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The nervous system coordinates many aspects of body function 
such as learning, memory, behaviour and locomotion. Therefore, it 
must develop and maintain an intricate network of differentiated 
neuronal cells, which communicate efficiently with each other and 
with non-neuronal target cells. Unlike most somatic cells, differen-
tiated neurons are post-mitotic and characterized by a highly polar-
ized morphology that determines the flow of information. Among 
other post-translational modifications, the ubiquitination of spe-
cific protein substrates was recently shown to have a crucial role in 
the regulation of neuronal development and differentiation. Here, 
we review recent findings that illustrate the mechanisms that medi-
ate the temporal and spatial control of neuronal protein turnover 
by the ubiquitin–proteasome system (UPS), which is crucial for the 
development and function of the nervous system.
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Regulation of the nervous system by the UPS
a defining characteristic of neurons is their highly polarized 
morphology, which is typically composed of soma, axons and den-
drites. the passage of information between neurons or between 
neurons and non-neuronal target cells is mediated by chemical 
synapses. the synapse is a specialized cellular structure that 
consists of presynaptic boutons at the axon terminal—which 
are varicosities that contain the machinery for neurotransmitter 
release—and a postsynaptic dendritic side (Fig 1). the transfer of 
information typically occurs along an elongated axon towards the 

presynaptic bouton; at the postsynaptic side, synaptic protrusions 
that emanate from dendritic shafts, which are known as spines, act 
as recipients of information for efficient signal transduction. these 
dendritic spines are composed of a postsynaptic membrane that 
contains many types of neurotransmitter receptors and an adja-
cent microdomain beneath the plasma membrane—known as the 
pSD—that consists of scaffolding and signalling molecules. the 
abundance and stabilization of neurotransmitter receptors within 
the plasma membrane is regulated by endocytosis and exocyto-
sis, and controlled through dynamic interactions of the receptors 
with scaffolding proteins of the pSD. Neuronal stimulation induces 
the release of specific neurotransmitters from presynaptic vesicles 
into the synaptic cleft, which subsequently regulate the activity of 
neurotransmitter receptors at the postsynaptic membrane (Fig 1). 
the ability of a neuron to respond to differences in signal strength 
depends on the regulated release of neurotransmitters and on the 
concentration of receptors at the postsynaptic plasma membrane, 
which is crucial for information storage and transmission.

therefore, it is not surprising that the establishment, maintenance 
and modulation of axons, dendrites and synapses involve several 
post-translational regulation pathways such as protein phosphoryl-
ation and ubiquitination. among other protein modifications, the 
spatial and temporal control of ubiquitination have a crucial role dur-
ing neuronal development and differentiation (Hegde & upadhya, 
2007; yi & Ehlers, 2007). the degradation of proteins conjugated to 
ubiquitin allows the neuron to adapt its excitability rapidly at defined 
regions such as the postsynaptic side (Fig 1). the fact that synaptic 
transmission depends on the composition of a highly dynamic multi-
protein structure, consisting of membrane-bound receptors, ion 
channels and adhesion molecules, makes it susceptible to proteo-
lytic regulation. For example, once neurotransmitter receptors are 
synthesized, their density on the postsynaptic membrane is control-
led through the concerted and balanced action of ligand-induced 
endocytosis, protein recycling to the plasma membrane or lysosomal 
proteolysis. in contrast to proteasomal degradation, which mainly 
affects intracellular substrates that are conjugated to a chain of sev-
eral ubiquitin molecules, the endocytosis of membrane-bound recep-
tors—which are subsequently either sorted into recycling endosomes 
or degraded by acidic hydrolases in the lysosome—occurs mainly 
after mono-ubiquitination (Hicke & Dunn, 2003).
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recent data have revealed a crucial role of the upS in the spa-
tial and temporal control of protein turnover in the nervous system, 
which regulates the development and maintenance of specialized 
neuronal structures and, consequently, neuronal transmission. the 
involvement of the upS during these processes is well established 
and has been previously reviewed (Hegde, 2004; Hegde & upadhya, 
2007; yi & Ehlers, 2007). However, the precise mechanisms that 
underlie the local formation of enzyme–substrate complexes and 
the potential influence of neuronal activity on local protein degra-
dation often remain to be identified. the idea that local degradation 
of proteins might be a central process underlying synaptic plasticity 
has emerged recently (Hegde, 2004). Here, we discuss spatially con-
trolled ubiquitin-dependent degradation pathways and highlight the 
regulatory principles that govern these processes, thereby providing 
new insights into neuronal development and function.

Ubiquitin-dependent protein degradation 
the upS constitutes the main eukaryotic protein degradation system 
and its correct function is required in diverse cellular processes such 
as cell-cycle progression, signal transduction, development and pro-
tein quality control. the multi-ubiquitination of a substrate to target 
it for proteasomal degradation is usually mediated by a cascade that 
includes ubiquitin-activating E1 enzymes, ubiquitin-conjugating 
E2 enzymes and E3 ubiquitin ligases (Kerscher et al, 2006; pickart, 
2001). However, multi-ubiquitin chains can also be disassembled 
by deubiquitination enzymes, which cleave off ubiquitin molecules 
from the chain, thereby antagonizing substrate degradation.

in contrast to E1 and E2 enzymes, E3 ligases are highly diverse. 
For example, riNg finger-type E3 enzymes can function as mono-
mers or as multimeric E3 complexes, which contain a riNg-finger 
enzyme associated with a core protein that binds to the substrate 
through alternative adaptor molecules. therefore, the riNg-finger 
ligase, together with an E2 enzyme, is able to promote substrate 
ubiquitination. the core protein defines two groups of riNg- 
finger E3 complexes: the cullin-based E3s and the apc/c-based E3s 
(Sumara et al, 2008). among the cullin-based E3s, ScF complexes 
contain the scaffold protein cullin1, the adaptor Skip1 and vari-
ous F-box proteins for substrate recognition, whereas the substrate- 
recognition molecules of cullin3-containing E3s have a BtB 
domain, and directly bridge the interaction between the substrate 
and cullin3 (Fig 1; Sumara et al, 2008). However, the composition 
of apc/c-based E3s is more complex. in vertebrates, it consists of 
at least 12 subunits, which include the cullin-like scaffold protein 
apc2, the riNg finger-type protein apc11, and the activating cofac-
tors cDc20 and cDH1 that mediate substrate recognition (peters, 
2006). Hence, the variability of subunit combination results in many 
different E3 ligase complexes, which allows for a broad spectrum of 
substrate selectivity (Fig 1). Moreover, the subcellular and develop-
mental availability of ubiquitination enzymes confers an additional 
layer of spatial and temporal control of protein degradation (pines & 
Lindon, 2005).

the role of the upS during the cell cycle of actively dividing cells 
is well established, whereas its regulatory function in non-dividing 
cells—such as differentiated neurons—is rather unclear. primary evi-
dence for a neuronal function of the upS was shown during learning 
and memory in the marine mollusc Aplysia (chain et al, 1999; Hegde  
et al, 1993, 1997). Moreover, a mutation in the Drosophila E2 
enzyme bendless results in an altered jump response caused by 
impaired synaptic connectivity between the giant fibre neuron and 

its muscle motor neuron (Muralidhar & thomas, 1993). intriguingly, 
mutations in the E3 ligase gene parkin and the human deubiqui-
tination enzyme ucHL1 cause loss of dopaminergic neurons in 
patients affected by familial forms of parkinson disease (Leroy et al, 
1998; Shimura et al, 2000). together, these initial observations indi-
cate a crucial role of the upS in correct neuronal development and 
function. recent studies in various model organisms have provided 
additional mechanistic insights into how the local and temporal 
regulation of ubiquitin-mediated protein turnover contributes to the 
establishment and maintenance of the neuronal circuit.

Protein turnover during neuronal development 
the formation of the nervous system is a complex and highly dynamic 
event, during which neuronal processes and connections are estab-
lished and integrated with the development of the entire organism. 

Glossary

AMPA α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
APC/C anaphase-promoting complex/cyclosome
β-TrCP β-transducin repeat-containing protein
BTB broad-complex/tramtrack/brick-a-brac
C4da class IV dendritic arborization
CaMKII calcium/calmodulin-dependent protein kinase II
CDC20 cell division cycle 20 homologue
CDH1 CDC20 homologue 1
DFsn Drosophila homologue of FSN-1
Diap1 Drosophila inhibitor of apoptosis 1
DLK-1 death associated protein kinase-like kinase 1
Dronc Drosophila Nedd2-like caspase
Dunc13 Drosophila unc-13
FMRP fragile X mental retardation protein
FSN-1 F-box synaptic protein 1
GLO-4 gut granule loss 4
GLR-1 glutamate receptor family 1
GluRIIa glutamate receptor IIa
GSK3β glycogen synthase kinase 3β
IgSF  immunoglobulin superfamily
KEL-8 Kelch repeat-containing protein 8
Kelch 50-residue motif named after Drosophila Kelch
LIN-23 abnormal cell lineage 23
mRNA messenger RNA
NMDA N-methyl-d-aspartic acid
Phr1 Pam/Highwire/RPM-1
PI(3)K phosphatidyl inositol-3-kinase
PSD postsynaptic density
PSD-95 postsynaptic density protein 95
Rab Ras-related in brain
RIM1 regulating synaptic membrane exocytosis 1
RING really interesting new gene
RPM-1 regulator of presynaptic morphology 1
SAPAP synapse-associated protein 90 (SAP90)/PSD95-associated protein
SCF Skip1, Cullin, F-box
SEL-10 suppressor/enhancer of LIN-12
SHANK SH3 and multiple ankyrin repeat domain-containing protein
Skip1 S-phase kinase-associated protein 1
SKR-1 Skip1-related ubiquitin ligase complex component
SNK serum-inducible kinase
SPAR GTPase-activating protein spine-associated RapGAP
SYG-1 synaptogenesis abnormal
UCHL1 ubiquitin carboxyl-terminal esterase L1
UPS ubiquitin–proteasome system
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During larval metamorphosis in Drosophila, a set of peripheral sen-
sory neurons, known as c4da neurons, undergo severe dendritic 
remodelling. this specific remodelling of dendrites has been proposed 
to require a two-step regulatory pathway that involves ubiquitin- 
dependent degradation and apoptotic protein degradation (Kuo 
et al, 2005). in fact, ubiquitin-mediated turnover of the E3 ligase 
Diap1 results in the stabilization and enhanced activation of the pro-
apoptotic caspase Dronc specifically in dendrites (Kuo et al, 2006). 
therefore, the study by Kuo and colleagues represents an interesting 
mechanistic example of how neuronal remodelling can be regulated 
at the level of ubiquitin conjugation. it is tempting to speculate that 
the spatial control of E3 ligase activity might be a common principle 
to adjust neuronal degradation pathways to developmental stages.

the upS is also linked to the formation and maintenance of 
neuronal polarity. rat hippocampal neurons that are grown in cell 
culture undergo extensive remodelling before their final polariza-
tion is established. the soma of these neurons extends several proc-
esses, known as neurites, only one of which forms a single axon, 
whereas the others develop into dendrites (craig & Banker, 1994). 
the establishment and maintenance of neuronal polarity depend on 

the activity of the pi(3)K pathway (arimura & Kaibuchi, 2005). pi(3)K 
activates the serine/threonine kinase aKt at the tip of the axon, 
which, in turn, inactivates gSK3β, thereby promoting axon forma-
tion. interestingly, axon growth and maintenance are determined by 
aKt protein levels, which are stable in neurites that develop into 
axons, but are reduced in a ubiquitin-dependent manner in neur-
ites that differentiate into dendrites (yan et al, 2006). therefore, the 
development of neuronal polarity in cell culture is established by the 
locally coordinated degradation of the serine/threonine kinase aKt.

recently, another developmental degradation pathway that 
regulates the local elimination of synapses was identified in 
Caenorhabditis elegans (Ding et al, 2007; Shen & Bargmann, 2003). 
in adult hermaphrodite worms, the motor neuron that regulates egg-
laying behaviour connects to its target muscle cells in the primary 
synapse region (pSr). During larval development, this motor neu-
ron assembles an additional secondary synpase region (SSr) that is 
eliminated when worms become adult. in a screen for molecules 
that regulate the elimination of the SSr, Ding and colleagues identi-
fied the igSF protein Syg-1, which controls the formation of a multi-
meric ScF E3 ligase complex. intriguingly, Syg-1 is exclusively 
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Fig 1 | Multimeric cullin-based E3 ligases control neuronal development and activity. Cullin complexes direct protein turnover in the presynaptic and postsynaptic 

compartments. A Cullin-1 complex containing the F-box molecule FSN-1 (Caenorhabditis elegans)/DFsn (Drosophila) and the RING-finger protein RPM-1 (C. elegans)/

Highwire (Drosophila) degrades DLK-1 (C. elegans)/Wallenda (Drosophila) at the presynaptic compartment to control synaptogenesis. In C. elegans, RPM-1 also 

functions in an FSN-1-independent pathway during axon termination. In this case, it interacts with the guanine nucleotide-exchange factor GLO-4 independently of 

its RING-finger domain and promotes vesicular trafficking through a Rab GTPase pathway. The F-box protein Scrapper forms a cullin-based complex to degrade the 

vesicle-priming factor RIM1, thereby controlling vesicle release from the presynaptic side. At the postsynaptic compartment, a Cullin-1 complex including the F-box 

protein LIN-23 influences the recycling of the AMPA-type receptor GLR-1. The stability of GLR-1 itself is also regulated by the Cullin-3 complex through its substrate-

recognition factor KEL-8. AMPA, α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid; DFsn, Drosophila homologue of FSN-1; DLK-1, death associated protein 

kinase-like kinase 1; E2, E2 ligase; FSN-1, F-box synaptic protein 1; GLO-4, gut granule loss 4; GLR-1, glutamate receptor family 1; KEL-8, Kelch repeat-containing protein 
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gene; RPM-1, regulator of presynaptic morphology 1; Skip1, S-phase kinase-associated protein 1; SKR-1, Skip1-related ubiquitin ligase complex component.

www.emboreports.org


©2009 EurOpEaN MOLEcuLar BiOLOgy OrgaNizatiON EMBO reports VOL 10 | NO 1 | 2009 47

reviewsLocal ubiquitination in neurons 
A. Segref & T. Hoppe

localized to the pSr rather than the SSr. at the pSr, Syg-1 inhib-
its the formation of a functional ScF ligase complex by preventing 
the interaction of the SKr-1 adaptor with the substrate-recognition 
subunit SEL-10. the authors suggested that the amount of functional 
ScFSEL-10 complex is limiting in the motor neuron, where it functions 
to degrade synaptic proteins. a high concentration of the ScFSEL-10 
inhibitor Syg-1 helps to stabilize the pSr, whereas the functional 
ScFSEL-10 ligase complex eliminates the SSr (Fig 2). Hence, local 
inhibition of an E3 ligase complex controls the survival of synapses, 
thereby regulating the formation of a specific neuronal circuit dur-
ing C. elegans development. to confirm the local degradation path-
way indicated by this study, the identification of ScFSEL-10 substrates 
is eagerly awaited.

Presynaptic ubiquitin-dependent protein turnover
a main function of the presynaptic compartment is the release of 
specific neurotransmitters from presynaptic vesicles into the syn-
aptic cleft upon neuronal activation. intriguingly, several recent 
studies provide evidence that presynaptic processes are also under 
the control of local ubiquitin-dependent regulation pathways. For 
example, enzymes of the upS localize to presynaptic boutons in 
Drosophila, and the inhibition of the 26S proteasome elevates syn-
aptic transmission (Speese et al, 2003). One known presynaptic tar-
get of the upS is Dunc13, which is important for synaptic vesicle 
fusion (Speese et al, 2003). However, the E3 ligase required for 
Dunc13 ubiquitination remains to be identified and it is likely that 
additional presynaptic substrates exist. Similarly, the apc/c controls 
synaptic size through the regulation of Liprin-α protein levels at the 
presynaptic compartments of Drosophila neuromuscular junctions 
(NMJs; van roessel et al, 2004).

Furthermore, in mouse hippocampal neurons, synaptic plasticity 
is modulated by the F-box protein Scrapper. this protein is part of 
an ScF ligase complex and mediates substrate recognition. Local 
enrichment of Scrapper controls the presynaptic concentration of 
riM1, which is a ca2+-dependent vesicle-priming factor that reg-
ulates neurotransmitter release (yao et al, 2007). intriguingly, a dif-
ferent ScF E3 ligase complex was reported to control the formation 
of synapses in C. elegans and Drosophila, suggesting that conserved 
regulatory degradation mechanisms exist. the C. elegans protein 
rpM-1 forms an ScF complex with the Skip1 homologue SKr-1, 
cullin-1 and the F-box protein FSN-1 (Liao et al, 2004), which reg-
ulates the stability of the kinase DLK-1 (Nakata et al, 2005). Loss 
of rpM-1 results in a reduction of NMJs. Similarly, the rpM-1 and 
FSN-1 homologues Highwire and DFsn in Drosophila control the 
abundance of the DLK-1 homologue Wallenda in the synapses 
of NMJs (collins et al, 2006; Wu et al, 2007). interestingly, mut-
ations in Highwire and DFsn cause increased numbers of synaptic 
boutons (Wan et al, 2000; Wu et al, 2007), which has also been 
reported for a conditional mouse mutant affecting the rpM-1/ 
Highwire homologue Phr1 (Bloom et al, 2007).

clearly, several E3 ligase complexes exist that control differ-
ent aspects of presynaptic function through ubiquitination, such 
as synapse formation and size, as well as neurotransmitter release. 
it is tempting to speculate that the assembly of various ScF com-
plexes might be under developmental and spatial control, pos-
sibly as a result of the limited abundance of certain subunits. it 
is interesting to note that, depending on the nerve-cell type,  
C. elegans rpM-1 also functions independently of ubiquitin. as 
mentioned above, rpM-1-mediated ubiquitination is important 

to regulate synaptogenesis in motor neurons; however, in mech-
anosensory neurons, rpM-1 controls axon termination through 
the control of vesicle trafficking through the guanine nucleotide-
exchange factor gLO-4 (Fig 1; grill et al, 2007). therefore, the 
function of rpM-1 seems to be modulated in a cell type-specific 
manner, which emphasizes the idea that ScF subunits could be 
differentially combined or activated in distinct neurons.

Postsynaptic ubiquitin-dependent protein turnover 
in contrast to the presynaptic compartment, the postsynaptic side 
receives information by the binding of neurotransmitters to their 
receptors and, for example, subsequent receptor activation, which 
leads to the opening of ligand-gated ion channels, thereby trans-
ducing the chemical information into ion flux. the balance between 
endocytosis and exocytosis is usually crucial for regulating the 
amount of neurotransmitter receptors present at the postsynaptic 
membrane and defines the synaptic conductivity. Notably, receptor 
endocytosis is induced by ubiquitination, whereas receptor degra-
dation typically takes place in the lysosome and is not mediated by 
the 26S proteasome (Hicke & Dunn, 2003). 

the abundance of the C. elegans aMpa-type glutamate receptor 
gLr-1 at the postsynaptic side is regulated by LiN-23—the F-box 
subunit of an ScF complex—and the apc/c. given that the amount 
of ubiquitinated gLr-1 is not altered in worms lacking LiN-23  
or apc/c subunits, different concentrations at the postsynaptic 
membrane might be a consequence of gLr-1 recycling effects 
rather than its ubiquitin-dependent degradation (Dreier et al, 2005; 
Juo & Kaplan, 2004). By contrast, the BtB-Kelch protein KEL-8  
is involved in gLr-1 turnover, as gLr-1–ubiquitin conjugates are 
stabilized in C. elegans kel-8 loss-of-function mutants. Moreover, 
KEL-8 localizes adjacent to gLr-1 in postsynaptic clusters of  
the ventral cord (Schaefer & rongo, 2006), although the direct 

SKR-1 RBX

SYG-1

Axon

SSR PSR

SEL-10

Cullin-1

E2

SKR-1 RBX

Synaptic protein degradation

SEL-10

Cullin-1

Synapse elimination

E2

Synaptic protein degradation

Synapse stabilization

×

Fig 2 | Developmental control of synaptogenesis of the Caenorhabditis elegans 
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synaptic structures are assembled at the SSR and PSR. The Cullin-1 E3 ligase 
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ubiquitination of gLr-1 by KEL-8 remains to be shown. Similarly, 
mutations in the apc/c gene Apc2 in Drosophila result in elevated 
levels of the glutamate receptor gluriia (van roessel et al, 2004) 
and, in mammals, inhibition of the 26S proteasome increases 
the amount of ubiquitinated aMpa-type and NMDa-type iono-
tropic glutamate receptors (Kato et al, 2005; rezvani et al, 2007). 
Moreover, the endocytosis of aMpa-type receptors is influenced 
indirectly by the ubiquitination of pSD-95, which acts as a scaf-
fold molecule for receptors and signalling molecules at the pSD 
(colledge et al, 2003; patrick et al, 2003). Hence, the endocytosis 
of glutamate receptors seems to involve their ubiquitination, as well 
as the upS-mediated degradation of pSD scaffolding molecules. 
therefore, ubiquitin-dependent protein degradation also has a 
significant role in signalling processes at the postsynaptic side. 
Several different E3 ligase complexes are involved in regulating 
the abundance of the gLr-1 receptor at the postsynaptic surface 
and it will be important to identify the mechanisms that determine 
the preferential use of one ubiquitination pathway over another, 
which might be defined by the combination of alternative E3 ligase 
subunits that are expressed at a particular developmental stage. the 
ubiquitin-dependent turnover of other neurotransmitter receptors 
might also be important to modulate synaptic transmission. in light 
of gLr-1 regulation, future studies on neuronal receptor turnover 
will need to distinguish between endocytotic and proteasomal  
degradation pathways.

Protein degradation modulated by neuronal activity 
the primary function of a typical neuron is to receive and transmit 
information. in this context, an interesting aspect is how protein degra-
dation is integrated with neuronal activity. using an in vivo substrate 
as a reporter for ubiquitin-mediated proteolysis, Bingol and Schuman 
showed that neuronal activation results in increased proteasomal 
degradation in the dendritic spines of rat hippocampal neurons. 
additional localization studies revealed that the exit rate of the protea-
some from dendritic spines is reduced, probably owing to its seques-
tration by the actin cytoskeleton (Bingol & Schuman, 2006). along 
this line, the relationship between ubiquitin-dependent proteolysis 
and neuronal activity was previously shown for various substrates 
(Ehlers, 2003; pak & Sheng, 2003). in fact, an increase in synaptic 
activity enhances the ubiquitination and degradation of several syn-
aptic scaffolding proteins, including SHaNK and Sapap, which are 
crucial components of the pSD and are involved in postsynaptic 
remodelling. importantly, the activity-dependent decrease in protein 
levels could be reversed by proteasomal inhibition (Ehlers, 2003). 
although the long time scale (24 h) used in these experiments does 

not allow us to conclude whether the effects observed are direct, it 
suggests an activity-induced postsynaptic function of the upS that is 
important for synaptic remodelling. indeed, the ubiquitin-dependent 
degradation of the spine-associated protein Spar controls the local 
morphogenesis of dendritic spines. the kinase SNK phosphorylates 
Spar and promotes its degradation in activated hippocampal neu-
rons. Spar ubiquitination is mediated by an ScF ligase complex that 
contains the F-box protein β-trcp. this protein—the mammalian 
orthologue of C. elegans LiN-23, which is implicated in the post-
synaptic turnover of glutamate receptors (see above)—recognizes 
Spar through a canonical phosphodegron sequence and promotes 
its ubiquitin-dependent degradation in hippocampal neurons (ang  
et al, 2008). as Spar is essential for spine maintenance, its degra-
dation causes a loss of mature spines. the ubiquitin-mediated con-
trol of Spar turnover therefore represents an elegant mechanism that 
illustrates how synaptic transmission can be adjusted in response to 
neuronal activity (pak & Sheng, 2003; pak et al, 2001).

Conclusions
recent studies have shown that the formation and maintenance of 
specialized neuronal structures and neuronal activity involve local 
protein degradation controlled by ubiquitin conjugation. However, 
the way in which spatially restricted proteolysis is mechanistically 
achieved in non-dividing neurons has remained unclear (Sidebar a). 
conceivably, this could be initiated by the selective phosphoryl-
ation of a substrate, as shown for aKt and Spar. alternatively, the 
upS itself could be regulated locally by the subcellular recruitment 
of the proteasome (Bingol & Schuman, 2006), the inhibition of E3 
ligase activity or the degradation of ubiquitination enzymes (Kuo  
et al, 2006).

Local degradation of ubiquitinated substrates might be achieved 
by the differential activation of the 26S proteasome, depending on the 
subcellular context. in line with this hypothesis, proteasomal func-
tion was shown to be increased in synaptosomal compartments, in 
comparison to nuclear compartments, in Aplysia and mouse neurons 
(upadhya et al, 2006). in this case, proteasomal activity seems to be 
regulated either by differential phosphorylation of the 26S proteasome 
subunits or by differential assembly of cofactors. it will be important to 
identify the precise mechanism underlying this spatial modulation of 
proteasomal activity.

interestingly, local protein degradation might be coupled with 
the local translation of neuronal proteins. the necessity of a con-
certed balance of protein synthesis and proteasomal degradation 
during synaptic plasticity has been shown in mammals and Aplysia 
(Fonseca et al, 2006; Hegde & Diantonio, 2002). Moreover, a recent 
study in mice supports a direct role for the proteasome in stabiliz-
ing locally translated proteins in dendrites (Dong et al, 2008). in 
this regard, the translation of the pSD protein SHaNK seems to be 
spatially restricted because its mrNa was found specifically in the 
distal dendrites of hippocampal and cerebellar neurons (Bockers 
et al, 2004). in addition, neuronal activity causes SHaNK degra-
dation by the upS (Ehlers, 2003). these findings suggest an interplay 
between mrNa targeting and protein degradation, which is inte-
grated with neuronal activity. Moreover, the upS might modulate 
local protein synthesis directly because the translational regulator 
FMrp is degraded in a ubiquitin-dependent manner, thereby affect-
ing the translation of FMrp target mrNas in the soma and dendrites 
of mouse hippocampal neurons (Hou et al, 2006). Similarly, the 
proteasomal substrate armitage regulates the translation of caMKii 

Sidebar A | In need of answers

(i) Are proteasomal subunit composition and activity differentially  
 regulated in neuronal compartments or specialized nervous tissues? 
(ii) What are the E3 ligase complexes and their substrates that act in  
 neuronal subcompartments or neuronal tissue types?
(iii) How does neuronal development and activity influence the local  
 function of ubiquitin-proteasome system (UPS) components?
(iv) Is there a link between messenger RNA trafficking and local synthesis  
 of UPS components?
(v) Does proteasomal degradation locally control translational repressors  
 of the UPS in an autoregulatory feedback loop?

www.emboreports.org


©2009 EurOpEaN MOLEcuLar BiOLOgy OrgaNizatiON EMBO reports VOL 10 | NO 1 | 2009 49

reviewsLocal ubiquitination in neurons 
A. Segref & T. Hoppe

mrNa in Drosophila synapses (ashraf et al, 2006). it is attractive to 
speculate that such a function of the upS in gene expression might 
also be involved in the local synthesis of ubiquitination enzymes, 
thereby constituting an autoregulatory feedback loop. 

Notably, one of the main regulatory principles for spatially restricted 
protein turnover in neurons seems to be based on the combination of 
alternative E3 ligase subunits. as described above, different E3 ligase 
complexes target specific substrates for degradation in defined neuro-
nal compartments (table 1). Furthermore, the activity of an E3 ligase 
could be under local control depending on the presence of regulatory 
cofactors (Figs 1, 2). therefore, the temporal and spatial control of E3 
ligase activity seems to provide neurons with an additional mechanism 
to rapidly regulate protein levels in subcellular compartments. it will 
be necessary to establish new biochemical purification strategies and 
novel in vivo upS reporter assays in multicellular model organisms to 
elucidate further the connection between ubiquitination, neuronal 
development and activation.
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