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Abstract Tissue transglutaminase (tTG) is a multifunc-

tional Ca2?-dependent enzyme, catalyzing protein

crosslinking. The transient receptor potential vanilloid

(TRPV) family of cation channels was recently shown to

contribute to the regulation of TG activities in keratinocytes

and hence skin barrier formation. In kidney, where active

transcellular Ca2? transport via TRPV5 predominates, the

potential effect of tTG remains unknown. A multitude of

factors regulate TRPV5, many secreted into the pro-urine

and acting from the extracellular side. We detected tTG in

mouse urine and in the apical medium of polarized cultures

of rabbit connecting tubule and cortical collecting duct

(CNT/CCD) cells. Extracellular application of tTG signifi-

cantly reduced TRPV5 activity in human embryonic kidney

cells transiently expressing the channel. Similarly, a strong

inhibition of transepithelial Ca2? transport was observed

after apical application of purified tTG to polarized rabbit

CNT/CCD cells. Furthermore, tTG promoted the aggrega-

tion of the plasma membrane-associated fraction of TRPV5.

Using patch clamp analysis, we observed a reduction in the

pore diameter after tTG treatment, suggesting distinct

structural changes in TRPV5 upon crosslinking by tTG. As

N-linked glycosylation of TRPV5 is a key step in regulating

channel function, we determined the effect of tTG in the

N-glycosylation-deficient TRPV5 mutant. In the absence of

N-linked glycosylation, TRPV5 was insensitive to tTG.

Taken together, these observations imply that tTG is a novel

extracellular enzyme inhibiting the activity of TRPV5. The

inhibition of TRPV5 occurs in an N-glycosylation-depen-

dent manner, signifying a common final pathway by which

distinct extracellular factors regulate channel activity.
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Abbreviations

Ca2? Calcium ion

CNT/CCD Connecting tubule/cortical collecting duct

DMA? Dimethylammonium

HA tag Hemagglutinin tag

HEK293 cells Human embryonic kidney 293 cells

IX Ionic current

I/V relationship Current–voltage relationship

MA? Monomethylammonium,

Na? Sodium ion

NMDG? N-methyl-D-glucamine chloride

PMSF Phenylmethylsulfonyl fluoride

PX/PNa Relative permeability

TetMA? Tetramethylammonium

TriMA? Trimethylammonium

TRPV5 Transient receptor potential vanilloid

type 5

tTG Tissue transglutaminase

Introduction

Maintenance of the systemic Ca2? concentration is essen-

tial for many physiological processes, ranging from

enzyme activation to bone mineralization. As such, the

kidney plays a key role in stabilizing plasma Ca2? by
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changing the urinary excretion of Ca2? in response to

excess or depletion of this divalent cation [15, 39, 40]. In

kidney, Ca2? is reabsorbed primarily via a passive para-

cellular pathway along the proximal tubule and the thick

ascending loop of Henle [40]. Approximately 10% of the

Ca2? load re-enters the bloodstream via an active trans-

cellular transport process in the distal part of the nephron

[16, 40]. The transient receptor potential vanilloid type 5

(TRPV5) cation channel facilitates the apical uptake of

Ca2? in these segments [17]. In rabbit, TRPV5 is expressed

predominantly in the collecting tubule (CNT), while in

other species, such as mouse and rat, substantial expression of

the channel is also observed in the distal convoluted tubule

(DCT) [16, 26]. Ablation of TRPV5 in mice (TRPV5-/-)

impairs transcellular Ca2? reabsorption, resulting in robust

hypercalciuria and compensatory vitamin D-dependent

hyperabsorption [18].

TRPV5 has unique electrophysiological characteristics,

including the constitutive inward rectifying activity at

low intracellular Ca2? concentrations and physiological

membrane potentials, Ca2?-dependent inactivation and

selectivity for Ca2? [29]. Monomers of TRPV5 associate

into functional tetramers by facing each other with their

pore-forming regions [19]. Furthermore, a single conserved

N-glycosylation site at asparagine-358 (N358), harbored in

the first extracellular loop is another important structural

feature of TRPV5. Native TRPV5 has been shown to

undergo N-glycosylation, resulting in high mannose and

complex-glycosylated proteins [19]. The activity of TRPV5

is controlled at multiple levels by an array of different

factors, including calciotropic hormones (e.g., 1,25-di-

hydroxyvitamin D3) and extracellular factors (e.g., the

glycosidase klotho) [9, 30, 41]. Klotho, as an extracellular

glycosidase [8, 9], hydrolyzes oligosaccharide chains from

the complex N-glycan of TRPV5. This extracellular modi-

fication results in delayed retrieval of the Ca2? channel from

the apical plasma membrane and subsequently increases

Ca2? transport [8, 9]. The stimulatory effect of klotho is

entirely dependent on the N-glycosylation of TRPV5, sug-

gesting that the N-glycosylation status of TRPV5 is crucial

for this type of extracellular regulation [8, 9].

Tissue transglutaminase (tTG, also known as TGase2;

EC 2.3.2.13) is a multifunctional protein catalyzing the Ca2?-

dependent covalent crosslinking of specific lysine (Lys) and

glutamine (Gln) residues of substrate proteins [13, 27].

Interestingly, several Ca2?-binding proteins are known

substrates of tTG. Calbindin-D28K, an intracellular protein

involved in Ca2?-binding playing a key role in transcellular

Ca2? transport, has been shown to be a substrate of tTG [11,

44]. Furthermore, several members of the family of S100A

EF-hand proteins are also substrates of tTG [6, 34]. This

includes S100A10, which is involved in the forward traf-

ficking of TRPV5 to the plasma membrane [34, 42].

A recent study by Cheng et al. elegantly showed that

TRPV3, another member of the TRPV family, contributes

in part to epidermal barrier function by affecting the

activity of transglutaminase [10]. This is likely to occur via

increased TRPV3-dependent Ca2? influx and subsequent

Ca2?-dependent activation of the enzyme. In addition to

these observations, TGase1 expression has also been shown

to be regulated by TRPV6 during Ca2?-induced differen-

tiation of keratinocytes [24]. Transporters in the renal

epithelium can be directly affected by extracellular factors

found in the urine, secreted by the cells themselves or fil-

tered by the glomerulus from the blood, constituting a

unique environment. tTG is found in the intracellular

compartment, but the enzyme is also secreted, indicating

that, in these epithelia, the enzyme could act from the

urinary side. In terms of TRPV5-dependent transport, such

a mechanism could suggest an alternative mode of regu-

lation, in comparison to what is observed in, e.g., the skin

barrier formation. Our experiments describe the identifi-

cation of tTG as a novel molecular inhibitor of TRPV5. We

find that the kidney secretes tTG into the pro-urine where it

covalently crosslinks TRPV5 from the extracellular com-

partment and thereby changes the pore size of the channel

in an N-glycosylation-dependent manner.

Materials and methods

DNA constructs

The pCINeo/IRES-GFP plasmid encoding HA-TRPV5 was

generated as described previously [42]. HA-TRPV5-N358Q

was obtained by in vitro mutagenesis of HA-TRPV5-pCI-

Neo/IRES-GFP cDNA according to the manufacturer’s

instructions (Stratagene, La Jolla, CA, USA) [9]. All con-

structs were verified by DNA sequence analysis.

Cell lines and transfections

Human embryonic kidney (HEK293) cells were cultured

in Dulbecco’s modified essential medium (DMEM) sup-

plemented with 10% v/v fetal calf serum and 2 mM

L-glutamine. For cell surface biotinylation experiments,

cells were transiently transfected in Petri-dishes, using

polyethyleneimine (PEI).

Collection and concentration of pre-conditioned culture

medium

CNT/CCD cells were isolated from New Zealand White

rabbits as described previously [4], and grown to conflu-

ence on 0.33-cm2 permeable filter supports (Corning-

Costar, Cambridge, MA, USA). Apical and basolateral
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media were collected after seeding the cells on permeable

supports. All collected media were concentrated three

times (Millipore), and salts and proteins \30 kDa were

removed by using centriprep ultracel-YM-30 columns

(Millipore, Bedford, MA, USA) as described [9].

Immunoblotting, and protein concentration

determination

TRPV5 and tTG protein expression was determined by

SDS–PAGE followed by immunoblotting, using anti-HA

(Cell Signaling, Danvers, USA), anti-tTG (Transgluta-

minase II Ab-4; Lab Vision/Immunologic, Duiven, The

Netherlands, unless stated otherwise) and peroxidase-

labeled rabbit anti-mouse IgG (Sigma-Aldrich, St. Louis,

MO, USA) antibodies. Protein concentration was measured

by using the bicinchoninic acid protein assay kit (Thermo

Scientific, Rockford, IL, USA), according to the manu-

facturer’s manual.

Cell surface biotinylation

HEK293 cells were transfected with HA-TRPV5 or

HA-TRPV5-N358Q in pCINeo/IRES-GFP. One day after

transfection, cells were re-seeded on poly-L-lysine-coated

(0.1 mg/ml) culture dishes and incubated with guinea pig

tTG (1 lg/ml; Sigma-Aldrich) for 6 h at 37�C, respec-

tively. Subsequently, cells were biotinylated, and TRPV5

was precipitated from the cell lysates with neutravidin

beads (Pierce, Etten-Leur, The Netherlands) as described

previously [9]. Briefly, cells were collected from the plates

and disrupted in 1 ml lysis buffer [1% v/v Triton X-100,

150 mM NaCl, 5 mM EDTA, 50 mM Tris (pH 7.5 adjus-

ted with HCl), 1 mM PMSF, 5 lg/ml leupeptin, 5 lg/ml

aprotinin, 1 lg/ml pepstatin-A], immediately after biotin-

ylation. Cells were subsequently washed with ice-cold

PBS, and homogenized in 1 ml lysis buffer, followed by

precipitation using neutravidin beads. TRPV5 protein

expression at the cell surface and in total cell lysates was

measured as described above.

45Ca2? uptake assay

HEK293 cells transfected with TRPV5 pCINeo/IRES-GFP

constructs were cultured in 24-well plates and incubated

with uptake buffer containing 110 mM NaCl, 5 mM KCl,

1.2 mM MgCl2, 0.1 mM CaCl2, 10 mM Na-acetate, 2 mM

NaH2PO4, 20 mM HEPES–Tris, pH 7.4 supplemented with

10 lM felodipine, 10 lM methoxy-verapamil, and 1 lCi/ml
45CaCl2 for 10 min at 37�C. After extensive washing with

stop buffer (110 mM NaCl, 5 mM KCl, 1.2 mM MgCl2,

0.5 mM CaCl2, 1.5 mM LaCl3, 10 mM Na-acetate, 20 mM

HEPES–Tris, pH 7.4) at 4�C, cells were disrupted with

0.05% w/v SDS and radioactivity was counted using liquid

scintillation.

Primary CNT and CCD cell cultures

Culture and infection of rabbit kidney connecting tubule

and cortical collecting duct cells was as follows. Rabbit

kidney CNT/CCD cells were immunodissected from the

kidney cortex of New Zealand White rabbits (*0.5 kg)

using antibody R2G9 and then placed in primary culture on

permeable filters (0.33 cm2; Costar, Cambridge, MA,

USA) as described previously [4]. The culture medium was

a 1:1 mixture of Dulbecco’s modified Eagle’s medium

and Ham’s F12 medium (DME/F12; Gibco, Paisley, UK)

supplemented with 5% (v/v) decomplemented fetal calf

serum, 50 lg/ml gentamicin, 10 ll/ml nonessential amino

acids (Gibco), 5 lg/ml insulin, 5 lg/ml transferrin, 50 nM

hydrocortisone, 70 ng/ml prostaglandin E1, 50 nM

Na2SeO3, and 5 pM triiodothyronine, and equilibrated with

5% (v/v) CO2 at 37�C. Transepithelial potential difference

and resistance were routinely checked before and after

every transport measurement to confirm cell confluency

and integrity of the monolayer. Calcium transport mea-

surements were performed as described [4].

Electrophysiology

Whole-cell currents were measured with an EPC-10

(HEKA Electronic, Lambrecht, Germany) amplifier using

Patch master V2.20 software. The borosilicate glass elec-

trode resistance was between 2.5 and 4 MX. The ramp

protocol for measuring the current–voltage (I/V) relation-

ship of Na? consisted of linear voltage ramps from -100 to

?100 mV within 450 ms repeated every 5 s. The step

protocol for measuring the Ca2? current consisted of a 10-s-

long voltage step applied from ?70 to -100 mV. Current

traces were sampled at 0.5 ms for the ramp and 2 ms for the

step protocol. Current densities were calculated from the

current at -80 mV during the ramp protocol. The standard

extracellular solution contained 150 mM NaCl, 6 mM

CsCl, 10 mM HEPES, 50 lM EDTA and 10 mM glucose

(pH 7.4 adjusted with NaOH) for divalent free Na?, and

10 mM CaCl2 was supplemented for the Ca2? measure-

ment. The internal (pipette) solution contained 20 mM

CsCl, 100 mM Cs-aspartate, 1 mM MgCl2, 10 mM BAP-

TA, 4 mM NaCl, 2 mM ATP and 10 mM HEPES (pH 7.2

adjusted with CsOH). Data was analyzed using Igor-pro

software (WaveMetrics, Oswego, OR, USA).

Tissue transglutaminase inhibits the TRPV5-dependent calcium transport 983

123



Pore measurements

The standard pipette solution contained Tris–HCl buffered

150 mM NaCl, 10 mM EDTA and 10 mM HEPES (pH 7.2

adjusted with Tris–HCl) whereas the extracellular solution

contained 150 mM NaCl and 10 mM HEPES (pH 7.4

adjusted with Tris–HCl). The relative permeabilities (PX
?/

PNa
? ) of mono-, di-, tri- and tetramethylammonium deriv-

atives and of N-methyl-D-glucamine chloride (NMDG?)

were measured using solutions in which Na? was substi-

tuted by the respective cations. Reversal potentials were

calculated from the bi-ionic reversal potentials; further-

more, all potentials were corrected for possible liquid

junction potentials calculated according to Barry et al. [2].

In these permeation experiments, the standard pipette

solution was used as intracellular solution. For the

ammonium derivates, the following compound diameters

were used (in nm): 0.36, 0.46, 0.52, 0.58 and 0.68

for monomethylammonium (MA?) dimethylammonium

(DMA?), trimethylammonium (TriMA?), tetramethylam-

monium (TetMA?) and for NMDG? (all compounds

obtained from Sigma), respectively. For curve-fitting, the

points from the graph plotting permeability ratios of the

different organic cations (X) versus the estimated diame-

ters, the excluded volume considering friction of the

permeating ion Eq. PX
?/PNa

? = k(1 - a/d)2/a was used [2],

where a is the organic cation diameter, k the constant factor

and d is the minimal pore diameter.

Statistical analysis

In all experiments, the data were expressed as mean ±

SEM. Statistical significance (P \ 0.05) was determined

by analysis of variance (ANOVA) and a Bonferroni post-

hoc test.

Results

tTG is secreted into the pro-urine and into the apical

medium of CNT/CCD cells

Twenty-four-hour urine samples from wild-type mice were

desalted, concentrated and the total amounts were subse-

quently analyzed for tTG expression by SDS–PAGE

followed by tTG Western blotting. A band with a molec-

ular size slightly above 75 kDa was observed in urine

samples (Fig. 1a), corresponding to the known 75–78 kDa

size of tTG. Since tTG was detected in the 24-h urine of

mice, we next analyzed the expression levels of tTG in the

CNT/CCD region. To this end, polarized primary cultures

of rabbit CNT/CCD were used. Western blot analysis,

wherein b-actin was used as loading control, revealed

that polarized CNT/CCD cells abundantly express tTG

(Fig. 1b, upper panel). In the apical conditioned media of

primary CNT/CCD cells a significant amount of tTG could

be detected (Fig. 1c, upper panel). In addition, tTG was

also abundantly present in the basolateral compartment

(Fig. 1c, lower panel.

tTG inhibits the activity of TRPV5

First, we investigated the dose response relationship

between tTG and TRPV5 by radioactive Ca2? uptake

measurements. To this end, we used a commercial tTG

purified from guinea pig liver. The enzyme had a minimum

of 80% purity demonstrated by SDS–PAGE and in line

with specifications of the vendor Sigma (data not shown).

TRPV5 expressing HEK293 cells were irresponsive to low

concentration tTG (10-4 to 10-2 lg/ml), but a strong

reduction in the Ca2? influx was observed in the presence

of 0.1–30 lg/ml tTG, with an EC50 of 5 lg/ml (Fig. 2a).

Next, we analyzed whether the inhibitory effect of tTG on

TRPV5-mediated Ca2? uptake could be reversed by co-

incubation of tTG in the presence of the tTG inhibitors

cadaverine or cystamine. To this end, HEK293 cells tran-

siently expressing TRPV5 were treated with tTG (1 lg/ml)

for 6 h in the absence or presence of cadaverine or cysta-

mine. As depicted in Fig. 2b, both cadaverine and

cystamine can reverse the inhibitory effect of tTG on

TRPV5. Heat-inactivated tTG (95�C heat denaturation for

10 min) was not able to inhibit TRPV5-mediated Ca2?

uptake.

In addition, we investigated whether tTG can directly

affect the activity of the TRPV5 channel. HEK293 cells

transiently expressing the channel were treated with tTG

(1 lg/ml), for 6 h and subjected to patch clamp analysis

(Fig. 2c). Heterologous overexpression of TRPV5 yielded

a large, approximately 1,500-pA/pF Na? current density

(Fig. 2c). Incubation with tTG for 6 h resulted in a sig-

nificant, 50% reduction of the current density (Fig. 2c).

Additionally, the tTG inhibitor cadaverine (150 lM) pre-

vented the tTG-mediated inhibition of TRPV5 (Fig. 2c, d).

Normalizing the Na? currents (INa
? /INa

? max) showed that

only the tTG-treated TRPV5 changed its conducting

properties (Fig. 2d, inset). Furthermore, compared with

control, we could also observe a significantly reduced

TRPV5 Ca2? current upon tTG administration (Fig. 2e).

The inhibitory effect of tTG was further investigated by

transcellular Ca2? transport assays in polarized rabbit pri-

mary CNT/CCD cell monolayers. The forskolin-stimulated

transcellular Ca2? transport was significantly reduced by

tTG added on the apical, but not on the basolateral side,

and this inhibitory effect of the enzyme could be prevented
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by the tTG blocker cadaverine (Fig. 2f). Although endog-

enous tTG could be detected in the primary cultures,

incubating the cells with cadaverine did not result in a

detectable change in transcellular Ca2? transport (Fig. 2f).

To address whether tTG reduces the number of channels

at the plasma membrane, the action of tTG on TRPV5 was

assessed by cell surface biotinylation studies. TRPV5, with

molecular masses between approximately 70 and 85 kDa,

representing the core and complex glycosylated monomers

of the channel, respectively, were detected in the plasma

membrane fraction (Fig. 2g). Compared to the control

(-tTG), a decrease in the amount of TRPV5 monomers was

observed after tTG treatment (Fig. 2f). More importantly,

after incubation with tTG, TRPV5 oligomers with a

molecular mass of *250 kDa were observed (Fig. 2g).

tTG reduces the pore diameter of TRPV5

To estimate whether tTG-induced aggregation of TRPV5

can affect the pore of the channel, the pore diameter was

determined both in the absence and the presence of the

enzyme. First, the Na? and Ca2? currents were recorded in

the absence and presence of tTG, revealing a significant

reduction in both the Na? and the Ca2? currents upon tTG

administration (Fig. 3a, b). Next, the permeability ratios

of currents carried by organic monovalent cations of

increasing size relative to Na? current were measured.

When Na? was used as the sole charge carrier, the current

reverted close to 0 mV with a clearly inward-rectifying

shape (Fig. 3c, gray curve). Next, all Na? ions from the

extracellular solution were substituted by monomethylam-

monium or its di-, tri- and tetramethyl derivatives (MA?,

DMA?, TriMA?, TetMA?) and finally by the larger

organic cation N-methyl-D-glucamine (NMDG?). To a

lesser extent, these cations, were also able to permeate

TRPV5, and the recorded currents were directly propor-

tional to the size of each cation (Fig. 3d–h, gray curves).

Incubation with tTG resulted in significantly smaller cur-

rents in the case of all cations except NMDG?, which

showed virtually no change compared to control (Fig. 3d–h,

black curves). Furthermore, a negative shift in the rever-

sal potential of MA?, DMA?, TriMA? was observed

(Fig. 3d, f, insets).

The permeability ratios, relative to Na? (PX
?/PNa

? ), were

calculated from the recorded bi-ionic reversal potentials for

all five cations (MA?, DMA?, TriMA?, TetMA? and

NMDG?) for untreated and tTG-treated HEK293 cells

expressing TRPV5, and subsequently plotted against the

estimated diameter of each cation. Compared to control

tTG clearly reduced the PX
?/PNa

? ratios of TRPV5 in the

cases of MA?, DMA?, TriMA? (Fig. 3i, dashed line).

Next, using the permeability ratios, the pore diameters

were calculated. In the control situation, the pore diameter

for TRPV5 was calculated to be 6.44 ± 0.01 Å (Fig. 3j).

Treatment with tTG resulted in a slight but significant

decrease in the pore size as the diameter was calculated to

be 5.79 ± 0.02 Å (Fig. 3j).

N-glycosylation of TRPV5 is important

for tTG-mediated inhibition

The N-glycan of TRPV5 is crucial for its regulation by

extracellular factors, such as klotho. We next tested this

was also the case for the inhibitory effect of tTG. To this

end, HEK293 cells expressing the N-glycosylation-defi-

cient mutant form of the channel (HA-TRPV5-N358Q)

were treated with tTG and subjected to patch clamp and

cell surface biotinylation analyses. Patch clamp recordings

showed similar Na? currents for the untreated wild-type

and the mutant form of TRPV5 (Fig. 4a). However, tTG

incubation reduced the activity of the wild-type channel,

but not of TRPV5-N358Q (Fig. 4a, b). This was further

substantiated by normalizing the Na? currents (Fig. 4c) as

changes in the curve shape could be observed only for the
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c

Fig. 1 tTG is secreted into mouse urine and into the apical media of

rabbit primary CNT/CCD cells. a Mice (n = 3) were housed in

metabolic cages and 24-h urine samples were collected. Samples were

concentrated and subsequently analyzed for tTG expression by SDS–

PAGE followed by anti tTG Western blotting. b Isolated rabbit

primary CNT/CCD cells were allowed to polarize on filter supports.

Polarized monolayers (n = 3) were probed for tTG expression by

SDS–PAGE and subsequent immunoblot with anti-tTG (upper
panels), and anti-b-actin antibodies (lower panels), respectively.

c Apical and basolateral media from polarized CNT/CCD cells were

collected and concentrated, and subsequently analyzed for tTG

secretion by immunoblotting
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tTG-treated wild-type TRPV5 current. Cell surface label-

ing of HEK293 cells expressing either the wild-type

TRPV5-N358Q showed abundant expression of both wild-

type and mutant TRPV5 at the plasma membrane (Fig. 4d,

upper panel). Treatment with tTG caused the aggregation

of TRPV5 at the plasma membrane and concomitantly

decreased the amount of wild-type TRPV5 monomers

(Fig. 4d, upper panel, and e). However, this aggregation

could not be observed in the case of the mutant channel

(Fig. 4d, upper panel, and e). Additionally, incubation with

tTG did not alter the total expression of the wild-type or

the mutant form of TRPV5 (Fig. 4d). Semi-quantitative

analysis of the signal intensities further substantiated the

previous findings as the percentage of aggregation was

found to be significant only in the case of the tTG-treated

wild-type TRPV5 (Fig. 4e).

Finally, we investigated the binding capacity of tTG to

wild-type and the N-glycosylation deficient TRPV5 chan-

nels. The immunoprecipitated wild-type and mutant

TRPV5 were incubated with or without tTG at 4�C in the

absence of Ca2? to reduce the enzymatic activity of tTG.

These immunoprecipitation experiments revealed that tTG

binds to both wild-type and the mutant form of TRPV5

with equal affinity (Fig. 4f).

Discussion

Active transcellular Ca2? transport in the kidney takes

place exclusively in the DCT/CNT segments of the neph-

ron, where the epithelial Ca2? channel TRPV5 controls the

Ca2? entry. In this study, we identified tTG as a novel

inhibitor of TRPV5 activity, acting from the extracellular

side in a N-glycosylation-dependent manner. This conclu-

sion is based on the following observations: (1) tTG is

found in the urine in mice, in line with the expression and

secretion of the enzyme in polarized primary CNT/CCD

cells; (2) tTG decreases the activity of TRPV5 in tran-

siently transfected HEK293 cells and inhibits transcellular

Ca2? transport in polarized primary CNT/CCD cells; (3)

crosslinking of TRPV5 by tTG results in a decrease in the

pore size of the channel; and (4) the inhibitory effect of

tTG depends on the N-glycosylation state of TRPV5 as the

N-glycosylation-deficient mutant is not susceptible to tTG-

catalyzed modifications.

Increased expression and activity of tTG have been

previously observed in renal disorders such as diabetic

nephropathy or chronic kidney disease [12, 20, 21, 25, 36,

38]. In these diseases, tTG activity has been associated

with tissue fibrosis and scar formation, taking place in the

extracellular matrix [12, 37]. However, whether tTG is

secreted into the urine during these conditions has not been

tested. We established the presence of tTG in the urine of

mice, which together with the fact that primary cultures of

polarized rabbit CNT/CCD cells also secrete a fraction of

endogenously expressed tTG into the apical medium sug-

gests that tTG is present in the pro-urine. Though tTG is

secreted into the apical medium of primary CNT/CCD

cultures, transcellular Ca2? transport was not affected by

cadaverine in these cells. An insufficient concentration of

endogenous tTG may explain such a discrepancy. In line

with this, one may envisage that in renal disorders the

amount of tTG in the urine is sufficient for an effective

inhibition of TRPV5. The possibility that the endogenous

tTG in these extracellular compartments is present in a

catalytically inactive, so-called closed state is also feasible

[31]. The presence of tTG has been reported previously in

the DCT region and also in other nephron segments

[12, 21, 37]. Tubular secretion is, therefore, likely to

contribute to the amount of tTG found in the urine. These

observations imply that tTG could function as a novel

urinary factor, involved in regulating Ca2? reabsorption in

the distal part of the nephron.

Patch clamp recordings of TRPV5 and transcellular

transport assays in primary CNT/CCD cells showed a

Fig. 2 tTG inhibits TRPV5-mediated currents and transcellular Ca2?

transport in primary CNT/CCD cells. a Dose response relationship

between tTG and TRPV5. HEK293 cells expressing TRPV5 were

treated with different concentrations of tTG 10-4 to 3 9 101 lg/ml

and subjected to 45Ca2? uptake. b tTG inhibited 45Ca2? uptake via

TRPV5 is counteracted by the tTG inhibitors cystamine and

cadaverine. HEK293 cells transfected with TRPV5 pCINeo/IRES-

GFP or pCINeo/IRES-GFP (mock) constructs were treated with

active or inactive tTG (1 lg/ml for 6 h), in the presence or absence of

cadaverine (150 lM) and cystamine (50 mM). After treatment, the

effect of tTG was assayed in radiotracer experiments following the

protocol described in ‘‘Materials and methods’’. c tTG directly

inhibits the activity of TRPV5. Na? I/V relations were measured from

TRPV5-transfected HEK293 cells. The cells were subjected to 6-h

tTG treatment (1 lg/ml) in the presence and absence of cadaverine

(150 lM) before the current measurements. Data are shown as

mean ± SEM. Asterisk indicates significant difference from the

cells expressing TRPV5 (n = 15; P \ 0.05). d Representative Na?

I/V relations of TRPV5 treated with tTG in the absence or presence of

cadaverine. Inset Na? currents from panel c were normalized to INa

max for better comparison. e Representative Ca2? currents of

untreated and tTG-treated TRPV5. f Polarized rabbit primary CNT/

CCD cells were treated for 6 h with 1 lg/ml apically and basolat-

erally administered tTG and transport was measured as described

previously [23]. Data are shown as mean ± SEM. Asterisk indicates

significant difference from the control situation (n = 15; P \ 0.05).

g Cell surface biotinylation of HEK293 cells transiently transfected

with pCINeo-HA-TRPV5/IRES-GFP and treated for 6 h with 1 lg/ml

tTG. After treatment, cells were subjected to cell surface biotinylation,

followed by neutravidin pull-down. The upper and the lower panels
represent the biotinylated cell surface fractions and the total cell lysates,

respectively. Lysates were separated on SDS–PAGE and blots were

probed with an anti-HA antibody

c
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significant inhibitory effect of tTG on Ca2? transport.

Earlier studies have reported that tTG has the ability to

modify the activity of the large conductance Ca2?-acti-

vated K? (Maxi-K) channel [23]. Using the non-

hydrolysable GTP analogue GTPcS, these studies showed

that the GTPcS-stimulated channel activity is decreased to

control levels when cells are treated with an antibody

against tTG [23]. Such a G-protein-like effect of tTG on

TRPV5 is unlikely, as cadaverine, the inhibitor of the

crosslinking activity of the enzyme, abolishes the effect of

tTG. Next to the functional assays, cell surface biotinyla-

tion studies revealed the formation of SDS-resistant,

probably covalently crosslinked, TRPV5 aggregates in the

plasma membrane upon tTG incubation. tTG is known to
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be externalized into the extracellular space where it

crosslinks and therefore stabilizes the heteromeric assem-

blies of several matrix and basolateral membrane proteins

[1, 3, 22, 32, 33]. In the case of the tTG substrate small heat

shock proteins (aB-crystallin, Hsp27, Hsp20 and HspB2),

crosslinking between different small heat shock proteins

has been demonstrated to be more efficient when they

interact with each other in the same macromolecular

assembly [5]. These observations suggested that tTG-sub-

strate proteins in close proximity to each other are more

prone to crosslinking than those existing in different

complexes. TRPV5 exists in a homotetrameric form, as

four monomers need to associate into operational tetramers

prior to plasma membrane insertion [19]. Furthermore, it

also harbors several glutamine and lysine residues facing

the extracellular environment. Since the extracellular

environment as well as the pro-urine contains sufficient

amounts of Ca2? for the activation of tTG, the tTG-med-

iated aggregation of TRPV5 monomers could take place

from the extracellular side.

tTG did not change the protein stability, membrane

expression or trafficking/recycling properties of TRPV5.

Instead, we found that extracellular addition of tTG

decreases the pore size of TRPV5. TRPV5 harbors several

glutamines and two lysines in the first extracellular loop,

which are the potential substrate sites for tTG. Crosslinking

these sites could introduce extra rigidity or tension into the

structure of the membrane-inserted TRPV5 in such a way

that it could cause either a slight deformation in the

dynamic structure of the pore and a subsequent reduction in

ion permeability. Previously, acidification of both the intra-

and extracellular environment has been shown to decrease

the pore diameter of TRPV5 by intracellular pH [7]. tTG

reduced the pore size by 10%, which is similar to the

decrease observed upon acidification [7], suggesting that

such a degree of reduction could already account for the

decreased channel activity. We propose a tentative model

how this change in the pore size could inhibit the activity

of TRPV5. Crosslinking of TRPV5 may cause extra

rigidity in the channel, which in turn results in a smaller

pore size. This decrease could inhibit the influx of Ca2?

more efficiently than that of Na?, as the flow of Na? is

continuous in the pore, whereas Ca2? migrates in the pore

through a Ca2?-binding pocket, which could be less

accessible to Ca2? due to the rigidity of the channel

(Fig. 3k). Our observations suggest that not only pH

changes, but also tTG, could inhibit the activity of TRPV5

by reducing its pore size.

N-glycosylation of TRPV5 is crucial for the extracel-

lular regulation of the channel by klotho [8, 9].

Surprisingly, tTG had no inhibitory effect on TRPV5-

N358Q, suggesting that the presence of the sugar tree is

critical for tTG action. Negatively charged glycosamino-

glycans such as heparin are known to bind tTG [14, 35, 43].

We speculated that the sialic acid-containing, and therefore

negatively charged, N-glycan of TRPV5 may bind tTG,

providing better accessibility to the substrate sites located

in the vicinity of the N-glycan. However, co-immunopre-

cipitation experiments showed that tTG binds equally to

both the wild-type and to the N-glycosylation-deficient

TRPV5 mutant. Because of the equal binding efficiency,

the substrate site exposure is more likely to depend on the

N-glycosylation status of TRPV5. Klotho (as well as other

glycosidases) can hydrolyze sugar residues from the

N-glycan of TRPV5 and thereby increase the activity of the

channel [8, 9, 28]. Modification of the N-glycan by klotho

might safeguard TRPV5 from the tTG-mediated inhibition.

However, further experiments should clarify the presence

of such cross-talk between klotho and tTG. The fact that

these different enzymes require intact N-glycosylation of

TRPV5 for their actions could imply a central role for the

N-glycan in the extracellular regulation of the channel.

Fig. 3 tTG decreases the pore diameter of TRPV5. a TRPV5 Na?

current density in the absence and presence of tTG (for details see

legends for Fig. 2). b TRPV5 Ca2? current density in the absence and

presence of tTG. The cells were subjected to 6-h tTG treatment

(1 lg/ml). Data are shown as mean ± SEM. Asterisk indicates

significant difference from the cells expressing TRPV5 (n = 15;

P \ 0.05). c–h Representative current voltage relationships of the

different ions in the absence and presence of tTG. c shows the IV for

Na?, d, e, f, g, and h are the IV plots for MA?, DMA?, TriMA?,

TetMA? and NMDG?, respectively (n = 7). The currents carried by

organic monovalent cations were measured using solutions in which

Na? was substituted by the respective cations. Arrows with contin-
uous and dashed lines indicate the reversal potential in the untreated

and the tTG-treated samples, respectively. The insets in c–h display

the I/V relations in an expanded scale to show the reversal potentials.

i Calculated relative permeability ratios of untreated and tTG-treated

TRPV5. (PX
?/PNa

? ), were calculated from the recorded biionic reversal

potentials for all five cations (MA?, DMA?, TriMA?, TetMA? and

NMDG?) for both untreated and tTG-treated TRPV5 and subse-

quently plotted against the estimated diameter of each cation. For

curve-fitting, the points from the graph plotting permeability ratios

of the different organic cations (X) versus the estimated diameters,

the excluded volume considering friction of the permeating ion

Eq. PX
?/PNa

? = k(1 - a/d)2/a was used where a is the organic cation

diameter, k a constant factor and d is the minimal pore diameter.

Black dots with continuous line and black squares with dashed lines
indicate untreated and tTG-treated TRPV5, respectively. j The pore

diameter of TRPV5 is reduced by tTG. Asterisk indicates significant

difference from control (n = 7; P \ 0.05). k Tentative working

model to demonstrate the effect of tTG on the pore size of TRPV5.

The upper panels demonstrate the control situation and the lower
panels depict the case upon tTG treatment. In the absence of tTG,

Na? and Ca2? can be transported through the pore. Na? flows

continuously whereas, Ca2? moves gradually from one Ca2?-binding

pocket to another in the pore of TRPV5. After tTG treatment, the

continuous Na? transport is less inhibited whereas the gradual

transport of Ca2? is more severely blocked, as the pockets may not be

accessible for Ca2? ions

c
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Taken together, our observations suggest that the apically

secreted tTG functions as an inhibitor of TRPV5 and

thereby contributes to the regulation of body Ca2? homeo-

stasis. Currently, it remains unclear whether an increased

urinary tTG concentration is observed in conditions related

to defective Ca2? handling. One could envision several

pathological conditions in which tTG reaches higher urinary

concentrations, due to increased tissue damage or secretion

of the enzyme. As such, rats with experimentally induced

diabetes and diabetic nephropathy have increased renal tTG

expression and activity resulting in abnormal extracellular

crosslinking.

Here, we delineate a potential molecular mechanism by

which tTG can inhibit TRPV5 channel activity by changing

the pore diameter. This reduction is functionally coupled

to crosslinking of the channel and seems to occur in a
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N-glycosylation-dependent manner. Further studies are

needed to establish the physiological role of tTG in regu-

lating TRPV5-dependent Ca2? transport.
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taminase. c Na? currents from b were normalized to INa
? max for

better comparison and plotted as current voltage relationship. d Cell

surface biotinylation of HEK293 cells transiently expressing HA-

TRPV5 or HA-TRPV5-N358Q, after for 6 h of tTG treatment (1 lg/

ml) tTG. The upper and lower panels represent the biotinylated cell

surface fractions and the total cell lysates, respectively. e Semi-

quantitative analysis of (d). The left graph shows the percentage of

tTG-induced multimer formation of TRPV5, right graph illustrates

the tTG-induced changes in the monomeric form of TRPV5. f Wild-

type TRPV5 and TRPV5-N358Q bind tTG with equal efficiency. HA-

tagged wild-type TRPV5 or TRPV5-N358Q was immunoprecipitated

with HA-antibody from transiently transfected HEK293 cells. The

precipitated fractions were incubated overnight at 4�C with 1 lg/ml
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