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Ubiquitin and AP180 Regulate the Abundance
of GLR-1 Glutamate Receptors at Postsynaptic
Elements in C. elegans

1999a, 1999b; Luscher et al., 1999; Man et al., 2000).
Endocytosis of AMPA receptors can be stimulated either
by treatment with receptor agonists, receptor antago-
nists, or with insulin (Carroll et al., 1999a; Beattie et al.,
2000; Ehlers, 2000; Lin et al., 2000; Man et al., 2000;
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Liang and Huganir, 2001; Snyder et al., 2001).
The dynamic process of AMPA receptor insertion and

removal from the postsynaptic membrane is requiredSummary
for induction of long-term potentiation (Lledo et al.,
1998) and long-term depression (Luscher et al., 1999;Regulated delivery and removal of �-amino-3-hydroxy-
Luthi et al., 1999; Man et al., 2000; Wang and Linden,5-methyl-4-isoxazolepropionic acid (AMPA) glutamate
2000). These results suggest that the cell biologicalreceptors (GluRs) from postsynaptic elements has
mechanisms governing AMPA receptor exo- and endo-been proposed as a mechanism for regulating synaptic
cytosis play a pivotal role in producing activity-depen-strength. Here we test the role of ubiquitin in regulating
dent changes in synaptic strength; however, much re-synapses that contain a C. elegans GluR, GLR-1.
mains to be learned about the detailed mechanismsGLR-1 receptors were ubiquitinated in vivo. Mutations
controlling AMPA receptor abundance at synapses.that decreased ubiquitination of GLR-1 increased the

Covalent modification of proteins with ubiquitin hasabundance of GLR-1 at synapses and altered locomo-
been shown to target proteins for degradation by thetion behavior in a manner that is consistent with in-
proteasome, and to regulate intracellular trafficking ofcreased synaptic strength. By contrast, overexpres-
some membrane proteins (Hochstrasser, 1996; Hicke,sion of ubiquitin decreased the abundance of GLR-1
1999; Helliwell et al., 2001; Katzmann et al., 2001; Reggi-at synapses and decreased the density of GLR-1-con-
ori and Pelham, 2001; Urbanowski and Piper, 2001).taining synapses, and these effects were prevented
Ubiquitin-mediated regulation of protein stability hasby mutations in the unc-11 gene, which encodes a
been shown to play a role in several processes, includingclathrin adaptin protein (AP180). These results suggest
synaptic plasticity. For example, long-term facilitationthat ubiquitination of GLR-1 receptors regulates syn-
of synaptic strength in Aplysia is dependent upon pro-aptic strength and the formation or stability of GLR-
teasomal degradation of the regulatory subunit of the1-containing synapses.
cyclic AMP-dependent protein kinase (Hegde et al.,
1997; Chain et al., 1999). Ubiquitination has also beenIntroduction
implicated in hippocampal long-term potentiation in
mice (Jiang et al., 1998) and in growth of presynapticRegulation of synaptic efficacy is thought to form the
nerve terminals in Drosophila (DiAntonio et al., 2001);basis of information storage and processing in the brain.
however, in these cases, the substrates involved haveAt central synapses, fast excitatory synaptic transmis-
not been identified. Taken together, these results sug-sion is mediated primarily by two families of glutamate
gested that ubiquitination of synaptic proteins may con-receptors (GluRs): �-amino-3-hydroxy-5-methyl-4-isox-
tribute to the regulation of synapse structure andazolepropionic acid (AMPA) receptors and N-methyl-D-
function.aspartate (NMDA) receptors. Work from several labora-

We have utilized the nematode C. elegans as a simpletories suggests that regulation of the abundance of
model to study the mechanisms by which AMPA recep-postsynaptic AMPA receptors is a potential mechanism
tors are regulated. The C. elegans genome encodesfor producing activity-dependent changes in synaptic
eight non-NMDA ionotropic receptor subunits (Brockiestrength. AMPA receptors present at postsynaptic ele-
et al., 2001), one of which is encoded by the glr-1 genements are derived from a rapidly recycling pool of recep-
(Hart et al., 1995; Maricq et al., 1995). Mutants lacking thetors undergoing repeated cycles of insertion by exo-
glr-1 GluR are defective for a specific mechanosensorycytosis and removal by endocytosis (Nishimune et al.,
behavior, avoidance of nose touch (Hart et al., 1995;1998; Song et al., 1998; Luscher et al., 1999; Ehlers,
Maricq et al., 1995). The glr-1 GluRs are expressed in2000; Passafaro et al., 2001). Although the dynamic recy-
ventral cord interneurons (Hart et al., 1995; Maricq et al.,cling of AMPA receptors is a relatively recent discovery,
1995), where they are localized at sensory-interneuronthe biochemical mechanisms underlying this process
synapses (Rongo et al., 1998). Trafficking of glr-1 GluRsare beginning to emerge. Treatments that block exo-
from interneuron cell bodies to the ventral nerve cordcytosis diminish the levels of AMPA receptors found at
is regulated by CaMKII and voltage-gated calcium chan-postsynaptic elements (Luscher et al., 1999; Lu et al.,
nels, suggesting that activity-dependent mechanisms2001). AMPA receptors are removed from synaptic ele-
regulate GLR-1 receptor trafficking in C. elegans (Rongoments by clathrin-mediated endocytosis (Carroll et al.,
and Kaplan, 1999). However, since in this case activity
has been altered chronically, that is by mutations, these1Correspondence: joshkap@socrates.berkeley.edu
changes in GLR-1 trafficking may be caused by homeo-2 These authors contributed equally to this work.
static compensatory mechanisms rather than by acute3 Present address: Department of Molecular Biology, Wellman 8,

Massachusetts General Hospital, Boston, Massachusetts 02114. changes in activity. Here we show that glr-1 GluR abun-
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Figure 1. GLR-1 and GLR-1(4KR) Were Localized to Postsynaptic Elements

Localization of CFP-tagged synaptobrevin (SNB-1, A and B) expressed in ventral cord interneurons (using the glr-1 promoter), and of YFP-
tagged eat-4 VGLUT expressed with the eat-4 promoter (C and D), are shown in red in the left hand panels. Localization of YFP-tagged (A
and B) and CFP-tagged (C and D) wild-type GLR-1 (A and C) or GLR-1(4KR) (B and D) expressed in ventral cord interneurons is shown in
green in the middle panels. Colocalization (arrows) of SNB-1 or EAT-4 with GLR-1 is shown in the merged images (right hand panels). (A and
B) GLR-1 (A) and GLR-1(4KR) (B) puncta were closely apposed to SNB-1 puncta at interneuron-interneuron synapses. (C and D) GLR-1 (C)
and GLR-1(4KR) (D) puncta were closely apposed to EAT-4 puncta at glutamatergic synapses. (E) The fraction of GLR-1 puncta that colocalized
with SNB-1 and EAT-4 was determined as described in the Experimental Procedures. Scale bars are 10 �m.

dance at postsynaptic elements is regulated by clathrin- brevin antibodies; however, this experiment is not prac-
tical because the synaptic density in the ventral cord ismediated endocytosis and by ubiquitination.
so high that individual synapses cannot be resolved.
Therefore, we restricted expression of the presynapticResults
markers to a subpopulation of nerve terminals. The
SNB-1 fluorescent protein was expressed in the glr-1-GLR-1::GFP Is Properly Localized

to Postsynaptic Elements expressing interneurons, labeling interneuron-interneu-
ron synapses. The eat-4 VGLUT fluorescent protein wasWe previously showed that a GFP-tagged version of

the glr-1 GluR (GLR-1::GFP) could be used to visualize used to label a distinct set of synapses, since the eat-4
promoter driving expression of this construct is not ex-synaptic elements in transgenic worms (Figure 1A)

(Rongo et al., 1998; Rongo and Kaplan, 1999). Trans- pressed in the glr-1-expressing interneurons (Lee et al.,
1999) (M.G. and J.K., unpublished data). We found thatgene-encoded GLR-1::GFP receptors were expressed

in ventral cord interneurons (which express the endoge- GLR-1::GFP puncta were often closely apposed to both
SNB-1 (38% � 3%) and EAT-4 (46% � 3%) punctanous glr-1 GluRs), and were found in punctate structures

in the ventral nerve cord. These ventral cord puncta (Figure 1E). Since the SNB-1 and EAT-4 markers label
nonoverlapping sets of synapses, these results suggestcolocalize with synaptobrevin at sensory-interneuron

synapses (Rongo et al., 1998). To further document the that a large fraction of the GLR-1::GFP puncta (�80%)
correspond to postsynaptic elements.synaptic targeting of GLR-1::GFP, we analyzed GLR-1

localization with two presynaptic markers: synapto- The incomplete colocalization of GLR-1 with presyn-
aptic markers is predicted for two reasons. First, failurebrevin (SNB-1, Figure 1A) and the vesicular glutamate

transporter (VGLUT, Figure 1C), which is encoded by of GLR-1 to completely colocalize with EAT-4 was ex-
pected because additional VGLUT encoding genes arethe eat-4 gene (Lee et al., 1999; Bellochio et al., 2000;

Takamori et al., 2000). In principle, the best test of GLR-1 predicted by the C. elegans genome sequence. Second,
the GLR-1-expressing interneurons have multiple syn-colocalization with presynaptic markers would be to la-

bel all nerve termini, e.g., by staining with anti-synapto- aptic inputs, of which only a subset expresses the eat-4
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VGLUT and SNB-1 transgenes (White et al., 1986; Lee region (Figures 2A and 2B). In more posterior regions
of the ventral nerve cords of unc-11 AP180 mutants,et al., 1999). In the case of interneuron-interneuron syn-

apses, we were able to estimate the extent of colocaliza- GLR-1::GFP remained punctate, but the puncta were
significantly larger and brighter than those observed intion from the known connectivity. The GLR-1-expressing

interneurons have a total of 451 synaptic inputs in the wild-type animals (Figures 2D, 2E, and 2G). Both of these
defects in receptor distribution were corrected by vec-ventral nerve cord, of which 120 (27%) are interneuron-

interneuron synapses (White et al., 1986). It is not sur- tors driving expression of wild-type unc-11 AP180 cDNA
constructs with the glr-1 promoter (Figures 2C, 2F, andprising that the fraction colocalized observed in our ex-

periment (38% � 3%, Figure 1E) was somewhat higher 2G), indicating that both defects were caused by the
absence of unc-11 AP180 from GLR-1-expressing neu-than that predicted since GLR-1 receptors are not pres-

ent at all postsynaptic elements in these interneurons rons.
Changes in puncta sizes and puncta densities were(M.G. and J.K., unpublished data), and because we ana-

lyzed a specific region of the ventral nerve cord. measured by quantitative fluorescence microscopy (Fig-
ures 2G and 2H). These analyses showed that mean
puncta amplitude and width were both significantly in-The unc-11 AP180 Clathrin Adaptin Protein
creased in unc-11 AP180 mutants as compared to wild-Controls the Abundance of GLR-1::GFP at Synapses
type controls. By contrast, puncta densities observedThe numbers and sizes of these glr-1 GluR containing
in unc-11 AP180 mutants were indistinguishable frompuncta in the ventral cord can be measured by quantita-
those found in wild-type animals. These results suggesttive fluorescence microscopy. To estimate the total
that AP180 and, by inference, clathrin-mediated endo-abundance of GLR-1::GFP at ventral cord puncta, we
cytosis regulate the abundance of glr-1 GluRs in themeasured the peak amplitude of fluorescence in each
ventral cord. In addition, as deficient endocytosis waspunctum, and the width of each punctum. Puncta ampli-
associated with increased GLR-1::GFP fluorescence,tudes were measured as the fractional increase in GLR-
our results also suggest that a significant fraction of1::GFP fluorescence in puncta over the diffuse back-
endocytosed GLR-1 receptors is degraded.ground of fluorescence in the ventral cord (%�F/F). We

The change in the average dimensions of unc-11measured the density of GLR-1::GFP puncta in the ven-
AP180 mutant puncta could reflect a global change intral cord to estimate the density of GLR-1-containing
all ventral cord puncta. Alternatively, a select subpopu-synapses. Since GFP was inserted into a cytoplasmic
lation of ventral cord puncta could be particularly sensi-domain of GLR-1, GLR-1::GFP molecules in the plasma
tive to steady-state changes in the rate of endocytosis.membrane and in subsynaptic endosomal compart-
To distinguish between these possibilities, we com-ments should contribute equally to the total fluores-
pared the distributions of puncta amplitudes and widthscence of each punctum. Therefore, the fluorescence
in unc-11 AP180 versus wild-type ventral nerve cordsmeasurements reported here likely correspond to the
(Figure 2H). We found that the wild-type puncta ampli-sum of plasma membrane and endosomal receptor
tude distribution was well fit by a scaled version of thepools and recycling of receptors between the endosome
unc-11 AP180 distributions. In the case of punctaand plasma membrane should not contribute to changes
widths, the unc-11 AP180 mutation had a slightly dispro-in fluorescence. We used quantitative fluorescence mi-
portionate effect on larger puncta. These results suggestcroscopy to examine the mechanisms regulating the
that unc-11 AP180 globally regulates the abundance ofabundance and distribution of GLR-1::GFP in the ventral
GLR-1 receptors across the entire population of ventralnerve cord.
cord puncta.Recent results from several labs suggest that mam-

malian AMPA receptors are removed from postsynaptic
membranes by clathrin-mediated endocytosis (Carroll Overexpression of Ubiquitin Decreases GLR-1::GFP

Puncta Amplitude and Puncta Densityet al., 1999a, 1999b; Luscher et al., 1999; Man et al.,
2000). Consistent with these results, we isolated nu428, The concentration of monoubiquitin has been shown to

be rate limiting for ubiquitination (Papa and Hochstras-a mutation in the unc-11 gene, in a screen for mutants
that have increased abundance of GLR-1::GFP in the ser, 1993; Hegde et al., 1997; Swaminathan et al., 1999).

Therefore, we reasoned that overexpression of ubiquitinventral nerve cord (data not shown). Similar defects in
GLR-1::GFP abundance were observed in other unc- might promote increased ubiquitination of target pro-

teins. To determinine if ubiquitin regulates the distribu-11 mutants, including strains carrying the putative null
allele, e47 (Figure 2). The unc-11 gene encodes a clathrin tion of GLR-1::GFP in the ventral cord, we constructed

a transgene which expresses ubiquitin tagged with nineadaptin protein AP180 (Nonet et al., 1999). AP180 is
a soluble adaptor protein that has been implicated in copies of the Myc epitope (MUb) in these ventral cord

interneurons. We found that the MUb transgene (nuIs89)recruiting clathrin to endocytic cargo proteins (Kirch-
hausen, 1999). In both Drosophila and C. elegans, mu- greatly reduced density and amplitudes of GLR-1::GFP-

containing puncta, whereas puncta widths were not sig-tants lacking AP180 have endocytic defects (Zhang et
al., 1998; Nonet et al., 1999). nificantly altered (Figure 3). Therefore, these results are

consistent with the idea that ubiquitin directly or indi-Two principal defects were observed in the distribu-
tion of GLR-1::GFP in unc-11 AP180 mutants. First, in rectly induces degradation of glr-1 GluRs.

Since puncta amplitudes and puncta density werethe anterior most region of the ventral nerve cord, we
observed highly abundant and diffusely distributed both significantly diminished upon overexpression of

MUb (Figure 3D), it was possible that the change inGLR-1::GFP in unc-11 AP180 mutants whereas wild-
type animals retained modestly sized puncta in the same puncta density was a secondary consequence of the
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Figure 2. Mutants Lacking unc-11 AP180 Had Increased Abundance of GLR-1::GFP in the Ventral Nerve Cord

Representative images of GLR-1::GFP (nuIs24) in the ventral nerve cords of wild-type (A and D), unc-11(e47) AP180 (B and E), and transgenic
unc-11(e47) AP180 mutant animals carrying a transgene that expresses wild-type unc-11 AP180 cDNAs in the GLR-1-expressing interneurons
(C and F) are shown. In an anterior region of the ventral cord (A–C), between the nerve ring and the RIG neuron cell bodies, GLR-1::GFP
accumulated in bright diffuse patches of fluorescence in unc-11(e47) AP180 mutants (B), whereas a punctate pattern was observed in wild-
type (A) and in unc-11(e47) AP180 mutants rescued with the unc-11(�) transgene (C). In a more posterior region of the nerve cord (D–F),
between the RIG cell bodies and the vulva, puncta widths and amplitudes were significantly increased in unc-11(e47) AP180 mutants (E)
compared to wild-type (D) or to unc-11(e47) AP180 mutants rescued with the unc-11(�) transgene (F). A 10 �m scale bar for (A)–(C) is shown
in (C), and for (D)–(F) in (F). Puncta amplitudes, widths, and densities in the more posterior region are compared in wild-type, unc-11(e47)
AP180, and rescued unc-11(e47) AP180 mutants (G). Values that differ significantly from wild-type controls are indicated as follows: *, p �

0.01; and **, p � 0.001. (H) Amplitude and width distributions of wild-type (black) and unc-11(e47) mutant (red) puncta are compared. The
amplitudes and widths of unc-11(e47) mutant puncta are uniformly shifted to larger values than those observed in wild-type. A 29% reduction
in the unc-11(e47) amplitude and a 38% reduction in the width distributions are shown as the dashed red lines.

change in receptor abundance at each punctum. Specif- the MUb-induced decrease in puncta densities. We con-
clude that overexpression of ubiquitin independentlyically, we would expect that a certain fraction of ventral

cord puncta would no longer be detectable above the regulates both the abundance of GLR-1 at each punc-
tum and the number of GLR-1-containing puncta.diffuse background of ventral cord fluorescence after

expression of MUb. We estimated that following a 54%
decrease in amplitude, 15% of wild-type puncta would glr-1 GluRs Are Ubiquitinated In Vivo

MUb-induced decrease in puncta amplitudes and densi-be lost as their amplitudes would be less than the small-
est detected MUb punctum. By contrast, we observed ties could result from direct ubiquitination of glr-1 GluRs

or ubiquitination of other, unidentified proteins. Wean 82% decline in puncta density in strains expressing
MUb (Figure 3D). As a second independent method to tested whether glr-1 GluRs are ubiquitinated through a

variety of experiments. First, we tested whether MUbmeasure the relationship between puncta density and
receptor abundance, we compared the density of ventral was conjugated to GLR-1::GFP in transgenic animals

(Figure 5A). We detected the GLR-1::GFP fusion proteincord puncta in two transgenic strains expressing differ-
ent levels of wild-type GLR-1::GFP (nuIs24 and nuIs25). with anti-GFP in immunoblots or immunoprecipitations

using a membrane fraction isolated from worm extracts.From quantitative Western blots, we estimated that the
GLR-1::GFP abundance in nuIs25 was 52% that found Immunoblotting with anti-Myc identified one major and

several minor MUb-GLR-1 bands in immunoprecipitatesin nuIs24 (Table 1). We found that nuIs24 puncta ampli-
tudes were significantly greater than those observed in formed with anti-GFP.

It is possible that the MUb-GLR-1 conjugates ob-nuIs25 animals, whereas puncta widths and densities
were indistinguishable in these strains (Figure 4). Inter- served were a consequence of overexpression of MUb.

To control for this possibility, we tested whether GLR-estingly, the difference in puncta amplitudes between
nuIs24 and nuIs25 (42%) was similar to the amplitude 1::GFP formed conjugates with endogenously ex-

pressed ubiquitin (Figure 5B). In this case, Ub-GLR-1reduction caused by MUb (54%), yet the two wild-type
strains had identical widths and densities. Therefore, conjugates were detected by performing a double im-

munoprecipitation protocol, using anti-GFP and anti-changes in puncta amplitudes are unlikely to explain
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Figure 3. Expression of the MUb Transgene
Decreased GLR-1::GFP Puncta Amplitudes
and Puncta Density

The distribution of GLR-1::GFP in the ventral
nerve cords of wild type (A), nuIs89 MUb (B),
and unc-11(e47); nuIs89 MUb double mutants
(C) are compared. Average puncta ampli-
tudes, widths, and densities are shown in (D).
nuIs89 MUb animals had a lower density of
puncta, and each punctum had a lower fluo-
rescence intensity than in wild-type controls.
The ubiquitin-induced decrease in puncta flu-
orescence was prevented by the unc-11(e47)
AP180 mutation. The unc-11(e47) AP180 mu-
tation also significantly reduced the effect of
ubiquitin on puncta density. Values that differ
significantly from wild-type controls are indi-
cated as follows: * indicates p � 0.01; and **
indicates p � 0.001. A 10 �m scale bar is
shown in (C).

ubiquitin, followed by immunoblotting with anti-GFP. munoprecipitation (data not shown), nor when anti-ubi-
quitin was saturated with purified ubiquitin prior to theHere again we were able to detect Ub-GLR-1 conjugates

as a doublet of higher molecular weight species. These second immunoprecipitation. We were also able to de-
tect Ub-GLR-1 conjugates by immunoblotting with anti-higher molecular weight species were not detected

when normal rabbit serum was used in the second im- ubiquitin antibodies following immunoprecipitation with

Table 1. Comparison of the Transgenics Strains Analyzed

GFP Normalized GFP
Genotype Abundancea Abundanceb Line Scans Puncta

nuIs24 GLR-1::GFP 5.0 � 0.5 1.0 76 1461
nuIs25 GLR-1::GFP 2.6 � 0.2 0.52 20 421
nuIs108 GLR-1(4KR)::GFP 3.4 � 0.4 0.68 18 452
nuIs88 GLR-1(K888R)::GFP 4.0 � 0.5 0.80 67 1367
unc-11(e47) AP180; nuIs24 GLR-1::GFP 5.0 � 0.4 1.0 19 377
unc-11(e47) AP180; nuIs24 GLR-1::GFP;

unc-11(�) transgene ND ND 7 128
unc-11 (e47); nuIs108 GLR-1(4KR)::GFP ND ND 33 712
nuIs89 MUb; nuIs24 GLR-1::GFP 0.7 � 0.1 0.14 21 76
nuIs89 MUb; nuIs108 GLR-1(4KR)::GFP ND ND 18 149
unc-11(e47) AP180; nuIs89 MUb; nuIs24 ND ND 18 236

The number of line scans of ventral cord fluorescence, and the number of GLR-1::GFP puncta analyzed for each genotype are shown.
a Expression levels of GLR-1::GFP in some transgenic strains were compared by quantitative Western blots with anti-GFP. GFP abundance
in these strains is reported as mean � standard error of chemiluminescence (arbitrary units)/�g of total protein (N � 6–12 for each data point).
b Normalized differences in GFP abundance were also reported, where the levels found in nuIs24 GLR-1::GFP were set as 1.0. ND indicates
that this value has not been determined.
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prevent degradation of these conjugates. We were un-
able to detect conjugates formed between endoge-
nously expressed glr-1 GluRs and ubiquitin (data not
shown); however, we would not expect to detect these
endogenous Ub-GLR-1 conjugates since our anti-GLR-1
was not sufficiently sensitive to detect the minor fraction
of endogenously expressed GLR-1 receptors that would
be predicted to carry the ubiquitin tag. We conclude
that glr-1 GluRs are ubiquitinated but that these conju-
gates do not form extensive polyubiquitin chains.

Our analysis suggested that the major species of Ub-
GLR-1 conjugates contained fewer than five ubiquitin
or MUb moieties (Figure 5). Efficient degradation of ubi-
quitin conjugates by the proteasome requires the pres-

Figure 4. Effects of Transgene Expression Levels on GLR-1::GFP ence of polyubiquitin chains containing at least four
Puncta Amplitudes and Widths

ubiquitin moieties (Thrower et al., 2000); therefore, it
The average puncta amplitudes, widths, and density are compared remained possible that Ub-GLR-1 were degraded by the
in two strains that express different levels of wild-type GLR-1::GFP,

proteasome. It was also possible that more extensivenuIs24, and nuIs25. In nuIs25 animals, GLR-1::GFP was expressed
polyubiquitin chains were assembled on GLR-1 but thatat 52% the levels found in nuIs24 animals, as determined by quanti-
these were not detected due to their rapid degradation.tative Western blots (Table 1). Values that differ significantly are

indicated by their p values (Student’s t test). To further address whether ubiquitin regulation of glr-1
GluR abundance is dependent on mono- or polyubiquiti-
nation, we expressed a mutant form of ubiquitin (K48R),

anti-GFP antibodies (Figure 5C). Thus, the presence of which has a reduced ability to form polyubiquitin chains.
Ub-GLR-1 conjugates could not be ascribed to overex- Expression of MUb(K48R) transgenes, like wild-type
pression of MUb. From their mobility in gels, we esti- MUb, significantly reduced the abundance of GLR-
mated that the major MUb-GLR-1 and Ub-GLR-1 conju- 1::GFP in the ventral nerve cord (data not shown). This
gates had fewer than five copies of the ubiquitin moiety. result suggests that degradation of GLR-1 does not re-
The MUb-GLR-1 species migrated more slowly than the quire formation of extensive polyubiquitin chains.
Ub-GLR-1 conjugates, as would be predicted since the
MUb protein contains nine copies of the Myc epitope. Mutations that Prevent Formation of Ub-GLR-1
We estimated that the Ub-GLR-1 species represented Conjugates Caused Increased Accumulation
less than 1% of the total GLR-1::GFP. It was not surpris- of GLR-1::GFP in the Ventral Nerve Cord
ing that such a small fraction of receptors are found Ubiquitin moieties are conjugated to target proteins by

forming isopeptide bonds with lysine residues in theas Ub-GLR-1 conjugates since no effort was taken to

Figure 5. GLR-1::GFP Was Ubiquitinated In Vivo

(A) MUb-GLR-1 conjugates were detected in animals carrying both the nuIs24 GLR-1::GFP and the nuIs89 MUb transgenes. Total GLR-1::GFP
in a membrane fraction was detected by immunoblotting with anti-GFP (lane 1). Immunoprecipitates formed with membrane extracts (50	

that used in lane 1) and anti-GFP (lane 2) or with anti-GFP that had been saturated with purified GFP (lane 3) were immunoblotted with anti-Myc.
(B) Ub-GLR-1 conjugates formed between GLR-1::GFP and endogenously expressed ubiquitin were detected in a double immunoprecipitation
protocol. Total GLR-1::GFP in membranes isolated from nuIs24 GLR-1::GFP animals was detected by immunoblotting with anti-GFP (lane 1).
Immunoprecipitates formed with nuIs24 GLR-1::GFP membranes and anti-GFP (lanes 2–4) were either directly immunoblotted with anti-GFP
(lane 2), or were subjected to a second immunoprecipitation with anti-ubiquitin (lane 3) or with anti-ubiquitin that had first been saturated
with purified ubiquitin (lane 4). For lanes 3 and 4, the amount of membranes was 100	 that used in lanes 1 and 2. Note that a variable amount
of unconjugated GLR-1::GFP contaminated the second immunoprecipitation (lanes 3 and 4). (C) Ub-GLR-1 conjugates were also detected by
immunoblotting with anti-ubiquitin. Immunoprecipitates formed with anti-GFP (lane 2) or with anti-GFP that had been first saturated with
purified GFP (lane 3) were immunoblotted with either anti-GFP (lane 1) or with anti-ubiquitin (lanes 2 and 3).
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Figure 6. Role of GLR-1 Cytoplasmic Lysine Residues and AP180 in Forming Ub-GLR-1 Conjugates

(A) The sequence of the cytoplasmic tail of GLR-1 contains four lysine residues (black dots). (B) The sequence motif surrounding K888 is
conserved in all mammalian AMPA receptors and bears some similarity to the ubiquitin/endocytosis signal in the yeast Ste2p and Ste6p
proteins. Residues of GluR2 previously implicated in AMPA-induced endocytosis of GluR2 are indicated by the closed bar (Lin et al., 2000).
(C) Mutant receptors lacking all four cytoplasmic lysine residues, GLR-1(4KR)::GFP, formed significantly fewer Ub-GLR-1 conjugates. Membrane
extracts prepared from either nuIs24 GLR-1::GFP (lanes 1 and 3) or nuIs108 GLR-1(4KR)::GFP (lanes 2 and 4) were used for double immunopre-
cipitations, as in Figure 5. (D) Ub-GLR-1 conjugates were more abundant in unc-11(e47) AP180 mutants than in wild-type controls. GLR-1
receptors were immunoprecipitated from either nuIs24 GLR-1::GFP (lanes 1 and 3) or unc-11 AP180; nuIs24 GLR-1::GFP (lanes 2 and 4) as
in panel C. (E) Results from (D) were quantified from ten experiments. WT refers to nuIs24 GLR-1::GFP and unc-11 refers to unc-11(e47);
nuIs24 GLR-1::GFP. ** Indicates that this value differs significantly (p � 0.001) from the wild-type control.

target protein. The cytosolic domains of glr-1 GluRs genes. We controlled for this possibility in three ways.
First, we showed that nuIs88 GLR-1(K888R)::GFP andcontain four lysine residues (Figure 6A), of which K888

falls in a sequence that is conserved in the mammalian nuIs108 GLR-1(4KR)::GFP animals expressed less total
GLR-1::GFP than did the control strain (nuIs24) express-AMPA receptors (Figure 6B). This sequence motif shares

some similarity with endocytic signals found in Ste2p ing wild-type receptors, by quantitative Western blots
(Table 1). Thus, the increased puncta fluorescence ob-and Ste6p, two yeast proteins which undergo ubiquitin-

dependent endocytosis. We tested the importance of served in the lysine mutants could not be ascribed to
increased total GLR-1::GFP abundance. Second, wethis motif by changing K888 to arginine. The average

GLR-1(K888R) puncta amplitudes and widths were sig- compared puncta amplitudes, widths, and densities in
animals expressing different levels of wild-type GLR-nificantly greater than those observed in wild-type con-

trols (Figures 7B, 7G, and 7H); however, average puncta 1::GFP (nuIs24 and nuIs25) (Table 1). We found that
differences in transgene expression could explaindensities were not significantly different from those ob-

served with wild-type GLR-1::GFP (Figure 7I). Mutation changes in puncta amplitudes but that differences in
expression would not be expected to cause changes inof all four cytoplasmic lysine residues to arginine, GLR-

1(4KR), caused an increase in puncta widths and a slight puncta widths or densities (Figure 4). Third, we exam-
ined the distribution of GLR-1 in strains carrying a low(albeit significant) increase in puncta densities com-

pared to wild-type animals (Figures 7C, 7G–7I). GLR- copy transgene, which expressed GLR-1(4KR)::GFP at
56% the level found in nuIs108 animals (as measured1(4KR) puncta amplitudes were not significantly differ-

ent from wild-type amplitudes. Since total receptor at by ventral cord fluorescence), and found that puncta
widths were significantly wider (1.17 � 0.07 �m) thaneach synapse is a function of both puncta amplitude

and width, these results indicate that increased levels those found in animals expressing wild-type receptors
(0.83 � 0.02 �m). Taken together, these results sug-of GLR-1(K888R) and GLR-1(4KR) were found at post-

synaptic elements as compared to wild-type controls. gested that the increased abundance of GLR-1(K888R)
and GLR-1(4KR) receptors at postsynaptic elementsIn both cases, the K888R and 4KR mutations uniformly

increased puncta fluorescence across the entire distri- could not be ascribed to differences in transgene ex-
pression levels.bution of ventral cord puncta (Figure 7K, and data not

shown). The increased accumulation of GLR-1(4KR)::GFP at
ventral cord puncta may have resulted from targetingA possible explanation for these results was that

changes in puncta amplitudes and widths observed in of receptors to nonsynaptic sites. We did two experi-
ments to test this possibility. First, we tested whetherlysine mutants were caused by differences in the ex-

pression of the wild-type and mutant GLR-1::GFP trans- GLR-1(4KR)::YFP receptors were colocalized with sy-
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Figure 7. Lysine Mutations Alter GLR-1::GFP Puncta Amplitudes and Widths

Representative images of ventral cord fluorescence are shown for nuIs24 GLR-1::GFP (A), nuIs88 GLR-1(K888R)::GFP (B), nuIs108 GLR-
1(4KR)::GFP (C), nuIs108 GLR-1(4KR)::GFP; nuIs89 MUb double mutants (D), nuIs24 GLR-1::GFP; nuIs89 MUb (E), and unc-11(e47) AP180;
nuIs108 GLR-1(4KR)::GFP double mutants (F). Scale bar indicates 10 �m. The average puncta amplitudes (G), widths (H), and density (I) for
the genotypes shown in (A)–(F) are compared. Values that differ significantly from wild-type controls are indicated as follows: * indicates p �

0.01; and ** indicates p � 0.001. (J) The puncta width distributions of unc-11(e47) AP180 (solid line) and unc-11(e47) AP180; nuIs108 GLR-
1(4KR)::GFP double mutants (dashed line) are indistinguishable, suggesting that the defects observed in these two mutants were not additive.
(K) Amplitude and width distributions of wild-type (black) and nuIs88 GLR-1(K888R)::GFP (red) puncta are compared. The amplitudes and
widths of K888R puncta were shifted to smaller values than those observed in wild-type. A 40% reduction in the K888R amplitude and a 20%
reduction in K888R width distributions are shown as the dashed red lines.

naptobrevin and eat-4 VGLUT (Figures 1B, 1D, and 1E). If the increased receptor abundance in ventral cord
puncta were due to the inability to ubiquitinate the mu-We found that GLR-1(4KR) puncta were often closely

apposed to SNB-1 puncta (33% � 4%) and to EAT-4 tant receptors, then we would predict that mutant recep-
tors lacking these cytosolic lysine residues would notpuncta (65% � 3%) (Figure 1E). Second, we showed that

GLR-1(4KR)::GFP mutant receptors could functionally form Ub-GLR-1 conjugates. We directly tested this pos-
sibility in double immunoprecipitation experiments. Wereplace endogenously expressed GLR-1 receptors,

which are required for responsiveness to nose touch found that GLR-1(4KR) mutant receptors formed signifi-
cantly less Ub-GLR-1 conjugates than did the wild-typestimuli. We found that nuIs108 GLR-1(4KR)::GFP; glr-

1(n2461) GluR double mutants were significantly more receptors (Figure 6C). Taken together, these results sug-
gest that preventing ubiquitination of GLR-1::GFP causedresponsive to nose touch than were glr-1(n2461) GluR

single mutants (93% � 3% versus 4% � 2% positive increased accumulation of receptors at postsynaptic
elements. However, it remains possible that mutatingresponses). Therefore, GLR-1(4KR)::GFP mutant recep-

tors were both functionally competent, and correctly these lysine residues also has other effects on receptor
function.targeted to postsynaptic elements.
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Our results thus far did not rule out the possibility that the model that ubiquitination of GLR-1::GFP and unc-
11 AP180 act together in a single process. Therefore,ubiquitination of other proteins, in addition to GLR-1,
we propose that ubiquitin conjugation triggers the re-also contributes to ubiquitin-mediated regulation of
moval of GLR-1::GFP from the postsynaptic plasmaGLR-1-containing synapses. To address this question,
membrane, a process that is mediated by unc-11 AP180we coexpressed MUb and GLR-1(4KR) mutant receptors
and clathrin-mediated endocytosis.in transgenic animals. We found that GLR-1(4KR) puncta

amplitudes were not diminished by MUb (Figure 7G). By
Ubiquitination of GLR-1 Regulatescontrast, expressing GLR-1(4KR) did not prevent the
Locomotion BehaviorMUb-induced decrease in puncta density (Figures 7D,
Thus far our results suggest that ubiquitination regulates7E, and 7I). These results suggest that formation of Ub-
the abundance of GLR-1 receptors at ventral cord pun-GLR-1 conjugates was necessary for ubiquitin-induced
cta, and the number of puncta. If ubiquitin regulates thedecreases in puncta amplitudes but that ubiquitination
number of GLR-1 receptors in the postsynaptic plasmaof other substrates may mediate the effects on the num-
membrane, then it should regulate the strength of synap-ber or density of GLR-1-containing synapses.
tic inputs. Consequently, we would expect ubiquitina-
tion of GLR-1 to regulate behaviors mediated by theseUbiquitination of GLR-1 and unc-11 AP180 Act
synapses. C. elegans locomotion consists of an alternat-Together in a Single Process
ing pattern of forward and reverse sinusoidal move-Ubiquitin conjugation is involved in many intracellular
ments. The GLR-1-expressing interneurons have beenprocesses—proteasomal degradation of cytosolic pro-
shown to play a critical role in locomotion (Chalfie etteins or of misfolded and misassembled proteins in the
al., 1985; Wicks and Rankin, 1995; Zheng et al., 1999).endoplasmic reticulum, trafficking of membrane pro-
GLR-1 receptors are expressed in interneurons requiredteins in the golgi, endocytosis of plasma membrane pro-
for forward (AVB and PVC) and backward (AVA and AVD)teins, and sorting of proteins from late endosomes to
locomotion (Figure 8A). Glutamatergic input to theselysosomes (Hochstrasser, 1996; Hicke, 1999; Helliwell
interneurons, provided by several classes of sensoryet al., 2001; Katzmann et al., 2001; Reggiori and Pelham,
neurons (White et al., 1986), has been shown to bias the2001; Urbanowski and Piper, 2001). Any of these effects
locomotion circuit toward producing backward move-could contribute to the ubiquitin-mediated regulation of
ment (Zheng et al., 1999). This effect is illustrated by theGLR-1::GFP fluorescence. If ubiquitination were re-
prolonged duration of forward locomotion in eat-4 VGLUTquired for endocytosis of GLR-1 receptors, then ubiquiti-
mutants (Figure 8B), which are defective for synapticnation of GLR-1 and unc-11 AP180 should appear to
release of glutamate (Lee et al., 1999; Bellochio et al.,act in a linear pathway. If ubiquitin were involved in
2000; Takamori et al., 2000), as previously reportedany other aspect of GLR-1 assembly or targeting, then
(Zheng et al., 1999). Conversely, expressing mutantubiquitination of GLR-1 and unc-11 AP180 would be
GLR-1 receptors that are constitutively open caused apredicted to act as independent or parallel processes.
dramatic decrease in the duration of forward move-

We did several experiments to distinguish between
ments (Zheng et al., 1999). Similarly, we found that

these possibilities.
nuIs108 GLR-1(4KR)::GFP mutants had significantly

First, if ubiquitination of GLR-1 is required for receptor shorter periods of forward locomotion than were ob-
endocytosis, then ubiquitin-induced degradation of served in nuIs24 GLR-1::GFP animals (Figure 8B), as
GLR-1::GFP should be prevented by blocking endocyto- would be expected if synaptic inputs had been strength-
sis. Consistent with this prediction, we found that unc- ened. The difference in the locomotion behavior of these
11 AP180 puncta amplitudes were not significantly de- two strains cannot be ascribed to a difference in GLR-1
creased by MUb and the effect on puncta densities was expression levels since nuIs108 GLR-1(4KR)::GFP ani-
greatly reduced (Figures 3C and 3D). mals expressed less total GLR-1 receptor than did

Second, if ubiquitination and unc-11 AP180 act in nuIs24 GLR-1::GFP animals (Table 1). However, the be-
independent or parallel processes, both of which de- havioral defect observed in nuIs108 GLR-1(4KR)::GFP
crease the levels of GLR-1::GFP in ventral cord puncta, mutants could be caused by nonsynaptic receptors
then one would predict that the defects caused by unc- rather than by a change in synaptic transmission. To
11 AP180 and by GLR-1(4KR) mutations would be addi- address this possibility, we analyzed the behavior of
tive, i.e., the defects observed in the unc-11 AP180; eat-4 VGLUT; nuIs108 GLR-1(4KR)::GFP double mu-
nuIs108 GLR-1(4KR)::GFP double mutants would be tants. We found that preventing synaptic release of glu-
more severe than either single mutant. In fact, we found tamate (with the eat-4 VGLUT mutation) blocked the
that the puncta width distributions for unc-11 AP180 effect of nuIs108 GLR-1(4KR)::GFP on the duration of
and for unc-11 AP180; nuIs108 GLR-1(4KR)::GFP were forward locomotion (Figure 8B). These results show that
indistinguishable (Figures 7H and 7J). the effects of nuIs108 GLR-1(4KR)::GFP on locomotion

Third, if Ub-GLR-1 conjugates were removed from the are mediated by synaptic GLR-1 receptors. Although
ventral cord by endocytosis, then blocking endocytosis we are unable to measure synaptic strength directly,
should cause Ub-GLR-1 conjugates to accumulate. these behavioral data suggest that preventing ubiquiti-
Consistent with this idea, we found that Ub-GLR-1::GFP nation of GLR-1 resulted in increased synaptic strength.
conjugates were 2-fold more abundant in unc-11 AP180
mutants than in wild-type controls (Figures 6D and 6E). Discussion
These results suggest that unc-11 AP180 mediates the
degradation of Ub-GLR-1 conjugates. Recent work in a variety of systems suggests that an

important mechanism for regulating synaptic strengthTaken together, these results are most consistent with
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Figure 8. Lysine Mutations Alter Locomotion
Behavior

(A) A simplified version of the neural circuit for
locomotion is illustrated. GLR-1-expressing
interneurons drive either forward (AVB and
PVC, white hexagons) or backward (AVA and
AVD, black hexagons) sinusoidal movements.
The forward and backward interneurons form
extensive reciprocal synaptic connections
(White et al., 1986). Glutamatergic inputs (pro-
vided by sensory neurons) bias the circuit to-
ward producing backward movement, as pre-
viously shown (Zheng et al., 1999). (B) The
duration of forward locomotion movements
are compared for wild-type (nuIs24 GLR-
1::GFP), 4KR [nuIs108 GLR-1(4KR)::GFP],

eat-4 (eat-4; nuIs24 GLR-1::GFP), and eat-4; 4KR [eat-4; nuIs108 GLR-1(4KR)::GFP] double mutants. Values shown are mean � standard
errors. * This value significantly differs (p � 0.001) from the wild-type control. **This value differs significantly (p � 0.0001) from the 4KR single
mutant.

is the regulation of the abundance of AMPA receptors motif we define in GLR-1 (Figure 5B) is conserved in
mammalian AMPA receptors, and deletion of this motifat postsynaptic elements. Here we tested the role of

ubiquitination in regulating the abundance of AMPA re- in rat GluR2 was previously shown to increase receptor
abundance in the plasma membrane of neurons (Lin etceptors at neuron-neuron synapses and the strength of

these synapses. Our work leads to several conclusions. al., 2000). This conserved motif bears some similarity to
ubiquitin-endocytosis signals found in yeast Ste2p andFirst, GLR-1::GFP is removed from postsynaptic ele-

ments by clathrin-mediated endocytosis, and this pro- Ste6p. Conservation of this motif, and conservation of
its function in regulating receptor abundance, suggestcess requires the monomeric clathrin adaptin protein

unc-11 AP180. Second, a significant fraction of endocy- that ubiquitination is not a consequence of experimental
overexpression of GLR-1 receptors. Therefore, althoughtosed glr-1 GluRs is degraded. Third, ubiquitin controls

two independent aspects of GLR-1-containing syn- we were unable to directly document the formation of
Ub-GLR-1 conjugates formed with endogenously ex-apses: reducing both the amount of receptor at each

postsynaptic element and reducing the density of post- pressed receptors, our results are most consistent with
the hypothesis that ubiquitination of AMPA receptors issynaptic elements in the ventral cord. Fourth, glr-1

GluRs are directly modified by ubiquitination, and ubi- a conserved mechanism regulating their abundance at
synapses.quitination of GLR-1::GFP is largely responsible for ubi-

quitin-induced decreases in receptor abundance at syn-
apses. Fifth, ubiquitination of GLR-1::GFP is unlikely to Endocytic Trafficking of GLR-1 Receptors

Previous studies showed that an important mechanismexplain ubiquitin-induced decreases in the density of
synapses, implying that ubiquitination of other proteins for regulating synaptic strength is the removal of AMPA

receptors from the postsynaptic membrane by clathrin-mediate this effect. Sixth, preventing ubiquitination of
GLR-1 altered locomotion behavior in a manner consis- mediated endocytosis (Nishimune et al., 1998; Song et

al., 1998; Carroll et al., 1999a, 1999b; Luscher et al.,tent with an increase in synaptic strength. Taken to-
gether, our results suggest that ubiquitination of GLR-1 1999; Luthi et al., 1999; Man et al., 2000; Wang and

Linden, 2000). The mechanisms by which AMPA recep-receptors plays an important role in regulating synaptic
strength via regulating the abundance of receptors at the tors are removed from synapses appear diverse. Re-

moval can be triggered by treatment with NMDA, AMPA,postsynaptic membrane, that ubiquitin also regulates
formation or stability of GLR-1-containing synapses, metabotropic GluR agonists, AMPA receptor antago-

nists, and insulin. In each case, the signaling pathwaysand that AP180 is required for both of these processes.
required for receptor internalization and the fate of the
internalized receptors appear to be distinct. Our workUbiquitination of GLR-1 Receptors

One potential caveat for our results is that the Ub-GLR-1 suggests that one mechanism by which receptors are
removed from synapses is ubiquitination of conservedconjugates we observed are a consequence of overex-

pression of either ubiquitin or of chimeric GLR-1::GFP cytosolic lysine residues in AMPA receptors.
Our results demonstrate that mutants lacking the unc-receptors. We provide several experiments that argue

against this possibility. Ub-GLR-1 conjugates were 11 AP180 clathrin adaptin accumulate abnormally high
levels of GLR-1::GFP in the ventral nerve cord and thatformed both with transgene-encoded MUb, and with

endogenously expressed ubiquitin. Thus, formation of this defect arises from absence of unc-11 AP180 in the
GLR-1-expressing interneurons. These results are com-Ub-GLR-1 conjugates was not caused by overexpres-

sion of ubiquitin. We were unable to detect Ub-GLR-1 plementary to those obtained with mammalian AMPA
receptors. Several labs have shown that internalizationconjugates formed with endogenously expressed re-

ceptors and ubiquitin; however, this is not surprising of rat GluRs is mediated by clathrin, the clathrin adaptin
AP2, and dynamin (Carroll et al., 1999a, 1999b; Luschergiven the small fraction of total receptors (�1%) we

expect to find in such complexes and the relative insen- et al., 1999; Man et al., 2000). The post-endocytic fate
of rat GluRs has been analyzed in a few cases (Ehlers,sitivity of our anti-GLR-1 antisera. The ubiquitination
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2000; Lin et al., 2000; Liang and Huganir, 2001), where GluR2 endocytosis signal (Lin et al., 2000), we propose
that ubiquitination of GLR-1 may be induced by gluta-it was shown that receptors were either recycled back

to the plasma membrane or targeted to lysosomes. In- mate binding. Fourth, expressing mutant GLR-1(4KR)
receptors, which were not ubiquitinated, produced loco-terestingly, different treatments biased AMPA receptors

toward either recycling (NMDA treatment) or targeting motion defects that were similar to those caused by
mutations that constitutively activate GLR-1. Further-to late endosomes/lysosomes (AMPA treatment). In our

case, a significant fraction of endocytosed GLR-1 recep- more, this behavioral effect was dependent upon synap-
tically released glutamate. Thus, the effect of the GLR-tors was apparently degraded (perhaps in lysosomes),

as GLR-1::GFP fluorescence was increased in unc-11 1(4KR) mutation on locomotion strongly implies that
synaptic strength is regulated by formation of Ub-GLR-1AP180 mutants. In analogy to mammalian AMPA recep-

tors, we expect that a significant fraction of endocy- conjugates. On the other hand, our results do not ex-
clude the possibility that AP180 also plays a role intosed GLR-1 receptors are also recycled; however, our

fluorescence measurements are unable to detect recep- endosome-lysosome trafficking. In any of these scenar-
ios, our results strongly support the idea that ubiquitina-tor recycling.

What is the fate of ubiquitinated glr-1 GluRs? Several tion of GLR-1 receptors regulates their abundance at
neuron-neuron synapses, and thereby alters synapticresults suggest that Ub-GLR-1 conjugates are removed

from synapses by an unc-11 AP180-mediated process. strength.
Overexpression of a MUb transgene greatly decreased
GLR-1::GFP puncta amplitudes in the ventral nerve cord. Implications for Synapse Formation and Plasticity
This ubiquitin-induced decrease in puncta amplitude Several studies have shown that activity regulates the
was prevented by an unc-11 AP180 mutation or by ex- abundance of AMPA receptors at central synapses, and
pressing a mutant form of GLR-1 lacking cytoplasmic that these changes occur over a broad range of time
lysine residues. The effects of unc-11 AP180 and GLR- scales. Rapid delivery of AMPA receptors to dendritic
1(4KR) mutations on receptor abundance at synapses spines is promoted by treatments or patterns of activity
were not additive. Finally, mutants lacking unc-11 AP180 that promote long-term potentiation (Shi et al., 1999,
had increased levels of Ub-GLR-1 conjugates, sug- 2001; Hayashi et al., 2000) whereas treatments that pro-
gesting that these conjugates were normally degraded mote long-term depression promote removal of AMPA
by a process requiring unc-11 AP180. Taken together, receptors by endocytosis (Carroll et al., 1999b). Over
these results are most consistent with the hypothesis longer time scales, homeostatic mechanisms have been
that unc-11 AP180 and GLR-1 ubiquitination act to- described whereby neurons globally scale up or down
gether in a common process. Therefore, we propose that the abundance of AMPA receptors at all of their syn-
ubiquitination of cytoplasmic lysine residues on AMPA apses (Craig, 1998; Turrigiano, 1999). Long-term activity
receptors constitutes a signal to remove the conjugated blockade causes increased accumulation of AMPA re-
receptors from postsynaptic elements, and subse- ceptors at postsynaptic elements whereas long-term
quently for targeting them for degradation. enhancement of activity leads to decreased AMPA re-

What specific aspect of GLR-1 trafficking is regulated ceptor abundance at postsynaptic elements in cultured
neurons. Our work suggests that, in some cases,by ubiquitin? Two models are consistent with our re-

sults. Ubiquitination of cytoplasmic lysine residues changes in activity (either Hebbian or homeostatic)
might alter the abundance of AMPA receptors at syn-might trigger removal of the conjugated receptors from

the plasma membrane by clathrin-mediated endocyto- apses by triggering formation of AMPA receptor-ubiqui-
tin conjugates.sis. Alternatively, GLR-1 receptors delivered to endo-

somes, by either constitutive or stimulated endocytosis, Previous studies implicated ubiquitin in presynaptic
processes regulating synaptic growth and functionare ubiquitinated in the limiting membrane of late endo-

somes, leading to their internalization into multivesicular (Hegde et al., 1997; Chain et al., 1999; DiAntonio et al.,
2001). We show here that ubiquitination of a postsynap-bodies, and delivery to lysosomes. There are precedents

for both of these mechanisms (Hicke, 1999; Katzmann tic protein (GLR-1) regulates synapse structure and
function. We also found that overexpression of ubiquitinet al., 2001; Reggiori and Pelham, 2001; Urbanowski and

Piper, 2001). For several reasons, we favor the former significantly reduced the density of ventral cord puncta,
suggesting that ubiquitin plays a role in the stability orhypothesis. First, the AP180 adaptin protein is required

for removal of proteins from the plasma membrane by formation of synapses. The ubiquitin-induced decrease
in puncta density was diminished by unc-11 AP180 mu-clathrin-mediated endocytosis in both Drosophila and

C. elegans (Zhang et al., 1998; Nonet et al., 1999). Since tations, implying that clathrin-mediated endocytosis
was also involved in this process. However, we foundour results indicate that ubiquitin acts prior to AP180,

we infer that Ub-GLR-1 conjugates form in the plasma that mutating cytosolic lysine residues in GLR-1 did not
block the effects of ubiquitin on puncta density. There-membrane. Second, the GLR-1 ubiquitination motif de-

fined here shares some core sequences with ubiquitina- fore, we speculate that ubiquitination of other synaptic
proteins (i.e., in addition to GLR-1) will mediate the ef-tion/endocytosis signals in the yeast Ste2p and Ste6p

proteins (Figure 6). Third, deletion of sequences corre- fects on puncta density. These unidentified proteins are
also likely to be postsynaptic proteins, as overexpres-sponding to this ubiquitination motif produced defects

in AMPA-induced endocytosis of rat GluR2 (Lin et al., sion of MUb in the GLR-1-expressing cells was sufficient
to elicit the change in puncta density. Thus, it is likely2000). Interestingly, both AMPA-induced endocytosis of

GluR2 (Ehlers, 2000) and AP180-mediated endocytosis that ubiquitination of both pre- and postsynaptic pro-
teins will play important roles in synapse formation andof GLR-1 lead to receptor degradation. Given the similar-

ity of the GLR-1 ubiquitination motif (Figure 6) and the plasticity.
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Experimental Procedures KP#228 contain the CFP::SNB-1 fusion gene expressed with the
glr-1 promoter and the mec-3 promoters, respectively. CFP was
fused at the predicted amino terminus of SNB-1. The plasmidStrains

Standard methods were used to culture the following alleles: glr- KP#748 contains a 5.9 kb eat-4 promoter driving the expression of
a YFP-tagged EAT-4 protein. The transgene nuIs89 MUb contains1(n2461), unc-11(nu428), unc-11(e47), unc-64(e246), snb-1(md247),

eat-4(n2474), nuIs24 GLR-1::GFP, nuIs25 GLR-1::GFP, nuIs108 GLR- the plasmid KP#727 which encodes nine copies of the Myc epitope
fused to the amino terminus of yeast ubiquitin (M. Hochstrasser)1(4KR)::GFP, nuIs88 GLR-1(K888R)::GFP, nuIs89 MUb. Unless oth-

erwise noted, all wild-type GLR-1::GFP results refer to nuIs24. expressed by the glr-1 promoter. The plasmid KP#532 encodes
MUb(K48R), expressed by the glr-1 promoter. KP#546, 547, 548,
and 549 contain wild-type unc-11 AP180 cDNAs (types A–E, respec-Isolation of unc-11 AP180 Mutations
tively), expressed by the glr-1 promoter (Nonet et al., 1999). ForThe unc-11(nu428) allele was isolated in a screen for mutants with
rescue of the unc-11 phenotype, the plasmids KP#546, 547, 548,altered GLR-1::GFP (nuIs25) fluorescence. unc-11(e47) was isolated
550, and 549 were pooled together and coinjected into unc-11(e47);previously as an uncoordinated mutant (Brenner, 1974). Both e47
nuIs24 GLR-1::GFP animals.and nu428 have a purely recessive pattern of heredity for the defects

in GLR-1::GFP distribution.
Antisera, Immunoprecipitations, and Western Blots
Rabbit anti-GFP antibodies were made as described (Seedorf et al.,Fluorescence Microscopy and Quantitative Analysis
1999). Antibodies were obtained as follows: monoclonal anti-GFPAll imaging experiments were done using a Zeiss Aviovert 100 mi-
Roche (Indianapolis, Indiana), monoclonal anti-ubiquitin Covancecroscope, and an ORCA CCD camera (Hamamatsu). Animals were
(Princeton, New Jersey), rabbit anti-ubiquitin (C. Shamu and T. Ra-immobilized with 10 mM levamisole. Images were captured and
poport) (Shamu et al., 1999), and peroxidase-coupled anti-mouseprocessed using Metamorph 4.5 software (Universal Imaging).
Amersham. Extracts were prepared from mixed stage worms withFor quantitative studies of puncta fluorescence, we used an Olym-
a French Press in buffer A (50 mM Hepes [pH 7.7], 50 mM potassiumpus Planapo 100	 (NA � 1.4) objective. Maximum intensity pro-
acetate, 2 mM magnesium acetate, 1 mM EDTA, 250 mM sucrose),jections of Z series stacks were obtained. Identical camera gain,
protease inhibitors (10 �g/ml leupeptin, 5 �g/ml chymostatin, 3 �g/exposure settings, and fluorescence filters were used for all images
ml elastatinal, 1 �g/ml pepstatin A, 1 mM PMSF), and 10 mMand results reported. Using these conditions, GFP fluorescence
N-ethylmaleimide. Membranes were isolated from the clarified ex-filled the 12-bit dynamic range, without saturation. Line scans of
tract by spinning at 300,000 	 g. Membranes were resuspended inventral cord fluorescence were analyzed in Igor Pro (WaveMetrics)
buffer A plus 7 mM 
-mercaptoethanol, solubilized with 1 volumeusing custom-written software.
SDS buffer (50 mM Tris-HCl [pH 8.5], 1% SDS, 2 mM DTT), thenEach line scan corresponds to approximately 80 �m of the ventral
diluted with 5 volumes 50 mM Hepes (pH 7.7), 600 mM NaCl, 1%cord. All images were taken in a single region of the ventral cord
NP-40. Immunoprecipitates were formed with anti-GFP serum and(lying between the RIG neurons and the vulva). Puncta dimensions,
a mixture of protein A- and G-sepharose beads (Pharmacia). Allintensities, and densities were estimated in an automated manner
immunoprecipitations reported were repeated on at least three inde-in Igor. To control for changes in illumination intensity, values were
pendent membrane preps for each genotype. GLR-1::GFP was de-normalized with respect to background fluorescence on each slide.
tected with anti-GFP using enhanced chemiluminescence (Pierce).Puncta amplitudes were calculated as the fractional increase in
Abundance of GLR-1::GFP in different transgenic strains was ex-peak fluorescence over the diffuse background of fluorescence in
pressed as a fraction of the total protein concentrations in wormthe ventral cord (�F/F). Puncta widths were estimated as the peak
extracts (Table 1). Protein concentrations were determined usingwidth at half-maximal amplitudes. Puncta densities were measured
BCA reagent (Pierce).as the average number of puncta in 10 �m of ventral cord length.

All values reported in figures are means � standard errors. Statistical
Analysis of Locomotion Behaviorsignificance was determined by two-tailed Student’s t test. The
The duration of forward and reverse locomotion movements of daynumber of line scans and puncta analyzed for each genotype are
one adult hermaphrodites was determined as previously describedreported in Table 1.
(Zheng et al., 1999). Briefly, individual adult worms were observedThe extent of colocalization of GLR-1 with presynaptic markers
for 5 min and a computer program keyed by the observer recorded(synaptobrevin or eat-4 VGLUT) was determined in an automated
the duration of forward and reverse movements. Locomotion assaysmanner. CFP- and YFP-tagged proteins coexpressed in transgenic
were done by an experimenter unaware of the genotype of theanimals were simultaneously imaged. Fluorescent filter sets
animals being analyzed.(Chroma) were as follows: excitation (D436/10X, HQ500/20X), emis-

sion (D470/30M, HQ535/30M), cyan/topaz polychroic mirror. Maxi-
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