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Abstract

Neurons are highly specialized cells whose connectivity at synapses subserves rapid information
transfer in the brain. Proper information processing, learning, and memory storage in the brain
requires continuous remodeling of synaptic networks. Such remodeling includes synapse
formation, elimination, synaptic protein turnover, and changes in synaptic transmission. An
emergent mechanism for regulating synapse function is posttranslational modification through the
ubiquitin pathway at the postsynaptic membrane. Here, we discuss recent findings implicating
ubiquitination and protein degradation in postsynaptic function and plasticity. We describe
postsynaptic ubiquitination pathways and their role in brain development, neuronal physiology,
and brain disorders.
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INTRODUCTION

Neurons are complex cells whose connectivity at synapses mediates rapid information
transfer in the brain. The human brain contains an estimated 100 billion neurons and 100
trillion synapses. Understanding how so many synapses are individually modified to fine-
tune neural circuitry remains an enduring challenge for modern biology. Proper information
processing and storage in the brain requires a fine balance between circuit plasticity and
stability. Furthermore, initial brain development and learning require synapse formation,
elimination, and functional plasticity. In contrast, stable information storage requires circuit
constancy in the form of stable, enduring synaptic networks. Both the adaptability and
stability of synapses is ultimately controlled by the regulated removal, addition, and
posttranslational modification of synaptic proteins (Figure 1).

Recent studies indicate that changes in synaptic architecture occur in part via post-
translational modification through the ubiquitin pathway. Since its discovery in the late
1970s and early 1980s (Ciechanover et al. 1980, Hershko et al. 1980), the covalent addition
of ubiquitin to target proteins has been shown to mediate protein degradation, signal
transduction, and membrane trafficking (Haglund & Dikic 2005). Some 30 years later, the
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ubiquitin pathway has emerged as an important mechanism controlling normal brain
functions, including synapse maintenance, regulation, and organization, as well as brain
disorders (Yi & Ehlers 2007). In the current review, we highlight recent work on protein
ubiquitination at the postsynaptic side of the synapse, its role in brain development and
plasticity, and implications for brain disorders. Additional roles for ubiquitin in brain
function, neural development, and presynaptic function have been recently reviewed
elsewhere (Haas & Broadie 2008, Patrick 2006, Segref & Hoppe 2009, Tai & Schuman
2008, Yi & Ehlers 2007).

PROTEIN MODIFICATION BY UBIQUITIN

Ubiquitination is a posttranslational modification corresponding to direct conjugation of the
76—amino acid protein ubiquitin to a lysine residue of a protein substrate via an isopeptide
bond. The transfer of ubiquitin to a substrate relies on an enzymatic cascade consisting of
ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), ubiquitin ligases
(E3s), and sometimes polyubiquitin ligases (E4s) (Figure 2a; Hershko & Ciechanover 1998,
Hoppe 2005). Among the enzymes required for substrate ubiquitination, ubiquitin E3s
typically confer substrate specificity, and the coordinated interplay between ubiquitin E2s,
E3s, and substrates determines the sites and linkage topology of ubiquitin addition.

A Diversity of Ubiquitin Ligases

The most abundant and diverse ubiquitin pathway enzymes are the ubiquitin E3s, which in
mammalian genomes are encoded by several hundred genes (Deshaies & Joazeiro 2009).
There are two main classes of ubiquitin E3s: the RING (really interesting new gene) and
HECT (homologous to E6-associated protein C terminus) domain families of E3s (Figure
2b; Deshaies & Joazeiro 2009, Rotin & Kumar 2009). The RING family of ubiquitin E3s is
the largest class and contains approximately 600 members. Within this family are
multisubunit cullin-RING ubiquitin E3s. One of the best-studied examples is the SCF (Skpl/
Cullin/F-box) complex, which utilizes a series of adaptors containing RING finger and
cullin domains for substrate binding, ubiquitin E3 activity, and regulation (Deshaies &
Joazeiro 2009). Another is the APC/C (anaphase-promoting complex/cyclosome), a 1.5-
MDa multicomponent ubiquitin E3 complex that also requires a RING finger and a cullin
domain for substrate ubiquitination. Typical substrates of APC/C contain an amino acid
recognition motif such as a D-Box or KEN-Box (Peters 2006). The TRIM/RBCC (tripartite-
motif/RING domain, one or two B-box motifs and a coiled-coil region) proteins represent a
subclass of RING ubiquitin E3s that has a similar RING structure within their TRIM domain
(Meroni & Diez-Roux 2005). The PHD (plant homeodomain) finger and LIM (Lin-11/Isl-1/
Mec-3) domain subfamilies of RINGs share a similar fold to the RING domain but do not
exhibit ubiquitin E3 activity (Deshaies & Joazeiro 2009). The newest addition to the RING
family is the U-Box-containing ubiquitin E3s that catalyze substrate ubiquitination through a
RING-like structure (Figure 2b; Hatakeyama et al. 2001).

The second main class of ubiquitin E3s is the HECT domain—containing family (Figure 2b),
which includes E6-AP/Ube3a, NEDD4, HERC, and other HECT ubiquitin E3s (Rotin &
Kumar 2009). HECT family ubiquitin E3s contain a conserved cysteine residue within the
HECT domain that accepts ubiquitin from an E2 and is a direct ubiquitin donor. This is in
contrast to members of the RING family, in which the RING domain serves as an adaptor
for the binding of a ubiquitin-loaded E2 to catalyze the transfer of ubiquitin directly from the
E2 to cognate substrates (Figure 2a).
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Many Flavors of Ubiquitin Modification

In addition to the diversity of ubiquitin E3s, the ubiquitin moiety itself can be conjugated to
substrates in a variety of configurations that mediate distinct cellular functions (Figure 2a).
For example, substrate lysines can be covalently modified by a single ubiquitin. Such mono-
ubiquitination facilitates endocytosis, initiates DNA repair pathways, and regulates protein
sorting at the trans-Golgi network (Haglund & Dikic 2005). Ubiquitin can also be
conjugated via its own internal lysines to form polymeric ubiquitin chains on protein targets
(Figure 2a). The most prominent type of polyubiquitination occurs through lysine 48 (K48)
of ubiquitin, which typically targets substrates for proteasome-dependent degradation.
Another form of polyubiquitination is K63-linked chains, which can scaffold signaling
complexes such as the NF-xB signaling pathway, regulate DNA repair, and control endo-
cytosis (Haglund & Dikic 2005). An additional form of polyubiquitination known as linear
ubiquitination has been shown to mediate activation of NF-xB (Tokunaga et al. 2009). Other
modes of polyubiquitination occur through K6, K11, K27, K29, and K33, whose functions
are less clear (Ikeda & Dikic 2008) but can also lead to proteasomal degradation (Xu et al.
2009).

Deubiquitinases Reverse and Trim Ubiquitin Chains

Protein ubiquitination is a reversible process mediated by a family of ubiquitin proteases
also known as deubiquitinases (DUBs). Overall, the number of DUBs is on the order of 100
(Komander et al. 2009). DUBs cleave or trim polyubiquitin chains and aid in priming
ubiquitin for the conjugation cascade. There are five distinct subfamilies of DUBs:
ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHSs), ovarian tumor
proteases (OTUs), Josephin proteases, and JAB1/MPN/Mov34 metalloenzymes (JAMMS).
Most DUBs are cysteine proteases with the exception of the JAMM family, which are Zn2*
metalloproteases. The diversity of DUB family members allows for substrate specificity and
for rearrangement or removal of specific ubiquitin configurations (Komander et al. 2009).

UBIQUITINATION IN SYNAPTIC PLASTICITY, LEARNING, AND MEMORY

For decades, the prevailing model for long-term synapse modification has been changes in
protein synthesis and stimulus-dependent gene transcription (Flavell & Greenberg 2008,
Martin et al. 2000). The contribution of protein turnover and degradation to long-term
structural and functional changes at synapses has been much less studied. One of the first
demonstrations of a role for protein degradation in regulating synapse function was the
finding in Aplysia sensory neurons that the stability of the inhibitory regulatory subunit of
the cAMP-dependent protein kinase (PKA) was altered during long-term facilitation (LTF)
(Bergold et al. 1990, Chain et al. 1999, Chain et al. 1995, Greenberg et al. 1987, Hegde et al.
1993). Further work revealed that the DUB Ap-Uch was required for both LTF and
enhanced PKA degradation by the proteasome (Hegde et al. 1997). Direct inhibition of the
proteasome could induce LTF and increase synaptic strength, effects that were correlated
with an increase in synapse humber between sensory and motor neurons (Zhao et al. 2003).

In mammals, one of the first genetic links between the ubiquitin pathway and synaptic
plasticity was the discovery that mice deficient in brain-expressed Ube3a (E6-AP), a HECT
domain ubiquitin E3 encoded by the UBE3A gene that is mutated in Angelman syndrome,
are seizure prone, have deficits in contextual learning, and exhibit impaired hippocampal
long-term potentiation (LTP) (Jiang et al. 1998). More recently, studies have identified
widespread synaptic plasticity and learning deficits in mice lacking Ube3a in the brain (van
Woerden et al. 2007, Weeber et al. 2003, Yashiro et al. 2009) (see below).

In addition, and likely as a consequence of regulating synaptic plasticity, ubiquitination
controls behavior and other higher brain functions. One of the first indications of ubiquitin-
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dependent control of behavior was the finding that the ubiquitin proteasome system (UPS)
mediates LTF of the gill withdrawal reflex in Aplysia (Chain et al. 1995, Hegde et al. 1993,
Hegde et al. 1997). Initial studies in the rat showed that bilateral infusion of the proteasome
inhibitor lactacystin into CA1 hippocampus causes retrograde amnesia of inhibitory
avoidance learning when given within 7 h of training (Lopez-Salon et al. 2001). Inhibitory
avoidance training increases the abundance of polyubiquitin conjugates and 26S proteasome
proteolytic activity in the hippocampus (Lopez-Salon et al. 2001), which supports learning-
dependent activation of the UPS. At glutamatergic synapses in the amygdala, fear
conditioning in rats results in an increase in GluA1-containing a-amino-3-hydroxyl-5-
methyl-4-isoxazole-propionic acid (AMPA) receptors (Rumpel et al. 2005), a major subclass
of excitatory neurotransmitter receptors. Interestingly, pharmacological inhibition of the
proteasome augments fear-conditioned learning and increases surface expression levels of
GluAl in amygdala slices (Yeh et al. 2006). Inhibition of the proteasome further prevents
the extinction of conditioned fear that is elicited by the N-methyl-D-aspartic acid (NMDA)
receptor partial agonist, D-cycloserine, and prevents the associated decrease in surface
GluA1l expression (Mao et al. 2008), which suggests that the UPS may reverse or dampen
learning-related plasticity. Consistent with this general notion are recent findings that
infusion of proteasome inhibitors into CA1 hippocampus immediately following retrieval of
contextual fear memory prevents the impairment of contextual memory induced by protein
synthesis inhibitors and prevents extinction of fear memory (Lee et al. 2008). In the mouse,
both the initial consolidation of allocentric spatial memories and reconsolidation after
reactivation requires proteasome activity in CA3 hippocampus (Artinian et al. 2008), which
indicates that ubiquitin-dependent protein degradation is a key step for memory
consolidation. Interestingly, postsynaptic proteins are ubiquitinated and degraded in the
hippocampus after retrieval of contextual fear memory (Lee et al. 2008), which suggests that
the UPS alters learning through synapse remodeling. In the crab Chasmagnathus,
proteasome inhibition blocks long-term spatial memory consolidation but not short-term
memory (Merlo & Romano 2007). These studies highlight the evolutionary conservation of
UPS dependency in a variety of forms of learning and behavior in worms, Aplysia, flies,
crabs, and rodents.

Further evidence for a role of ubiquitination in learning and memory came from the
generation of mice deficient in the ubiquitin E3 APCCdh1, Mice heterozygous for Cdhl, a
catalytic subunit of the APC/C complex (Figure 2b), have defects in late-phase LTP (L-
LTP) in the hippocampus and are deficient in contextual fear-conditioning (Li et al. 2008).
The specific substrates of APC/C required for this phenotype are unknown.

Learning and memory require prolonged alteration of synapses. Both macromolecular
synthesis and proteasome activity are required for the maintenance of L-LTP (Dong et al.
2008, Fonseca et al. 2006, Frey et al. 1993), which suggests a tight coupling of protein
synthesis and degradation in learning-related plasticity. Notably, blocking either protein
synthesis or degradation prevents L-L TP, but simultaneously blocking protein synthesis and
protein degradation pathways rescues L-LTP (Dong et al. 2008, Fonseca et al. 2006), which
suggests that synthesis-degradation coupling is critical for LTP maintenance. Interestingly,
proteasome inhibition enhances the induction of E-LTP in a manner that can partially be
blocked by protein synthesis inhibitors and requires the action of NMDA receptors, PKA,
and cAMP response element-binding (CREB) (Dong et al. 2008). Taken together, these
findings support a model whereby the UPS enhances the induction but inhibits the
maintenance of L-LTP.

Deubiquitination is also critical for learning and memory. In mice, the ubiquitin C-terminal
hydrolase L3 (UCH-L3), an ortholog of the Aplysia DUB Ap-Uch, is required for working
memory (Wood et al. 2005). Interestingly, hippocampal LTP is not affected in mice lacking
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UCH-L3 (Wood et al. 2005), which suggests that different DUBs have selective functions in
distinct paradigms of learning and memory.

In addition to synaptic potentiation, the UPS is important for long-term depression (LTD).
During LTD induction at sensorimotor synapses in Aplysia, protein ubiquitination and Ap-
Uch levels are increased in a manner dependent on the transcription factor ATF4 (activating
transcription factor 4) and the proteasome (Fioravante et al. 2008). Proteasome activity is
also required for a decrease in synapse size following induction of LTD (Fioravante et al.
2008). In mammals, inhibition of proteasome activity reduces the magnitude of NMDA
receptor—dependent and mGluR-dependent LTD in hippocampal slices (Colledge et al.
2003, Hou et al. 2006). However, in other studies, proteasome inhibition did not alter
NMDA receptor-dependent LTD but led to an enhancement of mGluR-dependent LTD
(Citri et al. 2009). Although the reasons for the observed differences between these studies
is not clear, it is intriguing that the UPS may play a prominent role in some forms of LTD
but not others.

It is still unclear how the degradation of specific protein targets can drive the expression of
certain forms of memory. Ensembles of post-synaptic proteins are degraded in an activity-
dependent manner (Ehlers 2003) that suggests multiple classes of proteins may require
degradation following LTP. In the case of LTP, one potential target for degradation is ATF4,
which undergoes robust proteasome-dependent degradation following chemical induction of
LTP (Dong et al. 2008). Degradation of ATF4, a repressor of CREB, is predicted to promote
CREB activation and CREB-induced transcription of BDNF, a growth factor involved in the
expression of LTP (Dong et al. 2008). More recent work has solidified the idea that the
coupling of protein synthesis and degradation at synapses is required for the expression of
molecules critical for learning and memory (Banerjee et al. 2009). Specifically, MOV10, a
homolog of the Drosophila RNA-induced silencing complex (RISC), is localized at
synapses and is degraded by the proteasome following increases in synaptic activity.
MOV10 degradation requires NMDA receptor activity and is required for the translation of
proteins such as Ca2*/calmodulin-dependent kinase type 11 (CaMKI1) and LIM kinase 1
(LimK1) (Banerjee et al. 2009).

Although the ubiquitin pathway plays a pivotal role in various states of learning, it has been
less clear how the induction of synaptic plasticity is coupled to the ubiquitination of specific
molecules essential for remodeling synapses. An important clue came from the finding that
changes in synaptic activity lead to bidirectional ubiquitination of ensembles of synaptic
proteins involved in remodeling the postsynaptic density (PSD) and that such changes
regulate downstream signaling pathways implicated in learning and memory (Ehlers 2003).
Subsequent findings confirmed that these ubiquitin-dependent changes in PSD proteins
occur during in vivo paradigms of learning (Lee et al. 2008).

Several important questions remain regarding the role of protein degradation in synaptic
plasticity. For example, how is proteasome activity itself regulated, and how could the
spatial control of proteasome activity target proteins destined for degradation? Insights into
these questions have been provided by the demonstration that the proteasome itself is
transported into dendritic spines in response to synaptic activity (Bingol & Schuman 2006).
The proteasome-associated protein NAC1 may direct this recruitment because mice lacking
NAC1 do not exhibit activity-dependent translocation of the proteasome into dendritic
spines (Shen et al. 2007). Strengthening the link between protein turnover and synaptic
plasticity is the recent finding that proteasome activity is modulated during synaptic activity.
As visualized using a rapidly degraded photoactivatable form of green fluorescent protein
(paGFPu), blockade of synaptic activity in cultured hippocampal neurons decreases
proteasome activity whereas increasing synaptic activity increases proteasome activity
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(Djakovic et al. 2009), consistent with biochemical observations (Ehlers 2003). Increased
proteasome activity is dependent on Ca2* influx through NMDA receptors and requires L-
type voltage-gated Ca2* channels (VGCCs) and CaMKII activity (Djakovic et al. 2009).
Interestingly, CaMKII phosphorylates the AAA ATPase 19S proteasome subunit, Rpt6
(Bingol et al. 2010, Djakovic et al. 2009), which stimulates proteasome activity. Moreover,
CaMKI|I translocation is required for activity-dependent proteasome recruitment and
degradation of polyubiquitinated proteins in dendritic spines (Bingol et al. 2010). It is
possible that these mechanisms are involved in controlling ensembles of protein substrates at
the synapse following changes in activity (Bingol & Schuman 2006, Bingol et al. 2010,
Ehlers 2003, Shen et al. 2007).

UBIQUITIN-DEPENDENT REGULATION OF POSTSYNAPTIC ASSEMBLY
AND STABILITY

Synapse assembly and stability are critical for establishing and maintaining functional
neuronal circuits. Although roles for growth factor and adhesion-based signaling pathways
leading to synapse formation are well established (Dalva et al. 2007, Mattson 2008), recent
studies indicate that postsynaptic ubiquitination controls synapse composition and
contributes to synapse assembly and elimination.

One of the first indications that ubiquitin pathways regulate synaptogenesis came from
studies of presynaptic proteins at the glutamatergic neuromuscular junction (NMJ) of
Drosophila (DiAntonio et al. 2001). Initially, ubiquitin regulation of the NMJ was suggested
by the finding that ubiquitin is highly enriched in motor endplates at the human NMJ
(Serdaroglu et al. 1992). Genetic screens of NMJ morphology in Drosophila identified the
RING ubiquitin E3 highwire and the DUB fat facets as key regulators of synapse
morphology (DiAntonio et al. 2001, Wan et al. 2000). Flies deficient in highwire display
synapse overgrowth (Wan et al. 2000), which is phenocopied by overexpression of the DUB
fat facets (DiAntonio et al. 2001); this suggests that a delicate balance of ubiquitination and
deubiquitination regulates synapse size and morphology (Figure 3a).

Interestingly, postsynaptic disruption of the proteasome at the fly NMJ leads to muscle
atrophy and gross morphological defects in the sarcomere (Haas et al. 2007b). Furthermore,
acute and prolonged postsynaptic proteasome dysfunction leads to an increase in synaptic
transmission and postsynaptic accumulation of GIuRIIB glutamate receptors in third instar
larvae (Haas et al. 2007a). Proteasome inhibition in the postsynaptic muscle cell leads to an
increase in both total and ubiquitinated DLG, a postsynaptic MAGUK scaffold protein in the
PSD-95 family, indicating that UPS-dependent degradation of DLG may be involved in the
maintenance of synaptic transmission at the Drosophila NMJ (Haas et al. 2007a). Such a
scenario is analogous to the activity-dependent degradation of PSD-95 (Colledge et al. 2003)
and the activity-dependent ubiquitination of Shank, GKAP/SAPAP, and AKAP79/150
(Ehlers 2003, Hung et al. 2010) described at mammalian glutamatergic synapses, which
suggests that scaffold ubiquitination and degradation may be a general feature of synapse
remodeling conserved across evolution.

Ubiquitin Ligase Control of Synapse Formation

The RING domain ubiquitin E3 PDZRN3A has been implicated in the regulation of NMJ
development in mammals through ubiquitination of the receptor tyrosine kinase MuSK
(muscle-specific kinase). MuSK activation is required for AChR receptor clustering and the
proper formation of the NMJ (DeChiara et al. 1996, Wallace 1989). Overexpression of
PDZRN3A in muscle leads to defective NMJ formation in mice and a decrease in
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postsynaptic MuSK expression levels, which supports the notion that regulation of MuSK by
PDZRN3A is required for NMJ formation (Lu et al. 2007).

The identification of numerous multisubunit ubiquitin E3 complexes with the ability to
assemble from multiple subunits leads to the conundrum of how their assembly in a variety
of unique ubiquitin E3 configurations can degrade specific substrates. An elegant example
demonstrating how the spatial assembly of ubiquitin E3s can be utilized to dictate synapse
elimination has been provided in Caenorhabditis elegans. In C. elegans, synapse elimination
is observed during development at the glutamatergic hermaphrodite-specific motor neuron
(HSNL), which forms synapses with the vulval muscles. In the young adult, the secondary
synapse region (SSR) in the HSNL is selectively eliminated whereas the primary synapse
region (PSR) synapses are retained near the vulva into adulthood (Ding et al. 2007, Shen &
Bargmann 2003). The SCF ubiquitin E3 subunits SKR-1 (homolog of vertebrate Skpl) and
SCFSEL-10 regulate synapse elimination at HSNL synapses in a spatially restricted manner
by an inhibitory interaction with the synaptic adhesion molecule SYG-1 (Ding et al. 2007)
(Figure 3b). Specifically, SYG-1 is localized to PSR synapses in the HSNL and binds to
SKR-1, which prevents the assembly of an SCF complex containing SKR-1 and SCFSEL-10
at the PSR, whereas at the SSR, a functional SCF E3 ligase is formed, which results in
elimination of SSR synapses. Although the relevant ubiquitin ligase functions
presynaptically in this case, the ultimate effect includes postsynaptic disassembly. To date,
the substrates targeted by the SCFSEL-10 ypiquitin E3 in SSR synapses remain unknown.
The use of forward genetics in C. elegans should allow a dissection of both pre- and
postsynaptic mechanisms mediating HSNL synapse elimination.

At mammalian glutamatergic synapses, the Rap GTPase activating protein (GAP), SPAR, is
an actin-binding protein that is concentrated in the PSD. Overexpression of SPAR leads to
irregularly shaped dendritic spines and an increase in dendritic spine head size owing to
SPAR’s ability to rearrange the actin cytoskeleton (Pak et al. 2001). Synaptic levels of
SPAR are regulated by the serum-inducible serine-threonine kinase/polo-like kinase 2
(SNK/PIK2), which itself is upregulated by neural activity. Induction of SNK/PIk2 leads to
ubiquitin-dependent degradation of SPAR by the SCFPT'CP multisubunit ubiquitin E3 (Ang
et al. 2008, Pak & Sheng 2003). SPAR binds to BTrCP in a SNK/PIk2-dependent manner.
Whereas manipulations that increase SPAR enlarge spines (Pak et al. 2001), overexpression
of dominant negative SCFPT'CP did not alter spine morphology (Ang et al. 2008), which
suggests additional pathways for SPAR degradation or additional effects of SCFPTTCP,
Indeed, in C. elegans, BTrCP (LIN-23) regulates clustering of the GLR-1 glutamate receptor
via degradation of B-catenin (see below) (Dreier et al. 2005).

Postsynaptic structures are assembled on dendrites, and dendritic growth and branching
occurs in concert with synapse formation (Ahmari et al. 2000, Niell et al. 2004, Washbourne
et al. 2002). Several recent studies have implicated ubiquitin-dependent mechanisms in
dendritic morphogenesis. For example, the PSD-enriched RING E3 ligase mindbomb1
(Mib1) alters neuronal branching and is regulated by cyclin-dependent kinase 5 (Cdk5), a
kinase that is critical for dendritic morphogenesis (Cheung & Ip 2007, Choe et al. 2007). An
additional role for ubiquitination in dendritic development was recently provided by the
discovery that CaMKIlla promotes the degradation of liprin-a following chronic
enhancement of synaptic activity (Hoogenraad et al. 2007). Liprin-a/syd-2 was previously
identified as functioning presynaptically to regulate synaptic transmission, synapse structure,
and axon guidance (Spangler & Hoogenraad 2007). Overexpression of constitutively active
CaMKIlla results in decreased levels of liprin-a that is dependent on liprin-a’s PEST
domain. Deletion of this PEST domain impairs dendritic morphogenesis in hippocampal
neurons, which suggests that stabilization of liprin-a leads to defects in dendritic
morphogenesis (Hoogenraad et al. 2007). The degradation of liprin-a is most likely
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controlled by the ubiquitin E3 APC/C because RNA interference (RNAI) of APCCdhl
increases liprin-a levels in neurons (Hoogenraad et al. 2007). It is interesting that at the
Drosophila NMJ, APC/C mutants have increases in liprin-o levels and postsynaptic
glutamate receptors (van Roessel et al. 2004). In hippocampal neurons, post-synaptic liprin-
a binds to glutamate receptor interacting protein (GRIP) and is required for proper synaptic
targeting of AMPA receptors (Wyszynski et al. 2002), which implicates liprin-a in
postsynaptic assembly and plasticity.

The Cdc20-containing multisubunit ubiquitin E3 APC/C also regulates dendritic
morphogenesis in postmitotic neurons. Overexpression of APCCdc20 promotes dendritic
arbor formation of cerebellar granule neurons, and this effect requires centrosomal
localization of APCCUc20 yja histone deacetylase 6 (HDACS6) (Kim et al. 2009). One of the
critical targets for APCC4¢20 s inhibitor of differentiation 1 (1d1), a protein that antagonizes
the activities of basic helix-loop-helix transcription factors during development, whose
degradation by APCC4¢20 js also required for the maintenance of dendritic morphology (Kim
et al. 2009).

Deubiquitinase Control of Synapse Formation

In addition to ubiquitin ligases, DUBs have prominent roles in synapse development and
regulation. In the ataxia mutant mouse, ax’, loss of function of the ubiquitin-specific
protease Uspl4 produces profound defects in synaptic transmission along with behavioral
deficits including a resting tremor and hindlimb paralysis (Wilson et al. 2002). Usp14
associates with the proteasome, and loss of Usp14 results in reduced levels of monomeric
ubiquitin (Anderson et al. 2005), indicating that Usp14 functions to maintain cellular levels
of monomeric ubiquitin. These findings, along with recent studies on UCH-L1 (Cartier et al.
2009, Chen et al. 2010) (see below), demonstrate that alterations in the levels of free
ubiquitin contribute to synapse regulation and neurological disease. Intriguingly, Usp14
binds the al GABA, receptor subunit, and ax’ mice lacking Usp14 exhibit increased
GABA receptor levels at Purkinje cell-surface membranes and increased inhibitory
postsynaptic currents (IPSCs) (Lappe-Siefke et al. 2009), which suggest that ubiquitin-
dependent GABAA, receptor turnover at cerebellar synapses contributes to behavioral
impairment.

Uspl4 is also required for proper muscle mass development and muscular behavior in adult
mice (Walters et al. 2008). Although there is no change in motor neuron number in ax? mice,
an ultrastructural defect of swelling in motor endplates was observed. Postsynaptic
acetylcholine receptors exhibit a plaque-like morphology with a loss of total ubiquitin in
synaptic fractions in the spinal cord and sciatic nerve. Notably, this synaptic defect is
rescued by genetic restoration of Usp14 (Chen et al. 2009).

The morphology and organization of synapses is also controlled by the brain-specific DUB,
UCH-L1. UCH-L1 is among the most abundant proteins in the brain (Wilkinson et al. 1989)
and, as stated above, regulates levels of monomeric ubiquitin through processing of
ubiquitin precursors and through inhibition of ubiquitin degradation (Setsuie & Wada 2007).
A recent study found that NMDA receptor activation induces UCH-L1 activity and increases
the availability of free monomeric ubiquitin in cultured neurons (Cartier et al. 2009).
Pharmacological inhibition of UCH-L1 activity reduces monomeric ubiquitin levels and
results in spine enlargement with a concomitant decrease in spine density and synapse
number (Figure 3c). Interestingly, the effects of UCH-L1 inhibition on spine structure are
rescued by overexpression of ubiquitin (Cartier et al. 2009), suggesting that the availability
of monomeric ubiquitin is critical for the maintenance of synapses. More recently, UCH-L1
has been implicated in proper formation of the NMJ. Mice deficient in UCH-L1 exhibit
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impaired synaptic transmission at the NMJ that is accompanied by an absence of synaptic
vesicles in the presynaptic terminal and denervation of muscles (Chen et al. 2010).

UBIQUITIN-DEPENDENT REGULATION OF GLUTAMATE RECEPTORS AT
EXCITATORY SYNAPSES

Ubiquitination and Control of AMPA Receptor Content

AMPA receptors mediate the bulk of charge transfer during fast excitatory transmission, and
their abundance is thus a major determinant of synaptic strength (see sidebar on
Neurotransmitter Receptors at Excitatory and Inhibitory Synapses) (Kessels & Malinow
2009). In circuits throughout the mammalian brain, the trafficking of AMPA receptors from
intracellular compartments to the postsynaptic membrane allows for activity-dependent
strengthening of glutamatergic synapses during learning-related synaptic plasticity
(Kennedy & Ehlers 2006, Malenka & Nicoll 1999, Newpher & Ehlers 2008). Thus,
understanding the mechanisms of AMPA receptor regulation and turnover is critical to
understanding normal brain function and the pathology associated with neurological
disorders.

Evidence from several model systems has demonstrated an important role for ubiquitination
in AMPA receptor trafficking. In ventral nerve cord interneurons in C. elegans, GLR-1
AMPA receptors mediate nose-touch mechanosensory behavior and spontaneous reversals
in locomotion (Hart et al. 1995, Maricq et al. 1995). By visualizing GLR-1 clusters in
transgenic C. elegans expressing GLR-1:GFP (Rongo et al. 1998), several genetic studies
have identified components of the UPS that regulate GLR-1 receptor abundance (Burbea et
al. 2002, Dreier et al. 2005, Juo & Kaplan 2004, Juo et al. 2007, Park et al. 2009, Rongo et
al. 1998, Schaefer & Rongo 2006). In particular, ubiquitin itself and subunits of the
ubiquitin ligase APC/C negatively regulate GLR-1 abundance at synapses (Burbea et al.
2002, Juo & Kaplan 2004). GLR-1 is ubiquitinated in vivo, and mutations in lysine residues
of GLR-1 lead to an increase in receptor abundance and augment locomotor behavior
(Burbea et al. 2002). Mutations that disrupt APC/C activity prevent the reduction in synaptic
GLR-1 induced by ubiquitin overexpression (Figure 4a; Juo & Kaplan 2004). Interestingly,
mutations in APC/C do not alter GLR-1 ubiquitination, which suggests that APC/C
functions to regulate the trafficking of GLR-1, perhaps through GLR-1 recycling (Figure 4a;
Juo & Kaplan 2004).

The Wnt signaling pathway also coordinates with the UPS in the regulation of GLR-1
abundance. Degradation of B-catenin by the ubiquitin E3 LIN-23, the worm ortholog of
BTrCP, results in decreased GLR-1 abundance at synapses, likely through Wnt pathway
target genes (Figure 4a; Dreier et al. 2005). Furthermore, KEL-8, a catalytic subunit of the
Cul3-containing cullin-RING ubiquitin E3, localizes in clusters adjacent to GLR-1 and
regulates ubiquitin-dependent turnover of GLR-1. Much like APC/C mutants, KEL-8
mutants have increased surface expression of GLR-1, which correlates with increased
spontaneous reversal locomotion behaviors. However, a direct interaction between KEL-8
and GLR-1 has not been detected, which suggests that ubiquitination of a novel KEL-8
substrate may be required to regulate GLR-1 abundance (Figure 4a; Schaefer & Rongo
2006).

Beyond its role in axon outgrowth and synapse development (Fulga & Van Vactor 2008),
recent studies implicate the ubiquitin E3 ligase RPM-1 in AMPA receptor trafficking in C.
elegans. RPM-1 is the worm ortholog of highwire and Phr1 in flies and mice, respectively,
and is a component of an SCF-like E3 ligase complex with SCFFSN-10, CUL-1, and SKR-1.
Suppressor screens revealed the p38 pathway mitogen-activated protein kinase kinase kinase
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(MAPKKK) DLK-1 (and its fly ortholog wallenda) to be downstream mediators of RPM-1
signaling critical for synapse development (Collins et al. 2006, Nakata et al. 2005).
Interestingly, RPM-1 also regulates postsynaptic AMPA receptor trafficking in C. elegans
interneurons (Park et al. 2009). RPM-1 negatively regulates the p38 MAPK pathway by
repressing protein levels of DLK-1, which leads to subsequent decreases in GLR-1
endocytosis. Mutations in RPM-1 and FSN-1 lead to accumulation of GLR-1 receptors in
neurites (Park et al. 2009). Thus, ubiquitin-dependent regulation of DLK-1 inhibits the
activation of the p38 MAPK pathway, which is required for clathrin-mediated endocytosis
of GLR-1-containing AMPA receptors (Park et al. 2009). However, direct ubiquitination of
DLK-1 by RPM-1 has not been described, which suggests the existence of additional
substrates that may be ubiquitinated by RPM-1 to mediate GLR-1 endocytosis (Figure 4a).

NEUROTRANSMITTER RECEPTORS AT EXCITATORY AND INHIBITORY
SYNAPSES

Glutamate receptors are the primary neurotransmitter receptors at excitatory synapses in
the mammalian brain. The subtype composition, trafficking, and posttranslational
regulation of glutamate receptors are critical for synaptic plasticity (Kessels & Malinow
2009, Lau & Zukin 2007, Newpher & Ehlers 2008, Shepherd & Huganir 2007). The two
main types of glutamate receptors are separated according to their mechanism of
activation. lonotropic glutamate receptors (iGIURS) are cation channels that are directly
gated by the neurotransmitter glutamate. The three subtypes of iGIuRs are AMPA
receptors, NMDA receptors, and kainate receptors. The metabotropic glutamate receptors
(mGluRs) are G-protein coupled receptors that are divided into three groups (groups 1, 2,
and 3) and consist of eight subtypes, mGluR1-8. AMPA receptors contain four subunits
(GluA1-4, also referred to as GluR1-4 or GIuRA-D), which can homo-or
heteromultimerize, and whose differential usage can alter the properties of synaptic
transmission and signaling (Palmer et al. 2005). In Drosophila, AMPA receptor orthologs
are divided into A-type and B-type (GIuRIIA, -11B) and further include other subunits
(GIuRII/NC, -11D, and -11E), which are differentially expressed and clustered at the fly
neuromuscular synapse (Collins & DiAntonio 2007). In C. elegans, the AMPA receptor
orthologs consist of GLR1-8 (Brockie et al. 2001). NMDA receptors are heterotetrameric
receptors that assemble from two NR1 subunits (also called GIuN1) and two NR2
subunits (also called GIuN2) that are derived from four gene products (NR2A-D, also
called GIuN2A-D). NMDA receptors infrequently contain NR3 subunits, which are
derived from two gene products, NR3A-B (also called GIuN3A-B) (Kohr 2006).

GABA receptors (GABARS) mediate most inhibitory synaptic transmission in the brain.
At inhibitory synapses, the GABAR family can be divided into GABA and GABAgR
subclasses, which are ionotropic and metabotropic receptors, respectively. GABAARS are
pentameric GABA-gated chloride channels assembled from five different subunits
among a large collection (al1-a6, B1-B3, y1—y3, , €1-€3, 0, and xt) (Jacob et al. 2008).
Most GABAARS in the brain consist of a, , and y subunits (Jacob et al. 2008), and
subunit composition determines the channel properties and subcellular localization of
specific GABAAR heteropentamers. Glycinergic synapses are inhibitory synapses found
primarily in the brain stem and spinal cord. Inhibitory transmission at glycinergic
synapses is mediated by glycine receptors (GlyRs), which are heteropentameric chloride
channels assembled from combinations of multiple o (a1-a4) and a single B subunit
(Betz & Laube 2006).

At mammalian synapses, the insertion and removal of AMPA receptors is regulated by the
PSD scaffolding molecules SAP97 and PSD-95 (Rumbaugh et al. 2003, Schluter et al.
2006). PSD scaffold proteins are themselves targets of ubiquitin-dependent degradation. For
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example, PSD-95 was found to be ubiquitinated and degraded by the ubiquitin ligase Mdm2
in response to direct stimulation of NMDA receptors (Figure 4b; Colledge et al. 2003).
Furthermore, overexpression of a ubiquitination-defective PSD-95 mutant inhibits AMPA
receptor endocytosis (Colledge et al. 2003). PSD-95 is also degraded following direct
stimulation of AMPA receptors, and overexpression of PSD-95 reduces AMPA receptor
endocytosis (Bingol & Schuman 2004, Colledge et al. 2003). However, ubiquitinated
PSD-95 species are rare or absent under many conditions (Bingol & Schuman 2004, Ehlers
2003), which suggests that PSD-95 ubiquitination may occur transiently in response to a
restricted set of stimuli. A further proteasome-dependent decrease in the PSD proteins
SAP97 and PSD-95 can be observed in the amygdala following extinction of conditioned
fear in rats (Mao et al. 2008). This learning paradigm correlates with a proteasome-
dependent reduction of surface AMPA receptors, which suggests that loss of critical PSD
scaffolds influences AMPA receptor trafficking during fear-conditioned extinction (Mao et
al. 2008).

Other targets of proteasome degradation at the PSD include GRIP1, a protein that directly
binds to GIuA2 (Dong et al. 1997) and is degraded upon stimulation with glutamate (Guo &
Wang 2007). Control of proteasome activity and GRIP1 are required for a loss of surface
GIuA2 expression following glutamate application (Guo & Wang 2007). The degradation of
GRIP1 is dependent on NMDA receptor activation and calcium influx (Figure 4b; Guo &
Wang 2007). However, the relevant ubiquitin ligase for GRIP1 degradation remains
unknown.

In addition to ubiquitin E3 ligases ubiquitin-like (UBL) proteins have been implicated in
AMPA receptor trafficking and signaling. Tmub1/HOPS (transmembrane and ubiquitin-like
domain-containing 1/Hepatocyte Odd Protein Shuttling) is a UBL-containing integral
membrane protein that is associated with recycling endosomes and interacts in a complex
with GIuA2 and GRIP1. Loss of Tmub1/HOPS leads to decreased recycling of GluA2-
containing AMPA receptors and results in reduced amplitudes of AMPA receptor-mediated
miniature excitatory post-synaptic currents (mEPSCs) (Figure 4b; Yang et al. 2008). It is not
yet clear precisely how the ubiquitin-binding domain of Tmub1/HOPS regulates GIuA2
trafficking, although binding to a ubiquitin-modified component in a GluA2/GRIP1
endosome complex seems to be the most likely mechanism.

Control of NMDA Receptor Ubiquitination

During assembly of heteromeric NMDA receptors, GIuN1 subunits containing high-
mannose glycans are ubiquitinated and degraded through the endoplasmic reticulum (ER)-
associated degradation (ERAD) pathway during changes in synaptic activity (Gascon et al.
2007, Kato et al. 2005). This process is regulated by a dendritic spine—localized F-box
ubiquitin E3 subunit, SCFFPX2_ that binds specifically to high-mannose glycans (Yoshida et
al. 2002). Overexpression of SCFFPX2 enhances ubiquitination of glycosylated GIuN1 in a
manner dependent on its catalytic F-box domain (Figure 4b) (Kato et al. 2005). Furthermore,
SCFFbX2 js required for homeostatic regulation of NMDA receptors during chronic changes
in synaptic activity (Kato et al. 2005), which suggests that ubiquitination and ERAD
contribute to homeostatic synaptic plasticity.

Once assembled, NMDA receptors are targeted to synapses in part through direct
interactions with PSD-95 family member scaffold proteins (Kohr 2006), although other
interactions may serve to regulate NMDA receptor localization at synapses. For example,
NF-L is a neuronal intermediate filament that binds to GluN1-containing NMDA receptors
(Ehlers et al. 1998). Interestingly, NF-L antagonizes GIuN1 ubiquitination and leads to an
increase in NMDA receptor surface expression in heterologous cells (Ratnam & Teichberg
2005). To date, the role of NF-L in GIuN1 ubiquitination has not been studied in the brain.
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The GIuN2 (or NR2) subunits of NMDA receptors are also regulated by ubiquitination. The
C terminus of Hsp70-Interacting Protein (CHIP), a U-Box-containing ubiquitin E3
implicated in the turnover of glycoproteins, acts as a co-chaperone with SCFFP*2 to degrade
N-linked glycoproteins and regulate the ubiquitination of GIuUN2A in heterologous cells
(Nelson et al. 2006). Cortical neurons cultured from CHIP~/~ cells have elevated levels of
GIluN2B-containing NMDA receptors, which suggests that CHIP controls expression levels
of NMDA receptors through the ERAD pathway (Figure 4b; Nelson et al. 2006). Given that
SCFFbX2 recognizes both GIuN1 and GIuN2A in different contexts (Nelson et al. 2006), this
E3 ligase may couple with multiple cochaper-one E3s, such as CHIP, to allow for specificity
of NMDA receptor subunit degradation.

GIluN2B-containing NMDA receptors are ubiquitinated by the RING ubiquitin E3,
mindbomb2 (Mib2), which binds to tyrosine-phosphorylated GIuN2B (Jurd et al. 2008).
Mib2 is localized to the PSD of dendrites in hippocampal neurons and directly ubiquitinates
GIuN2B in a manner dependent on the non-receptor tyrosine kinase Fyn (Jurd et al. 2008).
Overexpression of Mib2 in heterologous cells decreases NMDA receptor-mediated currents,
an effect that is rescued by blocking UPS activity in Mib2-overexpressing cells (Figure 4b;
Jurd et al. 2008). These findings suggest that Mib2 mediates proteasome-dependent
degradation of GIuN2B subunits, which may provide a reciprocal mechanism to SCFFPx2
regulation of GIUN2A (Nelson et al. 2006). However, the role of Mib2 regulation of
GIuN2B has not yet been examined in neurons. Interestingly, the related ubiquitin E3 Mibl
is enriched in the PSD and associates with multiple proteins involved in membrane
trafficking (Choe et al. 2007), raising the possibility that Mib1 and Mib2 define a family of
postsynaptic ubiquitin ligases that control the function and composition of glutamatergic
synapses.

In the striatum, synaptic GIUN2B surface levels are reduced by amphetamine (Mao et al.
2009). Although amphetamine does not alter the intracellular pool of GIuN2B, it does lower
the surface levels of GIuN2B in PSD-enriched fractions, likely resulting from ubiquitin-
dependent remodeling of PSD scaffolds (Mao et al. 2009). These findings are reminiscent of
the PSD remodeling that occurs following chronic changes in synaptic activity (Ehlers 2003)
and suggest a model whereby chronic amphetamine removes surface GIuUN2B by enhancing
UPS-dependent degradation (Mao et al. 2009). To date, the ubiquitin E3 ligases regulating
GIuN2B ubiquitination upon amphetamine exposure is unknown, but Mib2 is one potential
candidate (Jurd et al. 2008).

Ubiquitination of Kainate Receptors and Metabotropic Glutamate Receptors

Kainate receptors (KARs) are present both pre- and postsynaptically, where they mediate
specific aspects of excitatory transmission and synaptic plasticity (Pinheiro & Mulle 2006).
The functions of KARs remain largely enigmatic, but recent studies indicate that GluK2-
containing KARs (also known as GIuR6) are endocytosed and targeted for lysosomal
degradation (Martin & Henley 2004). The degradation of GluK2 is mediated by a Cul3-
containing SCF ubiquitin E3 complex (Salinas et al. 2006). In this complex, the BTB (bric-
a-brac, tram-track, and broad complex)-Kelch domain protein actinofilin serves as a scaffold
to link GluK2 to Cul3 for ubiquitination and degradation by the proteasome (Figure 4b;
Salinas et al. 2006). However, it is unclear if these ubiquitin E3 subunits mediate the
lysosome-dependent degradation of GluK2 (Martin & Henley 2004) or function
independently in regulating GluK2 expression.

In addition to ionotropic GluRs, the group | mGluRs, mGIuR1 and mGIuR5, localize to the
postsynaptic membrane, where they mediate slow forms of excitatory transmission and
synaptic plasticity (Ferraguti & Shigemoto 2006). The RING ubiquitin E3 SiahlA (seven in
absentia homolog) interacts with the C-terminal domains of both mGIluR1 and mGIuR5, and
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this interaction is dependent on Ca2*/calmodulin (Ishikawa et al. 1999). Siah1A
ubiquitinates multiple lysine residues of mGluR1a and mGIuRS5 to promote their degradation
(Figure 4b; Moriyoshi et al. 2004). However, the role of group | mGIuR degradation by
Siah1A in regulating synaptic plasticity has yet to be established.

UBIQUITINATION AND POSTSYNAPTIC CONTROL OF INHIBITORY
SYNAPSES

Similar to glutamate receptors (Kennedy & Ehlers 2006, Lau & Zukin 2007, Newpher &
Ehlers 2008, Shepherd & Huganir 2007), y-amino butyric acid (GABA) receptors undergo
regulated trafficking and lysosomal degradation. In the case of metabotropic GABAg
receptors (GABARgRS), degradation is accelerated by blocking GABARgR recycling (Grampp
et al. 2007, 2008). GABAARs also undergo lysosomal degradation that requires
ubiquitination of a motif within the intracellular domain of the GABAx v2 subunit (Figure
5; Arancibia-Carcamo et al. 2009). Although the relevant GABAA receptor ubiquitin ligases
are unknown, the ubiquitin-like protein Plic-1 interacts with GABA, subunits and acts as an
adaptor to direct receptor trafficking (Bedford et al. 2001). Plic-1 controls GABA receptor
surface expression and stability but does not affect internalization (Bedford et al. 2001). In
addition, Plic-1 increases the stability of ubiquitinated GABAARS in the ER, which suggests
that Plic-1 limits ERAD of GABAARS and thus promotes their forward trafficking and
ultimate delivery to the synaptic membrane (Figure 5; Saliba et al. 2008). Interestingly,
activity blockade decreases the frequency and amplitude of GABAaR-mediated miniature
inhibitory post-synaptic currents (mIPSCs), and this effect is correlated with GABAAR
ubiquitination and a subsequent loss of ER-associated GABAARS (Saliba et al. 2007). Both
GABAAR ubiquitination and decreased mIPSCs are dependent on the UPS and the presence
of GABAAR subunit lysine residues (Saliba et al. 2007). However, the mechanism for
proteasome-dependent loss of GABAARS following activity blockade is still unclear. One
potential mechanism is through the activation of L-type VGCCs. Chronic blockade of L-
type VGCCs results in a decrease in synaptic GABAaRS, whereas activation of L-type
VGCCs alters the turnover of GABAARS in a proteasome-dependent manner(Saliba et al.
2009), which suggests that calcium dynamics regulate GABAAR ubiquitination and UPS-
dependent degradation in the ER (Figure 5).

GABARs are also regulated by the ubiquitin-like protein GABARAP (Kneussel 2002,
Wang et al. 1999). GABARARP shares only 7% identity with ubiquitin but contains the
conserved ubiquitin-like fold and is conjugated to membrane lipids (Ichimura et al. 2000).
GABARAP binds to the y2 subunit of GABAARS, and this aids in the clustering and
anchoring of GABARs to the PSD (Figure 5; Wang et al. 1999). In addition to GABAARS,
GABARAP binds to Plic-1 (Bedford et al. 2001), the inhibitory postsynaptic scaffold
protein gephyrin (Kneussel & Betz 2000), and the multi-PDZ (PSD-95/discs-large/Z0-1)
protein GRIP1 (Kittler et al. 2004). Through these various interactions, GABARAP is well
positioned to regulate GABAAR trafficking and anchoring at inhibitory synapses (Kittler et
al. 2004). Much like postsynaptic excitatory synapses (Guo & Wang 2007), the regulation of
GRIP1 turnover may also play a role in the regulation of synaptic GABAAR content.

The other major type of inhibitory receptor, the glycine receptor (GlyR), is ubiquitinated
following agonist stimulation (Buttner et al. 2001). In Xenopus oocytes, GlyR al subunits
are conjugated to ubiquitin at the surface of the cell prior to their internalization. Upon
internalization, GlyRs are cleaved into multiple fragments by proteases (Buttner et al. 2001).
However, the function of GlyR ubiquitination in the nervous system is not yet known, and
the relevant ubiquitin ligases that target GlyRs remain to be determined.
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UBIQUITIN AND BRAIN DISORDERS

Deficits in proteasomal degradation have been implicated in multiple neurological disorders,
including Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis,
Parkinson’s disease, and neurodevelopmental disorders including autism (Lehman 2009).
Mutations and deletions in a variety of ubiquitin pathway proteins are associated with
neurological and psychiatric diseases (Jiang & Beaudet 2004). Here, we highlight selected
brain disorders for which dysfunction of the UPS has been strongly implicated.

Autism Spectrum Disorders and Angelman Syndrome

Parkinson’s

One of the strongest genetic links to autism spectrum disorders (ASD) (~1-5% of cases) are
duplications of the 15911-q13 chromosomal region (Vorstman et al. 2006). The 15911-g13
region contains UBE3A, a gene that encodes the HECT E3 ligase Ube3a, which has been
associated with the autism-related neurodevelopment disorder Angelman syndrome (Figure
6a,b). Maternally inherited loss-of-function mutations in UBE3A cause Angelman
syndrome, a severe neurodevelopmental disorder in the autism spectrum characterized by
the absence of speech and profound cognitive impairment (Clayton-Smith & Laan 2003).
Mice with a maternal deficiency of Ube3a (Ube3a™ 7P*) exhibit defects in spatial learning
and hippocampal LTP (Jiang et al. 1998, van Woerden et al. 2007). Generation of Ube3a
yellow fluorescent protein (YFP)-tagged knock-in mice reveal that Ube3a can localize to
synapses in the hippocampus (Dindot et al. 2008). Moreover, deletion of Ube3a results in
decreased spine density and dendritic branching (Dindot et al. 2008, Lu et al. 2009, Yashiro
et al. 2009), which may contribute to the associative learning defects in Ube3a mice.

Further evidence has linked Ube3a to brain plasticity by showing that Ube3a™ 7P* mice are
defective in experience-dependent maturation of the neocortex during episodes of sensory
experience (Yashiro et al. 2009). Ube3a™ 7P+ mice exhibit a decrease in neocortical synapse
maturation during development (Figure 6¢). Furthermore, layer 4 to layer 2/3 synapses in the
primary visual cortex of Ube3a™ 7P* mice display a bidirectional impairment in synaptic
plasticity that can be alleviated through visual sensory deprivation via dark rearing. Finally,
ocular dominance plasticity is defective in Ube3a™ 7P* mice (Sato & Stryker 2010, Yashiro
et al. 2009), which suggests that a loss of neocortical plasticity in vivo may contribute to the
deficits associated with Angelman syndrome. Ube3a is regulated in an activity-dependent
manner and controls the expression of the immediate early gene product, activity-regulated
cytoskeleton-associated protein (Arc/Arg3.1). Ube3a ubiquitinates Arc/Arg3.1, which
results in its degradation, and in turn, leads to a decrease in AMPA receptor endocytosis
(Greer et al. 2010).

In addition to duplication of UBE3A, copy number variations in the genes encoding the
RING E3 parkin (PARK2), COP1 (RFWD2), and the F-box protein 40 (FBX040) are also
linked to autism susceptibility (Glessner et al. 2009). Therefore, ubiquitin pathways and
ubiquitin-dependent degradation in the brain are major contributing factors to autism and
neurodevelopmental disorders.

Disease

Mutations in the RING E3 ubiquitin ligase parkin and the DUB UCH-L1 cause early-onset
familial forms of Parkinson’s disease (PD), which have the characteristic clinical features of
tremor, rigidity, and bradykinesia as well as the classic histopathological loss of midbrain
dopaminergic neurons (Leroy et al. 1998, Shimura et al. 2000). Parkin has been isolated
from lipid rafts in PSD fractions and has been found to associate with PSD components such
as CASK, GIuN2B, PSD-95, Homerla, and CaMKII, which suggests that postsynaptic
parkin may be linked to neurotransmission defects (Fallon et al. 2002).
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Several studies have found that parkin protects against cell death induced by excitotoxic
insult, oxidative stress, mitochondrial dysfunction, and apoptosis (Henchcliffe & Beal
2008). Parkin may also directly affect postsynaptic trafficking by monoubiquitinating
PICK1 to regulate the activity of acid-sensing ion channels (ASICs) (Joch et al. 2007).
Interestingly, PICK1 is a well-known binding partner of GluA2 (Hanley 2008), which
suggests potential cross-talk between parkin, PICK1, and AMPA receptor-mediated synaptic
transmission. Consistent with this notion, postsynaptic expression of parkin leads to the
pruning and loss of excitatory synapses, whereas postsynaptic ShRNA-mediated knockdown
of parkin increases AMPA receptor-mediated synaptic transmission and excitatory synapse
number in hippocampal neurons (Figure 3d; Helton et al. 2008). Postsynaptic expression of
PD-linked mutant forms of parkin increases excitatory synaptic transmission and
glutamatergic synapse number, thus phenocopying parkin knockdown and suggesting that
enhanced excitatory transmission may be associated with excitotoxic cell death in parkin-
linked PD (Helton et al. 2008). The mechanisms underlying parkin-dependent synapse loss
are unknown but could involve PICK1 (Joch et al. 2007), mitochondrial regulation (Bueler
2009), or septins (Zhang et al. 2000).

Other Neurological Disorders

Ubiquitin pathway components have been implicated in many other neurological disorders.
Huntington’s disease, amyotrophic lateral sclerosis, and frontotemporal dementias are all
associated with ubiquitin-positive protein inclusions (Ross & Poirier 2004). Hypoxia leads
to the accumulation of ubiquitin conjugates in the PSD, likely owing to defects in protein
degradation (Capani et al. 2009). Furthermore, a mutation in the GABAAR al subunit that
causes early degradation in the ER reduces GABAAR surface expression and causes
epilepsy (Gallagher et al. 2007). In addition, a model of ataxia includes abnormal GABA
receptor turnover that may be due to the interaction of GABA with the DUB USP14 (Lappe-
Siefke et al. 2009). Thus, defining the mechanistic links between the UPS, synapse
dysfunction, and neurological disease will be important avenues of future research.

FUTURE PERSPECTIVES

Although the field is rapidly accelerating, we have just begun to understand how
ubiquitination and its constituent pathways alter post-synaptic architecture and function
(Table 1). Many fundamental questions remain unanswered. For instance, which
postsynaptic ubiquitinated substrates are required for learning and memory? How are
cohorts of PSD proteins coregulated by ubiquitination during changes in activity? What
controls the timing and location of ubiquitination at synapses, and how do these mechanisms
couple to classical signaling for synaptic plasticity? How long-lived are various postsynaptic
proteins, and how is protein half-life altered during learning-related synaptic plasticity?
Although the majority of work has focused on proteasomal degradation, we have little
knowledge as to how other types of polyubiquitin chains contribute to synaptic signaling and
architecture. Similarly, we know little about other ubiquitin-like modifications such as
SUMO, NEDDS, and FAT10 and their role in plasticity. In this regard, it is notable that
SUMOylation of the GluK2 KAR is regulated by activity (Martin et al. 2007).

The generation of new tools will allow us to identify novel modes of ubiquitin signaling in
the brain. Recent developments in the ability to detect chain-specific polyubiquitination
(Newton et al. 2008, Wang et al. 2008) and advances in mass spectrometry techniques that
enable identification of ubiquitinated substrates and stoichiometries of endogenous ubiquitin
chains have been described (Jeram et al. 2009, Newton et al. 2008, Xu et al. 2009) and hold
promise for studies of ubiquitination in the brain. Ultimately, ubiquitination may join
phosphorylation in the pantheon of posttranslational modifications that mediate postsynaptic
plasticity in diverse neural circuits.
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Glossary

Long-term a form of serotonin-induced LTP in Aplysia that requires CAMP,

facilitation (LTF) PKA, and the transcription factor CREB

Synaptic plasticity a synapse strength change that typically results from changes in
postsynaptic receptor content/function or in neurotransmitter
release

Fear-conditioned a form of learning behavior whereby animals learn to fear a

learning neutral stimulus when paired with noxious or painful stimuli

Working memory the temporary storage of information required to carry out
complex cognitive tasks. Often referred to as short-term memory

ER-associated a protein degradation pathway that targets misfolded proteins in

degradation the ER for retrotranslocation, ubiquitination, and degradation by

(ERAD) the proteasome

Homeostatic any of several synaptic mechanisms whereby neurons self-regulate

synaptic plasticity their activity to maintain overall network stability

Sensory experience stimuli reaching the brain that derive from the primary senses

Ocular dominance brain plasticity whereby deprivation of visual input from one eye

plasticity leads to increased responses to input from the nondeprived eye
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Figure 1.

Bidirectional plasticity at excitatory synapses. Typical synapses in the central nervous
system consist of an axon serving as the presynaptic terminal in a junctional contact with the
postsynaptic cell. The postsynaptic membrane contains a dense matrix organized in an array
of scaffolding molecules known as the postsynaptic density (PSD, pink), which allows for
the anchoring and positioning of receptors, such as a-amino-3-hydroxyl-5-methyl-4-
isoxazole propionic acid (AMPA) receptors and N-methyl-D-aspartic acid (NMDA)
receptors (NMDARS), for efficient activation by presynaptically released glutamate
neurotransmitter (middle inset). Learning-related brain plasticity involves the strengthening
or weakening of synapses. At excitatory glutamatergic synapses, such synaptic plasticity can
be finely tuned by altering the channel properties or abundance of glutamate receptors
within the PSD. A prolonged enhancement of synaptic transmission at a synapse is known as
long-term potentiation (LTP), whereas a persistent weakening of synaptic transmission at a
synapse is known as long-term depression (LTD) (Malenka & Bear 2004). LTP is the most
celebrated cellular model for learning and memory in the brain and can be subdivided into
two temporal phases that differ in their mechanism of expression. The initial phase of
NMDAR-dependent LTP, termed early phase LTP (E-LTP), lasts for ~1-2 hours. E-LTP
requires Ca2* influx through NMDARSs and activation of CaMKII, and it is expressed in part
by an increase in the number of AMPA receptors trafficked through recycling endosomes
(RE). The second phase, known as late phase LTP (L-LTP), requires protein synthesis and
gene transcription in the postsynaptic cell to allow for long-lasting enhancement of synaptic
transmission for several hours to weeks (Malenka & Bear 2004). Structural remodeling such
as increases in PSD size, the growth of new dendritic spines, and the enlargement of
preexisting spines is also associated with LTP (Holtmaat & Svoboda 2009). Several forms
of LTD contribute to learning-related plasticity at glutamatergic synapses. Various forms of
LTD require NMDARSs, group | metabotropic glutamate receptors (mGIuRs), and
endocannabinoid signaling (Malenka & Bear 2004). NMDAR-dependent LTD in CAl
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hippocampus is the best-studied form of LTD and, like LTP, its induction requires Ca2*
influx through NMDARSs, but it depends on protein phosphatase 1 (PP1) and calcineurin
(CaN). The expression of mGIuR-LTD requires protein synthesis. In general, LTD is
accompanied by a reduction in the number of AMPA receptors that are removed by
endocytosis and transported to early endosomes (EE) (Malenka & Bear 2004).
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Figure 2.

Components of the ubiquitin (Ub) pathway. (a) Substrate ubiquitination requires a three-step
enzymatic reaction. In step 1, a ubiquitin-activating enzyme (E1) activates free ubiquitin, a
process in which the C-terminal glycine residue of ubiquitin is coupled to a cysteine residue
of the E1 via a thioester linkage. In step 2, the activated ubiquitin is transferred to a cysteine
residue of a ubiquitin-conjugating enzyme (E2) and linked via a thioester linkage. In step 3,
a ubiquitin ligase (E3) transfers ubiquitin to the substrate via an amide isopeptide linkage to
the e-amino group of the substrate lysine (Hershko & Ciechanover 1998). In some cases, a
polyubiquitin ligase (E4) coordinates with a ubiquitin E3 to lengthen ubiquitin chains
(Hoppe 2005). Ubiquitin can be attached to lysine residues of previously conjugated
ubiquitins in multiple polyubiquitin chain configurations (K6, K11, K27, K29, K33, K48,
K63) to regulate various functions. (b) Ubiquitin E3s are divided into the RING (really
interesting new gene) and HECT (homologous to E6-associated protein C terminus) domain
families, among others. The RING domain family is the largest family of ubiquitin E3s.
RING ubiquitin E3s function as single subunits or in a multisubunit complex. Illustrated
here are the best-studied multisubunit RING ubiquitin E3s, the Skp1/Cullin/F-box (SCF)
and anaphase-promoting complex/cyclosome (APC/C) complexes. U-Box proteins are a
distinct set of RING-like ubiquitin E3s.
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Ubiquitination in synapse regulation. (a) Loss of function of the ubiquitin E3 highwire (hiw)
leads to overgrowth of presynaptic terminals at the Drosophila neuromuscular junction
(NMJ) (DiAntonio et al. 2001). (b) Sequestration and inhibition of the SCF ubiquitin E3
subunit, SKR-1, by its binding to the synaptic adhesion molecule SYG-1 prevents synapse
elimination in the Caenorhabditis elegans hermaphrodite-specific motor neuron (HSNL)
axon at the primary synapse region (PSR). During development, synapses in the HSNL axon
are eliminated in the secondary synapse region (SSR) owing to the lack of SKR-1 inhibition
and corresponding assembly of a functional SKR-1 SCF ubiquitin E3 complex composed of
SKR-1, CUL1, SEL-10, and Rbx (Ding et al. 2007). (c) In hippocampal cultures, inhibition
of the DUB UCH-L1 by the isatin O-acyl oxime compound, LDN-57444, decreases spine
density and increases spine length and width, likely by depletion of free ubiquitin (Cartier et
al. 2009). (d) In hippocampal cultures, loss of the RING E3 ligase parkin or expression of
Parkinson’s disease—linked mutant forms of parkin increases the number of excitatory
synapses (Glut, red circles) with no change in inhibitory synapse number (GABA, blue
circles) (Helton et al. 2008).
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Postsynaptic control of glutamate receptors by ubiquitin E3 ligases. Ubiquitin E3 ligase
subunits that have been implicated in glutamate receptor regulation are indicated in red. (a)
At C. elegans synapses, ubiquitination of the MAPKKK DLK-1 by SCFRPM-10 ypjquitin-
dependent degradation of B-catenin by LIN-23 (C. elegans ortholog of BTrCP), and APC/C
ubiquitin E3 activity (Apc2) all lead to a loss of GLR-1-containing AMPA receptors through
the endocytic pathway. Ubiquitination by the KEL-8/Cul3 cullin complex also leads to loss
of GLR-1 at synapses. E, endosome. (b) At mammalian synapses, Mdm2-dependent
ubiquitination of PSD-95 leads to a loss of GIuA1-containing AMPA receptors (AMPARS),
likely through the endocytic pathway. The ubiquitin-like domain protein Tmub1/HOPS
(transmembrane and ubiquitin-like domain-containing 1/Hepatocyte Odd Protein Shuttling)
is associated with recycling endosomes (REs) and promotes GluA2 AMPAR recycling in
coordination with GRIP1 (glutamate receptor interacting protein 1). The glycosylated
NMDA receptor (NMDAR) subunit, GIuN1, is ubiquitinated by SCFFP*2 in the endoplasmic
reticulum (ER) and is required for surface expression of NMDARs. The NMDAR subunit
GIuN2A is ubiquitinated by the co-chaperone/ubiquitin ligase C terminus of Hsc-70-
interaction protein (CHIP) and SCFFP*2 while in the ER. Ubiquitination of GIUN2B by the
RING ubiquitin E3 mindbomb2 (Mib2) leads to a loss of GIuUN2B-containing receptors from
the synapse. The ubiquitin RING E3 ligase Siahla (seven in absentia homolog) is required
for ubiquitination of mGIuR1 and mGIuR5, which leads to their removal from the plasma
membrane.

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2011 August 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Mabb and Ehlers

GABA,R . o L-type
A & VGCC

o0 o
E3?

Ub
% /
'@’ / @unu:b
()

degradation

Figure 5.
Ubiquitination at inhibitory synapses. At inhibitory synapses, ubiquitination of the y2
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subunit of GABAA receptors (GABAARS) results in lysosomal degradation of GABAARS.
Binding of Plic-1 to GABAARSs in the endoplasmic reticulum (ER) leads to stabilization of
ubiquitinated GABAARS and promotes their forward trafficking. Interactions of GABAAR

with the ubiquitin-like proteins GABARAP and Plic-1 promote recycling and aid in

postsynaptic clustering of GABARS. Interactions of GABARAP with GRIP-1 further aid in
the clustering of postsynaptically expressed GABAaRs. Ubiquitination and destabilization
of GABAARSs in the ER are accelerated by Ca2* signaling through L-type voltage-gated
calcium channels (VGCCs) by an unknown ubiquitin E3 ligase. EE, early endosome; LE,

late endosome; RE, recycling endosome.
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Figure 6.

The HECT domain E3 ligase Ube3a regulates the number and function of glutamatergic
synapses. (a) Location of the UBE3A gene within the human chromosome region 15911-q13
that is linked to autism. Maternally inherited deletions within the 15911-g13 region and
mutations within Ube3a cause Angelman syndrome, whereas duplications within the 15q11-
g13 region are associated with autism. Paternally expressed genes are depicted in blue,
whereas maternally expressed genes are depicted in red. Nonimprinted genes are represented
in gold. Common breakpoint regions (BP1-3) are represented by the vertical black arrows.
Class | deletions (BP1-BP3) and class Il deletions (BP2 and BP3) are both associated with
Prader-Willi syndrome and Angelman syndrome. (b) Domain structure of the Ube3a protein.
Ube3a contains a HECT domain (gray) that is required for the ubiquitin ligase activity of
Ube3a. Ubiquitin is conjugated to cysteine 833 within the HECT domain and is required for
the ubiquitin E3 activity of Ube3a. Interacting regions for the E2 UbcH7 and the viral
oncogenic protein E6 are indicated. (c) Loss of Ube3a impairs synapse development. Traces
indicate miniature excitatory postsynaptic currents (MEPSCs) recorded from layer 2/3
pyramidal neurons in visual cortex slices from wild-type (WT) or Ube3a™ 7P* juvenile
(~P25) mice showing a reduction in mEPSC frequency in Ube3a™ 7P* neurons. Lower
panels indicate basal dendrites in layer 2/3 pyramidal neurons showing a reduction in
dendritic spines in Ube3a™ 7P* mice. Figure adapted with permission from Yashiro et al.
(2009).
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