
PHYLOGENETIC AND STRUCTURAL STUDIES ON THE INTERACTION OF 

CALCYON AND CLATHRIN ASSEMBLY POLYPEPTIDES 

By 

Nagendran Muthusamy 

Submitted to the Faculty of the School of Graduate Studies 

of the Medical College of Georgia in partial fulfillment 

of the Requirements of the 

Degree of Doctor of Philosophy 

November 

2010 



PHYLOGENETIC AND STRUCTURAL STUDIES ON THE INTERACTION OF 

CALCYON AND CLATHRIN ASSEMBLY POLYPEPTIDES 

This dissertation is submitted by Nagendran Muthusamy and has been examined 

and approved by an appointed committee of the faculty of the School of Graduate Studies 

of the Medical College of Georgia. 

The signatures which appear below verify the fact that all required changes have 

been incorporated and that the thesis/dissertation has received final approval with 

reference to content, form and accuracy of presentation. 

This thesis/dissertation is therefore in partial fulfillment of the requirements for 

the degree of Doctor of Philosophy. 

\~-(.p ·(0 
Date 



NAGENDRAN MUTHUSAMY 
Phylogenetic and Structural Studies on the Interaction of Calcyon and 
Clathrin Assembly Polypeptides 
(Under the direction of CLARE M. BERGSON, Ph.D.) 

Calcyon is a member of a vertebrate specific gene family which includes Neuron 

Enriched Endosomal Protein of 21 kDa (NEEP21), and P19. Calcyon interacts with 

clathrin light chain, stimulates clathrin mediated endocytosis in brain, and regulates 

activity dependent excitatory synaptic transmission. Calcyon is required for 

internalization of excitatory neurotransmitter receptors and expression of long-term 

synaptic depression. Phylogenetic analyses (Muthusamy et a!. 2009) revealed a high 

degree of sequence homology between calcyon and the gene family members NEEP21 

and P19. Like NEEP21 and calcyon, in situ hybridization in zebra fish shows that P19 is 

highly expressed in brain. Extensive database searches indicate that the gene family 

members could not be identified in invertebrates. Furthermore, calcyon orthologs were 

retrieved only from mammalian databases. 

Phylogenetic analyses led to the identification of sequence motifs recognized by 

the 1.1 subunit of Clathrin Assembly Polypeptides (AP) that are present only in calcyon 

and not in either NEEP21 or P19. Heterotetromeric complexes AP-1, AP-2, AP-3, and 

AP-4 regulate int~malization of cargo as well as the trafficking of cargo from the trans-

Golgi network to endosomes, lysosomes, and related organelles. Studies show that AP-1 

is involved in polarized trafficking of neuronal proteins. In neurons, while AP-2 is 

prominantly involved in synaptic vesicle endocytosis, AP-3 has been implicated in 

synaptic vesicle (SV) biogenesis, as well as in the compensatory endocytosis and 

targeting of SV proteins. AP 1.1 subunits interact with YXX0 type motifs and the 



cytoplasmic domain of calcyon contains two such tyrosine motifs. Yeast two-hybrid and 

GST pull down experiments show that calcyon directly interacts with AP-1, AP-2, and 

the ubiquitous as well as the neuronal isoforms of AP-3 in vitro and in brain. Pull down 

experiments with point mutations or C terminal truncations suggest that the second 

tyrosine motif of calcyon is essential for AP interaction. The relevance of these 

interactions was explored in vivo using mice harboring null-alleles of calcyon. Calcyon 

deletion in mice preferentially, yet not exclusively, altered the subcellular distribution of 

AP-3 suggesting that calcyon could regulate membrane-bound pools of AP-3 and AP-3 

funtion. To test this hypothesis we focused on the hilar region of hippocampus, where 

levels of calcyon, AP-3 and AP-3 cargoes are abundant. We analyzed brain cryosections 

for the content of Zinc transporter 3 (ZnT3) and phosphatidylinositol-4-kinase type II 

alpha (PI4Klla), two well-defmed AP-3 cargoes. Confocal microscopy indicated that 

ZnT3 and PI4KIIa immunostaining is significantly reduced in the hippocampal mossy 

fibers of calcyon knock-out brain, a phenotype associated with loss of AP-3. Taken 

together our data suggests that calcyon directly interacts with AP-3 via a YXX0 type 

motif, and preferentially regulates targeting of AP-3 cargoes destined to synaptic 

vesicles. 



(C) 

Nagendran Muthusamy 

All Rights Reserved 



ACKNOWLEDGEMENTS 

I would like to thank and express my heartfelt gratitude to my major advisor, 

Dr. Clare Bergson, for providing me with several opportunities to complete my Ph.D 

research projects as well as for maintaining a comfortable niche in her laboratory. I 

sincerely appreciate her efforts, enthusiasm, encouragement, and patience in training me 

to be an independent thinker. She always encouraged me to attend seminars, journal 

clubs, and neuroscience meetings as a part of my graduate training in her lab, to enhance 

my learning. She walked me through my early steps and I learnt from her not only how to 

do science and write scientifically but also how not to. 

I would extend my sincere appreciation to my thesis advisory committee 

members, Drs. Lin Mei, Ellen LeMosy, Lori Hardy and Stuart Thompson for their 

expertise, valuable suggestions, and keen interest towards my thesis project during 

several committee meetings. I would like to acknowledge Drs. Almira Vazdarjanova and 

Daniel Rudie for agreeing to be readers of my dissertation amongst their busy schedule. 

My special thanks to Dr. Almira Vazdarjanova and her lab members, Dr. Kris Bunting 

and Ms. Rebecca Nalloor, for sharing their resources and providing helpful suggestions 

towards the immunohistochemistry studies. 

I would like to express my sincere appreciation to Dr. David Kozlowski for the 

active collaboration that lead to the identification of CNS specific expression profile of 

calcyon gene family member, P19, in zebra fish. I extend my appreciation to Mr. Sanuny 



Navarre for performing the in-situ hybridization in zebra fish. I would like to take this 

chance to thank Dr. David Liberles and Ms. Sana Ahmed at University of Wyoming for 

their strenuous efforts not only to help me understand the phylogeny of calcyon gene 

family members and but also for their collaboration. Many thanks to Dr. Brinda Rana, at 

UCSD for her support and constructive feedbacks from the very beginning of our 

phylogenetic study and for her help with SNP analysis. 

I am indebted to Dr. Victor Faundez at Emory University for all his help and 

support. Apart from just sharing protocols and reagents, he has constantly guided, 

motivated, and encouraged me in every step of characterizing calcyon and adaptor 

protein interaction. It was wonderful having to work with him this fall to isolate synaptic 

vesicles from calcyon transgenic mice and I cherish all the fun I had in his lab. I sincerely 

appreciate his ongoing collaboration. 

I would like to thank all the current and past members of my lab for their support. 

I am pleased to have worked with Dr. Jiping Xiao who introduced me to several 

molecular techniques routinely followed in Dr. Bergson laboratory. I am thankful for his 

friendship. I would like to thank Dr. Heather Davidson and Mr. Kyle Layman who have 

always been a wonderful colleagues and friends. I would like to thank Ms. Nita Vakil, 

Ms. Yali Hou and Ms. Haiqin Jin for their excellent technical assistance. 

Also I would like to take a chance to thank my friends both in Augusta and in 

India for their moral support. Finally, but not least, I am grateful to my family for their 

love and support as ever. 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS ........................................................................ vi 

LIST OF FIGURES ................................................................................. ix 

LIST OF TABLES .................................................................................. xi 

I. INTRODUCTION ............................................................................. ..... 1 

A. Statement of the problem and specific aims of the overall project ............... ........... 1 

B. Review of Literature ................................................................................. .3 

II. PUBLISHED MANUSCRIPT 

Phylogenetic Analysis of the NEEP21/Calcyon/Pl9 Family ofEndocytic Proteins: 

Evidence for Functional Evolution in the Vertebrate CNS .......................................... .33 

III. UNPUBLISHED MANUSCRIPT 

Calcyon interacts with adaptor protein complex 3 (AP-3) and regulates targeting 

of AP-3 cargoes ..................................................................................... 63 

IV. DISCUSSION .................................................................................. 95 

V. SUMMARY .................................................................................... 100 

VI. REFERENCES OF LITERATURE CITED ............................................ . .1 02 

VII. APPENDIX ............................................................................. ..... .115 

viii 



LIST OF FIGURES 

Figure Page 

I Heterotetrameric structure of adaptor protein complexes ..................................... 7 

2 Clathrin mediated endocytosis ............................................................................. 21 

3 Function of endogenous calcyon ............................................................. .30 

4 Expression ofP19 mRNA during zebrafish (Danio rerio) embryogenesis .............. 45 

5 Multiple Sequence Alignment ................................................................... 47 

6 Rooted Phylogenetic Tree ....................................................................... 49 

7 The phylogenetic tree is depicted with branches represented proportional to their 

lengths from RAXML. ......................................................................... .50 

8 The PPLP motif as a primate innovation ...................................................... 57 

9 The primate PPLP motif mediates interaction of calcyon with WW domain 

proteins ................................................................................................................ 59 

10 Tyrosine based motifs in calcyon C terminus ............................................... 74 

11 Calcyon directly interacts with 'J.l' subunits of adaptor proteins ............................ 76 

12 Calcyon pulls down subunits of API, AP2, and AP3 from brain extracts .............. 77 

13 First 'YXX0' motif in the calcyon C-terminus is not necessary for 

AP J.l subunit interaction ....................................................................... 80 

ix 



14 Second 'YXX0' motif in the calcyon C-terminus is necessary for AP 

interaction .............................................................................................. 81 

15 Similar sedimentation profile of synaptic vesicle protein 2 (SV2)- positive vesicles in 

wild type and cal·'· brain ......................................................................... 84 

16 Altered targeting of AP-1 and AP-3 in Car'· brain .......................................... 85 

17 Reduced levels of membrane associated AP-3 in Cal·/· brain .............................. 86 

18 Calcyon regulates trafficking of ZnT3 to mossy fibers ..................................... 88 

19 Calcyon regulates trafficking ofPI4KIIa to mossy fibers ................................. 90 

X 



LIST OF TABLES 

Table Page 

I Refined data set of CD ART and TBLASTN searches ........................................ 43 

2 Likelihood ratio test results for the NEEP21, Calcyon, and P 19 gene families. Branch 

numbers are as labeled in Figure 6 ............................................................ 51 

3 Divergence in amino acid substitution rates within the P19, NEEP21, and calcyon 

clades ................................................................... , .......................... .55 

xi 



I. INTRODUCTION 

A. Statement of the problem and specific aims ofthe overall project 

Calcyon is a single transmembrane protein of 217 residues that is highly enriched 

in the brain (Dai and Bergson, 2003). Calcyon is a member of a vertebrate specific gene 

family which includes Neuron Enriched Endosomal Protein of 21 kDa (NEEP21), and 

P19 and these endocytic proteins share high degree of sequence homology. Imaging 

studies indicate that in neurons calcyon is present in the dendrites, dendritic spines as 

well as axon terminals. Calcyon is present in intracellular localization like endosomes, 

trans-Golgi network, and lysosomes as well as on the plasma membrane (Xiao et a!., 

2006). Additionally, calcyon can translocate from the vesicular structures to the plasma 

membrane as the intracellular calcium levels are elevated (Ali and Bergson, 2003). 

Recent studies show that calcyon can directly interact with clathrin light chain (CLC) and 

enhance self-assembly of clathrin in vitro. Transferrin uptake experiments done on 

HEK293 cells and calcyon knock-out neurons indicate that calcyon is involved in clathrin 

mediated endocytosis (CME) in vivo (Xiao et al., 2006). In addition, electrophysiological 

evidence suggests that calcyon is necessary for activity dependent endocytosis of 

excitatory neurotransmitter receptors indicating that calcyon is involved in clathrin 

mediated endocytosis in brain (Davidson et a!., 2009). 

1 
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Calcyon gene is associated with schizophrenia and attention deficit hyperactivity 

disorder (ADHD). While postmortem analysis of brains from schizophrenics revealed 

elevated levels of calcyon transcript as well as protein in dorsolateral prefrontal cortex, 

calcyon gene locus, 10q26.3, is positively linked to ADHD. Although calcyon is enriched 

in brain and has been implicated in neuropsychiatric diseases, the role of endogenous 

calcyon still remains elusive. The major goal of my study is to gain further insights into 

functions of calcyon by understanding the phylogeny of calcyon as well as by 

characterizing potential interacting partners of calcyon. It is noteworthy that calcyon 

contains two YXX <I> type tyrosine motifs in the cytoplasmic domain that are typical 

binding sites for the ll subunit of adaptor proteins (Tm-KAIWYDOF-20aa-YYTEM-

8laa). Major goal of my study is indicated by following specific aims; 

Specific Aim 1: 

To characterize the evolutionary relatedness of calcyon with other gene family 

members like NEEP21 and P19. 

Specific Aim 2: 

To determine the relative affinity of calcyon for the adaptor protein 1-1 subunits and 

to define the amino acids in calcyon that are essential for these interactions. 

Specific Aim 3: 

To investigate the role of calcyon in axon.terminals and to determine if calcyon, 

like NEEP21, can regulate trafficking of axonal cargoes. 



B. Review of Literature 

1. Calcyon and mental health 

1.1. Calcyon is enriched in brain 

3 

RT-PCR and northern blot analysis show that calcyon, a single transmembrane 

protein of 217 amino acids, is enriched in the brain compared to other organs like testis, 

ovary, kidney, and heart (Lezcano eta!., 2000; Xiao eta!., 2006; Dai and Bergson, 2003). 

In-situ hybridization studies done in macaque and rat brains indicate that calcyon is 

highly expressed in a variety of brain regions, including but not limited to cortex, 

cerebellum, hippocampus, hypothalamus, brain stem, amygdala, and striatum (Zelenin et 

al., 2002; Oakman and Meador-Woodruff, 2004). Immunolocalization studies, including 

immunogold electron microscopy (EM) and immunoperoxidase EM, using calcyon 

antibodies show that in addition to glutamatergic boutons, calcyon is also found in the 

GABAergic synapses (Lezcano et a!., 2000; Negyessy et a!., 2008). EM studies and 

immunocytochemistry indicate that calcyon is present in neuronal dendrites and spines as 

well as axon terminals (Lezcano et al., 2000; Xiao et al., 2006; Negyessy et al., 2008). 

Immunocytochemistry, EM and surface biotinylation studies show that apart from being 

restricted mostly to the cell surface and vesicular structures, calcyon is also found in 

intracellular compartments like endosomes, trans-Golgi network (TGN), and lysosomes 

(Ali and Bergson, 2003; Xiao eta!., 2006). 
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1.2. Calcyon is linked to ADHD and Schizophrenia 

Several studies, postmortem analyses of brains from schizophrenic patients, 

indicate that both mRNA as well as protein levels of calcyon is found to be elevated in 

dorso-lateral prefrontal cortex (d!PFC), cingulated cortex, and thalamus (Koh et al., 2003; 

Bai et al., 2004; Clinton et al., 2005; Baracskay et a!., 2006). The most likely cytogenic 

position of calcyon locus, 10q26.3, has been positively linked in a genomewide linkage 

scan for loci influencing ADHD (Fisher et a!., 2002). In addition, polymorphisms in 

calcyon gene have been associated with attention-deficit hyperactivity disorder (ADHD) 

(Laurin et al., 2005). Spontaneously hypertensive rats (SHR), most commonly used 

animal model of ADHD, display elevated levels of calcyon mRNA in PFC, striatum as 

well as nucleus accumbens (Heijtz et al., 2007; DasBaneljee eta!., 2008). Consistent with 

the association of calcyon gene with ADHD, behavioral analyses of transgenic mice that 

express human calcyon (Cal0 E) in its forebrain regions indicates that these mice are 

hyperactive (Trantham-Davidson eta!., 2008). 

Even though calcyon is implicated in neuropsychiatric diseases, the endogenous 

function of calcyon remains elusive. To gain further insights into the functions of calcyon 

and to identify signatures for potential interacting partners of calcyon a sequence analysis 

was performed. Sequence analysis led to the identification of canonical binding 

consensus (YXX<I> type tyrosine motifs) for heterotetrameric adaptor protein complexes. 

In addition, phylogenetic studies indicate that these sequence motifs recognized by the 

subunit of clathrin assembly polypeptides are present only in calcyon and could not be 

identified in either NEEP21 or P19. 
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2. Heterotetrameric adaptor protein complexes 

Eukaryotes are capable of both endocytosis and exocytosis. Endocytosis is a 

process of internalization of molecules from the cell exterior or surface to the 

intracellular compartments while in exocytosis the molecules move from the intracellular 

compartments to the cell surface. Endocytosis can either be clathrin-dependent or 

clathrin-independent based on the requirement of clathrin as the structural scaffold 

protein that mediate vesicle formation from membrane (Mousavi et a!., 2004). Clathrin 

by itself could not mediate the entire process of vesicle formation from the membrane. 

Clathrin needs a linker that can interact with the membrane associated cargo and can bind 

both the membrane as well as clathrin. One of such linkers is the AP complexes (Owen et 

al., 2004; Bonifacino and Traub, 2003; Ohno, 2006). 

2.1. Adaptor protein complexes - types and function 

AP complexes are found in all eukaryotes from yeast to humans (Kirchhausen, 

1999). All AP complexes AP-1, AP-2, AP-3, and AP-4 are hetero-tetramers and to 

varying degree are found in purified clathrin coated vesicles (CCV). The acronym AP 

which now refers adaptor proteins originated for 'assembly polypeptides' as adaptor 

proteins promote assembly of clathrin in vitro (Bomer et al., 2006; Robinson, 2004). The 

general function of the AP complexes is to recruit clathrin to the membrane to form a 

coated pit at the nucleating site (Kirchhausen, 1999; Owen eta!., 2004; Robinson, 2004). 

APs also recognize the sorting signals in the cytosolic tails of membrane proteins that 

gets recruited to the coated pits and the vesicles (Ohno et al., 1998). AP-2 regulates 

internalization of cargo from the plasma membrane whereas AP-1, AP-3 and AP-4 
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regulate post-Golgi trafficking. The importance of APs for multicellular organism is 

evident from the findings that disruption of AP-1 and AP-2 in mice is embryonic lethal. 

On the other hand, deficiency of either AP-3 or AP-4 complex is not embryonic lethal. 

Loss or mutation of AP-3 leads to pigmentation defect in humans as well as mice 

(Dell'Angelica et al., 1999; Feng et al., 1999; Ohno, 2006). Loss of AP-4 leads to 

accumulation of excitatory neurotransmitter receptors like AMP A receptors, in the 

autophagosomes of axons (Matsuda et al., 2008). 

2.2. Structure of adaptor protein complex 

The AP complexes AP-1, AP-2, AP-3, and AP-4 are hetero-tetramers i.e., contain 

four different subunit chains: two large subunits (~1 - ~4 subunits and either a y, a, I) ore 

subunit), one medium subunit (J.L1- J.L4), and one small subunit (cr1- cr4). AP-1 and AP-3 

has cell type specific isoforms: epithelium specific isoform AP-1B with ~1, y, J.L1B, and 

cr1 and neuronal isoform AP-3B with ~3B, I>, J.L3B, and cr3 as subunit composition 

(Fig. 1a) (Nakatsu and Ohno, 2003). AP subunits interact with each other to form 

complexes that are composed of 3 domains: trunk or core, hinge, and ear or appendage. 

While the C-terminal domains of the two large subunits forms the ear or appendage, the 

protease resistant fragments of large, medium, and small subunits forms the trunk or core. 

The ears are connected to the core by the hinge domains (Fig. 1 b) (Newell-Litwa et al., 

. 2007). 

Phosphoinositide (PI) has been suggested to act as 'spatial landmarks' regulating 

the localization and function of APs (Haucke, 2005). For example, PI(4)P, PI(4,5)P2, and 

PI(3)P as well as PI(3,5)P2 is crucial for TGN recruitment of AP-1, plasma membrane 



Figure 1. Heterotetrameric structure of adaptor protein complexes. 

A. Structure of AP complexes is composed of two large subunits, one medium subunit 

(J.l), and one small subunit ( cr). One of the large subunits ~ is coded in green and the AP 

specific large subunit is coded in red. Structure of tissue specific isoforms of AP-I and 

AP-3, epithelia specific AP-IB and neuron specific AP-3B respectively, is shown below 

the ubiquitous forms. B. Diagram of AP complexes indicating the core, hinge and ear 

domains. 
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recruitment of AP-2, and endosome as well as multivesicular body recruitment of AP-3 

respectively (Haucke, 2005; Robinson, 2004). As Pis are not restricted in their 

distribution, the recruitment of APs to specific membranous organelles cannot be solely 

explained by PI binding (Robinson, 2004). One of the large subunits, y, a, o or e, is 

implicated in binding of AP complex to the PI in the donor membrane (Nakatsu and 

Ohno, 2003; Traub, 2005; Collins et a!., 2002). The other large subunit (PI - p3) is 

implicated in clathrin recruitment as it contains the consensus sequence called 'clathrin 

box' in the hinge region (Owen et a!., 2004). On the other hand P4 does not contain a 

clathrin box. But a morphological study (Barois and Bakke, 2005) using immunogold 

labeling indicates that AP-4 subunits e, and !l4 are associated with coated vesicles in 

MDCK cells. While the N terminal sequences are buried within the core domain the C 

terminal sequences of the ll subunit are involved in cargo binding as well as plasma 

membrane binding. The small subunit cr is involved in overall stability of the AP complex 

(Collins eta!., 2002). 

2.3. Sorting signal recognition 

Many transmembrane proteins contain signal motifs that are 4 to 6 amino acids 

long in their cytosolic domain which dictates the intracellular targeting of these proteins. 

These signal motifs usually determine the final destination as well as the trafficking route 

of these transmembrane proteins. Although several signature motifs have been identified 

in proteins that traffic via the plasma membrane, NPXY, YXX<I>, and DXXXLL type 

signature motifs display binding to subunits of AP complexes (Ohno eta!., 1998). On the 

other hand, there are clathrin adaptors, like P-arrestins and Dab2, which are cargo-
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specific. While P-arrestins recognize seven transmembrane containing G-protein coupled 

receptors for endocytosis, Dab2 targets LDL receptors for endocytosis. NPXY and 

YXX<I> type signatures are called tyrosine based motifs and DXXXLL is called dileucine 

based motif where X is any amino acid and <I> could be a bulky hydrophobic residue 

(Bonifacino and Traub, 2003). 

2.3.1. NPXY type tyrosine based motifs 

Function of tyrosine based motif was evident as early as 1980s when Brown and 

Goldstein identified a mutation, tyrosine modification to cysteine in the low density 

lipoprotein (LDL) receptor of a patient with hypercholesterolemia, which abrogated the 

rapid internalization of the receptor from the membrane (Davis et a!., 1986). Follow-up 

studies indicated that the critical tyrosine residue was a part ofNPXY type tyrosine based 

motifs which was not only found in LDL receptors but also in other proteins like LDL 

receptor related proteins (LRPs), P-integrins, epidermal growth factor (EGF) receptor and 

P-amyloid precursor protein (APP). Alanine substitution for N, P, or Y residues inhibited 

rapid internalization of these transmembrane proteins and receptors (Bonifacino and 

Traub, 2003). Studies indicate that the terminal domain of clathrin heavy chain, ll subunit 

of APs, and the phosphotyrosine-binding domain of Dab-2 can recognize and interact 

with NPXY type tyrosine signals (Kibbey et al., 1998; Boll et a!., 2002; Morris and 

Cooper, 2001). It is noteworthy that NPXY signals are conserved both in mammals and 

invertebrates indicating the essential role of these signals for rapid internalization of 

membrane cargoes. 
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2.3.2a. YXX«<l type tyrosine based motifs 

Several membrane proteins could undergo rapid internalization even though they 

do not contain NPXY type tyrosine motif indicating that there must be other signals in 

the cytosolic domain of membrane proteins that guides the internalization of receptors. 

Experiments based on above observation led to the identification of YXX<D type tyrosine 

motifs (Lazarovits and Roth, 1988). YXX<I> signals are found in nutrient receptor like 

transferrin receptor, lysosome related proteins like mannose 6-phosphate receptor, and 

lysosomes associated membrane proteins LAMP-l, and LAMP-2 which are necessary for 

normal cellular physiology (Bonifacino and Traub, 2003). On the other hand, the YXX<D 

type signals have also been noticed in the envelope glycoprotein of pathogens like human 

immuno-deficiency virus 1 indicating that pathogens could utilize the host endocytic and 

biosynthetic machinery (Rowell et a!., 1995; Ohno et a!., 1997). YXX<D signals are not 

only involved in rapid internalization from the membrane but also involved in sorting 

proteins to lysosomes and lysosomes related. organelles in which case the motif is usually 

preceded by glycine residue. In addition, !l3A and !l3B subunits of AP-3 display 

preference for YXX<D signals containing acidic residues before and after the critical 

tyrosine (Williams and Fukuda, 1990; Marks et a!., 1995; Gough et a!., 1999). The bulky 

hydrophobic residue in the Ill position as well as residues at position X and those flanking 

the YXX<D signal contribute to the specificity and strength of the recognition subunit 

(Ohno et a!., 1998). 

Yeast two-hybrid and in vitro binding assays indicate that the YXX<D signals are 

recognized by the ll subunits of AP complexes (Boll et a!., 1996; Ohno et a!., 1995). The 

residues that border the YXX<D signals other than the critical residues Y and Ill 
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determines the avidity and binding specificity with the I! subunits of AP complexes 

(Ohno et al., 1998). The I! subunit of AP-2 (1!2) has been shown to bind the YXX<I> 

signals with highest affinity compared to the I! subunit of AP-1 or AP-3. While mutations 

in residues around the YXX<I> signal of LAMP-l affect its lysosomal targeting, have less 

effect on the internalization from membrane. This indicates that the 1!2 subunit can 

interact with wide-ranging YXX<I> signals to mediate internalization of transmembrane 

cargoes (Ohno eta!., 1996, 1998). 

2.3.2b. YXX«<l signal recognition by 'll' subunit 

Yeast two hybrid assays and proteolytic digestion of the I! subunit indicate that 

the amino-terminal sequences of the I! subunit which account for one third of the protein 

as well as the carboxy-terminal sequences which account for two thirds of the protein are 

buried within the core domain. In addition the carboxy-terminal sequences have been 

shown to be involved in binding to YXX<I> signal containing cargoes (Aguilar et al., 

1997). AP-2 is one of the adaptor protein complexes extensively characterized in terms of 

both structure as well as function. So I would like to explain the structural basis of 

YXX<I> signal recognition using AP-2 as a model. As the YXX<I> signal binding 

sequences are conserved in all of the I! subunits, it is expected that other I! subunits share 

similar structure as that of J.lZ. 

Structural studies reveal that the amino-terminal of the 1!2 subunit consists of five 

P-sheets bordered by a-helices on either side and the entire structure is buried in the core 

making hydrophobic contacts with p2 subunit of AP-2 (Collins et al., 2002). The 

carboxy-terminal of the 1!2 subunit, is banana shaped, consists of sixteen P-sheets with 
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two hydrophobic pockets on the surface for the critical residues Y and Ill to be fit. The 

tyrosine residue makes multiple contacts with amino acids of the j.l2 subunit in the 

binding pocket via its aromatic ring as well as the phenolic hydroxyl group. The binding 

pocket for bulky hydrophobic amino acid at Ill position is flexible and is designed such a 

way that it can accommodate one of the structurally diverse bulky hydrophobic residues 

(Owen and Evans, 1998). Studies using mutant j.l2 subunit indicate that 176Asp and 421Trp 

are essential for binding YXXID signals (Nesterov et al., 1999). 

2.3.2c. Activation of 112 subunit for YXX <II signal binding 

As described earlier the ll subunit is protected from proteolytic digestion as it is 

well buried in the core of the adaptor protein complex. So a conformational change is 

necessary to dissociate the carboxy-terminal sequences from the amino-terminal 

sequences so as to bind YXXID signals. Studies indicate that a threonine residue at 

position 156 (156Thr) can be phosphorylated by a serine/threonine kinase called adaptor

associated kinase! (AAKI) to mediate clathrin mediated endocytosis (Conner and 

Schmid, 2002; Ricotta et al., 2002). Phosphorylation at 156Thr seems to enhance the 

interaction between the YXXID signal containing cargoes, like transferrin receptor, and 

the j.l2 subunit to regulate the internalization of transmembrane cargoes (Olusanya et al., 

2001 ). Thus recruitment of cargoes for clathrin mediated endocytosis can in turn be 

regulated by AAKl that can phosphorylate the ll subunit of AP-2. 

On the other hand, studies indicate that phosphorylation of critical Y residue in 

the costimulatory receptor CTLA-4 and the neural cell adhesion molecule 11 inhibits the 

interaction between YXXID signals and the ll subunit. Also, phosphorylation ofY residue 
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has been shown to negatively regulate internalization of these membrane proteins 

(Shiratori eta!., 1997; Zhang and Allison, 1997; Schaefer eta!., 2002). 

2.3.3. [DE]XXXL[Ll] type dileucine based motifs 

During early 90s proteins like CD3-y, the T-cell antigen receptor, were cjiscovered 

which even though lack tyrosine based motifs can be rapidly internalized as well as 

targeted to the lysosomes. Deletion study indicates that a sequence motif 'DKQTLL' is 

necessary for both internalization as well as lysosomal targeting of CD3-y (Letourneur 

and Klausner, 1992). Such signals were termed dileucine based motifs which were later 

discovered in several other proteins like tyrosinase, vesicular monoamine transporters 

(VMAT) 1 and 2, glutamate transporter 4, and aquaporin 4 (Bonifacino and Traub, 2003). 

While alanine substitution for critical leucines inhibits both rapid internalization and 

lysosomal targeting, the acidic residue at position -4 from the first leucine has been 

shown to be essential for targeting to late endosomes as well as lysosomes but not for 

rapid internalization (Letourneur and Klausner, 1992; Pond et a!., 1995). Yeast two 

hybrid and in vitro binding assays indicate that the J.l subunit of AP complexes are 

necessary for binding [DE]XXXL[LI] type dileucine motifs (Rodionov and Bakke, 1998; 

Craig et a!., 2000). On the other hand, photoaffinity affinity labeling analyses indicates 

that the ~ subunit of the AP complexes are necessary for binding [DE]XXXL[LI] type 

dileucine motifs (Rapoport et a!., 1998). Detailed structural study is necessary to 

delineate the subunit that is involved in binding the [DE]XXXL[LI] type dileucine 

motifs. 
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3. Functions of adaptor protein complexes· 

Functions of AP complexes AP-1, AP-2, AP-3 and AP-4 are associated with the 

organelle they are linked to. While ubiquitously expressed AP-IA residing at the trans

Golgi network (TGN) generates vesicles for late-endosomes and lysosomal 

compartments, the AP-IA that is associated with endosomes generate vesicles that is 

destined for plasma membrane or the TGN. AP-IB, found at TGN of polarized epithelial 

cells, is involved in protein targeting to the basolateral plasma membrane. AP-2 resides in 

the plasma membrane and generates endocytic vesicles. AP-3 present in endosomes 

mediates protein targeting to lysosomes or lysosomes related organelles like 

melanosomes or dense core vesicles. AP~4 found at TGN is involved in targeting to 

basolateral membranes (Bonifacino and Traub, 2003; Newell-Litwa eta!., 2007). 

In general, AP-2 complex regulates internalization of cargo from the plasma 

membrane and AP-I, AP-3 and AP-4 are involved in regulating post-Golgi trafficking. 

Based on the ability of the AP complexes to bind membrane, transmembrane cargoes, 

clathrin, as well as several accessory proteins that are necessary for CCV fonilation, it 

would seem appropriate that AP are involved in membrane recruitment of clathrin to 

mediate CME of transmembrane cargoes. However, deletion of AP in yeast did not 

induce clathrin deficiency phenotype like slow growth or reduced endocytosis indicating 

that in yeast clathrin can function even in the absence of AP complexes (Huang et a!., 

I999). In addition, several lines of evidence indicate that AP complexes are involved in 

intracellular sorting of transmembrane cargoes by recognizing short signal sequences 

present in the cytosolic domains (Bonifacino and Traub, 2003; Ohno et a!., I998, I996). 
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3.1. Physiological functions of AP complexes 

Essential role of AP complexes for multicellular organism is evident from the 

fmdings that disruption of AP-I and AP-2 in mice is embryonic lethal. On the other hand, 

deficiency of either AP-3 or AP-4 complex is not embryonic lethal. Mutations in genes 

that code for AP-3 subunits leads to pigmentation defect in humans as well as mice 

(Dell'Angelica et a!., 1999; Feng et a!., 1999; Ohno, 2006). Loss of AP-4 leads to 

accumulation of AMPA receptors in the autophagosomes of axons (Matsuda eta!., 2008). 

3.1.1. Functions of AP-1 

Two isoforms exists for AP-I: ubiquitously expressed AP-IA and the epithelial 

specific AP-IB (Ohno eta!., I999). Disruption of either y subunit or 11lA subunit of AP-I 

is embryonically lethal in mice (Zizioli et a!., 1999; Meyer et a!., 2000) indicating that 

AP-1 is essential during development. It is noteworthy that the embryonic lethality of 

tJ.lA deletion occurs at embryonic day E13.5 compared to deleting the y subunit where 

the lethality occurs at E4.5. This indicates that during the early stages of embryonic 

development where cells are primarily epithelial, !J.lB can compensate for the loss of !J.lA 

to certain extent and thus can increase the life span of the embryo by few more days. 

Fibroblast cell line established from J.llA knockout mice exhibited accumulation of 

marmose-6-phosphate receptors in the endosomes, indicating a role for tJ.lA in trafficking 

between endosomes and TGN (Meyer et a!., 2000). On the other hand, tJ.lB containing 

AP-IB has been suggested for the sorting of basolateral rnembrane proteins including 

low-density lipoprotein receptor (LDLR) and transferrin receptor (TfnR) (Fi:ilsch et a!., 

1999; Cancino eta!., 2007; Gravotta eta!., 2007). 
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3.1.2. Functions of AP-2 

Like Drosophila and C. elegans, disruption of AP-2 in mice leads to embryonic 

lethality. Targeted disruption of ~2 subunit in mice induces embryonic lethality before 

E3.5 and a fibroblast cell line could not be established from these mice indicating that 

during embryonic development AP-2 is essential for survival (Mitsunari et a!., 2005). 

AP-2 is highly implicated in rapid internalization of transmembrane cargoes like TfnR. 

On the other hand, studies done in cultured fibroblasts indicate that clathrin mediated 

endocytosis of EGFR and LDLR is possible even during RNAi mediated knock-down of 

AP-2 (Huang et al., 2004; Motley et al., 2003). This data suggests that either other 

adaptor proteins can take over AP-2 functions to mediate membrane recruitment of 

clathrin or the residual AP-2 is sufficient to regulate the endocytosis of transmembrane 

cargoes (Owen et al., 2004). Limitations of the RNAi experiments can be bypassed by 

developing conditional knockout mice which might help to define the physiological 

function of AP-2. 

3.1.3. Functions of AP-3 

3.1.3a. AP-3 is involved in sorting proteins to lysosomes 

In humans, natural mutations or deficiency in AP-3Bl gene which codes for ~3 

subunit of ubiquitous AP-3 (~3A) results in pigmentation defect and excessive bleeding 

condition termed as Hermansky-Pudlak syndrome (Newell-Litwa et al., 2007). 

Fibroblasts isolated from the patients indicate that AP-3 levels are reduced in these cells. 

In addition, the lysosomal membrane proteins like LAMP-l, LAMP-2, LIMP-2, and 

CD63 are stuck at the plasma membrane of these fibroblasts indicating that the function 
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of AP-3 is to sort proteins to lysosomes and lysosome related organelles like 

melanosomes (Dell'Angelica et a!., 1999). In mice, mutations in genes that encode f33A 

subunit (pearl mice) oro subunit (mocha mice) share phenotypes similar to HPS patient 

like coat color dilution and prolonged bleeding. In line with pigmentation defects, AP-3 

has been shown to regulate sorting of tyrosinase enzyme which is involved in melanin 

formation from tyrosine. As the o subunit is common for ubiquitous and neuronal AP3, 

the mocha mice display neurological abnormalities like impaired balance and hearing as 

well as behavioral hyperactivity. In addition, like in HPS patients, fibroblasts isolated 

from these mutant mice reveal increased expression of LAMP on the plasma membrane 

(Feng eta!., 1999; Kantheti et al., 1998). 

3.1.3b. AP-3 is involved in targeting synaptic vesicle membrane proteins 

Cell-free vesicle biogenesis assays indicates that either AP-3 containing brain 

cytosol or purified AP-3 and ARF1 is necessary for vesicle formation from endosomes as 

well as targeting of synaptic vesicle membrane proteins like zinc transporter 3 (ZnT3) 

(Fafuldez et al., 1998). Analyzes of nerve terminals of mocha, Ap3b2·'· (encodes f33B 

subunit) mice indicates defective levels of ZnT3 suggesting that AP-3 is involved in 

targeting of synaptic vesicle membrane proteins (Kantheti et al., 1998; Seong eta!., 2005; 

Nakatsu et al., 2004). Further studies. indicate that ZnTJ can in fact directly interact with 

AP-3 so that ZnT3 can be targeted to distinct synaptic vesicle population (Salazar et a!., 

2004b). Not only ZnT3, but also targeting of several vesicle membrane proteins like 

vesicle chloride channel 3 (ClC-3), vesicular glutamate transporter (VGLUTI), vesicular 

GABA transporter (VGAT), phosphoinositol 4 kinase II alpha (PI4KIIa) and tetanus 
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neurotoxin-insensitive vesicle associated membrane protein (fl-VAMP) are defective in 

AP-3 deficient nerve terminals (Salazar et al., 2004a, 2005; Nakatsu eta!., 2004; Newell

Litwa et al., 2007). 

In addition, experiments done using 1!3B knock-out mice show that these mice 

develop seizures as adults. This could be due to impaired biogenesis of inhibitory 

synaptic vesicles in the hippocampus as well as defective targeting of VGAT. Also the 

the diameter of inhibitory terminals is significant reduced in the 1!3B mutant mice 

(Nakatsu eta!., 2004). 

3.1.3c. AP-3 is involved in recycling of synaptic vesicle proteins 

In axon terminals, recycling of synaptic vesicle proteins after exocytosis is 

essential to sustain the neurotransmitter release. While fast recycling of synaptic vesicle 

proteins depends on AP-2, there also exists a slow compensatory vesicle recovery 

mechanism that is sensitive to disruption of membrane recruitment of AP-3 using 

brefeldin A. Experiments done in mocha neurons indicates that competition exists 

between AP-2 and AP-3 for recycling of synaptic vesicle proteins. In addition, synaptic 

vesicle proteins are diverted from the slow pathway to the fast pathway in mocha 

neurons. Thus these data suggests that compensatory endocytosis of synaptic vesicle 

proteins occurs via AP-3 dependent mechanisms (V oglmaier et a!., 2006). 

3.1.3d. AP-3 is involved in neurotransmitter release at mossy fibers 

Even though AP-3 has been implicated in formation of synaptic vesicles from the 

endosomes, it was not known if AP-3 has any role in neurotransmitter release. 
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Experiments done in mocha brain slices indicate that compared to littermate controls, loss 

of AP-3 leads to two fold increase in the frequency of miniature excitatory post synaptic 

currents (mEPSCs). Additional experiments in hippocampal slices from mocha mice 

indicate that the readily releasable pool is increased in mocha mossy fiber terminals. 

Similar phenotype of increased mEPSC frequencies results when control slices were 

treated with BFA (interferes with membrane recruitment of AP-3) indicating the role of 

AP-3 in the synaptic vesicle formation. Collectively these data indicate that AP-3 

regulates neurotransmitter release at the hippocampal mossy fiber terminals (Scheuber et 

a!., 2006). 1n line with these evidence, AP-3 has been shown to be essential for 

biogenesis of large dense core vesicles. and loss of AP-3 is attribute<! to increased vesicle 

volume (Grabner eta!., 2006). 

Thus studies using mutant/knockout mice help to delineate the neuronal and non

neuronal functions of AP-3 subunits. 

4. Clathrin mediated endocytosis in neurons 

In general, clathrin coated pit formation begins with membrane recruitment of 

APs followed by clathrin. Membrane curvature results due to the action of clathrin 

accessory proteins that are involved in protein-lipid and protein-protein interactions to 

form coated pits. The invaginated coated pit is pinched off from the membrane and 

further the clathrin coat disassembles to release the vesicle. The ·components of clathrin 

coats that resulted by uncoating can be reused for another round of vesicle formation 

(Fig. 2). Although similar mechanism exists for clathrin mediated endocytosis in neurons, 
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several components of clathrin coat contain neuron-specific modifications to adapt to the 

specialized structure and function of the neurons (Slepn:ev and De Camilli, 2000). 

4.1. General structure and function of a neuron 

Neurons are electrically excitable polarized cells that can process and transmit 

information. In· general neuronal structure contains cell body or soma, dendrites, and 

axons. The cell body or soma, like any other cell, contains intracellular organelles 

including nucleus, endoplasmic reticulum, trans-Golgi network, mitochondria, and 

ribosomes. While dendrites are considered as the signal receiving ends of a neuron, axons 

transmit signals. Signal transduction from one neuron to another occurs at junctions 

called synapses. Synapses are of two types, electrical and chemical, depending on the 

type of signal that reaches the synapse. 

In a typical neuron that engages in chemical synapse formation, synaptic vesicle 

precursor biogenesis occurs at the cell body. These precursor vesicles are transported 

along the cytoskeleton to the axon terminal. Arrival of an electrical impulse at the axon 

terminal causes the voltage sensitive calcium channels to open. Opening of calcium 

channels at the axon terminals elevate local intracellular calcium concentrations. This rise 

in Ca2+ concentrations leads to fusion of neurotransmitter vesicles with the presynaptic 

membrane which causes neurotransmitters to be released into the synaptic cleft. The 

neurotransmitters that are released into the synaptic cleft can bind to the receptors present 

on the membrane of postsynaptic neuron and thus mediating relay of neurotransmission 

(Pley and Parham, 1993). 



Figure 2. Clathriu mediated endocytosis. 

Steps and machinery involved in CME of transferrin receptor (TfnRs) are depicted in 

Fig. 2. APs can bind transmembrane cargoes like TfnRs and then recruit clathrin to 

initiate coated pit formation. Membrane curvature and invagination of coated pits are 

mediated by several accessory proteins. Clathrin coated vesicles (CCVs) are then pinched 

off the membrane by the action of dynamin. CCV s are uncoated to release the vesicle to 

be targeted to intracellular compartments. Uncoated machinery can be reused for another 

round of coated pit formation. 
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4.2. Neurons are polarized secretory cells 

Neurons contain two types of secretory vesicles called the synaptic vesicles and 

secretory granules. Upon stimulation synaptic vesicles release the packaged 

neurotransmitter, while secretory vesicles (also called dense core vesicles) release 

neuropeptides. Both the secretory vesicles differ by the way in which their emptied 

vesicles get refilled. The messenger molecules of secretory granules, neuropeptides, are 

synthesized at the cell body and pass through ER and TGN before being packaged as 

secretory vesicles. Because of the distance between the site of release and site of 

synthesis, the membranes that hold neuropeptides are limited from recycling. On the 

other hand, synaptic vesicles have non-proteinaceous second messengers ·called 

neurotransmitters. Synaptic vesicles have the ability to refill their emptied vesicles from 

the surrounding cytoplasm that they are floating in. Local refilling ability of synaptic 

vesicles thus poses an advantage for neurons in such a way that the synaptic vesicle 

membrane can be reused (Hannah eta!., 1999). 

4.3. Clathrin mediated endocytosis at axon terminal 

To keep up with the demands for neurotransmission at the presynaptic axon 

terminal, recovery of membrane as well as vesicular proteins becomes inevitable. Three 

different mechanisms have been described to recover synaptic vesicle proteins and 

membrane: 1) fission of small vesicle (also called kiss-and-run mode), 2) budding of. 

clathrin coated vesicles directly from the presynaptic membrane, and 3) bulk retrieval 

followed by budding of clathrin coated vesicles. While budding of coated vesicles occurs 

from fully collapsed synaptic vesicles, in fission or kiss-and-run mechanism the 
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neurotransmitter is released from the synaptic vesicles without full collapse of the 

synaptic vesicle to the membrane. Thus synaptic membrane retrival is rapid in kiss-and

run mode compared to direct budding or bulk retrieval (Royle and Lagnado, 2003). 

4.4. Molecules of CME at axon terminal 

Apart from clathrin and adaptor protein complexes, several molecules including 

but not limited to AP-180, dynarnin, synaptojanin, amphiphysin, intersectin, endophilin, 

epsin, and auxilin have been implicated in CME in neurons. Clathrin consists of heavy 

chains and light chains. Three clathrin heavy chains (CHC) and three clathrin light chains 

(CLC) constitute the three legged clathrin oligomer structure called .triskelia which forms 

the structural backbone of clathrin lattice. While CHC can assemble into cages under 

slightly acidic pH of 6.7, the AP complexes (reviewed in section 3) mediate spontaneous 

assembly of CHC into cages under physiological pH (Robinson, 2004; Young, 2007; Liu 

et al., 1995). 

4.5. Functions of accessory proteins are weaved into every step of CME 

Clathrin coated pit formation is initiated with the recruitment of adaptor protein 

complexes and clathrin to the membrane. AP-180, a brain specific synaptic terminal 

enriched protein, can simultaneously bind both clathrin and the membrane lipids. AP-180 

promotes clathrin assembly and thus can act as accessory adaptor. To form coated pits, 

clathrin accessory proteins like epsin, endophilin, and amphiphysin are involved in 

protein-lipid and protein-protein interactions that bring about membrane curvature. The 

GTPase dynarnin has been shown to be essential for fission of clathrin coated vesicles 
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(CCV) from the donor membrane. Amphiphysin can convert liposomes to narrow tubules 

and assembles dynamin as rings on these tubules indicating that amphiphysin, in addition 

to inducing membrane curvature, mediates recruitment of dynamin. Actin cytoskeleton 

has been implicated in vesicle pinching off the membrane and disruption of actin impairs 

vesicle formation. 

Amphiphysin can recruit synaptojanin to CCV by a high affinity interaction. 

Synaptojanin degrades PI(4,S)P2 which is necessary for membrane recruitment of AP-2 

to phosphatidylinositol and thus mediates uncoating of clathrin components from vesicle. 

Auxilin, highly concentrated at nerve terminals, is the cofactor of A TPase called heat 

shock protein cognate 70 (Hsc70). Hsc70 mediates rapid uncoating of clathrin coated 

vesicles. The components of clathrin coats that are uncoated can be reused for another 

round of vesicle formation (Hannah et al., 1999; Slepnev and De Camilli, 2000). Thus 

apart from key players like clathrin and AP, several accessory proteins become inevitable 

duringCME. 

4.6. Clathrin mediated endocytosis at postsynaptic membrane 

The molecular architecture and function of CME machinery on the postsynaptic 

side, membrane opposing to the neurotransmitter release site, is similar to the axon 

terminal. One of the essential functions of CME on the postsynaptic membrane is the 

removal of surface neurotransmitter receptors. Organization of components of endocytic 

machinery in spines, the postsynaptic side of excitatory synapses, is tangential to an 

electron dense region rich in neurotransmitter receptors termed postsynaptic density. 

AP-2, mediates initiation of coated pit formation, has been located adjacent to the 
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postsynaptic density. Neurotransmitter receptors that laterally diffuse away from the 

postsynaptic density can bind to tangentially located AP-2 and move to endocytic zones. 

On the other hand, dynamin that mediates the fission of mature CCP from the membrane 

was located further away from clathrin and postsynaptic density (Racz et al., 2004). 

Consistent with a role for calcyon in CME, ultra structural evidence show that in spines 

calcyon localization is usually displaced from the postsynaptic density as that of the 

endocytic sites for clathrin mediated removal of receptors from synapses (Lu et al., 2007; 

Racz et al., 2004; Negyessy et al., 2008). 

5. Function of endogenous calcyon 

5.1. Calcyon interacts with clathrin light chain 

Sequence analysis indicates that calcyon does not contain any domains of known · 

functions (Muthusarny et al., 2009). To gain functional insight by identifying interacting 

partners a yeast two-hybrid (Y2H) screen was performed using the cytosolic domain of 

calcyon. The Y2H screening identified clathrin light chain isoform 'a' (CLCa) as a 

binding partner of calcyon. Further, GST pull down studies confirmed the direct 

interaction of calcyon with CLCa and suggested that both the heavy chain binding 

domain and the C-terminal domain of LCa is necessary for the interaction. Although 

precise functions of CLC are not known, CLC acts as negative regulators of CHC 

assembly (Ungewickell and Ungewickell, 1991; Ybe et al., 1998). However, siRNA 

mediated knock down of both isoforms of CLC (Huang et al., 2004; Poupon et al., 2008) 
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observed no change either in the clathrin mediated endocytosis (CME) ofEGF receptors 

and transferrin receptors or the formation of clathrin coated pits (CCP). 

In mammalian cells, two clathrin light chain genes have been identified to code 

for two related proteins designated as CLCa and CLCb (Young, 2007; Huang et al., 

1997). Interestingly the relative amounts of CLCa and CLCb are not the same in all cell 

types indicating differential function of the isoforms (Acton and Brodsky, 1990). In 

addition, neuron specific splice variants exist for both the isoforms of CLC (Brodsky et 

al., 2001 ). A recent study (Mettlen et al., 2009) indicates that depletion of CLC isoforms 

slightly increased the efficiency of CME and supports the idea that CLC might function 

as negative regul;ltors of CME. In addition, opposing effects in CCP turn over rate were 

observed with the depletion of CLC isoforms i.e., CLCa depletion activates the turn over 

rate where as CLCb depletion delays the same. 

5.2. Calcyon enhances self-assembly of clathrin 

CHC, the structural backbone of the triskelia, can assemble into cages under 

slightly acidic pH of 6. 7 whereas clathrin adaptor proteins mediate spontaneous assembly 

of CHC into cages under physiological pH (Robinson, 2004; Young, 2007; Liu et al., 

1995). Studies (Chen and Brodsky, 2005; Legendre-Guillemin et al., 2005) indicate that 

CLC interacting proteins such as Huntingtin interacting protein 1 (HIP!) and HIP! 

related protein (HIP IR) promotes in vitro assembly of clathrin. In this line, clathrin self- . 

assembly studies were performed using purified clathrin from rat brains to investigate the 

role of calcyon in CHC assembly into cages in vitro. High-speed centrifugation can 

separate the assembled CHC from the unassembled CHC. Clathrin self-assembly studies 
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suggested that the cytosolic terminus, but not N terminus, of calcyon enhances dose 

dependent self-assembly of clathrin in vitro (Xiao et a!., 2006). 

5.3. Calcyon stimulates clathrin-mediated endocytosis 

As clathrin self-assembly assay indicate a role for calcyon in regulating clathrin 

cage formation, transferrin uptake studies were performed in HEK293 cells to test 

whether calcyon plays a role in CME in vivo. Uptake of nutrient transferrin is a clathrin

mediated process (Motley et a!., 2003). While overexpression of calcyon in HEK293 

cells increased transferrin uptake compared to the control, knock out of calcyon reduced 

transferrin uptake in neocortical neurons suggesting that calcyon stimulates CME in vivo. 

In addition, deletion of calcyon alters clathrin assembly as indicated by subcellular 

fractionation studies in brain (Xiao et a!., 2006). Further studies are necessary to identify 

the mechanisms by which calcyon enhances CME. 

Altogether, these data indicates that calcyon stimulates clathrin-medicated 

endocytosis in both neuronal as well as non-neuronal cells. 

5.4. Calcyon is necessary for long-term synaptic depression 

Although calcyon is highly expressed in the hippocampus and found at excitatory 

synapses, the role for calcyon in excitatory neurotransmission or synaptic plasticity was 

not tested until Davidson et a!. (2009) showed that calcyon is necessary for activity

dependent internalization of the excitatory neurotransmitter receptors - AMP A receptors 

and long term synaptic depression (LTD). Immunofluorescence and cell surface 

biotinylation studies performed, in cultured neurons from WT and calcyon KO mice, to 
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analyze the surface glutamate receptors suggested that calcyon is necessary for agonist

induced endocytosis of AMP A receptors. Electrophysiological analysis of calcyon KO 

neurons and brain slices indicate that deletion of calcyon hinders LTD, while basal 

glutamate transmission and the synaptic AMP A receptor subunit composition remain not 

changed (Davidson et a!., 2009). Taken together, these data raise the possibility that in 

glutamatergic neurons the function of perisynaptic positioning of calcyon is to regulate 

the activity dependent clathrin-mediated endocytosis of.AMP A receptors. 

5.5. Dynamics of calcyon 

In neurons, depol!trization dependent intracellular calcium increase is essential for 

functions like neurotransmitter release and synaptic plasticity. In line with physiological 

changes in neurons, elevating the intracellular calcium in HEK cells stimulates 

microtubule and CaMKII dependent translocation of calcyon to plasma membrane (Ali 

and Bergson, 2003). Total internal reflection fluorescence (TIRF) microscopy study in 

HEK cells observed calcyon in vesicles just beneath, about 1 OOnm, the plasma membrane 

and that these vesicles can move laterally as well as vertically indicating bidirectional 

movement of calcyon containing vesicles. Also experiments done using wheat germ 

agglutinin (WGA) indicates that calcyon containing vesicles could shuttle between the 

Golgi and the plasma membrane (Kruusmagi et a!., 2007). Thus, immunofluorescence 

and surface biotinylation studies indicate that calcyon is also present at the celL surface, 

apart from the intracellular organelles like endosomes, trans-Golgi network (TGN) and 

lysosomes (Xiao et al., 2006; Ali and Bergson, 2003; Kruusmagi eta!., 2007). 
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5.6. Model on calcyon functions in neurons (Fig. 3) 

Considering the physiology of the neurons, the fmding that calcium induced 

microtubule and CaMKII dependent surface expression of calcyon in HEK cells could be 

translated to neurons as well. I propose that upon depolarization in neurons, elevation of 

intracellular calcium triggers the translocation of calcyon to the perisynaptic endocytic 

zones. Translocation of calcyon is possible either by lateral diffusion from the parent 

dendrite to the spines or by fusion of intracellular calcyon present in the endosomes of 

the spines to the perisynaptic site via the microtubules. It is likely that vesicular calcyon 

use microtubules to reach the perisynaptic site as evidence in HEK cells indicate 

enhanced surface expression of calcyon upon elevating the intracellular calcium is 

microtubule dependent. 

In spines, AP-2 complex has been located adjacent to the postsynaptic density 

(Racz et a!., 2004). AMPA receptors that laterally diffuse away from the postsynaptic 

density can bind to tangentially located AP-2 and move to endocytic zones. Calcyon 

present in the perisynaptic area can stimulate the CME of AMP A receptors via its direct 

interaction with CLCa. It is unknown whether calcyon increases the rate of CCV 

formation or the size of clathrin cages or both. Although EM shows that calcyon is 

present in the perisynaptic zones, live imaging studies are necessary to show how calcyon 

actually got there. 

CryoEM studies indicate that the HC bound LC by being on the surface of the 

clathrin cage becomes accessible for protein interactions. Thus calcyon might interact 

with heavy chain bound CLCa to stabilize assembled clathrin from dissolution. On the 

other hand, calcyon can indirectly be involved in potentiating CME by isolating CLCa 



Figure 3. Model on post-synaptic functions of calcyon. 

Upon elevating intracellular calcium in HEK cells, calcyon translocates to plasma 

membrane in microtubule and CaMKII dependent fashion. In neurons, calcyon is found 

to be associated with perisynaptic sites. Calcyon enhances clathrin assembly in vitro and 

stimulates CME of neurotransmitter receptors in brain. Based on these evidence, I 

propose that synaptic increase in calcium during neurotransmission (1 in Fig 3.) could 

drive calcyon from the endosomes to the perisynaptic membrane in a microtubule 

dependent fashion (2 and 3 in Fig 3.). Endozytic zones are located in the perisynaptic 

sites and calcyon could stimulate CME of transmembrane receptors (4 in Fig 3.). 

Endocytosed receptors could either be recycled back to the membrane or targeted for 

degradation. On the other hand, role of calcyon in axon terminal remains unknown. It is 

conceivable, based on the post-synaptic functions, that calcyon localized in the nerve 

terminals might regulate synaptic vesicle formation. 
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which can impair heavy chain assembly (disinhibition). However, free clathrin is readily 

degradable in the cell. 

Consistent with the findings that calcyon is also present in the presynaptic 

terminal and that calcyon enhances CME it is conceivable that calcyon might regulate 

presynaptic vesicle formation as well as endocytosis. 

5.7. Calcyon, NEEP21, and P19 are family of endocytic proteins 

Calcyon is highly related by sequence homology to two other proteins enriched in 

brain, P19 and Neuron enriched endosomal protein of 21 kDa (NEEP21) (Saberan

Djo!leidi eta!., 1995, 1998; Muthusamy eta!., 2009). Recent studies -revealed that these 

two closely related neuronal endocytic proteins, NEEP21 and calcyon perform distinct 

roles in vesicle trafficking. NEEP21 was found to regulate the sorting of endosomes into 

either a recycling or degradative pathway whereas calcyon overexpression stimulates 

clathrin mediated endoctyosis of plasma membrane localized cargo, but not recycling 

(Steiner et a!., 2002, 2005; Debaigt et a!., 2004; Xiao eta!., 2006). Further, both proteins 

appear to play distinct roles in neurons with respect to synaptic plasticity. For example, 

antisense knockdown of NEEP21 impairs the ability of high frequency stimulation to 

evoke GluR1 accumulation at the PSD, and concomitant long term potentiation (LTP) 

(Alberi et a!., 2005). In contrast, long term depression (LTD), a form of synaptic 

. plasticity requiring .clathrin mediated internalization of GluR subunits is abolished in 

neurons prepared from calcyon knockout mice (Davidson eta!., 2009). Further, NEEP21 

has been shown to regulate the axonal trafficking of 11/neuron-glia cell adhesion 

molecule (Ll!NgCAM) by transcytosis (Yap eta!., 2008). 
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P19 is an additional member of the NEEP21/calcyon gene family. Like NEEP21 

and calcyon, P 19 is predominantly expressed in brain and is primarily localized in 

vesicles. However, despite the high level of P19 sequence identity with NEEP21 and 

calcyon, the physiological role of P19 is yet to be identified. We propose that 

NEEP21/Calcyon!P19 gene family evolved relatively late in evolution to support the 

unique demands placed on vesicle trafficking by the vertebrate nervous system. 
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Abstract 

Endocytosis and vesicle trafficking are required for optimal neural transmission. 

Yet, little is currently known about the evolution of neuronal proteins regulating these 

processes. Here, we report the first phylogenetic study ofNEEP21, calcyon, and P19, a 

family of neuronal proteins implicated in synaptic receptor endocytosis and recycling, as 

well as in membrane protein trafficking in the somatodendritic and axonal compartments 

of differentiated neurons. Database searches identified orthologs for P 19 and NEEP21 in 

bony fish, but not urochordate or invertebrate phyla. Calcyon orthologs were only 

retrieved from mammalian databases and distant relatives from teleost fish. In situ 

localization of the P19 zebrafish ortholog, and extant progenitor of the gene family, 

revealed a CNS specific expression pattern. Based on non-synonymous nucleotide 

substitution rates, the calcyon genes appear to be under less intense negative selective 

pressure. Indeed, a functional group II WW domain binding motif was detected in 

primate and human calcyon, but not in non-primate orthologs. Sequencing of the calcyon 

gene from 80 human subjects revealed a non-synonymous single nucleotide 

polymorphism that abrogated group II WW domain protein binding. Altogether, our data 

indicate the NEEP21/Calcyon/P19 gene family emerged, and underwent two rounds of 

gene duplication relatively late in metazoan evolution (but early in vertebrate evolution at 

the latest). As functional studies suggest NEEP21 and calcyon play related, but distinct 

roles in regulating vesicle trafficking at synapses, and in neurons in general, we propose. 

the family arose in chordates to support a more diverse range of synaptic and behavioral 

responses. 
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Introduction 

With only twice as many neurons and minor differences in the number of overall 

coding sequences, a major goal of evolutionary neurobiologists is to identifY species 

differences at the genomic level that might account for the marked increase in cognitive 

capacity of the human brain compared to that of our closest phylogenetic relative, the 

chimpanzee. Structurally, the human brain is distinguished from the chimpanzee brain by 

a vast increase in levels of neuronal connectivity. The greater neuronal connectivity in 

human brain is thought to allow for more efficient communication between sensory, 

association, limbic and motor brain regions. However, little is known about the 

phylogenetic or cellular mechanisms that might drive or functionally support the 

increased connectivity. 

Synapses are the basic unit of neuronal connectivity in the central nervous system 

(CNS), and are site of chemical neurotransmission between interconnected neurons. 

Activity-dependent regulation of synaptic transmission is thought to underlie learning and 

memory (Heynen et al., 2000; Teyler and Discenrta, 1984; Whitlock eta!., 2006). Hence, 

there is widespread interest in elucidating the molecular scaffold involved in regulating 

pre- and postsynaptic aspects of synaptic transmission. It is thought that such 

information could shed light on neurological and neuropsychiatric disorders in humans 

involving defects in connectivity such as proposed for schizophrenia, autism, 

Alzheimer's disease, and amylolateral sclerosis, among others. 

Functional studies carried out in the invertebrate and vertebrate nervous system 

indicate that vesicle trafficking within both pre- and postsynaptic elements of the synaptic 

junction plays a crucial role in basal as well as activity-depended adaptations in synaptic 
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transmission (Bredt and Nicoll, 2003; Malinow and Malenka, 2002; Sudhof, 2004). Such 

'plasticity' in synaptic transmission is proposed to underlie learning, memory and 

cognitive flexibility (McCormack eta!., 2006; Nicholls eta!., 2008; Teyler and Discenna, 

1984). Little is currently known about the evolution of the neuronal proteins that regulate 

vesicle trafficking at synapses. However, recent studies suggest that the molecular 

machinery regulating these processes in mammals is substantially more elaborate than in 

inverterbrates (Emes et a!., 2008). 

Here we report the first phylogenetic study of NEEP21 (Entrez Gene Name: 

neuron specific gene family member 1; alias, nsg1, p21), calcyon (Entrez Gene Name: 

calcyon neuron-specific vesicular protein; alias,. Drd1ip, Caly), and P19 (Entrez Gene 

Name: neuron specific gene family member 2; alias, nsg2, p19 and p1A75), a family of 

endocytic proteins recently found to play a role in regulating excitatory synaptic 

transmission (Saberan-Djoneidi eta!., 1995, 1998; Steiner eta!., 2002; Xiao eta!., 2006). 

The best characterized family members, NEEP21 and calcyon appear to perform distinct 

roles in vesicle trafficking, consistent with a homologous relationship. For example, 

NEEP21 regulates the sorting of endosomes into either a recycling or degradative 

pathway (Debaigt et a!., 2004; Steiner et a!., 2002), whereas calcyon stimulates clathrin 

mediated endoctyosis of nutrients and plasma membrane receptors into vesicles (Xiao et 

a!., 2006). Intriguingly, recent work suggests the homologous roles of the two proteins 

extend to neuronal activity-driven adaptations in synaptic strength including synaptic 

plasticity. That is, down-regulation ofNEEP2lleads to deficits in constitutive recycling 

of AMP A receptors and activity-dependent synaptic insertion of receptors (Alberi et a!., 
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2005), whereas knockout of calcyon interferes with activity dependent removal of surface 

AMP A receptors and synaptic weakening (Davidson et a!., 2009). 

Recent studies suggest the NEEP21/Calcyon/P19 gene family plays an important 

role in the polarized sorting of axonal and somatodendritic membrane components in 

differentiated neurons. For example, NEEP21 regulates transcytosis of molecules 

endocytosed in somatodendritic regions to axons (Yap et a!., 2008). The role of P 19 in 

vesicle trafficking, if any, is currently unknown (Saberan-Djoneidi et a!., 1995). 

Nevertheless, in mammals, the expression of P19 like that of NEEP21 and calcyon is 

enriched in the hypothalamus, hippocampus, ventral basal ganglia, amygdala and 

prefrontal cortex, as well as the pituitary. The functions of these nuclei are largely 

elaborated in vertebrates, and quite diverse spanning homeostasis to emotion processing, 

social interactions, blood pressure, thirst, long term memory, reward and motivation. 

Using phylogenetic methods coupled with an analysis of codon and amino acid 

substitution rates, we present a picture of the functional evolution of the tripartite 

NEEP21/Caclyon/P19 gene family pointing to its emergence in vertebrates. 

Materials and Methods 

Zebrafish strains and animal care 

Breeding and staging of zebrafish embryos was performed according to standard 

protocols (Westerfield 1995) and experiments were carried out with Tubingen Wild-Type 

or brass embryos. All experimental protocols using zebrafish (Danio rerio) were 

reviewed and approved by the MCG Institutional Animal Care and Use Committee. 
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Protein homology search 

Proteins sequences corresponding to human Pl9 (Accession: CAG33423), 

NEEP21 (Accession: NP _055207) and calcyon (Accession: AAF34714) were used in 

CDART searches of the National Center for Biotechnology Information (NCBI) non

redundant (m) protein. database (including GenBank coding sequence translations, 

sequences derived from the 3-D structure Protein Data Bank, and the SWISS-PROT 

protein sequence database). The CDART search tool retrieves proteins with similar 

domain architecture. Although CD ART is thought to be more sensitive, we also searched 

for orthologs in translated non-redundant nucleotide databases (including all GenBank, 

EMBL, DDBJ, and PDB sequences) 11sing the .§arne protein query sequences. Synthetic 

sequences were removed, as were sequences deemed partial alignment with ClustalW 

(Larkin et al., 2007). The canine calcyon sequence (XP _548818.2) was modified to 

terminate after 226 amino acids since the sequence codes for a protein 350 amino acids in 

length, and the C-terminal 124 amino acids bears no sequence similarity with the rest of 

the gene family. Tetraodon nigroviridis Pl9 (CAG11727) was used to query the Gallus 

gallus EST database, and Xenopus tropicalis NEEP21 (NP_001072849) to query Danio 

rerio EST databases in TBLASTN searches. Additionally, all available C. elegans, C. 

intestinalis, D. melanogaster and S. cerevisiae genomic and EST databases as well as 

Genbank were queried to investigate the presence of orthologs in invertebrates. 

Multiple sequence alignment and Phylogenetic analysis 

Alignment of the sequences in Table 1 was performed using ClustalW with the 

MegAlign tool of Lasergene 6 software (Larkin et al., 2007). At the nucleotide level 
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using back-translated gaps from amino acid level alignments, MODEL TEST (Posada and 

Crandall, 1998) was run with GTR+f+I as the suggested model. This was used to 

calculate a phylogenetic tree using RAXML (Stamatakis, 2006). Branch lengths and 

clade bootstrap supports associated with the tree were also collected. Softparsimony 

(Berglund-Sonnhammer et al., 2006) was used to minimize the number of duplications 

and losses in generating the most parsimonious tree roots. 

Ancestral sequence reconstruction coupled to counting (PBL method) was used as 

a non-statistical screen for positive selection (Liberles, 2001) as implemented in 

www.bioinfo.no. The one ratio, free ratio, neutral sites, branches and sites, and branches 

models were run using codeml from the PAML package (Yang, 2007) independently on 

the NEEP21, P19, and calcyon clades. Likelihood ratio tests were run to identify which 

tests were significant, with values reported in Table 2. No correction for multiple testing 

was applied. Diverge vl.4 (Gu and Vander Velden, 2002) was run to compare the 

NEEP21, P19, and calcyon clades in a pairwise marmer, with results presented in Table 3. 

Cloning o(Zebrafish P 19 

Zebrafish RNA (from embryos staged at 24, 48, and 72h post-fertilization) was 

prepared using the Trizol method (Invitrogen, Carlsbad, CA), and first strand eDNA by 

reverse transcription using the SuperScript kit (Invitrogen, Carlsbad, CA). Primers 

(3'AGTTGACCGCTTTCGGCT 5' and 3' GGATGAAACATTTCACCAGAT.S') were 

designed based on the zebrafish P19 mRNA sequence (accession number AY394975). A 

1338 nucleotide eDNA was amplified by PCR and subcloned using the pGEM-Teasy 

Vector (Promega, Madison, WI). The identity of the putative P19 eDNA clone was 
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confirmed by DNA sequencing both strands with an ABI 3730 XL 96-capillary sequencer 

(Applied Biosystems) operated by the Genomics Core Lab at the Medical College of 

Georgia. The P19 clone isolated includes 552, 45, and 741 nucleotides of predicted 

coding, 5', and 3' flanking sequence, respectively. 

Whole-mount in situ hybridization 

Whole-mount in situ hybridization was carried out under standard conditions 

(Thisse et a!., 1993). Riboprobe templates were prepared by linearizing the 1338 

nucleotide P19 eDNA clone described above with the appropriate restriction enzymes 

(sense, Sacll; antisense, Spel), and transcribing with either T7 (antisense) or SP6 (sense) 

RNA polymerase in the presence of digoxigenin-labeled nucleotides (Roche Applied 

Science, Indianapolis, IN). Sense probes were used for control hybridization reactions 

and resulted in only low level diffuse staining. 

List of databases searched: 

Ciona intestinalis 

http://genome.jgi-psf.org/ciona4/ciona4.home.html 

ghost.zool.kyoto-u.ac.jp/indexr1.html 

Caenorhabditis elegans 

http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=6239 

Dania rerio 

http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7955 



Drosophila melanogaster 

http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7227 

Gallus gallus 

http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=9031 

Oryzias latipes 

http://compbio.dfci.harvard.edu/tgi/cgi-binltgi/gimain.pl?gudb=o _latipes 

Tetraodon nigroviridis 

http:/ /www.ensembl.org/Multi/blastview 

Saccharomyces cerevisiae 

http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4932 

Results and Discussion 

The NEEP21/Calcyon/Pl9 Gene Family is Highly Conserved 
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At the amino acid level, the human (h) protein hCalcyon exhibits about 30% 

identity to that of hNEEP21 and hP19 which show about 50% identity to each other. 

Search of the NCB! non-redundant (nr) sequence database for hP19, hNEEP21 or 

hCalcyon orthologs using the Conserved Domain Architecture Retrieval Tool (CDART) 

retrieved an identical set of sequences from a variety of vertebrate species (Table 1 ). 

Each protein sequence retrieved contained a single copy of the so-called 'calcyon' protein 

domain (PF06387), a 179 amino acid sequence characterized by a single transmembrane 

segment in the middle. None of the hits contained any other identified protein domains. 

Although neither the 3-D structure nor the function of the calcyon domain is solved, this 
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domain currently appears to be the defining characteristic of the NEEP21/Calcyon!Pl9 

gene family (Finn et al., 2008). 

Apart from retrieving protein sequences from a variety of mammalian species, 

CDART searches identified closely related proteins in avian, piscine and amphibian 

species, e.g., chicken, pufferfish, frog, and zebrafish. All of the sequences appeared to 

belong to the NEEP21/Calcyon!P19 gene family based on sequence similarity scores. 

Notably, the degree of similarity between family members in the same species was 

conserved from fish to human (Supplementary Table 1, refer APPENDIX). These 

results suggested that the NEEP21/Calcyon!P19 family is highly conserved and is not 

inclusive of other genes based on their common evolutionary origin. 

Absence o(the NEEP21/Caleyon/P 19 Gene Family in Invertebrates 

We also searched invertebrate sequences in GenBank as well as a set of 

invertebrate databases including Caenorhabditis elegans, Drosophila melanogaster and 

Saccharomyces cerevisiae with the human P19, NEEP21, and calcyon protein and 

nucleotide sequences, as well as those for the putative zebrafish Pl9 ortholog 

LOC324971 (NP 957167) (Table 1). However, no significant hits were identified in the 

protein, genomic, mRNA or EST databases of these invertebrate organisms. Similarly, 

no hits were obtained in BLAST searches of two separate genomic DNA databases for 

the lower chordate Ciona intestinalis using all the human sequences and the sole 

zebrafish ortholog (genome.jgi-psf.org!ciona4/ciona4.home.html: ghost.zool.kyoto-u.ac.jp/ 

indexrl.html). Search of the Ciona 5' and 3' EST databases with the putative zebrafish Pl9 

ortholog LOC324971 (NP 957167) sequences using TBLASTN only yielded hits with 
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Table 1. 

Gene NCBI Accession Number* Organism 
NP 001069764 Bos taurus 

BAE01858 Macaca fascicularis 
XP 518109.2 Pan troglodytes 
NP 057064 Homo sapiens 

NP 001029324 Rattus norvegicus 

P19 
NP 032767 Mus musculus 

{BU320355.1) Gallus gallus 
NP 001072197 Xenopus tropicalis 
NP 001090016 Xenopus laevis 

NP 957167 Danio rerio 
CAG11727 Tetraodon ni~oviridis 
(BJ731590l Ol}'Zias lati}Jes 
CAG01867 Tetraodon nigt"oviridis 
@J731194) Oryzias latipes 

NP 001072849 Xenopus tropicalis 
NP 989896 Gallus gallus 

NEEP21 
NP 001071425 Bos taurus 

BAE87649 Macaca fascicularis 
XP 517086.1 Pan troglodytes 
NP 055207 Homo sapiens 
NP 035072 Mus musculus 
NP 077042 Rattus norvegicus _ 

_ (CNO 13 832.1) Danio rerio 
(BJ704146}_ Ory_zias latijles 

XP 001496924.1 Equus caballus 
NP 001069421 Bos taurus 

Calcyon 
XP 548818.2 Canis farniliaris 
NP 081045 Mus musculus 
NP 620270 Rattus norvegicus 

XP 001093171.1 Macaca mulatta 
XP 508133.2 Pan troglodytes 
NP 056537 Homo sapiens 

* EST accesston numbers are shown in parentheses. 
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partial query sequence coverage and low bit score. The failure to identifY sequences with 

significant bit scores either in the EST or genomic database searches suggests 

NEEP2l!Calcyon/Pl9 family orthologs are not present in Ciona, indicating that the 

duplication events leading to these gene families were vertebrate-specific. The pattern of 

duplication might be consistent with the two rounds of known whole genome duplication 

during the chordate-vertebrate transition (Dehal and Boore, 2005; Hughes and Liberles, 

2008). It would also be consistent with pre-duplication rapid sequence divergence of the 

ancestral vertebrate protein from a non-vertebrate ancestor. These genes do likely have a 

single ancestor in non-vertebrates, but the inability to detect this gene using sequence

based methods is suggestive of a novel, perhaps duplication-mediated set of roles for the 

3 vertebrate-specific genes. Gene duplication is known to enable more rapid sequence 

divergence (Hughes and Liberles, 2007). 

Expression o[P 19 in the Zebrafish Developing Nervous Svstem 

Studies in manunals suggest that mRNA for NEEP21/Calcyon/Pl9 gene family 

members is expressed primarily in the CNS (Saberan-Djoneidi eta!., 1995, 1998; Steiner 

et al., 2002; Zelenin et al., 2002). Given the high degree of sequence identity (>70%) 

between human Pl9 and the putative Pl9 ortholog found in zebrafish, LOC324971 (NP 

957167), we used RT-PCR and whole mount in situ hybridization to determine where and 

when this predicted NEEP21/Calcyon/P19 gene family member is. expressed during 

zebrafish embryogenesis. To determine the temporal expression of P19 mRNA during 

embryonic development we performed RT-PCR using LOC324971-specific primers and 

RNA prepared from different embryonic stages (Fig. 4A, open arrow). Low levels of 



Figure 4. Expression ofP19 mRNA during zebrafish (Danio rerio) embryogenesis. 

A. Temporal expression ofP19 mRNA by RT-PCR analysis (open arrow). Stages are as 

indicated; hpf, hours post-fertilization. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) expression is shown for comparison (solid arrow). (B-D) Detection of Pl9 

mRNA by in situ hybridization. B. 18 hpf. mRNA is expressed in the developing 

forebrain (open arrow), midbrain (open triangles), and hindbrain (solid arrows). The otic 

vesicle is marked by an asterisk. C. 24 hpf. Expression in the telencephalon (open 

arrow), diencephalon (line arrow), tegmentum (open triangle), hindbrain (solid arrows), 

and spinal cord (bracket) is marked as indicated. D. 48 hpf. Symbols the same as in (C) 

except the midbrain is marked by a bracket. Panels B and D are dorsal views of flat 

mounted embryos and panel C is a lateral view of whole-mount embryo. Anterior is to 

the left in panels B-D. Scale bar in panel B is S011m and in panels C, D is 10011m. 
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Figure 4 

48 hpf 
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maternally provided Pl9 mRNA are present at the 4-cell stage of embryogenesis and 6 

hours post fertilization (hpf), but then decrease through somite stages. By 24 hpf, the 

expression of P19 mRNA dramatically increases, continues to increase at 48 hpf, and 

remains high through 72 hpf (data not shown). 

We determined the spatial distribution of P19 mRNA during embryonic 

development by whole mount in situ hybridization (Fig. 4B-D). At 18 hpf, P19 mRNA 

expression is detectable in the developing forebrain (Fig. 4B, open arrow), ventral 

midbrain (Fig. 4B, open triangles), and along the lateral edges of hindbrain rhombomeres 

(Fig. 4B, solid arrows). By 24 hpf P19 mRNA expression is increased in the 

telencephalon (Fig. 4C, open arrow), diencephalon (Fig. 4C, line arrow), ventrolateral 

tegmentum (Fig. 4C, open triangle), hindbrain rhombomeres (Fig. 4C, solid arrows), and 

along the anterior spinal cord. At 48 hpf (Fig. 4D) and later stages up to 72hpf (data not 

shown) P19 mRNA continues to be expressed exclusively in the developing 

telencephalon (Fig. 4D, open arrow), diencephalon (Fig. 4D, bracket), hindbrain (Fig. 

4D, solid arrows), and spinal cord (Fig. 4C, bracket). The distribution of Pl9 in 

developing zebrafish suggests that CNS expression is a conserved feature of this gene 

family even in the lowest extant common ancestor. 

Phylogenetic Analysis o(the NEEP21/Calcyon/Pl9 Gene Family 

A multiple sequence alignment of the NEEP21/Calcyon!P19 proteins compiled 

from CDART and EST searches is shown in Fig. 5. The maximum likelihood 

phylogenetic tree shown in Fig. 6 indicates that the refined data set corresponds to three 

sets of related proteins representing clusters ofP19, NEEP21 and calcyon orthologs. The 



Figure 5. Multiple Sequence Alignment. 

Clustal W alignment of NEEP21, calcyon, and P19 proteins identified either with 

CDART or with the EST database searches (refer toTable 1). Also shown in parentheses 

in Table 1 are orthologous proteins that were not identified in CD ART searches, but were 

retrieved in TBLASTN queries of chicken, medaka, and zebrafish EST databases. 

Consensus strength among orthologs in the alignment is indicated by height and color, 

with red being the greatest. 
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tree was rooted using soft parsimony to minimize the number of implied duplication and 

loss events. This is a robust method for rooting a tree in the absence of any known 

outgroup sequence, providing an assessment that is independent of sequence divergence 

measures. The Softparsmap rooting supports three clades of orthologous sequences that 

diverged from the base of the vertebrate tree. Although ambiguous, this rooting is 

equally parsimonious with regard to the order of the duplication events, and more 

parsimonious than other potential rootings. Overall, the branching topology of the three 

clades suggests that all three gene families emerged before the divergence of teleosts 

from arnniotes. All three genes were identified in teleosts and in mammals, while 

calcyon genes were not identified in birds or amphibians, suggesting either missing data 

or two lineage-specific gene loss events. This rooting is also consistent with the known 

two rounds of whole genome duplication during the chordate-vertebrate transition (Dehal 

and Boore, 2005; Hughes and Liberles, 2008). 

Apart from addition and deletion of genes from the genome, other evolutionary 

mechanisms like changes in gene expression and coding sequence changes may underlie 

the vast increase in computing capacity, behavioral repertoire, homeostatic mechanisms 

and cognitive flexibility of the human brain (Hill and Walsh, 2005). Measurement of the 

ratio of non-synonymous (Ka) to synonymous (Ks) nucleotide substitution is an accepted 

approach for identifying. branches in phylogenetic trees undergoing adaptive evolution 

(Anisimova and Liberles, 2007). To estimate the Ka/Ks rate ratio, we used the PAML 

program (Yang, 2007) package to evaluate various models and their parameterization 

(Fig. 6). To reduce the total tree length and mis-parameterization due to saturation of 

synonymous sites, models were run independently on P19, NEEP21, and calcyon (see 



Figure 6. Rooted Phylogenetic Tree. 

Predicted evolutionary relationship of the NEEP21, calcyon, and Pl9 orthologs (shown in 

Fig. 5) constructed using RAXML (Starnatakis, 2006) with the GTR+f+I model. A. The 

tree branch detected as undergoing positive selection using the Ka/Ks ratio from a non

statistical approach plus from the free ratios model and confirmed using branch and 

branch-site tests according to P AML (Yang, 2007) is shown in blue, while that from the 

free ratios model and confirmed by both the branch-sites and branches model is shown in 

brown. The branch showing positive selection by the free ratios model, but not by the 

other two models is labeled in pink. 
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Figure 7. The phylogenetic tree is depicted with branches represented proportional 

to their lengths from RAXML. 
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) 

Table 2. Likelihood ratio test results for the NEEP21, Calcyon, and P19 gene 

families. Branch numbers are as labeled in Figure 6. 



Model Pl9 

Parameter estimates and log likelihood scores 
Null model w = 0.039 

Free--ratio mcxlel On branch I, w = 999.0 

pO = 0.97691, wO = 0.03811 
Branches-sites null model pI = 0.02309, w I = 1.00000 

On branch I 
Bnuu:hc.s-sites model 

Branches model 

pO = 0.84028, wO = 0.03883 

pi = 0.00885, wl = 1.00000 
p2a = 0.14930, w2a = 999.00 00 

p2b = 0.0 0157, w2b = 999.00 00 

On branch I, w = 999.0 

Table2 

NEEP21 

p 

22 -16"re.77 w = 0.029 

41 -1652.77 On brllllCh 2, w = 999.00 
On branch 3, w = 999.00 

On branch 4, w = 999.00 
On brarrh 5, w = 23.800 

23 -1674.02 pO = 0.99368, wO = 0 .02747 

pi = 0.0 0632, wl = 1.00 00 0 

25 -1670.72 On bran;:h 2 

pO = 0.0 00 00, "0 = 0 .02371 
pi =O.OOOOO,wl = 1.00000 
p2a = 0.99354, w2a = 1.0 00 00 

p2b = 0.0 0046, w2b = 1.0 00 00 
On branch 3 

pO = 0.51862, wO = 0.02754 

pi = 0.0 0361, wl = 1.00 00 0 

pla = 0 .47447, w2a = 999.00 00 
p2b = 0 .0 0330. w2b = 999.00 00 

On bran:h 4 

pO = 0.0 00 00, "0 = 0 .02638 

pi= 0.000 00, wl = 1.00 00 0 
p2a = 0 .99389, w2a = 10 3.03332 

p2b = 0 .00 611, w2b = 10 3.03332 
On bran:h 5 

Calcyon 

P I 

20 -2397.85 w = 0.101 

37 -2390.05 On bmnch 6, w = 999.00 
on brnnch 7, w = 999.00 

p I 

20 -2263.16 

37 -2239.75 

21 -2395.48 pO = 0.920 47, wO = 0 .08631 21 -2252.47 

23 -2394.61 

pi = 0 .0 7953, wl = 1.0 00 00 

On bmnch 6 
pO = 0.79419, wO = 0.06334 

pi= 0 .0 3893, wl = 1.0 00 00 
p2a = 0 .1590 8, w2a = 999.00 00 

p2b = 0 .oo 780. w2b = 999.00 00 

23 -2219.98 

On bmnch 7 23 -2251.90 

23 -2393.52 pO = 0 .480 78, .. o = 0 .08255 

23 -2394.97 

pi = 0 .0 4474, wl = 1.0 00 00 

p2a = 0 .43408, w"..u = 1.00 00 0 
p2b = 0.04040. wlb = 1.000 00 

pO = 99367, wO = 0.0 2747 23 -2395.48 
pi= 0.0 0632, wl = 1.00 00 0 

pla = 0.0 00 OJ, w2a = 1.0 00 00 
p2b = 0 .0 00 00, wlb = 1.0 00 00 

23 -1674.69 On bran;:h 2, w = 0 .4652 

On branch 3, w = 999.00 

On bran;:h 4, w = 999.00 

On branch 5, w = 0 .00 01 

21 -2396.97 On brunch 6, w = 999.00 
21 -2396.98 On bmnch 7, w = 0 .1539 

21 -2397.41 
21 -2397.85 

21 -2257.38 
21 -2263.12 

VI -



Tobie 2 contilllled 

2(11/) elf P value 2(111) 

Likelihood mtio test statistics 
Null model vs. brunches-sites null model 5.492 2 0.0642 4.743 
Null model vs. free mtio model 48.001 19 0.0003 15.602 
Branches-sites mode.l vs. null mod:l On bronchI 12.096 3 0.0071 On bmnch 2 6.480 

On bmnch 3 8.665 
On bmnch 4 5.78J 
On bmnch 5 4.743 

Bmnches-siles model vs. On bronch I 6.604 2 0.0368 On bmnch 2 1.737 
bmnches-sites null model On bmnch 3 3.923 

On bmnch 4 1.017 
On bmnch 5 0.006 

Bmnches model vs. null model On bronch 1 4.162 1 0.0413 On bmnch 2 1.756 
On bmnch 3 1.737 
On brnnch 4 0.879 
On brnnch 5 0.000 

df P value 

2 0.0933 
17 0.5522 

3 0.0 90 5 On branch 6 
3 o.o 341 On branch 7 
3 0.1239 
3 0.1916 
2 0.4196 On branch 6 
2 0.140 7 On brunch 7 
2 0.8JI5 
2 0.9970 
1 0.1851 On branch 6 
1 0.1876 On branch 7 

1 0.3486 
I 0.9980 

2(11/) df 

21.394 2 
46.830 17 
86.362 3 
22.519 3 

64.967 2 
1.124 2 

11.574 1 
0.092 1 

p ..... 

<0.0001 
0.0001 

<0.0001 
<0.0001 

<0.0001 
0.5700 

0.0007 
0.7620 

lJt 
N 
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Table 2). The following strategy was underaken. First a non-statistical ancestral 

sequence reconstruction and counting method (PBL) was applied to the detection of 

lineage-specific Ka/Ks values greater than 1 (Liberles, 2001 ). In parallel, model testing 

was used to test for support for the free ratio model to identify individual lineages 

undergoing positive selection. These hypothetical lineages from the non-statistical and 

free ratios models were individually evaluated by model testing using the branches and 

branches and sites models. The free ratios model suggested three candidates. for positive 

selection while the nonstatistical approach suggested just one(which corresponded to one 

of the three from the free ratios model). The one ratio model suggests generally strong 

negative selection on all gene families, with the most relaxed selection on calcyon. The 

free ratios model was significant for P19 and calcyon, but not NEEP21. Lineages with ro 

> 0.9 were tested individually for significant evidence of positive selection using the 

branches and branches and sites tests. Only two lineages, one in calcyon and one in P19 

had significant evidence for positive selection from the free ratio, branches, and branches 

and sites tests. The calcyon branch indicated positive selection with the non-statistical 

approach. 

Possible explanations for the more constrained evolution of the NEEP21 family 

includes a larger set of interacting protein partners, exclusive somatodendritic distribution 

(whereas calcyon is also present in axons), or more strongly conserved function (Wang et 

al., 2007; Steiner et al., 2002, 2005). Along the lines of the latter possibility, recent 

studies in primary cultures of neurons suggest NEEP21 regulates the transcytosis of 

adhesion molecules implicated in the early phases of myelination from the 

somatodendritic compartment to axons (Yap et al., 2008; White et a!., 2008). 
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Myelination of axons is a vertebrate innovation facilitating rapid conduction of nerve 

impulses. Interestingly, NEEP21 expression in rodents is highest early in development 

during periods correlated with robust myelination and synapse formation (Saberan

Djoneidi eta!., 1998). 

At the amino acid level, DIVERGE was run to evaluate evidence for divergence 

in amino acid substitution rates between clades, as the previous analysis was only able to 

evaluate divergence within clades. Significant evidence for such a divergence in rates 

was found between calcyon and NEEP21. Several sites (see Table 3) were identified as 

having undergone clade-specific rate shifts. The site-specific profiles indicate 

NEEP21/Calcyon to have a statistically detectable class of sites with differing selective 

pressures, including the following sites: 57-59, 67-74, 87-100, 103-114, 116-123, 

125-130, 149, 152-168. Two sites, 125-130 and 152-168, situated in the predicted 

cytosolic domains of the proteins, are noteworthy in light of available structure-function 

information. For example, NEEP21 regulates GluR2 AMPA receptor recycling via 

interaction with GRIP! through a domain in NEEP21 that includes residues 129-164 

(Steiner eta!., 2005). Similarly, calcyon appears to regulate AMPA receptor endocytosis 

via a clathrin light chain binding domain situated in calcyon within residues 123-155 

(Davidson et a!., 2009). While intriguing, the DIVERGE data are only predictive, and 

'further studies are necessary to confirm that sequence divergence in the 125-130 and 

152-168 segments confers the distinct endocytic. functions subserved by NEEP21 and 

calcyon. 
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Table3. 

P19/NEEP21 P 19/Calcyon NEEP21/Ca1cyon 

ThetaML 0.0672 0.0010 0.9992 

AlphaML 1.0129 1.8474 1.4900 

SE Theta 0.3909 0.0224 0.2303 

LRT Theta 0.0296 0.0000 18.8220 
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Human Calcyon Polymorphism Discovery within a Primate-Specific Protein Interaction 

Motif 

Cortical and especially the forebrain regions of cortex are greatly expanded in 

mammals compared to other vertebrates. While P19 and NEEP21 are also expressed in 

cortex, expression of the human calcyon gene is enriched in prefrontal cortex. In 

humans, the expression of calcyon is significantly up-regulated in patients with 

schizophrenia, a disease associated with deficits in prefrontal cortical function (Bai et al., 

2004; Baracskay et al., 2006; Clinton et a!., 2005; Koh et al., 2003). Additionally, 

genome wide scans have implicated 1 Oq26, the chromosomal region where the calcyon 

gene resides, in schizophrenia as well as attention deficit hyperactivity disorder, a 

psychiatric syndrome also associated with deficits in prefrontal function (Laurin et al., 

2005; Williams et al., 2003). 

To look for markers that might prove useful in association or linkage studies, we 

sequenced 4,866 base pairs of calcyon consisting of coding exons 2 and 3, in an ethnic 

diversity panel of 80 unrelated human subjects (30 African-Americans, 34 Caucasian

Americans, 8 Hispanic, 6 Filipino, 2 East Asian). We identified 9 novel SNPs (not 

previously reported in public databases or manuscripts). Among these was a non

synonymous SNP identified in one male African-American individual that results in the 

substitution of a leucine (leu, L) for a proline (pro, P) at residue 40 in the calcyon protem 

(Dai and Bergson, 2003) (Supplementary Fig. 1, refer APPENDIX). Proline at residue 

40 is also conserved among all calcyon mammalian proteins. However, only in primate 

lineages does Pro40 lie within a consensus (P-P-1-P) binding motif for Group II WW 

domain containing proteins (Bedford et al., 1997; Ilsley et al., 2002) (Fig. 8). WW 



Figure 8. The P-P-L-P motif as a primate innovation. 

Sequence alignment of mammalian calcyon from diverse species in which identical 

amino acids are boxed. The most parsimonious ancestral sequence reconstruction 

scenarios are shown on the tree. 
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domains are found in about 50 human proteins (Ingham et al., 2005), and WW domain 

containing proteins play a role in a wide range of cell processes including cell-cycle 

control, signal transduction, RNA splicing, and ubiquitin ligation (Ilsley et a!., 2002). 

Like SH3 domains, WW domains mediate protein:protein interactions by binding proline 

rich motifs (!Isley et al., 2002) and are grouped into four classes based on ligand 

specificity. Group I WW domain proteins like YAP65 recognize P-P-X-Y motifs; 

" 
whereas the group II proteins like formin binding protein 11 (FPB11) bind P-P-1-P. The 

group III WW domain proteins including FEB65 bind P-P-R motifs, and the group IV 

proteins like Nedd4 bind (S/T)pP motifs. 

Intrigued that the P401 SNP might provide structure/function information on 

calcyon, we obtained plasmids encoding glutatione S transferase (GST) fusions to 

prototypical group I, II and III WW domains, as well as the SH3 domain of Abl (binds a 

P-X-X-P motif) (Bedford et al., 1997). An S-Tag fusion protein including the Pro40 

variant ofcalcyon (hWT(1-80)) was found to bind the group II WW domain ofFPBll in 

protein overlay assays (Fig. 9A, B). In contrast, binding to the group I and III WW 

domains of Y AP65 or FEB65, or the SH3 domain of Abl was not detected (Fig. 9B). 

Binding of the FBPll WW domain to either the 1eu40, or the murine calcyon S-tagged 

fusion proteins (hP401 or mWT) was similarly not detectable (Fig. 9C). These data 

suggest that the P-P-1-P motif in calcyon can interact with a group II WW domain 

containing proteins like FBP 11. 

The overlay data shown in Fig. 9 argue that P-P-1-P motif found in calcyon in 

primate lineages is a functional WW domain binding site since it can be disrupted by a 

single amino acid substitution. Further studies are required to confirm whether the 



Figure 9. The primate P-P-L-P motif mediates interaction of calcyon with WW 

domain proteins. 

A. Diagram of the transmembrane (TM) domain structure of calcyon. TheN-terminal 80 

residues of murine calcyon and both the P40 and 140 variants of hCalcyon were fused to 

the S-Tag for 'overlay' assays shown in B and C. B. Binding specificity of the calcyon 

WW domain. Bacteria were transformed with pGEX expressing GST fusion proteins of 

the indicated WW domains (FBPll, FEB65, and YAP65), or the SH3 domain of Abl. 

Fusion proteins were induced with isopropxl P-D-thiogalactoside (IPTG). Uninduced (U) 

and induced (l) bacterial extracts were separated on an SDS-PAGE gel, stained with 

coomassie blue (lower panel) or transferred to PVDF membrane (upper panel). After 

blocking, blots were incubated with 1 mg purified S-h WT (1-80) in blocking buffer 

overnight. Binding of S-Tag-h WT (1-80) was detected with anti-S protein conjugated to 

· HRP, followed by ECL and exposure to autoradiography film. C. The FBP11 WW 

domain binds the calcyon hWT(P40), but not to either the murine or hP40L S-Tag fusion 

proteins. Overlay assay performed by incubating purified GST-FPBll with a blot of 

uninduced and induced lysates of bacteria transformed with the indicated calcyon S-Tag 

fusion proteins. Bound GST-FBPll was detected with HRP conjugated anti-GST 

antibodies as in B. For both B and C, similar results were obtained in at least two 

independent experiments. 
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P-P-1-P motif represents a bona fide example of lineage-specific functional change. 

However, as discussed above, in the 160 chromosomes investigated in this region, only 1 

nucleotide substitution was identified. Notably, the calcyon P-P-1-P sequence is found 

exclusively in primate lineages with the suggestion of emergence through one or possibly 

two substitutions along. the primate lineage as shown in Fig. 8. The low frequency of 

SNPs in this newly emergent motif is consistent with selection playing a role in its 

maintenance. 

Previous biochemical analysis indicates calcyon acts as a clathrin adaptor or 

accessory protein as it facilitates clathrin coated vesicle formation via a cytosolic segment 

in the protein (Xiao et a!., 2006). Intriguingly, the P-P-1-P motif lies in the predicted 

lumenal or extracellular segment of the calcyon protein. Clathrin coated vesicles 

assemble in a dynamic fashion to sort cargo from intracellular vesicles to the cell surface, 

in addition to serving as a compartment for the internalization of receptors, growth 

factors and nutrients from the cell surface (Deborde et al., 2008; Roth, 2008). The 

lumenal/extracellular location of the P-P-1-P motif in primate calcyon suggests that in 

neurons the interaction takes place either at the plasma membrane or within a vesicle or 

organelle, or perhaps both, as calcyon accumulates at cell surface in a calcium-dependent 

fashion (Ali and Bergson, 2003). Indeed, as the array of clathrin accessory and adaptor 

proteins, including tissue specific isoforms, is greatly expanded in vertebrates and 

mammals, one would predict an expansion in the regulation of clathrin coated vesicle 

formation during vertebrate evolution as well (Schmid and McMahon, 2007). Hence, it is 

tempting to speculate that although yet to be characterized, the interaction of the putative 

WW domain-containing ligand with the P-P-1-P motif in calcyon is associated with an 
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endocytic or exocytic specialization (cargo or regulatory step) unique to the primate 

CNS. 

Conclusions 

Phylogenetic analysis of NEEP2l, calcyon, and Pl9 protein coding sequences 

points to emergence of an entirely new gene family involved in vesicle trafficking in 

neurons as late as early in vertebrate speciation. The tripartite family is highly conserved 

and bears no significant similarity with domains found in other vertebrate or invertebrate 

proteins. Our studies in zebrafish also indicate that predominant expression in the CNS is 

another conserved feature. Previous studies with mammalian orthologs ofNEEP2l and 

calcyon implicate the family in molecular pathways important for synaptic connectivity 

such as the trafficking of neurotransmitter receptors at synapses, and the transcytosis of 

adhesion molecules to axons (von Bartheld, 2004). The phylogenetic studies reported 

here found evidence for positive selection in the Pl9 and calcyon, but not in the NEEP2l 

lineages. In particular, domains with significantly different rates of evolution were 

identified in NEEP2l and calcyon. Notably, we discovered a novel protein interaction 

motif present only in the primate calcyon lineages. Future studies could examine whether 

these domains and motifs potentially underlie their different subcellular localization or 

their distinct roles in receptor trafficking at synapses, or in the transcytosis .of cargos from 

dendrites to axons. 
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Abstract 

Calcyon is a neural specific single transmembrane protein that interacts with 

clathrin light chain (CLC) and stimulates clathrin assembly and clathrin mediated 

endocytosis (CME). A similar property is shared by the cytosolic heterotetrameric 

adaptor protein (AP) complexes AP-I, AP-2, and AP-3 which recruit clathrin to specific 

membrane compartments. Here we report that the "J.l'' subunits of these APs interact with 

calcyon via a YXX0 type tyrosine motif located in the cytoplasmic domain of the 

protein. Yeast two-hybrid and GST pull down experiments show that calcyon directly 

interacts with AP-1, AP-2, and the ubiquitous as well as the neuronal isoforms of AP-3 in 

vitro and in brain. Calcyon point mutations and deletions of Y133 and M136 significantly 

lowered the binding of all APs, but exerted greater impact on calcyon binding to j.t3A and 

j.t3B. The relevance of these interactions was explored in vivo using mice harboring null

alleles of calcyon. Calcyon deletion in mice preferentially, yet not exclusively, altered the 

subcellular distribution of AP-3 suggesting that calcyon could regulate membrane-bound 

pools of AP-3 and AP-3 function. To test this hypothesis we focused on the hilar region 

of hippocampus, where levels of calcyon, AP-3, and AP-3 cargoes are abundant. We 

analyzed brain cryosections for the content of zinc transporter 3 (ZnT3), and 

phosphatidylinositol-4-kinase type II alpha (PI4Klla), two well-defmed AP-3 cargoes. 

Confocal microscopy indicated that ZnT3 and PI4KIIa are significantly reduced in the 

hippocampal mossy fibers of calcyon knock-out brain, a phenotype previously described 

in AP-3 deficiencies. Taken together our data suggests that calcyon directly interacts with 

AP-3 via a YXX0 type motif and preferentially regulates targeting of AP-3 cargoes 

destined for synaptic vesicles. 
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Introduction 

Neuron Enriched Endosomal Protein of 21 kDa (NEEP21) (name of database 

id:nsgl), and Pl9 (nsg2) and calcyon (nsg3), comprise a family of vertebrate specific 

endocytic proteins robustly expressed in the central nervous system (CNS). The gene 

family is structurally characterized by a single transmembrane segment flanked by N- and 

C- terminal domains approximately equal in length.(Saberan-Djoneidi et al., 1995, 1998; 

Muthusamy et al., 2009). The P19 zebrafish ortholog is the extant progenitor of the gene 

family. The calc yon lineage shows evidence for positive selection, and is mammalian 

specific whereas the NEEP21 family appears to be under stringent negative selection 

across vertebrate evolution (Muthusamy et al., 2009). 

Functional studies of NEEP21 and calcyon indicate that gene family members 

play distinct roles in regulating vesicle trafficking of transmembrane cargos. For 

example, NEEP21 regulates the sorting of endocytosed cargo into either a recycling or 

degradative pathway (Steiner et al., 2002, 2005; Debaigt et al., 2004). In contrast, calcyon 

regulates clathriil assembly as well as clathrin mediated endocytosis (CME) of plasma 

membrane localized cargo, but not their recycling (Xiao et al., 2006). The distinct 

endocytic functions of NEEP21 and calcyon involve a non-overlapping set of protein 

partners and sequence motifs unique to each protein. Calcyon interacts with clathrin light 

chain (CLC) (Xiao et al., 2006), whereas NEEP21 binds syntaxin 13, and GRIP I (Steiner 

et al., 2002, 2005). The GRIP! and CLC interactions involve segments of the NEEP21 

and calcyon C-termini showing significant divergence in amino acid substitution rates 

(Muthusamy et al., 2009). In neurons, these interactions play key roles in the 

mechanisms by which NEEP21 and calcyon differentially regulate neuronal activity-
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dependent increase and decrease in synaptic strength, respectively (Alberi et a!., 2005) 

(Davidson et a!., 2009). 

NEEP2I also regulates the axonal sorting of Ll!NgCam cargo via transcytosis 

(Yap eta!., 2008). Although CLC has been implicated in membrane protein trafficking 

from the trans-Golgi network (TGN) and endosomes (Poupon eta!., 2008; Deborde et a!., 

2008), it is not known whether calcyon,regulates clathrin assembly on membrane 

compartments other than the plasma membrane. Consistent with this possibility, 

previous studies indicate that calcyon associates with the clathrin adaptor proteins AP-I, 

AP-2 and AP-3 which regulate clathrin coated vesicle formation on a variety of 

membrane compartments (Xiao et a!., 2006). 

The general function of AP complexes is to recruit clathrin to membranes for 

CCV formation (Kirchhausen, I999; Owen et a!., 2004; Robinson, 2004). AP's also 

exhibit organelle specific functions ranging from CCV formation at the TGN and 

endosomes for AP-I, to endocytosis from the plasma membrane for AP-2, to targeting 

endosomal cargo to lysosomes or lysosomes related organelles like melanosomes for AP-

3 (Bonifacino and Traub, 2003; Newell-Litwa et a!., 2007). Tissue specific functions 

have also been noted for various AP isoforms. For example, in polarized epithelial cells, 

AP-IB, the epithelial specific isoform of AP-I is involved in the targeting of CCV cargo 

to the basolateral plasma membrane (Gan et a!., 2002). Similarly in neurons, AP-3 

regulates the targeting and recycling of selected synaptic vesicle membrane proteins, a 

process that when perturbed alters the release of neurotransmitters (Feng et a!., I999; 

Scheuber et a!., 2006; Voglmaier et a!., 2006). The targeting of synaptic vesicle 

membrane proteins is defective in AP-3 deficient nerve terminals (Salazar et a!., 2004a, 
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2005; Nakatsu eta!., 2004; Newell-Litwa eta!., 2007, 2009, 2010; Scheuber et al., 2006). 

Among the synaptic vesicle proteins impacted by deletion of AP-3 are the zinc 

transporter (ZnT3), vesicular chloride channel 3 (ClC-3), vesicular glutamate transporter 

(VGLUTI), vesicular GABA transporter (VGA1), phosphoinositol 4 kinase II alpha 

(PI4KIIa) and tetanus neurotoxin-insensitive vesicle associated membrane protein (TI-

VAMP). 

AP complexes are hetero-tetrarners composed of four different subunit chains: 

two large subunits (~1 - ~4 subunits and either a y, a, 15 or e subunit), one medium 

subunit (J.t1- J.t4), and one small subunit (crl- cr4). The ~subunits interact with clathrin, 

while J..l subunits recognize sorting signals present in cytoplasmic tails of membrane 

proteins which either constitute cargo or regulate CCV assembly (Ohno et a!., 1998). 

As calcyon contains two YXX<I> type tyrosine based motifs recognized by AP J.l subunits, 

we designed series of experiments to test the hypothesis that calcyon directly interacts 

with AP via the tyrosine motifs both in vitro as well as in brain. We found calcyon to be a 

bona fide interacting partner of APs. Our data indicate that in addition to reduced levels 

of membrane associated AP-3, levels of AP-3 cargoes like ZnT3 and PI4Klla are reduced 

in mossy fibers of the hippocampus in calcyon knockout (Cal"1
) mice. Altogether these 

data indicate that calcyon by directly interacting with AP-3 regulates targeting of AP-3 

cargoes. 
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Experimental procedures: 

Yeast 2 hybrid (Y2H) 

DNA encoding the calcyon C terminus (aa104 to 217) was subcloned into 

pGBT9 Y2H bait vector. AP Y2H prey constructs pGADT7 111 (124-423aa), pACT2 112 

(123-435aa) and pGADT7 jl3A (123-418aa) were generously provided by Dr. Carl 

Creutz, University of Virginia (Creutz and Snyder, 2005) and pACT2 full length jl3B 

was a gift of Dr. Juan Bonifacino, National Institutes of Child Health and Human 

Development/NIH. Competent HF7C yeast cells were prepared and transformed 

according to the manufacturer's protocol provided with the 'Yeastmakerrm yeast 

transformation system 2' (BD biosciences Clontech). HF7C cells were plated onto 

double drop out (-Leu and -Trp) plates and incubated at 30°C for 3 to 5 days. Single 

colonies were subsequently streaked onto double and triple drop out (-Leu, -Trp, and -

His) plates, and colony growth at 30°C monitored. 

Protein expression and purification 

Calcyon and AP segments were subcloned into pET30a and pGEX4T-3 to 

generate the S-and GST tagged fusion proteins used in this study. Fusion proteins were 

expressed in BL21 (DE3) cells by addition of isopropyl thio galactoside (IPTG) (1 mM) 

to cultures with an OD6oo between 0.4 to 0.6) and further incubation with shaking for 3 

hours at 37°C. Cell pellets were lysed in ice cold buffer A (IX PBS (Cellgro) containing 

1% Triton X-100) in case of the GST fusion proteins, or ice cold buffer B (20mM Tris, 

pH 7.5, 150mM NaCl, 0.1% Triton X-100) for S-Tag fusion proteins. Both of the lysis 

buffers contained a cocktail of protease inhibitors (complete mini EDTA free; Roche). 
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The cell resuspension was sonicated three times of 30 sec burst with a minute interval. 

The resulting lysate was centrifuged at 13,000 rpm for 10 minutes, and the supernatants 

were stored at -80°C until use. 

S-Tag fusion proteins were purified by incubating culture supernatants overnight 

(ON) at 4°C with S protein agarose (Novagen). The protein bound agarose was washed at 

least 4 times with buffer B and eluted by incubating at room temperature (RT) for 10 

minutes with 3M guanidine thiocyanate prepared in buffer B. The elution step was 

repeated once to enrich the purification process. Eluted proteins were dialyzed ON 

against buffer B. The dialyzed protein was concentrated with polyethylene glycol 

(molecular weight 15,000 to 20,000, sigma) .. The proteins were stored at -80°C until use. 

Pulldown and Immunoprecipitation Studies 

Equivalent amounts of glutathione-S-transferase (GST) or GST- calcyon C 

terminus (l04-217aa) were bound to glutathione resin (Amersharn Biosciences) .and 

blocked using 1% bovine serum albumin (BSA) in binding buffer (150mM NaCl and 1% 

Triton-X-100 dissolved in 20mM Tris-Cl, pH 7.4) containing protease inhibitors (Roche) 

by nutating for 30 minutes at RT. Equivalent amounts of purified S-tagged 11 subunits 

were added to each of the above samples and nutated for an hour at RT in the binding 

buffer containing 1% BSA. Samples were transferred to spin filters (Cytosignal) and 

washed 5 times with binding buffer. Glutathione resin bound proteins were were eluted 

using 5% ~-mercaptopethanol (~-ME) in 2x SDS gel loading buffer. 

For the immunoprecipitation studies, forebrains of Cal0E mice (Trantham

Davidson et al., 2008) were homogenized using a mechanical homogenizer in eight 
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volumes of lysis buffer (150mM NaCl, 2mM EDTA, and 1% Triton-X-100 in 50mM 

Tris-Cl, pH 7.4) containing protease inhibitors (Roche). Homogenate was nutated for an 

hour at 4°C. Post-nuclear supernatant (PNS) fractions were obtained by centrifugation at 

IOOOx g for 5 min at 4°C, and the PNS pre-cleared by nutating with non-immune IgG 

resin for 4 hours at 4°C. Pre-cleared PNS was added to equivalent amounts of either IgG 

resin or anti-FLAG resin and nutated ON at 4°C. Resin was washed 3x in spin filters, and 

bound proteins eluted by boiling for 5 min with 5% ~-ME in 2x SDS gel loading buffer .. 

For pulldown studies from brain, wild type (WT) mouse forebrains were 

homogenized using a mechanical homogenizer in eight volumes of homogenization 

buffer (320mM sucrose in lOmM HEPES, pH 7.4) containing protease inhibitors 

(Roche). Post-nuclear supernatant (PNS) was obtained by centrifugation at IOOOx g for 

15 min at 4°C. PNS was centrifuged at IOO,OOOx g for an hour using TLA100.3 rotor in a 

table top ultracentrifuge to obtain S2 fractions. S2 fractions were used as the source of 

endogenous AP subunits for in vivo pu!ldown assays from brain. 

Pull-down and immunprecipitated proteins were resolved by SDS-PAGE 10% 

and 8-12% home made gradient gels, respectively and blotted onto polyvinylidene 

fluoride (PVDF) membranes (MP Biomedicals). Pu!ldown blots were blocked at RT for 

30 min with 5% non-fat dry milk in TBST (IX TBS (Cellgro) containing 1% Tween-20), 

and then probed with S-protein HRP (Novageh) at 1:5000 dilution for 30 min at RT. 

Immunoprecipitation blots were blocked for 2 hours with 5% non-fat dry milk in PBST 

(IX PBS (Cellgro) containing 1% Tween-20) and then probed with anti-AP-3 antibodies 

(anti-delta SA4 from DSHB, Iowa) at 1:100 ON at 4°C, followed by HRP conjugated 

anti-mouse secondary antibodies (Jackson ImmunoResearch) at 1:20,000 for an hour at 
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RT. The blots were then striped andre-probed with anti-AP-1 and anti- AP-2 antibodies 

(BD biosciences, both at dilution 1:1000) ON at 4°C, anti-FLAG HRP (sigma) at 1:1000 

for an hour at RT, or anti-Hsp90 antibody (BD biosciences) at 1:1000 dilution ON at 4°C. 

Signals were detected by on x-ray film using ECL Plus (GE Amersham). 

Dif&rential centrifUgation and glvcerol velocity gradients 

Ten frozen WT and Cal·'· (Xiao et a!. 2006) brains were pulverized to fine powder 

using excess liquid nitrogen. 5mL of buffer (150mM NaCl, lOmM HEPES, pH 7.4, 1 

mM EGTA, and O.lmM MgCh) containing Complete protease inhibitor cocktail tablet 

(Roche), was added to pulverized powder and the proteins extracted by thawing at 4°C. 

Extracts were further homogenized by 16 up/down strokes with a Potter-Elhemever 

homogenizer at 4°C and centrifuged at 1 OOOx g to obtain S 1 supernatants and PI pellets. 

Sl supernatants were subjected to further separation by centrifugation at 27,000x g for 45 

minutes to obtain S2 supernatants and P2 pellets. S2 supernatants were resolved in 5-25% 

glycerol velocity gradients prepared in intracellular buffer (38mM potassium aspartate, 

38mM potassium glutathione, 38mM potassium gluconate, 20mM MOPS-KOH, pH 7.2, 

5mM reduced glutathione, 5mM sodium carbonate, 2.5mM magnesium sulfate, and 2mM 

EGTA) by centrifugation at 218,000x g for 75 minutes using SW55 Beckman Coulter 

rotor. In the eluted fractions, synaptic vesicle peak was determined by immunobloting 

using monoclonal antibodies to synaptic vesicle protein 2 (SV2). 
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Immunohistochemistry 

Brains from WT and Car'- mice were flash frozen in isopentane (2-methyl butane, 

sigma) prechilled in a dry ice/ ethanol bath and stored at -80°C until later use_ Brains, one 

from each genotype blinded, were molded together in a block using frozen sectioning 

medium- Blocks were cut at -l8°C into 25 J.lm thick coronal sections, captured on 

superfrost plus slides, and stored in -20°C until processed for immunohistochemistry- On 

the day of immunostaining, sections were fixed with ice cold 4% paraformaldehyde for 

20 minutes at RT and rinsed using SSC buffer followed by ice cold Acetone:Methnol 

(1:1) for 20 minutes at RT and rinsed using 0_05% Tween-20 in SSC buffer (SSC-T). 

Endogenous peroxidase was quenched using 1% hydrogen peroxide solution for 20 

minutes at RT. Following the SSC-T washes the sections were blocked using 

Avidin/Biotin blocking kit (Zymed) as per the protocol. Sections were then incubated for 

30 minutes at RT in 0.5% casein in a buffer containing O.IM Tris-Cl pH 7.5 and 0.15M 

NaCI (C-BB), followed by incubation at 4°C with rabbit affinity purified primary 

antibodies (ZnT3 and PI4Klla diluted 1:500 in C-BB) for about 60 hours. After SSC-T 

washes sections were incubated with biotinylated goat anti-rabbit antibody (Vector 

Laboratories) diluted 1:600 for an hour at RT. Sections were rinsed with SSC-T and then 

incubated with avidin-biotin peroxidase complex complex (ABC; Vector Laboratories) 

for an hour at RT. Following the SSC-T rinses, fluorescein tyrarnide signal amplification 

(TSA) system was used for direct fluorescence detection. Vectashield mounting medium 

with DAPI was used and edges sealed with nail polish and stored at 4°C. 
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Image acquisition and analysis 

Confocal Z stack images were taken and documented using LSM meta software 

with hippocampus and hilus of the dendate gyrus in focus while using Sx and 25x 

objectives respectively. ImageJ software was used for post-acquisition measurement of 

the fluorescent intensity in the hilus region of the dentate gyrus. Briefly, fluorescent 

intensities for all the sections (11Ull thick) of the Z stack were obtained within equal sized 

circles (shown in yellow in Fig. 18 and Fig. 19) encompassing the hilus of the dentate 

gyrus. The 'fluorescent intensity' for a given stack was obtained by averaging the 

fluorescent intensity values of the 10 sections in the stack showing the highest labeling. 

The graph was derived by normalizing average fluorescent intensity values of AP-3 cargo 

staining in car·'· to those from WT samples aligned in the same rostral-caudal location. 

Statistics 

GraphPad Prism 4 was used for statistical analysis of data. Error bars in the 

graphs represents standard error of the mean (SEM). Experimental conditions were 

analyzed by Student's t-test or Two-way ANOV A, whichever appropriate, followed by 

post-hoc tests for multiple comparisons. 

Results: 

Conservation o(clathrin adaptor protein binding sites in calcyon. 

Sequence analysis revealed that calcyon (nsg3) contains two YXX«l> motifs 

typical of adaptor protein (AP) J.l subunit binding sites (Fig. 1 0) which are not present in 

either NEEP21 (nsg1) or P19 (nsg2) (Muthusamy et al., 2009). The YDQF motif 



Figure 10. Tyrosine based motifs in ealeyon C terminus. 

Multiple sequence alignment of C terminal amino acid sequence of the human (Hs), 

mouse (Mm), and rat (Rn) calcyon proteins with the first and second YXX<D motifs 

outlined in cyan and green, respectively. 
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encompassing residues 108-111 appears to be strictly conserved across mammals, 

whereas the YTEM motif (aa 133-136) is present in all mammals except horse and cattle 

(Muthusamy et al., 2009). 

Caleyon directly interacts with adaptor protein u subunits. 

We performed yeast 2 hybrid (Y2H) assays to validate the interaction between the 

calcyon C terminus and the AP subunits by transforming cells with different pairs of bait 

and prey vectors. We used empty vectors as controls. Colonies grew on the double drop 

out media regardless of the combination tested. However, only colonies transformed with 

bait vector containing the calcyon C-terminus and prey vector containing either the 1-11, 

!12, !l3A or !l3B subunits grew on the triple drop out media. These results suggest that 

prototrophy on histidine-deficient media relies on direct interaction between calcyon with 

11 subunits of AP-1, AP-2 and AP-3 (Fig. 11). 

Calcyon is associated with adaptor proteins in brain 

To test whether calcyon associates with the AP's in brain, we took advantage of 

the Cal0E transgenic mice which express FLAG tagged human calcyon in forebrain 

(Trantham-Davidson et al., 2008). Anti-FLAG conjugated beads precipitated FLAG

hCalcyon from Cal0E brain homogenates (Fig. 12A). Probing the blots with monoclomil 

antibodies to they subunit of AP-1, a subunit of AP-2, and 15 subunit of AP-3 indicated 

that all of these AP's co-precipitated with FLAG-hCalcyon. The lack of AP bands in the 

eluates from the non-immune IgG bound beads demonstrated that the co-precipitation 

was selective. Re-probing the blots with antibodies against 90 kDa heat shock protein 



Figure 11. Calcyon directly interacts with 'll' subunits of adaptor proteins. 

Plasmid pairs used to transform HF7C cells plated in sectors one to ten are indicated in 

legend. Colony growth on the the double (-Leu and -Trp) (left) and triple (-Leu, -Trp, and 

-His) (right) plates. Growth on triple dropout plate of colonies co-transfected with 

pGBT9 calcyon (104-217) and pGADT7-J.1.1, pACT2-J.1.2, pGADT7-J.l3A or pACT2-J.1.3B 

suggests prototrophy depends on AP interaction with calcyon. 



A 

1 - pGADT7 + pGBT9 calcyon 
2 - pGADT7 ~ 1 + pGBT9 
3 - pGADT7 ~ 1 + pGBT9 calcyon 
4 - pACT2 + pGBT9 calcyon 
5- pACT2 ~2 + pGBT9 
6 - pACT2 ~2 + pGBT9 calcyon 
7 - pGADT7 -~3A + pGBT9 
8 - pGADT7 -~3A + pGBT9 calcyon 
9- pACT2-~3B + pGBT9 
10 - pACT2-~3B + pGBT9 calcyon 
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Figure 12. Calcyon pulls down subunits of APt, AP2, and AP3 from brain extracts. 

A. Immunoblots showing that anti-FLAG conjugated beads, but not non-immune lgG, 

pull downy subunit of AP-1, a subunit of AP-2, and li subunit of AP-3 from Cai0 E brain 

extracts. B. lmmunoblots showing GST-calcyon C terminus, but not GST, can pull down 

API, AP2, and AP3 from mouse brain S2 fraction (supernatant obtained by spinning the 

post-nuclear supernatant Sl at 100,000 x g for 1 h). C. Immunoblots showing GST 

calcyon C terminus (104-217) pull down of purified S-tagged AP l.l subunits. D. 

Histogram of AP l.l subunit binding to GST only and GST-Cal 104-271 expressed as a 

fraction of input based on three independent experiments. 
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(Hsp90) further indicated the specificity of the AP co-precipitation as Hsp90 was 

detected only in the input lane (Fig. 12A). These results suggest that APs and full-length 

calcyon can be isolated as protein complexes from brain membranes. To test whether the 

cytosolic domain of calcyon was sufficient to bind these adaptor complexes, we used 

Glutathione S transferase (GST) pull-down studies with the GST-calcyon C terminus 

(GST-Cal 104-217) fusion protein and WT S2 fraction as a source of native adaptors. 

Recombinant calcyon cytosolic domain selectively bound to these adaptors further 

supporting the hypothesis that sequences within the calcyon cytosolic C-terminus are 

sufficient for interaction with endogenous AP's (Fig. 12B). 

We used GST-Cal-104-217 in pull-down assays to test whether the association 

involved direct binding of AP Jl subunits. Recombinant AP Jl subunits were expressed in 

vitro as S-tag fusion proteins and purified. These studies revealed the robust ability of 

immobilized GST-Cal104-217, but not GST only, to retain all of the S-Jl fusion proteins 

(Fig. 12C, D). These results suggested that the co-precipitation of native AP's ·from wild 

type and Cal0E brains is mediated by direct interaction of epitopes in the calcyon C

terminus and AP Jl subunits. 

The first 'YXX<I>' moti(o(calcyon is not necessary fOr adaptor protein interaction 

AP Jl subunits exhibit sequence-dependent differences in their affinity for YXX<I> 

motifs (Ohno eta! 1998). As shown in figure 10, there are two canonical AP binding 

motifs in the calcyon C terminus (Tm-KAIWYDOF-20aa-YYTEM-81aa). We pinpointed 

the region in calcyon important for AP binding using the S-tagged H fusion proteins, and 

a set of GST fusion proteins with N-terminal serial truncations of the calcyon C terminus 
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(Fig. 13A). By comparison with GST-Cal 104-217, studies with GST-Cal 114-217 

suggested that juxta- transmembrane domain residues 104 to 113 including the first 

YXX<I> motif in calcyon are not involved in ll subunit binding. This was confirmed by 

mutagenesis of the first tyrosine motif in the context of the entire calcyon C terminus as 

neither single (A108DQF or YDQA111
) nor the double (A108DQA111

) amino acid 

substitution impacted binding (Fig. 13B,C). In contrast, deleting residues 104 to 136, 

which encompass the second YXX<I> motif, significantly impaired the binding of all J.l 

subunits relative to levels bound to recombinant calcyon containing both YXX<I> motifs 

(GST-Cal 104-217; p<0.05, for j.l2, and j.l3B; <0.01 for J.l1, and J.l3A). No binding of J.l 

subunits was observed with a calcyon recombinant fragment distal to the second YXX<I> 

motif (GST-Cal 155-217, Fig 13). Collectively, these data indicate that while the first 

YXX<I> motif is dispensable for binding of J.l subunits, most of calcyon binding activity 

resides in the second YTEM motif. 

The second 'YXXtP' moti[o[caleyon is necessary for adaptor protein interaction 

Interactions between YXX<I>-based motifs and J.l subunits are critically dependent 

on the tyrosine and the bulky hydrophic residues of the sorting signal (Owen and Evans, 

1998; Ohno et a!., 1998). We addressed whether the second tyrosine based motif on 

ca1cyon conformed to this critical property by combined site-directed mutagenesis of 

tyrosine 133 and methionine 136 in the calcyonYTEM motif. We carried out pull down · 

experiments of recombinant J.l subunits with GST-Cal104-217 harboring mutations in 

this YXX<I>-based motif (A133TEA136
, Fig. 14A). The A133TEA136 mutant significantly 

lowered the binding of all AP J.l subunits compared to levels bound to wild type GST-Cal 



Figure 13. First 'YXX0' motif in the calcyon C-terminus is not necessary for AP 11 

subunit interaction. 

A. Diagram of the calcyon C terminus truncations and tyrosine point mutations (shown in 

red) tested. B. Immunoblots showing that only truncations of calcyon containing the 

second tyrosine motif pull down S-!!1, S-112, S-!!3A and S-!!3B. Ponceau staining of blot 

shows equal amounts of GST-Cal truncation or point mutant used as target. C. 

Densitometric analysis of the immunoblots from three independent experiments suggests 

that the first YXX0 motif of calcyon is not necessary for interaction with APs. Data are 

normalized to levels of each S-!l bound to GST-Cal-104-217. Bars and error bars show 

the means and SEM. 
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Figure 14. Second 'YXX0' motif in the calcyon C-terminus is necessary for AP 

interaction. 

A. Diagram of GST~calcyon C terminus truncations and tyrosine point mutations (shown 

in red) tested. B. lmmunoblots showing that point mutations in the second tyrosine motif 

inhibit the interaction between calcyon .and AP-1, AP-2, and AP-3A and AP-3B. C. 

Densitometric analysis of the immunoblots from two independent experiments suggests 

that the second YXX0 motif of calcyon is necessary for interaction with APs. Bars and 

error bars in the histogram reflect the mean and SEM. 
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104-217 (p<0.01 to 0.001, two way ANOVA, Bonferroni post-test) (Fig. 14B, C). 

Residual binding of J.Ll and J.!2 to the A 133TEA 136 calcyon mutant ranged between -40 to 

-50% of wild type levels., 

However, this binding activity was significantly above of that observed for GST 

only (p<O.OS, two-way ANOV A, A 133TEA 136 vs GST only). In contrast, recombinant S

tagged J.!3A and S-tagged J.!3B binding to the calcyon double mutant was reduced to 

background levels observed with GST only ( p>O.OS for both, two-way ANOV A, 

A133TEA136 vs GST only). Our data suggest that J.!1 and J.!2 may recognize accessory 

sequences beside the calcyon YTEM motif. Importantly, our fmdings are consistent with 

a model where the second tyrosine motif in the calcyon cytoplasmic tail is the sole 

determinant for interaction with J.!3A and J.!3B. 

Deletion o(calcyon leads to differential distribution of adaptor protein complexes 

The presence of a tyrosine motif in calcyon capable of binding J.l subunits suggest that 

calcyon could act as a passive cargo loaded into vesicles. This hypothesis contrast with 

our previous observations that calcyon regulates clathrin assembly as well as CME, a 

function reminiscent of the roles of APs. These observations suggest that calcyon could 

act as a regulator of adaptor function by its interactions with these complexes. This 

hypothesis predicts that loss-of-function alleles of calcyon would perturb AP subcellular 

distribution as well as the targeting of membrane proteins by adaptors. In contrast, if 

calcyon acts as a passive cargo for adaptors, neither adaptor distribution, nor cargo 

sorting should be altered in calcyon null mutants. To discriminate between these 

hypotheses, we performed subcellular fractionation of WT and Car'- brains to determine 
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AP-3-dependent targeting of synaptic vesicle membrane proteins to fractions enriched in 

synaptic vesicles (SVs) (Salazar eta!., 2004a). SV-containing high-speed supernatants 

(82) were separated from larger membranes (PI and P2) by differential centrifugation. 82 

supernatants were further fractionated into small vesicles and cytosolic fractions by 

glycerol gradient velocity sedimentation. Fractions were immunoblotted and SV enriched 

fractions identified by probing with antibodies to synaptic vesicle protein 2 (SV2) (Fig. 

15). The SV marker sedimented mainly in gradient fractions I to 9, with peak levels of 

SV2 in fraction 6. The sedimentation profile for SV2 did not differ in the WT and Car'· 

gradients, suggesting that deletion of the calcyon gene does not alter SV2 expression in 

SVs. 

The distribution of AP-1, AP-2, and AP-3 in glycerol sedimented S2 supernatants 

was determined by re-probing blots with antibodies to they, a, I) subunits (Fig. 16A). AP-

2 was detected in all fractions. In contrast, AP-1 and AP-3 were enriched in fractions 

were cytosolic markers such as beta actin fractionates (Fig. 16A, B). AP-1 and AP-3 

sedimented in a symmetric peak centered around fraction 11 (Fig. 16A, B). Notably, AP

I and AP-3 were significantly more abundant in the Car'· fractions (fraction 9, p<O.OS for 

AP-1; fraction 10, p<O.Ol for AP-1 and AP-3; fraction 11, p<O.OS and p<O.OOl for AP-1 

and AP-3, respectively; and fraction 12, p<O.OOl for AP-3; two-way ANOVA) (Fig. 

16B). These differences appeared to be specific for AP-1 and AP-3, as levels of AP-2 and 

the cytoskeletal protein ~-actin in these fractions were similar between genotypes. 

We then asked whether this differential distribution of AP-1 and AP-3 detected in 

the 82 cytosolic fractions correlated with reciprocal changes in the Pl and P2 membrane 

fractions (Fig. 17). P2 fractions contain myelin fragments and organelles like endosomes, 



Figure 15. Similar sedimentation profile of synaptic vesicle protein 2 (SV2) - positive 

vesicles in wild type and Car'- brain. 

Small vesicles were resolved by 5 to 25% glycerol gradient centrifugation of high speed 

S2 supernatants prepared from wild type and Car'- brains. Equal volumes (20 Ill) of each 

fraction were separated by SDS PAGE, imrnunoblotted, and probed with antibodies to 

SV2, a synaptic vesicle marker. SV2 sediments as a symmetric peak centered around 

fractions 5 to 6 in both the WT and Cal_,_ gradients. Fraction 1 corresponds to the bottom 

of the gradient with larger vesicles. Soluble proteins were found in the upper part of the 

gradient. Molecular weight markers are shown to the left of the blots. 
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Figure 16. Altered targeting of AP-1 and AP-3 in Car'- brain. 

A. AP levels across the glycerol gradient fractions were determined by probing with 

antibodies to 'Y subunit of AP 1, a subunit of AP2, and I) subunit of AP3. Blots were also 

probed with ~-actin antibodies. B. Distribution of each protein across the gradient 

following normalization to the total amount in the wild type sample. Closed and open 

circles show wild type and Car'-, respectively, mean protein levels in each fractions and 

error bars, the SEM (n=3). APl- 'Y and AP3-I> levels are increased in non-SV containing 

fractions. Fraction 1 corresponds to the bottom of the gradient and molecular weight 

markers are shown to the left of the blots. 
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Figure 17. Reduced levels of membrane associated AP-3 in Car'· brain. 

A. Immunblots of PI and P2 membrane fractions of wild type and Car'· brains probed 

with antibodies toy subunit of AP-1, a subunit of AP-2, o subunit of AP-3, as well as~

actin. B. Bar graph shows the mean and error bars the SEM of AP levels in WT and Car'· 

samples following normalization to ~-actin. Cal"'· values are expressed relative to WT 

levels for each of three replicates. AP-315 are significantly reduced in the Car'· P2 

fractions compared to levels detected in WT samples(**, p<O.Ol, two-way ANOVA). 

Molecular weight markers are shown to the left of the blots. 
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mitochondria, lysosomes, and peroxisomes whereas PI fractions include large cellular 

membranes and partially homogenized cells. This analysis revealed no differences in the 

abundance of AP-1 or AP-2 in either the Pl or P2 fractions, but showed a significant 

reduction in AP-3 levels in the Cal·/· P2 fraction compared to wild type (p<O.Ol two-way 

ANOVA). The reduction in AP-3 in P2 is consistent with the increased levels of AP-3 

observed in the cal·'· gradient fractions. Together, these alterations suggest pronounced 

alterations in the subcellular distribution of AP-3 in Car'· brains. 

Calcyon regulates trafflcking o(AP-3 cargoes to hippocampal mossy fibers 

In neurons AP-3 is involved in .the targeting of specific SV membrane proteins to 

axon terminals. For example, zinc transporter 3 (ZnT3), is mis-localized in mice where 

the AP-3o gene is deleted (mocha mice) (Kantheti et a!., 1998; Salazar et a!., 2004a, 

2004b ). As our data suggest mis-localization of AP-3 in cal·'· mice we predict that 

targeting of AP-3 cargoes could be affected in calcyon deficiency. To this end, we 

analyzed the distribution and content of ZnT3 in glycerol gradient fractions of the S2 

high-speed supernatants (Fig. 18A). However, the sedimentation profile of ZnT3 in the 

Car'· fractions closely matched that observed in the WT fractions (Fig. 18B). 

AP-3 is prominently expressed in the hilus and CA3 region of hippocampus 

where the effects of AP-3o gene deletion on SV cargo targeting in the mossy fiber tract 

are most robust (Scheuber et a!., 2006; Salazar et a!., 2004a, 2004b ). As calcyon is also 

particularly enriched in CA3 and dentate gyrus, we hypothesized that ZnT3 levels would 

be altered in cal·'· mossy fibers (Zelenin et a!., 2002; Oakman and Meador-Woodruff, 

2004). ZnT3 was localized in hippocampal sections of WT and Cal"'· mice (n=3) by 



Figure 18. Calcyon regulates trafficking of ZnT3 to mossy fibers. 

A. Glycerol gradient fractions probed with antibodies to ZnT3 indicate that the vesicular 

distribution of the ZnT3 is not altered in Car'· brain. B. Distribution of ZnT3 across the 

gradient following normalization to the total amount in the wild type sample. Closed and 

open circles refer to protein levels in the wild type and Cal_,_ fractions. Sedimentation of 

ZnT3 prepared from whole brains in the gradient is unaltered by deletion of the calcyon 

gene. Fraction 1 corresponds to the bottom of the gradient and molecular weight markers 

are shown to the left of the blots. C, D. ZnT3 immunostaining of hippocampal 

cryosections from WT (C) and Cal-t- (D) mice shown at lower (left) and higher (right) 

magnification. E. Fluorescent staining intensities were obtained within equal sized circles 

(in yellow) positioned over the hilus. Values of ZnT3 staining in Car'· samples were 

normalized to those from wild type samples aligned in the same rostral-caudal location. 

The histogram shows the mean and SEM of three replicates with n=3 Cal-/- and wild type 

brains. Compared to levels detected in wild type, ZnT3 levels in the hilus of the dentate 

gyrus are significantly reduced in cal·'- brain(**, p<O.Ol, unpaired t-test). 
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fluorescent immunohistochemistry (Fig. 18C,D). Comparison of ZnT3 labeling intensity 

in the hilus indicated lower levels in the Car'· sections (p<O.Ol, paired t-test) (Fig. 18E). 

Like ZnT3, phosphoinositol4-kinase type II alpha (PI4Klla) is a SV protein that relies on 

targeting to axon terminals by directly interacting with AP-3 (Salazar et al., 2005; Craige 

et al., 2008). Analysis of PI4KIIa fluorescent immunostaining of WT and Cal_,_ 

hippocampus showed reduced levels in the hilus of the car-t- compared to WT _(p<:0.05, 

paired t-test) (Fig. 19A-E). Altogether, these data point to a role for calcyon in regulating 

AP-3 cargo targeting in mossy fibers. 

Discussion 

The data presented here validates that calcyon directly interacts with J.l subunits of 

the AP complexes AP-1, AP-2, and AP-3, and suggests that calcyon regulates the 

targeting of AP-3 cargoes. At least four lines of evidence support these conclusions. 

First, deletion or mutation of the critical tyrosine and bulky hydrophobic residue in the 

second YXXI]) type tyrosine motif of calcyon significantly reduced binding of all AP J.l 

subunits studied here. Second, binding of the J.13A and J.13B subunits are reduced to a 

greater extent by the double alanine point mutations (A 133TEA 131) compared to that for 

the J.ll and J.12 subunits. Third, significantly reduced levels of AP-3 are observed in the 

high speed membrane pellet (P2 fraction) of Car'· brain, along with a corresponding 

increase in AP-3. in the cytosolic, SV2 negative glycerol gradient fractions. Additionally, 

levels of AP-3 cargoes like ZnT3 and PI4KIIa are reduced in the mossy fibers of car·'· 

hippocampus. Altogether the above data indicates that calcyon regulates targeting of 

AP-3 cargoes by directly interacting with J.13A and J.13B. Finally, our studies suggest that 



Figure 19. Calcyon regulates trafficking of PI4KIIu to mossy fibers. 

A. Glycerol gradient fractions probed with antibodies to phosphotidylinositol 4-kinase 

type II alpha (Pl4Kllu) indicate that the vesicular distribution of PI4Klla , like the ZnTJ, 

is not altered in Cal_,_ brain. B. Distribution of PI4Klla across the gradient following 

normalization to the total amount in the wild type sample. Closed and open circles refer 

to protein levels in the WT and Cal_,_ fractions. Sedimentation of PI4Klla prepared from 

whole brains in the gradient is unaltered by deletion of the calcyon gene. Fraction I 

corresponds to the bottom of the gradient and molecular weight markers are shown to the 

left of the blots. C, D. Immunostaining ofPI4KIIa in hippocampal cryosections from WT 

(C) and Car'· (D) mice shown at lower (left) and higher (right) magnification. E. 

Fluorescent intensities were measured within equal sized circles (in yellow) positioned 

over the hilus of the dentate gyrus. Fluorescent staining intensity values in the Car'· 

samples were normalized to those from wild type samples aligned in the same rostral

caudal location. The histogram shows the mean and SEM of two replicates with n=J 

Car'· and WT brains. Compared to levels detected in WT, PI4Klla levels in the hilus of 

the dentate gyrus are significantly reduced in car'· brain(*' p<0.05, unpaired t-test). 



Figure 19 

A 

D 

B 

E 

-'· ,.,c .'t!: 
~ E ..... 
~ :0: 1. 

8S 
;"i 
~ .~ 0. 
~-.. 
o E " ~ u: g 

... 

1 2 3 4 5 6 7 8 9 10111213 

Fractions 

* 

... 

- o.o-&----,wr-----c-.T"r,-:-· --

90 



91 

calcyon, like the closely related protein NEEP21, regulates the sorting of axonal cargoes 

albeit by different mechanisms involving unique sequence determinants. 

The binding of all AP 1.1 subunits to calcyon is consistent with the overlapping 

sequence specificity of 1.11, 1.12, ,.UA, and 1.13B for residues in and around the YXX«l> motif 

(Ohno et a!., 1998). While with 1.12 subnits recognizing the broadest range of sequence 

variants, it is noteworthy that glutamic acid residues before and after the critical tyrosine 

reside as seen in the EMYYTEM (critical tyrosine shown in bold) motif in calcyon 

correlates well with 1.13A and ll3B binding (Ohno et al., 1998; Bonifacino and Traub, 

2003). Further, in vitro precipitation assays indicate that 1.13A and 1.13B binding is 

particularly sensitive to mutation of the critical tyrosine residue and the bulky 

hydrophobic residue at position Y+3 of the second YXX«l> type motif in calcyon. In 

contrast, 1.11 and 1.12 subunits still retain about 40% to 50% of their affinity for the calcyon 

C terminus despite the presence of the A 133TEA 136 mutation indicating that sequences 

distinct from this motif contribute to the binding of 1.11 or 1.12. As the A 133TEA 136 mutant 

eliminates specific binding of 1.13A and 1.13B to the calcyon, it is tempting to speculate that 

calcyon preferentially interacts with AP-3 in vivo as suggested by the hippocampal 

phenotypes in calcyon null brains. 

Previous studies performed in dissociated cortical neurons indicate that calcyon 

deletion in mice leads to reduced clathrin mediated endocytosis of transferrin receptors 

(TfuRs) and AMPA receptors (AMPARs) (Xiao et al., 2006; Davidson eta!., 2009). As 

calcyon directly interacts with CLC and stimulates clathrin assembly in vitro (Xiao et a!., 

2006), the defect in endocytosis was attributed to the interaction between calcyon and 

CLC. However, AP-2 regulates the rapid clathrin-mediated internalization of cell surface 
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cargoes including TfnRs and AMPARs (Benmerah et a!., 1998; Huang et a!., 2004; 

Kastning et al., 2007). Therefore, the present data raises the possibility that the deficits in 

endocytosis reported in Cal_,_ neurons could also involve the interaction of calyon with 

AP-2. Interestingly, the second tyrosine motif shown here to be important for binding to 

AP ll subunits is also positioned in the CLC binding domain of calcyon (residues 123 to 

155). As reported here for some ll subunits, mutation of the YTEM motifin calcyon to 

ATEA abrogates binding of a recombinant CLC fusion protein to the C-terminus of 

calcyon (N.M. and C. B., unpublished data). However, further studies are necessary to 

delineate the specific effects of calcyon interaction with AP-2 versus CLC on clathrin 

mediated endocytosis. 

Given the evidence that calcyon directly interacts with AP ll subunits and 

immunoprecipitates AP complexes from brain, and as calcyon is also a transmembrane 

protein, the question arises: 'Does calcyon regulate AP function, or is calcyon is an AP 

cargo?' Membrane protein fractionation studies revealed a significant impact of calcyon 

null alleles on the subcellular distribution of both AP-I and AP-3 in brain. Levels of both 

AP-I and AP-3 are increased in cytosolic fractions of Car'· brain compared to wild type, 

whereas levels of AP-3 in P2 membrane fractions are significantly reduced. Further, 

immunostaining of hippocampal cryosections revealed significantly decreased levels of 

the AP-3 cargoes ZnT3 and PI4K1Ia in the mossy fibers of Cal_,_ mice. If calcyon were 

an AP-l cargo, it is unlikely that deletion of calcyon would affect either the levels of APs 

or the targeting of AP cargoes. Nevertheless this remains a possibility as calcyon is 

present in lysosomes among other vesicular compartments (Xiao et al., 2006). Further 

studies in mice deficient in AP-3 subunits could shed light on this point. As effects are 
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observed on both membrane recruitment of AP-3 as well as targeting of AP-3 cargoes, 

the present data indicate that calcyon is indeed a regulator of AP-3 function. Additional 

studies are required to test whether deletion of calcyon similarly regulates AP-I function. 

In contrast, the sedimentation profile of AP-2 in the density gradient was unaltered by 

deletion of calcyon. These data suggest that the interaction between AP-2 and calcyon 

serves a function distinct from that detected for AP-3, including the possibility that 

calcyon is an AP-2 cargo. Consistent with this, a sizeable fraction of the total pool of 

calcyon resides on cell surface under basal conditions or translocates to the plasma 

membrane during periods of elevated intracellular calcium concentration (Ali and 

Bergson, 2003). 

Immunohistochemical analysis of Car'· brains indicates that the levels of ZnT3 

and PI4KIIa are significantly reduced in the hippocampal mossy fibers. However, neither 

the levels nor sedimentation profile of these AP3 cargoes in the glycerol gradient 

fractions are altered by deletion of calcyon. One explanation for t)le discrepancy is that 

the membrane and small vesicle fractionation procedure was carried out with whole brain 

homogenates. This approach would not allow the discrimination of a region specific 

effect. Calcyon transcripts and protein are abundantly expressed in the hippocampus 

including the dentate gyrus and all CA regions (Zelenin et a!., 2002; Oakman and 

Meador-Woodruff, 2004), where the protein is distributed in axons as well as dendrites 

(Xiao et a!., 2006; C.B., unpublished data). In contrast, in the hippocampus, AP-3 is 

markedly enriched in the hippocampal mossy fibers (Scheuber et a!., 2006). Mice with 

loss of AP-3 (mocha) exhibit impaired targeting of AP-3 cargoes including ZnT3, TI

V AMP, CIC-3 and PI4KIIa in the hippocampal mossy fibers (Salazar et a!., 2004b, 
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2004a, 2005; Newell-Litwa et a!., 2007; Seong et al., 2005). AP-3 deficient mice also 

show region specific alterations in synaptic vesicle biogenesis and exocytosis in mossy 

fibers that are not observed in other fiber tracts in hippocampus (Scheuber et a!., 2006) or 

striatum (Newell-Litwa et a!., 2010). These observations raise the possibility that by 

directly binding J.13 subunits calcyon acts in a region specific manner to regulate AP-3-

dependent targeting of membrane protein cargoes. Altogether the data presented in this 

paper highlight a new role for calcyon in the targeting AP-3 cargoes in mossy fibers. 
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IV. DISCUSSION 

Vesicle trafficking in the central nervous system (CNS) plays a crucial role in 

mechanisms underlying synaptic adaptations correlated with learning and memory. This 

is observed both in presynaptic nerve terminals where synaptic vesicle fusion and 

recycling is important for neurotransmitter release, as well as in dendritic spines where 

the insertion and removal of neurotransmitter receptors is linked to. synaptic 

strengthening and weakening, respectively. Many proteins that regulate endoctyosis and 

recycling in peripheral tissues appear to function in an analogous manner in the CNS. 

However, it is evident from studies of neurotransmitter release that neurons express an 

array of specialized proteins in order to achieve the rapid and repeated fusion of synaptic 

vesicles required for fast excitatory neurotransmission (Sudhof, 2004). In contrast, 

information on the neural specific proteins involved in regulating neurotransmitter 

receptor trafficking is limited. 

NEEP21 is a member of a gene family predominantly expressed in brain that also 

includes calcyon and Pl9. Similar to NEEP21, calcyon and P19 are integral membrane 

proteins, primarily localized in vesicles, but with distinct regional and developmental 

expression patterns. Initial analysis suggests that each family member might carry out 

unique vesicle trafficking related functions important for synaptic plasticity. 
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For example, NEEP21 regulates the sorting of vesicles either to a recycling or 

degradative pathway whereas calcyon stimulates clathrin mediated endocytosis, but not 

recycling. Both proteins appear to play distinct roles in synaptic plasticity as antisense 

knockdown ofNEEP21 impairs the ability of high frequency stimulation to evoke GluRI 

accumulation at the PSD, and concomitant long term potentiation (LTP). Similarly, long 

term depression (LTD), a form of synaptic plasticity requiring GluR subunit 

internalization is abolished in neurons prepared from calcyon knockout mice (Davidson 

et a!., 2009; Muthusamy et a!., 2009; Xiao et a!., 2006; Alberi et a!., 2005; Steiner et a!., 

2005). 

In the flrst study, we found NEEP21/Ca!cyon/P19 gene family members to be 

highly conserved across vertebrate species. Extensive sequence and domain searching of 

genomic and EST databases provided no indication of orthologs in invertebrate 

organisms. These results suggest that the progenitor the family arose during vertebrate 

evolution. Further, only two genes of this family were identified in non-manunalian 

species. For the most part, sequence similarity scores of the flsh, frog and chicken 

sequences suggested that these genes corresponded to orthologs of either P19 or 

NEEP21. A potential exception was the zebra ftsh EST CN013832.1 which exhibited 

equivalent similarity with both hP19 and hNEEP21. As we were unable to identify an 

organism bearing only a single NEEP21/Calcyon/P19 family member, we are unable to 

discern whether this gene represents the ancestral progenitor gene of the entire family. 

Alternatively, based on the low sequence similarity with Pl9, this gene could reflect 

sequence divergence after duplication of the zebra flsh P19 (NP _957167), potentially 

pointing to the origins of either NEEP21 or calcyon. 
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Sequence similarity searches also yielded no evidence of additional family 

members present in lower vertebrates that are not conserved in mammals. The presence 

of calcyon orthologs in mammalian but not non-mammalian species provided the only 

evidence of expansion of the gene family throughout vertebrate evolution. While the 

failure to detect orthologs in invertebrate species could be due to incomplete sequence 

databases, it is noteworthy that expression of the putative P19 zebra fish ortholog was 

only detected in the nervous system. As mammalian P19 (as well as calcyon and 

NEEP21) are primarily expressed in the brain, possibly the NEEP21/Calcyon!P19 gene 

family emerged with vertebrates to play a role either in the formation or function of the 

nervous system. 

It is also noteworthy that CDART searches with any of the three family members 

retrieved the same set of proteins, none of which contained any known protein functional 

motif other than the so-called 'calcyon' domain. The calcyon domain includes a single 

transmembrane segment in the middle of the protein. Based on the published functional 

studies aimed to characterize NEEP21 and calcyon as well as the Tfn uptake and 

recycling studies performed to characterize P19 (unpublished), it seems that these three 

'calcyon' domain-containing proteins are important for trafficking plasma membrane 

proteins through the endocytic and recycling system. Phylogenetic analysis suggested 

that the NEEP21/Calcyon/P19 ancestral progenitor arose relatively late. in animal 

evolution as orthologs are present in bony fish but not the urochordate phyla. 

Interestingly, localization of the zebrafish paralogs by in situ hybrization revealed a CNS 

specific expression pattern. 

., 
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Sequence analysis based on alignments from the phylogenetic study (Fig 5.) 

identified signature motifs both on the extracellular domain as well as the cytosolic 

domain of calcyon. On the extracellular domain of calcyon, a 'P-P-L-P' motif was 

identified which can bind WW domain containing proteins (Muthusamy et a!., 2009). On 

the intracellular domain of calcyon two 'YXX<I>' type tyrosine based motifs, which can 

bind to clathrin adaptor proteins (AP) were identified. It is noteworthy that the tyrosine 

motifs identified are unique to calcyon and are not found in either NEEP21 or PI9. Using 

molecular, biochemical and imaging techniques, I characterized the direct interaction 

between calcyon and APs. 

Data presented towards calcyon and adaptor protein interaction (unpublished 

manuscript) indicate that calcyon regulates the distribution of adaptor proteins as well as 

targeting of AP-3 cargoes. Previous studies indicate that the presence of acidic residues 

before and after YXX<I> signals is favorable for interaction with !l3A and !l3B subunits of 

AP-3. In support of sequence analysis, alanine point mutations (A133TEA136
) at position 

of the second tyrosine motif YTEM lowered the binding of ll subunits of AP-3 compared 

AP-I and AP-2. Also fractionation studies revealed that the distribution of APs was 

different in calcyon knockout brain indicating that calcyon could be a regulator of AP 

function and cannot just be an AP-3 cargo. In addition, immunobloting of pellet from 

high speed centrifugation (P2) rich in myelin fragments and organelles like mitochondria, 

lysosomes, and peroxisomes, with AP antibodies suggest that the synaptic vesicle 

association as well as membrane association of AP-3 is impaired in calcyon knockout 

brains. In line with this evidence and consistent with the hypothesis that calcyon regulate 

function of AP~3, immunostaining was performed on brain cryosections to identify the 
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levels of AP-3 cargoes like ZnT3 and PI4Klln. Analysis indicates that levels of AP-3 

cargoes are reduced in the mossy fibers of calcyon knockout hippocampus compared to 

that of wild type. Taken together, the above data implies that calcyon might regulate 

targeting of AP-3 cargoes. 

Given the preponderance of evidence indicating that endocytosis and vesicle 

trafficking are required for efficient synaptic transmission, the possibility is that 

NEEP21/Calcyon!P 19 gene family evolved relatively late in evolution to support the 

unique demands placed on vesicle trafficking by the vertebrate nervous system. 
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V.SUMMARY 

In the phylogenetic study of NEEP21, calcyon, and P 19 family of endocytic 

proteins we found that these proteins share a high degree of sequence homology. In 

addition, in situ hybridization studies in zebra fish indicate that enriched expression in 

CNS is a shared characteristic of this gene family. Extensive database searches revealed 

that the gene family members could be identified only in vertebrates and interestingly 

calcyon orthologs were only retrieved from the manunalian database. Our analysis 

indicate that NEEP21/Calcyon/P 19 gene family arose relatively late in evolution to meet 

the unique demands of the vertebrate nervous system. 

Phylogenetic analyses led to the identification of canonical binding consensus for 

J.l subunit of adaptor proteins only in calcyon and not in either NEEP21 or Pl9. Yeast two 

hybrid and pulldown assays indicate that calcyon indeed is a bonafide interacting partner 

of APs, both in vitro as well as in brain. Deletion and point mutation studies using 

calcyon C terminus suggest that one of the YXXCll type tyrosine motifs is involved in the 

direct interaction between calcyon and APs. Also the J.l subunits of AP"3 are sensitive to 

mutations of the critical tyrosine and the bulky hydrophobic residue of calcyon. Further, 

differential centrifugation followed by density gradient fractionation suggests that while 

levels of AP-1 and AP-3 are elevated in the cytosolic fractions, AP-3 levels are reduced 
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in the pelleted membrane fractions of calcyon knockout mice indicating that calcyon is a 

regulator of AP-3 function. Finally imaging studies show that levels of AP-3 cargoes like 

ZnT3 and PI4KIIa are reduced in the hippocampal mossy fibers upon calcyon deletion 

indicating that calcyon regulates targeting of AP-3 cargoes. 
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VII. APPENDIX 

Supplementary Table 1- Sequence identity(%) between the fish, mouse, and human P19/NEEP21/Calcyon family members 
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Supplementary Figure 1 
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Supplementary Figure 1 - Calcyon Polymorphism Discovery. Sequencing chromatogram of the Proline to Leucine SNP at codon 40 

identified in one African-American male. 




