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Abstract Posttranslational modification of proteins by

the small ubiquitin-like modifier (SUMO) is a potent reg-

ulator of various cellular events. Hundreds of substrates

have been identified, many of them involved in vital pro-

cesses like transcriptional regulation, signal transduction,

protein degradation, cell cycle regulation, DNA repair,

chromatin organization, and nuclear transport. In recent

years, protein sumoylation increasingly attracted attention,

as it could be linked to heart failure, cancer, and neuro-

degeneration. However, underlying mechanisms involving

how modification by SUMO contributes to disease devel-

opment are still scarce thus necessitating further research.

This review aims to critically discuss currently available

concepts of the SUMO pathway, thereby highlighting

regulation in the healthy versus diseased organism, focus-

ing on neurologic aspects. Better understanding of differ-

ential regulation in health and disease may finally allow to

uncover pathogenic mechanisms and contribute to the

development of disease-specific therapies.
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Introduction

Posttranslational modifications are efficient tools within a

cellular system to quickly and reversibly modulate protein

functions without the need of de novo protein synthesis. Such

a fine-tuning mechanism usually results in regulating the

choice of inter- and intra-molecular binding surfaces that can

have diverse consequences, like on protein stability, con-

formation, activity, and intracellular localization to adapt a

target protein to the changing needs of a cell. Small chemical

modifiers, such as phosphorylation, acetylation, and meth-

ylation, are well established as cellular regulators, as they are

heavily investigated since a long time. Modification by

ubiquitin or the small ubiquitin-like modifier (SUMO) stands

apart in that the modifier itself is a small polypeptide.

Ubiquitination is best known for its role in protein degra-

dation (reviewed in Pickart 2001), but has also several non-

proteolytic regulatory functions (reviewed in Komander and

Rape 2012). SUMO is structurally related to ubiquitin and is

also conjugated to target lysines via a hierarchical enzymatic

cascade (Bayer et al. 1998; Kim et al. 2002; Pickart 2001). In

the past two decades, hundreds of substrates have been

identified, with numbers steadily rising. Many of these

substrates were found to play crucial roles in vital processes

like transcriptional regulation, signal transduction, protein

degradation, cell cycle regulation, DNA repair, chromatin

organization or nuclear transport (reviewed in, e.g., Cube-

nas-Potts and Matunis 2013; Garcia-Dominguez and Reyes

2009; Geiss-Friedlander and Melchior 2007; Geoffroy and

Hay 2009; Jackson and Durocher 2013; Flotho and Melchior

2013). Thus, it is not surprising that defects in the sumoy-

lation pathway are associated with severe diseases, such as

neurodegeneration, heart failure, and cancer (Bettermann

et al. 2012; Krumova and Weishaupt 2013; J. Wang 2011;

Wilkinson and Henley 2010).
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The consequences of protein sumoylation can be man-

ifold, and to further complicate matters, investigation is

usually hampered by the highly transient nature of this

modification and the crosstalk with other modifications.

The important role of SUMO in neurologic functions and

diseases becomes more apparent (compare Fig. 1), but we

are only at the beginning to understand the underlying

mechanistic concepts. In this review, we provide an over-

view on the prevailing concepts of regulation in the SUMO

system. Direct disease-associated sumoylation will be

discussed separately in more specialized chapters of this

issue.

The SUMO Pathway

SUMO is a small protein (about 11 kDa in size) that

belongs to the ubiquitin-like family of modifiers (Ubls).

Protein sumoylation is a highly dynamic process depending

on the balance of conjugation and deconjugation (see

Fig. 2). Similar to the ubiquitin system, SUMO is expres-

sed as a precursor protein. Maturation is achieved by spe-

cific SUMO proteases, which expose the C-terminal di-

glycine that is critical for conjugation (e.g., Hickey et al.

2012). The matured SUMO is subsequently conjugated to

substrates via a hierarchical enzymatic cascade (Fig. 2). In

an ATP-dependent step, SUMO is attached to an internal

cysteine of the heterodimeric E1 activating enzyme Aos1/

Uba2, forming an energy-rich thioester bond (Desterro

et al. 1999; Johnson et al. 1997). SUMO is then transferred

to the catalytic cysteine of the E2 conjugating enzyme

Ubc9, again resulting in a thioester bond (Desterro et al.

1997; Gong et al. 1997; Johnson and Blobel 1997). In

contrast to ubiquitination, the SUMO E2 enzyme Ubc9 is

able to directly recognize and conjugate SUMO to its

substrates by forming an isopeptide bond between the

C-terminal glycine of SUMO and the e-amino group of the

target lysine (Okuma et al. 1999; Mahajan et al. 1998).

Usually, this reaction is very weak, and SUMO E3 ligases

(see below for detailed discussion) greatly enhance the

efficiency of SUMO conjugation (Johnson and Gupta 2001;

Sachdev et al. 2001; Pichler et al. 2002). SUMO E3 ligases

are thought to ensure substrate specificity, but although

hundreds of proteins have been identified as SUMO targets,

only a handful E3 ligases are described (see below and

reviewed in Gareau and Lima 2010; Geiss-Friedlander and

Melchior 2007; Flotho and Melchior 2013). Targets can be

modified with a single SUMO, with multiple SUMOs, or

with SUMO chains. The consequences of sumoylation

result in changed binding interfaces that can have impli-

cations on diverse protein functions like intracellular

localization, activity, stability, and conformational

changes.

SUMO conjugation is a reversible process, and decon-

jugation is mediated by specific SUMO proteases (see

below and reviewed in Hickey et al. 2012; Kim and Baek

2009).

The maintenance of balanced SUMO conjugation and

deconjugation in the cell is critical for survival. Knockout

experiments in mice showed embryonic lethality not only

Fig. 1 SUMO is a regulator of

neurological functions and

diseases. A selected overview of

neurological functions and

diseases that are associated with

the SUMO pathway
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when abolishing SUMO conjugation by targeting the

SUMO E2-enzyme Ubc9 (Nacerddine et al. 2005), but also

when preventing deconjugation of substrates by targeting

the SUMO proteases SENP1 and SENP2 (Cheng et al.

2007; Chiu et al. 2008). Interestingly, a SUMO1 knockout

is viable and all essential functions can be carried out by its

paralogs under unchallenged conditions, suggesting that

SUMO2/3 species at least partly compensate for the loss of

SUMO1 (Evdokimov et al. 2008; Zhang et al. 2008). It will

be interesting to see, if SUMO1 could also compensate for

loss of SUMO2/3 species.

In the following, we will discuss various issues we think

are important to understand the complexity and the power

of the SUMO system.

SUMO Paralogs

Less complex eukaryotic organisms express a single

SUMO protein, whereas plants and vertebrates encode

different SUMO variants. The human genome encodes four

SUMO paralogs: SUMO1, the nearly identical SUMO2 and

SUMO3 and SUMO4. In contrast to the ubiquitously

expressed SUMO1-3, SUMO4 is limited to immune cells,

pancreatic islands, and the kidney (Bohren et al. 2004; Guo

et al. 2004; Wang and She 2008). All SUMO paralogs are

synthesized as precursors with C-terminal extensions of

different length. For conjugation, these extensions need to

be processed to expose a di-glycine motif. However, for

SUMO4, it is presently unclear how it gets processed, as

the residue Pro90 appears to prevent cleavage by known

SUMO proteases (Owerbach et al. 2005), although it gets

cleaved upon stress induction (Wei et al. 2008).

In contrast to ubiquitin, all SUMO variants share an

unstructured and flexible N-terminus. This domain repre-

sents the major acceptor site for SUMO chain assembly,

assuming these chains are rather extended and highly

flexible. SUMO2/3 and also the single SUMO in yeast

SMT3 are equipped with one or even three SUMO con-

sensus sites, respectively. Not surprisingly, these sites

represent indeed the major linkage sites for SUMO chain

formation. Mass spectrometry analysis of both in vitro and

Fig. 2 The SUMO pathway. Prior to entering the cycle of reversible

SUMO conjugation, the expressed SUMO precursor protein has to be

matured. Proteolytic cleavage by SUMO proteases exposes a di-

glycine motif (GG) that is critical for subsequent activation/conjuga-

tion. The mature SUMO is activated in an ATP-dependent step by the

E1 activating enzyme Aos1/Uba2, establishing a thioester linkage

between the C-terminal glycine of SUMO and the catalytic cysteine

residue of the E1 enzyme. Subsequently, SUMO is transferred to the

E2 conjugating enzyme Ubc9, again forming a thioester bond. Ubc9

can then catalyze target modification either directly or in conjunction

with a SUMO E3 ligase, by forming an isopeptide bond between the

e-amino group of the target lysine and the C-terminal glycine of

SUMO. Next to the maturation of SUMO precursors, SUMO

proteases are able to deconjugate substrates, thus feeding SUMO

back in the conjugation cycle
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in vivo samples indicated that SUMO2 forms chains via

Lys 11 (Tatham et al. 2001; Matic et al. 2008b) and SMT3

involves all three consensus site lysines, Lys 11, 15, and 19

for chain formation (Bencsath et al. 2002; Klug et al. 2013;

Matic et al. 2008b). SUMO1 has no SUMO consensus site,

but can at least in vitro heavily form SUMO chains in the

presence of a short E3 ligase fragment (Pichler et al. 2002).

In vitro assembled SUMO1 chains are linked via the

N-terminal lysines Lys 7, 16, and 17 (Pedrioli et al. 2006).

Further evidence for in vivo SUMO chain formation via

non-consensus site lysines comes from different mass

spectrometry studies identifying the non-consensus link-

ages via Lys 7, 17, and 25 for SUMO1, Lys 5, 7, 32, and 34

for SUMO2 and Lys 5, 33, and 35 for SUMO3 (Blomster

et al. 2010; Bruderer et al. 2011; Matic et al. 2010; Tatham

et al. 2001). However, it is not clear to which extent such

non-consensus SUMO chains are formed in comparison

with consensus SUMO chains, nor if they have indeed

distinct biological functions. Alternatively, in case of

SUMO1, it is even discussed that it rather functions as a

chain terminator (reviewed in Praefcke et al. 2012).

Understanding of the exciting role of the different

SUMO chains is emerging and insights into their synthesis

and associated biological functions are eagerly awaited.

How SUMO isoforms are regulated themselves is still

poorly understood, but several studies point to a regulation

at transcriptional and posttranscriptional levels. As men-

tioned above, SUMO4 expression is restricted to specific

tissues and despite a ubiquitous expression of SUMO1-3,

their levels appear to differ across tissues and during

development (Loriol et al. 2012; Xu and Au 2005). In cells,

SUMO1 is found mostly conjugated to substrates and is

less abundant in its free form. In contrast, free SUMO2/3

levels are high under normal conditions, however, get

conjugated upon various stimuli including heat shock and

arsenic treatment (Lallemand-Breitenbach et al. 2008; Sa-

itoh and Hinchey 2000; Tatham et al. 2008; Weisshaar

et al. 2008). Other stimuli, like DNA repair, involve

diverse SUMO paralogs (Golebiowski et al. 2009). Under

all these conditions, waves of specific, but also rather

global changes in sumoylation can take place (Johnson and

Blobel 1999; Psakhye and Jentsch 2012; Tatham et al.

2005; Yin et al. 2012).

Especially interesting for neurobiologists is the finding

that SUMO1 conjugation is induced in response to hypoxia

(Comerford et al. 2003; Shao et al. 2004). Furthermore,

several studies identified a global increase in mainly

SUMO2/3 species upon ischemic challenge, including

hypothermia (Cimarosti et al. 2008; Datwyler et al. 2011;

Lee et al. 2007; Loftus et al. 2009; Yang et al. 2008), which

appears to protect brains against focal cerebral ischemic

damage (Lee et al. 2011b). In addition, SUMO1-3 species

are found to be increased in human astrocytic brain tumors

and have functions in glioblastoma cell survival (Yang

et al. 2013).

Another important regulator of SUMO proteins are

posttranslational modifications. It had been previously

demonstrated that SUMO1 is modified by both acetylation

and phosphorylation (Lallemand-Breitenbach et al. 2008;

Matic et al. 2008a). Only recently, an exciting function was

identified for acetylation, where modification at Lys 37 in

SUMO1 and Lys 33 in SUMO2 affected specific non-

covalent SUMO interactions by neutralizing the required

basic charge of SUMO (Ullmann et al. 2012). Interestingly,

SUMO variants can also be modified with ubiquitin, e.g.,

Lys 20 and 32 of SUMO3 (Lamoliatte et al. 2013), raising

the pressing question of whether ubiquitination of SUMO

regulates the abundance of SUMO proteins or if other non-

proteolytic regulatory functions are involved. As SUMO4

appears to be highly instable in most tissues and only gets

stabilized and matured in response to stress (Wei et al.

2008), it is likely that ubiquitin-dependent pathways are

involved. The best example of how ubiquitin-dependent

degradation regulates the SUMO pathway comes from the

identification of SUMO2 chains, which are assembled upon

stress. These chains are recognized by so-called SUMO-

targeted ubiquitin E3 ligases (StUbls), which are equipped

with multiple SUMO interaction motifs (SIMs, see also

below). The important role of StUbls is demonstrated from

yeast to humans and is associated with functions in DNA

repair and PML degradation (Erker et al. 2013; Galanty

et al. 2012; Guzzo et al. 2012; Li et al. 2013b; Poulsen

et al. 2013; Prudden et al. 2007; Tatham et al. 2008; Vyas

et al. 2013; Weisshaar et al. 2008; Xie et al. 2007; Yin et al.

2012; Uzunova et al. 2007; Mullen and Brill 2008; Burgess

et al. 2007).

SUMO-Like Proteins

A group of proteins, with main functions in DNA repair

and genome stability, were identified as they share char-

acteristics of two tandem SUMO-like domains (SLD1 and

SLD2). Two different classes of SLDs are described, the

RENi protein family (Rad60 in fission yeast, Esc2 in bakers

yeast and NIP45 in mammals) (Novatchkova et al. 2005)

and USP1/UAF1, a ubiquitin protease (Yang et al. 2011a).

SLDs are approximately 100 residues in size that show

little sequence homology, but characteristic structural

similarity to SUMO (Prudden et al. 2009; Prudden et al.

2011; Sekiyama et al. 2010). The RENi SLD2 appears

closer related to SUMO1, whereas the SLDs in USP1/

UAF1 show similarity to SUMO2/3 (Sekiyama et al. 2010;

Yang et al. 2011a). Accordingly, these proteins show dif-

ferent binding properties and also different functional

consequences are reported. The USP1/UAF1 SLD2 directly
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recognizes a motif similar to a conventional SIM (see also

below) that allows binding to its targets (Yang et al.

2011a). The RENi SLD2s cannot bind such a conventional

SIM, but recognize the Ubc9 backside (which we refer to

as ClassII SIM, see below) in a similar manner as it was

identified for SUMO. This interaction is reported to inter-

fere with SUMO chain elongation (Prudden et al. 2009,

2011; Sekiyama et al. 2010). As binding of free SUMO to

Ubc9’s backside needs to be displaced for E1 interaction

(Duda et al. 2007), it would be interesting to test conse-

quences of the RENi SLD2 on Ubc9 charging with SUMO.

However, the RENi SLD1 binds to SUMO E1 and E3

enzymes, but not to Ubc9 (Prudden et al. 2009). Currently,

this binding interface is not further characterized, but may

resemble USP1/UAF1 SLDs and recognize more conven-

tional SIMs. Interestingly, SLDs possess di-glycine

motives, but currently there is no evidence that they get

processed and conjugated.

SUMO Consensus Motifs (SCM)

With the identification of SUMO substrates and mapping of

the respective SUMO attachment sites, it quickly became

clear that many sites share a common motif: W K 9 D/

E (W = I, V or L), which was later shown to be directly

recognized by the catalytic cleft of Ubc9 (see Fig. 3b and

Bernier-Villamor et al. 2002). Mass spectrometric analysis

of several substrates expands the motif to (I/V/L/M/F/

C) K 9 (D/E) and revealed that it also functions when it is

inverted (E/D) 9 K (V/I/L/F/P) (Matic et al. 2010).

Importantly, such motifs are only functional when placed

in an unstructured and exposed region, as their positioning

in an alpha helix changes the orientations of the essential

residues and consequently prevents recognition by Ubc9

(Pichler et al. 2005).

Several extended variations of the conventional consen-

sus motif are reported (summarized in Fig. 3b), involving

mostly negatively charged residues downstream of the core

motif. This can be achieved by serine phosphorylation, as it is

shown for the phosphorylation-dependent SUMO motif

(PDSM): W K 9 (D/E) 9 9 S P (Hietakangas et al. 2006),

the phosphorylation sumoylation motif (pSuM) W
K 9 S P and the extended pSuM W K 9 S P S (S) 9 9 S P

(Picard et al. 2012). In contrast to the PDSM, the negatively

charged SUMO motif W K 9 E 9 9 E E E E (NDSM)

constitutively presents additional acidic residues down-

stream of the core motif (Yang et al. 2006). The hydrophobic

cluster sumoylation motif (HCSM) W W W K 9 D/E dem-

onstrates another extended variation (Matic et al. 2010).

Together, for several of the extended SUMO consensus

motifs (PDSM, NDSM, and HCSM), it was shown that the

additional residues enhance binding to Ubc9 and

consequently promote conjugation (compare Fig. 3a, Mo-

hideen et al. 2009; Yang et al. 2006; Bernier-Villamor et al.

2002). However, it is important to note that not all SUMO

consensus sites are indeed sumoylated and many SUMO

substrates are modified at non-consensus lysines (Lamoliatte

et al. 2013; Matic et al. 2010; Pichler et al. 2005).

Non-covalent SUMO Binding

SUMO can regulate protein functions also via non-covalent

binding to so-called SUMO-interaction motifs (SIMs, for

an overview compare Fig. 3). Canonical SIMs are defined

by a short hydrophobic core region often flanked by an

acidic stretch. Currently, three types of conventional class I

SIMs are described (Praefcke et al. 2012):

SIMa: W W 9 W AcAcAcAcAc

SIMb: W W DLT

SIMr: AcAcAcAcAc W 9 W W
W = V, I or L, Ac = D, E or S

Such SIMs form b-strands that align with the hydro-

phobic groove formed between the b2-strand and the a1-

helix of SUMO paralogs (compare Fig. 3c and Chang et al.

2011; Hecker et al. 2006; Reverter and Lima 2005).

Electrostatic interactions between positively charged sur-

faces on SUMO and the negative charges in the SIM also

contribute to binding. Non-covalent SUMO/SIM interac-

tions can also be dynamically regulated by different post-

translational modifications. Such modifications can involve

either the SUMO or the SIM and change the charge of the

binding interface. As already mentioned above, SUMO can

get acetylated which selectively modulates SIM interac-

tions (Ullmann et al. 2012). On the other hand, the SIM

itself is prone to regulation, as addition of negative charges,

such as phosphorylation, stimulates binding to Lys 39 in

SUMO1, Lys 35 in SUMO2, or Lys 34 in SUMO3 (Chang

et al. 2011; Stehmeier and Muller 2009). These examples

clearly indicate the dynamics and specificity of non-cova-

lent interactions, although we are just beginning to

understand the mechanisms regulating SIM interactions

and its biological consequences. Most SIMs cannot dis-

tinguish between SUMO paralogs, though some selected

SIMs do (Chang et al. 2011; Meulmeester et al. 2008;

Ouyang et al. 2009), but the underlying requirements for

paralog selection remain enigmatic.

In addition to these classical SIMs, there are at least two

clearly distinct classes of non-covalent SUMO interactions,

which we will refer to as Class II-SIMs and Class III-SIMs.

Class II-SIMs bind to a very different surface on SUMO as

described for canonical SIMs. So far, only two proteins are

known to bind SUMO in this manner, the SUMO E2 Ubc9

via its backside (Capili and Lima 2007; Duda et al. 2007;

Neuromol Med (2013) 15:639–660 643
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Knipscheer et al. 2007) and the dipeptidyl peptidase-9

(DDP9) (Pilla et al. 2012). Interestingly, while Ubc9 does

not show any paralog specificity, DDP9 exhibits a high

preference for SUMO1. One explanation for this could be

the extended SUMO binding interface observed with Ubc9

in comparison with the one mapped for DDP9, specifically

involving the loop around Glu 67. Also, the corresponding

surfaces are more positively charged in SUMO1 than in

SUMO2, which may explain the obtained paralog speci-

ficity for a small binding interface (DDP9), but likely gets

meaningless in context of a more extended interface

(Ubc9) (Pilla et al. 2012; Capili and Lima 2007; Duda et al.

2007; Knipscheer et al. 2007). The binding interface with

SUMO for the Class III-SIMs is not yet mapped, but it is

specific in that the SIM is dependent on a zinc-coordinating

motif of the ZZ type present in HERC2 (Danielsen et al.

2012). It will be interesting to gain deeper insights in the

regulation and specificity of non-covalent SUMO interac-

tion in the future.

The Heterodimeric E1 Activating Enzyme

The functional SUMO E1 activating enzyme constitutes a

heterodimer of the proteins Aos1 and Uba2 (also referred

to as SAE1 and SAE2). This enzyme has two important

consecutive functions: First, it activates the matured

SUMO di-glycine motif by adenylation, a step that con-

sumes ATP. Subsequently, the adenylated SUMO is

attacked by the conserved cysteine residue in Uba2 to form

a highly reactive E1*SUMO thioester bond (see Fig. 2).

Regulation at this step of the SUMO cascade has dra-

matic consequences on global sumoylation as it was

demonstrated for the CLEO virus protein Gam1. Gam1

functions as substrate adaptor for the ubiquitin E3 ligase

complex Cul2/5-EloB/C-Roc1 and targets the E1 for pro-

teasomal degradation (Boggio et al. 2004, 2007).

Another mechanism that is especially interesting in

regard to neurodegenerative diseases is that oxidative stress

can regulate global SUMO levels. Low concentrations of

H2O2 were found to induce the formation of reversible

disulfide bonds between the catalytic cysteines of the E1

subunit Uba2 and the E2 enzyme Ubc9. Such an impair-

ment in the catalytic activity of the two key enzymes of

SUMO conjugation results in a global loss of sumoylation

by shifting the equilibrium to desumoylation of most cel-

lular SUMO targets (Bossis and Melchior 2006). Further-

more, the activity of the E1 enzyme can be modulated by

sumoylation of the catalytic subunit Uba2. This modifica-

tion neither effects adenylation nor thioester formation

activity, but impairs the transfer of SUMO to the E2 and

accordingly global substrate modification. Upon heat

shock, E1 sumoylation is reduced, which correlates with an

increase in SUMO conjugation (Truong et al. 2012). Cur-

rently, it is not clear whether this increase is indeed

dependent on E1 desumoylation, as it is not known how

limiting the E1 enzyme is in the cell. In conclusion, reg-

ulation of the E1 enzyme results in global changes in su-

moylation, and therefore, it is conceivable that we hear

more about regulation of this key sumoylation enzyme in

the near future.

The Single E2 Conjugating Enzyme

The broker of SUMO conjugation is the E2 enzyme Ubc9.

At first, it interacts with the SUMO charged E1 and takes

SUMO from the E1 to its own catalytic cysteine, again

forming a thioester bond (Ubc9*SUMO). From here,

SUMO is transferred to the target and this step can be

performed either directly or with the help of an E3 ligase or

cofactor (see Fig. 2). As already mentioned above, Ubc9

can directly recognize the core SUMO consensus motif

(see Fig. 3b, Bernier-Villamor et al. 2002), but this inter-

action is usually too fragile for an efficient SUMO transfer.

Indeed, other mechanisms have evolved to either stabilize

the interaction between Ubc9*SUMO and its substrate

(see Fig. 3a, model I–IV) or accelerate the SUMO transfer

from Ubc9*SUMO to the substrate (compare Fig. 3a,

model V).

For substrate/Ubc9*SUMO stabilization, classical

concepts involve E3 ligases that bind to both Ubc9 and

substrate to ensure close proximity for an efficient transfer

(Fig. 3a, model IV). As outlined above, another mechanism

to stabilize substrate/Ubc9*SUMO interaction is by sub-

strates possessing an additional binding interface for Ubc9

next to a SUMO consensus motif (see Fig. 3a, model III).

This was described for the acidic residues of the NSDM

motif (Yang et al. 2006), for the hydrophobic cluster of the

HCSM (Matic et al. 2010), and for RanGAP1 that holds in

addition to a HCSM, a unique binding interface with Ubc9

outside the catalytic cleft (Bernier-Villamor et al. 2002).

Continuing in this trend, selected substrates have been

observed with SIM motifs that contribute to SUMO*Ubc9

recruitment and enhance conjugation (Fig. 3a, model I,

Klug et al. 2013; Knipscheer et al. 2008; Meulmeester et al.

2008; Zhu et al. 2008; Chang et al. 2011).

An increase in substrate/Ubc9 binding can be further

obtained by posttranslational modifications on either side.

The best understood examples for substrate modification

are the different phosphorylation-dependent SUMO motifs

discussed above, which upon modification enhance Ubc9

binding followed by their sumoylation (Hietakangas et al.

2006; Mohideen et al. 2009; Picard et al. 2012). Alterna-

tively, regulation of Ubc9 itself can contribute to substrate

selection, as it was shown for Ubc9 sumoylation
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(Knipscheer et al. 2008) and recently also for its acetyla-

tion (Hsieh et al. 2013). Whereas sumoylated Ubc9 in

mammals shows enhanced affinity and activity for selected

SIM containing SUMO substrates (see Fig. 3a, model II,

Knipscheer et al. 2008), Ubc9 acetylation impairs the

affinity and activity to NSDM containing SUMO substrates

Fig. 3 E3-independent and E3-dependent mechanisms of SUMO

conjugation. a The covalent modification of substrates by SUMO is

primarily directed to lysine residues located within the conserved

SUMO consensus motif (SCM). Substrate modification can be

facilitated either directly by the SUMO E2 enzyme Ubc9 (left panel)

or in the presence of SUMO E3 ligases as well as other proteins

denoted as ‘cofactors’ (right panel). Furthermore, a variety of non-

covalent interactions can influence the SUMO modification event.

Substrate SCMs can be directly recognized by the Ubc9*SUMO

thioester moiety, resulting in limited substrate sumoylation. Certain

substrates bear additional conserved SUMO interaction motifs (SIMs)

that non-covalently interact with SUMO, either with SUMO charged

Ubc9 (I) or with sumoylated Ubc9 (II), contributing to substrate

selection, enhanced binding, and SUMO conjugation. In addition,

certain substrates also have additional Ubc9 binding surfaces (III) that

influence sumoylation. E3s/cofactors act as scaffold proteins that

further stabilize interactions between substrate and the charged

Ubc9*SUMO (IV) or enhance Ubc9–SUMO thioester discharge (V).

The latter can involve secondary binding events including SIMs. The

above mechanisms for SUMO modification are not mutually

exclusive, as the presence of E3s/cofactors could also enhance the

events depicted on the left. b SUMO consensus motifs. Sequences

observed to act as SCMs are shown; Classical, inverted, hydrophobic

cluster sumoylation motif (HCSM), phosphorylation-dependent

SUMO motif (PSDM), and negatively charged SUMO motif

(NSDM). ‘W’ represents hydrophobic residues, ‘K’ is the lysine that

gets modified, and ‘SP’ represents a phosphorylated serine. Also

shown alongside is a ribbon cartoon representation of the interaction

between Ubc9 and the SCM, as observed in RanGAP1 (PDB code

1KPS). The side chains of residues that make up the RanGAP1 SCM,

as well as residues in Ubc9 involved in catalysis and SCM interaction,

are labeled and shown in stick format. c SUMO interaction motifs.

Conserved consensus sequences of the three SIMs are depicted: SIMa,

SIMb, and SIMr. ‘Ac’ represents acidic residues. Also shown is a

ribbon representation of the interaction between SUMO1 and the

SIM, as observed in the Internal Repeat (IR) 1 region of RanBP2

(PDB code 1Z5S). In contrast to SCMs, SIMs form secondary

structures, as observed by the packing of the RanBP2 beta strand

within the hydrophobic groove, located between alpha helix-1 and

beta strand-2 of SUMO1. Models were generated using Protean 3D
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(Hsieh et al. 2013). Regulation of Ubc9 sumoylation pos-

itively controls a subset of SIM containing SUMO sub-

strates, whereas its acetylation attenuates modification of

NSDM containing substrates (Hsieh et al. 2013; Knips-

cheer et al. 2008). To date, it is still unclear where, when,

and how Ubc9 is sumoylated or acetylated and what the

respective functions in vivo are. On the other hand, Ubc9

deacetylation was demonstrated to take place upon hypoxia

by the deacetylase sirtuin1 (SIRT1), thus activating the

sumoylation of selected NSDM substrates (Hsieh et al.

2013).

In addition, Ubc9 was shown to be a target of S-nitro-

sation (Qu et al. 2007) and phosphorylation (Su et al. 2012;

Tomasi et al. 2012). Interestingly, Ubc9 phosphorylation

by CDK1/Cyclin B enhances Ubc9–SUMO thioester for-

mation and consequently target modification in vitro (Su

et al. 2012), suggesting a general consequence on Ubc9’s

catalytic activity. A similar outcome was also reported for

Rhes, a small Ras-related G-protein that is enriched in the

striatum (Subramaniam et al. 2009).

We are beginning to better understand the different

mechanisms regulating Ubc9, and it will be important to

distinguish between global regulatory and more specific

events with consequences on a limited number of sub-

strates. In that sense, Ubc9 is unique in combining both,

general functions with global consequences and specific

functions on single or subsets of substrates. Hence, regu-

lating Ubc9 by different posttranslational means is an

elegant mechanism to selectively regulate a group of sub-

strates upon a certain stimulus and it will be illuminating to

learn more about these mechanisms and its implication in

biological processes.

Ubc9 is an essential enzyme for sumoylation and its

knockout in mice is lethal in early development, whereas

deletion of one allele showed no detectable phenotype

(Nacerddine et al. 2005). This indicates that Ubc9 is rela-

tive abundant and not limiting in the cell. However, dif-

ferent pathogens have evolved mechanisms to reduce Ubc9

levels to achieve global reduction in SUMO levels, as it is

demonstrated for the bacterium Listeria monocytogenes

and the viral protein HPVE6 (Heaton et al. 2011; Ribet

et al. 2010). It would be interesting to examine the minimal

levels of Ubc9 tolerated by the cell, both under constitutive

and stress conditions, as well as at which levels it becomes

pathogenic. Reduced Ubc9 levels were not the only path-

ologic state observed for the enzyme, as it has been

reported to be overexpressed in diverse types of cancer,

including glioma, the most common type of primary brain

tumors (Dong et al. 2013; Li et al. 2013a; Mo and Moschos

2005; Moschos et al. 2007, 2010; Ronen et al. 2009; Zhao

et al. 2012; Zhu et al. 2010; Yang et al. 2013). High Ubc9

levels were reported to promote cell proliferation, cell

invasion, and metastasis and correlate with poor response

to chemotherapy and poor clinical prognosis (Li et al.

2013a; Zhu et al. 2010; Chen et al. 2011). In line, it was

reported that Ubc9 levels are controlled by various mi-

croRNAs, which are repressed in cancer tissues (Zhao et al.

2012; F. Wu et al. 2009). Surprisingly, 21-week-old

transgenic mice that overexpress high Ubc9 levels show no

gross abnormal phenotypes and appear not to develop

tumors. Rather the opposite is true, as high Ubc9 levels

showed a beneficial effect of increased global sumoylation

that protects mouse brains against focal cerebral ischemic

damage (Lee et al. 2011b). Concordantly, deep hypother-

mia that protects organ damage induced by transient

ischemia also demonstrates elevated levels in global su-

moylation and triggers nuclear translocation of Ubc9 in

neurons, correlating with an increase in SUMO2/3 species

in the nucleus (Wang et al. 2012).

In summary, Ubc9 presents the central enzyme in the

SUMO conjugation pathway, equipped with manifold

mechanisms that are in place to globally or specifically

influence SUMO conjugation levels. Hence, it constitutes a

fascinating target to regulate substrate modification by

interfering with E1 interactions, SUMO binding, post-

translational modification, altered expression levels, or by

altered binding to E3 enzymes. It will still be fascinating to

ascertain the multifaceted roles of Ubc9 and how it con-

tributes to health and disease.

The E3 Ligases

Proteins that catalyze the transfer of SUMO from the

charged E2 enzyme onto a substrate are described as E3

ligating enzymes. Although originally assumed to behave

as molecular scaffolds by bringing substrate and charged

E2 in close proximity (see Fig. 3a, model IV), increasing

evidence arises that priming the E2*SUMO thioester for

efficient transfer is the core function for enhanced substrate

sumoylation (see Fig. 3a, model V). The catalytic mecha-

nisms are not mutually exclusive, but can be influenced by

distinct non-covalent interactions between SUMO, the E3,

the E2 or the substrate as outlined in Fig. 3. Currently, only

a handful of proteins have been observed to significantly

enhance substrate sumoylation in vitro and in vivo. How-

ever, for many of these regulators, it has not been clearly

demonstrated whether they indeed catalyze sumoylation or

rather function as cofactors of sumoylation.

Yeast Siz1 and Siz2 proteins together with their mam-

malian homologs, the proteins inhibitor of STAT (PIAS)

family, were the first SUMO E3 ligases uncovered. Several

family members have been identified, so far: PIAS1, the

PIASxa/PIASxb isoforms, PIAS3, and PIASy (Kahyo et al.

2001; Sachdev et al. 2001; Sapetschnig et al. 2002;

Schmidt and Muller 2002; Johnson and Gupta 2001; Kotaja
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et al. 2002). All PIAS and Siz proteins share a zinc finger

domain that is structurally related to that of RING and

U-box domain containing ubiquitin E3 ligases. Therefore,

this group of SUMO E3 ligases was designated as Siz/PIAS

(SP)-RING family (Hochstrasser 2001). A remote relative

that also possesses such a SP-RING, but is otherwise

unrelated, is the Nse2/Mms21 protein, which is a multi-

protein complex component required for DNA repair

(Andrews et al. 2005; Potts and Yu 2005; Zhao and Blobel

2005). In addition to the central SP-RING, the PIAS family

also bears other functional domains or motifs: The N-ter-

minal SAP (scaffold attachment factor-A/B, acinus, and

PIAS) domain, a PINIT motif, a unique C-terminal domain

(SP-CTD), a SIM, and a variable serine/threonine-rich

C-terminal region (S/T) that flank the SP-RING domain,

and together influence downstream PIAS effects not

restricted to SUMO conjugation (Yunus and Lima 2009

and reviewed in Gareau and Lima 2010, Rytinki et al.

2009).

The SAP domain, the PINIT domain, and also the

C-terminus are involved in protein interactions and regu-

late the intracellular localization and substrate modification

in vivo, though these domains are dispensable for core E3

functions in vitro (Yunus and Lima 2009). This was sur-

prising, as PIAS family E3 ligases were originally assumed

to function as scaffolds to bring the charged E2 in close

proximity to its substrates (compare Fig. 3). Structural and

functional analysis indicated that the SP-RING, along with

the SP-CTD, is sufficient to activate the charged Ubc9*
SUMO for substrate conjugation. As acidic residues in the

SP-CTD and basic residues on the SUMO surface are

required for activity, it is proposed that the SP-RING binds

to Ubc9 and the donor SUMO gets optimally positioned via

the SP-CTD domain for efficient transfer (Yunus and Lima

2009). Indeed, such a mechanism for donor ubiquitin

priming was recently demonstrated for a related ubiquitin

RING E3 ligase (Plechanovova et al. 2012).

SP-RING E3 ligases are involved in diverse cellular

functions including transcriptional regulation (e.g.,

reviewed in Rytinki et al. 2009; Schmidt and Muller 2003;

Sharrocks 2006), DNA repair (X. L. Chen et al. 2007;

Morris et al. 2009; Silver et al. 2011; Zhao and Blobel 2005

and reviewed in Branzei et al. 2006; Galanty et al. 2009;

Potts 2009; Zlatanou and Stewart 2010), cell cycle (e.g.,

Azuma et al. 2005; Ryu and Azuma 2010), apoptosis (e.g.,

Zhang et al. 2010; Liu and Shuai 2001), cell migration and

invasion (Castillo-Lluva et al. 2010), neuroreceptor regu-

lation (Dutting et al. 2011), and oxidative stress response

(Leitao et al. 2011). However, although different substrates

for each pathway are identified, it is currently not clear

whether and how substrate specificity is performed, as all

SP-RING E3 ligases have broad target spectra of sub-

strates. One could also envision that upon specific stimuli,

waves of multiple substrates are sumoylated, as it is

reported for cell cycle and DNA repair regulation or upon

heat shock (Johnson and Blobel 1999; Psakhye and Jentsch

2012; Golebiowski et al. 2009).

Concordant with low substrate specificity of individual

PIAS E3 ligases, diverse knock out studies of PIAS family

members demonstrate only modest defects indicating large

redundancy between the different family members (Liu

et al. 2004; Roth et al. 2004; Santti et al. 2005; Wong et al.

2004). In agreement, also the yeast Siz1 and Siz2 are not

essential for viability (Johnson and Gupta 2001). One idea

how substrate specificity can be achieved in vivo comes

from a highly regulated co-occurrence of substrate and its

E3 ligase in a spatial and temporal manner that would

imply transcriptional and post-transcriptional regulation.

Again, one prime example comes from yeast showing that

during mitosis, Siz1 gets phosphorylated and translocates

from the nucleus to the bud neck, where it encounters its

substrates (Johnson and Gupta 2001). Also PIASxa,

PIAS1, and likely other PIAS family members were found

to be regulated by phosphorylation, involving various

kinases in a stimulus-dependent manner (Liu et al. 2005,

2007; Stehmeier and Muller 2009; Yang and Sharrocks

2006). In general, phosphorylation appears not to impair

the catalytic activity of these E3 ligases per se, but clearly

affects their ability to modulate substrate-dependent tran-

scription in vivo (Stehmeier and Muller 2009; Yang and

Sharrocks 2006). To clearly understand the underlying

molecular mechanism, additional biochemical studies are

required. Regulation of cellular localization is also reported

for PIASy, which depends on autosumoylation for nuclear

localization required for target modification (Ihara et al.

2005).

Other than phosphorylation and sumoylation, PIAS3 can

be regulated by nitric oxide via S-nitrosation, which

destabilizes PIAS3 by promoting its interaction with the

ubiquitin E3 ligase tripartite motif-containing 32 (Trim32,

Qu et al. 2007). Also the ubiquitin E3 ligase Siah2 was

shown to regulate cellular PIAS levels (Depaux et al.

2007). Tight regulation of PIAS family members is

important during development, as it was shown in Xenopus

laevis. PIAS family members are expressed throughout

early development with overlapping expression, though

distinct expression patterns were observed, like particular

high expression of PIASy in neural and neural crest

derivatives (Burn et al. 2011). Interestingly, deregulation of

PIAS by overexpression disrupts mesoderm induction and

impairs body axis formation (Burn et al. 2011), further

highlighting the importance of tight regulation. Concor-

dantly, increased PIAS3 expression was reported in a

variety of cancer tissues including brain, lung, breast,

prostate, and colon-rectum tumors (L. Wang and Banerjee

2004), as well as increased PIAS1 in human prostate cancer
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(Hoefer et al. 2012). Indeed, a mechanism leading to the

upregulation was discovered for PIASy upon hypoxic

stress (Cai et al. 2010). Together, these findings indicate

that also SP-RING E3 ligases underlie a highly complex

regulatory system that leaves much room for further

investigations.

Structurally very different to SP-RING SUMO E3

ligases is the Ran-binding protein 2 (RanBP2), a large

nuclear pore complex component showing SUMO E3

ligase properties (Pichler et al. 2002, 2004). The minimal

catalytic region of RanBP2 only requires one out of two

internal repeats, which are largely unstructured bearing no

resemblance to other characterized E3 ligase domains

(Pichler et al. 2004; Reverter and Lima 2005; Tatham et al.

2005). As this minimal domain binds both to Ubc9 and

SUMO, it is discussed that it also primes the donor SUMO

for efficient transfer (see Fig. 3a, model V, Reverter and

Lima 2005). However, endogenous RanBP2 forms a stable

complex with sumoylated RanGAP1 and a ‘structural’

inaccessible Ubc9 species, which together occupy one of

the internal repeats, leaving the second repeat remaining

for E3 activity (Werner et al. 2012). Indeed, this second

repeat is able to recruit an additional ‘catalytic’ Ubc9 to the

complex, but the corresponding predicted SIM appears not

to be required for activity, thus questioning the Ubc9*
SUMO priming model in context of the larger complex

(Werner et al. 2012). The identification of an unconven-

tional second SIM is likely, as the linking region together

with the second repeat entity specifically binds to SUMO1,

but not to SUMO2 (Tatham et al. 2005), raising the pos-

sibility for SUMO1 specificity of the larger RanBP2

complex. Indeed, a recent structural study revealed how the

second repeat increased SUMO1 binding, as well as

SUMO1-specific E3 ligase activity for the RanBP2 com-

plex (Gareau et al. 2012).

As previously observed with the minimal catalytic

domain of SP-RING SUMO ligases, no substrate-binding

domain could be identified in the minimal catalytic frag-

ment of RanBP2 (Pichler et al. 2002, 2004; Reverter and

Lima 2005). However, RanBP2’s catalytic entity in context

of the full-length protein is flanked by binding sites for

transport receptors, suggesting transport cargos as putative

substrates. Spatial and temporal specific substrate sumoy-

lation is also supposed to play a role for RanBP2. Although

restricted to the nuclear envelope during interphase (Ha-

mada et al. 2011; Walde et al. 2012; Wu et al. 1995; Yo-

koyama et al. 1995), it gets enriched at kinetochores and

mitotic spindle upon disassembly of the nuclear envelope

in mitosis (Roscioli et al. 2012; Swaminathan et al. 2004;

Joseph et al. 2002), which likely involves different sub-

strate sets for the various localizations. On a physiologic

level, RanBP2 null mice are embryonic lethal (Aslanukov

et al. 2006). Although viable, animals with low amounts of

RanBP2 develop severe aneuploidy and are highly sensi-

tive to tumor formation because of chromosomal segrega-

tion defects in the absence of noticeable transport defects

(Dawlaty et al. 2008). In addition, RanBP2 haploinsuffi-

ciency appears to confer an increased susceptibility to

neurotoxic damage in the brain (Cho et al. 2012).

Other reports of SUMO E3 ligases include the chro-

mobox protein homolog (CBX) 4/Polycomb (Pc) 2

homolog, a member of the polycomb repressor complex 1

(Wotton and Merrill 2007), the tumor suppressor p14ARF/

cyclin-dependent kinase inhibitor 2A (Xirodimas et al.

2002; Woods et al. 2004; Tago et al. 2005), the histone

deacetylase (HDAC) 4 (Lee et al. 2009; Yang et al. 2011b;

Zhao et al. 2005), the serine/arginine-rich protein SF2/ASF

(Pelisch et al. 2010), certain members of the TRIM protein

family (Chu and Yang 2011), the transcription factor

Krox20 (Garcia-Gutierrez et al. 2011), and topoisomerase I

interacting protein (Topors) (Weger et al. 2005), which

also function as a ubiquitin E3 ligase (Rajendra et al.

2004). Interestingly, phosphorylation switches the RING

dispensable SUMO E3 ligase role to that of the RING-

dependent ubiquitin function (Yang et al. 2009).

Another example of dual ubiquitin/SUMO E3 ligase

functions has been reported for mitochondrial ubiquitin

ligase activator of NF-jB (MULAN), a mitochondrial-

anchored protein ligase (MAPL) involved in mitochondrial

fission/fusion dynamics (Li et al. 2008; Braschi et al.

2009). Deregulation of mitochondrial homeostasis has been

observed in the pathogenesis of several neurodegenerative

disorders, and an active role for SUMO in these pathways

needs to be further explored.

Also the meiotic yeast Zip3 and its mammalian homolog

RNF212 are reported to function as SUMO E3 ligases

(Cheng et al. 2006; Reynolds et al. 2013), although these

proteins possess a classical ubiquitin RING E3 motif (Perry

et al. 2005) seemingly required for SUMO E3 activity

(Cheng et al. 2006). However, depletion of Zip3 in yeast

results in an increase in meiotic SUMO conjugation

(Cheng et al. 2006; Klug et al. 2013), contrary to what one

would expect for a SUMO E3 ligase.

Recently, the yeast Ubc9 was shown to become inacti-

vated in its conventional E2 functions upon sumoylation,

but gains a role as cofactor for unmodified Ubc9 and

positions the donor SUMO for an efficient transfer (see

Fig. 3a, model V) important for meiotic SUMO chain

formation (Klug et al. 2013).

However, together all these factors enhance sumoylation

to a certain extent, but for many of them it is currently not

clear whether the underlying mechanism indeed resembles

that of a SUMO E3 ligase. As mentioned earlier, and in

Fig. 3a, the E2 enzyme is inherently capable in mediating

SUMO conjugation for some of the substrates. Modest

quantities of a genuine E3 enzyme, at levels much lower
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than target proteins, are sufficient in enhancing target su-

moylation. This feature needs to be clearly established for

designating a protein as a SUMO E3 ligase. Furthermore, it

is crucial to examine the effects of cryptic motifs (SIMs,

SCMs, and additional binding interfaces) that would per-

haps allow non-covalent interactions between the substrate

and SUMO/E2/‘E3’, thereby influencing sumoylation

activity. Careful biochemical and functional studies are

necessary to verify SUMO E3 ligase roles for some of the

above proteins, as well as for other, as yet uncharacterized

proteins.

SUMO Proteases

SUMO proteases carry out two important tasks in the su-

moylation pathway. First, they are required for maturing

the expressed SUMO precursor proteins via their endo-

peptidase activity, and secondly, they remove SUMO from

target proteins via their isopeptidase activity, thus feeding

SUMO back into the conjugation cycle (see also Fig. 2).

However, in conjunction with the conjugation machinery,

the isopeptidase activity determines the steady state levels

of individual substrate sumoylation in the cell. The first

SUMO proteases, ubiquitin-like protease (Ulp) 1 and 2,

were discovered in yeast and subsequently guided the

discovery of mammalian SUMO proteases (Li and

Hochstrasser 1999, 2000; Gong et al. 2000; Yeh et al.

2000). A family of six sentrin-specific proteases (SENP) in

humans (SENP 1–3 and 5–7) is responsible for SUMO

processing, deconjugation, and depolymerization activities

(reviewed in Mukhopadhyay and Dasso 2007; Hay 2007;

Hickey et al. 2012). Recently, two new SUMO protease

classes have been uncovered: desumoylating isopeptidases

(DESI) 1 and 2, as well as ubiquitin-specific protease-like

(USPL) 1 (Shin et al. 2012; Schulz et al. 2012). All of the

above enzymes are cysteine isopeptidases, with SENPs

(clan CE/family C48) harboring a conserved core and a

catalytic triad comprised of histidine, aspartate, and cys-

teine residues (Gong et al. 2000). In contrast, DESIs (clan

CP/family C97) bear a catalytic cysteine/histidine dyad

among other structural differences (Suh et al. 2012).

USPL1 (clan CA/family C98) is dissimilar to both SENPs

and DESIs, rather it is distantly related to deubiquitinating

enzymes (DUBs) (Schulz et al. 2012, classification data

from MEROPS database Rawlings et al. 2012).

Endopeptidase-mediated processing of precursor SUMO

involves specific cleavage of the C-terminal tail, after the

di-glycine motif, resulting in a mature protein. In vitro

studies have shown that catalytic domains of SENP2 and

SENP1 are more proficient in processing SUMO2 and

SUMO1 precursors, respectively, while both showing

limited activity toward the SUMO3 precursor that is

instead processed better by SENP5 (Reverter and Lima

2004; Xu and Au 2005; Shen et al. 2006; Di Bacco et al.

2006; Gong and Yeh 2006). Structural characterization of

SENP1 and SENP2 catalytic domains revealed how resi-

dues in the precursor tails of different paralogs influence

their processing (Reverter and Lima 2004; Shen et al.

2006). Moreover, the observed absence of SUMO4 pro-

cessing was attributed to an atypical proline in its tail

sequence (Owerbach et al. 2005). Endopeptidase activities

were absent for SENP6 and SENP7, while both DESI1 and

USPL1 displayed weak activity on the precursors of

SUMO1 and SUMO2 (Mukhopadhyay et al. 2006; Lima

and Reverter 2008; Suh et al. 2012; Schulz et al. 2012).

Isopeptidase activity or deconjugation of sumoylated

proteins has been observed, to varying degrees in vitro,

with nearly all of the SUMO proteases. However, in vivo

isopeptidase activity is regulated by subcellular localiza-

tion of the SUMO proteases, as well as by their interactions

with sumoylated substrates. The importance of SUMO

isopeptidase regulation through cellular localization was

first understood with the yeast proteases. Ulp2 is distrib-

uted within the nucleus, while Ulp1 is restricted, via its

non-catalytic amino-terminal region, to the nucleoplasmic

face of the nuclear pore complex (NPC) (Li and Hochst-

rasser 2003; Panse et al. 2003; Mossessova and Lima

2000). A certain proportion of Ulp1 is exported to the

cytoplasm, again via export sequences within the amino-

terminal region, to undertake crucial isopeptidase functions

required for cell division (Johnson and Blobel 1999; Ta-

kahashi et al. 1999). Deletion of Ulp1’s amino-terminal

region allows its distribution throughout the cell, which can

be lethal at high levels due to indiscriminate isopeptidase

activity, underlining the importance of its spatial

regulation.

Subcellular localizations for most of the human SENPs

are predominantly in the nucleus; SENP1 and SENP2 at

discrete sub-nuclear compartments and the NPC (Gong

et al. 2000; Bailey and O’Hare 2002; Hang and Dasso

2002; Zhang et al. 2002), SENP3 and SENP5 within the

nucleolus (Gong and Yeh 2006; Di Bacco et al. 2006), and

SENP6 throughout the nucleoplasm (Mukhopadhyay et al.

2006, 2010) with sub-populations at promyelocytic leuke-

mia protein (PML) nuclear bodies (Hattersley et al. 2011).

However, the mechanisms that regulate sub-nuclear local-

izations of SENPs are relatively unknown. In addition,

SENP1 and SENP2 bear nuclear localization signals (NLS)

and nuclear export signals (NES) in their amino-terminal

regions that enable shuttling between the nucleus and

cytoplasm (Kim et al. 2005; Itahana et al. 2006).

Cellular SENP1 is unique in its ability to deconjugate

both SUMO1 and SUMO2, while SENP2, and most of the

other SENPs, showed an in vivo preference for SUMO2/3

deconjugation (Kolli et al. 2010).
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All the SENPs have amino-terminal extensions of

varying lengths and sequences (reviewed in Mukhopad-

hyay and Dasso 2007), though structural and/or functional

aspects are still very limited. Analogous to the regulatory

mechanisms observed for yeast Ulp1, the amino-terminus

of SENP2 also appears responsible for its localization to

the nucleoplasmic face of the NPC and in addition con-

tributes to its preference in SUMO2 deconjugation (Kolli

et al. 2010; Hang and Dasso 2002). Interestingly during

mitosis, a fraction of nucleolar SENP5 is relocalized to the

cytoplasm, where it was observed to modulate the su-

moylation status of mitochondrial proteins (Zunino et al.

2007). In particular, deconjugation of SUMO1 from dyn-

amin-related protein (DRP) 1 (a mitochondrial GTPase)

promotes its mitochondrial localization, thus driving

mitochondrial fragmentation and its segregation (Harder

et al. 2004; Zunino et al. 2007, 2009). Cytoplasmic local-

ization was also observed for both DESI1 and 2, with a

partly nuclear profile for the former (Shin et al. 2012). Low

expression profiles were observed for USPL1, exclusively

at nuclear Cajal bodies (Schulz et al. 2012).

Regulation of SUMO proteases can also occur through

other mechanisms including transcription (Lee et al.

2011a), phosphorylation (Baldwin et al. 2009), proteaso-

mal degradation (Itahana et al. 2006; Kuo et al. 2008; Yan

et al. 2010), various stimuli like oxidative stress, oxygen

deprivation/hypoxia (Huang et al. 2009; Xu et al. 2008;

Cheng et al. 2007; Xu et al. 2010), and upon heat shock

(Pinto et al. 2012). In yeast, mitotic phosphorylation of

Ulp2 appeared to inhibit its isopeptidase functions with

concomitant stabilization of sumoylated substrates (Bald-

win et al. 2009; Bachant et al. 2002). Mammalian SENP3

is observed to be phosphorylated and constitutively

degraded by the ubiquitin E3 ligase C-terminus of HSP70-

interaction protein (CHIP) (Kuo et al. 2008; Yan et al.

2010). However, under mild oxidative stress, SENP3 is

stabilized by the chaperone heat shock protein 90 (HSP90)

relaxing its restrictive nucleolar localization, thus permit-

ting deconjugation of a different set of substrates involved

in transcriptional regulation (Huang et al. 2009). Increased

expression of SENP2 stimulates desumoylation of tran-

scription activators inducing transcription (Girdwood et al.

2003; Ross et al. 2002; Yang et al. 2003). Under genotoxic

stress, SENP2 gets activated leading to its own transcrip-

tional down-regulation in a negative feedback loop (Lee

et al. 2011a).

Interestingly, low levels of reactive oxygen species

(ROS) can reversibly inactivate enzymes of the SUMO

conjugation machinery, thus contributing to significantly

reduced overall sumoylation levels (Bossis and Melchior

2006). In the case of SENP1 and Ulp1, a reversible inhi-

bition was observed at low levels of ROS with subsequent

irreversible inactivation at higher levels, together

suggesting the proteases could possibly function as redox

sensors in cells (Xu et al. 2008). In contrast, global

increases in SUMO2/3 conjugates have been observed in

cellular systems upon heat shock and induced ischemia (W.

Yang et al. 2012; Golebiowski et al. 2009). At least

SUMO2/3, as well as yeast SMT3, is capable of forming

SUMO polymers (Bencsath et al. 2002; Klug et al. 2013;

Matic et al. 2008b), though it is not clear to which extent

polymers of SUMO2/3 are involved in the above increase

in SUMO conjugates. That SUMO chains are important in

selected biological processes is underlined by SUMO

proteases specialized in depolymerization of SUMO chains

like Ulp2, SENP6, and SENP7 (Li and Hochstrasser 2000;

Mukhopadhyay et al. 2006; Shen et al. 2009; Lima and

Reverter 2008). Concurrently, the catalytic domains of a

majority of the SENPs, but not SENP6, were observed to

be thermo-sensitive, clarifying to some extent the cellular

increase in SUMO2/3 conjugates upon heat shock (Pinto

et al. 2012). A recent study also uncovered novel roles for

SENP3 at the mitochondria and in the ischemic stress

response pathway (Guo et al. 2013). Oxygen/glucose

deprivation induced the lysosomal degradation of SENP3

and led to concomitant increase in SUMO2/3 conjugates,

including DRP1 sumoylation. Following reoxygenation,

SENP3 levels recover leading to deconjugation of the

SUMO-modified DRP1 and its subsequent stabilization on

mitochondria. DRP1 then induces mitochondrial fission,

cytochrome c release, and finally caspase-induced cell

death. Mitochondrial fusion/fission cycles are essential for

cells to maintain healthy mitochondria. Earlier reports have

uncovered the importance of phosphorylation and ubiqui-

tination events in mitochondrial physiology (reviewed in

Chan 2012; Youle and van der Bliek 2012). The emerging

role for SUMO at the mitochondria highlights the dynamic

cross talk between different posttranslational modifications

in regulating essential cellular processes.

Roles for SUMO proteases in other crucial cellular

processes like DNA repair, transcriptional regulation,

ribosome biogenesis, among others, are an area of contin-

ued interest and have been recently reviewed (Hickey et al.

2012). While the above studies have revealed several

functional and regulatory features for SENPs, aspects such

as functional profiles of full-length SENPs and their sub-

strate specificity will have to be examined further and will

reveal novel and exciting insights.

Consequences of Protein Sumoylation on Neurological

Functions

Protein sumoylation has proven to be an integral part in the

regulation of many cellular pathways. Originally, phos-

phorylation and ubiquitination were considered as main
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regulators of the nervous system, but now also the

emerging SUMO system further enhances the complexity

of the system.

Already, the SUMO pathway could be linked to diverse

neurologic functions and disorders (described in more

detail in other chapters of this issue), though mechanistic

details of how SUMO actually contributes to health and

disease remain largely elusive. As sumoylation is often

difficult to detect and can regulate protein functions in

various aspects, it is often hard to identify underlying

mechanistic consequences. In this last section, we would

like to present examples of how sumoylation impacts

specific substrates with implications on neuronal function

and dysfunction.

An often observed phenomenon is the alteration of

protein localization upon SUMO modification. A nice

example is the recent observation that sumoylation of the

tyrosyl DNA phosphodiesterase-1 (TDP1) is a prerequisite

for efficient DNA repair in neurons (Hudson et al. 2012).

TDP1 plays an important role in resealing single-strand

DNA breaks (Takashima et al. 2002). Its sumoylation was

observed to facilitate appropriate accumulation of TDP1 at

DNA damage sites to ensure efficient repair activity

(Hudson et al. 2012). Comparable results were obtained

with the multifunctional protein DJ-1 that plays a role in

Parkinson’s disease (PD). The disease-related mutation

L166P, as well as the SUMO acceptor lysine mutant

K130R, completely blocked the functionality of DJ-1

(Shinbo et al. 2006). It could be shown that the non-su-

moylable K130R mutant impaired the translocation of DJ-1

to the nucleus, thus interfering with its ability to regulate

transcription (Fan et al. 2008). Furthermore, sumoylation

was found to modulate synaptic transmission and plasticity

of neurons, by inducing the endocytotic internalization of

the kainate receptor subunit GluR6a (Martin et al. 2007). In

another instance, it was observed that hippocampal neu-

ronal excitability could be regulated in a direct and graded

manner by staged sumoylation of subunits of the potassium

channel Kv2.1 (Plant et al. 2011).

A more indirect effect of protein localization was

identified in Alzheimer’s disease (AD). It is widely

accepted that the formation of aggregates containing

amyloid-b (Ab) constitutes a primary factor in disease

development, as it is the major component of senile pla-

ques (Masters et al. 1985). Already a decade ago, overex-

pression of SUMO was correlated with reduced targeting of

Ab into aggregates (Dorval et al. 2007; Li et al. 2003). Ab
is a cleavage product generated by b-secretase-mediated

proteolysis of the amyloid precursor protein (APP) and its

sumoylation reduces Ab-aggregate formation (Zhang and

Sarge 2008). Although it was originally assumed that su-

moylation regulates the localization of Ab, it turned out

that the modified lysines of APP are located in close

proximity to the b-secretase cleavage site, indicating that

sumoylation rather blocks Ab-production by steric inter-

ference with the protease-binding site. Taken together,

these results indicate that the SUMO-mediated impairment

of APP cleavage indirectly regulates the localization of its

product resulting in reduced aggregation. In that sense,

APP sumoylation stresses the importance for better

understanding of detailed molecular mechanisms.

The SUMO-mediated targeting of proteins into subnu-

clear structures is a common phenomenon also observed in

other neurodegenerative diseases (recently reviewed in

Krumova and Weishaupt 2013). An interesting example is

the SUMO modification of ataxin (ATX) 1. Mutant ATX1

(also referred to as ATX1-Q82) contains an extended CAG

repeat and accumulates in intranuclear inclusion bodies in

the course of the polyQ disease spinocerebellar ataxia type

(SCA) 1. Wild type ATX1 was found to be sumoylated in a

phosphorylation and NLS-dependent manner (Riley et al.

2005). However, the increased polyQ stretch of mutant

ATX1-Q82 negatively correlates with its sumoylation

(Riley et al. 2005) and additionally was linked with

reduced export from the nucleus (Irwin et al. 2005), thus

promoting the disease state. Together, these observations

suggest that sumoylation facilitates ATX1 nuclear export

and thus prevents the local accumulation and subsequent

formation of pathogenic nuclear aggregates.

In another example, sumoylation was implicated in

axonal trafficking of mRNA in sensory neurons. The La

RNA chaperone protein binds to mRNA and mediates both

anterograde and retrograde transport in axons. However,

upon sumoylation only the anterograde transport is main-

tained, thus regulating the directionality of axonal mRNA

transport (van Niekerk et al. 2007), and it will be exciting

to gain further insights in understanding the underlying

mechanism.

Apart from changes in spatial protein levels, disease

development can also be facilitated by changed protein

solubility. For example, this was observed in neurodegen-

erative synucleinopathies, where the aggregation prone

protein a-synuclein is inducing a disease state. Sumoyla-

tion of a-synuclein on two lysine residues severely reduces

aggregate formation, at least in vitro, while a sumoylation-

deficient variant exacerbated aggregation and cytotoxicity

in dopaminergic neurons (Krumova et al. 2011). Similarly,

sumoylation was observed to attenuate the aggregation

propensity of ATX7 (Janer et al. 2010) and the androgen

receptor (Mukherjee et al. 2009). Together, these studies

suggest a neuroprotective role for SUMO in maintaining

the solubility of proteins prone to aggregation.

A pathogenic change of protein stability is another

common cause of aggregate formation in neurodegenera-

tive diseases. Just recently, it was reported that in SCA3

pathology, SUMO modification increases the stability of
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mutant ATX3, leading to higher toxicity and disease

pathology (Zhou et al. 2013). However, sumoylation had

no influence on the subcellular localization, aggregate

formation, or more importantly the ubiquitination of

mutant-type ATX3, suggesting the involvement of other

processes. Another example how SUMO may regulate

substrate stability is described for amyotrophic lateral

sclerosis (ALS), a disease associated with the degeneration

of motor neurons. Some cases of this disease involve

mutations in the superoxide dismutase-1 (SOD1). Sumoy-

lation of SOD1 is reported to modulate its expression level

and aggregation ability (Fei et al. 2006) although the exact

mechanism remains to be established.

Interestingly, in many neurodegenerative diseases, the

inclusion bodies stain positive for SUMO and/or ubiquitin,

and evidence suggests that their formation is facilitated by

impaired proteasome function (Kim et al. 2011; Riedel

et al. 2011). Given the cellular relevance of the ubiquitin-

driven proteasomal degradation, it would be crucial to

understand the overlapping roles of SUMO and ubiquitin in

target regulation. In some cases, SUMO and ubiquitin

directly compete for modification of target lysines, thus

preventing degradation of proteins (recently summarized in

Praefcke et al. 2012). On the other hand, SUMO can

function as the exact opposite by delivering the sumoylated

target to SUMO-targeted ubiquitin E3 ligases (StUbLs)

consequently leading to their degradation (recently

reviewed in Praefcke et al. 2012). Detailed studies of the

dynamic conjugation/deconjugation cycles of specific

proteins modified by both SUMO and ubiquitin are there-

fore essential to understand their role. In Huntington’s

disease (HD), SUMO participates in the disease pathology

in multiple ways: by competition for target lysines with

ubiquitin and by altering protein stability. The soluble

pathogenic fragment of Huntingtin (Httex1p) contains

lysines targeted by both, SUMO and ubiquitin (Steffan

et al. 2004). Ubiquitination sequesters the potentially toxic

Httex1p to aggregates leading to degradation, thus reliev-

ing pathogenicity. In contrast, sumoylation rather stabilizes

the protein and therefore reduces aggregate formation and

increases toxicity. Currently, little is known about the cross

talk between sumoylation and ubiquitination; however,

lysine mutations blocking both modifications reduced the

disease pathology, indicating additional functions (Steffan

et al. 2004).

SUMO- and/or proteasome-mediated protein degrada-

tion is also implicated in the neuronal intranuclear inclu-

sion disease (NIID) as SUMO1 and ubiquitin completely

overlap in such inclusions (Pountney et al. 2003; Terashi-

ma et al. 2002; Ueda et al. 2002). However, as in many

other known diseases, direct evidence of protein sumoy-

lation is still missing and the role of SUMO in NIID

pathology remains obscure. A proteomic approach to

characterize SUMO1 positive inclusion bodies revealed

some interesting hits including membrane trafficking

involved proteins like dynamin-1, NSF, Unc-18-1, and the

chaperone HSP90 (Pountney et al. 2008). Now these sub-

strates constitute the foundation for detailed analysis, like

if they are SUMO substrates themselves or rather bind to

sumoylated proteins, as well as their relation to ubiquitin.

Together, these examples highlight the versatile manner

how sumoylation can regulate its substrates underlining the

importance to obtain mechanistic insights for each indi-

vidual substrate.

Conclusion

Next to specific substrates, diverse enzymatic components

of the SUMO machinery are prone to regulation them-

selves, resulting in changed enzymatic activity with con-

sequences on specific or even global SUMO conjugation.

For example, in the developing rat brain, the expression

levels of the SUMO E2 enzyme Ubc9 and SUMO1 are

adapted in a temporal and spatial manner (Loriol et al.

2012). Accordingly, a decrease in SUMO-conjugated

substrates and a redistribution of the SUMO enzymes to

dendritic sites were observed during maturation of neurons,

suggesting that a concerted action of SUMO conjugation

plays a role in the development of the central nervous

system. Global changes in sumoylation can have positive

or negative consequences in disease development. The

finding that increased global sumoylation protects from

brain damage upon ischemic challenge, but on the other

hand appears to accelerate tumorigenesis, highlights the

importance of understanding the detailed mechanism and

consequences behind such phenomena.

The vast implications of SUMO in disease pathology

make the pathway a general target of drug development.

However, the global importance of the SUMO pathway for

essential cellular processes makes it a difficult target for

disease-specific therapeutic interventions, since usually

many pathways are affected simultaneously. On the other

hand, timed and limited alteration of global sumoylation,

for example, to counteract changes in tumorigenesis or in

response to ischemic challenge, could be a very interesting

therapeutic approach in the future. Less global effects

could be obtained by targeting specific E3 ligases or

isopeptidases.

In summary, although many studies are now investi-

gating the link between neurologic diseases and the SUMO

pathway, mechanistic insights into how SUMO actually

contributes to the pathology are still missing. Taking into

consideration the amount of pathologic observations that

are somehow connected to the SUMO pathway, it is

important to increase our basic understanding of SUMO
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regulation in order to envision therapeutic options with

limited ‘side effects’.
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