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Abstract
Aquaporin 6 (AQP6) is an anion channel that is expressed primarily in acid secreting α-intercalated
cells of the kidney collecting duct. In addition, AQP6 anion channel permeability is gated by low
pH. Inspection of the N-terminus of AQP6 revealed a putative calmodulin binding site. AQP6-
expressing CHO-K1 cell lysates were mixed with calmodulin beads and AQP6 was pulled down in
the presence of calcium. Mutagenesis of the N-terminal calmodulin binding site in full length mouse
AQP6 resulted in a loss of calmodulin binding activity. Mouse and human AQP6 calmodulin binding
site peptides bound dansyl-calmodulin with a dissociation constant of approximately 1 μM. The
binding of AQP6 to calmodulin may be an important key to determining the physiological role of
AQP6 in the kidney.
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Introduction
Aquaporin 6 (AQP6) is expressed primarily in intracellular vesicles in α-intercalated cells in
the collecting duct of the kidney [1]. Recently AQP6 has also been observed in parotid gland
acinar cells [2] and in the inner ear [3,4]. AQP6 has low water permeability and primarily
transports anions [5]. In addition, the anion permeability of AQP6 is increased at least 5-fold
by exposure to low pH [5]. The expression of AQP6 in acid-secreting intercalated cells, the
localization of AQP6 in vesicles that contain the V-type H+-ATPase, and the gating of AQP6
by low pH, together suggest that AQP6 functions to promote urinary acid secretion.

Aquaporin 0 (AQP0) is another aquaporin with a low water permeability that has a permeability
that is regulated. Calmodulin binds the C-terminus of AQP0 in a calcium dependent manner
[6] and inhibits AQP0 permeability [7]. In addition a peptide from the C-terminus of AQP0
was shown to bind calmodulin in a calcium dependent manner [8,9] with a dissociation constant
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(KD) of 0.48 μM [10]. Studies of calmodulin binding to AQP0 were followed by studies in
Xenopus oocytes showing the inhibition of AQP0 water channel activity by calmodulin [11].
However, the physiological role of calmodulin binding to AQP0 in the lens is still not clear.

Here we report a calmodulin binding site in the N-terminus of mouse, rat and human AQP6.
The calmodulin binding site in AQP6 binds calmodulin in a calcium-dependent manner with
a dissociation constant of approximately 1 μM. Mutagenesis of the calmodulin binding site in
the N-terminus abolishes binding of AQP6 to calmodulin. Our studies reveal that AQP6 may
be regulated through the binding of calmodulin which may be crucial for identifying its
physiological role in the kidney.

Materials and Methods
Plasmid construction

Standard methods were used [12]. Putative calmodulin binding sites were found using the
Calmodulin Target Database (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html). PCR
(Expand High Fidelity System, Roche) was used to perform site directed mutagenesis of the
putative calmodulin binding sites in human and mouse AQP6. Sense and anti-sense PCR
primers were made complementary to the target region with the desired point mutations. Each
mutagenesis primer was paired with the appropriate upstream or downstream primer so that
either the 5′ or 3′ half of hAQP6 or mAQP6 from before or after the mutation could be amplified.
The two halves of the gene were combined in a PCR reaction so that they would overlap at the
mutation site. The inserts were first cloned into pCR2.1 using the TOPO TA cloning kit
(Invitrogen) for selection and sequencing, then digested with BamHI for hAQP6 or EcoRI and
NotI for mAQP6, and ligated into pcDNA 3.1/Zeo (+) (Invitrogen).

Transfection, calmodulin binding assay and immunoblotting
CHO-K1 cells were obtained from the America Type Culture Collection (Manassas, VA) and
maintained in Kaighn’s modification of Ham’s F12 medium (F12K) supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin at 37 °C and 5% CO2. CHO-K1 cells were
transfected with wild-type human, mouse or rat AQP6, or one of five different mutants of
mouse AQP6, using Lipofectamine 2000 (Invitrogen). One day following transfection, cells
were solubilized in PBS containing 0.5% Triton and a Complete Protease Inhibitor Cocktail
tablet (Roche). Cell lysate was mixed with calmodulin-agarose beads (Sigma) in the presence
of either 1 mM Ca2+ or 2.5 mM EGTA at 4 °C for four hours to assay for calmodulin binding.
The supernatant was removed and beads were washed and centrifuged twice in PBS with 0.1%
Triton and either Ca2+ or EGTA to remove unbound protein. Lastly, beads were incubated with
Laemmli Sample Buffer (1% SDS) for 30 minutes at 37 °C. Membrane protein was run on
12% acrylamide SDS-PAGE, transferred to Immun-Blot PVDF membrane (BioRad), and
probed overnight at 4 °C with rabbit anti-AQP6 antibody (Alomone, Israel) diluted 1:500 in
4% BSA, 0.05% Tween-20, 1 mM NaN3 in PBS. Human AQP6 was detected with anti-human
AQP6 antibody (Alpha Diagnostic). Blots were washed and probed with goat anti-rabbit HRP-
conjugated secondary antibody (Amersham) for 1 hour at room temperature and visualized
using ECL Plus (Amersham).

Fluorometric measurements using dansyl-calmodulin
Dansylation of calmodulin was carried out as described [13]. Briefly, bovine brain calmodulin
(1 mg, Sigma) was dissolved in 1 ml 0.1M NaHCO3 pH 9.0, and 60 μl 10 mg/ml dansyl chloride
(Invitrogen) in DMF was added. The reaction mixture was incubated with shaking at room
temperature for one hour. Calmodulin was re-purified using size-exclusion by centrifugation
in Nanosep 10K columns (Pall), and washed using 0.1M NaHCO3 pH 9.0 buffer, before being
re-dissolved in 100 mM TRIS 50 mM NaCl pH 7.5 buffer to a final volume of 1 ml. Final
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concentration was determined by BCA protein assay (Pierce) to be 60 μM. Degree of
incorporation was determined to be ~9 mol dansyl/mol calmodulin molecules using an
extinction coefficient of €= 3400 M−1cm−1 at 340 nm.

Fluorescence emission spectra were obtained at 23 °C using a Hitachi F-4500 fluorescence
spectrophotometer set at an excitation wavelength of 340 nm and detection set in emission scan
mode from 400 to 600 nm. The excitation slit width was set at 5.0 nm and the emission slit
width at 10.0 nm. Dansyl-calmodulin (200 nM) was titrated using 21-aa synthetic peptides of
AQP6 (Biopeptide) at concentrations from 0 to 20 μM in a reaction buffer consisting of 100
mM TRIS, 50 mM NaCl pH 7.5, 1 mM EGTA and 1.1 mM CaCl2 to produce a calcium-buffered
environment of 100 μM free Ca2+. Calcium-buffer calculations were conducted using
WebMaxCLite v. 1.15 (http://www.stanford.edu/~cpatton/webmaxc/webmaxclite115.htm).

Fluorometric determination of Kd
Titrations of dansyl-calmodulin were conducted in the same reaction buffer as described above,
with a dansyl-calmodulin concentration of 0.20 μM and peptide concentrations between 0 and
20 μM. The apparent dissociation constant Kd was determined by fitting the normalized
fluorescence at 495 nm to the following equation, described before [14], using KaleidaGraph
2.1 (Synergy Software):

where F is the relative fluorescence, F0 is the fluorescence in the absence of peptide, and F∞
is the fluorescence at saturation; [peptidet] is the total peptide concentration, [dCaMt] is the
total calmodulin concentration, and Kd the apparent dissociation constant.

Results and Discussion
Interaction of wild-type AQP6 with calmodulin

The N and C-termini of mouse and rat AQP6 are almost identical while human AQP6 differs
more substantially. However, putative calmodulin binding sites exist in the N-termini of mouse,
rat, and human AQP6 (Figure 1A). Lysates from CHO-K1 cells expressing human, mouse or
rat AQP6 were tested for their interaction with calmodulin by pull-down with calmodulin beads
in the presence of Ca2+ or EGTA. All three polypeptides demonstrated binding to calmodulin
in the presence of calcium which was inhibited in the presence of EGTA (Figure 1B).

Manipulation of putative calmodulin binding site in mouse aquaporin 6
The putative calmodulin binding site in AQP6 conforms to a Type A 1-8-14 motif with
hydrophobic residues at positions 1, 5, 8, and 14 [15]. Due to the additional hydrophobic
residues adjacent to the 1, 5, 8, and 14 positions, we selectively replaced several residues with
serine, as shown in Figure 2A. Expression of the mutants in CHO-K1 cells and binding assays
with the mutated forms showed that while binding was disrupted to varying degrees by each
of the mutations, only the combination of all three sets of mutations resulted in nearly complete
elimination of calmodulin binding (Figure 2B).

Fluorometric determination of binding affinity of mouse AQP6
Synthetic peptides were obtained for the regions comprising the putative site from the N-
terminus of mouse AQP6, a mutated version of the N-terminal site, and a putative calmodulin
binding site from the C-terminus of mouse AQP6 (Figure 3A). We used fluorometry to test
the calmodulin binding affinity of the peptides. Sample spectra in Figure 3B show that the
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mAQP6 N-terminal peptide (Nter) binding to dansyl-calmodulin not only enhances
fluorescence, but also results in a blue-shift in its emission spectrum, from a λmax of ~521 nm
for dansyl-calmodulin alone to ~512nm in the presence of the peptide. An increase in dansyl-
calmodulin fluorescence and a blue-shift in emission spectrum is characteristic of peptide
binding [16]. The fluorescence of dansyl-calmodulin in the presence of peptide was increased
in 100 μM free Ca2+ compared to 0 μM free Ca2+. By titrating dansylated calmodulin with
increasing concentrations of the peptides, the mAQP6 N-terminal peptide (Nter) yielded an
apparent Kd of 0.79 μM ± 0.08μM, while the mAQP6 C-terminal and mAQP6 N-terminal
mutant peptides showed no binding to calmodulin (Figure 3C).

Fluorometric determination of calmodulin binding affinity of human AQP6
Similar to the studies of mouse AQP6, peptides were obtained for the putative calmodulin
binding site of human AQP6 (h6 Nter) and for its mutant version (h6 Nter mut) and used to
titrate dansylated calmodulin for fluorometry (Figure 4A). As with the mAQP6 N-terminal
peptide, the hAQP6 N-terminal peptide both enhanced fluorescence significantly and resulted
in a shift in emission to a λmax of ~506 nm (Figure 4B). The hAQP6 N-terminal peptide yielded
an apparent Kd of 1.78 μM ± 0.13 μM, while the mutant peptide showed no binding affinity
for dansyl-calmodulin (Figure 4C). The Kd for mAQP6 and hAQP6 peptides binding to
dansylated calmodulin is similar to the Kd for portions of channels such as TRPV1 [17], a
cyclic nucleotide-gated channel [18], the serotonin 5-HT1A receptor [19], and a P/Q-type
calcium channel [20] binding to calmodulin.

We have shown that AQP6 binds calmodulin in a calcium-dependent manner in vitro. The
ability of AQP6 to bind calmodulin has been maintained during evolution despite some
divergence in the sequence of the N-terminus of AQP6 across species. The binding of AQP6
to the N-terminus is interesting because the N-terminus is thought to be important for AQP6
localization to intracellular vesicles [21]. It is possible that calmodulin binding to the N-
terminus of AQP6 could affect its localization in the cell.

Future studies should focus on the role of calmodulin binding AQP6 in vivo. Since an increase
in intracellular calcium is often involved during vesicular trafficking, calmodulin may bind
AQP6 during transport of AQP6 and H+-ATPase containing vesicles to the plasma membrane.
It is possible that the binding of calmodulin to AQP6 inhibits ion channel activity at a time
when AQP6 is presumably about to enter the plasma membrane. Studies of isolated and
perfused collecting ducts comparing wild type and AQP6 null mice may be useful in these
studies. Understanding the role of calmodulin in regulating AQP6 activity is crucial for
determining its physiological role in intercalated cells in the kidney.
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Figure 1.
A, Amino acid sequences from the N and C-termini of mouse, human and rat AQP6. The
residues of the putative calmodulin binding region are boxed. B, Immunoblots of samples from
CHO-KI cells expressing mAQP6, hAQP6, or rAQP6. Lysates were mixed with calmodulin-
agarose beads and either 2.5 mM EGTA or 1 mM Ca2+. The samples that bound the beads
were loaded (EGTA and Ca2+).
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Figure 2.
A, Amino acid sequences of mouse AQP6 N-terminus calmodulin binding site mutants.
Residues that are mutated are blue. B, Immunoblots of samples from CHO-KI cells expressing
full length mAQP6 or mAQP6 mutants. Lysates were mixed with calmodulin-agarose beads
and either 2.5 mM EGTA or 1 mM Ca2+. The samples that bound the beads were loaded (EGTA
and Ca2+).
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Figure 3.
A, Amino acid sequences of wild-type mAQP6 N- and C-termini and of the three synthetic 21-
aa peptides tested. B, Sample fluorometric emission spectra of 200 nM dansyl-Calmodulin in
0 or 100 μM Ca2+, in the presence of 3 μM of the peptides. Reactions were conducted at 23 °
C in 100 mM Tris-HCl buffer (pH 7.5) containing 50 mM NaCl, using an EGTA/CaCl2 buffer
to regulate the Ca2+ concentration. C, Titration of 200 nM dansyl-calmodulin with 0 to 9 μM
of the three mAQP6 peptides in the presence of Ca2+. The fluorescence was measured at the
emission wavelength of 495 nm.
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Figure 4.
A, Amino acid sequences of wild type hAQP6 N-terminus and two synthetic peptides tested.
B, Sample fluorometric emission spectra of 200 nM dansyl-Calmodulin in 0 or 100 μM
Ca2+, in the presence of 3 μM of the peptides. Reactions were conducted at 23 °C in 100 mM
Tris-HCl buffer (pH 7.5) containing 50 mM NaCl, using an EGTA/CaCl2 buffer to regulate
the Ca2+ concentration. C, Titration of 200 nM dansyl-calmodulin with 0 to 20 μM of the two
hAQP6 peptides in the presence of Ca2+. The fluorescence was measured at the emission
wavelength of 495 nm.
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