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Abstract

The Coxsackievirus and adenovirus receptor (CAR) is an essential cellular protein that is involved 

in cell-cell adhesion, protein trafficking, and viral infection. The major isoform of CAR is 

selectively sorted to the basolateral membrane of polarized epithelial cells where it co-localizes 

with the cellular scaffolding protein membrane-associated guanylate kinase with inverted domain 

structure-1 (MAGI-1). Previously, we demonstrated CAR interacts with MAGI-1 through a PDZ–

domain dependent interaction. Here, we show that the PDZ3 domain of MAGI-1 is exclusively 

responsible for the high affinity interaction between the seven exon isoform of CAR and MAGI-1 

using yeast-two-hybrid analysis and confirming this interaction biochemically and in cellular 

lysates by in vitro pull down assay and co-immunoprecipitation. The high affinity interaction 

between the PDZ3 domain and CAR C-terminus was measured by fluorescence resonance energy 

transfer. Further, we investigated the biological relevance of this high affinity interaction between 

CAR and the PDZ3 domain of MAGI-1 and found that it does not alter CAR-mediated adenovirus 

infection. By contrast, interruption of this high affinity interaction altered the localization of 

MAGI-1 indicating that CAR is able to traffic MAGI-1 to cell junctions. These data deepen the 

molecular understanding of the interaction between CAR and MAGI-1 and indicate that although 

CAR plays a role in trafficking PDZ-based scaffolding proteins to cellular junctions, association 

with a high affinity intracellular binding partner does not significantly alter adenovirus binding 

and entry via CAR.
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1. Introduction

The Coxsackievirus and adenovirus receptor (CAR) is a primary receptor for two distinct 

groups of viruses, coxsackie B viruses and most adenoviruses (AdV) (Bergelson, 

Cunningham et al. 1997, Carson, Chapman et al. 1997, Tomko, Xu et al. 1997). Studies on 

its endogenous cellular function have shown that CAR is a developmentally essential protein 

with important cardiac functions (Asher, Cerny et al. 2005, Dorner, Wegmann et al. 2005, 

Freiberg, Sauter et al. 2014). In polarized epithelia, CAR is primarily a basolateral adhesion 

protein involved in the maintenance of cell-cell contacts (Walters, Freimuth et al. 2002, 

Excoffon, Hruska-Hageman et al. 2004). CAR is a 46-kDa glycoprotein with two Ig-like 

extracellular domains, a transmembrane domain, and a cytoplasmic domain. Two CAR 

molecules from neighboring cells can interact through homodimerization of the distal 

immunoglobulin (Ig)-like extracellular domain (D1 domain) with a Kd of ~16 μM (van 

Raaij, Chouin et al. 2000). Interestingly, the same domain, D1, is necessary and sufficient 

for adenovirus binding. Thus, adenovirus fiber-knob binding domain overlaps with the 

CAR-CAR homodimerization interface with a much greater affinity, Kd of ~8 nm (Bewley, 

Springer et al. 1999, Kirby, Davison et al. 2000, Kirby, Lord et al. 2001). It is generally 

accepted that extracellular adenovirus fiber-knob will outcompete intercellular CAR-CAR 

interactions for cell binding. However, it is unknown if this extracellular competition and 

viral entry is affected by intracellular molecules binding to the cytoplasmic domain of CAR 

within the cell.

The most abundant, seven exon isoform of CAR contains a 4 aa long class 1 PSD-95/

Drosophila discs-large protein/zonula occludens protein-1 (PDZ)-binding domain (PBD) at 

its C-terminus that interacts with several proteins that contain PDZ domains, which are 

approximately 80-90 aa long (Excoffon, Gansemer et al. 2010, Ivarsson 2012). Membrane-

associated guanylate kinase with inverted domain structure-1 (MAGI-1) is a cellular 

scaffolding protein that contains up to six alternatively spliced PDZ domains (PDZ0-5), an 

inactive guanylate kinase domain, and two WW domains. It has three primary alternatively 

spliced isoforms, MAGI-1a, b and c, which exhibit differential tissue expression. CAR and 

MAGI-1b have been shown to interact via a PDZ-based interaction and share several 

interacting partners, such as β-catenin and ASIC3 (Dobrosotskaya and James 2000, Walters, 

Freimuth et al. 2002, Excoffon, Hruska-Hageman et al. 2004, Hruska-Hageman, Benson et 

al. 2004). It is known that in order to coordinate signaling, PDZ domain-containing proteins 

act as molecular scaffolds to co-localize their binding partners to create a signalosome (Kim 

and Sheng 2004). MAGI-1 facilitates a large number cellular functions as a scaffolding 

protein including the coordination of large protein complexes for cell signaling, maintenance 

of cell-cell junction stability, and apoptosis (Dobrosotskaya and James 2000, Ivanova, 

Repnik et al. 2007, Kranjec, Massimi et al. 2014). MAGI-1 is thought to play pivotal roles in 

several disease conditions including focal segmental glomerulosclerosis, and the severity of 
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viral-mediated disease and cancer (Kaufman, Potla et al. 2010, Kumar, Liu et al. 2012, 

Kranjec, Massimi et al. 2014).

While we have previously demonstrated a PDZ-dependent interaction between MAGI-1 and 

CAR (Excoffon, Hruska-Hageman et al. 2004), the molecular underpinnings of the CAR-

MAGI-1 specific interaction remain unclear. Further, the physiological consequence of this 

interaction on viral infection and MAGI-1 junction localization are unknown. In this study, 

we show that the CAR PDZ-binding domain (-GSIV) directly interacts with the PDZ3 

domain of MAGI-1 with high affinity. While the interaction between MAGI-1 PDZ3 and 

CAR is critical for MAGI-1 junctional localization, MAGI-1 PDZ3 does not affect CAR-

mediated viral infection. As novel experimental therapeutics that target PDZ-based 

interactions are under development, our study provides critical information that will aid in 

understanding the molecular mechansims and avoiding off-target effects of molecules that 

may alter protein interactions with MAGI-1.

2. Materials and Methods

2.1 Materials

COS-7 and CHO-K1 cells (ATCC, Rockville, MD) were cultured under standard conditions 

(DMEM with 10% FBS, and 1% penicillin/streptomycin, 2 mM L-glutamine). Individual 

MAGI-1b PDZ domains (PDZ1, 2, and 3) were cloned into pcDNA/V5/GW/D-TOPO 

(Invitrogen) for in vitro pull down assays. Plasmids for the myc-tagged full length MAGI-1c 

and all PDZ domains (PDZ0-5) were kindly provided by Dr. Zhigang Xu (Shandong 

University, Shandong, China) and Dr. Heller (Stanford University School of Medicine, 

Stanford, CA) (Xu, Peng et al. 2008) and HA-tagged MAGI-1 domain-deleted mutants were 

kindly provided by Dr. Ronald Javier (Baylor College of Medicine, Houston, TX) 

(Glaunsinger, Lee et al. 2000). Xfect transfection reagent (Clontech) was used for plasmid 

transfection. RmcB and HA Abs were from Millipore, FLAG and actin Abs were from 

Abcam, myc Ab was from Cell Signaling, and anti-CAR 1605p has previously been 

described (Sharma, Kolawole et al. 2012). Type 5 AdV-β-Galactosidase (AdV-β-Gal) was 

from the University of Iowa Vector Core, Iowa City, IA.

2.2 Yeast two-hybrid assay (Y2H)

Y2H screening was performed using the Matchmaker kit (Clontech) according to 

manufacturer's protocols and as previously described (Kolawole, Sharma et al. 2012). The 

whole intracellular C-terminus of CAR (CAREx7) was fused with the GAL4 DNA-binding 

domain and subcloned into the bait vector pGBKT7. The known prey MAGI-1 PDZ 

domains (0-5) were individually cloned into the GAL4 activation prey vector PGADT7, pre-

transformed into yeast cells, and screened by separate matings by plating onto high-

stringency selective synthetic dropout media.

2.3 In vitro pull down assay

The TNT T7 quick coupled transcription/translation system (Promega Corporation, 

Madison, WI) was used to synthesize L-[35S]methionine (PerkinElmer, Waltham, MA) 

labeled MAGI-1 PDZ domains (PDZ1, 2, 3, and 5) according to the manufacturer's protocol 
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and as previously described (Kolawole, Sharma et al. 2012). COS-7 cells were transfected 

with the FLAG-tagged CAR isoform plasmid and subjected to immunopreciptitation (IP). In 

vitro translated MAGI-1 PDZ domain proteins were mixed with CAR-IP lysates at 4°C for 2 

hr, followed by washing, centrifugation and elution with 2X denaturing buffer. Labeled 

proteins were separated by SDS-PAGE and visualized either by autoradiography of dried 

gels or transferred to PVDF for autoradiography and WB.

2.4 MAGI-1 PDZ and CAR c-terminus protein purification

For FRET and binding assays, MAGI-1 PDZ1 and PDZ3 domains and CAR (CAREx7) C-

termini (GAIPVMIPAQSKDGSIV) were cloned (In-Fusion, Clontech, Mountainview, CA) 

into a pGEX-6p vector (GE Healthcare, Piscataway, NJ) modified to contain a His-tag 

upstream of the GST-tag (pHH2) (Kolawole, Sharma et al. 2012). pHH2-PDZ and -CAR 

plasmids transformed into Rosetta (BL21) E. coli cells (EMD Millipore, Gibbstown, NJ) 

were grown, induced, and purified as previously described (Kolawole, Sharma et al. 2012). 

Purified GST-tagged and tag-free proteins were quantified using the Bio-Rad protein assay 

kit and the quality verified by SDS-PAGE.

2.5 Protein labeling and FRET

Tag-free proteins were dialyzed with 10 mM HEPES (pH 8.0), 0.1 mM EDTA, 0.4 mM 

DTT, 400 mM KCl and 5% glycerol at 4°C overnight using a Slide-a-lyzer dialysis cassette 

(Thermo Scientific). Purified MAGI-1 PDZ domain proteins were labeled with 

FluoroLink™ Ab Cy3 labeling kit (GE Healthcare, Piscataway, NJ) while purified CAR C-

terminus protein was labeled with FluoroLink™ Ab Cy5 labeling kit according to the 

manufacturer's recommendations. Absorbance was used to determine protein concentrations 

and dye to protein ratios. Labeling ratios were approximately 1 dye/peptide. FRET from 

each Cy3-labeled MAGI-1 PDZ domain to Cy5-labeled CAR was conducted as described 

(Hostetler, Lupas et al. 2011, Kolawole, Sharma et al. 2012) with a PC1 photon counting 

spectrofluorometer (ISS Inc., Champaign, IL). Briefly, emission spectra (560–700 nm) were 

obtained from 30 nM donor (Cy3-labeled PDZ peptides) in PBS at 25°C upon excitation at 

550 nm with increasing concentration of acceptor (Cy5-labeled CAR C-terminus peptides). 

The spectra were corrected for background (buffer only and acceptor only) and the maximal 

intensities were measured using Vinci 1.5 software (ISS Inc., Champaign, IL). The protein 

binding affinity, energy transfer efficiency, and intermolecular distance were calculated 

according to the Förster equation and as described previously (Hostetler, Lupas et al. 2011).

2.6 Immunoprecipitation and Western blot (WB)

Cells were lysed, subjected to IP, and blotted as previously described (Excoffon, Gansemer 

et al. 2010, Sharma, Kolawole et al. 2012). Briefly, for IP, primary Ab was added to equal 

amounts of protein for 2 hr to overnight at 4°C. Labeled proteins were isolated with protein 

G sepharose (GE Healthcare), eluted with SDS-PAGE sample buffer, followed by SDS-

PAGE and WB. Protein bands were detected with ECL reagents (Pierce, Rockford, IL) and 

imaged on a Fuji LAS 4000 and/or developed in an X-ray Medical film processor (Konica 

SRX 101).
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2.7 MAGI-1 PDZ mutants

MAGI-1b PDZ-domain mutants were generated by mutating the “GFGF” carboxylate 

binding motif, required for binding PBD, to “GFRE” by the Quikchange Lightning Site 

Directed mutagenesis kit according to the manufacturer's instructions. Mutations were 

confirmed by sequencing.

2.8 AdV-β-Gal infection and β-galactosidase assay

Transfected CHO-K1 cells were infected with type 5 AdV-β-Gal at a multiplicity of 

infection of 100 for 1 hr at 37°C. β-galactosidase expression was determined with Galacto-

Light Plus System (Applied Biosystems, Carlsbad, CA), as previously described (Excoffon, 

Gansemer et al. 2010, Kolawole, Sharma et al. 2012).

2.9 Immunostaining

COS-7 cells grown on collagen coated chamber slides were washed once with PBS, fixed 

with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 2% 

BSA in SuperBlock (Pierce, Rockford, IL). Cells were incubated with primary Ab, washed 

extensively and incubated with Alexa-labeled secondary Ab. After washing, slides were 

coverslipped with Vectashield mounting media (Vector Laboratories, Burlingame, CA). 

Images were acquired with an FV1000 Laser Scanning Confocal Microscope (Olympus, 

CenterValley, PA) using a 60× oil immersion lens.

2.9 Statistical analysis

All experiments were performed independently at least three times. Data were expressed as 

either a representative experiment or mean ± standard error of mean of three separate 

experiments. Data were analyzed using ANOVA and/or Student's t test with a two-tailed 

distribution, and were considered statistically significant if p ≤ 0.05.

3. Results

3.1. CAR Interacts with the MAGI-1 PDZ3 Domain

Previous work indicated that the last four amino acids of the C-terminus of CAR (-GSIV) 

comprise a PBD that is required for the interaction between CAR and MAGI-1 (Excoffon, 

Hruska-Hageman et al. 2004). To understand the molecular basis of this interaction, we first 

asked which MAGI-1 PDZ domain(s) CAR interacts with. Yeast-two-Hybrid (Y2H) 

analysis was initially used to screen interactions between the last 17 aa of the intracellular C-

terminus of CAR and all of the individual MAGI-1 PDZ domains (PDZ0-5; Fig. 1A). Only 

the MAGI-1 PDZ3 domain produced a blue colony when incubated with the CAR C-

terminus bait, suggesting a direct interaction between the CAR C-terminus and PDZ3. We 

then performed in vitro pull down assays to confirm Y2H results. As expected, CAR only 

pulled down 35S-labeled MAGI-1 PDZ3 indicating a specific interaction in vitro (Fig. 1B).

3.2. CAR Has a High Affinity Interaction with MAGI-1 PDZ3

To establish a direct interaction, determine the binding affinity (Kd), and determine the 

intermolecular distance between the CAR C-terminus and MAGI-1 PDZ3 domain, in vitro 
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Förster fluorescence resonance energy transfer (FRET) was utilized (Fig. 1C, D). Purified 

MAGI-1 PDZ1 (used as a negative control; Fig. 1C) or MAGI-1 PDZ3 (Fig. 1D) were 

labeled with Cy3 while CAR C-terminus was labeled with Cy5. Cy3/Cy5 labels form a 

FRET donor/acceptor pair, and FRET only occurs if the labeled proteins are in close 

proximity (less than 100 Å) (Hostetler, Lupas et al. 2011). FRET was observed as a decrease 

in Cy3 fluorescence intensity (decrease at 570 nm), and a subsequent increase in Cy5 

fluorescence intensity (increase at approximately 670 nm). The maximum peak values were 

recorded at 570 nm (Cy3) and 670 nm (Cy5, data not shown) for each titration and were 

used to create binding curves (Fig. 1 C, D). In contrast to the lack of interaction between 

CAR and PDZ1 (Kd > 500 nM), the change in fluorescence intensity as a function of PDZ3 

concentration yielded a saturable hyperbolic binding curve indicating high-affinity binding 

for PDZ3-CAR (Kd = 2.0 ± 0.9 nM) and an intermolecular distance of 46.7 Å, further 

indicating a direct interaction. Double reciprocal plots of the data revealed a single site 

binding isotherm (shown as a single straight line, inset) for CAR and PDZ3.

3.3. CAR Interacts with the MAGI-1 PDZ3 Domain in Cells

Co-IP from cell lysates was investigated in order to demonstrate that the CAR-MAGI-1 

PDZ3 interaction occurs in vivo (Fig. 2A, B). FLAG-tagged CAR plasmid co-transfected 

with plasmids for each individual myc-tagged MAGI-1 PDZ domain into COS-7 cells was 

immunoprecipitated with monoclonal anti-CAR-RmcB antibody. WB analysis, using 

FLAG-tag antibody to recognize CAR and anti-myc-tag antibody to recognize the PDZ 

domains, was consistent with the above results. CAR only pulled down the MAGI-1 PDZ3 

domain (Fig. 2A). Overexpression of CAR and each MAGI-1 PDZ domain was confirmed 

by blotting total lysate. Immunoprecipitaion with FLAG antibody directed against the 

overexpressed FLAG-tagged CAR excluded the possibility that IP was a result of 

endogenous CAR recognized by anti-CAR-RmcB antibody (Fig. 2B).

3.4. MAGI-1 Does Not Alter the Adenovirus Receptor Activity of CAR

MAGI-1 is a scaffolding protein that interacts with several interacting partners 

simultaneously (Dobrosotskaya and James 2000, Kotelevets, van Hengel et al. 2005). Given 

the high affinity interaction between CAR and PDZ3, we hypothesized that full length 

MAGI-1 or the isolated MAGI-1 PDZ3 domain may influence CAR-mediated adenovirus 

infection. In order to test this, we co-transfected the CAR expression plasmid together with 

equal amounts of plasmid encoding full length MAGI-1, the PDZ3 domain, PDZ1 domain, 

or empty plasmid (pcDNA3.1) into CAR-negative CHO-K1 cells. Transfected CHO-K1 

cells were infected with adenovirus carrying the β-galactosidase reporter gene (AdV-β-Gal) 

48hr later. AdV-β-Gal transduction was measured by the level of β-galactosidase expression 

24 hr post-infection. Although transfection with CAR significantly increased adenovirus 

transduction, there was no significant difference in viral transduction between CAR co-

transfection with pcDNA3.1 (control), full length MAGI-1, or either PDZ3 or PDZ1 

(control) domains (Fig. 2C).

These results were further confirmed by mutating the conserved PDZ-binding domain 

binding site within the MAGI-1 PDZ3 domain (GFGF to GF844RE) (Ivarsson 2012) in 

order to eliminate the interaction between CAR and full length MAGI-1. The conserved 
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binding site within PDZ1 was mutated (GF673RE) in order to serve as control. CHO-K1 

cells co-transfected with CAR and parental MAGI-1 or each of the two PDZ domain 

mutants were infected with AdV-β-Gal 48 hr post-transfection and β-Gal activity 24 hr post-

infection. No significant difference in viral transduction was measured in cells co-expressing 

CAR and MAGI-1 as compared to cells expressing mutated PDZ3 or PDZ1 domain (Fig. 

2D). Taken together, these data indicate that although MAGI-1 is a scaffolding protein binds 

that CAR, and presumably co- interacts with other cellular proteins, the high affinity 

intracellular interaction does not significantly alter CAR-mediated adenovirus infection.

3.5. MAGI-1 PDZ3 is required for CAR-mediated enrichment of MAGI-1 at cell junctions

Previously we have shown that MAGI-1 is largely cytoplasmic when expressed in COS-7 

cells (Fig. 3A) and that co-expression of CAR and MAGI-1 together leads to MAGI-1 

enrichment at cell-cell junction (Fig. 3B, white arrow, yellow at junctions indicate overlap) 

(Excoffon, Hruska-Hageman et al. 2004). Based on our findings in this study that CAR 

directly binds to the PDZ3 domain of MAGI-1 with high affinity, we hypothesized that 

MAGI-1 junctional localization requires the MAGI-1 PDZ3 domain. As expected, the 

selective deletion of the MAGI-1 PDZ1 domain did not affect CAR-mediated MAGI-1 

junctional localization (Fig. 3C, white arrow, yellow cell-cell junctions). Virtually no 

junctional localization was observed upon deletion of MAGI-1 PDZ3 domain (Fig. 3D, 

white arrow, red (CAR) at junctions). These data show that the interaction between CAR 

and MAGI-1 PDZ3 is critical for efficient junctional localization of MAGI-1.

4. Discussion

Understanding the biology and regulation of CAR and MAGI-1 is important due to their 

multiple cellular roles. CAR is a virus receptor that mediates adenovirus and coxsackievirus 

infection. CAR is also a critical cell adhesion protein that plays a role in the junctional 

localization of important scaffolding proteins and cognate signaling proteins, such as 

PSD-95 and ASIC3 (Excoffon, Kolawole et al. 2012). Moreover, the essential nature of 

CAR may be due to its ability to traffic or modulate the junctional stability of important 

proteins, such as MAGI-1, connexin 45, β-catenin, and ZO-1, particularly at cell junctions 

and the cardiac intercalated disc (Lim, Xiong et al. 2008, Pazirandeh, Sultana et al. 2011, 

Freiberg, Sauter et al. 2014). MAGI-1 is an important scaffolding protein that can create a 

signalosome with over 20 distinct proteins that are involved in diverse cellular pathways, 

from adhesion to the regulation of signaling. In this study, we demonstrate that CAR 

interacts directly with the third PDZ domain of MAGI-1 and that this high affinity 

intracellular interaction is required for MAGI-1 cell junction localization but does not 

significantly influence the adenovirus receptor activity of CAR.

The CAR isoform investigated in this study is derived from an mRNA that terminates at the 

end of the seventh exon of the eight-exon containing CXADR gene, and is also known as 

CAREx7 in humans (used hereafter) or mCAR2 in mice (Andersson, Tomko et al. 2000, 

Excoffon, Gansemer et al. 2010). The other transmembrane isoform splices from a cryptic 

splice donor site within the seventh exon of CXADR and terminates at the end of the eighth 

exon (CAREx8) (Excoffon, Gansemer et al. 2010). Although these two isoforms differ only 
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in the last 26 or 13 amino acids (aa) in the cytoplasmic domain, respectively, localization 

within a polarized epithelium and interaction with MAGI-1 differ (Excoffon, Hruska-

Hageman et al. 2004, Excoffon, Gansemer et al. 2010). CAREx7 localizes at the basolateral 

surface as an adhesion protein. In contrast, CAREx8 appears at the apical surface where it is 

able to mediate adenovirus infection from the apical surface of the polarized epithelium 

(Excoffon, Gansemer et al. 2010, Kolawole, Sharma et al. 2012). Previously, we 

demonstrated that MAGI-1 is a major negative regulator of cellular CAREx8 protein levels 

and apical adenovirus infection (Kolawole, Sharma et al. 2012). Further, we demonstrated 

that the CAREx8 PBD (-ITVV) interacts with two MAGI-1 PDZ domains, PDZ1 and PDZ3, 

and that these two domains have opposing activities. Expression of the individual PDZ3 

domain suppresses cell surface CAREx8 protein levels and adenovirus infection, while, 

paradoxically, expression of PDZ1 is able to rescue CAREx8 from MAGI-1-mediated 

degradation and increases adenovirus infection. The goal of the current study was to identify 

the specific MAGI-1-PDZ domain interaction with the basolateral isoform of CAREx7 and 

determine whether the interacting domain(s) had any effect on adenovirus infection. Similar 

to CAREx8, CAREx7 interacts with PDZ3. However, in contrast to the inhibitory effect of 

PDZ3 on CAREx8 protein levels, MAGI-1 PDZ3 does not affect CAREx7 protein levels or 

CAREx7-mediated adenovirus infection. Although the affinity between PDZ3 and CAREx8 is 

greater than CAREx7 (~0.4 nM versus ~2 nM, respectively), the ten-fold higher level of 

CAREx7 expression in epithelial cells (Excoffon, Gansemer et al. 2010) may sequester 

MAGI-1 away from nascent CAREx8 allowing increased levels of apical receptor and 

adenovirus infection. Future work will focus on the potential competition between these two 

isoforms with cellular MAGI-1. By understanding the dynamics between MAGI-1, CAREx7 

and CAREx8, we may be able to manipulate the expression level of apical CAREx8, and 

hence CAREx8-mediated viral infection. Whereas downregulation of CAREx8 would allow 

us to potentially decrease wild-type AdV infection, upregulation may allow improved AdV-

mediated gene therapy.

MAGI-1 is associated with a diverse interactome mostly through its individual PDZ 

domains in a PDZ domain – PBD manner. The PDZ3 domain of MAGI-1 is responsible for 

its interaction with brain-specific angiogenesis inhibitor (BAI-1) (also interacts with 

MAGI-1 PDZ4 domain) (Shiratsuchi, Futamura et al. 1998), ESAM (Wegmann, Ebnet et al. 

2004, Kimura, Ishida et al. 2010), nephrin (also interacts with MAGI-1 PDZ2 domain) 

(Hirabayashi, Mori et al. 2005), Sidekick1 and 2 (also interacts with MAGI-1 PDZ2 

domain) (Yamagata and Sanes 2010), the primary oncoprotein E4 region-encoded open-

reading-frame 1 (E4-ORF1) of type 9 human adenovirus (AdV9), and CAREx8 (also 

interacts with MAGI-1 PDZ1). Here, we add CAREx7 into this PDZ3 domain interaction 

pool. Among these proteins, CAREx7 and ESAM are capable of properly localizing MAGI-1 

to the cell-cell junctions through their highly homologous last 21 aa of the C-termini, 

including the 4 aa PDZ-binding domain (GSLV in ESAM and GSIV in CAREx7). Despite 

the similarities between CAREx7 and ESAM, ESAM is restricted to endothelial cells, 

activated platelets and primitive hematopoietic progenitors, while CAREx7 is expressed in a 

much wider array of cell types. Nephrin appears to recruit MAGI-1 to this silt diaphragm in 

neighboring foot processes of podocytes within the kidney, where these proteins play a role 

in separating the apical and basolateral membranes of this complex tissue. It is possible that 
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the junction localization of MAGI-1 is regulated by a diverse set of distinct proteins in 

different cell types and cell-cell contacts. Junction localized MAGI-1 plays an important role 

in maintaining the cell-cell junction integrity and trafficking other protein partners involved 

in ligand-receptor interactions in multiple cell signaling pathways. Thus, the identification of 

proteins that regulate MAGI-1 junctional localization, such as CAREx7, will improve our 

understanding of pathway dysfunction in diseases such as glomerulosclerosis and cancer, 

and our understanding of viral infections.

5. Conclusions

We have limited this discussion to proteins that interact with MAGI-1 PDZ3. However, 

there are numerous other known interactions mediated by MAGI-1, many of which do not 

yet have a defined domain interaction. Interestingly, several proteins interact with more than 

one MAGI-1 PDZ domain. However, it is not yet clear which residues are responsible for 

both the promiscuity and over-lapping specificity of PDZ-based interactions. Cellular and 

molecular analysis of the interaction between CAREx7 and MAGI-1 also reinforce the 

understanding of the crosstalk among MAGI-1 related scaffolding complex. By gaining a 

deeper knowledge of the molecular basis of the MAGI-1 interactome, it may be possible 

target the various PDZ domains of MAGI-1 to regulate the expression of proteins of interest, 

such as CAREx8, in vivo. As many of the proteins in the MAGI-1 interactome are of high 

clinical relevance, novel approaches to target the PDZ domains of MAGI-1 could lead to 

new medical treatments for conditions such as cancer and viral infection.
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Fig. 1. CAR has a high affinity interaction with MAGI-1 PDZ3
A) Yeast Y187 cells were transformed with pairs of pGBKT7-derived bait (CAR C-

terminus) and pGADT7-derived prey vectors (PDZ domains), and plated on selective media 

containing X-α-gal. Blue colony indicates an interaction between CAR and PDZ3. B) In 

vitro pull down assay. Individual 35S-methionine-labeled MAGI-1 PDZ domains generated 

by in vitro translation were added to immunoprecipitated FLAG-tagged CAR from 

transfected COS-7 cells (CAR lysate). Western blot for immunoprecipitated CAR (FLAG-

CAR), and autoradiography for PDZ domain binding (N, no PDZ domain). In vitro 

translation of all PDZ domains was confirmed by autoradiography. Emission spectra, linear 

plot of binding curve and average change in maximal fluorescence intensity at 570 nm (F0-

F) of Cy3-PDZ domains and Cy5 CAR C-termini upon excitation of Cy3 at 550nm with 

increasing concentration of Cy5 CAR C-termini (0-500nM). C) Cy3-PDZ1 and Cy5-CAR 

(no interaction). D) Cy3-PDZ3 and Cy5-CAR. All emission spectrum were corrected for 

background signals. NA = no interaction. Representative data shown from 3 replicate 

experiments.
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Fig. 2. CAR interacts with MAGI-1 PDZ3 in cells and does not alter adenovirus infection
COS-7 cells were co-transfected with each individual myc-tagged MAGI-1 PDZ domain and 

FLAG-tagged CAR. CAR was immunoprecipitated with A) mouse anti-CAR RmcB or B) 

anti-FLAG and probed with rabbit anti-FLAG (CAR, ~46 kDa) and rabbit anti-myc 

(MAGI-1 PDZ domains; 20-28kDa). Western blot of total lysates confirmed expression of 

all PDZ domains, CAR, and equal loading (actin). C) CAR-deficient CHO-K1 cells were co-

transfected with CAR, MAGI-1 (dotted bars), PDZ3 (black bars), or PDZ1 (gray), and 

balanced with empty pcDNA3.1 plasmid (white bar, control), followed by AdV-β-Gal (MOI 

100) transduction. D) CAR-deficient CHO-K1 cells were co-transfected with CAR, MAGI-1 

(dotted bars), MAGI-1 PDZ3 mutant (GF844RE; black bars), or MAGI-1 PDZ1 mutant 

(GF673RE; gray), and balanced with empty pcDNA3.1 plasmid (white bar, control), 

followed by AdV-β-Gal (MOI 100) transduction. Representative data from 3 replicate 

experiments.
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Fig. 3. MAGI-1 PDZ3 is required for CAR-mediated enrichment of MAGI-1 at cell junctions
COS-7 cells were transfected with A) MAGI-1, B) CAR and MAGI-1, C) CAR and 

MAGI-1 with the PDZ1 domain deleted, or D) CAR and MAGI-1 with the PDZ3 domain 

deleted, and immunostained with an anti-CAR Ab (1605p; red) and anti-HA Ab (directed 

against MAGI-1; green). Nuclei are stained with DAPI (blue). 60 x oil immersion confocal 

microscopy. Single X-Y optical sections are shown. Merge of optical sections shown in final 

panel. White arrow identifies a representative junction between two adjacent cells taken 

from 3 replicate experiments. White bar = 10 μm.
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