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JIPINGXIAO 
Calcyon, a Novel Partner of Clathrin qght Chain, Stimulates Clathrin-mediated 
Endocytosis 
(Under the direction of CLARE M. BERQSON) 

I 

I 

In the central nervous system, clathrin-meriate,d endocytosis (CME) is crucial for 
' I • 

efficient synaptic transmission as CME regulates both presynaptic release of 

neurotransmitter and postsynaptic responses to .transmitter. Clathrin-coated vesicle 

assembly and disassembly are regulated by som~ 30 adaptor and accessory proteins, most 
I 

of which interact with clathrin heavy chain. Calcy_on, which is a single transmembrane 

protein predominantly expressed in brain, is localized to vesicular compartments within 

pre and postsynaptic structures. Calcyon has been implicated as a candidate gene for 

schizophrenia, but the function of calcyon is not yet described. Using the calcyon 

cytosolic domain as bait, we isolated clathrin light chain (LC) in a yeast two-hybrid 

screen. The interaction domains were mapped to the heavy chain binding domain and C

terminal regions in LC. In calcyon, residues123 to 155 of calcyon mediated the 

interaction with LC. Addition of a purified fusion protein containing the calcyon C 

terminus stimulated clathrin self-assembly in vitro in a dose-dependent fashion. There 

was a high degree of overlap in the distribution of LC and-calcyon in neuronal processes 

and cell bodies. Co-immunoprecipitation studies further suggested an association of 

calcyon with adaptor proteins that play a role in clathrin coated vesicle formation at the 

plasma membrane, trans Golgi Network and endosomes. Compared to control, HEK293 

cells overexpressing calcyon exhibited significantly enhanced transferring (Tfn) uptake 

but equivalent levels.ofTfn recycli1:1g. Copversely, transferrin uptake was largely 

abolished in neocortical neurons obta;ined from mice homozygous for a calcyon null 



allele, whereas recycling proceeded at wild type levels. Deletion of the calcyon gene in 

mice also inhibited agonist-sti~ulated endocytosis of the GluRl and GluR2 subunits of 

the ligand gated AMP A type glutamate receptor in primary neurons in cultures. 

Collectively, these data indicate a role for calcyon in clathrin-mediated endocytosis in 

brain. 

INDEX WORDS: Calcyon, Clathrin, Clathrin coated vesicle, Endocytosis, adaptor 
protein, Transferrin, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), 
Synaptic plasticity, Long term depression, Schizophrenia 
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I. INTRODUCTIONl 

A. Statement of the Problem 

Calcyon is a 21 7 residue single transmembrane protein, predominantly expressed in 

brain (Lezcano et al., 2000; Oakman and Meador-Woodruff, 2004; Zelenin et al., 2002). 

Calcyon localizes to vesicular structures in neuronal dendrites and spines, as well as in 

the trans Golgi network (TGN) and lysosome (Lezcano et al., 2000; Xiao et al., 2006). 

Such a distribution on intracellular membranes suggests that calcyon might be involved 

in vesicle trafficking. Calcyon shares a high level of sequence identity with NEEP21 

(Neuronal Enriched Endosomal Protein of 21 kD), a neuronal endocytic protein that 

regulates recycling of_ a variety of receptors, including the transferrin (Tfn), neurotensin 

and AMPA type glutamate receptors (AMPARs) (Alberi et al., 2005; Debaigt et al., 2004; 

Steiner et al., 2005; Steiner et al., 2002). Several studies suggest that calcyon might play 

a role in neuropsychiatic diseases. Calcyon protein and· mRNA levels are increased in 

dorsolateral prefrontal cortex ( dlPFC) in patients with schizophrenia (Bai et al., 2004; 

Baracskay et al., 2006; Clinton et al., 2005; Koh et al., 2003). Additionally, genome wide 

linkage scans and genetic analyses indicate that calcyon might be a risk gene for the 

attention-deficit/hyperactivity disorder (ADHD) (Fisher et al., 2002; Laurin et al., 2005). · 

Despite these potential links with diseases,· the cellular function of calcyon remains 

unknown. To investigate the function of calcyon, we searched for proteins that interact 

with the cytosolic C-terminus of calcyon in a yeast two-hybrid s.creen. We then 
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functionaily characterized the interaction with one of th~ partners identified, clathrin light 

chain (LC). 

B. Review of Related Literature 

Calcyon 

Calcyon is predominantly expressed in brain (Lezcano et al., 2000). In situ 

hybridization studies in rat and macaque brain show that calcyon is not ubiquitous but is 

rather expressed in distinct regions of brain to varying extents (Oakman and Meador

Woodruff, 2004; Zelenin et al., 2002). While relatively mo_dest levels of calcyon are 

expressed in neocortex, striatum and nucleus accumbens, relatively high levels are 

expressed in hippocampus, hypothalamic nuclei, ventral tegmental area, and substantia 

nigra in the midbrain. Calcyon is also abundant in the periaqueductal gray area, locus 

coeruleus and dorsal raphe nuclei in the brainstem. 
. . 

Calcyon protein is found in axons, dendrites, the TGN and lysosomes (Lezcano et al., 

2000;- Negyessy et al., Submitted; Xiao et al., 2006). Most calcyon positive axons are 

small to medium sized, containing round_ synaptic vesicles and forming asymmetric 

synapses, characteristic of excitatory synapses. However, some calcyon positive 

processes are very thin, suggestive of serotonin, norepinephrine or dopamine terminals. 

Calcyon is ·also found in large axonal terminals containing flat synaptic vesicles that form 

symmetric synapses, characteristic of GABA-ergic synapses. In axonal boutons, calcyon 

is either removed from or close to the active zone, a specialized region of the presynaptic 

plasma membrane where synaptic vesicles dock and fuse. In dendritic spines, calcyon is 

located lateral to the postsynaptic density (PSD), a cytoskeletal specialization identified 



as an electron-dense region ijt the synapse of postsynaptic neurons. The PSD is enriched 

in ligand and voltage gated ion channels. 

Studies in HEK.293 cells indicate that calcyon is also expressed on the plasma 

membrane. I~munocytochemical studies show that the N-terminal epitope tagged 

calcyon can be detected on the cell surface of non-permeabilized cells. Further, cell 

surface biotinylation studies demonstrate that about 10-15% of the total pool of calcyon 

is located on the cell surface under basal conditions. Increased intracellular Ca2
+ 

stimulates about a two-fold increase in the cell surface expression of calcyon (Ali and 

Bergson, 2003). 
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Several studies implicate calcyon in neuropsychiatic disorders. For example, genome 

wide linkage scans and genetic analyses indicate that calcyon may be a risk gene for 

ADHD (Fisher et al., 2002; Laurin et al., 2005). In addition, postmortem analyses reveal 

that calcyon·protein and mRNA levels are increased in dlPFC and thalamus of patients 

with schizophrenia (Bai et al., 2004; Baracskay et al., 2006; Clinton et al., 2005; Koh et 

al., 2003). Further, the calcyon gene is located at 10q26, one of only four loci to show 

significance as a schizophrenia susceptibility gene in whole genome scans (Harrison and 

Weinberger, 2004; Williams,.2003). 

Calcyon shows a high degree of sequence homology with P 19 and NEEP21. These 

three proteins are all single transmembrane proteins, predominately expressed in neuronal 

cells and localized in vesicular compartments (Saberan-Djoneidi et al., 1995; Saberan

Djoneidi et al., 1998). Via the interaction with syntaxin 13, a SNARE protein located in 

recycling endosomes, NEEP21 regulates recycling of a variety of receptors, including 

neurotensin, transferrin and AMPA receptors (Debaigt et al., 2004; Steiner et al., 2005; 



Steiner et al., 2002). Further studies show that NEEP21 interacts with GRIPl, a 

scaffolding protein that interacts with and anchors AMPARs in the PSD. Disruption of 

the NEEP21:GRIP1 interaction interferes with recycling ofGluR2-containingAMPARs 

to the synapse. Activity-induced insertion of AMPARs into the synapse.underlies the 

induction of long-term potentiation (LTP), a form of synaptic ·plasticity. Intracellular 

perfusion of the NEEP21 segment containing the GRIP 1 interaction domain blocks the 

induction of LTP in CA3-CA1 synapses (Alberi et al., 2005; Debaigt et al., 2004; Steiner 

et al., 2005; Steiner et al., 2002). However, the function of P19 has yet to be described. 

Clathrin 

4 

Clathrin contains two subunits, clathrin heavy chain (HC) and clathrin light chain 

(LC). Three HCs trimerize to form a triskelion (Figure 1). HC includes several well

characterized domains.. Starting from the C terminus, these include the trimerization 

domain, proximal leg, knee, distal leg, ankle, linker and terminal domain (Brodsky et al., 

2001; Fotin et al., 2004b). Purified peptides containing only the trimerization domain 

and the proximal leg can self-assemble into. "pseudo" lattice structures. Therefore the 

trimerization domain and proximal leg are called'the "Hub" region of the triskelion (Ye 

and Lafer, 1995) (Figure 1). The terminal domain ofHC binds to many CCV assembly 

regulatory proteins containing a "clathrin-box-motif', including a class of proteins called 

adaptor proteins such as AP-2 andAP180 (Brodsky et al., 2001; Fotin et al., 2004b). 

Clathrin LC has two isoforms in higher eukaryotes, LCa and LCb. Each isoform has 

a non-neuronal and a neuronal specific splice isoform (Brodsky et al., 1991). The 

functional difference between LCa and LCb remains to be elucidated 



Figure 1. The Clathrin triskelion 

(A) Three HCs trimerize to form a triskelion. Each HC includes the trimerization domain 

(TXD), proximal leg, knee, distal leg, ankle and terminal domain (TD). LC binds to the 

proximal leg of HC. The "Hub" region of the triskelion is circled by the dashed line. (B) 

Side view of a clathrin triskelion. The TXD bends towards the inside of the clathrin 

lattice. Cartoons are modified from Brodsky (2004). 
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(Brodsky et al., 2001). For example, the specificity by which triskelions recruit either 

LCa or LCb is not known (Brodsky et al., 2001; Brodsky et al., 1991). LCa is composed 

of a series of domains, including a conserved sequence, Hsc70-binding site, calcium

binding domain, heavy chain binding site, neuron-specific insert sequence, and a transient 

_ disulfide pond site (Figure 6A) (Brodsky et al., 1991). LCb does not include the Hsc70 

binding site, but has a phosphorylation site_ in the same region close to the N terminus 

(Brodsky et al., 1991). Until now, only four proteins besides clathrin HC have been 

report~d to interact with LC. Hsc70 is the-first LC interacting protein identified and 
. . . 

functions to uncoat CCVs (DeLuca-Flaherty et al., 1990). Recently, Huntingtin-

interacting protein 1 (Hipl) and the closely related protein Hipl-related protein (HiplR) 

were found to interact with the conserved sequence of LC. Hipl and HiplR promote 

clathrin assembly in vitro (Chen and Brodsky, 2005; Legendre-Guillemin et al., 2005). 

Calmodulin binds to the C terminus of LC, but the function of the calmodulin:LC 

interaction remains to be "clarified (Pley et al., 1995). 

Studies in mammalian cells indicate that LC functions as a regulatory subunit for 

clathrin assembly. At physiological pH, purified HC self-assembles, while addition of 

LC inhibits HC self-assembly (Liu et al., 1995; Ungewickell and Ungewickell, 1991). In 

vitro, the self-assembly of HC depends on two kinds of salt bridges of either high or low 

affinity. High affinity salt bridges are formed between two positively charged amino 

acids in one hub segment, and two negatively charged residues in another hub segme~t. 

The high affinity salt bridge can form at physiological pH, and promotes triskelion 

assembly. LC binds to the proximal leg ofHC. Three negatively charged residues in the 

conserved sequence of LC inhibit the formation of the high affinity salt bridge. As a 



result, HC self-assembly is inhibited (Ybe et al., 1998). Hipl and HipRl promote CCV 

assembly in vitro, presumably through the binding to the conserved domain in LC. This 

binding might reverse the inhibitory effect of LC on clathrin assembly (Chen and 

Brodsky, 2005; Legendre-Guillemin ~t al., 2005). Hence, the conserved domain is also 

named the LC regulatory domain. 

7 

According to clathrin dogma, HC and LC are present in CCV s with a stoichiometry 

of one LC bound to one HC. However, interestingly, the ratio of LC to HC differs 

between brain and peripheral tissues. Proteomic analyses of purified CCV s indicate that 

the LC to HC ratio is far less than one in non-neuronal tissues, while the ratio is about 

one in brain. The high level of LC in neurons suggests that LC may be impo~ant for 

meeting the relatively high demand for CCV mediated endocytosis in brain (Girard et al., 

2005). 

CryoEM Structure of CCV 

CCV s consist of three layers, the clathrin coat in the outer shell, adaptor proteins and 

cargos in the middle layer, and membrane in the inner layer. Clathrin coats are assembled 

from triskelions. High magnification cryoEM (8 A) analysis of in vitro assembled clathrin 

lattices (Figure 2A) (Fotin et al., 2004a; Fotin et al., 2004b) shows that the C-terminus of 

HC trimerizes at each vertex of the clathrin lattice. The trimerization domain bends 

inside to form a tripod. Under each vertex, three ankles from triskelions two vertices 

away form a triangle. The tip of the tripod (C-terminus of HC) contacts the intersection 

of two ankles. 

Each edge of the lattice is formed by two proximal legs and two distal legs from a 



Figure 2. Clathrin lattice vertex and edge regions revealed.by cryoEM 

(A) The vertex. Each vertex is formed by the trimerization of three HCs. For simplicity, 

only the proximal legs of two HCs ( colored bold lines) are shown. The trimerization 

domain bends inside to form a tripod. Under each vertex, three ankles from triskelions 

two vertices away (thin lines) form a triangle. For clarity, other triskelions are not shown. 

The tip of the tripod coritac_ts the intersection of two ankle's. LC (red bold line) localizes 

on the exterior of the lattice and binds to the proximal leg of HC. The C-terminus of LC 

might extend into the lattice interior and exert some effect on the tripod:ankle triangle 

contact. (B) The edge. -Each edge of the lattice is formed by two proximal legs (black 

bold_lines) and two distal legs (black thin lines) from a triskelion a vertex away, aligning 

in an anti-parallel fashion. Proximal legs lay outside and distal legs inside. LC might 

regulate the association between two proximal legs via the N-terminus of LC. Cartoons 

are modified from F otin et al. (2004) 
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triskelion a vertex away (Figure 2B). Proximal legs lay outside and distal legs inside. 

Based on the cryoEM model, it is proposed that there are several structures that are 

relatively rigid, including the tripod, edge structure and the ankle triangle. In contrast, the 

knee and distal ankle junction are thought to be relatively flexible (Brodsky, 2004; 

Brodsky et al., 2001; Fotin et al., 2004a; Fotin et al., 2004b). 

Auxilin, a protein that disassembles _CCVs in cells (Ahle and Ungewickell, 1990; 

Lemmon, 2001 ), is recruited to the lattice by the N terminal domain of HC, and 

positioned close to the intersection point of the ankle triangle, disrupting the _contact of 

the tripod with the ankle triangle structure (Fotin et al., 2004a). The HC C-terminus is 

released from t~e ankle triangle and- sequestered by Hsc70._ Disrupting the ankle triangle 

and C terminus contact is thought to bring about lattice disassembly (Fotin etal., 2004b). 

CryoEM analysis also indicates that the central part of LC locai1zes outside of the 

lattice and binds to the proximal leg of HC. By virtue ·of this localization, LC is 

accessible to cytosolic regulatory factors. The cryoEM structure also suggests that the C

terminus of LC extends into the lattice interior. · 

Intracellular Transport 

There are two basic vesicular transport systems in cells, endocytic and biosynthetic

secretory (McNiven and Thompson, 2006). the endocytic system brings nutrients or 

plasma membrane proteins inside _the cell. After endocytosis, these "cargos" are typically 

transported to late endosomes or lysosomes for digestion. The lysosome is an organelle 

with a low pH environment that is enriched with digestive enzymes transported from the 

TGN (Gundelfinger et al., 2003; McNiven and Thompson, 2006; Rothman, 1994). 



Endocytosis of ceH surface re.ceptors is also a mechanism for regulating cell surface 

receptor levels, and thus the cell's r,esponsiveness to hormones, neurotransmitters and 

other extracellular stimuli. The bfosynthetic secretory pathway transports proteins 

synthesized in the endoplasmic reticulum (ER) through the Golgi network to various 

destinations including the cell surface and late endosomes. The endocytic and 

biosynthetic secretory systems are two inter-connected ·processes (Gundelfinger et al., 

2003). For example, some newly synthesized proteins are transported to destinations via 

the endocytic pathway, whereas the endocytic recycling pathway functions as a major 

route for delivery or replacement of cell surface receptors. For example, TGN38 is 

transported first to the cell surface, and subsequently to the TGN where it localizes 

(Ghosh et al., 1998). In neuronal dendritic spines, recycling endosomes serve as a . . 

reservoir for supplying AMPARs to the cell surface (Park et al., 2004). 

Movement between compartments is mediated via vesicular carriers. Vesicles 

enriched with cargo bud from donor compartments, move and fuse with acceptor 

compartments. Most of the vesicles bud as coated vesicles. Three different types of 

coated vesicles have been found and characterized, including clathrin-coated, COPI

coated and COPII-coated vesicles (Al?-tonny, 2006; McMahon and Mills, 2004). The 

three types of coated-vesicles are specific for different transport pathways. COPI coated 

vesicles transport cargo between the Golgi cistemae and from the Golgi to the ER. 

COPII coated vesicles transport cargo from the ER to the Golgi. Clathrin coated vesicles 

(CCVs) transport cargo from the plasma membrane, and from the TGN (McMahon and 

Mills, 2004). Clathrin is also found on endosomes, suggesting CCVs may also be· 

involved-in transport from endosomes (Stoorvogel et al., 1996; van Dam et al., 2002b). 
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Clathrin Coated Vesicle Mediated Trafficking 

CCVs were the first identified transport vesicles (Roth and Porter, 1964). Clathrins were 

found as the major components of the CCV coat in 1975 (Pearse 1975). The process of 

clathrin-mediated endocytosis includes CCV formation on the cell surface and fusion 

with an acceptor membrane. Formation of CCV s can be separated into several steps, 

including nucleati_on of the coated pit, recruitment of cargo, invagination and scission. It 

is · notable· that there is no distinct separation between these steps. For example, 

recruitment of cargo can happen during nucleation and is proposed as a key step in 

promoting CCV formation (Ehrlich et al., 2004). Each stage in the assembly and 

disassembly process is controlled by many protein-protein and/or protein-lipid 

interactions. Below, I ·describe CCV formation step by step. Regulation of CCV 
. . . . ' 

formation at the plasma membrane is discussed first as it is better characterized 

(Maldonado-Baez and vyendland, 2~06; Perrais · and Merrifield, 2005; Schafer, 2002). 

Then, the differences in CCV formation at the TGN are briefly discussed. 

Nucleation of Clathrin Coated Pits 

Imaging of ·ccv formation in live cells makes it possible to investigate the dynamics 

of CCV mediated endocytosis in real time. In live cell imaging experiments, the intensity 

change of puncta corresponding to heterologously expressed EGFP-LC is thought to 

reflect CCV assembly and disassembly at clathrin coated pits (CCPs) (Gaidarov et al., 

1999; Puthenveedu and von Zastrow, 2006; Santini et al., 2002; Scott et al., 2002). Most 

published studies show that CCPs appear and disappear at the saine location on the 

membrane, suggesting that CCPs form at specific zones (Gaidarov et al., 1999; 
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Puthenveedu and von Zastrow, 2006). Imaging.data also indicates that CCPs are formed 

prior to recruitment of cargo. Cargos, ~uch as G protein coupled receptors (GPCRs), are 

recruited into pre~existing·CCPs in an ~~onist dependent fashion (Gaidarov et al., 1999; 

Puthenveedu and von Zastrow, 2006; Santini et al., 2002; Scott et a[, .2.002). Some of 

these CCPs seem to be re-usable and their location ·might reflect a "CCV formation site". 

That is, more then one CCV appearsto pinch off from the sarrie spot (Rappoport et al., 

2004; Rappoport et al., 2003). A similar phenomenon ofre-usable CCPs is also observed 

in regions of dendritic spines locate_d lateral to the PSD in cultured neurons (Blanpied et 

al., 2002). However, one study suggests that CCP nucleation sites are randomly 

distributed, and indicates that newly formed CCPs are short lived. These short lived 

CCPs appear to be stabilized by cargo. capture (Ehrlich et al., 2004). One way to 

reconcile these different views would be to po~it that there are two types of CCPs_ from 

which CCV s could bud, one type that is formed de novo in a stochastic fashion, and the 

other type that is stable and pre-formed (Perrais and Merrifield, 2005). 

Proteins Involved in Clathrin Coated Pit Nucleation 

It is well known that adaptor prot~in complex 2 (AP-2) is important for the initiation 

of CCP nucleation (Edeling et al., 2006; Traub, 2005). AP-2 is a heterotetrameric protein 

containing four subunits, two large subunits a, p2 (about 100 kD), and two small subunits 

µ2, 82. The a subunit docks AP-2 to the plasma membrane and interacts with other 

clathrin regulatory proteins, includin~ AP 180 and amphiphysin. The p2 subunit binds to 

and recruits clathrin to the plasma membrane. The µ2 subunit functions in recognizing 

endocytic motifs, such as YXX<D (X 'can be any residue, <Pis a hydrophobic residue), and 
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sorting protein cargos (Edeling et al., 2006; Mald~nado-Baez and Wendland, 2006). It 

was initially thought that the docking of AP-2 on the membrane depends on the 

recognition and binding of cargo on the cell surface (Pears et al., 1987, 1988; Goldstein et 

al., 1985). However, disrupting the binding of µ2 to sorting motifs does not impair the 

· targeting of AP-2 on the cell surface (Gaidarov et al., 1996; Rohde et al., 2002). This 

finding indicates tha~ other determinants are required for the recruitment of AP-2 to.the 

membrane. Consistent with this idea, phosphoinositol 4, 5 bisphosphate (PIP2) turns out 

to be critical for the docking of AP-2 (Cremona and De Camilli, 2001; Traub, 2005). AP-

2 binds directly to PIP2 via two high affinity binding sites located in the a and µ2 

subunits. The phospholipid is dynamically regulated-by phosphorylation via 

phosphatidylinositol 4-phosphate 5-kinase (PIP5K) and de-phosphorylation via 

synaptojaninl (Cremona and De Camilli, 2001; Traub, 2005). In neurons, ADP

ribosylation factor 6 (ARF6) GTP activates phosphatidylinositol 4-phosphate 5-kinase 

type Iy, increasing the production of PIP2 in the plasma membrane. The increase in PIP2 

recruits adaptor proteins artd defines an area of CCP nucleation (Krauss et al., 2003). 

Mutation in the a subunit that disrupts the binding to PIP2 impairs targeting of AP-2 to 

the plasma membrane (Gaidarov and Keen, 1,~,99). Increasing PIP5K activity increases 

the targeting of AP:..2 to the plasma membrane and also the endocytosis of transferrin 

receptors (Padron et al., 2003). In contrast, dephosphorylation of PIP2 by synaptojanin 1 

promotes CCV disassembly. Synaptojanin 1 knockout mice die after birth and CCVs are 

clustered around the presynaptic terminal in synj -/- mice (Cremona et al., 1999). PIP2-

rich membrane patches (PRMPs) can also be detected in cells. Live cell imaging studies 



suggest that these PIP2-rich regions show high endocytic activity relative to non PIP2-

rich regions (Huang et al., 2004). 
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In addition to AP-2, · there are other proteins that cooperate with AP-2 in the 

nucleation of CCPs,.· and the recruitment of clathrin. AP 180 ·or its non-neuronal homo log, 

clathrin assembly lymphoid myeloid leukemia protein (CALM), is a major coat 

component identified in purified CCV s. AP 180/CALM binds to PIP2 through an N

terminal domain ANTH (AP180 N-terminal homology). The C-terminus of AP180 also 

binds to both AP-2 and clathrin. Like AP-2, the function· of AP180/CALM is to dock 

clathrin on the membrane (Ford et al., 2001). Iriteractions·.between AP180 and AP-2 

cooperatively enhance the assembly of clathrin (Hao et al., 1999}. 

. Epsin is another protein involved in the nucleation stage of CCV formation. Epsin 

binds to PIP2 enriched regions in the membrane, and induces membrane curvature by the 

insertion of an amphiphathic a-helix into the outer leaflet of plasma membrane (Ford et 

al. 2002). Epsin also binds to AP-2 and clathrin, and thus recruits more AP-2 and clathrin 

into CCPs during clathrin assembly. Thus, epsin couples the assembly of clathrin with 

the membrane curvature needed .for vesicle formation (Ford et al., 2002; Legendre

Guillemin et al., 2004; Takei and Haucke, 2001). 

In the presynaptic terminal, docking of AP-2 on the membrane can be achieved by 

the direct interaction of AP-2 with PIP2, or with the help of synaptotagmin (Mahaffey et 
' . 

al., 1990; Zhang et al., 1994). Synaptotagmin is a transmembrane, synaptic vesicle 

protein. It functions as a Ca2
+ sensor in action potential-induced transmitter release (Rizo 

et al., 2006; Sudhof, 2004 ). Synaptotagmin also interacts directly with both the a and µ2 

subunits of AP-2 through a C2B domain. Purified C2B domains are sufficient to promote 
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the recruitment of AP-2 and clathrin to membrane in vitro (Haucke et al., 2000). The 

blocking of synaptotagmin and AP-2 interactions with synprint, a protein that binds to the 

C2B domain of syriaptotagmin, inhibits the recruitment of AP-2 to the membrane and 

also blocks clathrin mediated en~ocytosis (Chapman et al., 1998). About 15% of 

synaptotagmin is located on axonal terminal cell surface. This fraction of synaptotagmin 

may serve as a reservoir for the formation of new synaptic vesicles after exocytosis 

(Fernandez-Alfonso et al., 2006). It is not clear yet whether there are transmembrane 

proteins that serve an analogous function in clathrin-mediated endocytosis in postsynaptic 

nerve terminals. 

Recruitment of Cargo 

After nucleation, cargo can be reci;uited into pre-existing CCPs by interaction with 

adaptor proteins. AP-2 is well known for its function in recruiting plasma membrane 

cargos. Cargos have targeting signals that can be recognized and bound by adaptor 

proteins. Three types of cargo targeting signals have been identified thus far. These 

include the tyrosine-based motif NPXY found in the cytosolic tail of the insulin, EGFR 

and LDL receptors; the YXXq_) motif found in transferrin receptors as well as the di

leucine based motif SLL found in· glucose transporters (e.g. GLUT4) (McNiven and 

Thompson, 2006): The recognition and binding of targeting signals by adaptor proteins is 

regulated· by the "state" of clathrin. : Pre-existing assembled clathrin activates adaptor

associated kinas·e 1 (AAIG) which phosphorylates AP-2. Phosphorylated AP-2 has a 

higher binding affinity for !atgeting signals in cargo. It is proposed that phosphorylated 

AP-2 recruits cargo into CCPs (Conner and Schmid, 2002; Ricotta et al., 2002). These 



16 

results also support the idea that cargo is recruited into a pre-existing coat (Scott et al., 

2002). On the other hand, there is evidence to support the idea that recruitment of cargo 

stabilizes CCPs (Ehrlich et al., 2004). 

It was previously thought that CCV s were uniform, and that the cargos transported in 

them were varied. Now several pieces of evidence show that the cargo itself may define 

a subset of CCV s (Puthenveedu and von Zastrow, 2006; Tosoni et al., 2005). The idea of 

a cargo specific subset ofCCVs would decrease competition._between-different receptors 
,. 

that use the same core clathrin machinery. For example, transferrin receptor (TfnR) 

trafficking protein (TTP) specifically interacts with TfnR, and recruits dynamin to TfnR 

positive CCV s. Phosphorylation of._ TTP inhibits its function, and also blocks TfnR 

endocytosis, providing a way for cells to ex~lude TfnRs from some CCVs (Tosoni et al., 
. . 

2005). Also; PDZ bindingGPCRs,:can regulate the formation of CCVs devoid ofTfnRs. 

The dynamics of CCV containing PDZ binding GPCRs is different from that of CCV s 

containing other receptors in that they remain on the cell surface longer prior to scission. 

In addition to providing the cell a kinetic mechanism for decreasing the competition with 

other cargos during endocytosis, it is proposed that this might also provide a mechanism 

for efficient concentration of specific cargo into CCPs (Haucke, 2006; Puthenveedu and 

von Zastrow, 2006). 

Invagination and Scission of Coated Pits to Form Isolated CCV s 

Purified clathrin can self-assemble into lattices in vitro. This observation leads to the 

idea that clathrin has an intrinsic ability to curve. However, studies indicate that clathrin 

clustering might function to maintain curvature rather than provide the driving force for 
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curvature (Nossal, 2001).· Indeed, other coat proteins are actively involved in the 

curvature process (Ford et al., 2002). For example, epsin is proposed to induce CCP 

curvature in an early stage of CCP forn;iation as discussed above. In contrast, endophilin 

and amphiphysin are involved a later stage of CCP invagination (Gallop et al., 2006; Hill 

et al., 2001; Masuda et al., 2006; Ringstad et al., 1999). Both endophilin and 

amphiphysin contain a BAR (Bin/Amphiphysin/Rvs-homology) domain, and an N

terminal amphipathic helix (Gallop et al., 2006). The BAR domain is thought to "sense" 

the curvature of CCPs and to bind to the curved membrane. After binding, the 

amphipathic helix is inserted into the outer leaflet of the plasma membrane, producing an 

imbalance between the outer and inner layers of membrane. The imbalance induces 

curvature. At the same time, BAR domains interact with neighboring BAR domains to 

form a crescent-shaped BAR dimer, which can stabilize the curvature (Dawson et al., 

2006). Hence, once the curvature is formed, the BAR domain can recruit more BARs to 

promote the invagination process (Gallop et al., 2006; ·Masuda et al., 2006). 

After invagination, dynamin is recruited to the membrane through an interaction with 

amphiphysin. Recruited dynamin also interacts directly with the membrane through the 

binding of PIP2. Assembled dynamin stimulates GTPase activity, resulting in a 

conformational change, which provides the force for membrane scission and release of 

the CCV (Hinshaw and Schmid, 1995; Praefcke and McMahon, 2004; Thompson and 

. McNiven, 2001 ). Dynamin also functions to recruit and induce the assembly of actin 

(Schafer, 2004). Dynamin directly binds to cortactin, which stimu~ates actin nucleating 

activity of Arp2/3 (Schafer et al., 2002; Uruno et al., 2001). Syndaptin/PACSIN may 

function-as a scaffold protein that connects dynamin and N-WASP (Neural Wiskott-
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Aldrich Syndrome protein) .. N-WASP activates the actin nucleating activity of Arp2/3 in 

combination with Rho-family GTPases and PIP2 (Welch and Mullins, 2002). In live cell 

imaging experiments, the pinching off of vesicles occurs immediately after the 

recruitment of dynamin, and almost at the same time as the re-arrangement of actin and 

the recruitment of cortactin (Merrifield et al., 2002; Merrifield et al., 2005). These 

observations suggest that dynamin functions upstream of actin rearrangement. Dynamin 

also contains a BAR domain, the conserved domain mentioned above thought to play a 

role in membrane curvature. Therefore, dynamin might facilitate a cooperative interaction 

between vesicle invagination and actin assembly (Itoh et al., 2005). 

Actin is actively involved in the CCV pinching off process (Cao et al., 2005; 

Engqvist-Goldstein and Drubin, 2003; Engqvist-Goldstein et al., 2004; Yarar et al., 2005). 

Disrupting actin function impairs vesicle scission (Merrifield et al., 2002; Merrifield et al., 

2005). Hipl and HiplR interact with actin, clathrin andAP-2 (Chen and ~rodsky, 2005; 

Legendre-Guillemin et al., 2002; Legendre-Guillemin et al., 2005) c:tnd promote CCV 

formation, probably providing another link between clathrin coat assembly and actin 

assembly in addition to dynamin. In Hip 1 null cells, CCV s are tightly bound to actin 

(Carreno et al., 2004; Engqvist-Goldstein et al., 2004). 

Uncoating 

Uncoating of CCVs requires the disruption of protein-protein and protein-lipid 

interactions. Synaptoj anin is a polyphosphoinositide phosphatase which hydrolyzes PIP2 

· and phosphatidylinositol 1,4,5-phospbate into phosphatidylinositol to disrupt the protein

lipid interacti<;ms that keep clathrin assembled (Cremona and De Camilli, 2001; Cremona 



et al., 1999). Synaptojanin is recruited. to the CCPs before scission via interaction with 

amphiphysin and endophilin (Ringstad et al., 1997). Deletion of synaptojanin in mice 

results in the accumulation of CCVs at synaptic terminals (Cremona et al_~, 1999). 
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Auxilin, another important uncoating protein, contains a clathrin heavy chain binding 

domain and a DnaJ domain through which it interacts with Hsc70. Binding of auxilin to 

clathrin recruits H;sc70 into the CCV. The DnaJ domain activates Hsc70 GTP hydrolysis, 

resulting in CCV disassembly. After hydrolysis, GDP bound Hsc70 binds the freed 

clathrin, functioning as a chaperone to maintain clathrin in a disassembled state (Lemmon, 

2001). 

Vesicle Transport and Fusion 

After uncoating, vesicles carrying cargo1;, from donor membranes are transported and 

fused to target membranes. The transport of vesicles to target membranes is highly 

regulated for the purpose of specificity .. Rab and SNARE (soluble NSF attachment 

protein receptor) proteins cooperatively control this process (Ungermann and Langosch, 

2005). Rab proteins mediate the correct docking and tethering of the vesicle to the target 

membrane through the interaction with Rab effectors (McBride, 2001 ); Vesicle SNARE 

proteins (vSNARE) pair and bind to target membrane SNAREs (tSNAREs) to provide 

the force for membrane fusion (Paumet et al., 2004; Ungar and. Hughson, 2003; 

Ungermann and Langosch, 2005). Rab proteins are GTPases found both in the GDP 

bound (inactive) and GTP bound (active) states. Rab-GDP proteins are maintained in the 

cytosol through the binding of GDP-dissociation inhibitors (GDis) (Pfeffer and Aivazian, 

-2004; Sasaki et al., 1990; Ullrich et al., 1993), and delivered to target membranes by GDI 
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displacement factors (GDFs). Rab proteins are docked on the target membrane through 

the binding of Rab effectors (Dirac-Svejstrup, 1997; Pfeffer and Aivazian, 2004; Pfeffer, 

2001; Sivars et al., 2003). For example, Rab5 is recruited to early endosome and 

activated by the Rabaptin-5-Rabex-5 com~lex. The active Rab-GTP activates PIK3 

(phosphatidylinositol-3-OH kinase) to produce phosphatidylinositol 3-phosphate 

(Christoforidis et al., 1999). Phosphatidylinositol 3-phosphate recruits effectors 

including EEAl (Gaullier et al., 2000; Lawe et al., 2000) and Rabenosyn-5 (Nielsen et al., 

2000). Several pieces of evidence indicate that Rab proteins are actively involved in 

every step of vesicle trafficking, includirig vesicle budding, movement, docking and 

fusion (Deneka et al., 2003; Jordens et al., 2005; Segev, 2001a; Segev, 2001b). 

Clathrin Medicated Transport at the TGN 

CCV mediates the transport of mannose-6-phosphate receptors from the TGN to late 

endosome. Thus far, most studies of CCV me~iated transport in the TGN have focused on 

CCP nucleation and cargo recruitment, whereas the later steps are not well characterized. 

In general, regulation of the early stages of CCV formation at the TGN differs from that 

in the plasma membrane. To nucleate CCVs, ARFl (ADP-ril>o~ylation factor 1) and 

phosphatidylinositol 4-phosphate r_ecruit adaptor protein complex 1 (AP-1) to the TGN 

membrane (D'Souza-Schorey and Chavrier, 2006).· In addition to APl, GGA (Golgi

localized, y-ear-containing, Arf (ADP-ribosylation · factor)-binding protein) serves as · 

another adaptor protein critical for the recruitment of clathrin to the TGN membrane. 

GGAs contain three domains, the VHS (Vps2p, Hrs, and STAM), the GAT (GGA and 

TOMI) and the carboxyl-terminal GAE (y-adaptin ear) domain. VHS recognizes and 
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binds to a DXXLL targeting motif in cargo. GGA itself contains a DXXLL sequence in 

the linker region between the GAT and GAE domains. Binding of VHS to this DXXLL 

sequence auto-inhibits GGA, (Bonifacino, 2004). GAT domains bind to ARFl-GTP, 

resulting in the recruitment of GGA to membranes (Donaldson and Jackson, 2000). 

Clathrin binds to the hinge segment located between the GAT and GAE domains through 

a clathrin-box-like sequence. Both GGA and APl recruit cargo and clathrin. It seems 

that the function of GGA overlaps with tl}at of AP 1. However, GGA is proposed to aid in 

translocating cargo to AP 1. Cargos are recruited to the TGN inembrane via the interaction 

of cargo DXXLL motifs with the VHS domain in GGA. After interaction, casein kinase II 

. binds APl and phosphorylates the serine in the DXXLL motif in GGA. The VHS domain 

has a higher affin~ty for the phosphorylated DXXLL in GGA. Finally, the VHS domain 

disassociates from cargo, and transfers cargo to AP 1 (Doray et al., 2002). 

AMPA Recepto_r Trafficking and Synaptic Plasticity 

Synaptic plasticity is the long term change in synaptic strength following synaptic 

activity, and is proposed to play a role in learning and memory (Malenka and Bear, 2004; 

Malinow and Malenka, 2002). The two most studied forms of synaptic plasticity are long 

term depression (LTD) and long tenl?- potentiation (LTP). Synaptic plasticity can be 

induced via adaptations in either the presynaptic or postsynaptic terminal (Malenka and 

Nicoll, 1999). In the presynaptic terminal, LTP inducing stimuli activate neurons to 

release messengers, such as nitric oxide (Bon and Garthwaite, 2003;-Wang et al., 2005) or 

neurotrophins (Poo, 2001) that act . on the presynaptic terminal to increase gl:u,tamate 

release, or to induce the formation of new synapses. In the cerebellum, neuronal activity 
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stimulates the release of endocannabinoids, · which act on presynaptic endocannabinoid 

receptors and induces LTD (Kreitzer and Regehr, 2001a; Kreitzer and Regehr, 2001b; 

Kreitzer and Regehr, 2002). 

In the postsynaptic terminal, two mechanisms have been worked out to explain the 

changes in synaptic strength. These mechanisms involve either a change in the properties 

or a change in the number of synaptic AMPA receptors (AMPARs) (Bredt and Nicoll, 

2003). AMPARs are the major receptors that mediate excitatory transmission in brain. 

AMPARs. have four subunits, GluRl, GluR2, GluR3 and GluR4. In adult hippocampus, 

GluR2 forms heterodimers with GluRl or GluR3 (Wenthold et al., 1996). GluR4 is. only 

expressed in early postnatal periods (Zhu et al., 2000). Removal of AMPARs or insertion 

of new AMPARs is proposed as the main mechanism underlying LTD and LTP, 

respectively (Bredt and Nicoll, 2003; Malenka and Bear, 2004; Malinow and Malenka, 

2002). GluR1/GluR2 heterodimer trafficking is activity dependent. GluR2 play a 

dominant role over GluRl in endocytosis and sorting (Lee et al., 2004; Shi et al., 2001). 

In contrast, GluRl plays a dominant role over GluR2 in exocytosis (Passafaro et al., 2001; 

Shi et al., 2001). GluR2/GluR3 heterodimers constitutively cycle between the membrane 

and intracellular vesicles (Passafaro et al., 2001; Shi et al., 2001). 
. ' 

AMPARs have been shown to undergo. two types of enq.ocytosis, stimulated and 

constitutive. Stimulated or activity-dependent endocytosis involves mainly GluR2-

containing AMPARs (Lee et al., 2004) and can be elicited by treatment with AMPA or 

NMDA (Ehlers, 2000; Lin et al~, 2000). Constitutive endocytosis is thought to be 

involved in the cycling of GluRl ;or GluR2-containing AMPARs in and out of the 

synapse (Ehlers, 2000; Lin.et al., 2000; Shi et al., 2001). Manipulations that target either 
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form of endocytosis can have a strong effect on hippocampal circuits (Luscher, 1999), 

since AMP AR number determines synaptic strength (Malin ow and Malenka, 2002). 

LTD can be induced in CAI synapses by low frequency stimulation of the Schaffer 

collaterals (such as 900 pulses of lHz). LTD. inducing stimuli are proposed to induce a 

modest increase of intracellular Ca2
+ through NMDA receptors (Malenka and Bear, 2004; 

Malinow and Malenka, 2002). Studies indicate that Ca2
+ release•from intracellular stores 

can also induce LTD (Nakano et al., 2004). . Modest increases in Ca2
+ activate 

calcineurin/protei1:1 phosphatase 1 (PPl) that -is thought to . dephosphorylate PKA 

substrates, but not CaMK.II substrates (Kameyama et al., 1998; van Dam et al., 2002a). 

One PP 1 substrate is· GluRl. Dephosphorylation of GluRl at serine residue 845 (Ser-845) 

decreases ·the channel peak response · open probability- (Banke et al., 2000). 

Dephosphorylation of Ser-845 is also needeµ for the GluRl endocytosis (Ehlers, 2000; 

Lee. et.al., 2003). 

LTD inducing stimuli· also result in the removal of AMPA receptors from synapses 

via CCV dependent endocytosis. Many aspects of clathrin-mediated endocytosis 

discovered in non-neuronal cells appear to also play a role in AMPARs endocytosis in 

dendritic spines. For example, AMPAR endocytosis occurs in a specific region of the 

spine head found lateral to the PSD (Blanpied et al., 2002). Actin depolymerization is 

important for the translocation of AMPA receptors to the endocytic zone (Zhou et al., 

2001). AMPA receptor endocytosis depends on association with AP-2 (Lee et al., 2002). 

Rab5 regulates the stimulated endocytosis of AMPARs (Brown et al., 2005). Beside 

these general similarities with clathrin-mediated endocytosis in non-neuronal cells, some 

neuronal specific proteins also appear to regulate AMPAR endocytosis in dendritic spines. 
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For example, hippocalcin, a hippocampal spedfic protein, has been found to be important 

for AMPAR endocytosis and LTD (Palmer et al., 2005). However, one major question 

that remains to be answered is how synapses translate Ca2
+ and PP 1 signaling to the 

endocytic machinery for removal of AMPARs from synapses. 

LTP can be induced by high frequency stimulation (such as 100 Hz for 1 second). 

LTP ·inducing stimuli result in a high level of Ca2
+ influx through NMDA receptors. 

Increases in intra~ellular Ca2
+ activate CaMKII which activates down-stream effectors. 

Although CaMKII is necessary for the LTP, the substrates for CaMKII remained to be 

characterized. GluRl might be one of the substrates. Phosphorylation of Ser831 in 

GluRl not only increases the channel conductance of GluRl (Derkach, 1999), but is also 

needed for the insertion of AMPA receptor on cell surface (Lee et al., 2003). Recycling 

endosomes serve as the source of AMPA receptors inserted into the synapses. The 

insertion of AMPAreceptprs into synapses·is regulated by Rabll (Park et al., 2004). 



II. MATERIALS AND METHODS 

DNA Constructs 

Plasmids used in this study include pEGFP-C2 (Clontech), pCMV-Tag2C or 

Tag3C (Stratagene) vectors expressing respectively, N-terminal EGFP, FLAG or myc 

epitope-tagged cDNA of human calcyon and light chain a (GenBank Accession number 

AF225903 and NM_007096, respectively). · For pull-down assays, segments of the 

calcyon or the clathrin LCa open -reading frame were· PCR amplified using primers 

containing restriction enzyme sites for subcloning into the multiple cloning sites of 

pET30a (Novagen) and p'GEX4T-3 (Amersham), respectively. The DNA sequence of 

each construct was determined by an Applied Biosystems automated DNA sequencer 

(Model 3 77XL) by the Molecular Core facility at the Medical College of Georgia. 

Protein Expression and Purification 

BL21 (DE3) competent cells were freshly transformed with pET30_ or pGEX-4T-3 

plasmids containing. S~Tag or GST fusion protein .. seque~.ces respectively. One colony 

was picked the next morning and grown at 37°C in 300 ml LB medium in a shaking 

incubator at 3 7°C. The growth of the cultures was monitored until the OD6oo value of the 

cultures reached between 0.4 and 0.6. IPTG was then added to the cultures to a final 

concentration of lmM. The cultures were incubateq in the'shaker for another 3 hours. 

After incubation, cultures were: put on ice for 5 minutes arid cells were spun down at 

25 



26 

7000 rpm for 5 min. The pellets were re-suspended in 20 ml cold lysis buffer (20 ~ 

Tris, pH7.5, 150mM NaCl, 0.1 % Triton X-100) containing a cocktail of protease 

inhibitors (complete mini, EDTA free; Boehringer), and soriicated on ice with a series of 

short repetitive bu:rsts. The lysates were centrifuged at 14,000 rpm for 20 min, and the 

supernatants containing the expressed proteins retained. 

To purify S-tagged fusion protein, supernatants were incubated with S- protein 

agarose (Novagen) overnight at 4 °C. The protein bound agrose was washed 4 times with 

washing buffer (20 mM Tris-HCl pH 7.5, 0.15 M NaCl, 0.1 % Triton X-100). The bound 

proteins were eluted by incubation with washing buffer containing 3M guanidine 

thiocyanate. Eluted protein was dialyzed overnight in buffer containing 20 mM Tris-HCl, 

pH 7.5, 0.15 M NaCl using slide-A-Lyzer dialysis cassette (Pierce) and concentrated into 

a small volume using polyethylene glycol (molecular weight 15,000-20,000, Sigma) as an 

osmolyte. 

Pull-down Assays 

Equivalent amounts of GST only or full-length and truncated· GST-LCa fusion 

proteins were pre-bound to glutathione resin (Amersham), and blocked with binding 

buffer (150 mM NaCl, 0.1 % Triton, 20 mM Tris, pH 7.4) containing 1 % ~SA for 30 min. 

Purified S-Tag calcyon fusion proteins were subsequently incubated in binding buffer 

with the resin for 1 hom~. at RT, and resins washed five times each with a 10-fold excess 

of binding buffer. -Bound proteins were eluted with SDS PAGE loading buffer, resolved 

by SDS PAGE electrophoresis· onto polyvinylidene difluoride (PVDF) membranes (ICN 

Biomed, Inc., .Ohio)~ ·.Membranes were blocked i~ PBS buffer containing 0.1 % Tween-20, 



Figure 3. Pull down assays 

GST fusion proteins are pre-bound to glutathione resin, and blocked with binding buffer 

(150 mM NaCl, 0.1 % Triton, 20 mM Tris, pH 7.4) cont~ining 1% BSA for 30 min. 

Purified S-Tag fusion proteins are subsequently incubated in binding buffer with the resin 

for 1 hour. at RT, and resins washed five times each with a 10-fold excess of binding 

buffer. Bound proteins are then elut~d with SDS PAGE loading buffer, resolved by SDS 

PAGE, and probed with HRP-conjugated S protein. 
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10% non-fat dry milk and 5% normal goat serum prior to incubation with horseradish 

peroxidase (HRP)-conjugated S protein (1 :2000; Novagen). The membranes were washed 

three times in PBS containing 0.1 % Tween-20 prior to detection of bound antibodies by 

enhanced chemiluminescence (ECL; Amersham). A diagram of the pull-down assay 

method is shown in figure 3. 

Co-immunoprecipitation Assay 

Co-immunoprecipitation studies in myc-calcyon HEK.293 cells were conducted 

with cells solubilized in ice-cold lysis buffer. Cells were homogenized in lysis buffer 

(0.5% NP-40, 150 mM NaCl, 10% glycerol, 25 mM HEPES pH 7.5) containing a 

cocktail of protease inhibitors (complete mini, EDTA free; Boehringer). Homogenates 

were then centrifuged at 4 °C for 20 min at 14,000 rpm, and the protein concentration of 

the supematants determined. Rabbit anti-myc or anti-B-gal antibodies were added to the 

supematants, followed by incubation with protein A/G slurry for 3 h at 4 °C. The slurry 

was washed four times with lysis buffer and .bound proteins eluted with SDS loading 

buffer, resolved by SDS PAGE and immunoblotted with a-adaptin (1:1000; BD 

Transduction Labs), y-adaptin (1:100.0; BD Transduction Labs), 8-adaptin SA4 

(1:500,NICHD and the University. of Iowa Developmental Studies Hybridoma Bank), 

HRP-conjugated FLAG M2 (1: 1000; Sigma) mouse monoclonal antibodies, or an HRP

conjugated myc rabbit antibody (1:1000; Roche); 

Clathrin Purification and Assembly Assays 

CCVs were purified from rat brains exactly as described in (Maycox et al., 1992). 



29 

Thirty rat brains were homogenized in buffer A (O. lM MES/NaOH, pH6.5, 1 mM EGTA, 

0.5 mM MgCh) using a glass-teflon homogenizer (10 strokes_ at l,500rpm). Homogenates 

were centrifuged at 15,000 rpm for 23:qiin in Ti45 rotor and the supematants were 

collected and centrifuged a~ 27,000 rpm for lhour (Ti 45 r_otor). The pellets were 

collected, re-suspended in 20 ml buffer A and homogenized by three strokes at 2,000 rpm 

in a glass-teflon, . followed by dispersion through a 27 gauge needle. · The suspensions 

were mixed with 20 ml of buffer A containing 12.5% (wt/vol) Ficoll and 12.5% (wt/vol) 

sucrose and centrifuged for 40 min at 23,735 rpm (Ti 60 rotor). The supematants were 

diluted 1 :5 in buffer A and centrifuged for 1 h at 35,800 g (Ti45) to pellet coated vesicles. 

The pellets were re-suspended again as above in 30 ml of buffer A and cleared by 

centrifugation at 16,783 rpm for 20min. The supematants were layered on top of buffer A 

prepared with D2O containing 8% (wt/vol) sucrose and centrifuged for 2 h at 25,000 rpm 

in SW 28 rotor. The final pellets containing purified coated vesicles were re-suspended 

in buffer A. 

The clathrin coats were subsequently stripped from the purified vesicles by 

incubation in Buffer B (0.5 M Tris, pH 7.0, 2 mM EDTA, proteinase ~nhibitor) for 15 min 

on ice. Samples were centrifuged for 15 min at 245,000 X g. The purified coat fractions 

remained in the ~1:1pematant. The supematants were loaded onto a continuous 5-20% 

sucrose gradient prepared in buffer B, and centrifuged for 3.5 h at 195,000 X g in a 

Sorvall step saver vertical rotor. Fractions of 1 ml were collected and analyzed by 

Coomassie Blue staining and immunoblotting with clathrin heavy chain (1 :2000; BD 

BioSciences) or clathrin light chain ( 1 :200; Covance) antibodies. Peak clathrin fractions 

were pooled and dialyzed overnight in dathrin assembly buffer (10 mM Tris-HCI, pH 8.5) 
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and used for clathrin assembly assays (Legendre-Guillemin et al., 2002). Assembly 

assays were performed with purified clathrin and different concentrations of S-calcyon-C 

and S-calcyon-N fusion proteins as determined by the S-Tag rapid assay kit (Novagen) in 

a final volume of 90 µl of clathrin .assembly buffer. Assembly was initiated at 4 °C by 

addition of 10 µl of lM MES, pH 6.7. The mixture was incubated on ice for 45 min and 

centrifuged at 400,000 X g for 6 min. Supernatants. or pellets were separated on SDS

PAGE gels, and Heavy Chain (HC) detected ·by staining gels with Coomassie blue. 

Relative __ l~vels of clathrin assemQly in ·wHd typ~ and Car1
- brains were evaluated 

by differential ,centrifugation of forebrain homogenates as described· (Acton et al., 1993; 

Chen and Brodsky, 2005). Briefly, mid anqfor~brain r,egions were dissected and dounce 
. . . ~ 

homogenized (15 strokes) in homogenization buffer D (10 mM HEPES, pH 7.2, 150 mM 

NaCl~ 1 mM EGTA, 0.5 mM MgCh, 0.02 % NaN 3, protease inhibitors ( complete mini 

EDTA free; Boehringer). Homogenates were passed twice through a 27.5 gauge needle, 

and ce_ntrifuged at 1,000 X g for one minute t~ remove unbroken cells. Supernatants 

were then centrifuged at 1,000 X g for fifteen minutes to pellet nuclei and plasma 

membranes (Pl). Supernatants were re-centrifuged at 100,000 X g for 30 min at 4°C in a 

Beckman tabletop TL 100 ultracentrifuge to separate cytosolic components including 
'· 

unassembled clathrin (supernatant) from a vesicular fraction enriched in Golgi, 

endosomes and CCVs (P2).· The Pl and P2 pellets recovered-were re-suspended in a 

volume of buffer D · equal to that of the supernatant fraction. Equal volumes of P 1, P2 

and supernatant fractions were loaded on a lQ ... 15% SDS PAGE gel, and immunoblotted 

with clathrin HC (1:2000; BD BioSciences) or a-adaptin (1:1000; BD BioScience) 

antibodies. Immunoblots were subjected to densitometric analysis using NIH Image J 
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software.• The ratio of assembled to unassembled clathrin was compared between wild 

· type and Car1
- samples in a pair wise fashion using the P2 and supernatant (S) band 

intensities. 'Assembly' levels (P2/S) detected in Car1
- brain samples were normalized to 

those obtained for the wild type samples. 

Mammalian Cell lines Cultures 

HEK.293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; 

Sigma, St. Louis, MO), supplemented with 10% fetal calf serum (FCS; Sigma) in 3 7 °C, 

5% CO2 incubator. The myc-calqyon HEK.293 stable cell line was established by 

selection in culture media containing 900 µg/ml G418 (Sigma St. Louis, MO) for 2 weeks 

following transfection with pCMV-calcyon plasmid using Effectene (Qiagen). The G418 

resistant colonies were screened by faimunocytochemistry and immunoblotting methods. 

The positive colonies were maintained in culture media containing 450 µg/ml G418. 

Primary Neuronal Cultures 

Calcyon knockout (Car1
-) and wildtype (WT) mice, both on a C57Bl/6 

background were bred and housed in the animal facility at Medical College of Georgia. 

·--. All animal experiments were conducted with protocols approved by the Animal Care and 

Use Committee in accordance with the Public HealthBervic~ Guid,elines. Neurons were 

prepared from E16 mice using published protocols (Lin et al., 2000; Redmond· et al., 

2002). Briefly, coverslips were coated with 20 µg/ml poly-L-lysine (Sigma) overnight 

and 1 µg/ml l~minin (BD Bioscinece) for 2h at 37 °C. Hippocampi or neocortex were 

isolated from E16 mice and digested in 20 U/ml Pap_ain (Worthington) twice for 7 min 
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each. The digestion was stopped by washing once with light inhibitor solution (0.1 % 

Trypsin ·and 0.1 % BSA), and once with heavy inhibitor solution (1 % Trypsin anc;l 1 % 

BSA). The tissue was dissociated by gently pipetting up and down several times, and 

plated in 24 wells at 2 X 104 per well or at 1.5 X 106 p·er 60mm plate in.the Basal Eagle's 

medium containing 1 mM L-glutamine, 5% fetal bovine serum. After the neurons 

attached to the plate (1-2 hours after plating), the media was changed to growth media 

(Neurobasal media supplemented with B-27 V :50), 0.5 mM L-glutamine and 12.5 µM 

glutamate). At 4 days in vitro (DIV) and every 7 days thereafter, half of the media was 

replaced with feeding media (Neurobasal media supplemented with B-27 and 0.5 mM L

glutamine). For the transferrin trafficking and calcyon/LC colocalization studies, cells 

were plated at a density of 2 X 106 ceHs per35 mm plate, or 0.3 x 106 cells per well in a 

24 well plate, and maintained in glutamine-free Basal Media Eagle, 1 mM glutamine, 1 % 

N2, and 5% FCS at 3 7°C. 

Neuron Transfection 

EGFP-LC and Flag-calcyon were mixed with 100 mM CaCh and added to an 

equal volume of 2X HEPES-buffered saline (274 mM NaCl, 10 mM KCl, 1.4 ~ 

Na2HPO4, 15 mM D-glucose, 42 mM HEPES, pH 7.05). The DNA mixture was 

incubated with DIV~ neurons at 37°C in 5% CO2 until a fine precipitate was visible (but 

no longer then 30 min). The neurons were then washed with DMEM until no precipitate 

was visible, and cultured in the original medium at 3 7°C, 5% CO2 for four days prior to 

immunocytochemistry. 
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Immunocytochemistry 
. . . 

For the EGFP,-LC and myc-calcyon colocalization study, neurons were seeded on 

poly-L-lysine and laminin coated glass cover slips. Cells were fixed in PBS containing 
\l 

4% parafonnaldehyde for 20 min at ·room temperature (RT). After blocking in PBS 

containing 5% non-fat dry milk, 5% normal goat serum (NGS) and 0.1 % Triton X-100 

for 1 hour at RT, cells were incubated with rabbit anti-Myc (1:2000; AbCam) and mouse 

EGFP antibodies (1:250; Molecular Probes) for 1 hour at RT. Bound primary antibodies 

were detected by incubation with the appropriate secondary antibodies, either goat anti

mouse Alexa 488 (1 :2000) and/or goat anti-rabbit Alexa 594 (Molecular Probes) (1 :2000) 

for 30 min at RT. Cells were washed five times in PBS after fixation and each antibody 

incubation step. Coverslips were mounted in Prolong Antifade (Molecular Probes), and 

immunolabeling observed under a· laser scanning confocal microscope (Zeiss Axiovert 

LSM 510, Carl Zeiss, Jena, Germany) using a Zeiss Plan-Apo 63 x I .40 NA oil immersion 

objective lens, and documented using LSM510 software. Cells were excited using a 488-

nm argon/krypton laser and detected with a 515-540-nm band pass filter. Alexa 594 was 

excited using a 543-nm helium/neon laser and detected with a 560-nm band pass filter. 

. Images were· collected at 1024 X I 024 resolution with a scan speed setting of 9, and 

pinhole adjustments of 0.8 and 0.9 µm, respectively for the 488 and 594 channels. 

For the Tfn co-localization studies, HEK293 cells ·were plated on poly-lysine 

coated cover slips and transfected with myc-calcyon. 16-24 hour. later, the cells were 

incubated on ice for 45 min with 25 µg/ml Alexa-488 conjugated Tfn. Unbound Tfn was 

removed by washing cells with ice-cold wash medium. The cells were shifted to 3 7 °C 

for two to fifteen minutes. Uptake was stopped by placing the cells on ice, and washing 
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twice with acid PBS (30 mM Glycine, pH 2.5) for 2 min at 4 °C to remove any surface

bound Tfn. Myc-calcyon was detected with rabbit anti-myc antibodies (1 :2000) followed 

by Alexa-594 conjugated goat anti-rabbit secondary antibodies. Confocal images were 

taken using the Zeiss LSM-510 microscope. 

Tfn Endocytosis and Recycling Assays 

For the HRP-Tfn uptake and recycling protocols (Hunyady et al., 2002; Steiner et 

al., 2002), myc-calcyon HEK.293 and. control HEK.293 cells were plated on poly-ly_sine 

coated 6 well plates -at a density of 5X 105 /well. The next day, the cells were washed twice 

with warm DMEM, and incubated for 30 min at 37 °C in pre-warmed Transport Medium 

(DMEM containing 0.1 % BSA and 20 mM HEPES, pH 7.4). For HRP-Tfn endocytosis 

studies, the cells were shifted to 4 °C by placing on ice, an_d wash once with ice cold 

DMEM. The cells were then incubated on ic~ with cold -Transport medium containing 

HRP conjugated human Tfn (1 µg/rnl) for 90 min to allow binding of Tfn t~ the cell 

surface. The samples were washed three times- for five minutes each in ice cold PBS to 

remove unbound ligand. Siibsequently, endocytosis but not recycling was allowed to 

proceed by shifting the cells to 16 °C. Time points were taken at 0, 5, 15, 30, 60 min by 

returning the plates to ice, and washing in PBS containing 30 mM glycine, pH 2.5 

followed by two washes in PBS prior to lysing the cells in PBS/1% Triton-100. 

For the HRP-Tfn recycling studies, the cells were pre-loaded with, HRP-Tfn by 

incubating cells at 3 7 °C for 60 min in warm Transport Medium containing 1 µg/ml HRP

Tfn. The cells were then placed on i~e and washed twice in PBS containing 3 0 mM 

glycine, pH 2.5 to remove surface bound HRP-Tfn, followed by two additional washes in 
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PBS for five minutes each. Recycling was stimulated by incubating the cells at 37 °C in 

pre-warmed transport media containing 100 nM unlabeled Tfn and 100 µM 

desferroxamine to block reuptake ofrecycled Tfn. Time points were taken at 0, 5, 15, 30, 

60 and 120 min by shifting samples to ice and. washing three times in PBS containing 30 

mM glycine, pH 2.5 followed by two washes in PBS before lysing the cells. 

For quantitation of Tfn endocytosis in wild type and car1
- neurons, neocortical 

neurons were prepared from E16-inice as described above, and plated on poly-lysine and 

laminin coated 35 mm dishes at a density of 2X106 cells per dish. At 4 DIV, the neurons 

were washed and incubated for 30 min at 37°C in pre-warmed Transport Medium (Basal 

Medium Eagle containing 0.1% BSA and buffered with 20 mM HEPES, pH 7.4). 
. . . 

Neurons were then.incubated on ice for 90 min with 5 µg/ml mouse HRP-Tfn in transport 

medium, and shifted to l 6°C, a temperature permissive for endocytosis, but not recycling. 

Time points were taken at 0, 5, 15, 30, 45 and 60 min by placing dishes on ice and 

washing six times with cold PBS. 

For determining rates of HRP-Tfn recycling, neurons at 4 DIV were washed and 

incubated for 30 min at 37°C in pre-warmed Transport Medium, and then pre-loaded with 

HRP-Tfn by incubating cells at 37°C for 60 min with 5 µg/ml mouse HRP-Tfn in 

Transport Medium. After loading, cells were placed. on ice and washed twice with ice 

cold acid PBS, pH 2.5, followed by two washes with ice cold PBS. Recycling was 

measured in warm transport medium containing 100 mM desferroxamine at 3 7°C. Time 

points were taken at 0, 5, 15, 30, 60, and 120 min by placing the cells on ice, and washing 

in PBS containing 30 mM glycine, pH 2.5 and PBS before lysing cells in PBS/1 % Triton-

100. 
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In all the endocytosis and recycling assays described above, HRP-Tfn values were 

determined for ·using the HRP TMB substrate (Sigma). OD values obtained with the 

TMB substrate at_ 450 nm after addition of 2 M H2SO4, were normalized such that the 

intracellular HRP-Tfn/mg protein values were determined for each sample with standard 

curves both for protein and HRP-Tfn. 

Cell Surface GluRl Immunofluorescence 

Hippocampal neurons (14-21 DIV) were incubated with for 30 min lµM TTX in 

ACSF (120 mM NaCl, 5 mM KCl, 5 mM HEPES, 20 mM glucose, 25 mM sucrose, 1.8 

mM CaClz, 1.0 mM MgClz, pH7.4). Subsequently, neurons wer~ stimulated with AMPA 

(lO0µm, 50 µm D-AP5) or NMDA (20 µM) in the presence of 1 µM TTX for 0, 5, 10, 20 

min in 37 °C. The neurons were fixed in 4% PFA, 4% sucrose for 5 min at RT, and 

blocked under non-permeabilizing conditions in blocking buffer (5% goat serum, 5% 

milk in PBS) at RT for 1 hour. Cell surface GluRl was detected by incubating coverslips 

with rabbit anti-GluRl antibody (Calbiochem, 20µg/ml) in blocking buffer for 2 hours. 

After washing, coverslips were incubated with Alexa488-conjugated goat anti-rabbit 

secondary antibody (1: 1000) in blocking buffer for 40 min. Unbound antibodies were 

removed by washing five times with PBS, before mounting coverslips in Prolong anti

fade medium (Invitrogen). After blocking in PBS containing 5% non-fat dry milk, 5% 

normal goat serum· (NGS) and 0.1% Triton X-100 for 1 ·hour. Also, to confirm that 

fixation did not permeabilize cells, we detected the clathrin LC with mouse anti-LC 

monoclonal antibody (Covance, 1 :200) under the non-permeabilizing conditions 

described as above, or under permeabilizing conditions. For permeabilization, blocking 
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buffer containing 5% non-fat dry milk, 5% normal goat serum (NGS) and 0.1 % Triton X-

100 in PBS was used in every blocking and antibody incubation step. Micrographs were 

taken with a Zeiss Axiovert 100 microscope under a 63X objective using a Till Photonics 

epifluorescent imaging system including an Imago type QE CCD camera, and TiLL 

vision imaging software. Images for all experimental groups were . taken using . the 

identical acquisition parameters (i.e. with a bin setting of 1, and exposure time of 5 sec). 

GluRl cell surface staining was quantified by the methods previously described 

(Beattie et al., _·2000; Sun et al., 2005) using NIH ImageJ software (version 1.36b) as 

shown in figure 4. Briefly,. the area (in pixels2
) of fJ.uorescence specifically corresponding 

. . , 

to GluRl labeling was measured using a threshold set at least two times higher than the 

average background fluorescence detected in comparable processes of control cells 

, labeled with only secondary antibody. The GluRl antibody labeled area was then 

normalized to the total area (in pixels2
) of th~ labeled region by setting the threshold 

lower than the background fluorescence detected in control cells. Processes located one 

soma diameter distance from the soma were selected, and three areas in each cell were 

averaged to determine the labeling of a given cell. Quantification was performed in a 

genotype and treatment blind manner. Once the code was broken, values were 

normalized to levels detected in untreated cultures, and the time course of change was 

calculated by curve fitting with a single exponential, and determining the half-life of the 

decay in surface labeling ( 't) for each response. 



Figure 4. Method for quantifying GluRl cell surface staining 

GluRl cell surface staining was quantified using NIH ImageJ software (version 1.36b). 

(A) GluRl cell surface _ staining micrographs were taken with a Zeiss Axiovert 100 

microscope under a 63X objective using an Imago type QE CCD camera, and TiLL 

vision imaging software with a-bin setting of 1, and exposure tim~ of 5 Sec._ (B) The area 

(in pixels2
) of fluorescence specifically corresponding to GluRl labeling was measured 

by setting the threshold to 804. (C) The total area (in pixels2
) of the labeled region was 

measured by setting the_ threshold to 307. Processes loc~ted one soma diameter distance 

from the soma were selected, _and three· such areas in_ each cell were averaged to 

determine the labeling of a given cell. GluRl staining was quantified by dividing the 

area of the labeling by total area of the dendrite. 
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Biotinylation Assay of AMPA Endocytosis 

Biotinylation studies were carried out following the meth~ds described (Ali and 

Bergson, 2003; Ehlers, 2000). A flowchart explaining the assay is shown in figure 5. 

Briefly, cortical neurons (14-21 DIV), plated in 60 mm dishes, were pre-treated with 

ACSF containing 100· µg/ml leupeptin, lµM TTX for 30min in 37 °C, and then incubated 

with 0.5 mg/ml sulfo-NHS-SS-biotin (Pierce) in PBS containing 1 mM MgCh and 0.1 

mM CaCh for 30 min at 4°C. Unreacted biotin was quenched with three 5 min washes of 

ice-cold 10 mM glycine in PBS on ice. After two additional washes with PBS, the 

neurons were treated with 20 µM NMDA plus 1 µM TTX for 0, 5 or 15min, or 20 µM 

NMDA plus 0.45 M sucrose for 5 or 15min at 37 °C in the presence of leupeptin. After 

treatment, the cells were put on ice, and the remaining surface biotin cleaved with three 

20 min washes in.glutathione cleavage buffer (50 mM glutathione, 75 mM NaCl, 75 mM 

NaOH, 10% FBS) at 4°C. Cells were washed twice with PBS, and the remaining 

stripping buffer quenched with three. 5 min washes with PBS containing 50 mM 

. iodoacetamide plus 1 % BSA. Cells were lysed, and protein concentrations determined. 

Sample volumes were adjusted with lysis buffer to attain equal protein concentrations in 

all groups. Biotinylated receptors were recovered by incubating with streptavidin agarose 

(Pierce) at 4°C for 2 hour. Slurries were washed twice with lysis buffer, twice with 1.5 M 

guanidine HCl, followed by two additional washes with lysis buffer~ Bound proteins were 

eluted with SDS loading buffer, resolved by SDS-PAGE, and immunoblotted with rabbit 

anti GluRl . antibody (2µg/ml). The antibody was detected with ECL (Amersham). 

Immunoblots were subjected to densitometric analysis using NIH Image J software, and 

band' intensities normalized to untreated . control. values. Values obtained in three 
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independent experiments performed on cultures from different litters were averaged, and 

the means+/- SEM for each treatment group compared by one way ANOVA followed by 

Tukey-Kramer post-test. 



Figure 5. Biotinylation assay of AMPA receptor endocytosis 

Cortical neurons (14-21 DIV) plate_d in 60 mi:n dishes were labeled with 0.5 mg/ml sulfo

NHS-SS-biotin (Pierce) in PBS containing 1 niM MgCh and 0.1 mM CaCh for 30 min at 

4 °C. Unreacted biotin was quenched with three 5 min washes of ice-cold 10 mM glycine 

in PBS on. ice. After agonist stimulation, the cells were put on ice, and the remaining 

surface biotin cleaved with three 20 min washes in gluthathione cleavage buffer ( 50 mM 

glutathione, 75 mM NaCl, 75 mM NaOH, 10% FBS) at 4°C. Cells were then washed 

twice with PBS, and the remaining stripping buffer quenched with three 5 min washes 

with PBS containing 50 mM iodoacetamide plus 1 % BSA. Cells were lysed and 

biotinylated receptors were recovered by incubating with streptavidin agarose (Pierce) at 

4 °C for 2 hour. Slurries were washed and bound proteins eluted with SDS loading buffer, 

resolved by SDS-PAGE, and immunoblotted with antibody. 
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III. RESULTS 

Calcyon Inter_acts with the HC Binding Domain and C-terminal Segment of LC 

A yeast two-hybrid screen of an adult human brain cDNA library using human 

calcyon C-terminal residues 123 to 217 as bait yielded an interacting clone encoding the 

neuronal isoform of clathrin light chain 'a' (LCa) (Brodsky et al., 2001; Brodsky et al., 

1991). Growth of colonies containing the calcyon bait and the LCa activation domain 

clone could be detected within two days of plating on quadruple dropout (QDO) selective 

media. In contrast, colonies containing the LCa construct and either empty bait vector, or 

an unrelated bait construct were not detectable five days- after. plating, suggesting the 

interaction between calcyoti and LCa is specific, and sufficient for growth on QDO media. 

Clathrin LCs are encoded by two ubiquitously expressed genes, LCa and LCb, 

that share approximately 60% sequence identity at the amino acid level, but differ slightly 

in length (Brodsky et al., 1991). The neural isoform of LCa is composed of a series of 

domains, including the 'conserved sequence,' Hsc70-binding site, Ca2+-binding domain, 

HC binding site, neuron-specific insert, and a C-terminal segment that includes the 

calmodulin binding site (figure 6A) (Pley et al., 1995). We localized the calcyon 

interaction domain with a panel of glutathione-S-transferase (GST) LCa fusion proteins 

(figure 6B). For example, immobilized GST fusion protein including full-length LCa 
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Figure 6. Both the heavy chain (HC) binding domain and C-terminus ofLCa are 

necessary for interaction with calcyon. (A) Cartoon of the overall domain structure of 

LCa, indicating regions included in the GST-LCa fusion proteins used in pull-down 
. . 

assays. (B-D) Numbers in-subscript refer to the LCa residues contained in the respective 

constructs. (E) Immunoblots of material pulled down by the GST-LC fusion proteins 

shown in B to D. Equivalent amounts of GST only or GST-LCa fusion protein were 

pre-bound to glutathione resin, blocked with 1 % BSA, and then incubated with purified 

S-calcyon-C. Resins were washed five times with binding buffer, and bound proteins 

eluted with SDS PAGE loading buffer. Gels were loaded with half of the eluate for 

each sample ap_d one-quarter of the input S-calcyon-C for comparison. The S-calcyon-C 

fusion protein was detected with the HRP-conjligated S protein. (F) Results of 

densitometric analysis using NIH Image J software of two independent replicates of the 

pull-down experiments shown in E. Bars and error bars show the means+/- S.E. of the 

i 

percentage of total input S-calcyon-C pulled down by the GST-LCa fusion proteins 

indicated. Levels of S-calcyon-C associated with GST-LCal-248, GST-LCa102-248, 

and GST-LCa102-248~163-192 w_ere found not to significantly differ from each other 

when analyzed by one-way ANOV A followed by Tukey-Kramer multiple comparison 

post test, but were found to be significantly greater than for the other GST fusion 

proteins (*;p<0.001). In contrast, the ability of all other GST-LCa fusions to pull down 

calcyon did-not significantly differ from that of GST only. 
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(GST-LCa1-24s) quantitatively precipitated the S-calcyon-C, a purified S-tagged bacterial 

fusion protein including the C-terminus (residues 114-217) of human calcyon. In contrast, 

similar assays With equivalent amounts of GST alone yielded no recovery of the S-tagged 

protein (figure 6 B, E). 

Further experiments revealed that truncating LCa from the C-terminus negatively 

impacted the yield of S-calcyon-C pulled down. The reduced effectiveness correlated 

with the extent of deletion such that the combined deletion of the C-terminal domain, 

neuron specific sequences, and HC binding site abolished the ability of GST-LCa1_101 to 

pull down S-calcyon-C (figure 6B, 6E). In contrast, an N-terminal deletion construct, 

GST-LCa102-24s resulting from removal of the conserved sequences, and the Hsc7O and 

Ca2
+ binding sites, was as effective as full-length LCa in· pulling down S-calcyon-C 

(figure 6C, E). We next tested a set of deletions of the HC binding, C-terminal and 

neuron-specific domains alone or together in varying combinations (figure 6C, D, E). 

Whereas a GST fusion proteins including only the neural specific insert (GST-LCa163-1n), 
' ... 

HC binding domain {GST-LCa102--162) or C-terminal _domain (GST-LCa193_24s) were 

ineffective, one containing the HC binding and C-terminal domains in combination was 

· as effective as full-length LC in pulling -down S-calcyon-C (figure 6D, E). Altogether, 

these results indicate that the heavy ch~.in and C-tertninal sequences are necessary and 

sufficient for LCa i~teraction with calcyon. 

LC Interacts with Calcyon Segment Containing Residues 123-155 

Next, we mapped the domain in calcyon that mediates the calcyon:LC interaction. The 

LC binding region in calcyon was pared down in pull-down experiments with a set of 
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GST constructs including N- and C-terminal deletions of the calcyon cytosolic domain 

(114-217). Many of these constructs were designed based on the predicted secondary 

structure (figure 7B). Equimolar amounts of each GST-calcyon deletion construct were 

pre-bound to glutathione resin and tested for the ability to retain full length S-Tag-LC (S

LC). GST-calcyon 114-217 quantitatively pulled-down S-LC, while GST only exhibited 

a background level of binding to S-LC (figure 7C). One construct, GST-calcyon 123-155 

exhibited binding to S-LC comparable to that obtained with GST-calcyon 114-217, 

suggesting residues 123 to 155 likely include sequences required for binding LC (figure 

7C). In contrast, the GST fusion proteins containing only residues flanking the 123-155 

segment (i.e. GST-calcyon 114-125 and GST-calcyon 155-217) did not bind LC. In 

addition, GST fusion proteins containing only part of the 123 to 155 segment (i.e. GST

calcyon 125-135, GST-calcyon 140-155, GST-calcyon 114-135 and GST-calcyon 136-

217) exhibited much weaker binding to LC compared to GST-calcyon 123-155 (figure 

7C). Collectively, these results indicate that residues in the 123 to 155 segment of the 

calcyon C-terminus mediate bindingto LC. 

Calcyon Associates with the Clathrin-Mediated Transport Machinery 

The above biochemical data are consistent with a direct interaction of calcyon and 

LC in vitro. CCVs transport proteins localized in a variety of different membrane 

compartments, including the plasma membrane, endosomes and the TGN (Maxfield and 

McGraw, 2004; van Dam et al., 2002b ). Therefore, we next sought to learn where the 

association of LC and calcyon might occur in vivo. We examined the relative subcellular 

distributions of calcyon with respect to LC. Primary cultures of mouse neocortical 



Figure 7. LC interacts with calcyon segment containing residues 123-155 

(A) Stick diagram of calcyon. (B) Predicted alpha helical regions in calcyon based on the 

Garmier-Robson _secondary structure prediction algorithm. (C) Equimolar amounts of 

each GST-calcyon deletion construct was pre-bound to glutathfone resin and tested for 

the ability to retain full length S-Tag-LC. Blot and corresponding Coomassie (below) 

stained gel showing input GST fusion proteins of pulled down material probed with 

HRP- conjugated S protein. (D) Histograms showing the S-LC binding efficiency for 

each GST-calcyon fusion protein normalized to levels of S-LC bound to GST-calcyon 

114-217. The bars show the mean, and error bars the SEM, of 2 to 4 independent 

experiments. 
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neurons were co-transfected with an N-terminal myc-tagged calcyon (myc-calcyon) and 

EGFP-LCa plasm~ds. Both myc-calcyon and EGFP-LCa exhibited a vesicular-like 

distribution in neuronal cell bodies and processes as reflected by the punctate nature of 

the labeling patterns (figure 8A). Further, there was a high degree of overlap in the LC 

and calcyon puncta in neuronal processes and cell bodies (figure 8A). Quantitation of the 

dendritic distribution revealed that the vast majority (~80%) of calcyon-labeled puncta 

are also labeled by LC, or abut LC-labeled puncta (figure 8B). In addition, co

immunoprecipitation studies were carried out to examine the association of calcyon with 

CCVs in mammalian cells. FLAG-LCa was immunoprecipitated from lysates of 

transfected myc-calcyon stable HEK293 cells by anti-myc, but not by anti-~-gal 

antibodies as shown in figure 9A. Endogenous a-adaptin, a subunit of the AP-2 adaptor 

complex, was also co-precipitated by anti-myc, but not anti-~-gal antibodies. AP-2 is 

involved in recruiting clathrin to the plasma membrane for CCV formation. By directly 

interacting with HC, AP-2 forms a link between the outer clathrin coat and the inner 

membrane-bound cargo (Marsh and McMahon, 1999). However, neither LCa nor. a

adaptin could be immunoprecipitated from HEK293 cells with the myc antibody,· 

indicating the precipitation of LCa and a~adaptin by myc antibody is dependent on myc

calcyon ·(figure 9A). Since EM studies reveal calcyon antibody labeling of the TGN, 

lysosomes and endosomes, we asked whether calcyon might associate with CCV s 

containing eith~r the AP-1 or AP-3 adaptor proteins (Dell'Angelica et al., 1998; Traub and· 

Kornfeld, 1997). As shown in figure 9A, y.;.-adaptin and 8-adaptin, subunits of the AP-1 

and AP-3 adaptor protein complex~s respectively, can be detected in the myc antibody 

immunoprecipitates of the myc-calcyon but not HEK293 cell lysates. However, 



Figure 8. Co-localization of calcyon with LCa in neurons 

(A) Confocal micrographs ofmyc-calcyon (red) with EGFP-LC (green) in cell bodies and 

processes of co-transfected neocortical neurons. The overlap of calcyon/LC expression 

was marked with closed arrows (middle row). The contact of calcyon/LC expression was 

marked with open arrows (top row). The non-overlap of calcyon/LC expression was 

marked with arrow heads (bottom row). (B) Bars and error bars show the means+/- S.E. 

of the distribution of myc-calcyon labeled puncta. Myc-calcyon labeled puncta were 

categorized as overlapping, contact or non-overlapping with respect to EGFP-LC labeled 

puncta. The* and** indicate P<0.01 and 0.001, respectively, when analyzed by ~me 

way ANOVA followed by Tukey-Kramer posttest. 
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Figure 9. Co-immunoprecipitation of CCV components with calcyon : · 

(A) Representative coimmunoprecipitation ofFLAG-LCa, a-adaptin, 8-adaptin, y-adaptin 

· and myc-calcyon from myc-calcyon HEK293 celis, but not HEK293 cells. Similar 

results were obtained in three independent experiments. (B) Relative levels of adaptin co

immunoprecipitation. Values obtained for 8 (AP3 ·subunit) and y-adaptins (APl subunit) 

were normalized to that detected for a-adaptin (AP2 subunit).* P<0.01, when APl 

compared to AP2, or AP3 compared to AP2, when tested by one way ANOV A followed 

by Tukey's Multiple comparison posttest. 
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comparison of the adaptor protein band intensity in the immunoprecipitates with that of 

the lysates shows a larger fraction of a-adaptin co-precipitated with myc-calcyon than 

was observed for y- or 8-adaptin (figure 9B). The relatively stronger co-precipitation of 

the a-adaptin subunit of the AP-2 adaptor protein complex presumably reflects a more 

prominent association of calcyon with the clathrin-based endocytic machinery. 

Calcyon Enhances Clathrin Self-assembly in vitro 

The role played by LC in assembly and disassembly is still not fully understood 

(Fotin-·et al., 2004b). However, proteins.that interact with LC are known.to regulate the 

dynamics of CCV formation and breakdown. For example, Hip 1 . pr~motes assembly of 

CCV s (Legendre-Guillemin et al., 2005); whereas Hsc70 brings about disassembly (Ahle 

and Ungewickell, 1990; Brodsky et al., 2001; Lemmon, 2001 ). Therefore, we examined 

whether calcyon also regulates lattice self-assembly using clathrin purified from rat brain 

(figure 10) (Legendre-Guillemin et al., 2002). Varying amounts of either S-calcyon-C or 

S-calcyon-N were included in the self-assembly assays to achieve molar ratios of input 

fusion protein to purified clathrins ranging from one quarter (0.25) to two (2.0). 

Following self-assembly in vitro, assembled and unassembled clathrin were separated by 

centrifugation such that clathrin lattices are enriched in the pelleted material (Legendre

Guillemin et al., 2002; Maycox et al., 1992). As shown in figure 1 lA and 1 lC, the levels 

of HC pelleted increased proportionally with the 'dose' of purified S-Calcyon-C included 

in the reactions, such that addition of equimolar or greater amounts of the C-terminal 

fusion protein significantly stimulated clathrin assembly. Additionally, there was a 

concomitant 'dose dependent' decrease in the levels of HC deteGted in the supematants 



Figure_ 10. Purification of clathrin from brain 

(A) Coomassie blue stained gels of the purification of clathrin from brain. 'Before 

gradient' refers to the purified coat fraction recovered following stripping of the isolated 

CCV s. Numbers identify the 13 fractions collected following separation of the purified 

coats on 5-20% sucrose density gradient. Fractions 5-7 were pooled for self-assembly 

assays. (B) Immunoblots of sucrose density gradient fractions and pooled fractions 

probed with anti-RC (upper) and anti-LC (lower) antibodies. 50 µl of each fraction or 

pooled fractions were loaded per lane. 
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Figure 11. Calcyon C-terminus enhances CCV self-assembly_in vitro. 

(A) Self-assembly assays were performed with 0.5 µM purified clathrins (in 10 mM Tris

HCl, pH 8.5) and varying concentrations (0.125, 0.25, 0.5, and 1.0 µM) of S-calcyon-C to 

achieve the molar ratios indicated. P,arallet~ssays were conducted in the same manner 

with varying concentrations of S-calcyon-N as a control. Assembly was initiated at 4°C 

by addition of 10 µl of lM MES, pH 6.7. After 45 min on ice, the r~actions were 

centrifuged at 400,000 X g for 6 min, and supernatants and pellets separated by ·sos-

P AGE. Heavy ·chain (HC) was detected by staining gels with Coomassie blue. The gels . . 

were dried and scanned, and band intensiti~s quantified by the Image J program (NIH). 

(B, C) Bars representing the mean of the supernatant and pelleted HC band intensities 

normalized to that of the S-calcyon-N 0.25 molar ratio (MR) group in the supernatant and 

pellet, respectively. Error bars represent the S.E.M. obtained for two independent 

experiments. One way ANOV A followed by Tukey's multiple comparison post test were 

performed to compare the differences in the S-calcyon-C groups. In B, *, P<0.001 when 

compared with the 0.5 MR;**, P<0.001 when compared with the 0.5 MR group; P<0.0-1 

when compared with 1.0 MR group. For C, *, P<0.05 when compared with 0.5 MR 

group;**, P<0.01 when compared with 0.5 MR group, P<0.05 when compared with 1.0 

MR group. 
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that was significant with addition of equimo.lar or greater amounts of S-calcyon-C (figure 

1 lA, B). In contrast, the intensity. of the HC band detected in either the supematants or 

pellets was unaltered by addition of the S-calcyon N-te_rminal fusion protein (figure llA, 

B, C). Taken together, these data indicated that interaction of the calcyon C-terminus 

with LC promotes the assembly of clathrin lattices. 

Calcyon Deletion Alters Clathrin Assembly in Brain 

We examined the effect of deleting calcyon on clathrin assembly in brain using a 

differential centrifugation strategy (figure 12A). In this approach, the pellets (P2) 

obtained at 100,000 x g are relatively enriched in CCVs, endosomes and Golgi, whereas 

the supematants (S) contain soluble cytosolic constituents including unassembled clathrin 

(Acton et al., 1993; Cheri. and Brodsky, 2005). Fractions from wild type and Car1
-

midbrain and forebrain were immunoblotted with anti-clathrin HC, a-adaptin (AP-2) and 

actin ~ntibodies. Pairwise comparisons revealed a significant reduction in the steady st_ate 

levels of assembled clathrin (P2/S ratio) in Car1
- compared to wild type brain ( figure 

12B). Similar results (individual and grouped) were obtained whether samples were 

immunoblotted with a-adaptin (P<0.01, paired t-test) or HC (P<0.05, paired t-test) 

antibodies ( figure 12C). In contrast, the P2/S ratio for actin was unaffected by genotype. 

Altogether, these findings suggest that the calcyon/LC interaction might be an important 

determinant of clathrin assembly in brain. 



Figure 12. Deletion of calcyon alters clathrin assembly in brain 

(A) Diagram of the subcellular fractionation. (B) Representative pairwise comparison of 

-/-
wild type and Cal fractions immunoblotted with anti-RC antibodies, then stripped and 

reprobed with anti-a-adaptin and anti-actin antibodies. Immunodetected bands were 

subjected to densitometric analysis using NIH Image J software. The ratio of P2 to S 

band intensities (P2/S) provides an index of relative levels of clathrin assembly. Clathrin 

-/-
assembly values obtained for each Cal sample was normalized to that obtained for the 

wild type sample on the same blot. (C) Bar graph showing the mean plus SE of the 

cumulative data obtained from six such pair wise comparisons processed in two 

independent experiments;*, P<0.05; **, P<0.0I, paired t-test. 
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Overexpression of Calcyon Accelerates Tfn Endocytosis 

Transferrin (Tfn) is a useful marker, for monitoring the dynamics of clathrin 

mediated endocytosis (CME), as well as for examining the role of CCVs in endocytic 

recycling (van Dam and Stooi-vogel, 2002). Further, calcyon is not endogenously 

expressed in HEK.293 cells. Therefore HEK.293 cells represent a good null cell line in 

which to examine the effects of calcyon expression on TfnR trafficking. Consistent with 

a potential involvement in CME we found that calcyon partially co-localized with 

internalized Alexa-488 conjugated Tfn in transfected HEK.293 celis (figure 13A). Further, 

functional studies performed in myc-calcyon and untransfected HEK.293 cells revealed a 

marked effect of calcyon expression on TfnR internalization. Specifically, upwards of a 

. two-fold enhancement in the 'levels of internalized HRP-Tfn was detected in the myc

calcyon compared to control HEK.293 cells within fifteen minutes of the onset of TfnR 

endocytosis. By 60 minutes, 92% of the pr~-bound Tfn was internalized in the myc

calcyon cells whereas only, 60% was taken up by the HEK.293 cells within the same time 

frame (figure 13B). That calcyon expression significantly enhanced the rate of TfnR 

endocytosis was evidenced by the difference in the time constants ( 't) for Tfn uptake in· 

the myc-calcyon cells versus HEK.293 cells ( 't=32. 7 min and 67 .5 min, respectively based 

on curve fitting with a single exponential equation). The difference in amounts of Tfn 

internalized could not be attributed to a competing recycling process since the assays 

were performed at l 6°C, a temperature permissive for endocytosis, but not recycling or 

degradation (Acton et al., 1993; Hopkins and Trowbridge, 1983). In contrast to 

endocytosis, expression of calcyon exerted no detectable impact on TfnR recycling. That 

is, the levels and apparent rates of depleting internalized Tfn in the myc-c~lcyon and 
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control HEK.293 cells were indi~~inguishable (figure 13C). Altogether, these results point 

to a specific role for calcyon in regulating CME. 

Calcyon Kno_ckout Mice Exhibit Deficits in Endocytosis, but not Recyclh~g 

Since over-expression of calcyon in HEK.293 cells stimulates Tfn uptake, we used 
. ' . 

the calcyon knockout mice to ask ~hether deletion of endogenous calcyon might alter 

CME in neurons. Tfn uptake assays were performed in the wild type and Car1
-

neocortical neurons using a protocol developed for the neuron-like PC12 cells (Acton et 

al., 1993). In this protocol, we incubated the primary neurona~ cultures with HRP-Tfn at 

4°C, and then shifted the samples to 16°C (without prior washing) to stimulate 

endocytosis. Thus, Tfn uptake in the neurons is reported as the total 'cell associated' 

HRP-Tfn (surface and intracellular) detected after washing samples taken at a given time 

point (Acton et al., 1993). Tfn recycling in the neocortical cultures was measured using 

the protocol described above for HEK.293 cells. However, the recycling results are also 

reported as cell associated Tfn because, as reported for PC12 cells (Acton et al., 1993), 

acid washing of neurons was not effective in completely removing cell surface bound Tfn. 

As shown in figure 14A, no significant differences in Tfn recycling could be detected in 

cultures made from the Car1
- as compared with the wild type mice. However, compared 

to levels measured in wild type neurons, significantly reduced levels of Tfn uptake were 

observed in the Car1-neurons within 45 min of shifting the cells to 16°C (P<0.05, by two

way ANOVA and Bonferroni posttest for multiple comparisons (time X genotype))(figure 

14B). By 60 min, Tfn levels in the wild type neurons exceeded that detected in the 

knockout neurons by approximately two-fold (238 ± 15% vs. 124 ± 8%; P<0.05) 

indicating that genetic deletion of the calcyon gene produces significant deficits in CME. 



Figure 13. Calcyon enhances clathrin-mediated endocytosis. 

(A) Localization of calcyon in Tfn positive endosomes 5 min after shifting cells to 3 7 °C. 

HEK.293 cells expressing myc-calcyon were incubated on ice for 45 min with Alexa-488 

conjugated Tfn. After removal of unbound Tfn, cells were shifted to 3 7 °C for 5 min. 

Uptake was stopped by placing the cells on ice, and washing twice with acid PBS 

(containing 30 mM glycine, pH 2.5) for 2 min at 4 °C to remove surface-bound Tfn. 

Myc-calcyon was detected with rabbit anti-myc antibodies followed by Alexa-_594 

conjugated goat anti-rabbit secondary antibodies, and confocal images taken using a 

Zeiss LSM510 microscope. Similar results were obtained in three independent 

transfection experiments,·scale bar= 5 µM. (B, C) Time course ofHRP-Tfn endocytosis 

(B) and recycling (C) in the stably transfected myc-calcyon and control HEK293 cells ( • 

HEK.293, .._ myc-calcyon HEK.293). Time points for endocytosis were taken at 0, 5, 15, 

30, and 60 min; and at 0, 5, 15, 30, 60, 120 min for recycling. Graphs show the plot of 

the mean and SEM of three independent experiments performed in triplicate. Internalized 

Tfn values in B were derived by normalizing to the levels ofHRP-Tfn pre-bound to the 

cell surface prior to shifting the cells to 3 7 °C. Intracellular Tfn levels in C were derived 

by normalizing to the levels of HRP-Tfn internalized before commencing recycling. 
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Figure 14. Deletion of calcyon impairs clathrin-mediated endocytosis· in neocortical 

neurons. 

Time course ofHRP-Tfn recycling (A) and endocytosis (B) in wild type and calcyon 

-/-
knockout E16 cortical neurons ( •,WT _., Cal ). Time points for recycling were taken at 

0, 5, 15, 30, 60, and 120 min; and for endocytosis at 0, 5, 15, 30, 45 and 60 min. Graphs 

show the plot of the mean and SEM of three independent experiments performed in 

triplicate. Values in A were normalized to the total Tfn associated with the neurons 

before commencing recycling. Values in B were normalized relative to the levels of 

HRP-Tfn bound to the cell surface at 37 °C prior to shifting the cells to 37 °C. *, P<0.05, 

two way ANOVA with Bonferroni posttest comparison of values detected in the 

knockout 45 and 60 min samples with those obtained with the WT neurons at the same 

time points. 
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Regulated AMPAR Internalization Is Impaired in Car1-Hippocampal Neurons 

Endocytosis of AMPARs from synapses can be triggered directly by stimulation 

with AMPA, or indirectly by stimulating with NMDA (Ehlers, 2000; Lee et al., 2003; Lee· 

et al., 2004). NMDA-induced AMPAR endocytosis in cultured neurons has been used as 

a cellular model of LTD. We used an antibody recognizing an extracellular epitope of the 

GluRl subunit to study the effect of calcyon on endogenous AMPAR internalization in 

hippocampal neuronal cultures prepared from WT and Car'- mice. This antibody has 

been used extensively to monitor cell surface AMPAR levels in neuronal primary cultures 

by immunofluorescence after fixation under non-permeabilizing conditions (Beattie et al., 

2000; Brown et al., 2005; Carroll et al., 1999; Lee et al., 2003; Lin et al., 2000). Neurons 

in both the WT and Car'- hippocampal cultures displayed a punctate staining pattern · 

following ~abeling with the GluRl antibody (figure 16). We confirmed that the labeling 

corresponded to surface GluRl and that the neurons were not permeabilized with an 

antibody directed ag~inst clathrin light chafa (LC). LC is a cytosolic protein. The LC 

antibody did not label similarly processed unpermeabilized cultures, whereas robust 

cytoplasmic staining was detected with the LC antibody in cultures under permeabilizing 

condition (figure 15). We quantified ·oluRl antibody staining bf the WT and Car'

neurons maintained in basal activity incubation buffer· ( 50 µM AP-5 and 1 µM TTX), as 

well as labeling detected following treatment with either AMPA (100 mM plus 50 µM 

AP-5 and 1 µM TTX) or NMDA (20 µM plus 1 µM TTX) for up to 20 min (figure 16A, 

17 A). Quantification of the experiment was conducted in a genotype and treatment blind 

manner. 

No. difference in basal GluRl surface expression levels was detected in the WT 
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and Car1
- neurons (p>0.05; paired :t-test) (figure 16B). Next, we compared the time 

course of cell surface decrease of GluRl in WT and Car1
- neurons. AMPAR 

internalization was significantly blunted i~ the Car1
- neurons. Specifically, surface GluRl 

labeling of WT neurons rapidly dropped to nearly 50% of basal levels with 5 min of 

AMPA treatment (figure 16A, C). The reduction in surface GluRl leveled off after 10 

min of treatment such that neurons exposed to AMPA for 20 min, exhibited 40% of the 

basal GluRl labe~ing. A much slo'Yer deciease in surface GluRl levels was detecte.d in 

the Car1
- neurons where 90% of basal GluRl labeling remained after 5 min, and 75% 

after 20 min of treatment, respectively. Based on a single exponential best fit, the time 

constant ( -r) of the GluRl change in WT is 3.88 min and 8.64 min in the Car1
- neurons; 

indicating that AMPA results in much faster loss of cell surface GluRl in WT compared 

to ,car1
- neurons. Similarly, NMDA stimulation induced a much more robust decrease in 

surface GluRl levels in WT compared to Car1
- neurons as upwards of 80% of initial 

levels could be detected in Car1
- neurons after 20 min exposure as opposed to 50% in WT 

neurons ( figure 1 7). The response was also more rapid with a time constant ( -r ) of 3 .48 

min for the change in surface GluRl in WT, as compared with 11.36 min in Car1
- neurons. 



Figure 15. Immunocytochemical detection of LC under non-permeabilizing and 

permeabilizing conditions 

DIV14 neurons were fixed in 4% PFA, 4% sucrose for 5 min at RT, and blocked under 

non-permeabilizing (A, B) in blocking buffer (5% goat serum, 5% milk in PBS) or 

permeabilizing conditions (C) in blocking buffer (5% goat serum, 5% milk, 0.1 % Triton 

X-100 in PBS) at RT for lh. LC was detected by incubating coverslips with mouse anti

LC antibody (Covance, 1 :200) in blocking buffer for 2 h. After washing, coverslips were 

incubated with Alexa488-conjugated goat anti-mouse secondary .antibody (1: 1000) in 

blocking buffer for 40 min. Unbound antibodies were removed bY: washing five times 

with PBS, before mounting coverslips in Prolong anti-fade medium (Invitrogen). 

Micrographs were taken with a Zeiss Axiovert 100 microscope with a 63X objective with 

a bin setting of 1, and exposure time of 5 seconds. 
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Figure 16. AMPA induced AMPAR internalization is impaired in Car1
- hippocampal 

neurons.· 

(A) Neurons (14-21 DIV) from WT or calcyon knock out (Car1
) mice were treated at 

37°C with 100 µM AMPA plus 50 µM D-AP5, or left untreated for the times indicated. 

Following agonist treatment, cell surface GluRls were detected by immunofluorescence 

in fixed but non-permeabilized cells. (B, C) Quantification of GluRl antibody staining 

following 5 (n=22 for each genotype), 10 (n=22 for each genotype) and 20 min (n~18 for 

each genotype) of AMPA treatment or no treatment (Basal cell surface GluRl) (n=26 for 

WT, n=33 for Car1
-). Deletion of calcyon significantly reduced the time constants for 

reduction of GluRl cell surface levels (-r=3.88 and 8.64 min for WT and Car1
-

respectively based on curve fitting with a single exponential equation). Similar results 

were obtained in three independent experiments with neurons prepared from different 

litters. Results of a representative experiment are shown. 
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Figure 17. NMDA induced AMPAR internalization is impaired in Car'- hippocampal 

neurons. 

(A) Neurons (14-21 DIV) from WT or calcyon knock out (Car') mice were treated at 

3 7°C with 20 µM NMDA plus 1 µM TTX, or left untreated for the times indicated. 

Following agonist treatment, cell surface GluRls were detected by immunofluorescence 

in fixed but non-permeabilized cells. (B) Quantification of GluRl antibody staining 

following 5 (n=21 for WT, n=26 for Car'-), 10 (n=27 for WT, n=29 for Car'-) and 20 min 

(n=21 for WT, n=22 for Car') of NMDA treatment or no treatment (Basal cell surface 

GluRl) (n=26 for WT, n=33 for Car'} Deletion of calcyon significantly reduced the 

time constants for reduction of GluRl cell surface levels (3.48 and 11.36 min for WT and 

Car'- respectively, based on curve fitting with a single exponential equation). Similar 

results were obtained in three independent experiments with neurons prepared from 

different litters. Results of a representative experiment are shown. 
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Knockout of-Calcyon Inhibits NMDA-induced AMPAR Internalization in Cleavable 

Biotinylation Studies. 

We also assessed the effect of deleting calcyon on AMPAR endocytosis by the 

cleavable biotinylation method. This method directly detects the internalization of 

receptors from cell surface. N eocortical neurons were used for these studies because 

larger numbers can be isolated and plated at a higher density. After incubation in TTX, 

cell· surface AMPARs were labeled with a membrane impermeant cleavable biotin 

compound at 4 °C. Basal cell surface GluRl levels in the WT and Car1
- cultures were 

evaluated by comparing the relative amounts of receptor in the biotinylated (but not 

stripped) ve~sus lysate fractions of the untreated groups maintained at 4 °C. As with the 

immunofluorescence data (figure · 18A, 18B), this analysis showed no significant 

differe~ce in the basal levels of GluRl expressed on the cell surface of the WT and Car1
-

neocortical neurons (WT vs. Car1
-, 28.4± 4.1 % vs. 37.5± 9.2%,p>0.05). 

AMP AR internalization was stimulated by incubating the surface biotinylated 

cultures with NMDA (20 µM plus TTX) for five or fifteen min at 3 7 °C. Subsequently, 

the remaining surface biotin was stripped with glutathione and the cultures lysed. Levels 

of NMDA induced GluRl int~rnalization in the WT and .Car1
- cultures were normalized 

to the basal surface levels detected-for each genotype. Stimulation with NMDA for 5 

minutes induced internalization of approximately 40% of the cell surface GluRl in WT 

cultures (fi~re· 18A, C). The effect of NMDA on GluRl internalization in the WT 

cultures was time dependent, with the levels increasing nearly two-fold after 15 min. In 

contrast, treatment of the Car1
- cultures with NMDA for 5 min,stimulated internalization 

of less than 30% of the surface GluRl. Further, longer stimulation with NMDA (for 15 
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min) did not significantly increase the levels of internalized GluRl in the Car1- cultures. 

In addition, as indicated in the immunofluorescence study {figure 17), NMDA stimulated 

far less AMPAR internalization in the Ca1-1- compared to the WT neurons for both the 5 

and 15_minute time points {p<0.05 for 5' NMDA; p<0.01 for 15' NMDA) (figure 18C). 

Recent findings suggest that GluR2 subunits play a dominant role in the 

endocytosis and sorting of AMPARs {Lee et al., 2003; Shi et al., 2001). To test the effect 
- . 

of the calcyon deletion on NMDA-stimulated GluR2 endocytosis, we re-probed the biotin 

blots with anti-GluR2 antibodies to examine whether NMDA-stimulated endocytosis of 

GluR2 is altered in the Car1
- neurons (figure 18). As with GluRl, no differe~ce could be 

detected with respect to basal cell surface GluR2 levels. in the WT and Car1
- neurons. In 

addition, as noted for GluRl, NMDA stimulated internalization of GluR2 was 

substantially more robust at both the 5 and 15 min time points in the WT cultures 

compared to the Car1
- cultures (p<0.05, paired t-tests). After stimulation with NMDA for 

5 min, 16.2±4. 7% of the cell surface GluR2 was internalized into the cell in WT neurons, · 

while only 6.2±3.1% was internalized in Car1-neurons (p<0.05, paired t test). At 15 min, 

58.4±1.9% of the cell surface GluR2 was internalized in WT neurons, and 15.4±7.8% in 

Car1
- neurons {p<0.05, paired t test) (figure 18E). The decreased accumulation of GluRl_ 

and GluR2 inside cells after stimulation in Car1
- neurons was not due to increased 

degradation since the endosomal enzyme leupeptin which has been shown to inhibit the 

degradation of AMPA receptor was included in the medium before and during the 

stimulation (Cottrell et al., 2004; Ehlers, 2000). 

Clathrin cage formation and CME is blocked by inclusion of hypert~mic sucrose 

in the extracellular media (Carroll et al., 1999; Man et al., 2000). Consistent with the 
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idea that NMDA-stimulated endocytosis of AMPA receptors is CCV dependent, 

hypertonic sucrose abrogated the effect of NMDA in both the Car1
- and WT cultures 

(figure 18A). In addition, hypertonic sucrose occluded the effect of the calcyon knockout 

on f~rther inhibiting GluRl internalization, · suggesting that calcyon and hypotonic 

sucrose · work though a common pathway. Together, the results of the 

immunofluorescence and biot1nylation studies support the idea that genetic deletion of 

calcyon impairs activity-regulated, but not constitutive AMPAR clathrin-mediated 

endocytosis. 



Figure 18. Knockout of calcyon inhibits NMDA-induced AMPAR internalization in 

biotinylation studies. 

(A) WT and Car1
- neocortical neurons (14-21 DIV) were pre-labeled with cell

impermeant, cleavabfo sulfo-NHS-SS-biotin on ice. Subsequently, cultures were shifted 

to 3 7°C, and treated with. NMDA (20 µM) plus: 1 µM TTX or NMDA (20 µM) in 

hypertonic sucrose plus 1 µM TTX for 5 or 15 min. The biotinylated proteins "remaining 

on the cell surface of all drug treated groups were stripped with glutathione. To detect the 

cell surface level of GluRl ( cell surface) before the treatments, neurons were maintained 

on ice for 15 min and not stripped with glutathione. Biotinylated receptors were 

recovered from lysates (500 µg) with streptavidin agarose. The lysates (5% of the total) 

and resin-eluted proteins (60% of each sample) were immunoblotted with rabbit anti

GluRl antibody· or mouse anti-GluR2 antibody. Immunoblots were subjected to 

densitometric analysis using NIH Image J software. The blot shown is representative of 

the results obtained in each of three independent experiments. (B, D) Cell surface GluRl 

or GluR2 levels in the WT and Car1
- cultures were determined ~y normalizing the 

intensity of cell surface bands to those of the lysates, and correcting for differences in 

sample loading. (C, E) GluRl or GluR2 internalization was calculated from the ratio of 

the band intensities in the treated lanes with that of the cell surface lane for each genotype. 

In B, C, D, E, bars represent the mean, and error bars the S.E.M., of three independent 

experiments performed on different cell culture preparations. 
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IV. DISCUSSION 

Calcyon is a brain specific protein detected in endosomes, lysosomes and the TGN 

(Lezcano et al., 2900; Xiao et al., 2006). Levels of calcyon expression are increased in 

brains from schizophrenic patients compared to brains from non-schizophrenic controls 

(Bai et al., 2004; Baracskay _et al., 2006; Clinton e! al., 2005; Koh et al., 2003). To begin 

to elucidate the function of calcyon in brain, we conducted a yeast-two hybrid screen of a 

brain cDNA library using the calcyon· cytosolic domain as bait. We identified an 

interacting clone that contained an insert corresponding to clathrin light chain a (LCa). 

The.· data presented above i_ndicate that calcyon stimulates clathrin-mediated endocytosis 

by directly interacting with LC. Specifically, a fusion protein containing the C-terminus 

of calcyon significantly increases clathrin assembly in vitro, and deletion of calcyon 

results in reduced assembly levels of clathrin in brain. Full-length calcyon co-precipitates 

LC and the clathrin adaptor proteins AP-2, AP-1 and AP-3. Importantly, neurons from 

calcyon knockout mice exhibit significant deficits in Tfn uptake and AMPAR endocytosis. 

Co1:1versely, HEK293 cells over-expressing calcyon display markedly enhanced Tfn 

endocytosis. As such, we propose that calcyon is a novel component of the elaborate 

molecular machinery involved in clathrin coated vesicle formation in br~in. Consistent 

with such a role for calcyon, calcyon localizes to vesicles in dendritic spines and axonal 

terminals, two sites in the CNS where, clathrin mediated endocytosis is crucial for 

efficient synaptic transmission. 

68 
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Calcyon Interacts with Clathrin LC 

Clathrin is the main structural element of CCV s. Clathrin includes two subunits, 

HC and LC. LC contains several domains, including a Hsc70 binding domain, Ca2
+ 

binding domain and HC binding domain (Brodsky et al., 2001; Brodsky et al., 1991). 

Using pull-down assays with LC GST fusion proteins and p:urified S-tagged calcyon, we 

found that the HC binding domain a°:d C terminal segment are needed for LC binding to 

calcyon. In contrast, the neuron specific insert separating these two regions of LC made 

no detectable contribution to the affinity of LC for binding calcyon. The finding that 

-· -

over-expression of calcyon enhanced Tfn uptake in hon-neuronal HEK.293 cells further 

supported the result that the binding of LC to calcyon does not require residues in the 

neuron specific insert. 

Calcyon is a single transmembrane protein with a cytosolic C-terminus, whereas 

the N-terminus can either be extracellular or intravesicular (Ali and Bergson, 2003). 

Using pull-down assays with a set of GST fusion proteins of the calcyon C-teiminus and 

purified S-tagged LC, we found that calcyon residues 123 to 155 are needed for binding 
I 

to LC. The calcyon 123-155 segment is predicted to form an alpha helical structure 

based on the Gamier-Robson secondary structure prediction algorithm. Deletions of 

residues from either side of this segment greatly decrease binding to LC. Given this result, 

it seems likely that the entire alpha helix participates in the binding of calcyon to LC. 

CryoEM data indicates that the HC binding domain of LC lies on the exterior of 

the lattice along the edges of the facets formed by the HC proximal segment (Fotin et al., 

2004b ). Calcyon is also likely to be associated with the CCV exterior since calcyon is a 

single transmembrane protein that interacts with LC via C-terminal cytosolic sequences. 



70 

Binding of calcyon to LC requires the combined presence of the HC binding domain and 

C-terminal·region, suggesting that the interaction depends on the formation of a binding 

interface in LC. Another possibility is;· that there are two separable domains in the 

calcyon 123-155 region, one that binds to the HC binding domain, and another one that 

bincls to the C-terminus of LC respectively (Figure 19). 

· Co~ localization studies in cultured neurons de!llons~rated that calcyon and LC co

localize to a high degree. Specifically, about 56%_ of calcyon positive puncta fully 

overlapped with LC, 25% of calcyon positive puncta were located adjacent to LC, 

whereas the remaining 18% did not appear to be associated with LC (figure 8). The less 

than 100% overlap of LC and calcyon puncta suggests that the calcyon:LC interaction 

might be transient. This interpretation is consistent with the notion that most protein

protein or protein-lipid interactions involved· in clathrin-mediated endocytosis are 

transient, and subject to regulation by · cellular activity. Transient interactions are 

important for the dynamic assembly and disassembly of CCV s (Brodsky et al., 2001; 

Gundelfinger et al., 2003; Maldonado-Baez and Wendland, 2006; Perrais and ~errifield, 

2005). LC is a non-transmembrane protein that is presumably disassembled after the 

CCV s pinch off from the plasma membrane. Hence, 'Ye speculate that the overlap in 

expression might reflect the occurrence of the LC:calcyon interaction during CCV 

formation. Similarly, the contact or non-overlapping distribution of the calcyon and LC 

puncta possibly indicates the separation of LC and calcyon during CCV disassembly. 

The mechanism of this putative dynamic calcyon:LC interaction is currently 

unknown. However, the calcyon 123-155 segment contains a consensus PKC 

phosphorylation site at Serine 154. PKC can be activated by elevated Ca2
+ and 



Figure 19. Cartoon of the LC:calcyon interaction. 

Using pull-down assays with recombinant purified proteins, the residues mediating the 

LC:calcyon interaction were pared down to the HC binding domain and the C-terminus 

of LC and residues 123 to 155 of calcyon. Base on the orientation of LC (light blue) and 

c_alcyon (orange) in the vesicle, the LC C-terminus might extend inside the clathrin coat 

as suggested by cryoEM study and interact with the N-terminal part of the calcyon 123 to 

155 segment. Similarly, the C-terminal part of the calcyon 123 to 155 segment is 

proposed to bind to the HC binding domain of LC. 
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diacylglycerol. Hence, it will be interesting to test in future studies whether 

phosphorylation of Serl 54 is involved in regulating binding of calcyon to LC. 

The subcellular localization of calcyon detected in EM analysis of the macaque 

prefrontal cortex is also consistent with a function of calcyon in CCV trafficking 

(Lezcano et al., 2000; Xiao et al., 2006). Specifically, calcyon is found near the active 

zone in presynaptic terminals and lateral to the PSD in dendritic spines, two sites in the 

CNS where CCV mediated endocytosis is thought to occur in neurons. In addition, 

calcyon is found in the TGN, another site of CCV formation. 

Co,..immunoprecipitation experiments suggested that calcyon could form a 

complex with other components of CCVs, including AP-2, AP-1 and AP-3. These three 

adaptor proteins (APs) connect clathrin coat to cargo on membranes and promote the 

formation of CCVs. AP-2 functions as an adaptor at plasma membrane, whereas AP-1 

performs a similar function at the TGN. There is some evidence to indicate that AP-3 

might function at endosomes or the TGN (Robinson, 2004). Hence, the co

immunoprecipitation results indicate that calcyon might function in several CCV 

mediated transport pathways. Further, the co-immunoprecipitation results are consistent 
,. ' ' .. 

with the distribution of calcyon at synapses, the TGN and in endosomes (Xiao et al., 

2006). Co-immunoprecipitation of Ars with calcyon may be due to a direct or indirect 

association with calcyon. In support of a possible direct interaction, the adaptor protein 

binding motif YXX<P is present in .cytosolic r:esidues 103-106 (YDQF) of calcyon. In 

future studies, it will be interesting to test whether calcyon can interact with APs directly. 

A finding that calcyon does interact directly with APs would provide an additional clue to 

understand the mechanism by which calcyon regulates clathrin assembly and clathrin . 
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mediated endocytosis in neurons. · 

How Does Calcyon Promote Clathrin Assembly? 

According to the recent cryoEM study (Fotin et al., 2004b), the C terminus ofHC 

trimerizes at each vertex of the clathrin lattice. The trimerization domain bends inside to 

form a tripod. Under each vertex, three ankles from triskelions two vertices away form a 

triangle. The tip of the tripod contacts the intersection point of the ankle triangle. Each 

edge of the lattice is formed by the alignment of two proximal legs and two distal legs in 

an anti-parallel fashion. There is evidence to indicate that the proximal-proximal leg 

interaction and the tripod-ankle triangle contact are very important for the clathrin 

assembly and stability (Fotin et al., 2004b ). Proteins can regulate clathrin assembly via 

these two interactions: Specifically, the proximal-proximal leg interaction can be 

inhibited by three negatively charged amino acids in the conserved domain of LC. This 

effect of LC prevents the self-assembly of HC in vitro. As a consequence of this 

inhibitory effect, in vivo clathrin assembly is subject to regulation by other proteins, such 

as APs-(Ybe et al., 1998). Hipl and HiplR bind to LC in the conserved sequence and 

promote the in vitro assembly of clathrin lattices, probably by reversing the ability of LC 

to inhibit clathrin assembly (Chen and Brodsky, 2005; Legendre-Guillemin et al., 2005). 

Since calcyon interacts with the HC binding domain of LC, it is possible that 

calcyon might displace LC from HC via the competition with HC. As a result, calcyon 

might also reverse the inhibitory effect of LC on the clathrin assembly. Alternatively, the 

stimulatory effect of calcyon in promoting clathrin assembly might be mediated via its 

interaction with the C-terminus of LC. Although the N-terminus of LC has been shown 
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to be important for the inhibitory effect of LC on clathrin assembly, recent evidence 

shows that the C-terminus of LC might also be important for the function of LC. In the 

cryoEM model (Brodsky, 2004; Fotin et al., 2004b), the C-terminus of LC is proposed to 

extend inside of the clathrin lattice where it might regulate the tripod-ankle triangle 

interaction. Like the proximal-proximal leg interactions, the tripod-ankle triangle 
I 

interaction is imp~rtant for the stability of the clathrin lattice. Possibly calcyon functions 

as a CCV-stabilizing factor. ~n contrast, auxilin and Hsc70 function cooperatively to 

disrupt this interaction and disassemble the clathrin lattice (Fotin et aL, 2004b ). 

How Does Calcyon Promote Receptor Endocytosis? . 

Clathrin mediated endocytosis of cell surface receptors results in uptake of 

nutrients from the extracellular medium as well as regulating cell signaling. Receptor 

internalization is mainly mediated by CCV dependent endocytosis (McMahon and Mills, 

2004). 
1

Here we find that calcyon regulates the endocytosis of receptors through the 

direct interaction with LC. Specifically, we tested the effect of calcyon on two different 

types of receptors, a nutrient uptake type of receptor, the TfnR,. and a signal transduction 

type of receptor, AMPAR .. We found that over-expression of calcyon in the calcyon 

HEK293 null cell line increased endocytosis of TfnRs without altering recycling, while 

deletion of calcyon from mice inhibited endocytosis of TfnRs and AMPARs. Consistent 

with calcyon's stimulatory effect on receptor endocytosis, deletion of calcyon in mice 

abolished LTD induction at CAl synapses (Trantham~Davidson et al., submitted), an 

AMPAR endocytosis-dependent process (~eattie et al., 2000; Lee et al., 2003; Lee et al., 

2002; Malenka and Bear, 2004; Malinow and Malenka, 2002; Man et al., 2000; Wang and 
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Linden, 2000). 

Defects in the regulation of CCV formation delay endocytosis. For example, 

disruption of GluR2 binding to AP2 blocks endocytosis of AMPARs (Lee et al., 2004). 

Further, a dominant negative mutant of dynamin that impairs the scission of CCV s delays 

endocytosis of various types of receptors (Carroll et al., 1999; Vickery and von Zastrow, 

1999). Calcyon binds to LC directly and promotes clathrin assembly both in vitro and in 

vivo. Hence, the effect of calcyon on endocytosis is most likely mediated via the binding 

of LC. Consistent with this idea, intracellular perfusion of the LC binding domain of 

calcyon (123-155) blocks LTD induction in wild type neurons (Trantham-Davidson et al., 

submitted), presumably by interfering with CCV formation. 

In addition to calcyon's stimulatory effect on clathrin lattice assembly, there are 

several other possible mechanisms that might account for the enhanced clathrin mediated 

endocytosis detected in calcyon expressing cells. One possibility is that calcyon might 

function as a CCV nucleation factor. In principle, a nucleation factor should have the 

ability to anchor itself on the membrane and recruit clathrin to the membrane (Edeling et 

al., 2006; Gaidarov and Keen, 1999; Perrais and Merrifield, 2005; Takei and Haucke, 

2001; Traub, 2005). Calcyon meets these requirements. Calcyon is a single 

transmembrane protein, inserted in the membrane independent of other factors. 

Biotinylation and immunocytochemical studies show that a fraction of the total pool of 

calcyon is localiz·ed on the cell surface in resting cells (Ali and Bergson, 2003). Cell 

surface calcyon might recruit clathrin to the plasma membrane through the binding of LC. 

Like other regulators of CCV formation, the dynamic recruitment of calcyon to the cell 

surface could be achieved by activity dependent increases in intracellular ca2\Ali and 
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Bergson, 2003). Presumably vesicular calcyon could serve as an intracellular pool of 

recruitable calcyon (Xiao et al., 2006). 

In contrast to calcyon, Hipl/HiplR binds to the N terminus of LC. Hence, the 

mechanism involved in calcyon's stimulatory effect on clathrin assembly and endocytosis 

is likely to differ from that of Hipl and HiplR. Further, Hipl/HiplR also interact with 

actin, linking CCV formation with actin polymerization (Carreno et al., 2004; Chen and 

Brodsky, 2005; Engqvist-Goldstein et ar., 2004; Legendre-Guillemin et al., 2002; 

Legendre-Guillemin et al., 2005; Schafer, 2002). Since actin polymerization occurs at a 

late stage of CCV formation, Hipl/HiplR might regulate the late stages of CCV 

formation. In contrast, we speculate calcyon potentially regulates CCV formation at an 

early stage, such as during CCP nucleation. 

Is Calcyon a CCV Cargo or Regulator of CCV Assembly? 

Since calcyon is a trarlsmembrane protein, the calcyon detected on the plasma 

membrane and the TGN might be the cargo of CCVs (Ali and Bergson, 2003; Lezcano et 

al., 2000; Xiao et al., 2006). Based on the ·evidence we have, it seems more likely that 

calcyon plays a regulatory role in CCV formation rather than existing solely as a CCV 

cargo~ First, in in vitro studies, we demonstrated that calcyon promotes the clathriil 

assembly directly using clathrin purified from brain. Further, over-expression of calcyon 

in HEK293 cells promoted Tfn receptors endocytosis while deletion of calcyon in mice 

inhibited the endocytosis of Tfn receptors and AMPA receptors. CCV mediated 

endocytosis of cell surface receptors is. a saturable an~ non-competitive process. For 

example, uptake ofTfn is saturated by over-expression of TfnR, whereas endocytosis of 
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other receptors such as epidermal growth factor receptors are unaffected by TfnR over

expressio~ (Warren et al., 1997; Warren et al., 1998). If calcyon is only a CCV cargo, 

then over-expression of calcyon might not be expected to alter endocytosis of a variety of 

receptors. Further, currently no evidence indicates that CCV cargo can interact directly 

with clathrin. 

Calcyon, AMPAR Endocytosis and Synaptic Plasticity 

Recently, removal of AMPA receptors from synapses has been proposed as the 

major mechanism underlying LTD (Malenka and Bear, 2004; Malinow and Malenka, 

2002). LTD inducing stimuli or NMDA stimulation increase intracellular Ca2+ and 

induce removal of AMPA receptors from the· synapse. ~emoval of AMPA receptors from 

synapse is a CCV and dynamin dependent process (Carroll et al., 1999; Lee et al., 2002; 

Man et al., 2000; Wang and Lin~en, 2000). In addition, the association of AMPA 

receptors with AP2 is critical for the endocytosis of AMPA receptors. 

The idea that calcyon may have .a role fn AMPAR endocytosis and LTD was 

inspired by the following observations. First, calcyon interacts with LC, promotes the 

formation of CCV and increases the endocytosis of TfriR. Second, calcyon is detected at 

excitatory synapses. In dendritic spines, calcyon is found at the endocytic zone (Lezcano 

et al., 2000; Xiao et al., 2006). Third, high levels of calcyon mRNA and protein are 

detected in hippocampus, the brain region where LTD and LTP are best characterized 

(Oakman and Meador-Woodruff, 2004; Zelenin et al., 2002). 

· Consistent with this expectation, endocytosis of AMPA receptor was inhibited in 

hippocampal and neocortical neurons prepared from calcyon KO mice following NMDA 
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or AMPA stimulation. Specifically, we used two different methods to test the effect of 

deletion of the calcyon gene on the endocytosis of AMPAR GluRl and GluR2 subunits, 

cleavable biotinylation and cell surface immunocytochemistry. Both GluRl and GluR2 

subunits have been shown to be important for the AMPARs endocytosis and LTD (Lee et 

al., 2003; Lee et al., 2002; Malenka and Bear, 2004; Malinow and Malenka, 2002). In the . 

cleavable biotinylation experiments which detected the endocytosis of AMPARs directly, 

GluRl or GluR2 endocytosis in calcyon KO neurons reached only 40% of the levels 

detected in WT neurons at 5 min after NMDA stimulation. At 15 min after NMDA 

stimulation, the levels o(GluRl or GluR2 endocytosis in calcyon KO neurons were only 

30% of the levels detected in WT neurons. The decreased accumulation of AMPAR 

inside neurons of calcyon KO -mice is not likely due to increased recycling, as a 

significant effect of genotype can be detected within 5 min. Furthermore, surface GluRl 

im~unocytochemical studies w4ich detected. the· cell .surface decrease after NMDA or 

AMPA stimulation show that the rate of cell surface AMPARs decrease is markedly 

slower in calcyon KO neurons compared to WT neurons. In addition, deletion of calcyon 

from mic~ does not alter receptor recycling (figure 14). 

It is interesting to note that AMPAR endocytosis is not totally inhibited by 

deletion of the calcyon gene. This result suggests that calcyon plays a regulatory role in 

the endocytosis of AMPARs. Alternatively, some compensatory mechanism might have 

developed in the calcyon knockout mice. Consistent with the role of calcyon in AMPAR 

endocytosis, LTD induction by low frequency stimulation of CAl synapse was impaired 

in brain slices -from the calcyon KO mice (Trantham-Davidson et al., submitted). The 

effect of calcyon on AMPAR endocytosis and LTD induction likely depends on 
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interaction with LC as. intracell{ilar perfusion _.of' ~ G_ST · 'fusi~n prote~n including the 

clathrin LC binding domain of calcyon {GST-calcyon 123-155) via a patch pipette 

interferes wit~ LTD induction in CAl synapse of WT mice {Trantham-Davidson et al., 

submitted). 

Precisely how calcyon stimulates_ clathrin-m~diated endocytosis at excitatory 

synapses is not clear. For example, our current data do not permit us to distinguish 

whether calcyon increases the size or the number of CCV s formed. However, we favor 

the following three possible interpretations of the available evidence. One possibility is 

that calcyon stimulates assembly by regulating LC binding to HC. Calcyon is localized 

perisynaptically in dendritic spines, and presumably by directly binding LC, calcyon can 

influence the localization of LC. Thus, the ability of GST-calcyon 123-155 to block 

induction of LTD might result from mislocalization of LC with respect to the endocytic 

zone. Hence, an alternate possibility is that calcyon regulates CCV formation by 

recruiting LC from the cytoplasm to the lateral wall. Since these two ideas are not 

mutually exclusive, as a third possibility, calcyon might regulate CME by serving both a 

catalytic and recruitment function. 

Both the biotinylation and immunocytochemical studies suggest there is no 

difference in t_he cell surface AMPARs between calcyon KO and WT neurons under basal 

conditions. These results indicate that calcyon does not regulate constitutive endocytosis 

of AMPARs. The biochemical results are consistent with the electrophysiological data 

showing that there is no significant difference in basal AMPA current amplitude in the 

calcron WT and KO CAl neuro~s (Trantham-Davidson et al., submitted). 

This activity dependent effect of calcyon might contribute to the observation that 
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· the subcellular distribution of calcyon is regulated by activity. Evidence from HEK293 

cells shows that.increased ca2\ increases the cell surface expression of calcyon (Ali and 

ijergson, 2003). Possibly calcyoh is translocated from en,dosomal pools to the endocytic 

zone in dendritic spines _iri a -neuronal activity dependent fashion. After translocation to 

the endocytic zone, calcyon might interact with LC and induce the endocytosis of AMPA 

receptor. Another possibility is that the site of constitutive .endocytosis differs from that 

of activity dependent endocytosis. That the constitutive trafficking zone might differ 

from the activity dependent trafficking zone is suggested by the observations that activity 

induces AMPAR insertion into·extrasynaptic regions, while AMPARs constitutively cycle 

into the synapse directly (Sheng and Hyoung Lee, 2003). 

·, 

It is interesting to.note that Hipl also does not regulate constitutive endocytosis of 

AMPAR as deletion of Hipl does not change the steady level of cell surface AMPARs 

(Metzler et al., 2003). However, in contrast to the calcyon KO results, deletion of Hipl 

in mice totally abolishes the agonist-induced endocytosis of AMPARs, whereas calcyon 

deletion does not totally block AMPAR endocytosis. This difference may lie in the fact 

that Hip 1 interacts with several regulators (LC, HC, AP-2, actin) of CCV formation and 

is involved in many steps of CCV formation, including recruiting clathrin, and 

connecting the clathrin assemb~y with actin polymerization (Carreno et al., 2004; Chen 

and Brodsky, 2005; Engqvist-Goldstein et al., 2004; Legendre-Guillemin et al., 2002; 

Legendre-Guillemin et al., 2005; Schafer, 2002). Further, it seems to be a general rule 

that the regulation of AMPA constitutive endocytosis is different from that of activity

induced endocytosis. GluRl has several phosphorylation sites. Serine 831 and Ser 845 

are critical for the. endocytosis ofGluRl.·. Mutation in Ser.831 and Ser 845 totally block 
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agonist-induced endocytosis of GluRl and LTD induction, but steady state levels of cell 

surface GluRl are not affected (Lee et al., 2003). 

In addition to calcyon, several clathrin adaptor and accessory proteins have been 

shown to regulate LTD in CAI neurons including AP-2, dynamin and amphiphysin 

{Lscher et al, 1999). Recent studies indicate that association of AP-2 with the C-termini 

of GluRl, GluR2, and GluR3 promotes AMPARs internalization, whereas blocking the 

AP2/GluR2 interaction inhibits the endocytosis of AMPARs and LTD induction (Lee et 

al., 2004). Further, endocytic protein such as Rab5, a small GTPase that regulates 

endocytosis and fusion of vesicles to early endosomes, has also been shown to regulate 

LTD induction (Brown et al., 2005). However, to our knowledge, calcyon is the first 

transmembrane protein so far identified to regulate clathrin-mediated endocytosis iri 

postsynaptic terminals. 

Synaptotagmin is a transmembrane protein located in axon boutons, and is a well

established Ca2
+ sensor that regulates transmitter release (Sudhof, 2004). Synaptotagmin 

senses action potential-i~duced Ca2+ increases and promotes fusion of synaptic vesicles 

with the presynaptic terminal membrane. ~vidence also indicates that synaptotagmin 

might function as a CCV nucleatfon factor (Haucke et al., 2000). There are several 

similarities between calcyon and synaptotagmin. Besides· that fact that both proteins 

. . . . . 

promote endocytosis, each is single·· transmembrane protein with a small proportion of the 

total protein pool residing on the cell surface under basal conditions (Ali and Bergson, 

2003; Fernandez-Alfonso et al., 2006; Sudhof, 2004). Further, trafficking of both proteins 

is Ca2
+ sensitive. Increased intracellular Ca2

+ stimulates accumulation of both proteins on 

the cell surface. Based on these similarities, we speculate that calcyon might function as 
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a Ca2
+ sensor or a CCP nucleation factor involved in activity dependent endocytosis of 

AMPA receptors in postsynaptic terminals. 

• Calcyon is closely related to two other predominantly neuronal single 

transmem]?rane proteins, NEEP21 and P 19. Functional studies suggest a primary role for 

NEEP21 in endocytic recycling both with respect to seven transmembrane receptors, ion 

channels and cell adhesion type receptors (Debaigt et al., 2004; Steiner et al., 2005; 

Steiner et al., 2002). NEEP21 influences receptor recycling by a mechanism that 

involves a . clathrin-independent, phosp1:iatidylinositol 3-kinase-dependent pathway 

(Debaigt et al., 2004; van Dam et al., 2002b ). In contrast, our data indicates a preferential 

role for calcyon in CCV mediated endocytosis. Interestingly, knockdown of NEEP21 

impairs the ability of high frequency stimulation to evoke GluRl accumulation at the 

PSD, and concomitan~ long term poteritiatiqn (LTP) at·CAl synapses (Alberi et al., 2005). 

Given our data indicating LTD, a form of synaptic plasticity requiring AMPAR subunit 

internalization, is · abolished in the calcyon knockout mice, it would seem that the 

calcyon/NEEP21 family of proteins carry out unique vesicle trafficking related functions 

important for synaptic plasticity. Further stud!es are ·necessary to clarify similarities and 

differences in the .mech~nisms by which calcyon and NEEP21 regulate the movement of 

proteins between vesicular compartments, as well as to elucidate the specific function of 

P 19 in neuronal endocytic trafficking. 
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Working Model of Calcyon in AMPAR Endocytosis and LTD 

Based on the results and discussion above, a working model is proposed to 

understand the role of ·calcyon in activity-regulated AMPAR internalization, as shown in 

figure 20. A small amount of calcyon resides on the cell surface under resting conditions. 

LTD inducing stimuli result in Ca2
+ influx mainly through NMDAR-s, activating signaling 

that results in the translocation of ~MPARs from the PSD to the endocytic zone where 

AMPARs internalize.· The increased Ca2
+i also leads to recruitment of calcyon from an 

intracellular pool to the endocytic zone, where it enhances the internalization of AMPARs 

through direct interaction with_ LC. Several key points need to be addressed in further 

studies- including whether LTD stimuli activate the translocation of calcyon to the cell 

surface in dendritic spines. Further, studies are also necessary to determine whether the . 

calcyon on the cell surface co-localizes with AMPARs and whether calcyon co

internalizes with AMPARs. 

-Calcyon and Schizophrenia 

Schizophrenia involves a severe disturbance of brain function. Symptoms of 

schizophrenia can be divided into positive and negative categories. Positive symptoms 

include hallucinations, delusions and thought disorder. Negative symptoms include 

cognitive impairment, social withdrawal and apathy (Laruelle et al., 2003"; Patricia et al., 

2004). The etiology of schizophrenia has been the subject of extensive research. 



Figure 20. Working model of the mechanism by which calcyon regulates LTD 

A small amount of calcyon resides on cell surface under basal conditions. LTD inducing 

stimuli result in Ca2
+ influx mainly through NMDARs, activating signaling that results in 

the translocation of AMPARs from the post synaptic density to the endocytic zone where 

AMPARs internalize. The increased ca2\ also leads to recruitment of calcyon from an 

intracellular pool to the endocytic zone, where calcyon enhances the internalization of 

AMPARs through direct interaction with LC. 
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Recently, it was proposed that schizophrenia is a disease of synaptic connection in 

the neural circuitry that subserves cognitive functions (Frankie et al., 2003; Gisabella et 

al., 2005; Harrison and Weinberger, 2004;' Konradi and Heckers, 2001; Stephan et al., 

2006). This proposal is based on the following observations. First, there are no obvious 

anatomical abnormalities in brains from schizophrenic patients. However, a number of 

subtle changes have been observed in hippoc~mpus and neocortex that indicate neural 

microcircuitry may be compromised (Harrison and Weinberger, 2004; Robert A Sweet, 

2003; Zaidel et al., 1997). These include decreased size of cell bodies, fewer dendritic 

spines and reduced dendritic arborizations. Second, human genetic studies indicate that 

most of the schizophrenia susceptibility genes identified thus far regulate . synaptic 

plasticity (Harrison and Weinberger, 2004). Third, drugs for the treatment of this disease 

have been shown to positively impact synaptic plasticity, including haloperidol (Konradi 

and Heckers, 2001). Fourth, NMDA receptors are critical for synaptic plasticity. NMDA 

antagonist such as PCP and ketamine, can produce the both negative and positive 

I 

symptom similar in schizophrenia (Krystal et al., 1994; Lahti et al., 2001), while NMDA 

agonists improve schizophrenia symptoms (Millan, 2002). 

There are several pieces of evidence that support the idea that calcyon might be a 

susceptibility gene of schizophrenia including that fact that calcyon is abundantly 

expressed in PFC and hippocampus (Oakman and Meador-Woodruff, 2004; Zelenin et al., 

2002), two brain regions implicated jn schizophrenia. In addition, postmortem analyses 

reveal that levels of calcyon are increased in brains of schizophrenic patients (Bai et al., 

2004; Baracskay et al., 2006; Clinton et al., 2005;. Koh et aL, 2003). Also, the calcyon 

gene is located at 1 0q26, one of four loci implicated in schizophrenia in whole genome 
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scan studies (Harrison and Weinberger, 2004; Williams 2003). 

Based on the idea that schizophrenia is a disorder of disconnection in neuronal 

circuits, calcyon ~ay be a causal factor in schizophrenia. Assun_iing increased calcyon 

enhances LTD, weaker and fewer synaptic connections might be formed in schizophrenia. , 

Interestingly, the typical anti-psychotic chlorpromazine, is routinely used in the lab as a 

reagent to block clathrin-mediated endocytosis (Cooper and Shaul, 2006; Singh et al., 

2004; Wang et al., 1993). It is tempting to speculate that the efficacy of chlorpromazine 

in schizophrenia involves rescuing connections between neurons. 



V. SUMMARY 

The structural and functional relationship of the calcyon:LC interaction was 

studied. Using pull down assays with recombinant purified LC and calcyon fusion 

proteins expressed in bacteria, we found that calcyon bound to the HC binding domain 

and C terminal segment of LC, while LC bound to a segment of the calcyon C-terminus 

including residues 123 to 155. The LC:calcyon binding might depend on two different 

domains in each of the proteins. A high degree of overlap between LC and calcyon 

expression in neurons was detected by immunocytochemistry. LC and adaptor proteins 

co-immunoprecipitated with calcyon, indicating that calcyon is likely a novel component 

of CCV s. Using purified clathrin from rat brain, we showed that a fusion protein 

including the C-terminus, but not the N-terminus of calcyon promoted clathrin assembly 

in vitro in a dose dependent fashion. This effect of calcyon on clathrin assembly was also 

demonstrated in vivo, as deletion of calcyon gene in mice resulted in reduced assembly 

levels of clathrin in brain. Altogether, these results indicate a direct role of calcyon in 

CCV formation. As CCV mediated endocytosis is the major route for cell surface 

receptor internalization, we tested the effect of calcyon on transferrin (Tfn) and AMPA 

receptor endocytosis. Tfn mediates the uptake of iron (Fe3+) and has been used as the 

prototypical cargo in studies of clathrin mediated endocytosis. Endocytosis of AMPARs 

is also CCV dependent, and clathrin mediated endocytosis is a crucial step in the 

postsynaptic mechanism underlying LTD. We found that over~expression of calcyon in 
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HEK293 cells increased the endocytosis of TfnRs, whereas deletion of calcyon from mice 

inhibited the endocytosis of TfnRs in cultured neurons. Overexpession or deletion of 

calcyon had no effect on TfnR recycling. Consistent with the effect of calcyon on TfnR 

endocytosis, endocytosis of both GluRl and GluR2 AMPAR subunits was inhibited in 

hippocampal and corti,cal neurons isolated from· caicyon · knockout mice. Collectively, 

these results show that calcyon stimulates CCV formation and clathrin mediated 

endocytosis through the direct binding qf clathrin LC. These results . are substantiated by 

the observation that LTD induction is abolished at CAl synapses of calcyon KO mice. 

Further, these results might provide some clues '.as to the impact of calcyon over

expression in the etiology of schizophrenia. 
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