG132 or DMSO
for 3 h, and His,-SUMO-2 conjugates
were purified from equal amounts of
whole cell lysates. Hisg-SUMO-2 conju-
gates or equal amounts of whole cell
extracts were size-separated by SDS-
PAGE, transferred to membranes, and
probed using antibodies to detect
hnRNP M (4), MCM-7 (B), PIAS1 (C),
RanGAP1 (D), SAFB (E), or SART1 (F).
Note that the PIAS levels are slightly
higher in the HeLaHis6-SUMO-2 cgjis com-
pared with the Hela cells.
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mulated in cells treated with proteasome inhibitors, we
searched for tryptic SUMO-SUMO peptides in purified Hise-
SUMO-2 conjugates from our quantitative proteomics exper-
iments. Interestingly both SUMO-2-SUMO-2 and SUMO-2-
SUMO-3 peptides were shown to accumulate upon MG132

treatment (Fig. 6, A and B).
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Fic. 5. hnRNP M, MCM7, and PIAS1
are conjugated to ubiquitin. A-£, HelLa
cells were transfected with a plasmid
that encodes Hisg-ubiquitin or with an
empty control plasmid, and cells were
treated with MG132 or DMSO for 3 h.
Hisg-ubiquitin conjugates were subse-
quently purified from equal amounts of
whole cell lysates. Hisg-ubiquitin conju-
gates or equal amounts of whole cell
extracts were size-separated by SDS-
PAGE, transferred to membranes, and
probed using antibodies to detect
hnRNP M (4), MCM-7 (B), PIAS1 (C),
SAFB (D), or SART1 (E).

To determine whether these SUMO polymers are func-
tionally important for the processing of SUMO-2 targets by
the proteasome, plasmids were generated that encode
SUMO-2 mutants reduced for chain formation. Hela cells
were transiently transfected and treated with DMSO or

MG132, and proteins conjugated to wild-type or mutant
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Fic. 6. SUMO chains accumulate in cells treated with MG132. A and B, a quantitative proteomics experiment was performed to
identify changes in SUMO chains induced by MG132. HeLa*se-SUMO-2 cells were labeled with Arg0 and Lys0 and treated with DMSO for 3 h,
and a second set of HeLaHis¢-SUMO-2 cels was labeled with Arg10 and Lys8 and treated with MG132 for 3 h. Equal amounts of whole cell lysates
from the two different populations were mixed, and proteins conjugated to His,-SUMO-2 were purified, digested by trypsin in solution, and
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SUMOs were purified and analyzed by immunoblotting. The
SUMO-2 mutants accumulated in MG132-treated cells sim-
ilarly to wild-type SUMO-2 (Fig. 6C), and ubiquitin still co-
purified with the SUMO-2 mutants (Fig. 6D). Furthermore
both wild-type and mutant SUMO-2-conjugated forms of
hnBNP M, MCM-7, and PIAS1 accumulated upon inhibition
of the proteasome (Fig. 8, E-G). We conclude that SUMO

anti-MCM7

12345678

anti-PIAS1

chain formation is not required for the processing of
SUMO-2 targets by the proteasome.

Ubiquitination of SUMO-2/3—The accumulation of ubig-
uitin in SUMO-2 conjugates could potentially be explained by
the formation of mixed SUMO-2/ubiquitin chains and also by
the conjugation of SUMO-2 and ubiquitin to independent
lysines in target proteins. To test the formation of mixed

600Z £ AJenuer uo ¥3H1OITE1S 3IMSNILHVIN SId 18 B10°auljuodow M Lo} papeojumod

identified by mass spectrometry. A, MS spectrum of a tryptic peptide consisting of aa 59-92 of SUMO-2 and aa 8-20 of another molecule of
SUMO-2 (m/z 1338.1246 (4+); mass deviation, —1.21 ppm). B, MS spectrum of a tryptic peptide consisting of aa 59-92 of SUMO-2 and aa
8-21 of SUMO-3 (m/z 1366.6353 (4+); mass deviation, —1.65 ppm). C-G, Hela cells were transfected with plasmids that encode His,-tagged
forms of wild type (w.t.) or K11R or E13A SUMO-2 mutants that are reduced for SUMO chain formation. Cells were treated with MG132 or
DMSO for 5 h, and Hisg-SUMO-2 conjugates were purified fram equal amounts of whole cell lysates. Purified fractions were size-separated
by SDS-PAGE, transferred to membranes, and probed using antibodies to detect SUMO-2/3 (C), ubiquitin (D) hnRNP M (E), MCM-7 (F), or

PIAS1 (G).
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Fia. 7. SUMO-2 is ubiquitinated in cells. A, Hela cells were transfected with a plasmid that encodes a His,-tagged lysine-deficient ubiguitin
mutant. Cells were lysed, and Hisg-ubiquitin conjugates were purified and digested by trypsin. The digest was analyzed by mass spectrometry,
and a peptide was identified that corresponds to ubiquitinated (ub) SUMO-2/3. The MS/MS fragmentation spectrum of this tryptic peptide
consisting of aa 21-34 of SUMO-2 and the diglycine fragment of ubiquitin attached to lysine 32 of SUMO-2 is shown. This tryptic peptide is
identical to a tryptic peptide consisting of aa 22-35 of SUMO-3 and the diglycine fragment of ubiquitin attached to lysine 33 of SUMO-3.
Precursor ion mass was measured in the orbitrap mass spectrometer (m/z 530.6264 (3+); mass deviation, —1.12 ppm), and the peptide was
fragmented and acquired in the LTQ mass spectrometer (Mascot score, 49.73; Mascot delta score, 3.28; posterior error probability, 1.765 x
1072%). B-F, Hiss-SUMO-2 plasmids were generated that encode K32R or K32R,K34R,K41R,K44R (4KR) mutants. Hela cells were transfected
with plasmids that encode His.-tagged forms of wild type (w.t.) or K32R or 4KR SUMO-2 mutants. Cells were treated with MG132 or DMSO for
5 h, and Hisg-SUMO-2 conjugates were purified from equal amounts of whole cell lysates. Purified fractions were size-separated by SDS-PAGE,
transferred to membranes, and probed using antibodies to detect SUMO-2/3 (B), ubiquitin (C), hnRNP M (D), MCM-7 (E), or PIAS1 (F).

chains, Hisg-ubiquitin was purified from cells, digested, and
analyzed by mass spectrometry to investigate the ubiquitina-
tion of endogenous SUMO-2/3. A high quality MS/MS spec-
trum was obtained showing the ubiquitination of endogenous
SUMO-2 on lysine 32 or the ubiquitination of endogenous
SUMO-3 on lysine 33 (Fig. 7A).

To determine whether mixed chains are functionally impor-
tant for the processing of SUMOQ-2 targets by the proteasome,
a plasmid was generated that encoded a SUMO-2 K32R
mutant, and a second mutant was generated that lacked other
adjacent lysines 34, 41, and 44 (designated 4KR). Hela cells
were transiently transfected and treated with DMSO or
MG132, and proteins conjugated to wild-type or mutant
SUMOs were purified and analyzed by immunoblotting. The
SUMO-2 mutants accumulated in MG132-treated cells simi-
larly to wild-type SUMO-2 (Fig. 7B), and ubiquitin co-purified

efficiently with the SUMO-2 mutants (Fig. 7C). Both wild-type
and mutant SUMO-2-conjugated forms of hnRNP M, MCM-7,
and PIAS1 all accumulated upon inhibition of the proteasome
(Fig. 7, D-F). Moreover a lysine-deficient SUMO-2 mutant ac-
cumulated in MG132-treated cells similarly to wild-type
SUMO-2, and both wild-type and mutant SUMO-2-conjugated
forms of hnRNP M, MCM-7, and PIAS1 all accumulated upon
inhibition of the proteasome (Fig. 8, A-E) We conclude that
SUMO-2/ubiquitin mixed chain formation and SUMO-SUMO
chain formation are not required for the processing of SUMO-2
targets by the proteasome. In principle, it is still possible that
these SUMO-2 mutants form residual polymers with endoge-
nous SUMO-2/3. However, dimers consisting of the lysine-
deficient SUMO-2 mutant and endogenous SUMO-2/3 could
not be detected by immunoblotting (Fig. 84, lanes 5 and 6). Our
data are compatible with consecutive sumoylation and ubiquiti-
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nation of a significant subset of SUMO-2 target proteins via
independent lysines in these target proteins (Fig. 9). Upon ubig-
uitination, SUMO-2/3-conjugated proteins are degraded by the
proteasome, enabling the recycling of SUMO-2/3.

DISCUSSION

Ubiquitination and sumoylation are generally considered to
be independent protein modifications. We have shown here
that extensive cross-talk exists between ubiquitin and SUMO-
2/3 conjugation of target proteins (Fig. 9). This cross-talk
regulates selected SUMO-2/3 targets either directly or indi-
rectly. A substantial percentage of SUMO-2/3 conjugates is
directly regulated by subsequent ubiquitination and process-
ing by the proteasome. A second subset of target proteins is
indirectly dependent on the ubiquitin-proteasome system to
provide a sufficiently large pool of free recycled SUMO-2/3 for
subsequent rounds of conjugation.

2345678
anti-PIAS1

The recent identification of the SLX5/8 complex in yeast
and RNF4 in mammals (also known as small nuclear RING
finger) provides mechanistic insight in the ubiquitination of
sumoylated proteins (30-35). These proteins contain both a
RING domain and SUMO interaction motifs and act as ubig-
uitin E3 ligases that are targeted to sumoylated proteins via
these SUMO interaction motifs (31-33, 35-37). SLX5 and
SLX8 are required for maintenance of the genome (31-35,
38-42). The identification of a large subset of nucleic acid-
binding proteins that are sumoylated in a proteasome inhibi-
tor-sensitive manner provides an important framework for
further detailed analysis of the regulation of nucleic acid me-
tabolism by SUMO-2/3 and the ubiquitin-proteasome system.

The precise roles of SUMO-SUMO chains as shown in Fig.
6, A and B, and of mixed SUMO-2/3 ubiquitin chains as
shown in Fig. 7A is currently unclear. Because mutants that
lack acceptor lysines still accumulate in cells treated with pro-
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A

MG132

Fia. 8. A lysine-deficient SUMO-2
mutant is sensitive to proteasome in-
hibition. A-E, a Hisg-SUMO-2 plasmid
was generated that encodes a lysine-
deficient mutant (allKR). HeLa cells were
transfected with plasmids that encode
Hisg-tagged forms of wild type (w.t.) or
the allkR SUMO-2 mutant. Cells were
treated with MG132 or DMSO for 5 h,

and His,~-SUMO-2 conjugates were pu- MG132
rified from equal amounts of whole cell
lysates. Purified fractions were size-sep- 191 —
arated by SDS-PAGE, transferred to
membranes, and probed using antibod-
ies to detect SUMO-2/3 (4), ubiquitin (B), 97—

hnRNP M (C), MCM-7 (D), or PIAS1 (E).

E
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teasome inhibitors and ubiquitin still co-purified similarly to wild-
type SUMO forms, these chains are not required for targeting
the majority of SUMO-2/3 targets to the proteasome. Neverthe-
less it is possible that certain proteins are targeted to the pro-
teasome via these chains (36, 37). Alternatively these chains
could regulate degradation-independent processes.

The conjugation of another subset of SUMO-2 target pro-
teins was unaffected by the inhibition of the proteasome,
including RanGAP1. Interestingly a very large fraction of Ran-
GAP1 exists in a sumoylated form mainly conjugated to

His6-SUMO-2 B His6-SUMO-2
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SUMO-1 (6). It seems likely that sumoylated forms of Ran-
GAP1 are very stable and have a very slow turnover compared
with most other known target proteins. The half-life of the
sumoylated forms of a subset of target proteins is regulated
by ubiquitination and degradation by the proteasome as
shown here but also via SUMO proteases (Sentrin-specific
proteases) (43). Sumoylated RanGAP1 is localized at the cy-
toplasmic surface of the nuclear pore complex (44, 45); this
might positively contribute to its stability because the majority
of SUMO proteases are nuclear proteins (43).
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Fic. 9. The ubiquitin-proteasome system is a component of the SUMO-2/3 cycle. Our data indicate that the turnover of a subset of
SUMO-2/3 (S2/3) conjugates is regulated by the ubiquitin-proteasome system. Target proteins that are conjugated to a single monomer of
SUMO-2 or SUMO-3 or to multiple monomers can subsequently be ubiquitinated and degraded by the proteasome. This process enables the
recycling of SUMOs to provide sufficient amounts of free SUMOs for new rounds of conjugation. In addition, mixed SUMO/ubiquitin (Ubi)

chains and SUMO-SUMO chains are formed.

Although the sumoylated forms of hnRNP M, MCM-7, and
PIAS1 and the ubiquitinated forms of these proteins are
strongly stabilized by MG132, the total pools of these proteins
were unaffected by this inhibitor. It is therefore likely that only
a small fraction of these proteins are modified within the 3-h
time frame of the experiment.

Transiently sumoylated proteins with short half-lives of the
sumoylated forms because of the activity of SUMO proteases
are likely to show the strongest decrease in sumoylation upon
inhibition of the proteasome because of insufficient amounts
of free SUMO-2/3. Therefore, the relative reduction in sumoy-
lation of SUMO-2/3 target proteins upon inhibition of the
proteasome is likely to reflect the relative instability of the
sumoylated forms of these proteins.

Currently it is unclear why some SUMO-2/3 targets are
subsequently ubiquitinated and degraded, whereas sumoy-
lated forms of other SUMO-2/3 targets such as SART1 and
SAFB are not subjected to detectable amounts of ubiquiti-
nation. Most likely, RNF4 plays a critical role and binds
preferentially to a subset of SUMO-2/3 target proteins. Al-
ternatively the localization of RNF4 in the cell might limit its
activity to a subset of SUMO-2/3 target proteins in a manner
similar to the SUMO proteases (43). It is interesting to note
that RNF4 specifically localizes to PML bodies (46), sites

that are significantly enriched in SUMOs (22, 47). These
nuclear bodies have also been shown to contain ubiquitin
and proteasomal proteins (48), suggesting that the ubiquiti-
nation and degradation of sumoylated proteins can occur in
PML bodies (36, 37).

The total levels of SUMO-1 were not affected by inhibition
of the proteasome (Fig. 2) in contrast to a previous publication
(49); nevertheless SUMO-1 accumulated in purified SUMO-2
in a manner similar to ubiquitin. Currently the role of SUMO-1
attached to SUMO-2 conjugates is unclear. Previously we
have shown that SUMO-1 can directly be attached to lysine
11 of SUMO-2 (11). These mixed SUMO chains are unlikely to
play a role in targeting proteins to the proteasome because
SUMO-2 K11R or E13A mutants still accumulated upon pro-
teasome inhibition, and ubiquitin efficiently co-purified with
these mutants (Fig. 6).

In summary, we have shown here that the ubiquitin-protea-
some system is an important component of the cellular
SUMO-2/3 cycle that is required for the processing of a
subset of SUMO-2/3 targets and the recycling of SUMO-2/3.
The identification of other components of this pathway and
the detailed dissection of the regulated target proteins will be
an important step toward uncovering the connection between
SUMO-2/3 and the ubiquitin-proteasome system in detail.
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6 Profiling of the SUMO substrates
proteome after heat shock

MANUSCRIPT: System-wide changes in SUMO modification in response to heat
shock

The following pages contain the submitted version of the manuscript.

It presents the most in-depth characterization of the SUMO substrates proteome and its

large scale systems-wide profiling after heat shock and heat shock recovery.
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All forms of cellular life need to sense and respond to extreme environmental and
pathological conditions. In the absence of an appropriate reaction such stresses can lead
to cell damage or death. The heat shock (HS) response is one of the most evolutionarily
conserved of such defensive mechanisms, and is characterized by massive induction of
HS genes, producing HS proteins (HSPs) which act to protect the cell from the cytotoxic
stress(Lindquist, 1986). However, while the role of HSPs has been well documented,
early signaling mechanisms have yet to be fully investigated. Post-translational
modifications (PTMs) are commonly involved in rapid signal transduction, and
conjugation of one such PTM, the small ubiquitin-like modifier 2 (SUMO-2), to an
unknown set of cellular substrates is induced by HS(Saitoh & Hinchey, 2000). Here we
employ stable isotope labeling of amino acids in cell culture (SILAC)(Mann, 2006), a
stringent SUMO purification protocol and advanced mass spectrometric technology to
identify over 750 SUMO-2 substrates and quantify changes in their sumoylation after HS.
As a response to HS SUMO is polymerized into polySUMO chains and redistributed
between a wide variety of proteins involved in cell cycle regulation, apoptosis, protein
trafficking, folding and degradation, mRNA transcription and translation, and DNA
replication, recombination and repair. This is the most comprehensive substrate
proteomic analysis of a ubiquitin-like modifier (Ubl) and identifies a pervasive role for

SUMO in the biologic response to hyperthermic stress.
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Owing to their dynamic nature, reversible PTMs involving the addition and
removal of molecular adducts are capable of rapid transduction of cellular signals. Mass
spectrometry is well-suited to the analysis of PTMs in general(Witze et al, 2007) and
sumoylation in particular(Matic et al, 2008b; Tatham et al, 2008; Tatham et al, 2001). To
better understand the role of SUMO-2 in the HS response we undertook a systems-wide
and quantitative proteomic analysis of SUMO-2 targets both during and after HS.

We generated HeLa cells stably expressing SUMO-2 fused to a tandem affinity
protein (TAP) tag(Rigaut et al, 1999) (Fig. 1a), that is expressed at similar levels to
endogenous SUMO-2, and responds to HS in a similar manner to the endogenous protein
(Fig. 1b). Comparisons between TAP only and TAP-SUMO-2 purifications under
initially denaturing conditions confirm the high stringency of this method (Fig. 1c). For
proteome quantitation, we employed SILAC labeling(Mann, 2006) using arginine and
lysine to compare purifications from HeLa cells expressing TAP alone with two pools of
TAP-SUMO-2 HelLa cells; either unstressed or subjected to HS (Fig. 1d). This allowed
1159 proteins to be quantified. Among them, the heat-shock transcription factor 1 (HSF1)
displays dramatically increased SUMO modification after HS (Fig. 1d), which is
consistent with previous studies(Hietakangas et al, 2003). The changes to all proteins
were visualized on a triple-SILAC map (tsMap) (Fig. 1e), in which each protein is
located by coordinates derived from the TAP-SUMO-2/TAP and TAP-SUMO-2
HS/TAP-SUMO-2 ratios. Although contaminants were almost invisible by silver-staining
(Fig. 1c), they were still detected by this approach and separated in the tsMap from

SUMO substrates (Supp. Fig. 1a). This analysis allowed the unambiguous identification
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of 660 SUMO-2 targets (Supp. File 1). Although the in vivo identification of SUMO
branched peptides is technically challenging, the known (RanGAP1l, SUMO-2 and
SUMO-3 Supp. Fig. 2) and novel (Antigen KI-67, SAF-B1 — Supp. Fig. 3) modification
sites were identified, by manual screening and interpretation of spectra(Matic et al,

2008h).

During HS, SUMO-2 modification increases and free SUMO-2 is depleted(Saitoh
& Hinchey, 2000) (Fig. 1b). Although analysis of the tsMap indicates that HS-induces the
sumoylation of a significant number of proteins, unexpectedly this occurs concomitantly
to the desumoylation of a different subset, which is detectably modified under basal
conditions. This is apparent as a close correlation between TAP-SUMO-2/TAP and TAP-
SUMO-2-HS/TAP-SUMO-2 ratios (Suppl. Fig. 1b), and suggests not simply an increase
in global sumoylation, but a dynamic exchange of SUMO between substrates upon HS.

To better understand the temporal dynamics of the sumoylation response to HS
we applied this robust and sensitive protocol to monitor the system-wide changes in
sumoylation of proteins both upon HS and after a two-hour recovery (HSR) period (Supp.
Fig. 4, Fig. 2a). This experiment quantified 1255 proteins (Fig. 2c), which, after tsMap
filtering, yielded 628 SUMO-2 target proteins (Supp. Fig. 5a, Supp. File 1). There was
excellent agreement between the two experiments for the HS response (Supp. Fig. 5¢c&d),
and together a total of 765 SUMO-2 substrates were identified. Currently single protein
studies have documented 265 SUMO targets, of which this study identified a greater
proportion than all eleven previous SUMO substrate proteomics studies taken together

(Fig 2 and Supp. Fig. 6). Furthermore, our SUMO-2 substrate proteome contains a
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comparable number of yKXE SUMO conjugation consensus motifs(Rodriguez et al,
2001) per protein to the 265 independently verified substrates (Table 1). Significantly, the
TAP-SUMO-2 internal contaminants list contains almost 3 fold fewer and is comparable
to a human proteome ‘background’ set (Table 1). This strongly suggests that the approach
used here was successful in identifying SUMO substrates.

Although the SUMO-2 substrate proteome contains proteins from a broad range
of molecular weights, HS induces the accumulation of very high molecular-weight
SUMO conjugates (Figs. 1b&2a). Analysis of substrate distribution throughout the gel in
the second SILAC experiment shows that HS-induced changes are most prominent in the
upper regions (Fig. 3a left), with slices over 100kDa being predominantly populated with
proteins of lower predicted molecular weight (Fig. 3a right). Also, individual proteins
whose conjugation increases with HS, are generally present in broader molecular weight
ranges than would be expected for conjugation to one or two SUMO adducts (Fig. 3b).
As SUMO-2 and SUMO-3 share with ubiquitin the ability to form polymers(Matic et al,
2008b; Tatham et al, 2001), a potential explanation for this unexpectedly exaggerated
protein migration is the formation of polySUMO-2/-3 adducts on target proteins. This is
confirmed by quantitation of SUMO-2/SUMO-2 branched peptides which indicate a
strong induction of SUMO polymerization via lysine 11 upon HS, that returns to basal
levels after recovery (Fig. 3c). Whether in some cases these signal for degradation via the
ubiquitin-proteasome pathway(Tatham et al, 2008), remains to be investigated.

Many proteins known to be directly involved in the cellular HS response such as

heat shock transcription factors 1 and 2(Lindquist, 1986), members of the HSP 40kDa,
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60kDa and 70kDa families(Lindquist, 1986), the co-chaperonins Stil, RUVBL1 and
RUVBL2(Pearl et al, 2008), the HS signal transduction kinase p38-MAPK14(Dorion &
Landry, 2002) and the translocated promoter region (TPR) protein(Skaggs et al, 2007),
are SUMO-2 targets (Supp. File 1). More generally, the HS response triggers changes in
transcription, translation, apoptosis, cell cycle control, protein folding and protein
degradation, that coordinately determine whether a cell exposed to hyperthermia will die
or survive and become stress tolerant(Beere, 2005; Bond, 2006; Lindquist, 1986).
Proteins involved in all of these processes are significantly over-represented in the
SUMO-2 modified proteome, in addition to proteins involved in DNA replication,
recombination and repair (Fig. 4a, Supp. Figs. 7a and 8). This latter observation is likely
to be a consequence of HS-induced DNA double-strand breaks(Kaneko et al, 2005;
Takahashi et al, 2004), and there is significant overlap with the phosphoproteome of the
DNA damage responsive kinases ATM/ATR(Matsuoka et al, 2007) (Supp. Figs. 9 b&c)
with notable exception of proteins involved in ubiquitin-dependent protein turnover
(Supp. Fig. 10).

While the global increase in SUMO conjugation observed by Western-blotting in
response to HS is rapid, with all free SUMO being conjugated into high molecular weight
adducts after 5 minutes, the deconjugation of SUMO during the recovery period is much
slower (Supp. Fig. 4). Systems-wide analysis of individual proteins by tsMap reveals a
general trend (Supp. Fig. 5b) whereby substrates sumoylated upon HS become
deconjugated during recovery (e.g. glucocorticoid receptor — Fig. 2b), but those

demodified during HS do not tend to recover their conjugation state after two hours (eg.
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SAF-B1 — Fig. 2b). To extract biologically relevant information from these data we
developed an analysis which maps protein members from significantly clustering GO
groups onto tsMaps, allowing changes in their sumoylation with respect to the entire
dataset to be easily visualized (Fig. 4b-g). Inspection of these GOtsMaps shows that like
most large GO terms the transcription factors (Fig. 4b) do not exhibit significant group
regulation (Supp. Table 1), however, sub-categories do show coordinated desumoylation
(Fig. 4c). This group includes the dimerising transcription factors Jun, FOS and the V-
maf musculoaponeurotic fibrosarcoma oncogene homolog (MAF) proteins (Fig. 4h),
which act upstream of the oxidative stress-response transcription factor NRF2 (Supp Fig.
11). As Jun is activated in response to HS(Dai et al, 1995) and repressed by
sumoylation(Muller et al, 2000), it seems likely that rapid desumoylation of Jun plays a
role in the early response to HS.

Transcriptional control during hyperthermic stress also acts more globally to
facilitate the expression of HSPs while repressing non-HS genes (Lindquist, 1986).
Consistent with this many SUMO-2 substrates are involved in chromatin remodelling.
For example the SWI/SNF related matrix associated actin dependent regulators of
chromatin (SMARCSs) (Fig. 4i), which are known to be involved in HS-induced
chromatin remodeling(Shivaswamy & lyer, 2008) are all deconjugated upon HS.
Recently, clear roles for SUMO maodification in the recruitment of repressive complexes
have been established for KRAB-ZFP(lvanov et al, 2007) and Sp3(Stielow et al, 2008).
SUMO modification of Sp3 or the KRAB-ZPF co-repressor KAP1 is thought to mediate

successive recruitment of the NuURD complex to deacetylate histones and the SETDB1
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complex to methylate histones, which in turn bind HP1 proteins to maintain the silent
chromatin state. The remarkable finding from our analysis is that almost all of the
components of the above mentioned protein complexes are SUMO modified:
transcription fators Sp3 and KRAB-ZFP; corepressor KAP1; NuRD complex (HDAC1,
Mi2a, Mi2p, MTA2 and RbAP46); SETDB1 complex (SETDB1, MBD1 and ATF7IP)
and HP1a and y. An alternative route to histone deacetylation is recruitment of the SIN3
complex and again virtually all of its components are SUMO modified (Sin3b, SDS3,
SAP18, SAP130 and SAP180). Consistent with previous work (Nathan et al, 2006; Shiio
& Eisenman, 2003) H2A, H2B and H4 histone subfamilies were identified as SUMO
substrates (Supp. File 1), and are coordinately deconjugated from SUMO upon HS (Supp.
Fig. 7b). While histone modification represents one path to epigenetic modification, DNA
methylation is also critical(Ooi & Bestor, 2008). In this respect the DNA
methyltransferase DNMT1 is subject to SUMO modification and its associated cofactor
UHRF1 displays a 45 fold increase in SUMO modification after heat shock. Together
these observations suggest a considerably more extensive role for SUMO modification in
the regulation of transcriptional repression than was previously suspected.

RNA binding proteins cluster to two distinct regions of the tsMap (Fig. 4d)
indicating significant conjugation or deconjugation in response to HS. Almost all the
small nuclear ribonucleoproteins (SnRNPs) are desumoylated (Fig. 4e & 1), while the
heterogeneous ribonucleoproteins (HNRNPs) show both increased and decreased

sumoylation with HS (Fig. 4l). Many importins and nuclear pore complex proteins also
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seem to be SUMO-2 targets (Fig. 4n), indicating that both protein and RNA nucleo-
cytoplasmic transport features are regulated by SUMO.

Proteins involved in DNA repair (Fig. 4f&j, Supp. Fig. 12b), DNA recombination
(Fig. 4g) and DNA damage response (Fig. 4m, Supp. Fig. 12a) almost exclusively
increase in sumoylation in response to HS. A striking functional group within these are
those involved in the initiation of DNA replication (Fig. 4k). This group contains three
components of the origin recognition complex (Orcs 2L, 3L and 6L) and four subunits of
the MCM replicative helicase (MCMs 2, 3, 4 and 7). The targeting of these proteins for
sumoylation after HS suggests a hitherto unrecognized role for SUMO in the regulation
of DNA replication, and is consistent with the observation that delaying S-phase
progression rescues cells from heat-induced S-phase hypertoxicity(VanderWaal et al,
2001).

In summary, a combination of high stringency purification, high-resolution mass
spectrometry, quantitative proteomic methods and novel data analysis allowed the
identification of over 550 novel SUMO targets and shows that regulated sumoylation of
important cellular mechanisms occurs during hyperthermic stress. We predict that this
study will provide both a platform for further investigations into the role of SUMO in a
wide variety of cellular functions, and a template for the systems-wide study of ubiqutitin

and other Ubls.

Methods Summary

Cell culture and SILAC labeling
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Quantitative proteomic experiments were performed using the SILAC technique as
described (Ong & Mann, 2007): “SILAC experiment 1” compared TAP only cells, with
unstimultaed TAP-SUMO-2 cells and TAP-SUMO-2 cells stimulated by heat-shock
(43°C for 30 minutes). Cells were grown in modified Dulbecco’s modified Eagle’s
medium lacking amino-acids with 10% FCS dialysed against PBS with 3500 molecular
weight cut-off membrane. Medium was enriched with all amino-acids except L-lysine
and L-arginine, which were replaced with stable isotope (SILAC) forms (Cambridge
Isotope Laboratories) depending on the treatment: Untreated TAP-only cells were grown
in the presence of isotopically normal lysine (Lys0) and arginine (Arg0). TAP-SUMO-2
cells cultured at 37°C only were grown in the presence of 4,4,5,5-D, lysine (Lys4) and
3¢, arginine (Arg6), and heat shocked cells were grown in the presence of *Cg °N,
lysine (Lys8) and *3Cg °N, arginine (Arg10).

“SILAC experiment 2” used only TAP-SUMO-2 HelLa cells at 37°C (Lys0, Arg0), 30
minutes HS at 43°C (Lys4, Arg6) and HS followed by 2 hours of recovery in 37°C (Lys8,
Arg10). Cells were harvested at 90-100% confluency.

Tandem affinity purification (TAP) of SUMO-2 conjugates

Cells were harvested under denaturing conditions (50mM Tris/HCI pH 8.0, 2% SDS,
10mM iodoacetamide, 1ImM EDTA with complete protease inhibitor cocktail (Roche))
and mixed in equal protein ratios. Cleared lysates were refolded by dilution into 25
volumes of cold renaturation buffer (RB) (50 mM Tris-HCI pH 8.0, 0.75 M NaCl, 1%
NP-40, 2mM iodoacetamide, 0.5 mM EDTA), then purified in two stages. Firstly by 1gG-

sepharose affinity chromatography, followed by elution with TEV protease. In the second
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step, TEV eluates were purified by calmodulin sepharose affinity chromatography. Eluted
proteins were TCA precipitated and resuspended to 30uL volume before analysis by
Coomassie-stained SDS-PAGE (Invitrogen, NuPAGE 10% Bis-Tris). The lane
containing SUMO-2 purified proteins was then sliced into 6 sections and followed by in-
gel tryptic digestion. See ‘Supplementary methods’ for a detailed description.
Quantitative mass spectrometry

Peptide mixtures were analyzed by LC-MS/MS with a LTQ-Orbitrap mass spectrometer
equipped with a nanoelectrospray ion source (Proxeon Biosystems) and coupled to an
Agilent 1100 nanoflow system (Agilent Technologies) fitted with an in-house made 75
um reverse phase C18 column. The instrument was operated with the “lock mass” option
and in the data-dependent mode to automatically switch between MS and MS/MS. Raw
files were processed with the in house developed quantitative processing software
MaxQuant (version 1.0.7.1) (Cox & Mann, 2008b) and using the Mascot search engine
(Matrix Science). The data were searched against a target/decoy human IPI database
(version 3.24) (Kersey et al, 2004). 1% false discovery rate was required at both the
protein and peptide level. The SUMO-2 branched peptides were manually found in the

unmatched list, containing quantified but non-identified peptides (Matic et al, 2008b).
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Tables

Number of
Number of . Average
+ Number of . proteins .
Dataset . predicted . consensus sites
proteins : without .
consensus sites per protein
CoNnsensus
Published SUMO 264 517 49 20
substrates
TAP-SUMO-2 759 1681 195 22
proteome
Human proteome® 43,964 28,078 28,571 0.6
TAP-SUMO-2
internal 594 458 312 0.8

contaminants

Table 1. Predicted SUMO consensus site frequency of proteins identified by

different studies. SUMO consensus sites of the form yKXE as predicted by

SUMOsp2.0(Xue et al, 2006) using ‘High’ threshold. §Using a non-redundant human

proteome data set from UniRef90. Datasets were filtered for redundancy. The shorter of

two sequences with >90% pairwise sequence identity over >90% of the sequence length

were removed.
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Figure 1. Identification of 660 putative SUMO-2 target proteins from HelLa cells. (a)
Schematic representation of the TAP-SUMO-2 construct stably transfected into HelLa
cells for this study. The Tandem Affinity Protein (TAP) tag consists of a Protein A
domain separated from a calmodulin binding protein (CBP) domain by the tobacco etch
virus (TEV) protease site. This is N-terminally tagged to SUMO-2 (residues 1-92) (NCBI
Entrez protein CAG46970), which can be conjugated directly to target proteins via a
covalent bond. (b) Anti-SUMO-2 western blot of crude cell lysates from TAP-SUMO-2
HeLa cells under normal conditions (37°C) and after heat-shock for 30 minutes (43°C).
(c) Silver-stained SDS PAGE gel showing a TAP purification products from HeLa cells
expressing TAP alone and TAP-SUMO-2. (d) Overview of the quantitative proteomic
experiment comparing TAP alone HelLas, with TAP-SUMO-2 HeLas either untreated
(37°C) or heat-shocked (43°C). TAP only-expressing cells were grown in isotopically
normal (‘light’) medium, TAP-SUMO-2 cells grown under normal conditions were
cultured in SILAC medium containing Lys4 and Arg6 (‘medium’) isotopic forms, and
heat-shocked TAP-SUMO-2 cells were grown in Lys8 and Argl0 (‘heavy’) SILAC
medium. After denaturing lysis the pooled lysates were subjected to TAP purification,
separation by SDS-PAGE, in-gel digestion with trypsin, analysis by high resolution LC-
MS/MS and data processing using MaxQuant software(Cox & Mann, 2008b) (see
Materials and Methods for further details). Examples are shown of raw MS data showing
spectra from representitive peptides for the internal contaminant glyceraldehyde
phosphate dehydrogenase (GAPDH), and the genuine target, heat shock transcription

factor 1 (HSF1). (e) Triple-label SILAC quantitation map with marginal histograms of
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1164 quantified proteins from this experiment. This was filtered to remove putative
contaminants to yield 660 putative SUMO-2 substrates (See Supplementary Methods and
Supp. Fig. 1).

Figure 2. The effect of recovery from heat-stress on cellular SUMO-2 conjugates. (a)
Anti-SUMO-2 Western-blot of individual lysates of TAP-SUMO-2 HelLas which were
untreated (37°C), Heat-shocked at 43°C for 30 minutes (HS) or allowed to recover for 2
hours at 37°C after heat-shock, (HSR) using SILAC labels as indicated. (b) Raw MS data
showing spectra from representitive peptides for scaffold attachment factor B1 (SAF-B1)
and the glucocorticoid receptor. (c) Smoothed colour density scatter plot with marginal
histograms of the quantitation data of 1255 identified proteins. (d) Comparison of the
overlap among the proteins identified in this study (TAP-SUMO-2 proteome), previously
published SUMO targets (‘Confirmed” SUMO substrates) and proteins identified by
previous proteomics studies (Published SUMO proteomes).

Figure 3. Stimulation of SUMO-2 polymerisation by heat stress (a) Left charts; relative
comparison of the frequency of log,(TAP-SUMO-2 Recovery/TAP-SUMO-2) (green
lines) against logz(TAP-SUMO-2 heatshock/TAP-SUMO-2) (red lines) for each of the 6
gel slices from SILAC experiment 2. Note the progressive tendency to higher values for
the red traces compared with the green as the abundances of proteins of high molecular
weight accumulate with HS. Right histograms; Frequencies of protein molecular weights
found in each of the six slices. Predicted molecular weight range of each slice is shown
by red boundaries (b) Heatmap analysis of 40 SUMO-2 targets comparing for each

protein the contribution to the overall ratio data of an individual slice. Black indicates
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that the protein ratio is equal to the combined ratio, red that it is higher and green, lower.
Data produced by Kernel density estimation. (c) 3D plot of the MS peak corresponding to
the peptide fragment of the SUMO-2-SUMO-2 linkage via lysine 11 from SILAC
experiment 2.

Figure 4. Co-regulation of protein functions by SUMO-2 after heat-stress. (a)
PANTHER(Thomas et al, 2003) ‘Biological process’ ontology comparison between the
relative abundance of TAP-SUMO-2 targets compared to the human genome. Categories
shown where p values of the significance of the difference compared to the human
genome (shown in brackets) was less than 0.05. Groups are arranged from most
significantly over-represented (left) to most significantly under-represented (right). (b-g)
GOtsMaps showing the relationship between the TAP-SUMO-2 HS/TAP-SUMO-2 and
TAP-SUMO-2 HSR/TAP-SUMO-2 HS ratios for the indicated functions (red), compared
with the entire list of identified SUMO-2 targets (grey), from SILAC experiment 2
(Figure 2). Red numbers indicate the number of members of each category and black
numbers show the significance of clustering in the x-axis and y-axis. See Supp. Table 2
for lists of proteins under each GO term. (h-n) Examples of protein modules identified in
this study as being regulated by SUMO-2 and heat-stress. Red and green nodes are either
more or less conjugated to SUMO-2 after HS. Labels are gene names, node shapes
indicate protein function; trapezium — transporter, diamond — enzyme, point down
triangle — kinase, point up triangle — phosphatase, ellipse — transcriptional regulator,

circle — other function. Previously identified SUMO substrates are highlighted in bold.
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Solid lines indicate direct interactions and broken lines, indirect. Arrow from A to B

shows that A acts on B.

94



a

[ProTEINA JTEV - suMo2 | pARSEL
TAP4ag
=] (o] v
TAP TAP-SUMO-2 TAP-SUMO-2
(37°C) (37°C) (43°C)

= s &=

Lys0, Arg0 Lys4 Arg6 Lys8, Arg10
-

—
Mix lysates 1:1:1

Tandem Affinity Purification
1D SDS PAGE
l Approx
mass Slice
kDa range Number
=200 6
175 v 100-200 5
83— 80-100 4
62 w— 5080 3
47 .
37 20-50 2
25/16 = 0-20 1

In-gel trypsin digestion, LC-MS/MS

!

Data processing with MaxQuant

Y N\

a v v

o

T

GAPDH 3 HSF1

ntensity

time iz

Hay Figure 1

o™
b TAP-SUMO-2 c g
- 2
37°C 43°C o g
kDa 3 g =
kDa Y
- 175
175 ' }
83 B3
Putative .
83 SUMO-2 o | Putative
conjugates 62 > SUMO-2
62 conjugates
a7
47
-_ ©  TAP-SUMO-2
32
32
25 25
16— SUMO-2 16 @B SUMO-2
WB:ANt-SUMO-2 Silver stain of
Crude lysates TAP-purification
e Internal contaminants

External contaminants SUMO-2 Targets

Ratio 1.53

Ratio 0.53

Log, TAP-SUMO-2 43°C/TAP-SUMO-2

Log, TAP-SUMO-2/TAP

palenBaiumoq

| pajenbaidn

pabueyoun

95



a

37°C HS HSR
] v
\
83 SUMO-2/
- - TAP-SUMO-2
i conjugates
475

-— TAP-SUMO-2
25
16.5 [ —_— s <« SUMO-2
WB: Anti-SUMO-2

-

c Down regulated after HS  Unchanged Upregulated after HS

Ratio 1.10

5
|
ﬁ 0 i
z
2
5
B
|
10
-10 s o0 5
log,(HS/37°C)
Hay Figure 2

o

Glucocorticoid
SAF-B1 receptor
| I ~
v o &
2
time sy
d -
Published SUMO
proteomes
(458)
‘Confirmed’ ey
SUMO i .
subsfrates / \
Up regulated (265) / 281 \
after recovery _/_,/»*'f'-», 1
. !
( 150 50 102
Unchanged -\ 40
\\\
570
Down regulated
after recovery
TAP-
SUMO-2
proteome
(762)

96



a Approx
mass  Slice SILAC ratios Malecular weight
range number

w
=

200 5 8
= 04
a

15
00 A o 1 MM e
>08 =0 |
100200 5 E 04 25
00 J(\-scx 0
=08 0
20-100 4 204 30
g0
. A
= 08 &0
fo-80 3 204 30
a 0
0.0 — -

= 0.8
20-50 2 £ o4
0.0 =

Freguency Frequency Frequency Frequency Freguency Freguency
[=}

0.8 30
0-20 1 04 15
00 N 0
20 10 i) 10 20 [1] 200 400 600
log, (HSRI3T°C) MW (KDa)
<

7°0)
137°C)

log, {

o

Log2 (Slice ratinfcombined ratio}

Slice Number

E3 SUMO-protein guss PIASH
E3 SUMO-protain lgase PIAST R
o o ety SUMO-2(61-92)
wafarm 1 of Nutlsaphoemin e N

) guitony facor 2-tiding protsn 1 FOGQPINEIOTEAQLIMEDAD TIOVEQQQTE;
1 ) uchar autcantigen S5 d
oy aen BGVETENDEINLE
E3 ublquitin-protein igese RAD1E
NF-kappa-B ra . o SUMO-2 (E-20)
safarm 3 of Glucosedicoid medulalory slement-binding prolsin 1
wofarm Alpha of Gluescomiesid rece
Haat shock 106kDa 10kDa proten 1

Byslin

E3 ubiquitin-protein igase UHRFT

RADSA-lke 2

RNA

sofarm 1 of Transeriplion elongatan regalater 1
Cafibn-1

FACT complax subunit SPT16

Malrin-3

isofarm 1 aof i nuckear ribanuct en M
hetarcgeneaus nuclear rhenusecaratain L isoform a
Fancan: anemia somplemariston group |

safarm 4 af Farkhand box protain M1

zofarm 1 af Chromesome-asseciated kinesin KIF4A,
DMA polyrmarags subunil dela-3

Pra-mANA-splking Tcior ATP-Sapandant ANA hallcass PRP16
safarm 1 of Kuclear pare complex proten Nup 158
Lamina-assaciated palypeptide 2 saform alpha

safarm F af Glicororticakd modulatary slamar-ninding praten 1
ubiquitin spacific pratease 11

Nuaua' repealor ceactivaler 2

Nuclaoiar GTP-binding peoten 1

isafarm 1 af Zinc phosphodinstimss ELAG protein 2
ssafarm 1 of Beta-catenin-live probein 1

Nan-POU domain-contal ning octamer

isofarm 4 of BCL-6 coraprossor

Blaom syndrame profein

Alartauiin enhancer-binding factor 2

Hay Figure 3



a 200 (A4}

| TAR-SUMD-2
E o M Human genome
lgl 120 {S.6E5)
s 1158130
'E £ 1.8E-26) (8.8E-20)
= (2253 (8.5E-3)

lll lLLTLLITJT
@ f ﬂwd\}y@@f@@ d;f Yﬁﬁ’ €¢§ 'Pﬁ""
@* ey

cp\° & ;9»4\

tp a? o%@#. &

&8
iy

b Transcription factor activity (83) C Protein dimerization activity (32) d RMA binding (83)
o {0,136, 0.011) 104 (<0.001.<0.001) 10 0,768, 0.057)
@ 5 . = 5| ) s
z : g : 2 -
] : 0 : B o :
8 \‘ % \ < %
3 -5 — -5 ) —1 -5 i
=104 ; ; -10+ =104
-10 -5 o 5 10 -10 -5 o 5 10 -10 -5 o 5 10
Log (H5/7°C) Log,(HS/37°C) Log, (HSRATC)
(=1 Small nuclear ribonuclecprotein f . -
complex (8) DNA repair (£2) g DMA recombination (16)
10 {0.011, D.044) 1 (0.003,<0.001) 107 (0,040, 0.022)

| .
48 Log2 (HsAreaned)” S}

Hay Figure 4



7 Conclusion and perspectives

Virtually all the processes that control the fate of cells and organisms are regulated by
sumoylation and many SUMO modified proteins are involved in disease states. SUMO
functions include modulation of gene expression, DNA replication and repair, cancer
development and cell cycle regulation. SUMO conjugation of specific proteins in
signaling pathways has been investigated mainly by classical biological techniques and
approaches. Despite their obvious success in elucidating mechanisms of sumoylation and
showing the fundamental role of SUMO in regulating functionally important proteins,
there are still many areas, such as novel substrates and PTMs of SUMO itself, remain to
be explored. Mass spectrometry is ideally suited to the hypothesis-free analysis of PTMs
and to reveal non-anticipated aspects of SUMO dynamics.

The projects of this thesis apply the most recent advances in mass spectrometry-based
proteomics to qualitative and quantitative investigation of the SUMO system. The in vivo
characterization of the primary structure of SUMO revealed its phosphorylation, resulting
in the first report of such modification on a protein modifier (Matic et al, 2008a), its
ubiquitination (Schimmel et al, 2008) and the existence of mixed SUMO polymers
(Matic et al, 2008b). Future SILAC-based quantitative proteomics studies will give
additional insights into the role of these PTMs by profiling their relative abundances in
different cellular conditions.

Approaches applied to our in-depth analysis of changes of sumoylated proteins will be a
template for future time-resolved quantitative studies of SUMO conjugates upon various

stimuli, which will provide a wealth of hypotheses to follow and a starting point for
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systems biology modeling. This study represents the largest and high-quality SUMO
substrates proteome and reveals a larger role for SUMO in signaling pathway than
previously considered. It will constitute a valuable resource for everyone interested in the
emerging SUMO field.

A challenge in the analysis of substoichiometric post-translational modifications, such as
SUMO, is their enrichment from a complex biological sample. Whereas the enormous
success of phosphoproteomics is due to the relative ease of purifying phosphorylated
peptides, similarly powerful enrichment strategies are not currently available for peptides
modified by ubiquitin, SUMO or other Ubls. In case of sumoylated peptides, the long
SUMO part of the branched peptides could be used as an epitope in immunoprecipitation
with antibodies recognizing the C-terminal peptide of SUMO. Even partial separation of
sumoylated peptides from other tryptic peptides would allow the sequencing of a large
number of endogenous SUMO branched peptides, previously lost in the ‘sea’ of
background peptides.

I have successfully detected mixed SUMO polymerization sites in vivo by manual
screening of spectra (Matic et al, 2008b) and applied the methods developed in that study
to quantify SUMO polymerization after treatment with proteasome inhibitor (Schimmel
et al, 2008). However this laborious approach is not applicable to the computational
analysis of the large amounts of data generated by modern MS instrumentation. A direct
implementation of a SUMO fragment ion recognition tool into MaxQuant, an
increasingly popular quantitative proteomics platform, in combination with the above
described method to enrich SUMO modified peptides will greatly expand the
applicability of MS-based proteomics to the SUMO field. It may also make SUMO one
of the central foci of MS-based proteomics, similarly to phosphoproteomics today.
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