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Abstract

The active regulation of spine structure and function is of fundamental importance for information
storage in the brain. Many proteins involved in spine development and activity-dependent
remodelling are potential or validated substrates for modification by the Small Ubiquitin-like
Modifier (SUMO). The functional consequences of neuronal protein SUMOylation appear diverse
and, in many cases, have not yet been determined. However, for several proteins SUMOQylation
has been shown to be a key regulator, which has a profound impact on spine dynamics and protein
trafficking and function. Here we provide an overview of neuronal SUMOylation and discuss how
greater understanding of this relatively recently discovered posttranslational modification will
provide insight into the complexity of protein interactions that control synaptic activity and
dysfunction.

Introduction

SUMOylation is the addition of a 97-amino acid peptide to the primary amine group of
target lysine residues in the substrate protein by an isopeptide bond, via a pathway
analogous to ubiquitination. There are four SUMO genes in the mammalian genome, termed
SUMO-1-4. SUMO-2 and SUMO-3 differ by only 3 amino acids and are collectively
referred to as SUMO-2/3. SUMO-1 shares 50% homology with SUMO-2/3 [1]. Although
SUMO-4 mRNA expression has been reported, as yet no SUMO-4 protein has been detected
raising doubts as to whether it is physiologically relevant [2]. Excellent reviews are
available that detail the SUMOylation pathway (e.g. [1,3,4°]). Briefly, nascent SUMO
peptides are matured by cleavage of C-terminal residues by sentrin-specific proteases
(SENPs). Mature SUMO is then activated by the E1 enzyme, a heterodimer of SAE1 and
SAE2 in mammals, and passed to the active site cysteine of the SUMO-specific conjugating
enzyme, Ubc9. Ubc9 corresponds to an E2 ubiquitin ligase but, whereas there are many
ubiquitin E2s, Ubc9 is the only SUMO E2 and is required by all three SUMO paralogues.
Although in some cases it appears Ubc9 alone is sufficient for SUMOylation, E3 enzymes
such as PIAS3 probably increase the substrate specificity of this process. As well as
maturing nascent SUMO, SENPs actively deSUMOylate conjugated target proteins. There
are six SENP proteins (SENP1-3 and SENP5-7) in mammals, which exhibit selectivity
between the SUMO paralogues and have distinct subcellular localisations [11,12]. A
schematic of SUMOylation is shown in Figure 1.

SUMOylation often (but not always) occurs at a consensus yKxD/E site (where  is a large
hydrophobic residue) that directly binds Ubc9 [5]. A region of negative charge C-terminal to
the consensus site can enhance SUMOylation and this can arise from phosphorylation of
nearby residues, providing a potential mechanism for the regulation of SUMOylation by
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phosphorylation [6]. Much of the work on SUMOylation relates to its nuclear roles, for
example regulation of transcription factors and nuclear export (for reviews see [7-8]) and in
mice Ubc9 knockout is embryonic lethal owing to defects in nuclear integrity and
chromosomal segregation [9].

It is well established that phosphorylation and ubiquitination play essential roles in
regulating spine structure and synaptic function [10-11]. SUMOylation is known to have
long-term effects on neuronal function via regulation of transcription and nuclear traffic [4°,
12]. More recently, however, as we discuss below, it has been shown that SUMOylation also
has more rapid, extra-nuclear roles, including regulating neuronal function by influencing
pathways that control synaptic structure and function.

Technical considerations—identification of SUMO substrates

Although many neuronal and synaptic proteins contain SUMOylation motifs [13] the
consensus sequence is short and relatively degenerate, for example of 5884 open reading
frames in Saccharomyces cerevisiae, 2799 contain consensus SUMO sites [14]. It is
therefore unlikely that every protein containing this motif is a bone fide substrate. Further,
the identification of physiologically SUMOylated proteins in neurones is confounded by the
issues that, even for proven SUMO substrates, only a small percentage of the total substrate
is modified at any one time [1] and that the SUMOylated form is usually highly transient
owing to SENP activity. These problems are exacerbated by the lack of anti-SUMO
antibodies for effective immunoprecipitation, which hinders the purification of
endogenously SUMOylated proteins.

In part to circumvent these difficulties, alternative approaches have been applied to identify
SUMO substrates. These include affinity purification of Ubc9 interactors [15,16°], affinity
purification with synthetic SUMO-interaction motifs (SIM) peptides [17] and improved bio-
chemical [18] and proteomic [19] techniques to identify SUMOylation sites. However, it
should be noted that even with these techniques, identifying specific functionally relevant
SUMOylation sites on validated target proteins still remains challenging.

SUMOylation in neurones

SUMOylation is essential for all eukaryotic cells since knockdown or deletion of Ubc9 is
lethal [9,20]. In rat brain, the mRNA levels encoding Ubc9 and SUMO-1 are spatio-
temporally regulated, with the highest levels in proliferating neuronal stem cells during
development and in dentate granule and hippocampal pyramidal neurones in the adult [21],
implicating SUMOylation in neuronal differentiation and maturation. In many cases the
identity of the SUMOylated neuronal proteins remains to be determined. However, a
number of substrates have been validated and these provide insight into the multiple, and
previously unsuspected, roles SUMOylation plays in neurones processes, including spine
structure and function, synaptic development and plasticity.

Extranuclear protein SUMOylation in synaptogenesis

Spines are highly dynamic actin-rich dendritic protrusions that contain the postsynaptic
machinery of excitatory synapses [22]. In addition to neurotransmitter receptors, spines
contain scaffolding, adaptor and signalling proteins, organelles and mRNAs. The surface
expression of postsynaptic neurotransmitter receptors regulates the efficiency of synaptic
transmission and this plasticity is a major mechanism underlying learning, memory and
cognition. Remodelling of the spine actin cytoskeleton also contributes to synaptic plasticity
by altering spine shape and volume. Thus, dendritic spines are the locus of postsynaptic
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plasticity and processes that influence plasticity in turn regulate spine structure (for reviews
on dendritic spines see [23,24]).

The formation of synapses and spines during development has been extensively studied and
many signalling and cytoskeletal protein pathways are implicated [23] in including
SUMOylation [21]. SUMOylation of two substrate proteins, CASK and MEF2A have been
demonstrated to play key roles. CASK (calcium/calmodulin-dependent serine protein
kinase) is a member of the same MAGUK protein family as PSD-95. However, unlike the
postsynaptic density protein PSD-95, CASK is widely distributed throughout neurones [25]
and is involved in multiple pathways (see [26]). CASK interacts with the synaptogenic
factors syndecan-2 and SynCAM [27-28] and also with 4.1 protein [29] and it has been
shown to be a key protein in the formation of dendritic spines [23]. CASK is SUMOylated
by SUMO-1 at K679, which decreases its interaction with 4.1 protein, and results in reduced
spine density and size [30]. 4.1 protein interacts with spectrin and promotes its interaction
with the actin cytoskeleton. Thus, CASK SUMOylation probably affects spine formation by
reducing the CASK/4.1 protein/actin complex that, in turn, disrupts the localisation and/or
function of postsynaptic membrane proteins, such as syndecan-2 and SynCAM. While
further work is necessary to define how SUMOylation of CASK is regulated, these
observations demonstrate a central role for SUMOylation in orchestrating protein: protein
interactions required for spinogenesis.

Transcription factor SUMOylation and synapse formation

Synapse formation also requires the coordinated activation of transcription factors, many of
which are regulated by SUMOylation [4°]. During cerebellar development, postsynaptic
granule neurones develop dendritic claws onto which mossy fibre axons form presynaptic
terminals [31], a process that is regulated by SUMO-1-ylation of the transcription factor
MEF2A at K403 [32]. SUMOylation inhibits MEF2A to promote dendritic claw
differentiation whereas increased synaptic activity causes deSUMOylation and acetylation
of K403, inhibiting synapse formation. This SUMO-acetyl switch is controlled by the
dephosphorylation of S408 by calcineurin in response to activity-dependent CaZ* influx.
This regulatory system provides an elegant illustration of how, in an increasing number of
pathways, SUMOQylation has been shown to act as phosphorylation-regulated switch.
Subsequent work showed that overexpression or knockdown of the E3 ligase, PIASX,
respectively enhances or reduces dendritic claw formation by increasing or decreasing
MEF2A SUMOylation [33]. Further complexity and flexibility was suggested by another
study that reported MEF2A transcriptional activity is regulated by PIAS1-promoted
SUMOylation of K395 [34].

Interestingly, in these examples SUMO-1-ylation of two different substrates has opposite
effects on synaptogenesis. CASK SUMOylation inhibits, whereas MEF2A SUMOylation
promotes synapse formation. These contrasting roles highlight the fact that posttranslational
modification by SUMO, as for phosphorylation, results in outcomes which are diverse and
difficult to predict, suggesting that the effects and functional consequences of SUMOylation
are substrate specific rather than generalised for pathways, cells or tissues. Thus, while there
are many unanswered questions about the roles of SUMOylation in neuronal development
and much work still to do, it is already clear that SUMOylation is a key regulator.

SUMOylation dependent modulation of synaptic activity

Signal transduction and activity-dependent modulation of synaptic activity are the core
functions of dendritic spines and changes in synaptic plasticity provide the most widely
accepted cellular model of learning, memory and cognition. Synaptic plasticity can be
expressed either presynaptically via, for example, changes in neurotransmitter release or
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postsynaptically by alternations in the number and composition of receptors in the
postsynaptic density. There is accumulating evidence that protein SUMOylation plays
important roles in both pre- and postsynaptic mechanisms.

Postsynaptic modulation

Long-term potentiation (LTP) and long-term depression (LTD) of synaptic responsiveness is
mediated largely by the insertion or removal of AMPA receptors at the postsynaptic
membrane (for reviews see [35-36]). Preliminary data have suggested that increased protein
SUMOylation is required for LTP (E. Leznik et al., abstract 424.4, Society for Neuroscience
Annual Meeting, Chicago, IL, October 2009) and although direct SUMOylation of AMPA
receptors themselves has not been demonstrated, other proteins important in regulating
neuronal and synaptic activity are SUMO targets.

Several proteins downstream of cell surface glutamate receptors have also been identified as
potential SUMO targets. One such protein is Arc/Arg3.1, (activity-related cytoskeletal-
associated protein, for reviews see [37,38°]), which acts downstream of mGIuR activation to
cause AMPAR endocytosis in mGluR-induced LTD [39]. Arc transcription and translation
are also induced by synaptic activity [40,41] it plays a role in AMPAR internalisation in
homeostatic synaptic scaling [42]. Arc has two consensus SUMOylation sites and it has
been proposed that SUMOylation of Arc induces its association with the cytoskeleton [38°]
in response to the induction of LTP. Since Arc is required for the maintenance of LTP
[43,44], this raises the possibility that SUMOylation of Arc may play a pivotal role in this
process. A possible mechanism for this is the remodelling of spine actin cytoskeleton,
resulting in changes in spine shape and size associated with LTP [45]. Changes in Arc
function and localisation on SUMOQylation could also potentially explain how this protein is
integral to both AMPAR endocytosis (mGluR-dependent LTD and homeostatic plasticity)
and the maintenance of surface AMPAR during late-phase LTP. However, before clear
conclusions can be drawn about the possible effects of Arc SUMOylation a great deal of
additional work is required, not least an unequivocal demonstration that Arc is indeed a bone
fide SUMO substrate.

Kainate receptors regulate synaptic transmission and neuronal excitability [46°]. The GluK2
(formerly GIuR®6) kainate receptor subunit is a SUMO-1 substrate [15], which binds both
Ubc9 and the SUMO E3 ligase, PIAS3, and is SUMOylated at a single C-terminal lysine
(K886) in response to kainate stimulation [15]. This SUMOQylation is required for agonist-
induced endocytosis of GluK2-containing kainate receptors, but not for NMDA-induced
KAR endocytosis. Infusion of SUMO-1 causes a specific rundown in kainate-receptor
mediated excitatory postsynaptic currents (EPSCs), but has no effect on AMPA receptor-
mediated EPSCs. Thus, SUMOylation is involved in the down regulation of kainate receptor
surface expression but may be implicated in the up regulation of AMPARSs. This potential
differential regulation is consistent with the concept that SUMOQylation of neuronal proteins
can have varied effects, most probably depending on neuronal physiology and the temporal
and spatial localisation of the proteins modified.

The regulated internalisation and degradation of neurotransmitter receptors is a crucial
determinant for regulation of the receptor content at the synapse. The brain-specific
AKAP450-like protein, GISP [47] has a role in the regulation of membrane protein
degradation via the ESCRT (endosomal sorting complex required for transport) pathway
[48] and is SUMOQylated in response to LTP [16°]. GISP was originally identified as a
GABAg-interactor, but there is still comparatively little known about it and therefore the
SUMOylation of this protein might be an important step in the alteration of the surface
levels of different synaptic proteins during synaptic plasticity.
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Presynaptic modulation

Presynaptic plasticity is expressed as activity-dependent increases or decreases in levels of
neurotransmitter release. Global levels of SUMOylation are increased in synaptosomes
following K* -evoked depolarisation, suggesting that presynaptic proteins undergo activity-
dependent SUMOylation [49]. At least some SUMOylated presynaptic proteins are
involved in the regulation of neurotransmitter release since incorporation of SUMO-1, but
not non-conjugatable SUMO-1, into synaptosomes caused a decrease in K*-evoked
glutamate release whereas inclusion of SENP-1 increased release. Interestingly, these effects
were reversed when kainate was used to stimulate glutamate release, implying that protein
SUMOylation can either inhibit or enhance presynaptic neurotransmitter release in a
stimulus-dependent manner. Although no candidate SUMOylation targets have yet been
validated in the literature, numerous presynaptic proteins have SUMO consensus sequences
[13]. For example, the syntaxin-1A interacting protein, tomosyn, has recently been shown to
be a SUMO-2/3 substrate at K730 [50°]. Mutation of K730 enhances tomosyn inhibition of
presynaptic exocytosis, suggesting that SUMOylation of this protein could regulate
presynaptic exocytosis.

The G-protein coupled metabotropic glutamate receptor family (mGIuRs) [51] have also
been implicated in the control of synaptic plasticity by SUMO-1. Group Il mGIluRs
(mGlu4, 6, 7 and 8) are predominantly presynaptic. They interact with the SUMO-E3
enzyme PIASL1 via their C-termini and mGIuR8 is SUMOylated in cell lines [52]. Further,
all group Il mGIuR C-termini can be SUMOQylated in a bacterial assay [13]. In mGIuR7 the
SUMOylated lysine is K889 [53°] and in mGluR8a SUMOylation occurs at K882 and K903
[54°]. Importantly, however, despite concerted effort as yet no SUMOylated mGIuRs have
been detected in neurones and no functional consequences of SUMOQylation have been
identified, raising the question as to whether group 11l mGIuRs are physiologically relevant
SUMO substrates [53°].

MRNA transport and local protein synthesis

Protein translation in dendrites plays an important role in synaptic plasticity and in axons it
is required for processes such as axonal guidance [55,56]. Local protein synthesis requires
the transport of MRNA to distal processes by mRNA binding proteins. At least one of these
proteins, La, is SUMOylated at K41 [57] and SUMOylation probably modulates other
mRNA proteins. La SUMOylation regulates interactions with the motor proteins kinesin and
dynein, which are necessary for retrograde and anterograde transport respectively [58].
These reports find that SUMOylated La binds only dynein, whereas non-SUMOylated La
binds only kinesin, thus determining the direction of the axonal transport of La and its
associated mMRNAs [57]. This switch-like regulation is both elegant and simple, but it
remains unclear how the SUMOylation of La is mediated and how SUMO interacts with
other mRNA binding proteins that can influence directional regulation. ldentification and
characterisation of other mMRNA and protein transport proteins is required for but it seems
probable that SUMQylation may play a more general role in mRNA delivery.

Regulation of neuronal excitability

In addition to modulation of the pre- and postsynaptic response, synaptic properties and
neuronal networks are influenced by more general changes in neuronal excitability.
Neuronal excitability is governed by the activity of multiple membrane proteins, such as
inhibitory and excitatory receptors and voltage gated ion channels, including the Kv2.1
voltage-gated potassium channel. Recently, SUMOylation of Kv2.1 has been implicated in
the regulation of hippocampal excitability [59°]. Inclusion of SUMO-1 in the recording
electrode during current clamp experiments increased the rate of action potential firing,
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whereas SENP1 had the opposite effect. SUMO-1 increased excitability by decreasing the
voltage sensitivity of the delayed inwardly rectifying current, /pr. Kv2.1, a component of
the /pr, was identified as a SUMO-1 substrate by a FRET-based technique, and
SUMOylation at a single consensus site, K470, was shown to affect the voltage sensitivity
of the channel. This study suggests another pathway by which SUMOylation can regulate
neuronal activity, although the physiological role of this modulation remains unknown.
However, it is interesting to note that this SUMO-1 dependent increase in neuronal
excitability correlates well with the proposed role of SUMO-1 in LTP induction, as both
would lead to an increase in synaptic activity. Additionally, two other K*-channels, K2P
[60] (but see [61]) and Kv1.5 in heart [62], have been reported to be SUMO substrates,
suggesting that SUMOylation may play a general role in K*-channel regulation.

Conclusion

Neuronal protein SUMOylation is a relatively new and exciting area of research. Steadily
increasing numbers of putative and validated nuclear and non-nuclear SUMO targets are
being identified and some of these proteins are involved in spine and synapse formation,
function and modulation (see Figure 2 and Table 1). Directly analogous to other post-
translational modifications, such as phosphorylation and ubiquitination, SUMOylation
impacts on a wide range of neuronal and synaptic processes. It is becoming increasingly
clear that SUMO maodification can have global (cellular function and signalling pathway)
effects that are not necessarily easily reconciled with the subtle protein specific effects.
Therefore, because the field is still developing it is not yet possible to draw a coherent model
for the overarching roles of SUMO in neuronal function, if indeed there is one.

As is often the case in emergent areas of study, at first sight several reports on the affects of
neuronal SUMOylation appear contradictory. For example, SUMOQylation has a negative
effect on presynaptic neurotransmitter release, whereas SUMOylation of Kv2.1 increases
neuronal excitability. However, as has happened for similar apparent discrepancies with
phosphorylation, we anticipate that many of these will be resolved as a fuller and more
detailed understanding of neuronal and synaptic SUMOylation emerges. Intriguingly, as far
as we can currently ascertain, this diversity of function is mainly associated with SUMO-1,
which seems to be the main form of activity-dependent SUMOylation in the synapse.
SUMOylation by SUMO-2 seems to have a general role in neuroprotection during stress
(beyond the scope of this review, but see [63-65]), suggesting a division of function within
the SUMO family. It should be noted, however, that two SUMO-1 knockout mice display
largely normal phenotypes [66-67], suggesting that compensation may occur between the
SUMO pathways.

Future directions

It is already evident that, like other posttranslational modifications, SUMOylation fulfils
distinct roles under different conditions and in different areas of the cell. Deeper
understanding will require investigation of individual substrates and specifically how their
individual regulation by SUMOQylation contributes to the larger, more complex interplay that
orchestrates neuronal function and dysfunction. In particular, there is a need to define how
SUMOylation is temporally and spatially regulated, to identify and validate specific targets
and determine how transient SUMOylation regulates their localisation, function and protein
interactions. Clearly these are formidable undertakings and will require, among other things,
increased understanding the interplay between SUMOylation and other posttranslational
modifications and how the SUMO machinery, including Ubc9 or SENPs are regulated.
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Given the number of potential and validated targets, SUMOylation clearly represents a
major neuronal signalling pathway. Despite significant recent advances, basic questions
remain to be addressed, illustrating that understanding and appreciation of neuronal
SUMOylation is still at an early stage. For example, how and under what circumstances
SUMOylation is involved in mechanisms such as spine development and maturation,
synapse formation and synaptic plasticity are still unknown, and relatively few synaptic
proteins have been confirmed as SUMO targets. As the field expands and matures we expect
that, like phosphorylation, it will become increasing clear that SUMOylation plays a
complex and subtle but nonetheless vital role in neuronal physiology and pathology.
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Figure 1.

The SUMO pathway. Schematic diagram representing the major proteins involved in SUMO
conjugation/deconjugation. Mature SUMO is first activated by the E1 enzyme complex
(SAE1/SAE?2), before being loaded onto the E2 ligase, Ubc9. Ubc9 then directly binds to the
SUMOylation motif and catalyses the formation of an isopeptide bond between the C-
terminus of SUMO and the primary amine of the target lysine. This ligation reaction may
also involve an E3 enzyme (e.g. PIAS3) to increase the specificity/rate of SUMOylation.
See text for more details.
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Figure 2.

The many roles of neuronal SUMOylation. SUMOylation has been implicated in a wide
variety of synaptic functions, from spine development to modulation of neurotransmitter
release. In some cases, it is only known that SUMOylation affects process, as is the case in
neurotransmitter release, but no target proteins have been identified. One potential
presynaptic target is tomosyn, a syntaxin 1A binding protein. More is known about
SUMOylation in the postsynapse, where substrates have been identified which are involved
in spine formation, for example MEF2A and CASK, and synaptic modulations, for example
GluK2. Modulation of potassium channels by SUMOylation is also likely to be a
mechanism by which SUMOylation modulates neuronal function. There are also hints that
SUMO-1 modification is a regulator of LTP, but there are, as yet, no definite substrates
identified. As can be seen from this figure, the picture is very incomplete and there is, as yet,
no all-encompassing general role for SUMO-1 modification at synapses. References to all
the processes illustrated in this figure can be found in the text.
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Neuronal SUM O substrates

Table 1

Substrate SUM Oylation demonstrated in neurones? Effect/predicted function
MEF2A Yes Regulation of dendritic claw formation
CASK No Regulation of spine density of width
Gluk2 Yes Agonist-evoked endocytosis
Kv2.1 Yes Increased neuronal excitability
GISP Yes Possible involvement in synaptic plasticity
Type I MGIuRs  No N/A
Tomosyn No Disinhibition of neurotransmission?

La Yes Direction of mMRNA transport
Arc No Unknown

Curr Opin Neurobiol. Author manuscript; available in PMC 2012 December 01.

Page 13



