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Linking chanelopathies with endoplasmic reticulum associated degradation
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Bartter syndrome is caused by mutations in several
salt-handling channels in the kidney, but the type II
variety is particularly severe. The disease usually
presents in utero with polyhydramnios, increasing the
risk of premature birth.1 Infants with type II Bartter
syndrome develop hypercalciuria, nephrocalcinosis,
and osteopenia. Fever, emesis, dehydration, and diar-
rhea are symptoms associated with the disease, which
is secondary to enhanced prostaglandin E2 activity.
Ultimately, Bartter Syndrome is characterized by poly-
uria, hyponatremia, hypokalemia, metabolic alkalosis,
and failure to thrive, which can progress to end-stage
renal failure. There is no cure for this disease.

Type II Bartter syndrome arises from mutations in
the gene encoding the renal outer medullary potas-
sium channel, “ROMK," which is a member of the
inwardly-rectifying family of potassium channels.
ROMK is expressed at the apical surface of epithelial
cells in the distal nephron, including the thick ascend-
ing limb of the loop of Henle and the cortical collect-
ing duct. There are three ROMK isoforms, ROMK1-3,
each with different N-termini generated by alternative
splicing.2 The isoforms exhibit similar biophysical
properties but are expressed in different segments
along the nephron. Mutations in the common
sequence of any of the isoforms lead to type II Bartter
syndrome, and among the »60 disease-causing muta-
tions, N-terminal nonsense or frameshift mutations
have obvious deleterious consequences. Other muta-
tions can be grouped into two categories: point muta-
tions which disrupt gating, ion selectivity, or ligand
binding, and those which disrupt trafficking and
reduce ROMK at the plasma membrane. Previous

studies demonstrated that some of these mutations
impede trafficking when expressed in Xenopus oocytes
or HEK293 cells.3,4

Among the disease-causing mutations that affect
protein trafficking, four (A198T, R212P, H270Y, and
Y314C) are clustered in a b-sheet-rich immunoglobu-
lin-like domain in the C-terminal region of ROMK that
resides in the cytosol. Because b-sheet-rich regions are
more difficult to fold—and because numerous protein
conformational diseases arise from the aggregation of
b-sheet-rich proteins5—we hypothesized that these
mutant proteins would fail to achieve their native
conformations. Instead, they might be trapped in the
endoplasmic reticulum (ER) and targeted for destruc-
tion by the ER-associated degradation pathway, or
“ERAD.” Nearly 70 human diseases are linked to
ERAD, which clears the ER of misfolded, aggregation-
prone proteins. Many of these diseases arise from
defects in the folding of ion channels and transporters.6

To test our hypothesis, we developed a new ROMK
expression system in yeast cells that lack endogenous
potassium channels. To survive on low potassium, the
yeast require an active potassium channel at the plasma
membrane. We also introduced two amino acid substi-
tutions into the gene encoding ROMK to improve ER
exit and prevent channel inhibition at low pH, since the
yeast cytoplasm is acidic. As hoped, yeast expressing
the modified version of ROMK grew on low potassium
media. In contrast, yeast expressing ROMK containing
the A198T, R212P, H270Y, or Y314C mutations in the
b-sheet-rich domain were inviable.7

Based on the ease with which the contributions of
factors required for ERAD can be investigated in yeast,
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we then examined the stability of ROMK as well as the
four type II Bartter syndrome mutants in strains lack-
ing several ERAD-requiring factors, including an
ATPase that extracts substrates from the ER and an
Hsp70 that selects misfolded proteins. Both factors
were required for degradation of the Bartter mutant
proteins. Moreover, we discovered that ROMK con-
taining the disease-causing mutations was significantly
less stable than ROMK lacking these mutations. We
also found that proteasome activity was required to
degrade the mutant proteins, and they resided exclu-
sively in the ER prior to degradation, consistent with
disposal via the ERAD pathway.

Are these disease-associated proteins also targeted
for ERAD in human cells? We next expressed wild
type ROMK or the A198T, R212P, H270Y, and
Y314C mutants in HEK293 cells. As observed in yeast,
the mutant proteins were less stable than wild type
ROMK and degradation was again proteasome-depen-
dent. Finally, to determine whether the folding defect
in the mutants might be correctable, we incubated
cells at low temperature. This treatment stabilized the
proteins, suggesting that small molecule “correctors”
can be developed to overcome folding defects associ-
ated with specific type II Bartter mutations.7

Previous work established that a residue altered in
one of the mutants, Y314, stabilized the hydrophobic
core of the immunoglobulin-like domain.8 Indeed, a
mutation at this site (Y314C) and another mutation
examined in our study (A198T) alter side chains that
face the hydrophobic interior of this domain (Fig. 1).
We propose that other uncharacterized disease-caus-
ing mutations, I211S and L297S, will similarly destabi-
lize ROMK since they also replace core-facing
hydrophobic side chains with hydrophilic groups. In
turn, two other mutations examined in our work,
R212P and H270Y, may respectively alter main chain
topology (R212P) and interfere with a hydrogen bond
between the imidazole nitrogen in H270 (H270Y) and
a hydroxyl in S276. Interestingly, H270 and S276 are
conserved in all members of the human Kir potassium
channel family to which ROMK belongs. Therefore,
we propose that the S276N disease-causing mutation
will also trigger ROMK degradation via ERAD.

Overall, these studies add type II Bartter syndrome
to the expanding list of diseases associated with
ERAD, a number that is sure to rise as genome
sequence and patient databases expand.
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Figure 1. The ROMK immunoglobulin-like domain with select
residues mutated in Bartter syndrome are highlighted. Mutations
tested in the recently published study: A198T (yellow), R212P
(purple), H270Y (orange), Y314C (red). Other mutations of inter-
est and discussed in the text: I211S (green), S276N (cyan), L297S
(dark blue). Representations rendered with PyMol molecular
graphics system version 1.8.
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