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Abstract. Recent studies have shown that Cd** can damage the Ca’*-dependent junctions
between renal epithelial cells in culture, and preliminary evidence suggests that this effect may
involve the interaction of Cd** with E-cadherin, a Ca?*-dependent cell adhesion molecule that
is localized at the adhering junctions of epithelial cells. To determine whether or not Cd**
might bind directly to the E-cadherin molecule, we studied the binding of Cd’* to E-CAD],
a recombinant, 145-residue polypeptide that corresponds to one of the extracellular Ca’*-
binding regions of mouse E-cadherin. By using an equilibrium microdialysis technique, we
were able to show that Cd>* could, in fact, bind to E-CAD1. The binding was saturable, with
a maximum of one Cd** binding site per E-CAD1 molecule. The apparent dissociation
constant (Ky,) for the binding was about 20 uM, a concentration similar to that which has been
shown to disrupt the junctions between epithelial cells. Other results showed that the binding
of Cd®* was greatly reduced when excess Ca’>* was included in the dialysis solution. These
results suggest that Cd** can interact with the Ca’* binding regions on the E-CAD1 molecule,
and they provide additional support for the hypothesis that E-cadherin might be a molecular
target for Cd** toxicity.
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Introduction

Cd?* is an important industrial and environmental pollutant that has been shown to
cause severe damage to a variety of organ systems and to be teratogenic and carcinogenic (for
reviews, see 1,2). Although the general toxic effects of Cd** have been fairly well-
characterized, the specific mechanisms underlying many of these effects have yet to be
elucidated. In a series of recent reports we have noted that many of the effects of Cd’* in
vivo appear to involve the disruption of junctions between cells in various endothelial and
epithelial surfaces (3,4), and we have presented evidence showing that Cd>* selectively
damages the adhering and occluding junctions in cells of the established renal epithelial lines,
LLC-PK, (3-7) and MDCK (8). These studies showed that exposure to micromolar
concentrations of Cd** for 1-4 hours causes the cells to separate from each other without
killing them, or altering levels of ATP (3) or glutathione (4). This effect coincides with a drop
in the transepithelial electrical resistance, a reorganization of the actin cytoskeleton, and
changes in the structure of the adhering and occluding junctional complexes (3,9).
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Evidence from these previous studies suggests that Cd>* produces its junctional effects
by interacting with a Ca’*-sensitive site on the basolateral cell surface (5,7). In considering
potential candidates for this site, we feel that a likely possibility is the Ca**-dependent cell
adhesion molecule, E-cadherin. E-cadherin is an integral, transmembrane, Ca’**-binding
glycoprotein that belongs to the cadherins family of Ca’*-dependent cell adhesion molecules
(10-11). In epithelial cells, E-cadherin is primarily localized at the adhesion belts of the
adhering junctional complexes (zonulae adherens) where it plays a key role in hemophilic
Ca’*-dependent cell-cell adhesion (12-14). The protein contains an intracellular domain that
is linked to the actin cytoskeleton though a group of molecules called catenins, a
transmembrane domain, and an extracellular domain that contains the putative Ca**-binding
sites, as well as the adhesive regions of the molecule (14-17).

Several lines of evidence suggest that E-cadherin may be a target for Cd** toxicity in
epithelial cells. First, the initial junction-perturbing effects of Cd** involve the adhering
junctions (3,9). As was noted previously, E-cadherin is closely associated with adhering
junctions (12). Second, the disruption of intercellular junctions by Cd** seems to be more
pronounced when Cd** is added to the basolateral cell surface than when it is added to the
apical surface (5), indicating that Cd** is acting at sites that are located on the basolateral
side of the occluding junction. Third, the severity of the disruption of intercellular junctions
by Cd®* depends on the concentration of Ca’* in the incubation medium. The effects of Cd**
are more pronounced when Ca’* is present at low concentrations and are greatly attenuated
when Ca’* is present is high concentrations (5). The interaction between Ca’* and Cd**
appears to be competitive, suggesting that Cd>* may be competing with Ca* for binding sites
such as those that are present on the E-cadherin molecule. Fourth, exposure to sublethal
concentrations of Cd*>* has been shown to cause a pronounced decrease in the amount of E-
cadherin that is associated with the contacts between LLC-PK, (5) and MDCK cells (8).

One of the possible mechanisms to account for these observations is that Cd** might
interact with the extracellular Ca®* binding sites on E-cadherin and alter the adhesive
properties of the molecule. In a preliminary effort to determine whether or not Cd** can bind
to E-cadherin, we have studied the binding of Cd** to E-CAD1, a recombinant 145-residue
polypeptide that corresponds to one of the Ca’*-binding regions of the N-terminal sequence
of mouse E-cadherin (16,17).

Methods

Materijals. E-CAD1 was over expressed in E. coli and purified to homogeneity by the
methods described by Tong et al (16). Reactor-generated '®Cd** (1.73 mCi/mg), as the
chloride salt, was purchased from New England Nuclear Inc (Boston, MA). All other
chemicals were of the highest commercial grade and were purchased from Sigma Chemical
Co (St. Louis, MO).

Binding of Cd** to E-CAD1. The binding of Cd’* to E-CAD1 was evaluated by an
equilibrium microdialysis technique that employed a Spectrum Model 132430 microdialyzer
unit (Spectrum Medical Instruments, Laguna Hills, CA). This unit contains 10 sample wells
that were separated from a buffer chamber by a membrane having a MW cutoff of 1,000.
Samples of E-CAD1 (33-65 pg) in a volume of 0.1 ml were placed in the sample wells and
then dialyzed to equilibrium at 25°C against a dialysis buffer that contained 10 mM Tris, pH
7.4, 140 mM NaCl varied amounts of non-radioactive CdCl, (5,10,20,40,80, or 160 M) and
'®Cd** (approximately 1.8x10° dpm/ml). At various times, 10 ul portions of the solutions in
the dialysis wells were drawn off and counted for radioactivity. Each experiment included a
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group of blanks (ie. wells that did not contain E-CAD1). The amount of Cd** bound to E-
CAD1 was calculated as the difference between the counts in the E-CAD1 sample wells at
equilibrium and the counts in the buffer chamber. The molar ratios of Cd’*/E-CAD1 were
calculated from the known specific radioactivities of the '®Cd?*-CdCl, stock solutions. To
account for any nonspecific adsorption of Cd?* to the dialyzer unit, the actual free
concentration of Cd** was estimated from the radioactivity of the dialysis buffer at the end
of each experiment. The binding data were analyzed by non linear regression using the Inplot
computer program (Graph Pad Software, Inc.).

Results

Time Course for the Binding of Cd** to E-CAD]1. Figure 1 shows the time course for
the dialysis procedure and the binding of Cd’* to E-CAD1. The open bars show the levels
of 'Cd** in the sample wells that did not contain E-CAD1. The '®Cd** readily passed
through the dialysis membrane from the buffer chamber into the sample compartments. By
8-12 hours, the levels of radioactivity in the sample compartments were equal to those in the
dialysis buffer chamber, indicating that equilibrium had been reached. The hatched bars show
the levels of '®Cd** in the sample wells that contained E-CAD1. Note that levels of
radioactivity in the E-CAD1 samples were significantly higher than in the blanks (ie.. samples
that did not contain E-CAD1), indicating that Cd** bound to the peptide. The binding
increased over time until equilibrium was reached at 8-12 hours. Analysis of the protein
content of the sample wells indicated that there was no leakage of E-CAD1 through the
dialysis membrane over the course of the experiment (data not shown). Moreover, analysis
of the dialyzed E-CAD1 samples by SDS polyacrylamide gel electrophoresis revealed no
evidence of proteolytic breakdown of the polypeptide.

Saturability and Affinity of the Binding. In order to examine the saturability and
affinity of the binding of Cd** to E-CADI1, we conducted a series of experiments in which the
concentration of Cd’* in the dialysis solution was varied. Figure 2 shows the binding of Cd**
to E-CAD1 as a function of Cd** concentration. Note that the binding was saturable with a
maximum of one Cd** binding site per E-CAD1 molecule. The apparent dissociation constant
(Kp) for the binding was about 20 uM.

4,500

4,000
35001
3,0001
2,500
2,000
15001
1,000

5001

of

DPM/10ul Sample Solution

4 hours 8 hours 12 hours

Fig. 1
Time course for the dialysis procedure and the binding of Cd** to E-CAD1. Samples with or without E-CAD1
(33 ug/0.1 ml) were dialyzed against 10 uM CdCl, containing '®Cd** (1.8 x 10° dpm/ml) as described in the
Methods. At varied times, 10 ul samples of the solutions inside the sample wells were drawn off and counted for
radioactivity. The open bars denote the blanks (i.c. samples without E-CAD1) whereas the hatched bars denote
the E-CAD1 samples. Values represent the mean + SEM of 8 replicate samples from 3 separate experiments.
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Fig. 2
Binding of Cd’* to E-CADI as a function of Cd** concentration. Samples of E-CAD1 were dialyzed for 12 hours
against solutions containing varied concentrations of CdCl, and '®Cd** as described in the Methods. Each point
represents the mean + SEM of 3-8 replicate samples from a total of 11 separate experiments. The results were
analyzed by nonlinear regression using the Inplot computer program (R? = 0.937, K, = 199, B_,, = 1.1).
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Fig. 3
Effect of Ca’* on the binding of Cd** to E-CAD1. Samples of E-CAD1 were dialyzed for 12 hours against a
solution of 10 uM CdCl, and 'Cd** containing cither 0, 1 mM or 10 mM Ca®* as described in the Methods.
Results represent the mean + SEM of 3-8 replicated samples from a total of 5 separate experiments.

ffects of Ca’* on the Binding of Cd** to E-CAD1. Previous studies have shown that
Ca’* can bind to E-CAD1 with apparent K;, of about 160 xM (16). In light of our previous
observation that the junction-perturbing effects of Cd** are greatly reduced in the presence
of excess Ca?* (5), we felt that it would be of interest to examine the effects of Ca’* on the
binding of Cd** to E-CAD1. Figure 3 shows the binding of Cd’* to E-CAD1 in the presence
of 0, 1 mM or 10 mM Ca’*. Note that in the presence of 1 mM Ca’*, the binding of Cd**
was somewhat lower than in the absence of Ca®*, although the decrease in binding did not
quite reach a level of statistical significance. However, in the presence of 10 mM Ca®*, the
binding of Cd** was reduced significantly to about 25% of control values (p < 0.01).

Discussion

These results show that Cd** binds to E-CAD1, a polypeptide analog of E-cadherin.
Although several important issues have yet to be resolved, this finding lends additional
support to the hypothesis that E-cadherin may be a direct molecular target for Cd** toxicity
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in epithelial cells. In considering this issue, it is important to note that the characteristics of
the binding of Cd®* to E-CAD! are similar to those of the junction-perturbing effects of Cd**
in LLC-PK, and MDCK cells. For example, Cd** binds to E-CAD1 at concentrations that
are similar to those that disrupt epithelial cell-cell junctions. The K, for the binding of Cd**
to E-CAD1 is about 20 zM; the junctional effects of Cd** occur at Cd** concentrations of 5-
40 uM, depending on the specific experimental conditions that are employed (3-9). Moreover,
both the binding of Cd** to E-CADI1 and the severity of junctional effects are greatly reduced
in the presence of 10 mM Ca’* (5). These similarities are consistent with the hypothesis that
the junctional effects of Cd** may result from the interaction of Cd** with an E-CAD] like
molecule, such as E-cadherin. It should also be noted that both the disruption of cell-cell
junctions and the binding of Cd** to E-CAD1 occur at Cd** concentrations that may be
relevant to certain toxicologic situations in vivo (for discussion see 3,4,6).

At the time we were beginning these studies, Chen and Hales reported that they were
unable to detect binding of '®Cd** to E-cadherin in tissue extracts that had been blotted on
to nitrocellulose sheets (18). Although our results appear to be at odds with these previous
studies, there are several methodologic factors that might account for these apparent
differences. First, our studies, which employed an equilibrium microdialysis technique,
indicate that the binding of Cd** to E-CAD1 is of relatively low affinity (i.e. Kp ~ 20 uM).
This is significant because the blotting technique employed by Chen and Hales was originally
developed for identifying proteins that bind Cd** with a high affinity (19). In their procedure,
nitrocellulose sheets containing the proteins of interest were incubated in the presence of
'®Cd** and then subjected to two one-minute washes to remove free Cd?*. If, as our results
suggest, the binding of Cd** to E-cadherin is of relatively low affinity, this washing procedure
could have removed even Cd?* that was bound to the protein. For such low affinity binding,
the washing procedure for separating free and bound Cd** would have to be very short, i.e.
< 1 second (20). One of the major advantages of the equilibrium dialysis technique is that
it eliminates the need for a washing procedure to separate free and bound ligand, thus making
it suitable for studies in which the ligand has a low affinity for the binding site.

While our results clearly indicate that Cd** can bind to E-CAD], there are several
important issues regarding this interaction that have yet to be resolved. For example, we can
not say conclusively whether or not Cd** and Ca’* interact with the same binding site on the
E-CAD1 molecule. The fact that binding of Cd** is greatly reduced in the presence of excess
Ca’* would seem to suggest a competitive interaction between Cd** and Ca’>*. However,
more complete competition studies, which are beyond the scope of this manuscript, will be
needed to clarify this issue. It should be noted that if the interaction between Cd** and Ca**
is, in fact, competitive, Cd** appears to have a much higher affinity for the binding site than
does Ca’*. Our estimate of the K, for the binding of Cd’* is about 20 M whereas the
previously-reported K, for the binding of Ca’* is about 160 uM (16). The greater affinity of
Cd** for E-CADL1 is also evidenced by the fact the millimolar concentrations of Ca’* were
needed to significantly decrease the binding of Cd**, which was present at a much lower
concentration (10 uM). A closely related issue that we have not addressed concerns the
effects of Cd** on the structural conformation and the adhesive properties of the E-cadherin
molecule. Although our data suggest that Cd’* might displace Ca’* from binding sites on E-
cadherin and thereby alter the adhesive properties of the molecule, additional studies are
needed to indentify the specific structural and conformational effects of Cd®>*. A final issue
that has yet to be resolved concerns the degree of structural similarity between the E-CAD1
peptide and native E-cadherin. Although the tertiary structure of E-CAD1 has been very
well-characterized (17), little is known about the tertiary structure of the native E-cadherin.
This issue is complicated by the fact that E-cadherin is an integral transmembrane protein
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that is difficult to purify for study, particularly in the large quantities that would be needed
for the type of binding studies reported here.

Because of its ability to interact with a wide variety of biologic molecules, it seems
unlikely that any single mechanism can explain all of the cytotoxic actions of Cd**. However,
the possibility that Cd’* can bind to E-cadherin and alter the function of this important
adhesion molecule could have important implications regarding the mechanisms of Cd**
toxicity in a variety of tissues, as well as the mechanisms underlying the teratogenic and
carcinogenic effects of Cd*.
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