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Preface

Much of the material contained within this thesis is published or is in the process
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published in Neuron (1999) 22, 497-509. Chapter 2, “Dual palmitoylation of PSD-95

mediates its vesiculotubular sorting, postsynaptic targeting, and ion channel clustering”,

was published in The Journal of Cell Biology (2000) 148, 159-71. Chapter 3, “Synaptic

targeting of the postsynaptic density protein PSD-95 mediated by a tyrosine-based
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Synaptic targeting of the postsynaptic density protein, PSD-95

by

Sarah E. Craven

Cºo fº
Cori Bargmann

Chair, Thesis Committee

Abstract

Neurotransmission requires that the appropriate proteins be correctly localized at

synapses. Thus the identification, targeting, and organization of synaptic proteins at pre

and postsynaptic membranes is the subject of intense study. Since the isolation of PSD

95 as a major PDZ domain containing postsynaptic protein that interacts with a variety of

other synaptic proteins, PSD-95 has been proposed to play a role in the targeting and

assembly of protein complexes at synapses. However, until recently the mechanism by

which PSD-95 targets to the synapse was unknown. In fact, there is little mechanistic

data on the targeting of any synaptic protein.

This work focuses on understanding synaptic targeting of PSD-95 in hippocampal

neurons. The constituent components of PSD-95 required for targeting are multiple and

include palmitoylation, PDZ domains, and a C-terminal tyrosine-based trafficking signal.

ix
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Palmitoylation of PSD-95 is sufficient to target PSD-95 via vesiculotubular, microtubule

dependent structures to the secretory pathway, and the tyrosine-based motif is sufficient

to mediate clathrin-dependent vesicle trafficking. These results suggest that PSD-95 is an

itinerant vesicular protein and initial targeting of PSD-95 to an intracellular membrane

compartment and later packaging into clathrin-coated transport vesicles participate in the

postsynaptic trafficking of PSD-95. Finally, protein palmitoylation plays a role in the

polarized sorting of PSD-95 to dendrites, in contrast to palmitoylation motifs from other

synaptic proteins that mediate protein sorting to axonal membranes via lipid rafts.

Although significant gaps remain in understanding the targeting of PSD-95, this is the

first look at the postsynaptic targeting of any protein and promises to contribute to

understanding the development, organization, and plasticity of synapses.

.
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INTRODUCTION

PSD-95 AND SYNAPSES
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Proper neuronal function requires the precise localization of proteins to distinct

subcellular and plasma membrane domains. More specifically, neurotransmission

requires the targeting and assembly of protein complexes at specialized pre- and

postsynaptic membranes. One such specialization is the postsynaptic density (PSD), an

electron-dense cytoskeletal structure beneath the plasma membrane of excitatory

synapses where neurotransmitter receptors, ion channels, and signaling molecules

aggregate to respond to synaptic stimuli (Walters and Matus, 1975; Carlin et al., 1981;

Kennedy et al., 1983; Kornau et al., 1997). Although biochemical studies have helped

define the protein composition of the PSD (Kennedy, 1998), the mechanisms that mediate

targeting, assembly, and anchoring of these postsynaptic proteins remain largely

unknown.

Clustering of postsynaptic receptors is best understood at the neuromuscular

junction (NMJ). Here nicotinic acetylcholine receptors (nAChRs) concentrate at the

muscle endplate during development in response to signals from the presynaptic

motoneuron. A 43 kDa protein of the muscle cytoskeleton called rapsyn is required for

the clustering of n/AChRs and may anchor them to a subsynaptic cytoskeletal complex at

the NMJ (Apel et al., 1995). In the central nervous system, the protein gephyrin may

play a similar role in clustering and anchoring glycine and GABAA receptors at inhibitory

synapses (Kirsch et al., 1993; Kneussel et al., 1999). Yet despite their similar functions,

rapsyn and gephyrin are neither related, nor are they members of families of clustering

molecules that could provide insight into the aggregation of additional receptors and

signaling components at synapses.
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Unlike the seemingly specialized rapsyn and gephyrin proteins, a large class of

proteins containing PDZ domains may play a more general role in localizing and

organizing receptors, channels, and signaling enzymes at sites of cell-cell contact,

including synapses. PDZ domains, named for three proteins originally found to contain

these domains, PSD-95, Dlg, and ZO-1, are protein-protein interaction domains that

typically bind short motifs at the extreme C-termini of interacting proteins. Proteins from

one family of PDZ containing proteins are known as membrane-associated guanlyate

kinases, or MAGUKs, and include the synaptic PSD-95/SAP-90 subfamily of MAGUKs,

which contains the closely related PSD-93/chapsyn-1 10, SAP–97/hdlg, and SAP-102

proteins. The MAGUKs share a common domain organization, with one to three N

terminal PDZ motifs, an SH3 domain, and a C-terminal region homologous to yeast

guanylate kinases (Sheng, 1996; Craven and Bredt, 1998; Fig 1-1). The PDZ domains of

the PSD-95 subfamily recognize the endmost C-terminal peptide binding sequence -E/Q-

T/S-X-V/I* where X is any amino acid, whereas PDZ domains from other proteins have

different binding specificities (Songyang et al., 1997; Stricker et al., 1997). PSD-95 can

also interact with PDZ domains from other proteins (Brenman et al., 1996a), and both C

terminal and PDZ-PDZ binding is explained by the three-dimensional structure for PDZ

domains (Doyle et al., 1996; Hiller et al., 1999). Like rapsyn and gephyrin, PDZ

containing proteins such as PSD-95 may directly cluster and anchor interacting proteins

at Synapses. However, these proteins may play the additional roles of organizing

signaling complexes and regulating synaptic structure.

*
-º-
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Clustering of Channels and Receptors by MAGUKs

PSD-95 was originally identified biochemically as a major protein component of

the PSD (Cho et al., 1992). Subsequently, PSD-95 was shown to bind directly via its

PDZ domains to the intracellular C-termini of the N-methyl-D-aspartate- (NMDA-) type

glutamate receptor and the Shaker K" channel, Kv1.4 (Kim et al., 1995; Kornau et al.,

1995). Functionally, the interaction of PSD-95 with these integral membrane proteins

can mediate their cellular aggregation; when PSD-95 is co-transfected with NMDA

receptor or K' channel subunits in heterologous cells, large clusters containing both

proteins are formed. Neither PSD-95 nor these binding partners can form these

aggregates when expressed alone or when interactions between the two proteins are

disrupted (Kim et al., 1995; Kornau et al., 1997). Furthermore, when PSD-95 and Kv1.4

are co-transfected into primary hippocampal cultures, PSD-95 can recruit Kv1.4 to

clusters at synapses (Firestein et al., 1999; but see Arnold and Clapham, 1999).

The mechanism by which PSD-95 and its homologs mediate molecular clustering

is beginning to be uncovered. In heterologous cells the clustering of multimeric receptors

and channels by PSD-95 requires only the N-terminus and a single PDZ domain,

suggesting that PSD-95 oligomerizes N-terminally to aggregate interacting proteins

(Hsueh et al., 1997). Consistent with this model, two N-terminal cysteine residues in

PSD-95 are essential for protein multimerization and for K' channel clustering in

transfected cells (Hsueh et al., 1997). These cysteines are sites of palmitoylation, a

reversible post-translational fatty acid modification that dynamically regulates protein

interactions with lipid bilayers (Topinka and Bredt, 1998). Palmitoylation is necessary

for membrane association of PSD-95 and for both its interactions with transmembrane

i. º
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proteins and receptor/channel clustering (Topinka and Bredt, 1998; El-Husseini et al.,

2000). In addition, palmitoylation may directly mediate protein multimerization

(Christopherson, K.S. and Bredt D.S., unpublished observations). Thus there is growing

support for the multimerization model of PSD-95 clustering.

Though results from transfected cells are suggestive of a role for PSD-95 in

receptor clustering, the first in vivo evidence for receptor clustering by a MAGUK protein

came from genetic analysis in Caenorhabditis elegans. In C. elegans, the MAGUK

protein LIN-2 and two additional PDZ containing proteins, LIN-7 and LIN-10, are all

required to localize the EGF receptor to vulval epithelial cell junctions for appropriate

development (Simske et al., 1996; Keach et al., 1998). The necessity of all three proteins

for receptor localization likely results from their mutual interactions to form a ternary

complex (Butz et al., 1998; Keach et al., 1998). This complex is conserved in the

mammalian brain, where it may play a role in receptor localization at mammalian

synapses. Consistent with a role in synaptic targeting, LIN-10 is involved in postsynaptic

localization of the C. elegans glutamate receptor, GLR-1 (Rongo et al., 1998).

Additional genetic evidence of a role for MAGUKs in protein clustering comes

from studies of the Drosophila NMJ. DLG, a Drosophila homolog of the PSD-95

family, is necessary to localize Shaker K' channels to glutamatergic synapses at the larval

NMJ; Shaker channels fail to cluster at synapses in dlg. mutant flies. A C-terminal

deletion of the Shaker channel also abolishes channel clustering, although DLG is

properly localized at the synapse (Tejedor et al., 1997). In fact, the C-terminal tail of the

Shaker channel is sufficient to localize proteins to the synapse. A chimeric protein

containing the entire intracellular C-terminus of the Shaker channel appended to the



transmembrane protein CD8 clusters at the fly NMJ in a manner dependent on both the

extreme C-terminal DLG binding motif and the presence of DLG (Zito et al., 1997).

In contrast, evidence that the mammalian PSD-95 family of MAGUKs cluster K"

channels and NMDA receptors derives mainly from experiments in transfected cultured

cells and is not well supported by studies of endogenous proteins. As discussed above,

PSD-95 can cluster interacting proteins when co-expressed in cultured cells. Also,

mammalian MAGUKs can substitute for DLG to mediate Shaker channel clustering at

the Drosophila NMJ, indicative of a conserved function (Thomas et al., 1997). However,

in developing neurons in culture, NMDA receptors initially form non-synaptic clusters

that lack PSD-95 (Rao and Craig, 1997). Thus NMDA receptors first aggregate in the

absence of PSD-95, though their association could function to recruit and/or retain

preformed receptor clusters at synapses.

Rather, genetic manipulations of NMDA receptors and PSD-95 suggest an

alternative role for PSD-95 in NMDA receptor function. Mice genetically engineered to

express NMDA receptors lacking their C-terminal tails have normal, synaptically

activated NMDA receptors (Sprengel et al., 1998), though an independent study found a

reduction in synaptic receptor localization (Mori et al., 1998). These results, though

mixed, suggest that PSD-95 may not be required to localize NMDA receptors to

synapses. Interestingly, the phenotypes of these mice closely resemble those of the

corresponding gene deletions, indicating that the C-termini of the NMDA receptor

subunits are critically involved in receptor function. And the phenotypes produced by the

truncated NMDA receptor subunits potentially result from the loss PSD-95 binding

linking these receptors to other synaptic proteins, including signaling enzymes.



Consistent with this, PSD-95 deletion mice also show no defect in the synaptic activation

of NMDA receptors but rather have enhanced synaptic plasticity called long-term

potentiation (LTP), loss of long-term depression (LTD), and impaired learning (Migaud

et al., 1999). These results again suggest that PSD-95 does not localize NMDA receptor

to synapses, but rather sets up signaling complexes activated by NMDA receptor to

produce LTP and learning.

Organization of Signaling Complexes

Organization of signaling complexes by PDZ containing proteins is best

illustrated by the Ina■ ) protein from Drosophila. Ina■ ) contains multiple PDZ domains

that bind components of the phototransduction cascade in the Drosophila eye. This

signaling cascade proceeds as follows: light activates rhodopsin to stimulate a G protein

O-subunit that activates phospholipase C (PLC); active PLC produces intracellular

messengers that open the transient receptor potential (TRP) channel; and finally calcium

dependent regulatory processes, including activation of protein kinase C (PKC),

deactivate the light response. The PDZ domains of Ina■ ) bind directly to three

components of this cascade: TRP, PLC, and PKC. When a mutation is introduced into a

single or multiple PDZ domain(s), the corresponding binding partner(s) are mislocalized

and the signaling cascade is defective in the corresponding signaling component(s)

(Tsunoda et al., 1997). Thus InaD acts as a scaffold protein to organize proteins involved

in a single signaling complex.

Similarly, PSD-95 may organize a signaling complex linking the activation of two

of its binding partners, NMDA receptors and the signaling enzyme, neuronal nitric oxide



synthase (nNOS; Brenman et al., 1996a). In many central neurons, nNOS activation is

selectively stimulated by Ca" influx through NMDA receptors, whereas Ca" entry

through other channels is not equally effective. When PSD-95 expression is disrupted by

antisense oligonucleotides in cultured neurons, the calcium influx through NMDA

receptors no longer activates nNOS. In addition, cell death, a consequence of over

activation of NMDA receptors and nNOS, is reduced (Sattler et al., 1999). NMDA

receptors and nNOS interact with PSD-95 to form a ternary complex in vitro

(Christopherson et al., 1999), thus it is likely that PSD-95 bridges NMDA receptors and

nNOS in vivo to set up a specific signaling pathway.

In addition to nNOS, PSD-95 interacts with other signaling molecules that may be

specifically linked to NMDA receptor activation. One such enzyme is a ras-GTPase

activating protein (rasGAP) called p135 SynGap that co-localizes with both PSD-95 and

NMDA receptors at synapses (Chen et al., 1998; Kim et al., 1998). A critical source of

regulation is indicated by the inhibition of SynGAP by CaMKII phosphorylation, along

with the CaMKII dependent inhibition of rasgåP activity in isolated postsynaptic

densities (Chen et al., 1998). CaMKII is an abundant PSD protein activated by Ca"

through NMDA receptors. By analogy to nNOS, the interaction of SynGAP with PSD

95 may link the inhibition of its rasgaP activity to NMDA receptor gated Ca" pathways,

resulting in an increase in activated Ras. Since Ras activation is the best understood

means to activate the MAP kinase cascade, a PSD-95 mediated link between NMDA

receptors and SynGAP may explain the link between activation of NMDA receptors and

activation of the MAP kinase cascade (Bading and Greenberg, 1991).

: :
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Synaptic Structure and Adhesion

In addition to organizing signaling complexes, MAGUK proteins can influence

synaptic structure, likely through their interactions with cell adhesion molecules. This

function is most clearly represented by alternations in the structure of the Drosophila

NMJ by mutations in dlg. On the postsynaptic side, the larval NMJ is surrounded by the

subsynaptic reticulum, a system of convoluted membranes homologous to the junctional

folds of the vertebrate NMJ. In dlg mutants, the subsynaptic reticulum is normal at early

larval stages but fails to properly expand and develop as the muscle grows (Lahey et al.,

1994). Alternations are also observed on the presynaptic side of the synapse, with

mutations in dlg producing an increase in the number of active zones per bouton (Thomas

et al., 1997). The effect that DLG has on synaptic structure may result from its

interaction with and ability to cluster Fasciclin II (Fas II), an NCAM-like adhesion

molecule, at the Drosophila NMJ in a manner similar to the Shaker K' channel (see

above; Thomas et al., 1997; Zito et al., 1997). Fas II functions in synaptic growth and

stabilization, and mutations in fas II can produce phenotypes similar to those resulting

from mutations in dlg.

Although mammalian MAGUKs have not been directly implicated in synaptic

structure, a conserved function is suggested by the capacity of the PSD-95 homolog,

SAP-97, to rescue the dlg mutant phenotype (Thomas et al., 1997). In addition, two

MAGUK family members interact with cell adhesion molecules: PSD-95 binds the C

terminal tail of neuroligins (NL) and CASK, the mammalian homolog of C. elegans LIN

2 (see above), binds the tail of neurexins (Irie et al., 1997). Although the functions of

these surface molecules are not completely understood, a subset of 3-neurexins interact

=



with neuroligins to form heterotypic intercellular junctions when expressed on separate

cells. Therefore, the possibility remains that PSD-95 and CASK may regulate synaptic

adhesion and structure via these interactions.

Targeting of PSD-95 to Synapses

Multiple functions have been attributed to PDZ containing proteins, and PSD-95,

as a major component of the PSD of excitatory synapses, has been implicated in

aggregating and assembling proteins into signaling and structural complexes at Synapses.

However, the mechanisms by which PSD-95 itself is targeted to the postsynaptic

membrane are unknown. Indeed, there is only limited mechanistic information available

on the postsynaptic targeting of any neuronal protein (Kaech et al., 1997).

To begin to understand the mechanisms of synaptic protein targeting, the cellular

trafficking of PSD-95 was investigated. In Chapter one, the domains of PSD-95 involved

in postsynaptic targeting are determined by evaluation of the trafficking of wild type and

mutant green-fluorescent protein- (GFP-) tagged PSD-95 in cultured hippocampal

neurons. This analysis reveals that three components of PSD-95 are required for

postsynaptic targeting: N-terminal palmitoylation, the first and second PDZ domains, and

a C-terminal targeting motif.

Further characterization of the role palmitoylation and the C-terminal targeting

motif play in synaptic targeting are described in Chapter Two and Three, respectively.

Palmitoylation is sufficient to target PSD-95 via vesiculotubular structures to the

secretory pathway including endosomal and trans-Golgi membranes. Mutagenesis of the

palmitoylation motif of PSD-95 reveals a strong correlation between vesiculotubular

10



sorting and both channel clustering in heterologous cells and postsynaptic targeting in

neurons. These data suggest that PSD-95 is an itinerant vesicular protein and that the

initial targeting of PSD-95 to an intracellular membrane compartment may participate in

postsynaptic trafficking of PSD-95. Characterization of the C-terminal targeting domain

of PSD-95 reveals a strong correlation between the capacity of a tyrosine-based motif

within this domain to mediate the formation of clathrin-coated vesicles and postsynaptic

targeting, again suggesting a role for vesicular trafficking in postsynaptic targeting of

PSD-95.

Finally in Chapter Four the role of palmitoylation in polarized protein sorting is

explored. This investigation finds that the palmitoylation motif of PSD-95 is necessary

but not sufficient for dendritic targeting, whereas palmitoylation motifs from axonally

localized proteins, including GAP-43 and paralemmin, are sufficient for axonal targeting.

The axonally targeted palmitoylation motifs also target proteins to filopodia and to

detergent-insoluble glycolipid-enriched membranes (DIGs), or lipid rafts, in heterologous

cells. Thus the association of palmitoylated proteins with a special lipid environment

may mediate polarized trafficking of palmitoylated peripheral membrane proteins in

In CurOnS.

This study provides the first detailed analysis of the postsynaptic targeting of a

PSD protein, PSD-95. The results indicate that protein-protein and lipid interactions,

likely involving vesicular transport, cooperate to mediate postsynaptic targeting. Since

protein palmitoylation, protein interactions with PDZ domains, and clathrin-mediated

vesicle formation are often dynamically regulated, this work suggests that protein
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targeting in neurons involves multiple regulated steps and thus has implications for the

dynamic processes of synaptogenesis and synaptic plasticity.



CHAPTER ONE

POSTSYNAPTIC TARGETING OF PSD-95

MEDIATED BY LIPID AND PROTEIN MOTIFS

13



Summary

During synaptic development, proteins aggregate at specialized pre- and

postsynaptic structures. Mechanisms that mediate protein clustering at these sites remain

unknown. To investigate this process, we analyzed synaptic targeting of the postsynaptic

density protein, PSD-95, by expressing GFP-tagged PSD-95 in cultured hippocampal

neurons. We find that postsynaptic clustering relies on three elements of PSD-95: N

terminal palmitoylation, the first two PDZ domains, and a C-terminal targeting motif. In

contrast, disruptions of PDZ3, SH3, or guanylate kinase domains do not affect synaptic

targeting. Palmitoylation is sufficient to target the diffusely expressed SAP-97 to

synapses, and palmitoylation cannot be replaced with alternative membrane association

motifs, suggesting that a specialized synaptic lipid environment mediates postsynaptic

clustering. The requirement for PDZ domains and a C-terminal domain of PSD-95

indicates that protein-protein interactions cooperate with lipid interactions in synaptic

targeting.

14



Results

Exogenous PSD-95 GFP is Correctly Localized in Hippocampal Neurons

To determine mechanisms for postsynaptic clustering of PSD-95 a variety of wild

type and mutant protein constructs of PSD-95 were expressed in cultured hippocampal

neurons. Initial experiments were conducted to determine whether exogenously

expressed wild type PSD-95 would be targeted appropriately. A plasmid encoding PSD

95 as a C-terminal fusion protein with GFP was transfected into hippocampal neurons,

and the neurons were allowed to develop in culture for 5-16 days. Exogenously

expressed PSD-95-GFP forms clusters in the dendrites of transfected neurons after five to

six days in culture and remains clustered for as long as expression can be detected, up to

two and a half weeks, similar to endogenous PSD-95 (Fig. 1-1A). In contrast, GFP alone

is expressed diffusely throughout the neurons (data not shown). After one week in

culture, clusters of PSD-95-GFP become synaptic and co-localize with presynaptic

terminals stained for synaptophysin and with postsynaptic NMDA receptors (Fig. 1-1B;

Fig. 4-1) as has been reported for endogenous PSD-95 (Rao et al., 1998). These data

indicate that exogenous PSD-95-GFP is targeted to the postsynaptic membrane in a

manner indistinguishable from endogenous PSD-95, and that this system can be exploited

to elucidate the regions of PSD-95 that are involved in targeting.

Palmitoylation is Necessary for Postsynaptic Localization of PSD-95

N-terminal palmitoylation is important for targeting PSD-95 to cell membranes

where PSD-95 clusters and associates with interacting transmembrane proteins in

heterologous cells (Topinka and Bredt, 1998). To determine if palmitoylation is also

15



necessary for the postsynaptic targeting of PSD-95, hippocampal neurons were

transfected with a PSD-95-GFP protein construct in which the N-terminal palmitoylated

cysteines were mutated to serines (C3,5S) to abolish protein palmitoylation (Topinka and

Bredt, 1998; Fig. 1-7A). In contrast to wild type PSD-95, C3,5S PSD-95 does not form

clusters or become synaptic when expressed in neurons. Instead the protein is expressed

diffusely throughout the processes at all times in culture (Fig. 1-2A), though the

distribution of NMDA receptors and synaptophysin remain unaffected suggesting that

synapses are normal (data not shown). Single mutations of either of the two N-terminal

cysteines also block palmitoylation of PSD-95 (Topinka and Bredt, 1998), and constructs

of PSD-95 with mutations of the third cysteine, (C3S) or the fifth cysteine, (C5S) also are

expressed diffusely in the dendrites of cultured neurons (Fig. 1-2A).

One trivial explanation for the differences in targeting between wild type and

cysteine mutant constructs could be differences in expression levels. Quantitative

immunofluorescence indicates that exogenous wild type PSD-95 is expressed at levels

approximately 5-10 fold higher than endogenous PSD-95 protein (see Experimental

Procedures). If the cysteine mutant constructs express at even higher levels, this could

conceivably saturate the targeting machinery and result in a diffuse distribution.

However, we observed a range of expression levels in the population of transfected cells

for all PSD-95 constructs used, and similar cellular targeting was found at all expression

levels. To quantitate PSD-95 expression of wild type versus C3,5S PSD-95, the

normalized total fluorescence intensity per cell was measured (see Experimental

Procedures). This analysis found no significant difference in the expression levels
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between wild type and C3,5S PSD-95 (Table 1-1), arguing against differences in

expression levels as an explanation for differences in targeting.

These data show that N-terminal cysteines are necessary for targeting and

clustering PSD-95 at the PSD. However, it remains formally possible that the cysteine

residues are critical not because they are palmitoylated, but rather because of another

modification or interaction that requires both cysteines. To assess further the importance

of palmitoylation, a single amino acid mutation was identified that disrupts

palmitoylation, but leaves the cysteine residues intact. This mutation changes the fourth

amino acid in PSD-95 from leucine to alanine (L4A) and reduces palmitoylation to less

than 10% of wild type levels (Fig. 1-7A). When this construct is transfected into

hippocampal neurons, it resembles other palmitoylation-deficient mutants, with the

protein diffusely expressed (Fig. 1-2B: Table 1-1). Conversely, a construct containing an

N-terminal mutation in which the second amino acid of PSD-95, an aspartic acid, was

changed to an alanine (D2A) did not disrupt palmitoylation (Fig. 1-7A) and is

synaptically targeted, like wild type PSD-95 (Fig. 1-2B: Table 1-1). These results are

consistent with the idea that palmitoylation, rather than other N-terminal interactions, is

necessary for synaptic clustering of PSD-95.

Palmitoylation of PSD-95 Cannot be Functionally Replaced with other Lipid

Associations

Because palmitoylation associates PSD-95 with cell membranes, it is possible that

disrupting membrane association accounts for the loss of postsynaptic clustering. We

therefore determined whether integral membrane association of PSD-95 could

functionally substitute for palmitoylation. To accomplish this, chimeric molecules were
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created with the human T lymphocyte type I transmembrane protein CD8 (Littman et al.,

1985) attached to the N-terminus of both wild type (CD8-WT) and C3,5S (CD8-C35S)

PSD-95. Though addition of the CD8 transmembrane domain is sufficient to localize

C3,5S PSD-95 to the membrane and restore its association with interacting

transmembrane proteins in heterologous cells (Topinka and Bredt, 1998), it does not

rescue postsynaptic clustering in neurons (Fig. 1-3A). In contrast, CD8-WT is still

palmitoylated to approximately 50% of wild type levels and still yields some clusters

(Fig. 1-3A, 1-7A). However, neurons transfected with either CD8-fusion appear less

developed than neurons transfected with any other construct, suggesting that expression

of these proteins may be deleterious to the cells.

Although the CD8-fusion does not restore synaptic targeting of palmitoylation

deficient PSD-95, a transmembrane domain is quite different from a lipid anchor and may

not allow for proper orientation of the protein within the cell membrane or may sterically

interfere with other protein interactions. To restore membrane association in a manner

more analogous to palmitoylation, we used two other lipid modifications: myristoylation

and isoprenylation. Myristate is a 14 carbon saturated fatty acid that is co-translationally

attached to certain proteins at an N-terminal glycine. To replace palmitoylation of PSD

95 with myristoylation, the N-terminal 13 amino acids of PSD-95 were exchanged for

those of 43K/rapsyn, which contain a consensus for myristoylation (Frail et al., 1988).

This chimeric protein is myristoylated when expressed in COS cells, whereas wild type

PSD-95 is not (Fig. 1-7B). Despite being myristoylated, the chimeric protein is

expressed diffusely in neurons, identical to other palmitoylation-deficient proteins (Fig.

1-3A; Table 1-1). Similarly, addition of a consensus sequence for geranylgeranylation, a
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20-carbon isoprenoid added post-translationally at the C-terminus, results in the

isoprenylation on the protein when expressed in COS cells (Fig. 1-7B), but does not

rescue postsynaptic targeting of palmitoylation-deficient PSD-95 (Fig. 1-3A; Table 1-1).

The inability of myristoylation or isoprenylation to rescue palmitoylation mutants of

PSD-95 suggests that properties of palmitoylation beyond simple membrane association

are important for synaptic targeting.

Addition of a Palmitoylation Motif Induces Postsynaptic Targeting of SAP–97

Closely related to PSD-95 are two additional members of the MAGUK family of

proteins, PSD-93 / chapsyn-110 and SAP-97 / hdlg (Lue et al., 1994; Muller et al., 1995;

Kim et al., 1995; Brenman et al., 1996). Like PSD-95, PSD-93 contains N-terminal

cysteines that are palmitoylated, whereas SAP-97 has an extended N-terminus of 108

amino acids that is not palmitoylated (Topinka and Bredt, 1997; Fig. 1-7A; data not

shown). When PSD-93 tagged with GFP is expressed in cultured hippocampal neurons,

it forms synaptic clusters in a manner similar to PSD-95 (Fig. 3-1). In contrast, SAP-97

is expressed diffusely throughout the processes (Fig. 1-3B) consistent with palmitoylation

being necessary for the synaptic targeting of the PSD-95 family of proteins in

hippocampal neurons. To determine whether forced palmitoylation of SAP-97 could

induce postsynaptic targeting, we designed a series of chimeric constructs in which the

first 13 amino acids of PSD-95 were fused to the N-terminus of SAP-97. Replacing the

first 13 or 36 amino acids of SAP-97 with the first 13 amino acids of PSD-95 produces

chimeric proteins that are not palmitoylated and are not synaptically targeted (data not

shown), again suggesting that the first 13 amino acids of PSD-95 are not sufficient for
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synaptic targeting in the absence of palmitoylation. However, replacing the entire unique

N-terminus of SAP-97 with the first 13 amino acids of PSD-95 yielded a chimeric protein

(95/97) that is palmitoylated (Fig. 1-7A) and is synaptically targeted in hippocampal

neurons, like wild type PSD-95 (Fig. 1-3B; Table 1-1).

PDZ domains and a C-terminal Targeting Motif of PSD-95 are Required for

Synaptic Targeting

To determine systematically the domains of PSD-95 that, together with

palmitoylation, mediate synaptic localization, a series of progressively longer N-terminal

constructs were introduced into hippocampal cultures. A GFP fusion containing only the

first 64 amino acids of PSD-95 (1-64) or the first 157 amino acids through the first PDZ

domain (1-PDZ1) are not synaptically localized but expressed diffusely in neurons (Fig.

1-4; data not shown). These constructs are palmitoylated (Fig. 1-7A; data not shown)

indicating that palmitoylation, even with a PDZ domain, is not sufficient to target

proteins to the PSD. When the fusion protein is extended further to include the first two

PDZ domains (1-PDZ2), all three PDZ domains (1-PDZ3), and the SH3 domain (1-SH3)

a tendency towards clustering occurs (Fig. 1-4; Table 1-1). Although clusters are

observed with these three proteins and these clusters co-localize with synaptophysin (Fig.

1-4; data not shown), protein distribution is different from wild type PSD-95. First,

clustering of the proteins requires longer times in vitro to occur (10 rather than 5 days).

Second, most of the protein remains diffuse in the cell bodies and dendrites, whereas wild

type PSD-95 is almost entirely restricted to synaptic sites. This delayed, partial

clustering may reflect a passive association of these fusion proteins with other synaptic
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proteins as opposed to active targeting of the full-length PSD-95, and we define this

distribution as "semi-clustered" (see below). In fact, deleting as few as 25 amino acids

from the C-terminus of PSD-95 (A25) disrupts wild type synaptic clustering and yields

this semi-clustered phenotype (Fig. 1-4; Table 1-1), indicating that a signal within these

last amino acids is involved in synaptic targeting. To determine if the very C-terminus of

PSD-95 contains this targeting signal, the final 12 amino acids were deleted (A12). This

truncation, however, does not affect synaptic targeting (Fig. 1-4; Table 1-1). Rather, an

internal deletion in which the last 13 to 25 C-terminal amino acids were deleted and the

last 12 were present disrupts synaptic targeting and results in a semi-clustered phenotype

indistinguishable from that of A25 (data not shown). These data indicate that there is a

signal within the last 13-25 amino acids (amino acids 700-711) that is necessary for

proper synaptic targeting of PSD-95.

To quantitate the extent of synaptic targeting we calculated a synaptic clustering

ratio (SCR) for each construct (Table 1-1). The SCR is a measure of the average roºm
expression in the dendrites compared to that at synaptic clusters (see Experimental

Procedures). The SCR calculated for wild type PSD-95 is close to zero, 0.030+0.010,

indicating that the average fluorescence in the dendrites is close to background

fluorescence and that almost all the protein is at synapses. In contrast the SCR for C3,5S

PSD-95 is 1.0+0.0, indicating that the protein is expressed evenly throughout the

processes without clusters. The smallest truncation construct that subjectively yields any

clustering is 1-PDZ2, which has a SCR of 0.83+0.076. This value is significantly

different from the wild type PSD 95 (p<0.001) but not from that of C3,5S (p<0.05), so

this construct is classified as diffuse. On the other hand, 1-PDZ3, 1-SH3, and A25 have
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SCRs of 0.45+0.40, 0.41+0.041 and 0.31+0.048, respectively, that are not statistically

significant from each other, but are significantly different from both wild type PSD-95

and other synaptically targeted constructs (D2A, 95/97, and A12) as well as from

diffusely expressed C3,5S. These constructs (1-PDZ3, 1-SH3, and A25), therefore,

represent an intermediate expression category that we term semi-clustered (Table 1-1).

In addition, the 1-PDZ2 construct shows a very large range of expression levels

and was used to address further whether expression levels affect protein distribution in

transfected neurons. This was done by calculating the SCR for cells that express 1-PDZ2

at a level similar to wild type PSD-95 and for cells that express 1-PDZ2 at more than

twice this level. Both low expressors and high expressors of 1-PDZ2 had nearly identical

SCR ratios (0.83+0.076 versus 0.87+0.059), again arguing against differences in cellular

expression levels explaining differences in synaptic targeting.

To define further the role of the C-terminus of PSD-95 in synaptic targeting, the

last 25 amino acids of PSD-95 were fused to constructs encoding the N-terminus of PSD

95 through the second or the third PDZ domain (1-PDZ2+25 and 1-PDZ3+25,

respectively). Strikingly, addition of these amino acids mediates synaptic targeting of

both these proteins. Adding the C-terminal 25 amino acids to 1-PDZ2 changes the

categorical distribution from diffuse (SCR=0.83+0.076) to semi-clustered

(SCR=0.30+0.047; Fig. 1–5; Table 1-1; data not shown). Furthermore, addition of the C

terminus to the construct encoding the N-terminus through the SH3 domain (yielding 1

SH3+25) changes the localization from semi-clustered (SCR=0.41+0.041) to a wild type

synaptic distribution (SCR=0.057+0.020; Fig. 1–5; Table 1-1). Again, though there is a

difference in synaptic targeting, there is no statistical difference is the expression levels
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between these two constructs (Table 1-1). In addition, the presence of the SH3 domain in

1-SH3+25 versus 1-PDZ2+25 or 1-PDZ3+25 makes a small difference in the synaptic

distribution, suggesting that the SH3 domain may play a role in synaptic targeting. To

address this, three separate mutations were introduced into the SH3 domain. Two of the

mutations (L460P and W471A) correspond to changes that are predicted destroy the

structure of the SH3 domain, and one mutation (W470F) was designed to specifically

block binding of the SH3 domain to proline-containing peptides (Lim and Richards,

1994). However, none of these mutations introduced into the full length protein disrupts

the synaptic clustering (Table 1-1; data not shown). Similarly, the elimination of the

guanylate-kinase domain in the construct 1-SH3+25 does not disrupt synaptic

localization of PSD-95 (Fig. 1-5), indicating that both the SH3 and GK domains are not

involved in postsynaptic targeting.

To examine the role of the PDZ domains in the synaptic targeting of PSD-95,

constructs were made lacking various combinations of the PDZ domains. When all three

PDZ domains are deleted (APDZs), the resulting fusion protein is diffusely expressed

(SCR=0.99+0.10), indicating that at least one PDZ domain is required for appropriate

targeting of PSD-95 (Fig. 1-6). Deleting PDZ domains 2 and 3 (APDZ2&3) or PDZ

domains 1 and 3 (APDZ1&3), also disrupts wild type clustering, but yields a semi

clustered distribution (Fig. 1-6). The clustering of APDZ2&3 and APDZ1&3 appears

similar to that of the C-terminal truncation mutants of PSD-95: the clusters form later

during maturation of the cultures (div 10 versus 5), they have SCRs between diffusely

expressed and synaptically targeted constructs, 0.41+0.051 and 0.38+0.048, respectively

(Table 1-1), and they are still synaptic and co-localize with synaptophysin (data not
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shown). On the other hand, deleting PDZ3 (APDZ3) does not disrupt wild type synaptic

localization (Fig. 1-6; Table 1-1). These data suggest that synaptic targeting of PSD-95

requires both the first and second, but not the third, PDZ domain.

;
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Discussion

This study describes the first systematic analysis of protein domains that underlie

postsynaptic sorting in neurons. The primary finding is that postsynaptic clustering of

PSD-95 relies critically on three elements: N-terminal palmitoylation, the first two PDZ

domains, and a C-terminal targeting motif. PSD-95 proteins lacking these elements are

targeted diffusely or are semi-clustered in dendrites whereas disruptions in PDZ3, SH3 or

GK domains have no affect on synaptic targeting. Because postsynaptic clustering of

PSD-95 occurs early during neuronal development (Rao et al., 1998) the specialized

lipid, PDZ, and C-terminal protein interactions identified here may represent fundamental

steps in postsynaptic differentiation.

Lipid-dependent Interactions in Synaptic Sorting

A striking finding of this work is the essential and specific role for palmitoylation

in postsynaptic clustering of PSD-95. The requirement for palmitoylation of PSD-95

cannot be replaced by alternative membrane association motifs, suggesting that

specialized lipid interactions at the PSD are involved in clustering. Palmitate is a 16

carbon saturated fatty acid that is linked via thioester-bonds to specific cysteine residues

of certain proteins (Milligan et al., 1995; Mumby, 1997). Protein palmitoylation can

influence the function of a protein by altering its subcellular targeting and protein

interactions. Previous work has demonstrated that PSD-95 is heavily palmitoylated on

cysteines 3 and 5 and that this modification of PSD-95 is essential for membrane

association and interaction with an ion channel-binding partner, Kv1.4 (Topinka and

Bredt, 1998; El-Husseini et al., 2000). In COS cells, the interaction of PSD-95 with
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Kv1.4 can be rescued by substituting an artificial transmembrane domain for the

palmitoylation (Topinka and Bredt, 1998). In neurons, however, we were unable to

restore postsynaptic clustering of PSD-95 by replacing the palmitoylation site with a

transmembrane domain or with alternative lipid anchoring modifications including N

terminal myristoylation or C-terminal gerenylgerenylation. Palmitoylation, therefore,

does not merely function as a lipid anchor, but plays a specific role in postsynaptic

clustering of PSD-95.

In epithelial cells, palmitoylated proteins are often targeted to caveolae, cave-like

invaginations of the plasma membrane enriched in cholesterol (Anderson, 1993; Lisanti

et al., 1995). Caveolae accumulate numerous receptors and enzymes involved in signal

transduction pathways. Caveolin, the major protein constituent of caveolae, is itself

heavily palmitoylated and, like PSD-95, functions as molecular scaffold by interacting

with diverse receptors and cytosolic enzymes (Simons et al., 1997). Though caveolae

have not previously been identified in neurons, there are data that suggest that specialized

lipid domains are involved in protein trafficking in neurons. Proper axonal sorting of

viral glycoprotein hemagglutinin and endogenous Thy-1 may involve specialized

sphingolipid/cholesterol-rich rafts (Ledesma et al., 1998), which are diffusionally

restricted to the axon by the initial segment (Kobayashi et al., 1992; but see Winckler and

Poo, 1996). That postsynaptic targeting of PSD-95 specifically requires palmitoylation

may indicate that a specialized lipid environment also occurs at the synapse and helps

specify protein aggregation. Additionally, palmitoylation, unlike myristoylation and

geranylgeranylation, is a reversible modification, and the dynamic nature of

... --" -

** ** g
* : * * * *
e.-sºº
* *-** ... as
wºn ... ºr "
-º-, utiº

* ..., x-- tº
- -a

...}
suit, ºr attºº

fºr hi. i*- f

th W
sinlºs asº

l gº *i

-" hº
}

" _ " >
-it-ta-r at

- ******* }
nºt tºw fit."

26



palmitoylation may explain why stable cell membrane association cannot substitute for

palmitoylation in synaptic targeting.

In Chapter two, we present one line of investigation into the role of palmitoylation

in postsynaptic targeting of PSD-95. We find that palmitoylation is necessary for the

localization of PSD-95 to the endomembrane system, including overlap with the trans

Golgi membrane and a late endosomal compartment. Characterization of the

palmitoylation motif of PSD-95 indicates a correlation between endosomal targeting,

channel clustering in heterologous cells, and postsynaptic targeting, suggesting a role for

endosomal membranes in the cellular trafficking of PSD-95.

Synaptic Clustering Compared to Sorting in non-Neuronal Cells

Previous expression studies in non-neuronal cells have suggested the importance

of the N-terminus and PDZ domains in mediating targeting and clustering of MAGUK

proteins. In epithelial cells members of the MAGUK family are localized to sites of cell

cell contact. In Drosophila, the localization of the MAGUK protein DLG to epithelial

septate junctions requires the second PDZ domain (Hough et al., 1997), whereas the N

terminus of the mammalian DLG homolog, SAP-97, is required for targeting to sites of

epithelial cell contact (Wu et al., 1998). Regarding PSD-95, transfection of deletion

mutants into COS cells demonstrates that only the N-terminus and a single PDZ domain

from PSD-95 are required for protein clustering with a co-expressed K' channel subunit

(Hsueh et al., 1997). Similarly, genetic manipulations of Drosophila DLG show that

expression of the N-terminus and PDZ domains of DLG is sufficient for this protein to

cluster Shaker K' channels on the muscle membrane (Tejedor et al., 1997). However, the
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K' channel clusters formed by this truncated DLG protein are not synaptically localized,

indicating that other domains mediate targeting to the NMJ (Tejedor et al., 1997).

Similarly, the presence of the N-terminus and the PDZ domains are not sufficient

for wild type synaptic clustering of PSD-95 in neurons, and a signal within the last 13-25

C-terminal amino acids of PSD-95 is also needed. The role of the C-terminus of PSD-95

is reminiscent of basolateral and dendritic targeting of transmembrane proteins that can

be mediated by short C-terminal tyrosine- or di-leucine-based cytosolic sorting motifs

(Matter et al., 1992; Ohno et al., 1995; Jareb and Bankers, 1998). Some of these

sequences associate with the clathrin adapter protein AP-1/AP-2 to direct membrane

proteins into clathrin-coated pits for protein trafficking (Dietrich et al., 1997; Ohno et al.,

1995). The C-terminal 13-25 amino acids of PSD-95 contains a consensus sequence for

such a tyrosine-based signal that conforms to the canonical motif YXXQP, where Y is a

tyrosine, X is any amino acid, and q is a hydrophobic amino acid. Characterization of

the C-terminal targeting domain of PSD-95 is presented in Chapter Three and uncovers a

strict correlation between the ability of the tyrosine-based motif of PSD-95 to mediate

postsynaptic targeting and clathrin-mediated vesicular transport.

Another possible role for the C-terminus of PSD-95 in synaptic targeting is

suggested by the work of Rongo et al. (1998) in which the PDZ-containing protein LIN

10 was found to be involved in the postsynaptic targeting of the GLR-1 glutamate

receptors in C. elegans. Though LIN-10 does not interact with GLR-1, it does bind

directly to the MAGUK protein, LIN-2, forming a ternary complex with LIN-2 and a

third PDZ-containing protein, LIN-7, a complex that is conserved in mammals (Keach et

al., 1998; Butz et al., 1998). PSD-95 may participate in a similar complex containing a
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targeting protein like LIN-10 that interacts with the C-terminus of PSD-95, though

attempts to identify such a protein through yeast-two-hybrid have been unsuccessful.

Roles for the PDZ, SH3 and GK Domains in Synaptic Sorting

Finally, synaptic targeting of PSD-95 also requires the first and second PDZ

domains, whereas the third PDZ domain is dispensable. As PDZ domains are protein

interaction interfaces, the requirement for these domains suggests that association of

PSD-95 with another synaptic protein mediates postsynaptic clustering. The first and

second PDZ motifs of PSD-95 have similar binding specificities (Kornau et al., 1995;

Kim et al., 1995), whereas the third PDZ domain interacts with a different set of proteins

(Irie et al., 1997; Niethammer et al., 1998), and this differential binding specificity may

explain the requirement for the first and second PDZ domains but not the third. Because

PSD-95 localizes to synapses earlier than known binding partners for the first two PDZ

domains, such as the NMDA receptors (Rao et al., 1998), the PDZ-binding protein(s)

involved in synaptic targeting likely remain unidentified. Also, we find that NMDA

receptors are synaptically clustered in neurons expressing diffusely localized C3,5S or 1

PDZ2, suggesting that the presence at synapses of a binding partner for PDZ1 and 2 of

PSD-95 is not sufficient to target PSD-95.

Alternatively, the involvement of PDZ domains in synaptic targeting may be

independent of classical PDZ binding and involve the surrounding linker regions.

Though only a short linker region exists between PDZ1 and 2, this region, rather than the

PDZ binding interface, could be important for synaptic targeting. More complex

possibilities can also be imagined. For example, a combination of linker regions between
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PDZ1 and 2 and between PDZ2 and 3 could be involved in synaptic targeting with

presence of one or the other yielding semi-clustering in APDZ1&3 and APDZ2&3

whereas the presence of both in APDZ3 sufficient for wild type clustering (Table 1-1).

The identification of binding partners involved in the synaptic targeting of PSD-95 will

help to clarify these remaining uncertainties. Finally, the 40 amino acid linker region

between PDZ3 and the SH3 domain is absent from all constructs with deletions of the

PDZ domains and therefore is clearly dispensable for synaptic targeting.

Numerous synaptic protein have been identified that interact with the third PDZ

and GK domains. The third PDZ interacts with the cell adhesion protein, neuroligin (Irie

et al., 1997) and the cytoskeletal protein, CRIPT (Niethammer et al., 1998), and the GK

domain interacts with additional proteins of the neuronal cytoskeleton (Naisbitt et al.,

1997; Kim et al., 1997; Takeuchi et al., 1997; Brenman et al. 1998). These interactions

with PSD-95 have been proposed to help link the synaptic extracellular matrix to the

underlying cytoskeleton. However, we find that association of PSD-95 with the

extracellular space or with the cytoskeleton through these protein interactions is not

necessary for synaptic targeting. Although a few binding partners have been found for

the SH3 domain of PSD-95, it is clear from our studies that classical SH3 domain binding

does not play a role in synaptic clustering. Yet, the presence of the SH3 domain in 1

SH3+25 did change the synaptic targeting from semi-clustered with 1-PDZ3+25 to wild

type, suggesting there may be a signal within the primary sequence of this domain

involved in synaptic targeting. However, addition of the SH3 domain in 1-SH3 did not

enhance the synaptic targeting of 1-PDZ3 as both are semi-clustered (Table 1-1).

Therefore, the requirement of the SH3 may be a matter of spacing between the domains
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involved in synaptic targeting, so that the C-terminal motif interaction(s) are not

prohibitively close to those of the PDZ domains.

Implications for Synaptic Development and Plasticity

Although our work defines essential elements for clustering of PSD-95, it is not

yet clear how the number and location of PSD-95 clusters are determined. To help

addresses these critical questions it may be valuable to consider differentiation of the

neuromuscular junction. In developing muscle, nicotinic acetylcholine receptors

(nAChRs) become clustered at postsynaptic muscle membranes in response to axonal

release of agrin, which activates a muscle specific tyrosine kinase (MuSK) (DeChiara et

al., 1996; Glass et al., 1996; McMahan, 1990). This tyrosine kinase cascade induces

clustering of n/AChRs at the synapse in association with a cytoskeletal protein, rapsyn.

Decisive genetic evidence for this model derives from studies of rapsyn, MuSK and agrin

knockout mice, which all lack properly clustered naChrs (DeChiara et al., 1996;

Gautam et al., 1996; Gautam et al., 1995). It is not yet known whether axon-derived

signals or tyrosine kinase cascades mediate postsynaptic differentiation of synapses in

brain. However, clustering of PSD-95 may be one of the early events downstream of

such a signal that helps set up the postsynaptic membrane for synaptic formation.

Therefore, identifying signals that affect the formation of PSD-95 clusters in neurons

may help to elucidate the cascades that mediate synaptogenesis in the central nervous

system.

Taken together our findings indicate that multiple specific elements including

protein-lipid and protein-protein interactions are necessary for clustering of PSD-95 at
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the synapse. Considering the central role that PSD-95 and related MAGUKs play at the

synapse (Sheng, 1996; Tejedor et al., 1997; Thomas et al., 1997; Zito et al., 1997), the

specificity that determines their own synaptic targeting is understandable. In addition to

providing a stable scaffold, the postsynaptic cytoskeleton must retain plasticity.

Reorganization of the postsynaptic elements occurs dramatically in regenerating central

synapses (de la Cruz et al., 1996) and subtle alterations in postsynaptic structure are

thought to underlie aspects of synaptic plasticity (Geinisman et al., 1991). Consistent

with this, the elements that determine synaptic clustering of PSD-95 can all be reversibly

regulated. Protein phosphorylation has been previously shown to regulate PDZ domain

interactions with PSD-95 (Cohen et al., 1996). Similarly, protein palmitoylation occurs

through a labile thioester linkage and is often dynamically controlled by extracellular

stimuli (Milligan et al., 1995; Mumby, 1997). It will now be important to dynamically

monitor protein and lipid interactions with PSD-95 and determine how these influence

Synaptogenesis and synaptic plasticity.
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Table 1-1. Synaptic Clustering Ratio (SCR) of PSD-95 GFP-Fusion
Proteins

Construct n SCR+SEM Expression Fluorescence
Category Intensity + SEM

Wild-type PSD-95 9 0.030+0.010ft S 1800+300

C35S 9 1.0+0.0” D 1800+350

D2A 8 0.070+0.027ff S

L4A 8 0.92+0.062” D

Myrst-95 7 0.86+0.069** D

Geranyl-95 7 0.97+0.018” D

1-PDZ2 (L) 7 0.83+0.076** D 2100+150

1-PDZ2 (H) 9 0.87+0.059** D 5600+450**

1-PDZ2+25 8 0.30+0.047°"ft SC

1-PDZ3 7 0.45+0.040**ff SC

1-SH3 9 0.41+0.041**ft SC 2200+220

1-SH3+25 9 0.057+0.020"++ S 2200+250

A25 7 0.37+0.048*ft SC 2000+240

A12 6 0.033+0.021ff

APDZS 7 0.99+0.010** D 1000+140

APDZ2&3 10 0.41+0.051**ff SC

APDZ1&3 9 0.38+0.048*ff SC

APDZ3 8 0.07340,024tt S 2300+350

SH3 m30 9 0.040+0.011tt S

SAP 97 8 0.93+0.053** D

95/97 5 0.066+0.017tt S
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Table 1-1. The synaptic clustering ratios (SCRs) for neurons transfected with the

various expression constructs are presented. The SCR quantitates the intensity of

fluorescent protein in the dendrites compared to that at synaptic clusters with 0 indicative

of complete synaptic clustering and 1 indicative of no clusters (see Experimental

Procedures). Values are mean -F SE for the number of cells indicated. (H) and (L)

indicate high and low expressing cells, respectively. A one-way ANOVA was performed

with Bonferroni correction for multiple comparisons: ** indicates statistical significance

from wild type (p<0.001), * (p<0.01), "indicates statistical significance from constructs

lacking the last 25 amino acids (p<0.001), and ft indicates statistical significance from

C3,5S (p<0.001). A one letter code indicates the three expression patterns observed: S,

synaptic targeting that is not statistically significant from wild type; D, diffuse that is not

statistically different from C3,5S; and SC, semi-clustered that is statistically different

from both wild type and C3,5S. Fluorescence intensity is total cellular GFP fluorescence

in arbitrary units (see Experimental Procedures).
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DIV 6

DIVI,
PSD-95 GFP Endogenous PSD-95

PSD-95 GFP Synaptophysin
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DIV 6

DIV 16

PSD-95 GFP Endogenous PSD-95

PSD-95 GFP Synaptophysin



Figure 1-1. Exogenous PSD-95-GFP is targeted to synapses in a manner

indistinguishable from endogenous PSD-95. (A) Comparison of the clustering of

exogenous PSD-95 GFP (left) in unfixed cells with untransfected cells stained for PSD

95 (right) at various times in vitro: div 6, div 11, and div 16 from top to bottom. (B)

Exogenous PSD-95 GFP clusters are synaptic. An example of a cell transfected with

PSD-95 GFP double stained for GFP (left; Scale bar = 10 um) and the presynaptic marker

synaptophysin (right) at div 16.
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Figure 1-2. Palmitoylated cysteines 3 and/or 5 are necessary for postsynaptic

clustering of PSD-95. (A) The N-terminal seven amino acids of PSD-95 includes the

palmitoylated cysteines at positions 3 and 5. Palmitoylation-deficient PSD-95 proteins

are expressed diffusely in the dendrites of unfixed transfected cells: C35S PSD-95 GFP

(upper left; div 8; Scale bar = 10 um), C5S PSD-95 GFP (upper right; div 11), and C3S

PSD-95 (bottom left; div 15). For comparison the synaptic clustering of wild-type PSD

95 GFP is shown (lower right; div 11) in a transfected cell stained for GFP. (B) Two N

terminal PSD-95 mutants that preserve cysteines 3 and 5 were generated: one which does

not affect palmitoylation (D2A) and one that significantly disrupts palmitoylation (L4A;

see Fig. 7A). D2A GFP protein in unfixed neurons is clustered in a manner

indistinguishable from wild-type PSD-95 GFP (top left; div 10). These clusters are

synaptic as they co-localize with the pre-synaptic marker, synaptophysin (GFP, top right;

synaptophysin, middle right; merged, bottom right; div 11; Scale bar = 3 um).

Synaptophysin staining associated with neurites of untransfected cells in the same field

can also be seen. In contrast, L4A protein is expressed diffusely in the dendrites (bottom

left; div 10).
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Figure 1-3. Synaptic clustering of PSD-95 requires membrane association via

palmitoylation. (A) Addition of the CD8 transmembrane domain does not rescue

synaptic targeting of the palmitoylation-deficient protein C35S PSD-95 GFP (upper right;

div 11). Addition of this transmembrane domain to wild-type PSD-95 GFP decreases the

number of clusters (upper left; div 11; Scale bar = 10 um). In both cases the cells look

smaller and less healthy then other transfected cells. Addition of alternative lipid

modifications to PSD-95: myristoylation (bottom left; div 15) or geranylgeranylation

(bottom right; div 12) also could not functionally replace palmitoylation, and these

proteins are expressed diffusely throughout the cells. (B) The N-terminal palmitoylated

domain of PSD-95 can mediate postsynaptic clustering of SAP–97. When transfected

into neurons, the non-palmitoylated PSD-95 family member, SAP–97, is expressed

diffusely throughout the cell (upper left; div 11). Replacing the unique N-terminus of

SAP-97 with the N-terminal palmitoylation domain of PSD-95 changes the localization

of the protein from diffuse to clustered like wild-type PSD-95 (upper right; div 11).

These clusters also co-localize with synaptophysin (bottom left, GFP; bottom middle,

synaptophysin; bottom right, merged; div 11). Again synaptophysin staining associated

with neurites of untransfected cells within the same field can be seen.
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Figure 1-4. Postsynaptic clustering of PSD-95 requires the C-terminus of PSD-95.

A domain map of PSD-95 is shown at the top. Expression of the palmitoylated N

terminus and a single PDZ domain is not sufficient for synaptic clustering (1-PDZ1; top

left; div 11; Scale bar = 10 um). Addition of the second PDZ domain (1-PDZ2, top

middle; div 11), third PDZ domain (1-PDZ3, top right; div 11), the SH3 (1-SH3, bottom

left; div 11), and all but the final 25 amino acids (A25, bottom middle; div 11) of PSD-95

results in an increase in clustering, but not to the level of wild type PSD-95. Rather these

truncated proteins show a semi-clustered phenotype and most of the protein remains

diffusely distributed in the cell soma and dendrites (see Table 1 for quantification). The

clusters that do occur with these constructs are synaptic and co-localize with

synaptophysin as is shown for 1-SH3 (under 1-SH3: GFP, top; synaptophysin, middle;

merged, bottom; div 11). Deletion of the last 12 amino acids (A12, bottom right; div 11)

results in wild-type synaptic clustering (under A12: GFP, top; synaptophysin, middle;

merged, bottom; div 11; Scale bar = 4 um).
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Figure 1-5. The C-terminus of PSD-95 contains a synaptic targeting motif. Addition

of the final 25 amino acids of PSD-95 to the truncated protein 1-PDZ2 (top left; div 11;

Scale bar = 10 um) to yield 1-PDZ2+25 (bottom left; div 11) increases targeting from

diffuse to semi-clustered. Under 1-PDZ2+25 is shown the co-localization of 1-PDZ2+25

clusters with synaptophysin (GFP, top; synaptophysin, middle; merged, bottom; div 11;

Scale bar = 4 um). Addition to 1-SH3 (top right; div 11) to yield 1-SH3+25 (bottom

right; div 11) changes targeting from semi-clustered to wild-type clustering which is

again synaptic (under 1-SH3+25: GFP, top; synaptophysin, middle; merged, bottom;

div 11; Scale = 3 um).
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Figure 1-6. Postsynaptic clustering of PSD-95 requires the first and second, but not

the third, PDZ domains. Deletion of all three PDZ domains of PSD-95 (APDZs, top;

div 11; Scale bar = 10 um) completely disrupts synaptic clustering. Deletion of the

second and third PDZ domains (APDZ2&3, middle left; div 11) or of the first and third

PDZ domains (APDZ1&3, middle right; div 10) results in a semi-clustered phenotype,

where as deletion of only the third PDZ domain (APDZ3, bottom; div 11) results in wild

type synaptic clustering (bottom right APDZ3: GFP, top; synaptophysin, middle; merged,

bottom; div 11; Scale bar = 3 um).
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Figure 1-7. Palmitoylation, myristoylation, and isoprenylation of PSD-95 proteins.

Transfected COS cells were metabolically labeled with [H] palmitic acid, myristic acid,

or mevalonolactone. Cells lysates were separated by SDS-PAGE and analyzed by

fluorography (top or left) or immunoblotting with anti-GFP antibodies (bottom or right).

(A). Proteins analyzed for palmitoylation from left to right: wild-type PSD-95 (WT),

C35S PSD-95, 1-PDZ1, D2A, L4A, SAP–97, PSD-95/SAP-97 (-95/97), CD8-WT, and

CD8-C35S. Though all proteins were expressed (bottom), only WT PSD-95, 1-PDZ1,

D2A, and -95/97 are robustly palmitoylated. CD8-WT is palmitoylated at approximately

one half the level of WT and L4A is only very weakly palmitoylated (top). (B)

Myristoylation of Myr-95 versus wild-type PSD-95 (WT) is shown on the left and the

geranylgeranylation of Ger-95 versus C35S on the right. The weakness of the

prenylation signal is likely attributed to the poor uptake of [H]mevalonolactone by cells

compared to ['H]palmitic and [H]myristic acid.
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CHAPTER TWO

DUAL PALMITOYLATION OF PSD-95 MEDIATES

ITS VESICULOTUBULAR SORTING,

POSTSYNAPTIC TARGETING AND ION CHANNEL

CLUSTERING
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Summary

PSD-95 is a peripheral membrane protein that relies on palmitoylation for

postsynaptic targeting. To elucidate the role of palmitoylation in postsynaptic targeting,

we analyzed the cellular trafficking of PSD-95. We find that dual palmitoylation is

required for the transient association of PSD-95 with a perinuclear membranous

compartment and vesiculotubular structures that migrate in a microtubule dependent

manner. In addition, mutations that disrupt dual palmitoylation of PSD-95 block both ion

channel clustering and synaptic targeting. Five consecutive hydrophobic N-terminal

residues specify dual palmitoylation of PSD-95 and replacing this motif of PSD-95 with

alternative palmitoylation motifs at either the N- or C-termini restores ion channel

clustering and partially restores postsynaptic targeting. In brain, we find that PSD-95

localizes not only to PSDs but also is found in association with intracellular smooth

tubular structures in dendrites and spines. These data imply that PSD-95 is an itinerant

vesicular protein and the initial targeting of PSD-95 to an intracellular membrane

compartment may participate in postsynaptic ion channel clustering by PSD-95.
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Results

PSD-95 is Sorted With Perinuclear Vesicles in Heterologous Cells and in Neurons

To help define the cellular processes that mediate postsynaptic clustering of PSD

95, we first analyzed the subcellular distribution of exogenous PSD-95 expressed in

various cell lines. Twelve hours following transfection of COS cells, wild type or tagged

versions of PSD-95 occur diffusely throughout the cytoplasm but are also conspicuously

concentrated at a perinuclear compartment (Fig. 2-1A). The perinuclear accumulation of

fluorescent PSD-95 steadily progresses during 5 to 8 hours following transfection. To

determine whether this transient perinuclear localization of PSD-95 corresponds to a

specific organelle, transfected cells were double-stained for PSD-95 and either the

mannose-6-phosphate receptor, Golgi 58K, TGN38 or DND-99 (Lysotracker). The

perinuclear localization of PSD-95 predominantly co-localizes with the mannose 6

phosphate receptor (M6PR) (Fig. 2-1B and C), a well-characterized marker of late

endosomes (Griffiths et al., 1988). PSD-95 localization only partially overlaps that of the

Golgi markers, Golgi 58K and TGN38, but not with the lysosomal marker DND-99 (Fig.

2-1B; data not shown).

As in COS cells, PSD-95 expressed in either HEK293, or PC12 cells also

coincides with the M6PR positive compartment (Fig. 2-1A; data not shown).

Furthermore, in developing hippocampal neurons, transfected PSD-95-GFP (not shown)

and endogenous PSD-95 (Fig. 2-2) transiently co-localize with the M6PR during the first

2 days in culture. This perinuclear localization is also observed for NMDA receptor

subunits NR1 and NR2B (Fig. 2-2), whereas the microtubule associated protein, MAP2,

occurs in developing neurites and is not concentrated in the perinuclear domain. As the
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neurons mature, PSD-95 becomes less concentrated in this perinuclear domain and begins

to accumulate in small clusters along the processes (Fig. 2–2).

Accumulation of PSD-95 at the Perinuclear Domain is Brefeldin A- and Nocodazole

Sensitive

To help determine whether sorting of PSD-95 to the perinuclear domain requires

active vesicular trafficking, we treated PSD-95-expressing heterologous cells with BFA.

BFA has multiple and diverse effects on vesicular trafficking in cells including

disassembly of the Golgi complex (Lippincott-Schwartz et al., 1991). Two hours after

transfection, before PSD-95 accumulates in the perinuclear compartment, treatment with

BFA completely prevents the accumulation (Fig. 2-3A); instead PSD-95 protein occurs

diffusely throughout the cytoplasm. However, addition of BFA after perinuclear

accumulation does not alter the localization of PSD-95 or its co-localization with M6PR

even after prolonged (8 hours) treatment (data not shown). These results indicate that

accumulation of PSD-95 depends on trafficking through the secretory pathway, but that

the perinuclear vesicular domain where the majority of PSD-95 resides is distinct from

the Golgi complex. In contrast, nocodazole, which depolymerizes microtubules and

disperses both Golgi-derived tubules and endosomes (Cole et al., 1996), blocks

accumulation of PSD-95 at the perinuclear compartment and disperses both PSD-95 and

the M6PR to similar vesicular structures (Fig. 2-3A). These results suggest that PSD-95

accumulates in a perinuclear endosomal compartment rather than in the Golgi complex,

and this accumulation may depend on transient transport to and sorting at the trans-Golgi.
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PSD-95 GFP Is Trafficked Through Pleomorphic Vesiculotubular Structures

We used video microscopy to monitor the dynamics of PSD-95-GFP trafficking

in live COS cells starting 5 hours post-transfection. During the first hour, vesicles and

tubular structures are constantly forming and moving towards both the plasma membrane

and the perinuclear region (data not shown). One to three hours later, PSD-95-GFP

accumulates at the perinuclear region where it persists for the remainder of the imaging

period. Pleomorphic tubular structures, rather than small vesicles, are the primary

vehicles for the transport of PSD-95-GFP. Figure 2-3D shows examples of the various

vesiculotubular structures containing PSD-95-GFP observed 6 hours after transfection.

These structures undergo dynamic shape changes as they travel to the cell periphery and

to the perinuclear region; transport intermediates often bifurcate and show elastic

properties, including multiple extensions and retractions during movement. Moving

tubules undergo continuous budding, translocation, and fusion both with other transport

intermediates carrying PSD-95-GFP and with the plasma membrane. These properties

are similar to the trafficking of Golgi-derived vesicular transport intermediates for

transmembrane proteins (Sciaky et al., 1997). Acute addition of nocodazole completely

paralyzes PSD-95 transport intermediates, indicating that their movement requires

microtubule-mediated transport.

PSD-95 Localizes to Intracellular Membranes and to the PSD in Cortical Neurons

To determine whether PSD-95 associates with intracellular membranous

structures within intact brain, we performed electron microscopic immunocytochemical

staining of the rat cerebral cortex using a well characterized anti-PSD-95 antiserum
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(Brenman et al., 1996) and established methods for immunocytochemical staining (Aoki

et al., 1999b). Previous ultrastructural studies of PSD-95 in forebrain are limited,

focusing on the localization of PSD-95 at PSDs (Aoki et al., 1998; Hunt et al., 1996;

Valtschanoff et al., 1999). Consistent with that work, we find that labeling for PSD-95

occurs at the PSDs of greater than 89% of cortical synapses using the post-embedding

gold method (Aoki et al., 1999a). However, we also find, using a silver intensified gold

pre-embedding method (Chan et al., 1990), that PSD-95 localizes to non-synaptic sites

(Fig. 2-4A), often in association with the cytosolic surface of intracellular membranous

structures. Figure 2-4B shows an example of PSD-95 immunoreactivity associated with

intracellular smooth endoplasmic reticulum in a dendritic shaft of a cortical neuron. In a

nearby synaptic spine PSD-95 immunoreactivity is associated with the spine apparatus

adjacent to an unlabeled PSD of an asymmetric synapse (Fig. 2-4B).

Vesicular Sorting of PSD-95 Requires a Short N-Terminal Palmitoylated Motif

We next determined the region(s) of PSD-95 sufficient for its association with the

perinuclear vesicular domain. We first transfected COS cells with a series of

progressively larger deletion constructs encoding PSD-95 fused to GFP. This deletion

analysis showed that a construct containing the first 9 amino acids of PSD-95 on GFP

occurs diffusely when expressed in COS cells. In contrast, constructs containing the first

13, 26, 46, or 64 amino acids all transiently accumulate at the perinuclear domain, just

like full length PSD-95 (Fig. 2-3B).

Since the very N-terminus of PSD-95 is palmitoylated, the association of PSD-95

with perinuclear vesicles likely requires palmitoylation. To investigate this, we evaluated
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the cellular distribution of palmitoylation-deficient mutants. Mutations of cysteine 3

and/or 5 of PSD-95 to serine prevents palmitoylation (Topinka and Bredt, 1998), and

these mutations completely disrupt vesicular sorting of PSD-95 in COS cells (Fig. 2-3C).

Instead, the palmitoylation-deficient mutants occur diffusely throughout the cells. To

determine if any palmitoylated motif is sufficient for vesicular trafficking of PSD-95, we

replaced amino acids 1-13 of PSD-95 with the N-terminal palmitoylation motif (amino

acids 1-12) of the growth associated protein-43 (GAP-43). Indeed, this chimeric protein

(GAP/PSD-95) is efficiently palmitoylated (Fig. 2-5D) and trafficks to the same

perinuclear compartment as wild type PSD-95 (Fig. 2-3B).

Palmitoylation of PSD-95 Is Determined By A Hydrophobic Consensus Sequence

To analyze palmitoylation of PSD-95 further, we determined the structural

requirements for this protein lipidation. Constructs containing the first 13 amino acids of

PSD-95 are efficiently palmitoylated in transfected cells (Fig. 2-5B), indicating that the

palmitoyltransferase that modifies PSD-95 recognizes a short sequence confined to the

N-terminus. This short consensus, however, need not occur at the extreme N-terminus,

as insertion of 6 amino acids (VSKSGS) between the starter methionine and the

palmitoylated cysteines does not influence the efficacy of palmitoylation (Fig. 2-5B). In

contrast, mutating amino acids 10-13 partially attenuates palmitoylation efficiency, and

mutating amino acids 6-9 almost completely abolishes palmitoylation (Fig. 2-5B and D).

We next generated a series of constructs in which we individually mutated amino

acids 2-9 of PSD-95 to alanine. Changing amino acids Leu-4, Ile-6 or Val-7 to alanine

significantly reduces or eliminates palmitoylation, but mutations of Asp-2, Thr-8 or Thr-9
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has no effect (Fig. 2-5C; data not shown). These data indicate that mutations of the

hydrophobic amino acids disrupt palmitoylation, whereas mutations of hydrophilic amino

acids do not. To investigate this further, we individually mutated amino acids Ile6 and

Val? to either serine, a hydrophilic amino acid, or to leucine, a hydrophobic amino acid.

Both serine mutants are weakly palmitoylated, whereas the leucine mutants are robustly

palmitoylated (Fig. 2-5C). Mutations of amino acid 4 from leucine to either aspartate or

serine also disrupt palmitoylation, whereas a mutation to the less hydrophilic amino acid

tyrosine partially preserves palmitoylation (Fig. 2-5C).

As stated above, previous studies showed that mutating cysteine 3 or 5 to serine

completely disrupts palmitoylation (Topinka and Bredt, 1998). That both Cys 3 or 5 Ser

mutants are not palmitoylated might now be explained by a requirement of the

palmitoyltransferase for a hydrophobic consensus. This interpretation predicts that

mutating cysteine 3 or 5 (themselves hydrophobic) to another hydrophobic amino acid

would preserve palmitoylation of the remaining cysteine. Indeed, we found that Cys3Leu

and Cyss Leu mutants show residual palmitoylation that amount to ~20 and ~40% of the

wild type level, respectively (Fig. 2-5D). Taken together, these data imply that

palmitoylation of PSD-95 is mediated by a short N-terminal consensus sequence that

critically relies on five consecutive hydrophobic amino acids (Cys-Leu-Cys-Ile-Val).

To determine whether a similar hydrophobic consensus might determine N

terminal palmitoylation of other proteins, we evaluated GAP-43, whose site of

palmitoylation also contains five consecutive hydrophobic amino acids (Met-Leu-Cys

Cys-Met; Liu et al., 1993). As with PSD-95, palmitoylation of GAP-43 is reduced by

mutating a hydrophobic amino acid adjacent to the cysteines (Leu-2) to serine.
*
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Furthermore, mutating both Leu-2 and Met-5 of GAP-43 to serine nearly abolishes

palmitoylation (Fig. 2-5E). On the other hand, palmitoylation is preserved if Leu-2 and

Met-5 are mutated to a hydrophobic amino acid (Ile). Thus, palmitoylation of both PSD

95 and GAP-43 appear to be specified by five consecutive hydrophobic amino acids.

To continue to evaluate the role of palmitoylation in vesicular sorting of PSD-95,

we monitored the trafficking of each N-terminal mutant of PSD-95 in transfected COS

cells. We found that all mutations that dramatically reduce protein palmitoylation

(Cys3,5Ser, Cys3Ser, Cyss Ser, Leu4Ser, Leu4Asp, and Ile6Ser, Val?Ser) also block

accumulation of PSD-95 at the perinuclear compartment (Fig. 2-3C). Conversely, PSD

95 occurs normally at the perinuclear domain in transfections with mutants that preserve

palmitoylation (Asp2Ala, Ile6Leu, Val'7Leu, Thr8Ala and Thr8,9Ala; Fig. 2-3C). For

mutants that have reduced efficiency of palmitoylation (Leu4Tyr, Leu4Ala, Cys3Leu,

CyssLeu, Ile6Ala Val'7Ala and Val?Ser), the density of PSD-95 at the perinuclear

domain decreases but remains apparent above the diffuse level in the cytosol (Fig. 2-3C).

We also examined the trafficking of a mutant form of PSD-95, Ile6Ser in live

cells. This single amino acid change in PSD-95 dramatically reduces its palmitoylation

and prevents its vesicular sorting. Imaging of live cells expressing this point mutant form

of PSD-95 fails to show formation of any vesicular structures. Instead, diffuse

cytoplasmic GFP signal is seen throughout the recording period (data not shown).

Postsynaptic Targeting of PSD-95 Requires Dual Palmitoylation

To evaluate the role of dual palmitoylation in postsynaptic sorting of PSD-95, we

evaluated targeting of a series of N-terminal mutants in primary hippocampal neurons.
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We find that dually palmitoylated constructs (wild type, Thr8,9Ala, Ile6Leu and

Val?Leu) all target appropriately to postsynaptic dendritic clusters (Fig. 2-6A). By

contrast, all non-palmitoylated constructs occur diffusely in dendrites of transfected

neurons (Cys3Ser, Leu4Ser, and Ile6Ser). Constructs that show reduced palmitoylation

(Leu4Tyr, Leu4Ala, Cys3Leu, CyssLeu, Ile6Ala, Val'7Ala and Val'7Ser) are partially

clustered in neurons (Fig. 2-6A). The lack of proper sorting of the singly palmitoylated

Cys3Leu and CyssLeu constructs suggests that there is a fundamental difference between

single and dual palmitoylation and that postsynaptic targeting requires dual

palmitoylation. Furthermore, substituting the palmitoylation motif of PSD-95 with the

N-terminal dual palmitoylation motif of GAP-43 or with the C-terminal prenylation dual

palmitoylation motif of paralemmin significantly restores postsynaptic targeting. PSD-95

with the GAP-43 or the paralemmin motif clusters in 46% and 81% of neurons, compared

to only 2% in the absence of these motifs (Fig. 2-6B).

Ion Channel Clustering By PSD-95 Requires Dual Palmitoylation

Certain aspects of channel clustering by MAGUK proteins can be reproduced in a

co-clustering experiment in heterologous cells (Kim et al., 1995). In this assay, co

transfection of PSD-95 with the Shaker K' channel Kv1.4 causes a striking redistribution

of both proteins to raft-like clusters on the cell surface (Fig. 2-7A). To define the role for

dual palmitoylation in ion channel clustering, we analyzed a series of PSD-95 mutants.

We find that palmitoylation deficient mutants of PSD-95, including L4S, I6S, C3S, and

C35S, do not co-cluster in membrane patches with Kv1.4 (Fig. 2-7A; data not shown),

whereas mutants of PSD-95 that retain palmitoylation, including I6L and V7L, do co
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cluster with Kv1.4 (Fig. 2-7A; data not shown). Furthermore, the N-terminal

palmitoylation motif of GAP-43 or the C-terminal palmitoylation motif of paralemmin

can functionally substitute for the PSD-95 N-terminus to mediate ion channel clustering

(Fig. 2-7B).

We used video microscopy to monitor the dynamics of this cluster formation in

live cells. In cells co-transfected with PSD-95 GFP and Kv1.4, the surface patches

appear to derive from dynamic vesiculotubular transport intermediates containing PSD

95 that undergo dramatic shape changes and fuse with the plasma (data not shown). And

finally, minimal constructs of PSD-95 were designed to define the absolute requirements

for ion channel clustering. Kv1.4 clustering is induced by the expression of a construct

containing only the first 26 amino acids of PSD-95 fused to PDZ domains 1&2. In

addition, a construct containing GAP-43, fused to only PDZ domains 1&2 of PSD-95 is

capable of clustering Kv1.4 (Fig. 2-7C). These experiments establish that ion channel

clustering by PSD-95 requires (a) dual palmitoylation and (b) an appropriate PDZ

domain.
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Discussion

This work demonstrates that dual palmitoylation of PSD-95 mediates a transient

association with perinuclear vesicles. Dual palmitoylation of PSD-95 is determined by a

consensus sequence of 5 consecutive N-terminal hydrophobic amino acids that include

the two modified cysteines. And all mutations that disrupt dual palmitoylation block

perinuclear trafficking, postsynaptic targeting, and ion channel clustering of PSD-95.

Synaptic Targeting and Ion Channel Clustering by PSD-95 Require Dual

Palmitoylation

This work emphasizes the central role for N-terminal palmitoylation in protein

sorting by PSD-95. Previous studies noted essential roles for cysteines 3 and 5 in both

receptor clustering (Hsueh et al., 1997) and postsynaptic targeting of PSD-95 (Craven et

al., 1999). Although these cysteines were identified as sites of palmitoylation (Topinka

and Bredt, 1998), it was unclear how this lipid modification participates in synaptic

clustering. Several lines of evidence developed here indicate that palmitoylation may

mediate postsynaptic targeting and ion channel clustering by initially targeting PSD-95 to

the cytosolic surface of intracellular vesicles. First, video microscopy suggests that

vesiculotubular structures are transport intermediates for co-clustering of PSD-95 and

Kv1.4 in heterologous cells. Second, localization of PSD-95 to perinuclear vesicles in

heterologous cells and developing neurons requires an N-terminal consensus that

supports dual palmitoylation. Third, those mutations that disrupt sorting of PSD-95 to

the perinuclear domain prevent both ion channel clustering in heterologous cells and

postsynaptic sorting in neurons. In addition, the palmitoylated N-terminus of PSD-95 can

... }
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functionally be replaced with other N- or C-terminal palmitoylation motifs to mediate ion

channel clustering and postsynaptic targeting. Although these mutagenesis experiments

only provide indirect evidence, they do demonstrate a strict correlation between

vesiculotubular trafficking and receptor clustering by PSD-95. Taken together, these

results support a role for vesicular trafficking in sorting and clustering of PSD-95 at

Synaptic sites.

Five Consecutive Hydrophobic Amino Acids Specifies Palmitoylation of PSD-95

Our detailed mutagenesis of the N-terminus of PSD-95 demonstrates that a

Secluence of five consecutive hydrophobic amino acids, including the two modified

Cysteines, is essential for palmitoylation. Conservative mutations of any of these five

annino acids, including the cysteines, to other hydrophobic amino acids preserve

Palmitoylation whereas mutations to a hydrophilic amino acid prevent palmitoylation.

Interestingly, palmitoylation of GAP-43 is also specified by five consecutive N-terminal

hydrophobic amino acids that otherwise shares no similarity with the sequence of PSD

9s .

Despite the central role for palmitoylation in diverse cellular processes, the

identity of the putative palmitoyltransferase enzyme remains mysterious. Our

“lentification of a strict consensus sequence in PSD-95 and GAP-43 for palmitoylation

**rongly suggests that modifications of these proteins are enzyme-mediated. Similar to

Protein kinases, the PAT appears to recognize a short consensus sequence. Because

PSD-95 is such a potent substrate for PAT, its N-terminus may be a useful tool for

*iochemical characterization and isolation of this important and elusive enzyme.
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Implications for Synaptic Plasticity Regulated by MAGUK Proteins

Mice with mutant PSD-95 protein have a dramatic shift in NMDA receptor

dependent plasticity in hippocampus such that long term depression (LTD) is blocked and

long term potentiation (LTP) is enhanced (Migaud et al., 1998). These abnormalities in

Synaptic plasticity may explain why the mutant mice are impaired in a spatial learning

task. As postsynaptic signaling cascades downstream of NMDA receptors play critical

roles in LTP and LTD, it seems likely that PSD-95 plays an essential role in linking

NNMDA receptors to these pathways (see Introduction).

How PSD-95 assembles these signaling complexes, however, remains uncertain.

Previous models, based on the assumption that PSD-95 and other MAGUKs are static

elements of the postsynaptic cytoskeleton, suggested a passive role for these proteins in

simply retaining receptor clusters and associated signaling enzymes at the synapse (Zito

*t al., 1997). The vesiculotubular trafficking of PSD-95 described here suggests an

alternative mechanism in which PSD-95 and interacting integral membrane receptors

** side in vesicles as complexes ready to insert into the plasma membrane where and

Yhen necessary. This model of PSD-95 and interacting ion channels associating early in

*S*rting endosomes provides an explanation of recent work showing that PSD-95

*S*gulates polarized trafficking of Kv1.4 (Arnold and Clapham, 1999). Interestingly,

°ther multi-PDZ domain proteins involved in synaptic organization, including the

glutamate interacting protein (GRIP) and LIN-10, also associate with post-Golgi vesicles

(Rongo et al., 1998; Xia et al., 1999), suggesting a common role for PDZ proteins in
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Figure 2-1. PSD-95 is sorted to a vesicular perinuclear domain. (A) Exogenous

PSD–95 accumulates at a perinuclear domain in transfected COS (top panels), HEK-293

and PC 12 cells (bottom panels). Cells were transfected with either wild type PSD-95

(PSD-95 WT) or PSD-95 fused to GFP (PSD-95-GFP) or FLAG-epitope tag (PSD-95

FLAG). (B) In COS cells, perinuclear staining for PSD-95 (green) partially overlaps

with a Golgi marker Golgi 58K (red) and with a trans-Golgi marker TGN-38 (red), but

extensively co-localizes with a late endosomal marker, mannose-6-phosphate receptor

(red; NM6PR). (C) Higher magnification shows co-localization of PSD-95 with M6PR

(Scale bar = 10 pm). Merged images are shown in the right panels for B and C.
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Figure 2-2. Accumulation of PSD-95 at a perinuclear domain precedes dendritic

clustering in primary hippocampal neurons. Endogenous PSD-95 expression in

developing hippocampal neurons is shown at one day (DIV 1) and four days (DIV 4) in

vitro. The expression pattern of PSD-95 (green) is compared to the endosomal marker

M6PR (red) and merged images are shown in the right panels. At DIV 1, PSD-95 shows

strong perinuclear staining that coincides with M6PR. NMDA receptor subunits, NR1

and NR2B, co-localize with PSD-95 and M6PR at DIV 1 whereas MAP-2 shows diffuse

staining in the soma and processes. By DIV4, PSD-95 occurs diffusely in the soma, and

at this stage clusters begin to form in the neurites (arrowheads; Scale bar = 10 pum).
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Figure 2-3. Perinuclear accumulation of PSD-95 relies on a palmitoylation motif, a

functional secretory pathway, and intact microtubules. (A) COS cells were

transfected with PSD-95. Two hours post-transfection, cells were treated for 7 hours

with vehicle, 10 pg/ml BFA, or 20 pig■ ml nocodazole and were examined 8 hours later

for PSD-95 (green) and M6PR (red). For the nocodazole treated cells, arrowheads point

to the single cell in the field transfected with PSD-95 (lower panels). (B) Targeting of

PSD-95 to the M6PR-positive perinuclear compartment is mediated by an N-terminal

palmitoylated motif. Amino acids 1-13 but not 1-9 are sufficient for targeting GFP to the

perinuclear, M6PR-positive compartment. Perinuclear accumulation is also observed

with GFP-fusion constructs containing amino acids 1-26, 1-46 and 1-64. A chimera

containing first 12 amino acids of GAP-43 fused PSD-95 (GAP/PSD-95) is also sorted to

the perinuclear domain. (C) Mutations in the palmitoylation motif dramatically affect

perinuclear vesicular sorting. Mutations of Cys 3 and/or 5 to Ser (C3,5S, C3S, C5S) or

amino acids 6-9 (IVTT) to TEIN (denoted as IVTT*) disrupt vesicular sorting, whereas

mutations of amino acids 2, 8 or 9 to Ala (D2A; T8A and T89A) do not. All mutations of

amino acid 4 (L4Y, L4A, L4S, and L4D) dramatically alter sorting to the perinuclear

domain, with the more hydrophilic changes being more significant. Mutations of amino

acids 6 and 7 to hydrophobic ones maintain normal sorting (I6L, V7L), whereas mutating

either Cys3 or Cyss to Leu only partially maintains the perinuclear distribution (C3L,

C5L). (D) An enlarged image shows in greater detail the localization of PSD-95 along

vesiculotubular structures that resemble Golgi-derived tubules (arrowheads) and to a

perinuclear region (arrows; Scale bar = 10 pum).
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Figure 2-4. Ultrastructural localization of PSD-95 at synaptic and non-synaptic

sites. The silver-intensified colloidal gold (SIG) method was used for electron

micrographic immunolabeling of PSD-95 in visual cortex. (A) Gold particles are

associated with the PSD within a spine (arrowhead in Sp1) that opposes an unlabeled

terminal, T. Two other spines (Sp2 and Sp3) are without SIG immunolabeling. Within

the dendritic shaft (Sh), immunoreactivity is associated with the plasma membrane

(curved arrow) and elsewhere. (B) Within a dendritic spine (Sp) of an asymmetric

synapse, PSD-95 (dark arrow) is associated with the spine apparatus (three fine arrows).

The open arrow points to the unlabeled postsynaptic density. In a dendritic shaft below

(Sh), SIG label (curved arrow) is associated with a complex of smooth ER (four fine

arrows). Another shaft, to the left of Sp, exhibits immunoreactivity in the cytoplasm, as

is shown in panel A. (Scale bar = 500 nm).
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Figure 2-5. Palmitoylation of PSD-95 and GAP-43 are determined by consensus

sequences of five consecutive hydrophobic amino acids. (A) Schematic illustration of

the domain structure of PSD-95 and sequence alignment of the N-terminus of PSD-95

with GAP-43 are shown. (B) Analysis of PSD-95 deletion mutants shows that amino

acids 1-13 are sufficient for efficient palmitoylation. Mutations of amino acids 6-9

(IVTT to TEIN; IVTT*) have a more dramatic effect on protein palmitoylation than

changing amino acids 10-13 (KKYR to NIFS; KKYR*). Insertion of 6 amino acids

(VSKSGS) after the starter Met (+6 ins) does not alter palmitoylation. (C) Site-directed

mutational analysis of PSD-95 shows that palmitoylation requires hydrophobic amino

acids at positions 4, 6, and 7 (see text for detailed analysis). (D) Mutating Cys3 or 5 to

Ser blocks palmitoylation whereas changing these residues to Leu partially maintains

palmitoylation (C3L, C5L). A chimera containing first 12 amino acids of GAP-43 fused

to PSD-95 (GAP/PSD-95) is efficiently palmitoylated. (E) Hydrophilic, but not

hydrophobic, mutations of the residues (Leu-2 and Met-5) surrounding Cys3 and Cys4 of

GAP-43 reduce its palmitoylation (see text for detailed analysis).
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Figure 2-6. Postsynaptic targeting of PSD-95 in hippocampal neurons requires the

N-terminal dual palmitoylation motif. (A) Mutations that block PSD-95

palmitoylation (IVTT to TEIN; IVTT*, L4S, I6S) also disrupt postsynaptic targeting of

PSD-95. In contrast, mutations that do not disrupt palmitoylation of PSD-95 (I6L, V7L,

and T89A) do not alter its postsynaptic targeting. Mutations that reduce palmitoylation

(L4Y, L4A, I6A, V7A, and V7S) result in inefficient targeting of PSD-95 to postsynaptic

sites. Mutation of Cys 3 to Ser (C3S) abolishes protein palmitoylation and synaptic

targeting. In contrast, mutations of either Cys to Leu (C3L, C5L), partially preserving

protein palmitoylation, result in very inefficient synaptic targeting. (B) A chimera

containing the first 12 amino acids of GAP-43 fused to PSD-95 (GAP/PSD-95) is

targeted to postsynaptic sites. The C-terminal 12 amino acid palmitoylated motif of

paralemmin fused to PSD-95 C3,5S (PSD-95/Parlm) induces postsynaptic clustering of a

PSD-95 (C3,5S) mutant (Scale bar = 10 p.m.).
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Figure 2-7. Ion channel clustering requires dual palmitoylation of PSD-95. COS

cells were co-transfected with Kv1.4 and wild type or mutant forms of PSD-95 (C3,5S,

V7L, or L4S). Cells were fixed 12 hr (12h) post-transfection and double-labeled with

antibodies to PSD-95 (green) and Kv1.4 (red). Palmitoylation-deficient mutants of PSD

95 (C3,5S, or L4S) block clustering whereas the palmitoylated mutant (V7L) functions

normally. (B) Chimeras containing the first 12 amino acids of GAP-43 fused to PSD-95

(GAP/PSD-95) or the last 12 amino acids of paralemmin fused to PSD-95 C3,5S (PSD

95/Parlm) mediate clustering of Kv1.4. (C) Co-transfection of Kv1.4 with a construct

containing either the first 300 amino acids of PSD-95 (1-PDZ2) or amino acids 1-26

fused to PDZ1&2 (1-26-PDZ1&2) are sufficient for clustering Kv1.4. A construct

containing full length GAP-43 fused to PDZ domains 1&2 (GAP43-PDZ) but not GAP

43 itself also induces channel clustering (Scale bar = 10 pum).
i
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CHAPTER 3

SYNAPTIC TARGETING OF THE POSTSYNAPTIC

DENSITY PROTEIN PSD-95 MEDIATED BY A

TYROSINE-BASED TRAFFICKING SIGNAL
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Summary

Synaptic function requires proper localization of proteins at synaptic sites.

Targeting of the postsynaptic protein PSD-95 relies on multiple signals within the

protein, including a 12 amino acid C-terminal targeting domain. The C-terminal

targeting domain of PSD-95 is reminiscent of cytosolic C-terminal motifs in integral

membrane proteins that mediate a diverse set of intracellular sorting events, including

plasma membrane endocytosis, and targeting to endosomes, lysosomes, the trans-Golgi

network, and the basolateral and dendritic plasma membrane (Mellman, 1996; Jareb and

Bankers, 1998). A subset of these C-terminal sorting signals contain a critical tyrosine

residue and conform to the motif YXXq2, where Y is a tyrosine, X is any amino acid, and

q) is a hydrophobic amino acid. These tyrosine motifs interact directly with the medium

chain of the clathrin adapter proteins, AP-1 and AP-2, and assemble clathrin-coated

transport vesicles (Mellman, 1996; Ohno et al., 1995). Interestingly, the C-terminal

targeting domain of PSD-95 contains a similar tyrosine-based motif.

Here we define the functional signals within the C-terminal targeting domain of

PSD-95. We find that postsynaptic targeting of PSD-95 in hippocampal neurons does

require the C-terminal tyrosine motif as mutations of this motif as well as a nearby pair of

hydrophobic amino acids disrupt postsynaptic targeting. When appended to an integral

membrane protein, the tyrosine-based signal of PSD-95 is sufficient to mediate clathrin

dependent endocytosis. Systematic mutagenesis of the C-terminus indicates a strict

correlation between postsynaptic targeting and endocytosis, suggesting that a tyrosine

based signal able to mediate vesicle formation participates in postsynaptic targeting of

PSD-95.
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Results

Postsynaptic Targeting of PSD-95 is Mediated by a C-terminal Tyrosine-Based

Motif

As described previously, PSD-95 protein missing its C-terminal 25 amino acids

(700 to 724) is not fully synaptically targeted. Although there is some accumulation of

the PSD-95 A25-GFP protein at synapses, the majority of the protein is found diffusely in

the cell body and dendrites (Craven et al., 1999; Fig. 3-1A). However, addition of 12

amino acids (700 to 711) fully restores postsynaptic targeting, such that most of the PSD

95 A13-GFP protein is concentrated at synaptic sites with very little visible in the cell

body or dendrites (Craven et al., 1999; Fig. 3-1A). These PSD-95-GFP clusters are

synaptic as they co-localize with synaptophysin (Craven et al., 1999) and with the

NMDA-type glutamate receptor (Fig. 1A). Thus, a twelve amino acid motif between 700

to 711 is necessary for postsynaptic targeting of PSD-95.

Inspection of these twelve amino acids reveals a consensus sequence for tyrosine

based trafficking that conforms to the motif YXXq2, where Y is a tyrosine, X is any

amino acid, and q is a hydrophobic amino acid (Fig. 3-1A). To determine if this tyrosine

motif is involved in localizing PSD-95 to synapses, we mutated critical amino acids and

assessed the effects on protein targeting in cultured hippocampal neurons. First we

mutated the tyrosine residue to either alanine within PSD-95 A13-GFP (A13 Y701A) or

to serine within full length PSD-95-GFP (FL Y701S). Mutations of this tyrosine

significantly perturb PSD-95 targeting, as the mutant proteins do not localize properly to

postsynaptic sites. Rather both A13 Y701A and FLY701S occur diffusely within the cell

body and dendrites and only modestly accumulate at synapses (Fig. 3-2A), a distribution
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similar to PSD-95 A25-GFP protein lacking the entire C-terminal targeting domain (Fig.

3-1A). This mostly diffuse distribution is not explained by differences in expression

level, as the range of total pixel counts is similar for many constructs analyzed regardless

of expression pattern (Table 3-1). To quantitate the extent of synaptic targeting, we

calculated a synaptic clustering ratio (SCR) for these and the other mutations described

below (Table 3-1). The SCR compares the average protein expression in dendrites with

that at synaptic clusters (see Experimental Procedures). The SCR calculated for

synaptically targeted PSD-95 A13-GFP (A13 WT) protein is close to zero, 0.11+0.019,

indicating that the average fluorescence in the cell processes is near background and that

the majority of the protein is synaptically localized. In contrast, SCRs of 0.62+0.039

calculated for A13 Y701A and 0.60+0.028 for FL Y701S, indicate that much of these

proteins are diffusely distributed (Table 3-1). The SCRs for A13 Y701A and FLY701S

are statistically different from A13 WT and also from diffusely expressed mutants of

PSD-95 or GFP alone that have SCRs closer to 1 (Craven et al., 1999). We therefore

define the expression pattern of A13 Y701A and FL Y701S as semi-clustered to

distinguish them from wild type synaptic clustering and from diffuse protein expression.

To implicate further the YXXq tyrosine motif in targeting of PSD-95, mutations

were made in the hydrophobic amino acid of this motif, valine 704. Mutations of this

valine to a charged residue, lysine or glutamate (A13 V704K and A13 V704E), or to

alanine (A13 V704A) in PSD-95 A13-GFP, or to serine (FL V704S) in full length PSD

95-GFP disrupt PSD-95 synaptic targeting (Fig. 3-2B; data not shown). Again, although

these mutant proteins accumulate somewhat at synapses, much of the protein occurs

diffusely in the cell body and dendrites. And again, the difference in targeting is not

.
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similar to PSD-95 A25-GFP protein lacking the entire C-terminal targeting domain (Fig.

3-1A). This mostly diffuse distribution is not explained by differences in expression

level, as the range of total pixel counts is similar for many constructs analyzed regardless

of expression pattern (Table 3-1). To quantitate the extent of synaptic targeting, we

calculated a synaptic clustering ratio (SCR) for these and the other mutations described

below (Table 3-1). The SCR compares the average protein expression in dendrites with

that at synaptic clusters (see Experimental Procedures). The SCR calculated for

synaptically targeted PSD-95 A13-GFP (A13 WT) protein is close to zero, 0.11+0.019,

indicating that the average fluorescence in the cell processes is near background and that

the majority of the protein is synaptically localized. In contrast, SCRs of 0.62+0.039

calculated for A13 Y701A and 0.60+0.028 for FL Y701S, indicate that much of these

proteins are diffusely distributed (Table 3-1). The SCRs for A13 Y701A and FLY701S

are statistically different from A13 WT and also from diffusely expressed mutants of

PSD-95 or GFP alone that have SCRs closer to 1 (Craven et al., 1999). We therefore

define the expression pattern of A13 Y701A and FL Y701S as semi-clustered to

distinguish them from wild type synaptic clustering and from diffuse protein expression.

To implicate further the YXXq) tyrosine motif in targeting of PSD-95, mutations

were made in the hydrophobic amino acid of this motif, valine 704. Mutations of this

valine to a charged residue, lysine or glutamate (A13 V704K and A13 V704E), or to

alanine (A13 V704A) in PSD-95 A13-GFP, or to serine (FL V704S) in full length PSD

95-GFP disrupt PSD-95 synaptic targeting (Fig. 3-2B; data not shown). Again, although

these mutant proteins accumulate somewhat at synapses, much of the protein occurs

diffusely in the cell body and dendrites. And again, the difference in targeting is not
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explained by differences in expression levels (Table 3-1). These valine mutations yield

SCRs statistically different from A13 WT but not from A13 Y701A or FLY701S and are

therefore semi-clustered (Table 3-1). In contrast, conserved mutations of the valine to

leucine or to isoleucine (A13 V704L and A13 V704I) do not disrupt targeting of PSD-95

(Fig. 3-2B; data not shown) and yield SCRs that are not statistically different from A13

WT (Table 3-1).

Tyrosine-based Targeting Motifs are Present in PSD-95 Homologs

PSD-93 is a homolog of PSD-95 that also localizes to the postsynaptic membrane

in hippocampal neurons (Craven et al., 1999). To determine if proper postsynaptic

localization of PSD-93 also relies on a C-terminal targeting motif, we deleted the C

terminal 25 amino acids. Whereas wild type PSD-93-GFP is efficiently targeted to the

postsynaptic membrane, PSD-93 A25-GFP is more diffusely expressed, similar to PSD

95 A25-GFP (Fig 3-1B; Table 3-1).

The tyrosine-based motif is conserved in the C-termini of PSD-93 and other PSD

95 homologs (Fig. 3-3). However, the hydrophobic amino acid in PSD-93 is a cysteine,

as compared to the more common leucine, isoleucine, and valine residue (Ohno et al.,

1996). To determine if a cysteine can function in the context of this motif, the valine 704

of PSD-95 was replaced with a cysteine (A13 V704C). Consistent with a conserved

function, A13 V704C protein is predominantly synaptically targeted similar to PSD-95

A13-GFP (Fig. 3-2B: Table 3-1). A second discrepancy is the substitution of the tyrosine

with a phenylalanine residue in DLG2. This conservative change occurs in the endocytic

signal of some transmembrane proteins (Melvin et al., 1999), and a mutation of the

.
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explained by differences in expression levels (Table 3-1). These valine mutations yield

SCRs statistically different from A13 WT but not from A13 Y701A or FLY701S and are

therefore semi-clustered (Table 3-1). In contrast, conserved mutations of the valine to

leucine or to isoleucine (A13 V704L and A13 V704I) do not disrupt targeting of PSD-95

(Fig. 3-2B; data not shown) and yield SCRs that are not statistically different from A13

WT (Table 3-1).

Tyrosine-based Targeting Motifs are Present in PSD-95 Homologs

PSD-93 is a homolog of PSD-95 that also localizes to the postsynaptic membrane

in hippocampal neurons (Craven et al., 1999). To determine if proper postsynaptic

localization of PSD-93 also relies on a C-terminal targeting motif, we deleted the C

terminal 25 amino acids. Whereas wild type PSD-93-GFP is efficiently targeted to the

postsynaptic membrane, PSD-93 A25-GFP is more diffusely expressed, similar to PSD

95 A25-GFP (Fig 3-1B; Table 3-1).

The tyrosine-based motif is conserved in the C-termini of PSD-93 and other PSD

95 homologs (Fig. 3-3). However, the hydrophobic amino acid in PSD-93 is a cysteine,

as compared to the more common leucine, isoleucine, and valine residue (Ohno et al.,

1996). To determine if a cysteine can function in the context of this motif, the valine 704

of PSD-95 was replaced with a cysteine (A13 V704C). Consistent with a conserved

function, A13 V704C protein is predominantly synaptically targeted similar to PSD-95

A13-GFP (Fig. 3-2B: Table 3-1). A second discrepancy is the substitution of the tyrosine

with a phenylalanine residue in DLG2. This conservative change occurs in the endocytic

signal of some transmembrane proteins (Melvin et al., 1999), and a mutation of the
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tyrosine in PSD-95 to a phenylalanine (A13 Y701F) does not disrupt synaptic targeting of

PSD-95 (Fig. 3-2; Table 3-1). These results suggest a conserved targeting function for

the tyrosine-based signal in homologs of PSD-95.

A Pair of Hydrophobic Amino Acids within the C-terminus of PSD-95 is also

Necessary for Postsynaptic Targeting

Additional mutagenesis was performed to further define the functional targeting

motif. Mutations in the amino acids between the tyrosine and valine of the YXXq2 motif

(A13 H702A and A13 K703A) do not influence postsynaptic targeting (Fig. 3-4; Table 3

1; data not shown). Similarly, mutations of the two amino acids following valine 704 or

the last three amino acids of the domain have minimal (A13 K705A) or no effect on

targeting (A13 R706A; A13 E709A; Fig. 3-3; Table 3-1; data not shown). In contrast,

mutating a pair of hydrophobic amino acids C-terminal to the tyrosine motif either

separately (A13 V707S and A13 I?08S) within PSD-95 A13-GFP or together (FL V707S,

I708S) in full length PSD-95-GFP disrupts postsynaptic targeting (Fig. 3-4; data not

shown). Again these mutants are diffusely expressed with only minimal accumulation at

synapses (Table 3-1). Interestingly, these critical hydrophobic amino acids are conserved

among PSD-95 homologs (Fig. 3-3), suggestive of a functional conservation.

The C-terminal Targeting Domain of PSD-95 Confers Endocytosis on the

Transmembrane Protein Tac

To determine if the tyrosine-based targeting signal of PSD-95 can recruit proteins

into clathrin-coated vesicles, we assessed the ability of this motif to mediate endocytosis.
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The C-terminal domain of PSD-95 was appended to the short cytoplasmic tail of the

interleukin-2 receptor O-subunit (IL-2 or Tac), a well-characterized plasma membrane

protein. Tac itself does not contain signals for active endocytosis, and the protein

remains on the plasma membrane of heterologous cells (Fig. 3-5A). In contrast, addition

of the C-terminal targeting domain of PSD-95 to Tac (Tac-95) is sufficient for

endocytosis, and the chimeric protein is almost entirely displaced from the plasma

membrane to endocytotic vesicles (Fig. 3-5A). Quantification reveals that 56.3+2.0% of

transfected cells endocytose the Tac-95 chimera similar to the 62+3.3% and 54+2.5% of

cells that endocytose the Tac receptor fused to known endocytotic signals: the tyrosine

based motif of TGN38 and the di-leucine motif of the neuron-specific vesicular

monoamine transporter (VMAT2), respectively (Ohno et al., 1995; Tan et al., 1998). In

contrast, 0% of cells endocytose Tac receptor alone. Consistent with clathrin-coated

vesicles mediating the Tac-95 fusion protein endocytosis, co-expression of Tac-95 with

dominant-negative (K44A) dynamin, a GTPase required for endocytic clathrin-coated

vesicle formation, disrupts endocytosis (Fig. 3-6). In contrast, co-expression of wild type

dynamin has no effect (Fig. 3-6).

We next investigated the specificity of endocytosis conferred on the Tac receptor

by the C-terminal targeting domain of PSD-95. Inspection of the extreme C-terminus of

PSD-95 (amino acids 712-724) reveals a second YXXV concensus sequence. Previously,

we reported that amino acids 712-724 neither participate in postsynaptic targeting nor

substitute for the C-terminal targeting domain between amino acids 700-711 (Craven et

al., 1999). Consistent with this, addition of this second tyrosine motif to the Tac receptor

does not confer endocytosis on the receptor (data not shown), as only a statistically
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insignificant percentage of cells, 3.6+1.2%, show any endocytosis. Therefore, the

capacity of the C-terminal trafficking signal of PSD-95 to mediate endocytosis is a

distinct property of this domain and not simply of any tyrosine signal within PSD-95.

Endocytosis Mediated by the C-terminal Targeting Domain of PSD-95 is Dependent

on both the Tyrosine Motif and the Pair of Hydrophobic Amino Acid

Mutagenesis was used to determine the signals within the C-terminal targeting

domain of PSD-95 required for endocytosis. Mutation of the tyrosine to alanine or non

conserved mutations of the valine disrupt endocytosis of the Tac-95 chimeric protein

(Fig. 3-5A; data not shown). A tyrosine to alanine mutation (Tac-95 Y101A)

dramatically reduces the percentage of cells showing endocytosis to 1.2+0.1%. In

contrast, a mutation to phenylalanine does not significantly reduce endocytosis

(51.43.4%; data not shown), consistent with the observed tolerance for a phenylalanine

residue in postsynaptic targeting (Fig. 3-2A). In addition to the tyrosine motif, the pair of

hydrophobic amino acids involved in postsynaptic targeting is also required for

endocytosis. Mutation of these hydrophobic amino acids (V707S, I708S) disrupts

endocytosis of the Tac-95 chimeric receptor (12.8+1.1%; Fig. 3-5B). In contrast,

mutations of the remaining amino acids not involved in postsynaptic targeting (Tac-95

H702A, K703A; Tac-95 K705A, R706A; and Tac-95 E709A, D710A) have no effect on

endocytosis (54.7+1.8%, 47.94:1.3%, and 54.94:1.2% of cells, respectively, endocytose

the Tac-95 receptor; Fig. 3-5B; data not shown). Thus there is a strict correlation

between the capacity of the PSD-95 C-terminal motif to mediate postsynaptic targeting

and endocytosis via clathrin-coated vesicles.
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Discussion

Proper postsynaptic targeting of PSD-95 requires a C-terminal targeting domain

between amino acids 700 to 711 (Craven et al., 1999; Fig. 3-1A). The important

targeting signal within this domain is a tyrosine-based motif, YXXqb, followed by a pair

of hydrophobic amino acids. This motif is functionally conserved in other PSD-95

family members, and is sufficient to confer clathrin-mediated endocytosis on a

transmembrane receptor. Mutagenesis of the C-terminus indicates a tight correlation

between postsynaptic targeting and endocytosis. These data suggest that cellular

trafficking of PSD-95, and likely PSD-95 homologs, involves a tyrosine-based signal that

can mediate clathrin-dependent vesicular transport.

Protein sorting signals often consist of either a tyrosine-based motif or a di

leucine motif (Mellman et al., 1996). Though some proteins contain both motifs, either

motif can be sufficient to mediate protein internalization from the plasma membrane

(Letourner and Klausner, 1992). Thus it is unusual that endocytosis mediated by the C

terminal trafficking signal of PSD-95 requires both a tyrosine motif and a pair of

hydrophobic amino acids that superficially resemble a di-leucine motif. Perhaps both

these motifs in PSD-95 have weak affinities for the clathrin adapter proteins so that a

combination of both is necessary for internalization to occur. Alternatively, since the

presence of both a tyrosine and a di-leucine motif can result in protein sorting that differs

from sorting that occurs with either motif alone (Letourner and Klausner, 1992), the

combination within PSD-95 may be key for protein trafficking that contributes to

postsynaptic targeting.
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Attempts to establish a direct link between postsynaptic targeting and clathrin

mediated trafficking were unsuccessful. Overexpression of dominant negative (K44A)

dynamin has no effect on postsynaptic targeting of PSD-95 (unpublished results).

However, dynamin may participate in clathrin-dependent transport solely from the

plasma membrane (Altschuler et al., 1998), leaving open the possibility that the tyrosine

based signal of PSD-95 is involved in clathrin-mediated intracellular trafficking. To

evaluate this possibility, we overexpressed the clathrin hub domain to act as a dominant

negative inhibitor of all clathrin coat formation (Liu et al., 1998), yet we found no effect

on targeting of PSD-95 (unpublished results). One caveat is that cells overexpressing

dominant negative dynamin or the clathrin hub may compensate for the loss of clathrin

dependent endocytosis by inducing an alternative endocytic pathway (Damke et al.,

1995). To circumvent this problem, we co-transfected mature neurons with the dominant

negative proteins and PSD-95. However, PSD-95 overexpressed this way in mature

neurons is not properly targeted to the synapse, precluding analysis of the dominant

negative effects. This latter result may explain why a second group studying the

postsynaptic targeting PSD-95 did not identify the C-terminal targeting motif (Arnold

and Clapham, 1999). In their study, PSD-95 localization in cultured cortical slices was

assessed 40 hrs. post-infection, a time at which PSD-95 expression in our system is not

fully synaptic.

We were also unable to detect direct interactions between the C-terminus of PSD

95 and clathrin adapter proteins that must occur to mediate endocytosis. Yeast two

hybrid did not yield positive results, even when the motif was repeated three times in

tandem (Ohno et al., 1995; unpublished results). However, a bait containing the PSD-95
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motif did not express as highly in yeast as did that containing the tyrosine motif of

TGN38, which served as positive control. Co-immunoprecipitation experiments from

heterologous cells or directly from brain also failed to detect a direct interaction

(unpublished results). However, because interactions with clathrin adapters are transient,

they may not be easily revealed by these methods.

The strong correlation between the ability of the C-terminal targeting domain of

PSD-95 to mediate both postsynaptic targeting and receptor endocytosis suggests that

clathrin-dependent trafficking is an important step in localizing PSD-95 to synapses.

However, the relevance of clathrin-mediated transport for peripheral membrane proteins

such as PSD-95 is not well established. One example is the cytosolic Nef protein of the

simian immunodeficiency virus (SIV), which interacts with clathrin AP-2 adapters to

internalize the transmembrane protein CD4 (Piquet et al., 1998). It is thought that viral

Nef may mimic endogenous proteins involved in linking cell surface proteins to

components of the endocytic machinery. We failed, however, to uncover evidence that

PSD-95 facilitated the endocytosis of interacting membrane proteins such as the NMDA

receptor or Kv1.4 potassium channel (unpublished results). Rather, a recent report

suggests that palmitoylated PSD-95 suppresses the endocytosis of Kv1.4, whereas non

palmitoylated PSD-95 can enhance endocytosis (Jugloff et al., 2000), suggesting that

internalization mediated by PSD-95 is regulated by lipidation.

Vesicle transport may play one of several possible roles in synaptic targeting of

PSD-95. Membrane association of PSD-95 via palmitoylation may occur in the secretory

pathway where sorting of many transmembrane proteins occurs (Choy et al., 1999).

Indeed PSD-95 localizes to an intramembranous compartment that partially overlaps with
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the trans-Golgi and endosomal vesicles in heterologous cells and in developing neurons

in culture (El-Husseini et al., 2000). PSD-95 may be sorted from these intracellular

membranes into clathrin-coated vesicles for transport to the postsynaptic membrane.

Alternatively, PSD-95 may target diffusely to the plasma membrane, and from there,

clathrin-coated endocytic vesicles may mediate transport to the synapse. Because PSD

95 protein lacking the tyrosine-based targeting motif does accumulate at the synapse to

some degree, there may be multiple mechanisms for synaptic localization – one

dependent on and one independent of clathrin-dependent vesicular transport.

Alternatively, this partial clustering may result from passive association of the PSD-95 C

terminal mutants with postsynaptic membranes rather than active targeting. Future

research into the cellular trafficking of PSD-95 will help to differentiate between these

models and to determine mechanisms by which additional postsynaptic proteins are

targeted and assembled at the PSD.
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Table 3-1. Synaptic Clustering Ratio (SCR) of PSD-95
GFP-Fusion Proteins

Constructs n= SCR+SEM Expression Fluorescence
Category Intensity + SEM

A 13 WT 9 0.11+0.019 S 1800+220

A 13 Y701A 13 0.62+0.036*** SC 1600+340

FLY701S 10 0.60+0.028*** SC

A 13 YT01F 10 0.15+0.014 S

A 13 V704A 10 0.52+0.059*** SC 1700+170

A 13 V704E 10 0.57+0.056*** SC 2000+290

FL V704S 12 0.58+0.047° SC

A 13 V704I Or L 11 0.10+0.017 S

A13 V704C 8 0.097+0.024 S

A 13 H702A 10 0.092+0.013 S

A 13 K703A 10 0.086+0.035 S

A 13 K705A 10 0.3940.047° S

A 13 R706A 10 0.11+0.020 S

A 13 V707S 9 0.50+0.064*** SC 2100+200

A 13 IT08S 10 0.53+0.045*** SC

FL V707S,I708S 9 0.62+0.056*** SC

A 13 E709A 10 0.084+0.0092 S

PSD-93 WT 9 0.13+0.020 S

A 25 PSD-93 10 0.67+0.047° SC
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Table 3-1. The SCR quantitates the intensity of fluorescent protein in dendrites

compared to at synaptic clusters with 0 indicative of complete synaptic clustering and 1

indicative of no clusters (see Experimental Procedures). Values are mean ± SE for the

number of cells (n=) indicated. A one-way ANOVA was performed with Bonferroni

correction for multiple comparisons: *** indicates statistical significance from wild-type

A13 (p<0.001), * (p<0.05). A letter code indicates the expression pattern: S, synaptic

clustering not statistically significant from A13 WT and SC, semi-clustered statistically

different from A13 WT. Fluorescence intensity is the total cellular GFP fluorescence in

arbitrary units (see Experimental Procedures).
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Figure 3-1. Postsynaptic Targeting of PSD-95 and PSD-93 Require A C-Terminal

Targeting Domain. A.) A domain map shows N-terminal palmitoylation and the relative

locations of the protein domains within PSD-95. The twelve amino acid targeting

domain of PSD-95 (amino acids 700-711) is expanded. When expressed in hippocampal

neurons, PSD-95-GFP lacking the final 25 amino acids (PSD-95 A25-GFP; upper left;

div 11) is only partially clustered at synapse. Addition of the twelve amino acid C

terminal targeting domain (PSD-95 A13-GFP; upper right; div 11; scale bar = 4 pum)

yields wild type synaptic clustering. PSD-95-GFP clusters (green; bottom left; div 11)

co-localize with NMDA receptors (red; bottom middle); merged image (yellow; bottom

right). B.) PSD-93 lacking the final 25 amino acids (PSD-93 A25-GFP; left; div 11) is

semi-clustered whereas wild type PSD-93 is synaptically targeted (PSD-93-GFP WT:

right; div 11).
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Figure 3-2. Mutations of the Tyrosine Motif Disrupt Postsynaptic Targeting of

PSD-95. A.) The amino acid sequence of the C-terminal targeting domain is at the top

with the tyrosine and the hydrophobic residues of the YXX® motif in red. Mutating the

tyrosine to alanine (Y701A) disrupts postsynaptic targeting (top middle; div 11) as

compared to wild type PSD-95 A13-GFP (WT; top left; div 11; scale bar = 4 pum). In

contrast, a conserved mutation of the tyrosine to phenylalanine (Y701F; top right; div 11)

does not disrupt postsynaptic targeting. Mutating the tyrosine to serine within full length

PSD-95-GFP (Y701S; div 11; bottom) also disrupts targeting; the same neuron is shown

at two different magnifications (bottom left, scale bar = 10 pum; bottom right, scale bar =

5 pum). B.) Conserved mutations of the valine to isoleucine (V704I; top left; div 11) or

cysteine as found in PSD-93 (V704C; top right; div 11) does not disrupt the targeting of

PSD-95. In contrast, non-conserved mutations to alanine (V704A; bottom left; div 11),

glutamate (V704E; bottom middle; div 11), or serine within full length PSD-95-GFP

(V704S; bottom right; div 12) disrupt postsynaptic (see Table 1).
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Figure 3–3. Conservation of the Tyrosine-Based Signal Amongst PSD-95 Homologs.

Alignment of the final 25 amino acids of PSD-95, PSD-93, SAP–97, SAP-102,

Drosophila DLG, DLG2, and DLG3. The functionally defined synaptic targeting domain

of PSD-95 is overlined. The conserved tyrosine and hydrophobic residues of the putative

clathrin interacting YXXq2 motif and the critical pair of hydrophobic amino acids are

noted in bold.
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Figure 3-4. A Pair of Hydrophobic Amino Acids C-Terminal to the Tyrosine Motif

is also Involved in Postsynaptic Targeting of PSD-95. The amino acid sequence of the

C-terminal targeting domain is at the top with the hydrophobic pair of amino acids in red.

A representative sample of mutations that do not disrupt targeting is shown: left top,

K703A; right top, R706A; and bottom, E709A (all div 11; scale bar = 4pum). In contrast,

mutation of V707S (left middle; div 11) or I708S (right middle; div 11) disrupt the

postsynaptic targeting of PSD-95.
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Figure 3-5. The C-Terminal Motif of PSD-95 is Sufficient to Mediate Receptor

Endocytosis. A.) The amino acid sequence of the C-terminal targeting domain is at the

top with the critical amino acids for postsynaptic targeting in red. The Tac receptor does

not undergo endocytosis and the protein remains on the plasma membrane in

heterologous cells (Tac; left). In contrast, addition of the PSD-95 targeting domain to the

Tac receptor results in substantial endocytosis (Tac-95; middle) and the chimeric protein

is almost entirely displaced from the plasma membrane to intracellular vesicles.

Mutation of the critical tyrosine residue to alanine disrupts endocytosis and this protein is

retained on the plasma membrane (Tac-95 Y-A; right). B.) Mutations of the pair of

hydrophobic amino acids involved in postsynaptic targeting of PSD-95 disrupt

endocytosis (Tac-95 IV-SS; middle). In contrast, mutations of other amino acids within

the PSD-95 C-terminus not involved in targeting have no effect on endocytosis (Tac-95

HK-AA; left; Tac-95 KR-AA; right).
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Figure 3-6. Endocytosis is Dependent on Clathrin-Coated Vesicle Formation. Co

expression of dominant negative (K44A) but not wild type dynamin blocks the ability of

the tyrosine-based signal of PSD-95 to mediate receptor endocytosis. The top left panel

shows two cells expressing Tac-95, but only the top cell is co-expressing hemaglutinin

(HA)-tagged dominant negative dynamin (DN DYN; top right) as revealed by

immunocytochemistry for the HA-tag. The Tac-95 protein of the singly transfected cell

undergoes endocytosis and localizes to intracellular vesicles. In contrast, the Tac-95

protein in the cell co-expressing DN dynamin remains on the plasma membrane. The

bottom panels shows two cells expressing both Tac-95 (Tac-95; bottom left) and wild

type dynamin (WT DYN; bottom right). Both cells show the majority of Tac-95 in

intracellular vesicles following endocytosis.
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CHAPTER FOUR

POLARIZED TARGETING OF PERIPHERAL

MEMBRANE PROTEINS IN NEURONS
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Summary

Proper neuronal function requires selective protein targeting to specialized

neuronal structures including the nerve terminal, node of Ranvier, axon hillock, and

postsynaptic density. An early step in this targeting involves the polarized sorting of

proteins to either dendritic or axonal domains. However, mechanisms by which neurons

target specific proteins to dendrites versus axons are poorly understood. Better

characterized is protein sorting to apical and basolateral plasma membranes in polarized

epithelial cells, which shares certain features with axonal versus dendritic targeting in

neurons (Dotti and Simons, 1990; Jereb and Bankers, 1998). That is, short cytosolic C

terminal protein sorting motifs are one route for both dendritic and basolateral targeting

(Jareb and Bankers, 1998), whereas specialized lipid rafts can mediate both axonal and

apical sorting of certain transmembrane and glycosylphosphatidylinositol-anchored

membrane proteins (GPI proteins; Ledesma et al., 1998).

The concept of specialized lipid rafts mediating polarized protein targeting

emerged from observations that apical and basolateral cell membranes have different

lipid compositions. Apical membranes are enriched in sphingolipids that aggregate with

cholesterol to form packed raft-like domains within the fluid membrane bilayer. These

rafts are insoluble in non-ionic detergents and are hence termed detergent-insoluble

glycolipid-enriched complexes (DIGs). These complexes are first formed during protein

processing in the trans-Golgi network (TGN) where certain transmembrane, GPI

anchored, and dually acylated proteins are incorporated followed by polarized sorting to

the apical plasma membrane (Simons and Ikonen, 1997; Melkonian et al., 1999).

Inhibition of DIG formation by sphingolipid or cholesterol depletion disrupts this
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apical/axonal sorting pathway (Keller and Simons, 1998; Ledesma et al., 1998; Ledesma

et al., 1999). However the polarized targeting of cytosolic peripheral membrane proteins

via DIGs has not been explored.

As shown above, PSD-95 is a peripheral membrane protein that requires dual

palmitoylation to localize exclusively to the postsynaptic density (PSD) in hippocampal

neurons (Craven et al., 1999; El-Husseini et al., 2000). However, not all dually acylated

proteins are found at postsynaptic membranes; GAP-43 is a dually palmitoylated protein

that occurs predominantly at axonal membranes (Goslin et al., 1988). Both PSD-95 and

GAP-43 accumulate in the early secretory pathway in a palmitoylation-dependent manner

(Liu et al., 1993; El-Husseini et al., 2000); however, it is unclear how they sort into

separate vesicles destined for dendrites versus axons.

To elucidate mechanisms for axonal versus dendritic sorting of peripheral

membrane proteins, we analyzed polarized targeting of PSD-95 and GAP-43 in

hippocampal neurons. We find that the palmitoylation motif of PSD-95 is necessary but

not sufficient for dendritic targeting, whereas the palmitoylation motif of GAP-43 is

sufficient for axonal targeting. Systematic mutagenesis of these two palmitoylation

motifs reveals that axonal targeting by the GAP-43 motif requires two adjacent cysteines

as well as nearby basic residues, features that are conserved in other palmitoylated axonal

proteins. Palmitoylation motifs that mediate axonal targeting also localize to filopodia

membranes and DIGs in heterologous cells, indicating that lipid rafts likely mediate

axonal targeting of certain cytosolic proteins.
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Results

The Palmitoylation Motif of GAP-43 Targets PSD-95 to the Axon.

Dual palmitoylation of PSD-95 is required for targeting to the postsynaptic

membrane in hippocampal neurons (Craven et al., 1999; El-Husseini et al., 2000). In

contrast, dually palmitoylated GAP-43 predominantly localizes to axonal membranes

(Goslin et al., 1988). Given these different localizations, we asked whether the

palmitoylation motifs of these proteins play opposing roles in protein trafficking. We

first determined if the palmitoylation motif of GAP-43 could substitute for that of PSD

95 in postsynaptic targeting. To accomplish this, we replaced the dually palmitoylated

N-terminal 13 amino acids of PSD-95 with those of GAP-43 and expressed the protein as

a green fluorescent protein- (GFP-) fusion in cultured hippocampal neurons. The GAP

43 palmitoylation motif on PSD-95 (43-PSD-95) maintains palmitoylation and partially

maintains postsynaptic targeting (El-Husseini et al., 2000). However, the 43-PSD-95

chimera also dramatically targets to the axon, a localization not observed with wild type

PSD-95 (Fig. 4-1). Axons were unambiguously identified both by their morphology and

by the absence of MAP-2 immunoreactivity (Fig. 4-1). To quantitate the extent of axonal

targeting, the average pixel intensity in the axon versus the dendrites was determined

(A/D ratio; see Experimental Procedures) and compared to the A/D ratio of GFP alone, a

diffusely expressed, untargeted protein. This analysis reveals that wild type PSD-95

protein is excluded from the axon, whereas 43-PSD-95 is strikingly redistributed to the

axon as compared to GFP (A/D ratio of wild type PSD-95 0.029+0.006, 21% of the GFP

A/D ratio of 0.14+0.014; A/D ratio of 43-PSD-95 0.24+0.024, 170% of GFP, Fig. 4-1).
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Differential Targeting by the Palmitoylation Motifs of PSD-95 and GAP-43

Given the dramatic relocation of PSD-95 by the GAP-43 palmitoylation motif, we

next assessed differential targeting mediated by these palmitoylation motifs. To

determine if the PSD-95 palmitoylation motif participates in dendritic targeting, we

analyzed a palmitoylation deficient PSD-95 mutant, (PSD-95 C3,5S). PSD-95 (C3,5S)

does not target to postsynaptic membranes (Craven et al., 1999), and in addition, this

mutant is not restricted to dendrites (Fig. 4-2). Rather the A/D ratio of PSD-95 (C3,5S)

(0.12+0.014, 86% of GFP alone) is comparable to that of untargeted GFP (Fig. 4-2).

Similarly, when the PSD-95 palmitoylation motif alone is fused to GFP, the A/D ratio of

PSD-95 (1-26) is not statistically different from GFP (0.13+0.014, 93% of GFP; Fig. 4

2). In contrast, full length GAP-43 or the isolated GAP-43 palmitoylation motif fused to

GFP (GAP-43 1-14), though not exclusively axonal, are axonally targeted compared to

GFP alone (A/D ratios 0.35+0.024 and 0.35+0.20 respectively, 250% of GFP alone; Fig.

4-2). These data suggest that the palmitoylation motif of PSD-95 is necessary but not

sufficient for dendritic targeting, whereas the palmitoylation motif of GAP-43 is

sufficient for axonal targeting.

We considered the possibility that dendritic targeting of PSD-95 may simply

result from its clustering at postsynaptic sites in dendrites. However, we find that the 43

PSD-95 chimera compared to PSD-95 (C3,5S) is both more postsynaptically clustered

and more axonally localized (compare Fig. 4-1 and 4-2) indicating that postsynaptic

clustering and dendritic targeting/axonal exclusion are separable processes.

To help to understand the constituents of the GAP-43 palmitoylation motif

necessary for axonal targeting, we analyzed and performed systematic mutagenesis of the
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PSD-95 and GAP-43 palmitoylation motifs. The palmitoylated cysteines of the GAP-43

motif are adjacent, whereas those in PSD-95 are separated by a leucine. Strikingly, a

PSD-95 mutant containing adjacent cysteines (PSD-95 CC) is not exclusively dendritic;

the protein also localizes to the axon, though not to the degree of 43-PSD-95 (A/D ratio

of 0.10+0.012, 345% of PSD-95 WT and 42% of 43-PSD-95; Fig. 4-3). On the other

hand, addition of a single amino acid between the contiguous cysteines of the GAP-43

palmitoylation motif (43-PSD-95 CXC) does not affect axonal targeting of 43-PSD-95,

and the A/D ratio is unchanged (Fig. 4-3). These mutated constructs are all efficiently

palmitoylated (data not shown), so changes in protein targeting are not due to alterations

in protein palmitoylation. These results suggest that the spacing of the cysteines is

important but is not the only feature of these motifs that determines targeting.

Additionally, the GAP-43 motif contains two basic amino acids one residue away

from the palmitoylated cysteines, whereas the PSD-95 motif does not have basic residues

near the cysteines. Remarkably, adding a single basic amino acid to PSD-95 two amino

acids away from the cysteines (PSD-95 T8R) redistributes the mutant to the axon with

almost half the efficiency of 43-PSD-95 (A/D ratio 0.10+0.013, 345% of PSD-95 WT

and 42% of 43-PSD-95; Fig. 3). Conversely, mutating the basic amino acids of the GAP

43 palmitoylation motif to isoleucines (43-PSD-95 R61, R7I) reduces axonal targeting of

43-PSD-95 by approximately half (A/D ratio 0.14+0.017, 58% of 43-PSD-95; Fig. 4-3).

These results suggest that the basic amino acids are critically involved, but do not entirely

explain the targeting differences between these motifs.

Finally, we combined alternations in spacing between the cysteines and mutations

in the basic amino acids. A PSD-95 palmitoylation motif with juxtaposed cysteines and
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the T8R mutation (PSD-95 CC T8R) targets PSD-95 to the axon similar to 43-PSD-95

(A/D ratio 0.23+0.016, 96% of 43-PSD-95; Fig. 4-3). In addition, a GAP-43

palmitoylation motif with both cysteines separated and mutations in the basics (43-PSD

95 CXC R61, R7I) no longer targets 43-PSD-95 to the axon, but rather the protein

localizes solely to the postsynaptic membrane like wild type PSD-95 (A/D ratio

0.011+0.005; Fig. 4-3). These results suggest that these two features account entirely for

differential targeting by these domains.

The Palmitoylation Motif of Paralemmin Resembles that of GAP-43 and Mediates

Axonal Targeting.

We next asked whether the adjacent cysteine/basic amino acid motif might play a

general role in axonal sorting of palmitoylated proteins. Paralemmin is a neuronal

prenyl-palmitoyl-anchored protein that is found at axonal membranes (Kutzleb et al.,

1998). The C-terminal palmitoylation motif of paralemmin contains adjacent

prenylated/palmitoylated cysteines and nearby basic amino acids and thereby resembles

the lipidated domain of GAP-43. GFP-tagged paralemmin is significantly targeted to the

axon, similar to GAP-43 (A/D ratio 0.37+0.024, 264% of GFP, Fig 4-4). Furthermore,

the isolated prenyl-palmitoylation motif of paralemmin fused to GFP (GFP-par) is

sufficient for axonal targeting (A/D ratio 0.33+0.031, 236% of GFP; Fig. 4-4), and

addition of this motif to the C-terminus of PSD-95 targets the chimera (PSD-95 C3,5S

par) to the axon (A/D ratio 0.23+0.015, 164% of GFP, Fig. 4-4).

We next determined whether axonal targeting by the paralemmin motif requires

similar features as the GAP-43 motif. Adjusting the spacing of the cysteines interferes
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with prenylation and subsequent palmitoylation (data not shown), so we were unable to

assess the importance of cysteine residue spacing in protein trafficking. However,

mutating the palmitoylated cysteines to serines (PSD-95 C3,5S-par -palmitoyl) retains

prenylation but blocks palmitoylation and disrupts axon targeting (A/D ratio 0.12+0.009,

52% of PSD-95 C3,5S-par). In addition, mutations in the basic amino acids maintain

lipidation but reduce axonal targeting (A/D ratio 0.18+0.019, 78% of PSD-95 C3,5S-par),

consistent with a dependence on nearby basic amino acids for axonal targeting (Fig. 4-4).

Axonal Targeting Correlates with Filopodial Targeting in Heterologous Cells.

To help to understand the mechanisms underlying axonal targeting by

palmitoylation motifs, we analyzed the sorting of these motifs in heterologous cells. As

previously reported, the palmitoylation motif of GAP-43 targets to actin-based extensions

of the plasma membrane called filopodia (Strittmatter et al., 1994). By contrast, neither

PSD-95 nor its isolated palmitoylation motif localizes to filopodia, which were visualized

with Texas red conjugated phalloidin to stain F-actin (Fig. 4-5A; data not shown).

However, replacing the palmitoylation motif of PSD-95 with that of GAP-43 (43-PSD

95) yields efficient targeting to filopodia (Fig. 4-5A). Mutations of the PSD-95

palmitoylation motif that alter the spacing of the cysteines and/or the nearby basic amino

acids (PSD-95 CC, PSD-95 T8R, and PSD-95 CC T8R) and that yield axonal targeting

(See above) also cause localization to filopodia (Fig. 4-5A; data not shown). Conversely,

when the GAP-43 palmitoylation motif is mutated to separate the cysteine residues and/or

remove the nearby basic amino acids in 43-95 (43-PSD-95 CXC, 43-PSD-95 R6I,R7I,

and 43-PSD-95 CXC R6I,R7I), targeting to both axons and filopodia is unchanged (43
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PSD-95 CXC) or disrupted (43-PSD-95 R6I,R7I and 43-PSD-95 CXC R6I,R7I; Fig. 4

5A; data not shown). Thus the localization of proteins to filopodia by palmitoylation

motifs correlates with axonal expression and suggests that filopodia and axonal targeting

may share similar mechanisms. Extending this correlation, the prenyl-palmitoylation

motif of paralemmin is also sufficient to target to filopodia, and mutations that affect

axonal localization also affect filopodia localization (Fig. 4-5B; data not shown).

To determine the generality of the correlation between axonal and filopodia

targeting, we examined the sorting properties of additional palmitoylation motifs. When

the N-terminal palmitoylation motif of PSD-95 is replaced with acylated motifs of

AKAP15 (AKAP-PSD-95), which contains adjacent lipidated cysteines, or the internal

palmitoylation motif of the Nspl viral protein (NSP-PSD-95; Laakkonen et al., 1996),

which contains three consecutive cysteines, the resulting chimeras are targeted to the

axon (A/D ratio 0.25+0.013 for AKAP-PSD-95; 0.24+0.019 for NSP-PSD-95; Fig. 4-6)

and to filopodia (Fig. 4-5B). It is worth noting that NSP-PSD-95 present in the dendrites

is efficiently clustered further emphasizing that postsynaptic clustering and axonal

exclusion are distinct processes. These results indicate that a number of different

palmitoylation motifs can mediate both axonal and filopodia localization.

Dual Palmitoylation Motifs that Mediate Axonal Targeting are Incorporated into

DIGs.

Dually acylated proteins can be incorporated into detergent-insoluble glycolipid

enriched complexes (DIGs), and these complexes have been implicated in targeting to

axonal membranes (Simons and Ikonen, 1997; Winckler and Mellman, 1999; Ledesma et
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al., 1999). We therefore asked whether the palmitoylation motifs of GAP-43 and PSD-95

might differentially associate with DIGs. Resident proteins of DIGs float in a sucrose

gradient and are found in light membrane fractions together with O-caveolin (Rothberg et

al., 1992). As previously published only a small amount of PSD-95 associates with

DIGs, and this is independent of palmitoylation (Sanchez-Perez and Bredt, 1998; Wu et

al., 1997; Fig.4-7). Similarly, the isolated palmitoylation motif of PSD-95 does not

appreciably associate with DIGs, similar to soluble GFP and a control transmembrane

protein, Tac (Fig. 4-7). In contrast, the palmitoylation motif of GAP-43 efficiently

targets a GFP reporter to DIGs (Arni et al., 1998; Fig. 4-7), as does the axonally targeted

prenyl-palmitoylation motif of paralemmin (Fig. 4-7). Furthermore, when the

palmitoylation motif of PSD-95 is replaced with that of GAP-43, paralemmin, or AKAP,

these chimeras also associates with DIGs, (Fig. 4-7). Thus there is a strong correlation

between the ability of palmitoylation motifs to target proteins to DIGs and to axonal and

filopodial membranes.
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Discussion

This study, the first to analyze polarized sorting of peripheral membrane proteins,

demonstrates that palmitoylation motifs can mediate either dendritic/postsynaptic or

axonal targeting. Previous work showed that dual palmitoylation is necessary for

targeting PSD-95 to postsynaptic membranes (Craven et al., 1999; El-Husseini et al.,

2000). We now find that palmitoylation is also necessary to exclude PSD-95 from axons,

though the isolated palmitoylation motif is not sufficient for this exclusion. In contrast,

the dual palmitoylation motifs of the axonal proteins GAP-43 and paralemmin are

sufficient to mediate protein targeting to axonal membranes and therefore are the first

identified axonal targeting motifs for peripheral membrane proteins.

Differential sorting of the PSD-95 and GAP-43 palmitoylation motifs depend on

two features of these motifs: the spacing of the cysteine residues and the presence of

nearby basic amino acids. These two palmitoylation motifs also differ in their capacity to

associate with DIGs; PSD-95 is only faintly incorporated into DIGs, whereas the isolated

palmitoylation motifs of GAP-43 and paralemmin are sufficient for association with these

complexes. These data suggest that incorporation of peripheral membrane proteins into

lipid rafts may mediate axonal trafficking.

Multiple Dendritic Targeting/ Axon Exclusion Signals

Whether dendritic sorting of PSD-95 results from active dendritic targeting or

axonal exclusion is unclear. Interestingly, when axonally targeted palmitoylation motifs

from GAP-43 and paralemmin are added to PSD-95, the resulting chimeras are not as

polarized as their isolated palmitoylation motifs, nor are they as well associated with
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DIGs. These results suggest that additional dendritic targeting or axonal exclusion

signals reside within PSD-95. Consistent with this, the palmitoylation motif of PSD-95 is

insufficient for dendritic targeting. Yet, because unpalmitoylated PSD-95 (C3,5S) is

distributed similar to GFP, the expression of the targeting signal within PSD-95 likely

requires association with membranes via palmitoylation. The identity of the additional

region(s) of PSD-95 that are involved in dendritic targeting/axonal exclusion remains to

be uncovered.

In contrast to the absolute polarization of dendritically targeted PSD-95, axonally

targeted constructs, such as GAP-43 and paralemmin, are also expressed in dendrites.

These proteins are considered axonal because of their enhanced density in the axon

compared to diffusely expressed GFP. Previous studies have also found that exogenous

expression of axonal proteins often yields some protein in dendrites (Stowell and Craig,

1999). This dendritic expression may occur for a number of reasons, including

inadequate axonal retention or missorting due to saturation of targeting mechanisms.

Alternatively, dendritic localization may be explained by the presence of dendritic

targeting signals and/or absence of dendritic exclusion signals, as axonal proteins can

also occur in dendritic/postsynaptic localizations (Kutzleb et al., 1998).

Relevance for PSD-95 Targeting in vivo

PSD-95 and related membrane associated guanylate kinases display complex

expression patterns depending upon the specific protein isoform and neuronal type. In

hippocampal neurons, PSD-95 and PSD-93 are excluded from axons whereas SAP-97

occurs both in axons and dendrites (unpublished results). As PSD-95 and PSD-93 are

115



* -

- • * * *
* * * *

... *-*- : *
tº…”! ... evº"------

--" tº
*

l …”.
an º'

**** ****

... º.nºn-º"



palmitoylated and SAP-97 and SAP-102 are not (Craven et al., 1999), this differential

targeting in vivo may reflect the lipid-dependent mechanisms described here.

Unlike its dendritic localization in hippocampal and other forebrain neurons,

PSD-95 occurs prominently in axons of cerebellar basket cells (Kistner et al., 1993).

Interestingly, basket cells are unusual in that their axons are devoid of microtubules

(Matus et al., 1979). Axons of hippocampal pyramidal cells and most other neurons

contain plus end distal microtubules, and dendrites contain both plus and minus end

directed microtubules (Baas, 1999). Therefore, dendritic targeting of PSD-95 may reflect

selective association with minus end-directed microtubule motors that cooperate with

palmitoylation to target PSD-95 into dendrites and to exclude PSD-95 from axons. Thus

the presence of PSD-95 in basket cell axons is potentially explained by the loss of

microtubule dependent axon exclusion.

Mechanisms for Targeting

To our knowledge, the only other investigation of polarized sorting signals within

native neuronal proteins analyzed integral membrane metabotropic glutamate receptors

(Stowell and Craig, 1999). That work showed dendritic/axonal targeting of the receptors

relies on signals within the cytoplasmic C-termini. By contrast, our analysis of

palmitoylation dependent sorting of peripheral membrane proteins implicates a role for

detergent-insoluble glycolipid-enriched complexes (DIGs) or lipid rafts. These

complexes are rich in glycosphingolipids and cholesterol, and their formation in the

trans-Golgi network (TGN) is thought to serve as a sorting platform to direct proteins to

the apical membrane of epithelial cells (Simons and Ikonen, 1997). Polarized sorting of
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proteins to axonal membranes has been compared to this apical sorting (Winckler and

Mellman, 1999). Indeed incorporation into sphingolipid-cholesterol rafts appears to

mediate axonal targeting of the GPI-anchored protein, Thy-1 (Ledesma et al., 1998;

Ledesma et al., 1999).

We find that dual palmitoylation motifs that associate with these rafts can also

target proteins to axonal membranes. In contrast, the dual palmitoylation motif of PSD

95 is not incorporated into DIGs and, rather than mediating axonal targeting, plays a role

in dendritic targeting/axonal exclusion. To uncover a more direct relationship between

DIG association and axonal targeting, we attempted to disrupt axonal targeting by

disrupting DIG formation using lovastatin and methyl-3-cyclodextrin to deplete

cholesterol. However, this treatment did not affect axonal targeting of endogenous Thy-1

(unpublished results), suggesting that cholesterol depletion was not successful in our

cultures.

We also find a tight correlation between axonal sorting/DIG association and

targeting to the actin-based plasma membrane extensions known as filopodia in

heterologous cells. The reasons for this correlation between axonal and filopodial

targeting are unclear but suggest that these trafficking events share a common

mechanism. Perhaps the similarity arises from the expression of axonally targeting

palmitoylation motifs in unpolarized cells. DIGs are apically targeted in polarized cells,

and filopodia in unpolarized cells may have a plasma membrane composition most

similar to apical membranes.

Both GAP-43 and PSD-95 are found in the TGN/ early secretory pathway (Liu et

al., 1994; El-Husseini et al., 2000) where rafts are first formed. And it is here that these

c
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two proteins may be segregated into separate secretory vesicles for transport to dendritic

versus axonal membranes. The palmitoylation motif of GAP-43 can mediate lipid raft

association for protein trafficking to the axonal membrane. Indeed, previous studies have

found that GAP-43 is enriched in DIGs from brain homogenates (Maekawas et al., 1997)

and is transported to axons on vesicles derived from the secretory pathway (Ferreira et

al., 1992). In contrast, signals in PSD-95, working together with palmitoylation, may

mediate its association with dendritic targeting vesicles and its exclusion from rafts. Near

its C-terminus, PSD-95 possesses a tyrosine-based protein trafficking motif that is

sufficient to mediate protein endocytosis via clathrin-coated vesicles and that is required

for postsynaptic targeting (Craven and Bredt, 2000). An exogenous axonally targeted

lipid raft protein, influenza virus hemagglutinin (HA) is efficiently excluded from

clathrin-coated endocytotic vesicles (Bretscher et al., 1980; Roth et al., 1986; Bretscher et

al., 1980). Adding an internalization motif to HA induces endocytosis (Roth et al., 1986;

Lazarovits and Roth, 1988), and may block association with DIGs (Lazarovits et al.,

1996; Scheiffele et al., 1997). Thus inclusion of PSD-95 in clathrin-coated pits may aid

in its exclusion from lipid rafts.

Alternatively, PSD-95 and GAP-43 may differentially associate with DIGs

because different palmitoyl-transferase enzymes recognize their distinct palmitoylation

motifs. For instance, palmitoylation motifs similar to GAP-43 and paralemmin

containing adjacent cysteines with nearby basic amino acids may be recognized by a

palmitoyl-transferase enzyme in the TGN followed by incorporation into lipid rafts and

axonal trafficking. In contrast, a separate enzyme that is cytosolic or associated with

membranes other than the TGN may recognize the palmitoylation motif of PSD-95, and
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thus PSD-95 is not incorporated into DIGs. Identification of the palmitoyl-transferase

enzyme(s) that mediate palmitoylation of neuronal proteins will help to clarify these

issues. Furthermore, elucidating how protein palmitoylation contributes to polarized

trafficking may provide fundamental insights for understanding many different sorting

decisions in the cell.

*
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Figure 4-1. The Palmitoylation Motif of GAP-43 Targets PSD-95 to Axonal

Membranes. PSD-95-GFP in cultured hippocampal neurons clusters at synapses in the

dendrites (PSD-95; top left; div 11) and is excluded from the axon. Hence, all neurites

that contain PSD-95-GFP protein are immunoreactive for MAP-2 (MAP-2; top right). In

contrast, a chimera in which the palmitoylation motif of PSD-95 is substituted with that

of GAP-43 (43-PSD-95) occurs both in dendritic clusters, but also localizes to the axon

(arrows in 43-PSD-95; bottom left; div 11). The axon is identified by its morphology and

the absence of MAP-2 immunoreactivity (MAP-2; bottom right; div 11). At the bottom a

graph shows the mean A/D ratios for PSD-95, 43-PSD-95, and GFP. One-way ANOVA

with Bonferroni corrections for multiple comparisons indicates both the A/D ratio of

PSD-95 and 43-PSD-95 are statistically different from that of GFP (*** = p-0.001).
º
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Figure 4-2. Differential Targeting by the Palmitoylation Motifs of PSD-95 and

GAP-43. Wild type PSD-95 is excluded from the axon (PSD-95; top left; div 11).

Palmitoylation is necessary for axonal exclusion but not sufficient, as a palmitoylation

deficient PSD-95 mutant, PSD-95 (C3,5S), and the isolated palmitoylation motif of PSD

95, PSD-95 (1-26), both resemble GFP with protein in the axon (arrows in both PSD-95

C3,5S; top right; div 11; and in PSD-95 (1-26); bottom left; div 11). In contrast, the

isolated palmitoylation motif of GAP-43 targets GFP to the axon (arrows in GAP-43 (1-

14); bottom right; div 11). At the bottom a graph shows the mean A/D ratios for the

different constructs; PSD-95 (C3,5S) and PSD-95 (1-26) are statistically different from

wild type PSD-95, and GAP-43 and GAP-43 (1-14) are statistically different from GFP

(*** = p&O.001).
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Figure 4-3. Sequence Requirements for Axonal Targeting by the GAP-43

Palmitoylation Motif: Adjacent Cysteines and Nearby Basic Amino Acids. The N

terminal 12 amino acids of the PSD-95 and GAP-43 palmitoylation motifs are shown

with the lipid modified cysteines in red and the basic residues underlined. Modification

of the PSD-95 palmitoylation motif to include two adjacent cysteines results in protein

expression in the axon (arrows in PSD-95 CC, top left; div 11). The combination of two

adjacent cysteines and addition of a nearby basic residue, T8R, results in axonal targeting

(arrows in PSD-95 CC T8R, middle; div 11). Conversely, mutating the GAP-43 motif to

separate the cysteines and remove the nearby basic amino acids, disrupts axonal

targeting, (43-PSD-95 CXC R6I,R7I, bottom left; div 11). However, separating the

cysteines alone does not alter localization to the axon (arrows in 43-PSD-95 CXC, top

right; div 11). The axon was identified by its morphology and the lack of MAP-2

immunoreactivity, with the MAP-2 labeling for the 43-PSD-95 (CXC) transfection

shown as a typical example (MAP-2, bottom right; div 11). A graph shows mean A/D

ratios for the different constructs (bottom); PSD-95 (CC) and PSD-95 (CC T8R) are

statistically different from wild type PSD-95 (*** = p-0.001), and 43-PSD-95 (R6I, R7I)

and 43-PSD-95 (CXC R6I, R7I) are statistically different from 43-PSD-95 (** = p-0.01;

*** = p-0.001).
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Figure 4-4. Axonal Targeting by the Paralemmin C-terminal Prenyl-Palmitoylation ‘.

Motif. The C-terminal 13 amino acids of the prenyl-palmitoylation motif of paralemmin

is shown with the adjacent cysteines in red and basic residues underlined. This motif of

paralemmin is sufficient to target GFP to the axon (arrows in GFP-par; top left; div 11), **

which is identified by morphology and absence of MAP-2 immunoreactivity (MAP-2;

top right). This motif also targets PSD-95 (C3,5S) to axons (arrows in PSD-95 C3,5S

par; bottom left; div 11) and this is partially dependent on basic amino acids within the

motif (PSD-95 C3,5S-par —B; bottom right; div 11). Mean A/D ratios for the various º
constructs are shown (bottom); Parl, GFP-par, and PSD-95 (C3,5S-par) are statistically t

different from PSD-95 (C3,5S) and GFP (*** = p-0.001).
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Figure 4-5. Palmitoylation Motifs that Target to Axonal Membranes also Target to

Filopodia Membranes in Heterologous Cells. A. In COS7 cells, wild type PSD-95

GFP (PSD-95; green top left) is not targeted to filopodia membranes, which are enriched

in F-actin as revealed by Texas Red phalloidin (PSD-95; red top left). Absence of co

localization between PSD-95 and phalloidin is shown in the boxed region at higher

magnification (Overlay; bottom middle). In contrast, switching the palmitoylation motif

of PSD-95 with that of GAP-43 results in targeting of the chimera 43-PSD-95 (43-PSD

95; green bottom left) to filopodia visualized by staining with phalloidin (43-PSD-95; red

bottom left). Co-localization between 43-95 and phalloidin in the boxed region is shown

at higher magnification (Overlay; top middle). Altering the spacing of the cysteines and

addition of a basic amino acid within the palmitoylation motif of PSD-95 to make it

resemble the palmitoylation motif of GAP-43 results in filopodial targeting of PSD-95

(PSD-95 CC T8R, green top right; phalloidin, red bottom right). Conversely, altering the

spacing of the cysteines and mutating the basic amino acids in the GAP-43

palmitoylation motif in 43-PSD-95 results in loss of filopodial targeting of 43-PSD-95

(43-PSD-95 CXC R6I,R7I, green bottom right; phalloidin, red bottom right). B.

Additional palmitoylation motifs from paralemmin, AKAP, and Nsp1 that target PSD-95

to axons also target to filopodia (from left to right: PSD-95 C3,5S-par, AKAP-PSD-95,

and NSP-PSD-95, green; phalloidin, red).
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Figure 4–6. Axonal Targeting by Additional Palmitoylation Motifs. Substitution of

the palmitoylation motif of PSD-95 with the myristoyl-palmitoylation motif of AKAP or

with the internal palmitoylation motif of Nsp1 targets PSD-95 to the axon (arrows in both

AKAP-PSD-95; top left; div 11; and in NSP-PSD-95; bottom left; div 11), identified by

morphology and absence of MAP-2 immunoreactivity (MAP-2; top and bottom right).

At the bottom a graph shows the mean A/D ratio for the different constructs; AKAP

PSD-95 and NSP-PSD-95 are statistically different from GFP (*** = p-0.001).
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Figure 4-7. Palmitoylation Motifs that Target to Axonal Membranes also Associate

with DIGs. A. The isolated palmitoylation motif of PSD-95 fused to GFP, PSD-95 (1-

26), is found in the heavy fractions (lanes 8-10) of a sucrose gradient similar to cytosolic

GFP and thus is not significantly associated with DIGs. In contrast, the palmitoylation

motif of GAP-43, GAP-43 (1-14), or paralemmin, GFP-par, is sufficient to incorporate

GFP into lipid rafts, and the protein is found in the lighter membrane fractions. B. PSD

95 is only modestly associated with lipid rafts, similar to the non-DIG associated

transmembrane protein Tac. In contrast, replacing the palmitoylation of PSD-95 with

that of GAP-43 (43-PSD-95), paralemmin (PSD-95 C3,5S-par), or AKAP (AKAP-PSD

95) localizes these chimeric proteins to lighter membrane fractions with DIGs, similar to

O-caveolin, a DIG resident protein.
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Epilogue

The adult human body is comprised of approximately 100,000 billion cells each

with abundant organelles and subcellular domains specialized to perform distinct tasks.

Understanding how the billions of protein molecules within a cell are localized to and

arranged within these different compartments is a major focus of biomedical research.

Indeed, the 1999 Nobel Prize in Physiology and Medicine was awarded to Dr. Günter

Blobel for his discovery that proteins contain intrinsic signals that direct them to and

across the membranes of cellular organelles, a fundamental step in cellular protein

trafficking.

In neurons synapses are specialized domains where receptors, channels, and

signaling molecules aggregate to mediate neurotransmission. During the past several

years there has been an explosion in the identification of proteins present at the

postsynaptic side of excitatory synapses, the postsynaptic density (PSD). This work has

been fueled by use of yeast two-hybrid techniques to identify protein-protein interactions

between PSD proteins and is yielding models of how these proteins connect to one

another to set up the structural and functional components of the PSD. Identifying

signals that specify targeting and assembly of these proteins during synaptic development

and determine what changes occur during synaptic plasticity remain to be uncovered.

The work described in this thesis is the first detailed anaylsis of the postsynaptic

targeting of any protein. PSD-95 is a major protein of the PSD where it potentially

serves many roles including localizing PSD proteins to assemble signaling and structural

complexes at the synapse. Because of its organizational role, PSD-95 is an appealing

starting point for understanding the development of the postsynaptic membrane. Here we
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find that palmitoylation, PDZ domains, and a C-terminal tyrosine-based trafficking signal

are crucial components involved in targeting PSD-95 to the postsynaptic membrane of

hippocampal neurons. The palmitoylation dependent association of PSD-95 with the

early secretory system and the sufficiency of the tyrosine-based signal in mediating

clathrin dependent endocytosis suggest that vesicle association is an intergral part of

PSD-95 synaptic targeting. Analysis of palmitoylation motifs from additional neuronal

proteins reveals that palmitoylation motifs can serve multiple roles in protein targeting.

Whereas the palmitoylation motif of PSD-95 is necessary for polarized targeting to

dendrites, other motifs are sufficient for association with specialized lipid rafts for axonal

targeting. With this understanding, the stage is set to investigate the targeting of PSD-95

binding partners, their binding partners, and so on down the line of interactions to build

the PSD.

Though understanding the targeting of a single protein brings us a step closer to

understanding the development and plasticity of the synapse, really what we are

searching for is an understanding of the synapse as a whole. One step forward, is still a

step forward, but with the new millennium upon us, we have great expectations for

understanding the genome and its workings as a whole. As Francis Collins and Karin

Jegalian write in Scientific American on the future of science in the next millennium, “In

the past 50 years, a single gene or a single protein often dominated a biologist’s research.

In the next 50 years, researchers will shift to studying integrated functions among many

genes, the web of interactions among gene pathways, and how outside influences affect

the system.” I have studied a single protein, PSD-95, through five years of a doctoral

' Deciphering the Code of Life. Collins, F. and Jegalian, K. Scientific American Vol. 281, No. 1, p. 89:
Dec. 1999.
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thesis, and I now look forward to the day when all synaptic proteins will enter into the

picture as the focus shifts from individual proteins to the synapse as a whole.
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Experimental Procedures

cDNA Cloning and Mutagenesis

Wild type and N-terminal mutant full length PSD-95 constructs (PSD-95 GFP,

C3,5S, C3S, and C5S) were generated by PCR and subcloned into the Hind III and EcoR

I of GW1 (British Biotechnology; Topinka and Bredt, 1998). GFP was subcloned in

frame at the C-terminus of PSD-95 at the EcoRI site. Deletion mutants of PSD-95 (1-

64, 1-PDZ1 (to a.a. 157), 1-PDZ2 (to a.a. 309 including the 67 a.a. linker region between

PDZ2 and 3), 1-PDZ3 (to a.a. 433 including the 40 a.a. linker region between PDZ3 and

the SH3 domain), 1-SH3 (to a.a. 502), A25 (to a.a. 699), and A12 (to a.a. 712)} were

generated by PCR and subcloned into GW1 at the Hind III and Kpn I sites in-frame with

GFP that was subcloned into GW1 at the Kpn I and EcoRI sites. Deletion mutants

containing the last 25 C-terminal amino acids of PSD-95 (1-PDZ2+25, 1-PDZ3+25, and

1-SH3+25) were generated by PCR and subcloned into PSD-95 GFP GW1 using the

Hind III of GW1 and the internal Bgl II site of PSD-95. The PDZ deletion constructs

APDZs, APDZ2&3, and APDZ3 were generated using PSD-95 1-64, 1-PDZ1, and 1

PDZ2 respectively in GW1-GFP as vectors and subcloning in-frame at the Kpn I site a

PCR product encoding amino acids 436-724 of PSD-95. The PDZ deletion constructs

APDZ1&3 was generated using PSD-95 1-64 in GW1 as a vector and subcloning in a

PCR product encoding PDZ2 (amino acids 158-309 which includes the 67 amino acid

linker region between PDZ2 and 3) along with amino acids 436-724 of PSD-95.

CD8-PSD-95 constructs are described in Topinka and Bredt, 1998. GFP was

added in-frame to these constructs at a C-terminal Eco RI site. Myristoylated-PSD-95

1.
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was generated by PCR with an N-terminal primer encoding the first 12 amino acids of

rapsyn and subcloned into GW1 at the Hind III and EcoRI sites. Adding the four amino

acid motif CAAL to the C-terminus of Psdºs GFP generated geranylgeranyl-PSD-95.

Wild type SAP-97 construct was generated by PCR and subcloned into GW1 at

the Sal I and Kpn I sites in-frame to GFP that was subcloned into GW1 at the Kpn I and

EcoRI sites. SAP-97 constructs containing the first 13 amino acids of PSD-95 (95/97)

were generated by PCR with an N-terminal primer encoding these amino acids and

subcloned as done for wild-type SAP-97 into GW1.

Mutations within the 12 amino acid targeting domain were made with oligos

containing the appropriate mutation subcloned into PSD-95 A13-GFP at the Bgl II site at

amino acid 700 and the Kpn I site between PSD-95 and GFP. The Tac (interleukin-2

receptor O-subunit) cDNA, modified by the introduction of a Xba I site at the 5’ end (17),

was kindly provided by Dr. Robert Edwards (University of California, San Francisco).

The 12 amino acids of the C-terminal targeting domain of PSD-95 were subcloned into

this cDNA with oligos using the introduced Xba I site and an Apa I site in the multi

cloning site of the vector. cDNAs for hemagglutinin (HA)-tagged wild type and

dominant negative (K44A) dynamin I were kindly provided by Dr. Sandra Schmid (The

Scripps Research Institute, La Jolla, CA).

Mutations of the palmitoylation motif of PSD-95, addition of the GAP-43 or

AKAP N-terminal palmitoylation motifs to PSD-95, and mutations within the GAP-43

palmitoylation motifs of the 43-PSD-95 chimera were constructed with oligos, encoding

the appropriate wild type or mutated motif and restriction sites, that were annealed and

subcloned into GW1 PSD-95-GFP at a Hind III site upstream of the starter methionine

º
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and a silent Kpn I site at amino acid 13 of PSD-95. Addition of the C-terminal prenyl

palmitoylation motif of paralemmin was added to the extreme C-terminus of PSD-95

(C3,5S) with primers encoding the appropriate wild type of mutated motif and

restrictions sites used to amplify the C-terminal GFP. The wild type GFP was then

replaced with the C-terminally modified GFP with Eco RI. Wild type GAP-43 was

kindly provided by Dr. David Sretavan (University of California, San Francisco).

Paralemmin was obtained by RT-PCR from mouse brain RNA and subcloned in frame to

GFP in pEGFP (Clonetech) Bgl II and Hind III.

Primary Neuronal Culture and Transfection

Neuronal cultures were prepared from hippocampi of E18/E19 rats. The

hippocampi were dissociated by enzyme digestion with papain followed by brief

mechanical trituration. Cells were plated on poly-D-lysine (Sigma) treated glass

coverslips (12 mm in diameter). Cultures were plated and maintained in Neurobasal

media (Gibco) supplemented with B27, penicillin, streptomycin, and L-glutamine as

described in Brewer et al. (1993). Hippocampal cultures were transfected by lipid

mediated gene transfer based on the protocol described in Kaech et al. (1996). Briefly,

cells were transfected just before plating in a balanced salt solution at 1 million cells /

0.25 mL. Two micrograms of DNA and 10 pil of DOTAP (Boehringer-Mannheim) were

mixed in 25 pil of HBS (150 mM NaCl, 20 mM Hepes, pH 7.4) and added to the cells

with immediate and gentle mixing. The cells were incubated for 1 hour at 37°C and then

plated at a density of 600/mm on glass coverslips (Fisher) in 24-well plates (Falcon). To

visualize transfected cells, coverslips were removed from the wells and mounted live
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onto slides (Frost Plus slides; Fisher) with Fluoromount-G (Southern Biotechnology

Associates, Inc.). Transfection efficiency was never greater than 0.01%, and on average,

15 transfected cells were obtained for each independent transfection.

Immunofluorescent Labeling

Coverslips were removed from culture wells and fixed in -20°C methanol for 15

20 min. After washing with TBS containing 0.1% Triton-X-100 (TBST) three times five

min., the cells were incubated in TBST containing 3% normal goat serum for 1 hr at

room temperature to block non-specific antibody interactions. Primary antibodies (see

below) were added in block solution for 1 hr room temperature, followed by donkey anti

mouse or goat anti-rabbit secondary antibodies conjugated to Cy2, Cy3, or AMCA

fluorophores (diluted 1:200 in block solution) for 1 hr at room temperature. Coverslips

were then mounted on slides (Frost Plus slides; Fisher) with Fluoromount-G (Southern

Biotechnology Associates, Inc.), and images were taken under fluorescence microscopy

with a 100x oil-immersion objective (NA=1.4) affixed to a Leica upright microscope.

The following antibodies were used: PSD-95 (monoclonal #046; Affinity

Bioreagents; Golden, CO.), GFP (monoclonal; Quantum), synaptophysin (polyclonal

rabbit; Sigma), Kv1.4 (polyclonal; Kim et al., 1995), NR2B (polyclonal; Zymed), NR1

(monoclonal; Pharmingen), HA epitope tag (monoclonal; BABCO), FLAG epitope tag

(monoclonal; Kodak), MAP-2 (monoclonal; Pharmingen), and Thy-1 (MRC OX-7;

Serotec). Dr. Frances Brodsky, UCSF, kindly provided rabbit polyclonal antibodies to

Golgi 58K, (TGN-38) and to the cation-independent mannose-6-phosphate-receptor (CI

| -
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M6PR). Monoclonal antibodies to E-cadherin and to the apical marker, gp-135 were

gifts from Dr. Keith Mostov, UCSF.

Quantitative Measurement of GFP Expression

Transfected neurons for quantification were chosen randomly by selecting

neurons from 2-5 coverslips from 2-3 independent transfections of each construct to

obtain 5 to 10 cells per construct. The total number of transfected neurons qualitatively

examined for each construct ranged from 10-50 depending on transfection efficiency.

Images were acquired with an exposure time adjusted to limit photobleaching and such

that maximum pixel value was at least half saturation. For quantification of expression

levels, the exposure time was identical for each cell. The average background

fluorescence of untransfected cells was subtracted.

The synaptic clustering ratio (SCR) was determined by dividing the average pixel

intensity in the dendrites by that of the synaptic clusters in individual cells. The

perimeters of the dendrites were traced (excluding clusters) and the average pixel

intensity calculated in NIH Image. Similarly, the perimeters of clusters were traced and

the average pixel intensity obtained. The ratio of the average pixel intensity in dendrites

versus clusters was defined as the SCR with a ratio of zero indicating complete

clustering, such that dendritic pixel intensity was not different from background

fluorescence, and a ratio of 1 indicating diffuse dendritic fluorescence with no clusters.

When no clusters were distinguishable an SCR of 1 was assigned. The data were

analyzed by one-way ANOVA with Bonferroni correction for multiple comparison using

Prism software (Graph Pad, San Diego, CA.). To compare the expression levels in

141



* * * * *

-

- * º

... , ~ *
-

- * º

--- * *
* *

- ****** * *

, -sº
. . . sº tº

r
, , as a '...it wº

- " *
. . . . *

a tº * *

• *** t

* * * -

º



neurons transfected with different constructs, the total pixel intensity of individual

transfected cells was measured by tracing the perimeter of the entire cell and calculating

the total pixel intensity in NIH Image. To compare the expression levels of exogenous

and endogenous PSD-95, transfected cells were immunofluorescently labeled with

antibodies to PSD-95, and the total pixel intensity of transfected versus untransfected

cells was compared as described above.

Quantitative Measurement of Polarized Protein Expression

Quantification of polarized protein expression in dendrites versus axons was

performed on 15-50 neurons from 2-3 independent transfections. Images of neurons

were acquired with a CCD camera and quantitated using Metamorph imaging software

(Universal Imaging). The exposure time of the camera was adjusted to limit

photobleaching and so that maximum pixel intensity was approximately one-half to

three-fourths saturating for cells with low to moderate expression levels as determined by

total pixel counts. Because high protein expression can saturate targeting mechanisms,

cells expressing to pixel saturation were not included in the analysis.

The degree of polarized expression was determined by calculating the average

pixel intensity in the axon versus that in the dendrites. The axon was identified as the

thin process extending farthest from the cell body and not immunoreactive for MAP-2.

The average pixel intensity was calculated by drawing a line through three dendrites and

three sections of the axon at defined distances from the cell body. These averages were

then converted into a ratio of axonal versus dendritic expression, the A/D ratio, and

compared to that for diffusely expressed GFP. The A/D ratio represents the percentage

.
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of protein in the axon as compared to that in the dendrites, and since the volume of the

axon is considerably smaller than that of the dendrites, the ratio is always smaller than 1.

The data were analyzed by one-way ANOVA with Bonferroni corrections for multiple

comparisons with Prism software (Graph Pad, San Diego, CA).

COS Cell Transfection and Metabolic Labeling

COS7 cells were grown in Dulbecco's modified Eagle's medium (DMEM)

containing 10% fetal bovine serum, penicillin, and streptomycin. Cells were transfected

using Lipofectamine reagent according to the manufacturer's protocol (Gibco). Cells

were labeled with 1 mci / mL ['H]palmitic acid (50 Ci/ mmol; New England Nuclear),

myristic acid (49 Ci/mmol; New England Nuclear), or mevalonolactone (15 Ci/mmol;

American Radiolabeled Chemicals Inc.), the precursor of all isoprenoid biosynthesis,

with 40 puM Mevastatin (ICN), an inhibitor of endogenous mevalonate biosynthesis for 4

5 hrs. Cells were washed with ice-cold PBS and scraped off culture wells into 0.4 mL of

TEE (50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM EGTA) with 150 mM NaCl and

0.2% SDS. After extracting for 20 min at 4°C, Triton X-100 was added to 1% to

neutralize the SDS and insoluble material was removed by centrifugation at 10,000xg for

10 min. The samples were then boiled in SDS-PAGE sample buffer with 1 mM DTT for

2 min.

For fluorography, protein samples were separated by SDS-PAGE and stained with

Coomassie blue. Gels were treated with Amplify (Amersham) for 30 min, dried under

vacuum, and exposed to Hyperfilm-MP (Amersham) at -80°C for 3 to 5 days. For

Western blotting, protein was electroblotted onto PVDF (Millipore), probed with a

º
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primary antibody against GFP (polyclonal rabbit; Clontech) and horseradish peroxidase

(HRP) conjugated secondary antibodies (Amersham), and visualized using enhanced

chemilluminescence (Pierce).

Isolation of Detergent-Insoluble Glycolipid-Enriched Complexes.

Detergent-insoluble fractions were prepared as described with modifications

(Brown et al., 1992). COS7 cells grown in Dulbecco's modified Eagle's medium

containing 10% fetal bovine serum, penicillin, and streptomycin were transfected using

Lipofectamine reagent according to the manufacturer's protocol (Gibco). Approximately

50 X 10° cells were used for each extraction. Cells were washed with ice-cold PBS and

resuspended in 1 mL of lysis buffer containing 25 mM Tris-HCl pH 7.6, 5 mM EDTA,

150 mM NaCl, 0.5% Triton X-100, 1 mM PMSF, 10 pg/ml of each of aprotinin and

leupeptin. After extracting for 10 min at 4°C, the homogenate was adjusted to 40%

sucrose and placed at the bottom of an ultracentrifuge tube. A linear sucrose gradient (5-

30%) was overlaid on top and samples were centrifuged for 18 hr at 200,000xg in SwTi

50 rotor (46,245 rpm) at 4°C. Fractions, 400pul each, were collected across the gradient,

boiled in SDS-PAGE sample buffer with 10 mM DTT and analyzed by SDS-PAGE and

immunoblotting using antibodies against caveolin-1 (Transduction Laboratories,

Lexington, KY) and GFP (1:150 dilution, Clontech).

Filopodia Analysis

COS7 cells were ells were plated on glass coverslips (Fisher) and cells were

transfected as described above. Coverslips were removed from culture wells and
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processed for immunofluorescence or GFP detection as previously described (Craven et

al., 1999). To visualize filopodia, cells were incubated with Texas Red phalloidin

(Molecular probes) for 30 minutes at RT. Images were taken under fluorescence

microscopy with a 100x oil-immersion objective (NA=1.4) affixed to a Leica upright

microscope.

Electron Microscopic Immunocytochemistry

Adult rats were fixed by transcardial perfusion with a phosphate buffered

aldehyde mixture, consisting of 4% paraformaldehyde and 3% acrolein or 2.5%

glutaraldehyde. Sections were prepared (40 pum) and blocked in saline buffered with

0.01M phosphate (PBS) containing 1% bovine serum albumin (BSA). Following an

overnight incubation with affinity purified anti-PSD-95 antibody (1 pig / ml), sections

were processed for pre-embedding colloidal gold immunolabeling, using 1-nm gold

conjugated anti-rabbit IgG as the label. A silver intensification kit (Amersham) was then

used to enlarge the 1-nm gold particles to greater than 5 nm for light and electron

microscopic detection (Chan et al., 1990). These sections were post-fixed with 1%

glutaraldehyde, then with 1% osmium tetroxide, and stained en bloc with 4% uranyl

acetate. Sections were dehydrated for infiltration with EMBED 812 resin (EM Sciences)

and ultrathin sections (80 nm) were examined without counterstaining. Post-embedding

colloidal gold labeling was achieved as described (Aoki et al., 1999). The 1-nm gold

conjugated anti-rabbit IgG was purchased from Goldmark, and the silver-intensification

kit was from Amersham.
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Endocytosis Assay

COS7 cells were grown in Dulbecco's modified Eagle's medium (DMEM)

containing 10% fetal bovine serum, penicillin, and streptomycin. Cells were transfected

with Lipofectamine reagent according to the manufacture’s protocol (Gibco). To assess

endocytosis, intact cells were incubated at 4°C for 1 hr with a monoclonal antibody

against the extracellular domain of Tac (BAbCO) diluted 1:500 in DMEM to allow

surface binding of antibody. Cells were then washed with ice-cold PBS and incubated in

pre-warmed media at 37°C for 1 hr to allow endocytosis of bound antibody. After

fixation in 4% paraformaldehyde and permeablization in TBS with 0.1% Triton-X-100,

cells were incubated with Cy3-conjugated antibodies to mouse Ig. To quantitate the

endocytosis of chimeric Tac-95 receptor constructs, the percentage of cells that showed

receptor endocytosis versus cells where the receptor stayed predominantly on the cell

surface was calculated. Approximately one hundred cells were counted from each of two

independent assays for each construct. The counter was blinded to the identity of the

constructs. Data were analyzed by one-way ANOVA with Bonferroni corrections for

multiple comparisons.
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