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CLCA proteins (calcium-activated chloride channel regula-
tors) have been linked to diseases involving secretory 
disorders, including cystic fibrosis (CF) and asthma. They 
have been shown to modulate endogenous chloride con-
ductance, possibly by acting as metalloproteases. Based 
on the differential processing of the subunits after post-
translational cleavage, two subgroups of CLCA proteins 
can be distinguished. In one subgroup, both subunits are 
secreted, in the other group, the carboxy-terminal subunit 
possesses a transmembrane segment, resulting in shed-
ding of only the amino-terminal subunit. Recent data on 
the post-translational cleavage and proteolytic activity of 
CLCA are limited to secreted CLCA. In this study, we char-
acterized the cleavage of mCLCA6, a murine CLCA pos-
sessing a transmembrane segment. As for secreted CLCA, 
the cleavage in the endoplasmic reticulum was not ob-
served for a protein with the E157Q mutation in the HEXXH 
motif of mCLCA6, suggesting that this mutant protein and 
secreted CLCA family members share a similar autoprote-
olytic cleavage mechanism. In contrast to secreted CLCA 
proteins with the E157Q mutation, the uncleaved precursor 
of the mCLCA6E157Q mutant reached the plasma mem-
brane, where it was cleaved and the amino-terminal sub-
unit was shed into the supernatant. Using crude membrane 
fractions, we showed that cleavage of the mCLCA6E157Q pro-
tein is zinc-dependent and sensitive to metalloprotease 
inhibitors, suggesting secondary cleavage by a metallo-
protease. Interestingly, anchorage of mCLCA6E157Q to 
the plasma membrane is not essential for its secondary 
cleavage, because the mCLCA6∆TME157Q mutant still un-
derwent cleavage. Our data suggest that the processing of 
CLCA proteins is more complex than previously recog-
nized. 
 
 

INTRODUCTION 
 
The CLCA protein family, originally termed chloride channels, 
calcium activated, has been shown to modulate calcium-
activated chloride-conductance and thus has been proposed to 
play a role in diseases involving secretory dysfunction, such as 
cystic fibrosis (CF) (Kamada et al., 2004; Ritzka et al., 2004). 
The mechanism of action is still elusive, but the HEXXH amino 
acid motif present in CLCA proteins, typical of metalloproteases 
(Pawlowski et al., 2006), and the autoproteolytic activity of 
CLCA family members (Bothe et al., 2011) strongly suggest 
that these proteins function as proteases.  

In each species analyzed to date, four to eight CLCA family 
members are predominantly expressed on the surfaces of mu-
cous membranes and the skin (Braun et al., 2010; Loewen and 
Forsyth, 2005; Patel et al., 2009; Plog et al., 2009). All CLCA 
proteins are post-translationally cleaved into two subunits (Patel 
et al., 2009). CLCA proteins can be divided into phylogenetic 
subgroups based on whether the whole protein is secreted as a 
heterodimer or only the amino-terminal subunit undergoes 
ectodomain shedding, with the carboxy-terminal subunit re-
maining anchored to the plasma membrane by a transmem-
brane segment (Bothe et al., 2008; Elble et al., 2006; Gibson et 
al., 2005; Mundhenk et al., 2006). Recently, we have shown 
that the secreted murine mCLCA3 protein possesses zinc-
dependent autoproteolytic activity (Bothe et al., 2011), support-
ing the hypothesis that CLCA proteins act as metalloproteases 
(Pawlowski et al., 2006). However, the cleavage characteristics 
of a transmembrane CLCA protein have not been investigated 
previously.  

In previous cleavage studies, the introduction of the E157Q 
site-directed mutation in the HEXXH motif of secreted CLCA 
proteins prevented the cleavage of the precursor molecule of 
different secreted CLCA proteins (Bothe et al., 2011; Pawlowski 
et al., 2006). In this study, we introduced this mutation into the 
murine mCLCA6 protein, a transmembrane CLCA protein ex-
pressed in non-goblet cell enterocytes, and investigated the 
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cellular processing and cellular transport of the mutant protein 
mCLCA6E157Q. 
 
MATERIALS AND METHODS 

 
Generation of truncated mCLCA6Δ

™ and site-directed  
mutagenesis of wild-type and truncated mCLCA6 
A truncated form of mCLCA6 without the transmembrane do-
main (named mCLCA6Δ

™) was generated by PCR using 5′atg 
gct ttc tcc aga ggg cct gtt ttc3′ as the forward primer and 5′ga 
gtc cgt ctc gga ctg gga cta ctt act3′ as the reverse primer, which 
included a stop codon (underlined). The wild-type mCLCA6 
sequence cloned into the pcDNA3.1 vector (Bothe et al., 2008) 
was used as the template DNA. The PCR product was cloned 
into pcDNA3.1 by standard T/A ligation. The E157Q mutation 
was introduced into mCLCA6 and mCLCA6Δ

™ using the Phu-
sion® site-directed mutagenesis protocol (Finnzymes) as previ-
ously described (Bothe et al., 2011). The plasmids encoding 
mCLCA6Δ

™, mCLCA6E157Q and mCLCA6Δ
™

 E157Q were 
verified by sequencing.  
 
Cell culture experiments 
If not indicated otherwise, HEK293 cells were grown in 6-well 
dishes in DMEM supplemented with 10% (v/v) fetal calf serum 
at 37°C in a 5% CO2 humidified atmosphere. Cells were tran-
siently transfected with the plasmids using TurboFect™ (Fer-
mentas) according to the manufacturer’s protocol. Twenty-four 
hours after transfection, the cells were washed three times with 
PBS and incubated in AEM (Invitrogen) for 6 h. Supernatants 
and cell lysates were harvested as described previously (Bothe 
et al., 2011) and subjected to immunoblot analysis with αm6-N-
1ap or αm6-C-1b antibody (Bothe et al., 2008). Cell lysates 
were incubated with Endo H or PNGase F (New England Bio-
labs) prior to SDS-PAGE as described previously (Bothe et al., 
2008).  
 

Surface biotinylation 
Transfected cells were surface biotinylated as described by 
Elble et al. (2006) with minor modifications. Briefly, transfected 
cells were washed three times with PBS, incubated for 30 min 
at 4°C with 0.5 mg/ml sulfonated biotin (LHS-SS-Long Arm, 
Pierce), and treated with 50 mM ammonium chloride containing 
0.1% bovine serum albumin to quench the reaction. Cells were 
scraped, lysed, and subjected to standard immunoprecipitation 
with High Capacity Streptavidin Agarose Resin (Pierce). Im-
munoprecipitated samples were analyzed by immunoblotting 
using the αm6-N-1ap antibody. The immature precursor of wild-
type mCLCA6, which only reaches the endoplasmic reticulum, 
served as an internal negative control for surface-specific label-
ing.  
 
Peripheral membrane protein analysis 
Twenty-four hours after transfection, HEK293 cells transfected 
with the plasmid encoding mCLCA6E157Q and grown on a 10 
cm plate were washed three times with PBS and split in two 
equal parts. The release of non-covalently bound protein by 
treatment with a solution of pH 2.5 was performed as described 
previously (Bothe et al., 2008; Elble et al., 2006). In brief, cells 
were pelleted by centrifugation; resuspended in either PBS, pH 
7.5, or 0.9% NaCl equilibrated to pH 2.5 with acetic acid; and 
incubated for 20 min at 4°C. Cells and supernatant were sepa-
rated by brief centrifugation. The supernatants were spun at 
40,000 × g for 30 min at 4°C and precipitated overnight by 
standard ethanol precipitation. Precipitates were lysed in 40 μl 
standard lysis buffer and subjected to immunoblot analysis.  

Membrane preparation and membrane activity assay 
Membrane fractions were prepared as described previously 
(Bothe et al., 2011). To test the effects of various metal cations, 
the membrane pellet was first resuspended in 200 μl PBS and 
split into aliquots of 20 μl. Each aliquot was supplemented with 
1 mM MgCl2 (Mg2+), 1 mM CaCl2 (Ca2+), 1 mM ZnCl2 (Zn2+) or a 
combination of these cations or was left untreated. To test the 
effects of protease inhibitors, the membrane pellet was resus-
pended in 100 μl PBS supplemented with 1 mM Mg2+, Ca2+ and 
Zn2+, split into aliquots of 20 μl and supplemented with either 1 
mM EDTA (AppliChem), 1 mM EGTA (AppliChem), 1 mM 1,10-
phenanthroline (AppliChem), 100 nM TPEN (Sigma-Aldrich), 
1× ProteoBlock™ (100 mM AEBSF, 80 uM aprotinin, 5 mM 
bestatin, 1.5 mM E-64, 2 mM leupeptin, and 1 mM pepstatin A; 
Fermentas) or 1 mM marimastat (Merck) or left untreated. To 
determine the necessity of membrane anchorage for the cleav-
age process, one aliquot was supplemented with 1% (v/v) Tri-
ton X-100. To test the pH dependence of the cleavage process, 
extracted membranes were split into aliquots after the first cen-
trifugation step, spun at 2,600 × g for 15 min and resuspended 
in 20 μl PBS supplemented with 1 mM Zn2+ at a pH ranging 
from 2.5 to 10.5. In every experiment, the final volume of each 
sample was adjusted to 25 μl with PBS, and samples were 
incubated for 6 h at 37°C, boiled in 5× Laemmli loading buffer 
and analyzed by immunoblotting. The ideal incubation time of 6 
h was determined previously using a time course ranging from 
10 min to 48 h.  
 
RESULTS 

 
Cleavage of mCLCA6E157Q is reduced but not absent 
compared to the cleavage of wild-type mCLCA6 
The self-cleavage of secreted CLCA proteins is inhibited in 
proteins with an E157Q mutation in the HEXXH zinc-binding 
motif (Bothe et al., 2011; Pawlowski et al., 2006). To determine 
whether this is also true for CLCA proteins possessing a trans-
membrane segment, we introduced the E157Q mutation into 
murine mCLCA6, an integral membrane protein (Bothe et al., 
2008). Surprisingly, the level of cleavage of the mCLCA6E157Q 
mutant was reduced but not completely absent when ex-
pressed in HEK293 cells (Fig. 1). Antibodies directed against 
the amino- or the carboxy-terminal subunit of the wild-type 
mCLCA6 protein detected two variants of the uncleaved pre-
cursor of mCLCA6E157Q mutant: a strong band of 145 kDa, 
which was not detectable for the wild-type protein, and a faint 
band of 125 kDa, consistent with the size of the precursor of 
wild-type mCLCA6, as described previously (Bothe et al., 2008). 
The antibody directed against the amino-terminal subunit de-
tected the amino-terminal subunit at a size of 110 kDa, whereas 
the antibody directed against the carboxy-terminal subunit de-
tected several additional bands representing glycosylated forms 
of the carboxy-terminal subunit (Bothe et al., 2008) at approxi-
mately 35 kDa. 
 
The mCLCA6E157Q mutant is cleaved at the plasma  
membrane instead of the endoplasmic reticulum 
In the following experiments, we analyzed the cellular transport 
of the mCLCA6E157Q mutant using glycosidase treatment, 
surface biotinylation and acid release (Fig. 2). In the deglycosy-
lation experiments with Endo H and PNGase F, all proteins 
were sensitive to PNGase F but differed in their sensitivity to 
Endo H treatment as follows. The precursor molecule of wild-
type mCLCA6, detected with the αm6-N-1ap antibody as a faint 
band of 125 kDa in cell lysates of transiently transfected HEK293 
cells, was sensitive to Endo H, representing a high-mannose-
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glycan bearing (immature) protein, as shown previously (Bothe 
et al., 2008). The band shifted from 125 kDa to 120 kDa, where 
upon treatment with Endo H, it was obscured by the band of the 
amino-terminal subunit. The amino-terminal subunit was par-
tially Endo H-sensitive and shifted from 110 kDa to 90 kDa. The 
glycosylation patterns of the immature wild-type mCLCA6 pre-
cursor and the mCLCA6 subunits indicate that the protein is 
cleaved in a pre-Golgi compartment, most likely the endoplasmic 
reticulum. In contrast, the uncleaved precursor of mCLCA6E157Q 
had a different response to Endo H treatment. The faint band at 
125 kDa was sensitive to Endo H and shifted to 120 kDa, as did 
the immature precursor of wild-type mCLCA6. The strong band 
at 145 kDa was Endo H resistant. It shifted from 145 kDa to 120 
kDa, thus representing the complex-glycosylated (mature) vari-
ant of the uncleaved precursor of mCLCA6E157Q. Interestingly, 
in contrast to the wild-type protein, the amino-terminal subunit 
of mCLCA6E157Q was exclusively detected in an Endo H-
resistant form, thus representing a mature glycoprotein. This 
result suggests that this mutant must be cleaved in a cellular 
compartment after the protein has passed through the Golgi 
apparatus. The same glycosidase sensitivity pattern was ob-
served after detection with the antibody directed against the 
carboxy-terminal subunit (data not shown).  

To further establish the site of secondary cleavage, surface 
biotinylation of wild-type mCLCA6- and the mCLCA6E157Q-
expressing cells was performed. After precipitation of the bioti-
nylated surface proteins with high-capacity streptavidin agarose 
beads, the amino-terminal subunit was detected at a size of 
110 kDa. As expected, the immature precursor molecule of the 
wild-type protein, which is cleaved after reaching the endoplas-
mic reticulum, was not detected at the cell surface, whereas the 
mature 145 kDa variant of the precursor of mCLCA6E157Q 
was detected, as was the 110 kDa amino-terminal subunit. No 
protein was precipitated from non-biotinylated cells. Therefore, 
we conclude that the mature variant of the uncleaved precursor 
of mCLCA6E157Q reaches the plasma membrane and is cleaved 
either at the plasma membrane or during endosomal recycling.  

To determine whether or not the amino-terminal subunit of 
mCLCA6E157Q is shed into the supernatant similarly to wild-
type mCLCA6 (Bothe et al., 2008), we released the peripheral 
proteins from the cells under acidic conditions. Proteins or sub-
units possessing a transmembrane segment cannot be re-
leased by low pH treatment. Accordingly, there was no release 
of the carboxy-terminal subunit of wild-type mCLCA6 (Bothe et 
al., 2008) or the carboxy-terminal subunit of the mCLCA6E157Q 
mutant (data not shown). The amino-terminal subunit of the 
mCLCA6E157Q mutant protein was released from the cells by 
low pH treatment, as was the amino-terminal subunit of the 
wild-type protein (Bothe et al., 2008). As expected, the mature 

A 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
 
C 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The uncleaved mCLCA6E157Q precursor passes through 

the Golgi and undergoes cleavage in a post-Golgi-compartment, 

and the amino-terminal subunit is shed into the supernatant. (A) 

The lysates of HEK293 cells transfected with an expression vector 

encoding mCLCA6 wild-type or the mCLCA6E157Q mutant were 

treated with Endo H (H) or PNGase F (F) or were left untreated (-). 

(B) HEK293 cells transiently transfected with an expression vector 

encoding wild-type mCLCA6 or mCLCA6E157Q or with the pcDNA3.1 

vector alone (mock) were subjected to surface biotinylation, lysed 

and precipitated using high-capacity streptavidin beads. Precipitates 

were analyzed by immunoblotting using the anti-amino-terminal 

mCLCA6 antibody. (C) Cells were incubated at pH 2.5 to release 

non-covalently associated proteins from the plasma membrane into 

the supernatant. Incubation with PBS served as a negative control.

Fig. 1. Reduction but not elimination of the cleavage of

the precursor of the mutant protein mCLCA6E157Q.

HEK293 cells were transfected with plasmids express-

ing wild-type mCLCA6 or the mCLCA6E157Q mutant.

Cells were lysed after 24 h and analyzed by im-

munoblotting with antibodies directed against the amino-

terminal (αm6-N-1ap) or carboxy-terminal (αm6-C-1b)

subunit of the mCLCA6 protein, respectively. Asterisk (*)

= immature precursor molecule. 
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precursor form of mCLCA6E157Q could not be removed by 
acid treatment due to its transmembrane domain. Furthermore, 
the amino-terminal subunit of the mCLCA6E157Q mutant pro-
tein was not released by PBS treatment, which demonstrates 
the specificity of the acid release.  

Based on these studies, we conclude that the precursor 
molecule of mCLCA6E157Q is no longer cleaved in the endo-
plasmic reticulum. Instead, it passes through the Golgi appara-
tus without cleavage and is transported to the plasma mem-
brane as a complex glycosylated, mature protein. At the plasma 
membrane, cleavage occurs, and the amino-terminal subunit is 
shed into the supernatant.  
 
Cleavage at the plasma membrane is zinc dependent  

For mCLCA3, a secreted homologue of mCLCA6, the cleavage 
process has been shown to be zinc dependent (Bothe et al., 
2011). To test the zinc dependence of the cleavage of mCLCA6 
E157Q at the plasma membrane, we performed a membrane 
activity assay using total membrane extracts of HEK293 cells 
expressing mCLCA6E157Q and different metal cations. After 
incubation for 6 h, no significant reduction in the intensity of the 
mature precursor bands was observed for cells not incubated 
with ions relative to the band intensities before incubation (Fig. 
3A). The addition of Mg2+ and Ca2+ alone or in combination did 
not result in significant reductions in the band intensity. In con-
trast, after the addition of Zn2+ alone or in combination with Mg2+ 
or Ca2+, the precursor band was absent. Thus, the cleavage of 
mCLCA6E157Q is zinc dependent, indicating either zinc-de-
pendent autoproteolysis or the involvement of a zinc-dependent 
metalloprotease. 

To determine whether chelating agents such as EDTA, EGTA, 
1,10 phenanthroline (Kaup et al., 2002) and TPEN (Howes et 
al., 2007) inhibit the cleavage of mCLCA6E157Q, we incubated 
the total membrane extracts in the presence of Mg2+, Ca2+ and 
Zn2+ with different chelating agents (Fig. 3B). After incubation 
without any inhibitor, the protein band representing the mature 
precursor was absent. The cleavage was inhibited by EDTA, 
EGTA, 1,10-phenanthroline and TPEN but not by ProteoB-
lock™, a combination of broad-spectrum protease inhibitors for 
serine, acidic and cysteine proteases, indicating that a zinc-
dependent metalloprotease cleaves the mature precursor. Zinc-

dependent metalloproteases are a large group of proteases 
that includes several families (Hooper, 1994). Among these 
families are matrix metalloproteases (MMPs), which show 
structural similarities to CLCA proteins (Pawlowski et al., 2006). 
To exclude the involvement of MMPs in the cleavage of the 
mature mCLCA6E157Q precursor, we tested the effect of ma-
rimastat, a broad-spectrum inhibitor of MMPs, in the membrane 
activity assay. Treatment with marimastat failed to inhibit the 
cleavage of the mCLCA6E157Q precursor (Fig. 3B). 
 

Anchorage to the plasma membrane is not essential for  

the cleavage of mCLCA6E157Q  

To characterize the role of anchorage to the plasma membrane 
in the cleavage of mCLCA6E157Q, we performed a membrane 
activity assay in the presence of Triton X-100, which solubilizes 
cell membranes. Triton X-100 had no inhibitory effect on the 
cleavage of the mature precursor of mCLCA6E157Q (Fig. 4A), 
suggesting that a correct membrane arrangement is not impor-
tant for cleavage. To verify that anchorage in the plasma mem-
brane is not essential for the cleavage of mCLCA6E157Q, we 
generated a truncated form of mCLCA6 (mCLCA6Δ

™) that no 
longer bears a transmembrane domain. Transfection of HEK293 
cells with an expression vector encoding the wild-type mCLCA6 
protein results in the detection of the precursor (125 kDa) and 
the carboxy-terminal subunit (approximately 35 kDa) in the cell 
lysate but not in the supernatant (Fig. 4B). After transfection of 
HEK293 cells with an expression vector encoding the truncated 
mCLCA6Δ

™, the precursor of mCLCA6Δ
™ (approximately 120 

kDa) and the carboxy-terminal subunit of mCLCA6Δ
™ (ap-

proximately 25 kDa) were detected with the anti-mCLCA6 car-
boxy-terminal antibody. In contrast to the wild-type protein, the 
carboxy-terminal subunit of mCLCA6Δ

™ was shed into the su-
pernatant, where it was detected at a size of approximately 30 
kDa (Fig. 4B). The mass shift of the carboxy-terminal subunit 
was due to mannose-rich glycosylation in the cell lysate versus 
complex glycosylation in the supernatant (data not shown). 
Deglycosylation of both the cell lysates and supernatants of cells 
transfected with an expression vector encoding mCLCA6Δ

™ or 
mCLCA6Δ

™E157Q revealed that in the lysates of cells express-
ing mCLCA6Δ

™, the precursor and the amino-terminal subunit 
were sensitive to Endo H and PNGase F treatment (Fig. 4C).  

Fig. 3. Cleavage of the mature mCLCA6E157Q pre-

cursor is zinc dependent. (A) The cleavage of the

mCLCA6E157Q precursor in membrane preparations

upon incubation with 1.0 mM magnesium (Mg
2+

),

calcium (Ca
2+

), zinc (Zn
2+

) or a combination of these

ions was analyzed by immunoblotting. (B) Immuno-

blot analysis of the cleavage of the mCLCA6E157Q

precursor in membrane preparations was inhibited by

various protease inhibitors in the presence of Mg
2+

,

Ca
2+

 and Zn
2+

. Incubation in the presence of Mg
2+

,

Ca
2+

 and Zn
2+

without inhibitor served as a negative

control. 
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Fig. 4. Anchorage of mCLCA6E157Q with a transmembrane seg-

ment to the plasma membrane is not essential for the cleavage of 

mCLCA6E157Q. (A) The cleavage of the mCLCA6E157Q precur-

sor in crude membrane extracts upon incubation with 1.0 mM mag-

nesium (Mg
2+

), calcium (Ca
2+

) and zinc (Zn
2+

) with or without the 

addition of Triton X-100 (Triton) to solubilize membranes was ana-

lyzed by immunoblotting. (B) A truncated mCLCA6 protein lacking 

the transmembrane domain (mCLCA6Δ
™) was generated and ex-

pressed in HEK293 cells. Samples were analyzed by immuno-

blotting using the anti-mCLCA6-carboxy-terminal antibody αm6-C-

1b. Asterisk (*) = truncated precursor of mCLCA6Δ
™ (approximately 

120 kDa). (C) Deglycosylation of mCLCA6Δ
™ and mCLCA6Δ

™ 

E157Q expressed by HEK293 cells in the cell lysates and in the 

supernatant. Samples were analyzed by immunoblotting using the 

anti-mCLCA6-amino-terminal antibody αm6-N-1ap. 
 
 
These sensitive proteins represent the immature, mannose-rich 
glycosylated forms that reached the endoplasmic reticulum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Schematic comparison of the cleavage processes of the 

wild-type and E157Q mutant forms of mCLCA3 and mCLCA6. 
 
 
Only the amino-terminal subunit was shed into the supernatant, 
where it was Endo H resistant and PNGase F sensitive. This 
glycosylation pattern of the precursor and the subunit is consis-
tent with previous findings reported for the fully secreted 
mCLCA3 (Mundhenk et al., 2006). In cells transfected with an 
expression vector encoding mCLCA6Δ

™E157Q, only the pre-
cursor molecule could be detected in the cell lysate, where it 
was sensitive to both Endo H and PNGase F, representing a 
mannose-rich glycosylated protein located in the endoplasmic 
reticulum (Fig. 4C). Neither the amino-terminal (Fig. 4C) nor the 
carboxy-terminal subunit (data not shown) appeared in the cell 
lysate. In the supernatant, the precursor molecule was resistant 
to Endo H and sensitive to PNGase F treatment, indicating that 
the precursor molecule of mCLCA6Δ

™E157Q is not cleaved 
during cellular transport. Instead, the precursor passes through 
the Golgi apparatus and is shed into the supernatant. There, an 
additional band, representing an Endo H-resistant and PNGase 
F-sensitive form of the amino-terminal subunit, was detected. 
The carboxy-terminal subunit of mCLCA6Δ

™E157Q was also 
found in the supernatant as a very faint band (data not shown). 
This result indicates that in contrast to the secreted mCLCA3E157Q 
(Bothe et al., 2011), cleavage of the precursor is not eliminated 
in the secreted mCLCA6Δ

™E157Q protein. Instead, cleavage 
appears to take place in the extracellular space instead of an 
intracellular compartment.  
 



256 mCLCA6E157Q Undergoes Cleavage at the Plasma Membrane 

 

 

 

 

DISCUSSION 

 

All characterized CLCA proteins are post-translationally cleaved 
into two subunits (Pauli et al., 2000). All murine CLCA proteins 
investigated to date are cleaved in the endoplasmic reticulum 
(Bothe et al., 2008; 2010; Mundhenk et al., 2006). This cleav-
age appears to be crucial; CLCA proteins possess a HEXXH 
zinc-binding amino acid motif, and murine mCLCA3, a fully 
secreted CLCA protein of goblet cells, has recently been shown 
to be capable of intermolecular autoproteolysis, both indicating 
a possible function as metalloprotease (Bothe et al., 2011; 
Pawlowski et al., 2006). In this study, we investigated the 
cleavage of murine mCLCA6, a partially secreted CLCA protein 
expressed in non-goblet cell enterocytes, to compare the cleavage 
processes of the secreted and membrane-bound CLCA pro-
teins.  

The primary difference in terms of the cleavage of mCLCA3 
and mCLCA6 is the postponed cleavage of the mCLCA6E157Q 
mutant protein (Fig. 5). Instead of cleavage in the endoplasmic 
reticulum, as occurs for wild-type mCLCA6 (Bothe et al., 2008), 
the mCLCA6E157Q mutant is cleaved in a post-Golgi com-
partment, resulting in ectodomain shedding of the amino-
terminal subunit. As shown by surface biotinylation, the mature 
precursor molecule reaches the plasma membrane. It is there-
fore reasonable to assume that cleavage occurs at the plasma 
membrane or during endosomal recycling.  

For secreted CLCA proteins, cleavage is fully inhibited for 
family members bearing an E157Q mutation of the HEXXH 
motif (Bothe et al., 2011; Pawlowski et al., 2006). Cleavage in 
the endoplasmic reticulum, as occurs for wild-type mCLCA6 
(Bothe et al., 2008), is abolished for the mCLCA6E157Q mu-
tant, which undergoes postponed cleavage at the plasma 
membrane. Similar to the autoproteolytic cleavage of mCLCA3 
in the endoplasmic reticulum, cleavage of the mCLCA6E157Q 
mutant is also zinc dependent and is inhibited by chelating 
agents. The change in location of the cleavage process raises 
the question as to whether ectodomain shedding may be due to 
extant autocatalytic activity of the mCLCA6E157Q protein or 
whether an additional protease may cleave the protein. 

Substitution of the glutamic acid (E) in the HEXXH motif with 
glutamine (Q) has repeatedly been shown to eliminate or at 
least reduce catalytic activity of the mutated protease (Cha and 
Auld, 1997; Fushimi et al., 1999; Li et al., 2000). Thus, we can-
not fully exclude the possibility that the protein undergoes con-
formational changes that allow delayed self-cleavage and thus 
autoproteolytic ectodomain shedding at the plasma membrane. 

The zinc dependence of the mCLCA6E157Q cleavage at the 
plasma membrane suggests the involvement of a metalloprote-
ase in the cleavage process. Interestingly, the mutated trun-
cated mCLCA6Δ

™E157Q protein, which lacks the transmem-
brane segment and represents a fully secreted protein, is 
cleaved in the supernatant instead of an intracellular compart-
ment. Therefore, the putative proteolytic agent is hypothesized 
to be present extracellularly, i.e., at the plasma membrane or in 
the supernatant, or, more unlikely, two distinct proteases cleave 
the membrane-bound mCLCA6E157Q protein and the se-
creted mCLCA6Δ

™E157Q protein. The identification of the puta-
tive metalloprotease involved in the cleavage of the 
mCLCA6E157Q mutant will be the subject of future studies. 

We have investigated the cleavage mechanism of murine 
mCLCA6, an integral transmembrane protein expressed in non-
goblet cell enterocytes. After introduction of the E157Q muta-
tion in the HEXXH motif of mCLCA6, cleavage in the endo-
plasmic reticulum is eliminated, as occurs for the secreted 
homologue mCLCA3. Instead of cleavage in the endoplasmic 

reticulum, the mCLCA6E157Q protein undergoes cleavage at 
the plasma membrane, a distinct cellular compartment. Inter-
estingly, the transmembrane domain of mCLCA6 is not crucial 
for this distinct cleavage. Our data show that the proteolytic 
cleavage of CLCA proteins is more complex than the recently 
detected autoproteolysis of its homologue mCLCA3 and may 
be important for the function of CLCA proteins. 
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