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Tamm-Horsfall glycoprotein (THGP) or Uromodulin is a
membrane protein exclusively expressed along the thick ascend-
ing limb (TAL) and early distal convoluted tubule (DCT) of the
nephron. Mutations in the THGP encoding gene result in Famil-
ial Juvenile Hyperuricemic Nephropathy (FJHN), Medullary Cys-
tic Kidney Disease type 2 (MCKD-2), and Glomerulocystic Kid-
ney Disease (GCKD). The physicochemical and biological
properties of THGP have been studied extensively, but its physio-
logical function in the TAL remains obscure. We performed yeast
two-hybrid screening employing a human kidney cDNA library
and identified THGP as a potential interaction partner of the re-
nal outer medullary potassium channel (ROMK?2), a key player in
the process of salt reabsorption along the TAL. Functional analy-
sis by electrophysiological techniques in Xenopus oocytes showed
a strong increase in ROMK current amplitudes when co-ex-
pressed with THGP. The effect of THGP was specific for ROMK2
and did not influence current amplitudes upon co-expression
with Kir2.x, inward rectifier potassium channels related to
ROMK. Single channel conductance and open probability of
ROMK?2 were not altered by co-expression of THGP, which in-
stead increased surface expression of ROMK2 as determined by
patch clamp analysis and luminometric surface quantification,
respectively. Despite preserved interaction with ROMK2, disease-
causing THGP mutants failed to increase its current amplitude
and surface expression. THGP ™/~ mice exhibited increased
ROMK accumulation in intracellular vesicular compartments
when compared with WT animals. Therefore, THGP modulation
of ROMK function confers a new role of THGP on renal ion
transport and may contribute to salt wasting observed in FJHN/
MCKD-2/GCKD patients.

Tamm-Horsfall glycoprotein (THGP)? also known as Uro-
modulin, is the most abundant protein found in normal urine.
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It is localized in the luminal cell surface of the thick ascending
limb (TAL) of Henle’s loop and early distal convoluted tu-
bules of the nephron (1). The mature form of the protein en-
compasses 616 amino acids, including 48 cysteine residues,
which form the disulfide bridges responsible for its complex
three-dimensional structure. THGP contains three epidermal
growth factor (EGF) domains which mediate protein-protein
interaction and a zona pellucida-like domain (2). It belongs to
the family of GPI proteins which lack typical transmembrane
domains and are anchored to the cell membrane via a c-ter-
minal glycosylphosphatidylinositol (GPI)-anchor (3, 4).

Recent studies on physicochemical, biological, and patho-
logical properties of THGP have unraveled its multi-faceted
aspects in human health and disease. The protein via its gly-
cans tends to form large aggregates and competes with uro-
plakin receptors for the adhesion of type 1 fimbriated Esche-
richia coli, and provides defense against urinary tract
infections (5—7). THGP-deficient mice were shown to be se-
verely hampered in combating colonization of bladder tissue
when infected with type 1 fimbriated E. coli (8, 9). Moreover,
THGP by reducing calcium oxalate precipitation plays a pro-
tective role with respect to renal stone formation as demon-
strated by recent studies on THGP-deficient mice prone to
nephrolithiasis (10, 11).

Mutations of the THGP gene result in three closely related
kidney disorders characterized by renal salt wasting, hyperuri-
cemia, gout and progressive renal failure (12, 13): Familial
Juvenile Hyperuricemic Nephropathy (FJHN), Medullary Cys-
tic Kidney Disease type 2 (MCKD-2), and GlomeruloCystic
Kidney Disease (GCKD) (14). Detailed studies on membrane
trafficking and secretion of defective THGP have clearly es-
tablished that THGP mutations cause a delayed export of mu-
tant THGP to the plasma membrane, with increased storage
of THGP in the ER. To date, about 40 distinct mutations have
been reported in association with these so-called THGP stor-
age disorders (15, 16). More recently, in a genome-wide asso-
ciation study, the UMOD locus was identified as a major ge-
netic susceptibility locus for chronic kidney disease (CKD),
further emphasizing the importance of THGP in renal physi-
ology (17).

DCT, early distal convoluted tubule; FJHN, Familial Juvenile Hyperurice-
mic Nephropathy; MCKD-2, Medullary Cystic Kidney Disease type 2;
GCKD, GlomeruloCystic Kidney Disease; m-YTH, membrane yeast two-
hybrid system.
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Despite various advancements in the genetics of THGP,
several physiological aspects, including the possible link be-
tween THGP and ion transport in TAL as suggested by salt
wasting and hyperuricemia observed in patients with THGP
mutations, remain enigmatic. One of the key players in the
process of NaCl reabsorption along the TAL is the potassium
channel ROMK, which resides in the apical membrane of
TAL cells. Via recycling of potassium ions into the tubular
lumen it forms a functional unit with the apical sodium potas-
sium chloride co-transporter (NKCC2), the rate-limiting
transport protein for NaCl reabsorption along the TAL. Dis-
turbed ROMK function thus limits TAL salt reabsorption re-
sulting in severe renal salt wasting as observed in Bartter syn-
drome type II (18). Here we show that ROMK function is
activated by THGP. Reduced ROMK activity thus might ex-
plain renal salt wasting in patients suffering from
FJHN/MCKD-2/GCKD.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Mutagenesis—Full-length hROMK2
was cloned into the pcDNAS5/FRT/V5-His-TOPO TA cloning
vector (Invitrogen) according to the manufacturer’s protocol.
Full-length hTHGP was cloned into pEGFP-C2 vector (Clon-
tech) using HindIII and EcoR I sites. All full-length genes used
for yeast two hybrid screening and direct interactions were
cloned into membrane yeast two hybrid bait (pBT3C and
pBT3N) and prey (pPR3C and pPR3N) vectors (MoBiTec Mo-
lecular Biotechnology, Géttingen, Germany) using Sfil sites,
such that the insert is in-frame to the downstream and up-
stream reporter cassette respectively. All constructs
(hROMK?2, hTHGP, and hKir2.1), used for studies in Xenopus
oocyte were cloned between the 5'- and 3'-UTR of the Xeno-
pus B-globin gene in the modified pOG1 vector to increase
expression efficiency. Chimeras were generated using overlap
extension PCR method (19). For surface luminescence mea-
surements, pOG1 vector with ROMK2 containing an external
hemagglutinin (HA) epitope tag was used. QuikChange site-
directed mutagenesis (Strategene, Germany) was used to in-
troduce HA epitope tag into the extracellular loop of ROMK2
at position 112. Both ends of the epitope were flanked by PGG
residues to enhance accessibility and flexibility of the extra-
cellular HA tag, creating a sequence, which reads
E111PGGYPYDVPDYAGGP.

Expression of ROMK?2 in Flp-In 293 Cells—Flp-In-293 cells
(Invitrogen) were co-transfected with the recombinant
pcDNAS5/FRT/V5-His-TOPO TA vector containing the
ROMK?2 gene and the pOG44 plasmid expressing the Flp re-
combinase gene, as described in the manufacturer’s instruc-
tions (Invitrogen). Cells were incubated for 24 h to allow for
expression of the hygromycin resistance gene, then selected
and maintained in DMEM supplemented by fetal bovine se-
rum (10%) and penicillin/streptomycin (1%) and hygromycin
(50 wg/ml) at 37 °C under 5% CO,. The resulting cells are de-
scribed hereinafter as Flp-In-293/ROMK2 cells. ROMK2 ex-
pression in these cells was determined by electrophysiological
measurements and Western blotting using anti-ROMK anti-
body (1:500) (Alomone Laboratories, Jerusalem, Israel).
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Split-ubiquitin Membrane Yeast Two Hybrid (m-YTH)
Assay—The m-YTH screening assay (MoBiTec Molecular
Biotechnology, Gottingen, Germany), was performed to iden-
tify proteins that interact with ROMK2. The pBT3N-ROMK2
and ROMK2-pBT3C bait vectors were used for screening. For
direct interaction studies, prey vectors containing THGP were
used. Identification of positive clones, recovery of library plas-
mids and identification of prey sequences were performed
following the manufacturer’s guidelines. In brief, Saccharomy-
ces cerevisiae reporter strain NMY51 was transformed with
bait plasmids and the correct expression of the baits was veri-
fied by Western blot using LexA mouse monoclonal antibody
(Santa Cruz Biotechnology). Verification of correct topology
of the bait was performed using pAI-Alg5 and pDL2-Alg5
control preys, and the upper limit of selection stringency for
screening was determined as SD -leu/-trp/-his/-ade (SD-
LWHA) selection medium. The yeast strains expressing the
baits were transformed with human kidney cDNA library
(MoBiTec Molecular Biotechnology, Géttingen, Germany) for
screening or with prey vectors for direct interaction studies.
Protein-protein interaction was determined by growth on
SD-LWHA plates. Positive colonies were further verified us-
ing the second marker 3-galactosidase. The nucleotide se-
quence of the screened positives were determined by se-
quencing, and the identity of the encoded putative interacting
protein was determined by database search (BLASTX).

Co-immunoprecipitation—Immunoprecipitations were car-
ried out using Immunoprecipitation kit, Dynabeads® protein
G (Invitrogen) following the manufacturer’s instructions.
Briefly, protein G Dynabeads were coated with rabbit anti-
THP (Santa Cruz Biotechnology) under rotation for 1 h at
4. °C. Mouse kidneys were homogenized and subsequently
lysed in 1X TBS Tween-20 buffer with protease inhibitor
mixture (Roche) for 30 min on ice. The lysates were then cen-
trifuged, and the supernatants were used for immunoprecipi-
tation. Alternatively, Triton X-100 lysates prepared from
HEK-293 cells or Flp-In-293/ROMK?2 cells, that stably express
ROMK?2, transfected with either GFP tagged THGP or empty
GEFP constructs, were used for immunoprecipitations. In or-
der to eliminate antibody contamination in precipitated pro-
teins, THGP antibody was cross linked to Dynabeads protein
G using the cross linking agent BS3 (Thermo Fisher Scien-
tific) as per the manufacturer’s instructions. Antibody-coated
beads were incubated with the lysates under rotation for 2-3
h at 4 °C. Dynabeads coated with antigen-antibody complex
were washed extensively (4X) with the wash buffer supplied
by the manufacturer. The proteins on Dynabeads were eluted
by boiling at 95 °C for 5 min in SDS sample loading buffer and
separated on a 8% SDS-PAGE under reducing conditions.
Proteins were transferred to nitrocellulose membrane and
probed with either rabbit anti-THP antibody (1:1000) (Santa
Cruz Biotechnology) or rabbit anti-ROMK2 antibody (1:500)
(Almone). The membrane was washed and incubated with
HRP-conjugated secondary antibody (1:10,000), and the
bands were detected using the SuperSignal kit (Pierce).

Electrophysiological Measurements—For Xenopus oocyte
expression studies, complementary RNA (cRNA) was tran-
scribed in vitro from Not1- or Sacll-linearized plasmids con-
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taining the cDNA of interest using T7 RNA polymerase
(mMessage mMachine T7 Kit, Ambion, Huntingdon, UK).
cRNA was purified by LiCl/ethanol precipitation. Yield and
concentration were quantified spectrophotometrically and
the quality of RNA was confirmed by agarose gel electro-
phoresis. Defolliculated Xenopus laevis oocytes were injected
with 50 nl of nuclease free water containing cRNA (10 pg/
oocyte of ROMK2, Kir2.x, C1, or C2(R347A) alone or to-
gether with 10 ng/oocyte of THGP), and then stored at 16 °C
in ND96 solution containing (mm) 96 NaCl, 2 KCI, 1 MgCl,,
1,8 CaCl,, and 5 HEPES (pH 7.4), supplemented with 100
png/ml gentamycin and 2.5 mm sodium pyruvate. 2—3 days
following injection, two-electrode voltage-clamp measure-
ments were performed at room temperature with a Gene
Clamp 500 amplifier (Axon Instruments, Union City). To es-
tablish a resting membrane potential large enough to confirm
oocyte viability and establishment of adequate voltage clamp,
initial electrode impalements were made in standard ND96
solution. Membrane voltage was clamped over the range
—100 to +60 mV in 20 mV steps. To obtain representative
inward rectification, symmetrical potassium conditions were
established by replacing the bath solution with KD96 solution
containing (mm) 98 KCIl, 1 MgCl,, 1,8 CaCl,, and 5 HEPES
(pH 7.4). K™ currents were recorded in bath solution contain-
ing KD96. Statistical analysis was performed on n = 10 oo-
cytes derived from one preparation. The error bars in the dia-
grams indicate the S.E. Experiments were repeated in at least
three different batches of oocytes derived from different frogs.
Surface Luminescence Assay—Surface expression of HA-
tagged ROMK?2 in Xenopus oocytes was analyzed 2 days after
injection with the cRNA (1 ng/oocyte of HA-tagged ROMK2
alone or together with 10 ng/oocyte of THGP). Oocytes were
incubated for 30 min in ND96 solution containing 1% BSA at
4. °C to block nonspecific binding of antibodies. Subsequently,
oocytes were incubated for 60 min at 4 °C with 1 mg/ml rat
monoclonal anti-HA antibody (clone 3F10, Roche Pharma-
ceuticals, Basel, Switzerland) in 1% BSA/ND96, washed 6 X at
4. °C with 1% BSA/ND96 and incubated with 2 mg/ml peroxi-
dase-conjugated affinity-purified F(ab)2 fragment goat anti-
rat immunoglobulinG antibody (Jackson ImmunoResearch,
West Grove, PA) in 1% BSA/ND96 for 60 min. Oocytes were
washed thoroughly, initially in 1% BSA/ND96 (at 4 °C for 60
min) and then in ND96 without BSA (at 4 °C for 15 min). In-
dividual oocytes were placed in 20 ul SuperSignal Elisa Femto
solution (Pierce, Chester, UK) and, after an equilibration pe-
riod of 10 s, chemiluminescence was quantified in a luminom-
eter (Lumat LB9507, Berthold Technologies, BadWildbad,
Germany). For each construct surface expression of 15 oo-
cytes was analyzed in one experiment, and at least three ex-
periments (~40 oocytes) were carried out. The luminescence
produced by water injected oocytes or oocytes expressing
WT-ROMK without HA epitope was used as a reference sig-
nal (negative control). Protein immunoblotting for oocyte
experiments were performed to verify equal expression of all
HA-tagged ROMK?2 fusion proteins in Xenopus oocytes. Total
protein was extracted from 10 oocytes for each construct as
described previously (20), and subjected to protein electro-
phoresis and immunoblotting. Nitrocellulose membranes
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were blocked overnight at room temperature in Tris-buffered
saline with 0.1% Tween 20 (TBS-T) containing 5% nonfat
milk (NFM). Primary (rat anti-HA monoclonal antibody (1:
1000), Roche, Germany) and secondary (goat anti-rat HRP
conjugate (1:5000), Jackson ImmunoResearch, West Grove,
PA) antibodies were diluted in 5% NFM, incubated for 1 h
each. Following each antibody incubation the membrane was
washed for 10 min (3X) in TBS-T buffer. Bound antibodies
were revealed using ECL plus Western blotting detection sys-
tem (Amersham Biosciences, UK).

Animals, Tissues, and Treatments—Wild-type C57/Bl6
mice and THGP /™ mice (# = 6) were bred in the local ani-
mal facility and kept on standard diet and tap water. For im-
munohistochemical studies, adult mice were anesthetized by
an intraperitoneal injection of sodium pentobarbital (0.06
mg/g body weight), their abdominal cavity was opened, and
the kidneys were perfused retrogradely through the abdomi-
nal aorta using 3% paraformaldehyde (PFA) dissolved in PBS.
Kidneys were then removed and 5 wm-thick cryostat sections
were prepared.

KO Experiments—Methods used were as described previ-
ously (21, 22). In brief, kidney cortices were excised and ho-
mogenized in buffer-I containing 250 mm sucrose, 10 mm tri-
ethanolamine, protease inhibitors (Complete; Roche
Diagnostics), and phosphatase inhibitors (phosphatase inhibi-
tor mixture 1, Sigma) (pH 7.5). The homogenates were sub-
jected to sequential centrifugation steps. Homogenates were
centrifuged at 300 X g (10 min, 4 °C) to remove nuclei and
whole cells. For preparation of membrane fractions, the re-
sulting postnuclear supernatant was centrifuged at 17,000 X g
(60 min, 4 °C) to obtain a pellet containing plasma membrane
and membrane adherent vesicles (PM) and a supernatant
(Ves+Cyt) containing the intracellular fraction with cytoplas-
mic and vesicular components. Following the removal of the
large plasma membrane enriched pellet at 17,000 X g for 1 h,
the supernatant was subsequently centrifuged at 200,000 X g
for 1 h to obtain a vesicle-enriched pellet (Ves) and a superna-
tant containing cytoplasmic components (Cyt). Pellets con-
taining the plasma membrane-enriched and vesicle-enriched
fractions were dissolved in buffer-I and protein concentra-
tions were measured using the BCA protein assay kit (Pierce).
50 ug protein/lane were run on 8% polyacrylamide minigels.
After electrophoretic transfer of the proteins, polyvinylidene
fluoride membranes were incubated with the primary anti-
body against ROMK (1:500, Alomone) or flotillin-1 (1:1000,
BD Biosciences) (Following stripping), each for 1 h at room
temperature, followed by overnight incubation at 4 °C and
subsequent exposure to HRP-conjugated secondary antibod-
ies for 2 h at room temperature. Immunoreactive bands were
detected by exposure of x-ray films to chemiluminescence.
The films were then scanned and evaluated densidometrically.
ROMK immunoreactive signals obtained by analysis of
plasma membrane-enriched fractions and vesicle-enriched
fractions were normalized to flotillin-1 signals. Control blots
containing PM, Ves+Cyt, Ves, and Cyt fractions were run
and analyzed using primary antibodies against flotillin-1 (1:
1000, BD Biosciences), B-actin (1:3000, Sigma), a-tubulin (1:
2000, Sigma), and HSP-70 (1:3000, Sigma).
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Immunohistochemistry—Immunohistochemical double
labeling procedures were performed using goat anti-THGP
(1:500) (ICN Biomedicals, Costa Mesa), rabbit anti-ROMK
(1:500) (Alomone Laboratories, Jerusalem, Israel), and guinea
pig anti-NKCC2 (1:1000) (kind gift from Dr. David Ellison,
Portland, OR) primary antibodies. Cryosections were treated
with 0.5% Triton X-100 in PBS for 30 min for better antigen
retrieval and unspecific bindings were blocked with 5% milk
powder in PBS for 30 min. The primary antibodies diluted in
5% milk powder were sequentially applied for 1 h at room
temperature, followed by application of appropriate second-
ary fluorescent Cy3-, Cy2-conjugated antibodies (1:300) (Di-
anova, Hamburg, Germany) for 2 h. Sections were washed,
coverslipped with PBS-glycerol, and analyzed in a Leica
DMRB microscope equipped with a SPOT 32 camera and
MetaView 3.6a software (Diagnostic Instruments; Universal
Imaging) or a Zeiss confocal microscope (LSM 5 Exciter).

Statistical Tests—Data are reported as means *S.E. Statisti-
cal significance was determined using Student’s ¢ test. In the
figures, statistically significant differences to control values
are marked by asterisks (*, p < 0.01; **, p < 0.001; and ***, p <
0.0001); n.s indicates non-significant differences (p > 0.05).

RESULTS

Identification and Verification of THGP as ROMK2-inter-
acting Protein—W e performed a membrane yeast two-hybrid
screen against a human kidney cDNA library, using ROMK2
as the bait with the C-terminal ubiquitin (Cub) fused to the N
terminus of ROMK2 in one set and to the C terminus of
ROMK?2 in another set of screening (Fig. 14, left). Screening
over 1000 clones revealed THGP as a potential ROMK2-inter-
acting protein. As expected, full-length THGP fused to the
N-terminal ubiquitin (Nub) gave a positive interaction signal
in the split-ubiquitin yeast two-hybrid assay upon expression
with both the ROMK baits, yielding a his™/ade™ /lacZ* phe-
notype in the yeast NMY51 strain (Fig. 14, right). To further
verify ROMK2-THGP interaction, we performed co-localiza-
tion and co-immunoprecipitation experiments. As expected,
immunostaining of mouse kidney sections revealed strong
ROMK signal in the TAL and DCT and weak signal in CCD in
both WT and THGP ™/~ animals (Fig. 6D). We observed a
strong THGP signal in the TAL of wild-type mouse and ab-
sence of THGP signal in the THGP ™/~ mouse. Co-staining of
mouse kidney sections resulted in partial co-localization of
both ROMK and THGP signals in the luminal and ad-luminal
membranes of wild-type mouse TAL-cells (Fig. 1B). Co-im-
munoprecipitation experiments were performed using total
protein lysate extracted from mouse kidneys of both wild-type
and THGP ™/~ animals. Indeed, we identified ROMK protein
in the anti-THGP immunoprecipitate of wild-type animals,
whereas no ROMK protein was detected in that of THGP /™~
animals (Fig. 1C). In a separate batch of experiments we dem-
onstrated that ROMK and THGP co-immunoprecipitated
when heterologously expressed in mammalian cells. Co-im-
munoprecipitation experiments were performed using cell
lysates from HEK-293 cell line stably expressing ROMK and
transfected with either GFP tagged THGP or empty GFP
(negative control). Furthermore, HEK-293 cell lysate was used
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to demonstrate anti-ROMK antibody specificity. We detected
ROMK protein in the anti-THGP immunoprecipitate of
HEK-293 cells expressing ROMK and GFP-tagged THGP
whereas no ROMK protein was detected in the anti-THGP
immunoprecipitate of HEK-293 cells expressing ROMK and
empty GFP (Fig. 1D).

Functional Consequences of the Interaction between THGP
and ROMK2—To investigate the functional relevance of
ROMK?2 and THGP interaction we performed electrophysi-
ological measurements in Xenopus oocytes with two-elec-
trode voltage-clamp (TEVC) analysis. In contrast to THGP,
expression of ROMK2 induced measurable potassium cur-
rents with expected weak inward rectification. As shown in
Fig. 2, A-C, expression of ROMK2 together with THGP sig-
nificantly increased ROMK current amplitude in the order of
~4-fold.

Single channel recordings (see supplemental Fig. S1) sug-
gested an increased surface expression of ROMK2 in the
presence of THGP. We therefore investigated the effect of
THGP on ROMK?2 surface expression. To this end we em-
ployed hemagglutinin (HA)-tagged ROMK2 to quantify
ROMK surface expression in the absence and presence of
THGP in Xenopus oocytes. When expressed in Xenopus
oocytes, HA-tagged ROMK2 yielded currents identical to
those observed for the wild-type channel with comparable
activation when expressed with THGP (data not shown).
Expression of the extracellularly tagged ROMK2 construct
in Xenopus oocytes revealed a robust luminescence signal
when compared with oocytes expressing wild type ROMK2
without HA-epitope (data not shown). Upon co-expression
with THGP we observed a nearly 3-fold increase in the sur-
face expression of ROMK?2 (Fig. 2, D and E). This increase
in surface expression of ROMK2 protein therefore pro-
vided an explanation for the increased ROMK current am-
plitude in the presence of THGP.

Effect of THGP Is Specific to ROMK and Is Mediated by the
ROMK C Terminus—To check whether the effect of THGP is
specific for ROMK?2 (Kirl.1b), we co-expressed THGP with
Kir2.1, Kir2.3, and Kir2.4, other members of the Kir family
of inwardly rectifying potassium channels. As previously
reported (23, 24), Kir2.x channels expressed in Xenopus
oocytes gave rise to potassium currents with more pro-
nounced inward rectification as compared with ROMK2. In
contrast to ROMK2, expression of Kir2.x together with
THGP did not change their current amplitudes (Fig. 3).
Taken together, our data suggest that THGP specifically
influences ROMK channels, leading to enhanced current
amplitudes. This effect seemed to depend on the C termi-
nus of ROMK. Swapping the C terminus of Kir2.1 with that
of ROMK resulted in the transplantation of the THGP ef-
fect on Kir2.1, which in its native form was not activated by
THGP (see supplemental Fig. S2).

Interaction of THGP Mutants with ROMK2—Among the 40
different THGP mutations reported so far, we analyzed five
representative mutations localized in the epidermal growth
factor (EGF)-like domain (D59A and N128S), in the central
portion including the D8C domain (C150S and C217R) and in
the zona pellucida (ZP) domain (C347G) (Fig. 44). These mu-
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FIGURE 2. Effect of THGP on ROMK currents. A, representative whole cell currents from Xenopus oocytes injected with ROMK2 (/eft) or THGP (middle) or
both (right) are shown. B, macroscopic current-voltage relationships and C, currents activated at —100mV were plotted. D, Xenopus oocytes injected with
HA-tagged ROMK2 alone or together with THGP were assayed for surface expression, as determined by a cell surface luminescence assay. E, corresponding
Western blots of HA-tagged protein in total oocyte lysates. Water-injected oocytes were taken as control to determine antibody specificity (n = 15, ***, p <
0.0001 versus ROMK?2).

tations were previously reported to lead to defective traffick- causing mutations of THGP did not interfere with its interac-
ing of mutant THGP to the plasma membrane due to ER re- tion with ROMK2. Moreover, all examined mutant forms of
tention (15). Co-expressing ROMK2 bait with THGP (WT THGP interacted with ROMK?2 with comparable strengths as

and mutant isoforms) preys yielded his™/ade™ /lacZ"* pheno-  that of WT-THGP (as depicted by relative B-gal activity
types in the yeast NMY51 strain (Fig. 4B). Therefore, disease- ~ measurements, data not shown).

FIGURE 1. ROMK2 interacts with THGP. A, membrane yeast two hybrid (m-YTH) constructs used in this study. ROMK2 fused to the C-terminal half of ubig-
uitin (Cub) along with an artificial transcriptional factor (TF) is in-frame to the upstream and downstream reporter cassette respectively were used as baits
(left). Y2H assays showing interaction between ROMK2 and THGP. Shown are plates with selective medium (SD) lacking leucine and tryptophan (—LW), indi-
cating the transforming of both bait and prey vectors; with SD—LWHA, indicating the expression of reporter genes HIS3 and ADE2; and with B-galactosi-
dase as a second reporter assay, indicating positive interaction. ROMK2 was also co-transformed with negative (pDL2-Alg5) and positive (pAl-Alg5) control
preys (right). B, fluorescence (upper panel) and confocal (lower panel) images show immunohistochemical co-localization of THGP and ROMK in the medul-
lary thick ascending limb (TAL) of mouse kidney revealing double immunostaining for THGP (red) and ROMK (green). Merging THGP and ROMK staining re-
vealed partial overlap of the signals within the mouse TAL cells, indicated by arrows. All images are supplemented with scale bars (10 wm). C, total kidney
lysates of wild-type and THGP~/~ mice were prepared and subjected to immunoprecipitation using anti-THGP antibody and the blots were probed with
anti-ROMK antibody. D, Flp-In-293/ROMK2 stable cells were transfected with GFP-tagged THGP or empty GFP constructs. Cell lysates were immunoprecipi-
tated with anti-THGP antibody, and immunoblotted with anti-ROMK antibody. HEK-293 cell lysate was used to verify the specificity of anti-ROMK antibody.
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Effect of Disease-causing THGP Mutations on ROMK2—
Next we analyzed if THGP mutants effect ROMK2 currents
and its surface expression. Co-expression of cRNAs encoding
ROMK?2 and WT-THGP significantly increased ROMK cur-
rent amplitudes. In-contrast, none of the tested disease-caus-
ing THGP mutants activated ROMK currents (Fig. 5, A and
B). Consistent with these functional data, surface quantifica-
tion of HA-ROMK?2 expression after co-expression with
THGP mutants revealed a significant decrease in ROMK2
surface expression as compared with WT-THGP (Fig. 5C).
Thus, disease-causing THGP mutants fail to activate current
amplitudes and surface expression of ROMK2.

ROMK Expression in THGP~’~ Mouse—Previous studies
on knock-out mice lacking THGP revealed reduced ability to
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concentrate urine under water deprivation and altered renal
salt handling (10, 25, 26). It has been proposed that these
changes may be a direct consequence of a defect in NaCl re-
absorption due to THGP depletion in the TAL (10). With
ROMK as one of the essential TAL transporters involved in
NaCl reabsorption, our data could suggest that the defect in
NaCl reabsorption in these KO animals is a result of disturbed
ROMK channel function. To answer this, we evaluated
ROMK expression in THGP knock out mice. We performed
semiquantitative protein immunoblot evaluation of ROMK in
six representative THGP ™'~ mice and their wild-type litter-
mates (Fig. 6A). Representative Western blots from kidney
homogenates of WT mice showing the distribution of com-
partment-specific control proteins demonstrate the purity of

N
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FIGURE 4. THGP mutants interact with ROMK2. A, schematic representa-
tion of THGP domain organization. I-/V are the epidermal growth factor-like
domains; D8C, domain containing the eight conserved cysteine residues;
ZP, zona pellucida domain responsible for the polymerization of extracellu-
lar proteins; GPI, site of GPl anchor attachment. The positions of the five
THGP mutations that were analyzed in this study are shown. B, Y2H assays
showing interaction between ROMK2 and THGP WT and mutants. Shown
are plates with selective medium lacking leucine and tryptophan (—LW),
indicating the transforming of both bait and prey vectors; with SD—LWH
and SD—LWHA, indicating the expression of reporter genes HIS3 and ADE2;
and with B-galactosidase as a second reporter assay. Growth of yeast cells
in SD—LWH, SD—LWHA and B-gal plates indicate positive interaction.

the plasma membrane-enriched and vesicle-enriched prepa-
rations (Fig. 6B). Densidometric analysis of ROMK Western
blots obtained from the plasma membrane- and vesicle-en-
riched preparations from total kidney homogenates revealed a
decrease in ROMK immunoreactivity in the plasma mem-
brane-enriched fractions (—24%, p < 0.01) and a significant
increase in ROMK immunoreactivity in the vesicle-enriched
fractions (+86.17%, p < 0.001) obtained from THGP "/~ kid-
neys over that of wild-type animals (Fig. 6C). In line with
these Western blot data, analysis of ROMK protein distribu-
tion by regular immunofluorescence, as well as by confocal
imaging on kidney slices revealed a more diffuse staining pat-
tern of ROMK in the TAL tubules of the THGP ™/~ mice
when compared with the sharp membrane staining of ROMK
in the wild-type mice. ROMK staining in the cortical collect-
ing duct (CCD), which is devoid of THGP expression was
used as a negative control. As expected, we did not observe
any difference in membrane staining of CCD cells between
the WT and THGP '~ mice (Fig. 6D). Therefore, our data
indicate that there is a decrease in the plasma membrane frac-
tion of ROMK in THGP ™/~ mice because of a pronounced
accumulation of ROMK in the vesicular compartment of the
TAL in these animals.

DISCUSSION

In a quest to identify novel genes associated with renal salt
handling, we screened a kidney library for proteins interacting
with ROMK2, a potassium channel with a major role in renal
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tubular salt re-absorption. We identified THGP as a ROMK2-
interacting protein, regulating its function by increasing its
membrane expression. This effect was not observed with
THGP mutations associated with diverse inherited forms of
cystic kidney diseases accompanied by renal salt wasting.
THGP was first described more than 50 years ago (27).
Much is known about the physico-chemical and biological
properties of THGP, but its physiological role still remains
not fully understood. Here, we identified THGP as an inter-
acting partner of ROMK?2, using a membrane yeast two hy-
brid (m-YTH) system. The protein-protein interaction was
further verified by co-localization and co-immunoprecipita-
tion studies. Co-injecting Xenopus oocytes with ROMK2 and
THGP, strongly increased ROMK current amplitudes. Fur-
thermore, yeast two hybrid results showed that THGP did not
interact with Kir2.1, another closely related inward rectifier
potassium channel. In Xenopus oocytes, co-expressing THGP
with three other inward rectifier potassium channels belong-
ing to Kir2.x family (2.1, 2.3, and 2.4) did not influence their
currents, thus pointing toward a specific effect of THGP on
ROMK2. Absence of both, interaction and influence on chan-
nel activity of THGP on Kir2.x, clearly indicates that the
sticky nature of THGP by which it tends to form gel-like mu-
coid polymers when secreted in urine, is not the cause for
protein-protein interaction between THGP and ROMK2. At
this point, although there is compelling evidence for ROMK2-
THGP interaction both from in vitro and in vivo studies, the
detailed mechanism of how this interaction takes place in
view of the topology of the two proteins remains unclear. Pre-
vious studies have shown that the machinery required for the
ER exit of GPI-anchored proteins have additional functions in
trafficking of transmembrane proteins. Deletion of Ervl4p, a
protein that affects maturation and trafficking of GPI-an-
chored proteins (28, 29), leads to ER retention of transmem-
brane proteins Ax12p (30) and Smalp (31). Also, recent stud-
ies have described an association between Kir channels
(Kir3.2) and proteins that affect maturation and trafficking of
GPI-anchored proteins. They have demonstrated that Kir
channel trafficking is influenced by indirect effects on GPI-
anchored proteins. The study also speculated that the inter-
play between different classes of proteins during the forma-
tion of lipid microdomains may affect trafficking of Kir
channels (29). Additionally, recent findings in Drosophila
stated that, a GPI anchor protein (sleep-promoting factor,
SSS) regulates the activity of a potassium channel of the
shaker family, thus arguing in favor of modulation of mem-
brane-bound ion channel activity by GPI-anchored extracel-
lularly bound plasma membrane proteins (32). There is now
growing evidence to demonstrate that certain secretory pro-
teins and membrane spanning ion channels are associated
with discrete domains enriched in glycophospholipids and
cholesterol, called lipid rafts. Previous studies have demon-
strated the presence of human THGP in lipid rafts (33, 34).
THGP was shown to co-localize with NKCC2 in the lipid rafts
of the TAL cell membranes (34). Other studies have demon-
strated that also Kir channels are associated with lipid rafts
(35) and that a conserved C-terminal region contains a unique
lipid interaction domain (36). Our m-YTH and Xenopus ex-

JOURNAL OF BIOLOGICAL CHEMISTRY 2231



Uromodulin Regulates ROMK2 Function

-150

Membrane potentail (mV)

-100 -50 0 50 100

T T T T 4

1 2

10
<
~ 12 3
% 2
- F-C c
. [
U 1+ £
=]
—tF+— ROMK+THGP (&S]

- -M- - ROMK+THGP(D59A) - ¢
- - A - - ROMK+THGP(N128S)
- -\~ - ROMK+THGP(C150S)
- - - - ROMK+THGP(C217R) - g
- -V - - ROMK+THGP(C345G)
—2z— THGP

L
® |
I 1,5 | A
| |
2 L ? I
P .
Lol ¢ |
R I |
| st » I
- . i B : .I
-120 -100 -80 - 20|
[ V (mV)
B -1of
> -8
£
S
e
- 6
©
<
Ex
= -4
c
(
5
@ .9
R+T R+T R+T R+T R+T
(WT)  (D59A) (N128S) (C150S) (C217R)
C 12p
~ 10
~
S
X -
1 8
)
)
> 6f
a
4
o 4l Fkk
7]
2k
Blank Water R+T R+T R+T

R+T
(C345G)

*k%
*kk

*k%

R+T R+T R+T

(WT) (D59A) (N128S)(C150S)(C217R) (C345G)

FIGURE 5. Effect of THGP mutants on ROMK2. A, macroscopic whole cell current-voltage relationships and B, currents activated at —100 mV were plotted
for Xenopus oocytes co-injected with ROMK2 (R) and THGP (T) mutants. C, Xenopus oocytes co-injected with HA-tagged ROMK2 and THGP (WT or mutants)
were assayed for surface expression, as measured by a cell surface luminescence assay. The inset contains the corresponding Western blots of HA-tagged
protein in the total oocyte lysates. n = 15, *** p < 0.0001 versus ROMK2+THGP.

pression studies employing ROMK2/Kir2.1 chimeras, C1 and
C2(R347A) containing ROMK2 with its C terminus replaced
with that of Kir2.1 and Kir2.1 with its C terminus replaced
with that of ROMK?2, respectively, revealed that, particularly
the C terminus of ROMK?2 is essential for interaction with
and regulation of channel function by THGP. Therefore, it is
tempting to hypothesize that the interaction between THGP
and ROMK?2 is mediated via lipid rafts and the C terminus of
ROMK?2 is essential for its assembly into these membrane
microdomains.
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Electrophysiological studies and knock-out mouse models
have shown that TAL cells exhibit apical small conductance
(30 pS) and intermediate conductance (70 pS) Kir channels,
both of which are related to ROMK. Studies have also sug-
gested that the 70 pS K-channel is a heterotetramer including
ROMK and an unidentified subunit (37, 38). Our functional
data along with the specific nephronal location of both
ROMK?2 and THGP in the apical membrane of TAL-cells (1),
prompted us to speculate that THGP might constitute the
missing subunit of the ROMK potassium channel. However,
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tern of ROMK in the TAL tubules. TAL cells (*) were identified by co-staining for NKCC2, a sodium-potassium-chloride transporter specifically expressed
along the TAL. ROMK staining in CCD cells (X) lacking expression of THGP and NKCC2 serves as a negative control. Phase contrast images of TAL and CCD
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as shown by our single channel recordings, ROMK single
channel conductance was not altered by THGP, ruling out its
role as an integral part of the ROMK potassium channel. Yet,
whole cell and single channel recordings indicated that the
increase in channel activity may arise from an increase in the
surface expression of ROMK2 in the presence of THGP. This
indeed was confirmed by our surface luminescence assay in
Xenopus oocytes using a HA-tagged ROMK2 construct. Inter-
estingly, THGP has two protein domains that aid in apical
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sorting, namely an N-terminal leader peptide (14) and a C-
terminal GPI-anchor (39). Therefore, association of THGP
with ROMK in TAL cells may thus aid in apical sorting of
ROMK, which by itself lacks an apical sorting signal.

In recent years attention has been drawn toward human
diseases associated with THGP mutations including familial
juvenile hyperuricemic nephropathy (FJHN), medullary cystic
kidney disease type 2 (MCKD-2) and glomerulocystic kidney
disease (GCKD), presenting with renal salt wasting, hyperuri-
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caemia, gout, and end stage renal failure (12—-14, 40). In af-
fected patients, a mutant form of THGP is produced which is
retained in the ER (THGP storage disease) and decreases the
amount and rate of THGP secretion in the urine. To date
more than 40 THGP mutations have been identified (15, 16).
Despite these advancements in the genetics of THGP storage
diseases, several physiological aspects of these diseases, espe-
cially the putative link between THGP protein, renal salt
wasting, and uric acid handling remain enigmatic. On these
lines, as a further step in understanding THGP biology in hu-
man health and disease, we analyzed 5 representative disease
causing mutations localized in different domains of the pro-
tein. All mutations were previously reported to result in de-
layed trafficking of mutant THGP to the plasma membrane
due to ER retention (15). Other studies in yeast cells demon-
strated that, delayed ER exit of GPI-anchored proteins disrupt
the formation of lipid domains in ER and thereby indirectly
affect sorting and transport of transmembrane proteins (41).
In accordance with these findings in yeast cells demonstrating
the indirect effect of GPI-anchored proteins on ion channel
trafficking (29, 41), we observed that although all examined
mutant forms of THGP interacted with ROMK2 with compa-
rable strengths as that of WT-THGP, studies in Xenopus oo-
cyte showed that mutant isoforms of THGP when co-ex-
pressed with ROMK? failed to increase ROMK current
amplitudes and its surface expression. Therefore, we hypothe-
size that renal salt wasting observed in patients with THGP
storage diseases may result from an indirect effect of ER accu-
mulation of THGP on ROMK surface expression.

The role of THGP in renal salt handling has been studied
employing knockout animals. THGP ™/~ mice showed normal
glomeruli and tubular segments with no evidence of intersti-
tial fibrosis or cell injury unlike patients suffering from THGP
storage diseases. Two independent studies on THGP ™/~ mice
reported moderate disturbances of renal electrolyte handling
in KO animals compared with their wild-type litter mates (10,
26). Also, because severe renal salt wasting is a hallmark of
ROMK dysfunction as observed in patients suffering from
Bartter syndrome (18), we checked for ROMK expression in
THGP ™/~ mice. Because THGP is completely absent in these
animals we speculated a decrease or delay in ROMK transport
to the apical cell membrane. Indeed, we observed a decrease
in the ROMK immunoreactivity in the plasma membrane-
enriched fractions and marked increase in ROMK immunore-
activity in the vesicle-enriched fractions of the THGP '~ kid-
neys over their wild-type littermates. A previous study on
characterization of renal changes associated with genetic ab-
lation of THGP in mice, demonstrated an increase in the re-
nal expression of ROMK (26). Therefore, These observations
together with our KO studies tempts us to speculate that
THGP ablation results in a large accumulation of ROMK in
the vesicles thereby resulting in a delay or decrease in the sur-
face expression of ROMK. This decrease in ROMK surface
expression therefore explains the milder phenotype for salt
wasting in THGP deficiency as opposed to severe salt wasting
observed in total dysfunction or deficiency of ROMK as in
Bartter syndrome. Taken together, our data provide the first
evidence that THGP participates in renal sodium transport
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via ROMK channel regulation. This adds a new dimension to
the multifaceted roles of THGP in human health and disease.
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