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Abstract

JAM-A belongs to a family of immunoglobulin-like proteins called junctional adhesion molecules 

(JAMs) that localize at epithelial and endothelial intercellular tight junctions. JAM-A is also 

expressed on dendritic cells, neutrophils, and platelets. Homophilic JAM-A interactions play an 

important role in regulating paracellular permeability and leukocyte transmigration across 

epithelial monolayers and endothelial cell junctions, respectively. In addition, JAM-A is a receptor 

for the reovirus attachment protein, σ1. In this study, we used single molecular force spectroscopy 

to compare the kinetics of JAM-A interactions with itself and σ1. A chimeric murine JAM-A/Fc 

fusion protein and the purified σ1 head domain were used to probe murine L929 cells, which 

express JAM-A and are susceptible to reovirus infection. The bond half-life (t1/2) of homophilic 

JAM-A interactions was found to be shorter  than that of σ1/JAM-A 
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interactions . These results are in accordance with the physiological 

functions of JAM-A and σ1. A short bond lifetime imparts a highly dynamic nature to homophilic 

JAM-A interactions for regulating tight junction permeability while stable interactions between σ1 

and JAM-A likely anchor the virus to the cell surface and facilitate viral entry.
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INTRODUCTION

Junctional adhesion molecules (JAMs) are proteins that localize at intercellular tight 

junctions along with occludin and claudins (Martin-Padura et al., 1998). Apart from 

endothelial cells and epithelial cells, JAM family members are expressed on leukocytes and 

platelets (Cunningham et al., 2000; Sobocka et al., 2000). JAMs belong to the 

immunoglobulin (Ig) superfamily and are implicated in tight junction formation (Liu et al., 
2000), monocyte transmigration (Martin-Padura et al., 1998), platelet activation (Sobocka et 
al., 2000), angiogenesis (Naik et al., 2003; Cooke et al., 2006), and attachment of 

mammalian reovirus (Barton et al., 2001b; Campbell et al., 2005). The JAM family includes 

JAM-A, JAM-B, JAM-C, JAM-4, and JAML proteins.

Structurally, all JAM proteins contain an N-terminal signal peptide, an extracellular region 

composed of two Ig-like domains (a membrane-distal, N-terminal D1 domain and a 

membrane-proximal, C-terminal D2 domain), a single membrane-spanning domain and a 

short cytoplasmic tail (Kostrewa et al., 2001). The cytoplasmic tail interacts with PDZ 

domain-containing scaffolding proteins including ZO-1, while the D1 domain interacts with 

the D1 domain of an opposing JAM-A molecule to form physiologically relevant 

homodimers (Ebnet et al., 2000; Kostrewa et al., 2001).

JAM-A was first discovered as an antigen on platelets for the F11 monoclonal antibody; 

engagement of platelets by F11 mediates granule release, fibrinogen binding, and 

aggregation (Kornecki et al., 1990). JAM-A was subsequently found to localize at regions of 

intercellular contact in epithelial and endothelial cell tight junctions (Martin-Padura et al., 
1998). While JAM-A is capable of undergoing only homophilic interactions within the JAM 

family, JAM-B and JAM-C are capable of both homophilic and heterophilic interactions 

with each other (Liang et al., 2002). Support for JAM-A-mediated homophilic adhesion 

comes from the observation that transfected CHO cells show localization of JAM-A to 

regions of cell–cell contact formed between transfected cells (Naik et al., 2001). Inhibition 

of monocyte transmigration by monoclonal antibody BV11, which inhibits homophilic 

JAM-A interactions, strongly suggests that JAM-A-mediated interactions between 

monocytes and endothelial cells are important for transmigration (Martin-Padura et al., 
1998). JAM-A can also undergo heterophilic interaction with leukocyte function associated 

antigen-1 (LFA-1, αLβ2 integrin) expressed on neutrophils and T lymphocytes (Ostermann 

et al., 2002). These findings suggest that a complex interaction of both heterophilic and 
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homophilic interactions mediated by JAM-A facilitate the transmigration process. 

Furthermore, antibodies binding to the JAM-A homodimer interface have also been shown 

to delay the recovery of transepithelial resistance, highlighting the importance of homophilic 

JAM-A interactions in regulating the tight junction barrier (Liu et al., 2000; Mandell et al., 
2004). Despite significant biochemical evidence for JAM-A homophilic interactions, neither 

the strength nor the kinetics of these interactions are well characterized.

In addition to its physiological functions, JAM-A is a receptor for each of the three known 

serotypes of mammalian orthoreovirus (reovirus) (Barton et al., 2001b; Campbell et al., 
2005), an important experimental model for studies of viral pathogenesis (Schiff et al., 
2007). Both murine and human JAM-A proteins serve as receptors for reovirus (Barton et 
al., 2001b). Reovirus engages JAM-A via the σ1 protein, a filamentous trimer with an N-

terminal tail and a C-terminal head (Chappell et al., 2002). The head domain of σ1 binds to 

JAM-A (Chappell et al., 2000; Barton et al., 2001b), while the tail domain recognizes cell-

surface carbohydrate (Chappell et al., 2000; Barton et al., 2001a), which is sialic acid for 

serotype three strains (Barton et al., 2001a). The kinetic properties of σ1 interactions with 

JAM-A and several JAM-A mutants have been defined using surface plasmon resonance 

(Guglielmi et al., 2007). However, neither the interaction forces nor the kinetics of σ1/JAM-

A interactions at the level of single molecules have been reported.

Atomic force microscopy (AFM) has permitted the characterization of interaction forces 

between ligands and receptors at the level of single molecules. This application of AFM, 

also called single molecule force spectroscopy, has significantly advanced an understanding 

of interactions between several types of cell-adhesion molecules such as E-cadherin, 

selectins, and some viral proteins (Baumgartner et al., 2000; Hanley et al., 2003; Chang et 
al., 2005). AFM also has an advantage over some other systems in that the receptors of 

interest can be probed in their natural state on the cell surface.

In this study, we applied single molecule force spectroscopy to define the interaction 

strength and kinetics of homophilic murine JAM-A (mJAM-A) interactions and mJAM-A/σ1 

interactions. A chimeric mJAM-A/Fc fusion protein or purified σ1 head domain was 

chemically coupled to an AFM tip to probe adherent murine L929 (L) cells. L-cells express 

JAM-A and support reovirus infection (Barton et al., 2001a) but do not express JAM-B or 

JAM-C (Morris et al., 2006). We found that σ1/JAM-A interactions have a substantially 

longer bond half-life (t1/2) than JAM-A/JAM-A interactions and hence are kinetically more 

stable. These findings provide a biophysical basis for the different functions of JAM-A in 

regulating tight junction permeability and as a virus receptor.

MATERIALS AND METHODS

Cell lines and proteins

L-cells were cultured in DMEM (Sigma) supplemented to contain 10% fetal bovine serum 

(GIBCO), 100 units/ml penicillin and 100 mg/ml streptomycin (GIBCO). Cells were grown 

on 13 mm glass cover slips (Menzel-Glaser, Germany) in six-well culture plates (Nunc). The 

σ1 protein, containing the head domain plus a short region of the tail (residues 293–455), 
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was expressed and purified as described (Schelling et al., 2007). mJAM-A/Fc fusion protein 

was purchased from R&D Systems, Inc.

Functionalization of tips

A one-step cross-linking procedure using EDC (Pierce) was employed to couple σ1 to the 

AFM tips (Figure 1) (Kunkel et al., 1981). Soft silicon nitride tips (Veeco, Santa Barbara, 

CA) were UV irradiated for 15 min and treated with a mixture of 30% H2O2/70% H2SO4 for 

30 min. Tips were dried, treated with a 4% solution of 3-aminopropyltriethoxysilane 

(APTES, Sigma) in acetone for 3 min, rinsed three times in acetone, and incubated in a 2 

mg/ml solution of BS3 (Pierce) for 30 min. Tips were incubated in 2 mg/ml mPEG-amine 

spacer (MW 2000, Nektar) for 2 h, followed by incubation with 1 M Tris buffer. The σ1 

head domain (10 mg/ml) and freshly prepared EDC (1 mg/ml) were mixed in equal amounts. 

Tips were rinsed in PBS, incubated in this mixture for 2 h, rinsed, and blocked with 1% 

BSA.

Tips with the mJAM-A/Fc chimera were generated by treatment with BS3, followed by 

incubation with mouse anti-human Fc antibody (5 μg/ml, Sigma) for 2 h. The reaction was 

quenched with Tris buffer, and the tips were incubated in a 5 μg/ml solution of mJAM-A/Fc 

chimera (R&D Systems) for 2 h. Tips were blocked with 1% BSA before experiments.

Mica was functionalized with mJAM-A/Fc chimera using an analogous procedure except 

that a higher concentration of mJAM-A/Fc protein (50 μg/ml) was used. For control 

experiments, mock functionalization of the tips and mica was performed using BSA. All the 

steps were similar except that BSA was used instead of σ1 or mJAM-A/Fc.

Data acquisition and analysis

Force curves were acquired using a MultiMode™ Picoforce™ AFM (Veeco, Santa Barbara, 

CA) coupled to an upright microscope at room temperature using a fluid cell. Cell culture 

medium was injected into the fluid cell just before the experiments. The largest cantilever 

with a nominal spring constant of 0.01 N/m was used for obtaining force plots. Prior to 

obtaining force curves, the deflection sensitivity of the cantilever was obtained, and the 

spring constant was determined using the thermal tune module. The cantilever was 

positioned on an adherent cell to obtain force curves at different reproach velocities (1, 2.5, 

5, and 10 μm/s). To minimize the number of adhesion events and maximize the probability 

of obtaining single-bond adhesion events, a contact force of 200 pN and contact time of 1 

ms were used. The target adhesion frequency was 30%, which would provide >85% 

probability of the rupture forces being due to single bond rupture (Hanley et al., 2003). 

Force curves were analyzed for the magnitude of the rupture events and loading rate (defined 

as the slope of the retrace curve prior to the rupture event multiplied by the reproach 

velocity, Figure 2) using a code written in MATLAB version 6.5 (The MathWorks, Natick, 

MA).
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Bell’s model parameter extraction

This model predicts a linear correlation between the magnitude of the bond rupture force 

and logarithm of the applied loading rate (Equation (1)) (Bell, 1978; Evans and Ritchie, 

1997):

(1)

where f *=rupture force; rf=loading rate; xβ=reactive compliance; kB=Boltzmann constant; 

T=temperature; =unstressed off rate.

This model has been used previously to characterize binding interactions between 

homophilic N-cadherin and E-cadherin molecules on the surface of cells (Panorchan et al., 
2006).

RESULTS

Overview of AFM strategy

The principle of molecular force spectroscopy using AFM is schematically shown in Figure 

1. A cantilever with a sharp tip is functionalized with the protein of interest. A laser 

reflecting off the surface of the cantilever onto a photo detector monitors the deflections of 

the cantilever. Forces acting on the sharp silicon nitride tip deflect the cantilever causing a 

change in the position of the laser spot on the photo detector. The shift in position of the 

laser spot on the photo detector can be used to calculate the deflection of the cantilever. 

Since the spring constant of the cantilever can be determined by monitoring its thermal 

fluctuations, the deflection of the cantilever can be used to calculate the force acting on the 

tip.

The mJAM-A/Fc chimeric protein was linked to the AFM tip using anti-Fc antibody. This 

strategy was chosen to provide optimal accessibility of the N-terminal D1 domain of mJAM-

A, which is involved in both JAM-A dimer formation (Kostrewa et al., 2001; Prota et al., 
2003) and interactions with σ1 (Forrest et al., 2003; Guglielmi et al., 2007). For 

functionalizing tips with σ1 head domain, one end of a homo-bifunctional polyethylene 

glycol spacer (approximately 15 nm in length and containing amino groups at both ends) 

was attached to the silanized AFM tips using bis (Sulfosuccinimidyl) suberate (BS3) while 

the untagged σ1 head domain was linked to the other end of the spacer using 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC). EDC is a “zero-length” cross 

linker that covalently links an amino group to a carboxylic acid group (Kunkel et al., 1981). 

The PEG spacer was used to provide enhanced flexibility for the covalently attached σ1 head 

domain. The σ1 head domain has several surface-exposed aspartic and glutamic acid 

residues, which could engage the free amine group of the spacer in the presence of EDC via 

their carboxylic acid groups. The strategy chosen maximizes the probability that the JAM-A-

binding site of the σ1 head domain will contact JAM-A.
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Force spectroscopy of mJAM-A/L-cell interactions

Force–distance curves for homophilic mJAM-A interactions were obtained using cantilevers 

functionalized with recombinant mJAM-A/Fc chimeric protein. The functionalized 

cantilever was lowered onto a single L-cell. A contact force of 200 pN was applied for 1 ms 

by the cantilever before it was retracted at velocities of 1, 2.5, 5, or 10 μ/s. More than 500 

force–distance curves were obtained for each velocity at an adhesion probability of <30%. 

Force–distance curves showing a clear single rupture event were analyzed for loading rate 

(defined as the slope of the retrace curve prior to the rupture event multiplied by the 

reproach velocity of the cantilever) and rupture force (Figure 2). Control experiments 

performed using anti-Fc antibody functionalized tips showed few adhesion events, indicating 

that the interactions being measured were specific to JAM-A (Figure 3). All the receptor/

ligand pairs tested, corresponding to the histograms shown in Figure 3, are listed in Table 1.

Following the method used by Hanley et al. (2004) and Panorchan et al. (2006), rupture 

force measurements were binned by increments of 50 pN/s for loading rates between 100 

and 1000 pN/s and by increments of 500 pN/s for loading rates between 1000 and 10 000 

pN/s. Each bin yielded a mean rupture force. By plotting the mean rupture force as a 

function of loading rate and extrapolating the fitted line, the unstressed dissociation rate 

 and reactive compliance (xβ) were extracted using Bell’s model (Figure 4 and 

Equation (1) in Methods section).

Homophilic mJAM-A interactions showed an increase in bond rupture force with increasing 

loading rate. Fitting the data points to a line, the  for mJAM-A interactions was found to 

be 0.688 ± 0.349 s−1 (Table 2). The bond dissociation time  for mJAM-A interactions 

is very low when compared to that of σ1/mJAM-A interactions (see below). A low bond 

dissociation time is consistent with the physiological functions attributed to JAM-A in 

regulating tight junction permeability. The short bond lifetime imparts a highly dynamic 

nature to the interactions between JAM-A molecules necessary for the cell to regulate solute 

and solvent diffusion across the tight junction barriers.

An interesting feature of the mJAM-A force–distance curves was the formation of 

occasional “tethers.” These force–distance curves are distinguished by the fact that the bond 

rupture is preceded by a long horizontal stretch of cantilever movement without any 

deflection (dashed arrow, Figure 2). This observation might be attributable to the interaction 

of mJAM-A on the tip with a free molecule of mJAM-A on the cell (not linked to the 

cytoskeleton). The interaction could have distorted the cell membrane as a long tube. 

Alternatively, this pattern could have been produced by dissociation of mJAM-A on the cell 

membrane from its cytoplasmic adaptor or cytoskeleton (Evans et al., 2005; Heinrich et al., 
2005). Force–distance curves showing such tethers were excluded from the loading rate 

curve analysis.

Force spectroscopy of σ1/L-cell interactions

Force–distance curves for σ1/mJAM-A interactions were obtained on L-cells with tips 

functionalized with σ1 using an analogous approach. The data were analyzed using Bell’s 
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model to extract the unstressed dissociation rate  and reactive compliance (xβ) (Figure 4 

and Table 2). The unstressed dissociation rate  obtained for σ1/mJAM-A interactions 

(0.067 ± 0.041 s−1, Table 2) was much less than that obtained for homophilic mJAM-A 

interaction. These findings indicate that the bond half-life (t1/2) of the σ1/mJAM-A 

interaction is greater (by almost tenfold) than that of the homophilic mJAM-A interaction. A 

long bond t1/2 might facilitate stable adherence of the virus to the cell and help in its entry.

To ensure that the mJAM-A-binding domain of σ1 remained accessible after it was cross-

linked to the AFM tip, control force curves were obtained using mica cover slips 

functionalized with mJAM-A. The force histogram profile obtained using these 

functionalized mica cover slips probed with σ1-functionalized tips was similar to that 

obtained using L-cells (Figure 3, Table 1). Furthermore, mica functionalized with BSA 

showed few adhesion events when probed with the σ1-functionalized tips (data not shown). 

Therefore, the method used to cross-link σ1 to the AFM tip did not adversely affect 

interactions of the σ1 head domain with mJAM-A.

DISCUSSION

In this study, we used single molecule force spectroscopy to elucidate the kinetics of 

homophilic JAM-A/JAM-A interactions and interactions between JAM-A and the reovirus 

σ1 protein. Although mJAM-A was used in this study, residues mediating interactions 

between JAM-A dimers are conserved between mJAM-A and hJAM-A, and both mJAM-A 

and hJAM-A bind reovirus σ1 (Kostrewa et al., 2001; Prota et al., 2003). Thus, our results 

are likely applicable for both human and murine homologs of JAM-A.

While both mJAM-A and σ1 interact specifically with L-cells, we find that σ1/L-cell 

interactions have a substantially longer half-life (t1/2) than mJAM-A/L-cell interactions. The 

lack of adhesion events in control experiments strongly suggests that these measurements 

describe specific interactions with mJAM-A on the surface of L-cells. The observed kinetic 

parameters of homophilic mJAM-A interactions closely resemble that of claudin-1 (Table 1), 

another tight junction protein that is also involved in regulating paracellular permeability of 

solutes. For claudin-1, rapid lateral association and dissociation between adjacent cells has 

also been observed using the corresponding GFP-tagged proteins (Sasaki et al., 2003). It is 

likely that such dynamic interactions provide cells with a platform to regulate solute flux.

Dissociation of mJAM-A/mJAM-A and σ1/mJAM-A complexes was found to follow a 

single step energy activation barrier process (Figure 5). The topography of the energy 

landscapes of the dissociation of mJAM-A/mJAM-A and mJAM-A/σ1 complexes can be 

compared by plotting the geometric locations of their bound states on the same reactive 

coordinates (Figure 5). The unstressed off rate  for the two interactions can be used to 

estimate the energy difference (ΔG) between the activation barriers of mJAM-A/mJAM-A 

and mJAM-A/σ1 complex dissociation and is given by (Bell, 1978; Merkel et al., 1999; 

Evans, 2001):
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(2)

Here  and  denote the unstressed dissociation rate constants of the mJAM-A/

mJAM-A and σ1/mJAM-A interactions, respectively. The analysis reveals that the activation 

barrier of the σ1/mJAM-A complex is 2.33kBT higher than that of mJAM-A/mJAM-A 

complex (Figure 5), indicating that σ1/mJAM-A forms a more stable bond when compared 

to the mJAM-A/mJAM-A interaction.

The differences in half-life for homophilic JAM-A and σ1/JAM-A interactions are consistent 

with published findings. When JAM-A dimers are mixed with σ1 in solution, σ1 displaces 

JAM-A from the dimer interface, presumably by binding to a region near this interface 

(Guglielmi et al., 2007). Therefore, once formed, the σ1/JAM-A complex is more stable in 

solution than JAM-A/JAM-A homodimers. Surface plasmon resonance studies have found 

that the σ1 head domain binds to hJAM-A with a KD of ~5 × 10−9 M (Guglielmi et al., 2007; 

Schelling et al., 2007). However, hJAM-A homophilic interactions are not detected on a 

biosensor surface (E. S. Barton, J. C. Forrest, and T.S. Dermody, unpublished observations). 

The lack of detection of homophilic JAM-A interactions in these studies may result from 

several factors, including steric interference from the tag appended to JAM-A for capture 

and the rigidity of the biosensor surface. However, our findings suggest that a short half-life 

in comparison to σ1/mJAM-A interactions contributes to the inability to detect JAM-A 

homophilic interactions using surface plasmon resonance. At this juncture it is not possible 

to ascertain the exact cause of the difference in unstressed off rate for mJAM-A/mJAM-A 

and σ1/mJAM-A interactions. However, while there is significant overlap such as Glu121, 

are not required for σ1 binding (Guglielmi et al., 2007). Therefore, we speculate that the 

differences in off-rate could arise from slight differences in binding sites or additional 

contacts between σ1 and JAM-A that could strengthen the σ1/JAM-A interaction after the 

complex is formed. Another possible explanation for the observed differences is the 

presence of a, as yet unknown, receptor for the σ1 head domain that is recruited following 

σ1 binding to JAM-A. It has been shown previously that the tail portion of σ1 can interact 

with sialic acid residues present on L-cells (Barton et al., 2001a). We used purified σ1 head 

domain in our experiments that did not possess the tail portion and hence it is unlikely that 

the observed difference was due to sialic acid residues. However, it is possible that the head 

domain has other binding partners that could strengthen the interaction following the initial 

complex formation with JAM-A.

Our results show how the kinetic differences of protein interactions, probed using single 

molecule force spectroscopy experiments, bear correlation to their physiological functions. 

Further experiments using JAM-A with mutated residues could help in clarifying the 

observed differences in JAM-A/JAM-A and σ1/JAM-A interactions.
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Figure 1. 
Schematic of the AFM procedure and functionalization methods used. The σ1 head domain 

was linked to the AFM tip via a PEG spacer, while the mJAM-A/Fc chimera was linked to 

the AFM tip using an anti-Fc antibody. L-cells, which express JAM-A, were probed using 

these functionalized tips.
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Figure 2. 
Typical force–distance curves with bond rupture events (bold arrows) and tether formation 

(dashed arrows). The loading rate for a given bond rupture event (Fr) is calculated by 

multiplying the slope (rf/vr) of the reproach curve prior to the rupture event by the reproach 

velocity of the cantilever.
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Figure 3. 
Histograms of bond rupture frequencies for different interaction types at reproach velocity of 

5 μ/s. A contact force of 200 pN and a contact time of 1 ms were used for all experiments. 

Control experiments showed few adhesion events. Each histogram represents data analyzed 

from over 500 force curves.
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Figure 4. 
Loading rate curves for mJAM-A/mJAM-A and σ1 head/mJAM-A interactions. The loading 

rate and rupture force were obtained from the curves. The data points were binned as 

described in the text. The mean rupture force values for each bin were plotted against the 

logarithm of the corresponding loading rate.
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Figure 5. 
Energy landscape for dissociation of σ1/mJAM-A and mJAM-A/mJAM-A constructed based 

on the kinetic parameters obtained from single molecule force spectroscopy experiments.
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Table 1

Different interactions probed using AFM corresponding to the histograms depicted in Figure 3

Interaction type AFM tip Substrate

1. Ctrl_antiFc_mJAM-A Anti-Fc only L-cells

2. mJAM-A_mJAM-A Fc-mJAM-A L-cells

3. Ctrl_mJAMA PEG + BSA only L-cells

4. σ1_mJAM-A PEG + σ1 head L-cells

5. σ1_mJAM-A_mica PEG + σ1 head Fc-mJAM-A
on mica

J Mol Recognit. Author manuscript; available in PMC 2016 April 11.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vedula et al. Page 18

Table 2

Parameters extracted by extrapolating the loading rate curves shown in Figure 4

Molecular pairs koff
0 xβ Cell line

mJAM-A/mJAM-A 0.688 ± 0.349 0.547 ± 0.060 L-cells

mJAM-A/σ1 head 0.067 ± 0.041 0.817 ±0.073 L-cells

*Cldn1/Cldn1 1.35 ± 1.31 0.36 ± 0.06 Recombinant proteins

*
Data presented for claudin-1 has been taken from previous work (Lim et al., 2008).
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