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Abstract

Bartter syndrome is a group of rare genetic disorders that compromise kidney function by
impairing electrolyte reabsorption. Left untreated, the resulting hyponatremia, hypokalemia,
and dehydration can be fatal, and there is currently no cure. Bartter syndrome type Il specifi-
cally arises from mutations in KCNJ1, which encodes the renal outer medullary potassium
channel, ROMK. Over 40 Bartter syndrome-associated mutations in KCNJ1 have been
identified, yet their molecular defects are mostly uncharacterized. Nevertheless, a subset of
disease-linked mutations compromise ROMK folding in the endoplasmic reticulum (ER),
which in turn results in premature degradation via the ER associated degradation (ERAD)
pathway. To identify uncharacterized human variants that might similarly lead to premature
degradation and thus disease, we mined three genomic databases. First, phenotypic data in
the UK Biobank were analyzed using a recently developed computational platform to identify
individuals carrying KCNJ1 variants with clinical features consistent with Bartter syndrome
type Il. In parallel, we examined genomic data in both the NIH TOPMed and ClinVar data-
bases with the aid of Rhapsody, a verified computational algorithm that predicts mutation
pathogenicity and disease severity. Subsequent phenotypic studies using a yeast screen to
assess ROMK function—and analyses of ROMK biogenesis in yeast and human cells—
identified four previously uncharacterized mutations. Among these, one mutation uncovered
from the two parallel approaches (G228E) destabilized ROMK and targeted it for ERAD,
resulting in reduced cell surface expression. Another mutation (T300R) was ERAD-resis-
tant, but defects in channel activity were apparent based on two-electrode voltage clamp
measurements in X. laevis oocytes. Together, our results outline a new computational and
experimental pipeline that can be applied to identify disease-associated alleles linked to a
range of other potassium channels, and further our understanding of the ROMK structure-
function relationship that may aid future therapeutic strategies to advance precision
medicine.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051

November 13, 2023 1/40


https://orcid.org/0000-0002-7629-0601
https://orcid.org/0000-0003-4441-4582
https://orcid.org/0000-0002-7198-1702
https://orcid.org/0000-0002-5808-4097
https://orcid.org/0000-0001-6901-5268
https://orcid.org/0000-0002-2413-5415
https://orcid.org/0000-0002-4589-1068
https://orcid.org/0000-0002-6984-8486
https://doi.org/10.1371/journal.pgen.1011051
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1011051&domain=pdf&date_stamp=2023-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1011051&domain=pdf&date_stamp=2023-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1011051&domain=pdf&date_stamp=2023-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1011051&domain=pdf&date_stamp=2023-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1011051&domain=pdf&date_stamp=2023-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1011051&domain=pdf&date_stamp=2023-12-04
https://doi.org/10.1371/journal.pgen.1011051
https://doi.org/10.1371/journal.pgen.1011051
https://doi.org/10.1371/journal.pgen.1011051
http://creativecommons.org/licenses/by/4.0/

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

available from Github via the URL: https:/github.
com/mgm68/2023_ROMK_LoF#2023_romk_lof.

Funding: This work was supported by grant
GM131732 from the National Institutes of Health
(NIH) to JLB, by grant DK079307 and DK137329
(Pittsburgh Center for Kidney Research) from the
NIH to TRK, by grant DK129285 from the NIH to
TRK and S. Sheng, and by award ID 826608 from
the American Heart Association to NHN. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: | have read the journal’s
policy and the authors of this manuscript have the
following competing interests: S. Sarangi is an
employee of Paradigm4, and ZW.P. is a former
employee of Paradigm4.

Author summary

Bartter syndrome is a rare genetic disorder characterized by defective renal electrolyte
handing, leading to debilitating symptoms and, in some patients, death in infancy. Cur-
rently, there is no cure for this disease. Bartter syndrome is divided into five types based
on the causative gene. Among these subtypes, Bartter syndrome type II results from
genetic variants in the gene encoding the ROMK protein, which is expressed in the kidney
and assists in regulating sodium, potassium, and water homeostasis. Prior work estab-
lished that some disease-associated ROMK mutants misfold and are destroyed soon after
their synthesis in the endoplasmic reticulum (ER). Because a growing number of drugs
have been identified that correct defective protein folding and/or potentiate ion transport,
we wished to identify an expanded cohort of putative disease-associated ROMK mutants.
To this end, we developed a pipeline that employs computational analyses of human
genome databases along with genetic and biochemical assays. Next, we confirmed the
identity of known variants and uncovered previously uncharacterized ROMK variants
that are potentially associated with Bartter syndrome type II. Further analyses indicated
that select mutants are targeted for ER-associated degradation, while another mutant
compromises ROMK function. This work sets-the-stage for continued mining of loss-of-
function alleles in ROMK as well as other potassium channels, and may position select
Bartter syndrome mutations for correction using emerging pharmaceuticals.

Introduction

First identified in 1962, Bartter syndrome is group of rare, life-threatening disorders caused by
defects in or impaired function of electrolyte channels within the kidney, compromising renal
sodium and potassium handling and resulting in excessive electrolyte and water excretion [1].
To date, therapies for Bartter syndrome include electrolyte supplements and non-steroidal
anti-inflammatory drugs, which are limited to only mitigating the symptoms. Although disease
severity, presentation, and age of onset vary, Bartter syndrome can lead to a failure to thrive,
sudden cardiac arrest, and even death [2,3].

One among several causes of Bartter syndrome arises from defects in a potassium channel
residing on the apical surface of two segments of the nephron: the thick ascending limb and
the cortical collecting duct [4]. The channel, ROMK (also known as Kir1.1), is encoded by
KCNJI and was the first inwardly rectifying potassium (Kir) channel identified [5-7]. Like
other Kir channels, ROMK functions as a tetramer [8] and exhibits a larger inward current
than outward current; all family members also share a common structure that contains two
transmembrane domains (TMD) and cytoplasmic N- and C-terminal domains [9]. In the kid-
ney, ROMK plays a central role in mediating potassium efflux, which in turn provides a crucial
source of potassium to facilitate sodium reabsorption through the NKCC2 transporter in the
thick ascending limb. Furthermore, ROMK-dependent potassium secretion generates a lumen
positive transepithelial potential that drives paracellular sodium absorption [10]. Mutations in
ROMK give rise to Bartter syndrome type I, also called antenatal Bartter syndrome, since
patients often present prenatally (e.g., with excessive amniotic fluid). Among these individuals,
observed features include a failure to thrive, renal salt wasting and volume depletion, early
post-natal hyperkalemia, hypercalcuria, nephrocalcinosis, and arrhythmias, which together
contribute to a high infant mortality rate [11].
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In theory, defects in ROMK might arise from a lack of expression, altered protein folding
and/or tetramerization, accelerated degradation of poorly folded/assembled subunits, ineffi-
cient transport to the cell surface, and/or poor channel (i.e., potassium transport) activity.
Indeed, early studies in X. laevis oocytes and COS-7 cells demonstrated that some Bartter syn-
drome type II-associated mutants were absent from the cell surface and others were defective
for potassium transport [12-14]. Later work by our group showed that four disease-causing
ROMK mutations that cluster in a cytosolic, § sheet-rich immunoglobulin-like domain cause
the protein to misfold in the endoplasmic reticulum (ER) [15], an outcome that targets ROMK
for ER associated degradation (ERAD).

The ERAD pathway represents a first-line defense in the secretory pathway to recognize
and deliver misfolded proteins to the ubiquitin-proteasome system (UPS) in the cytosol. Dur-
ing ERAD, molecular chaperones, such as heat shock protein 70 (Hsp70), recognize and target
misfolded proteins for extraction (or “retrotranslocation”) from the ER lumen and ER mem-
brane into the cytosol and then for ubiquitination, which serves as a prelude to proteasome-
dependent degradation [16-21]. Retrotranslocation requires a AAA™-ATPase, known as
Cdc48 in yeast, or p97 (also known as Valosin Containing Protein; VCP) in higher cells
[22,23]. In a study utilizing a yeast expression system and human cell lines, we showed that
Hsp70 and Cdc48 were required for the degradation of Bartter syndrome-linked mutant
ROMK species, whereas wild-type ROMK was relatively stable (15). In addition, the expression
of ROMK in a yeast strain lacking two endogenous potassium channels (trk1Atrk2A) restored
yeast growth on low potassium media [24,25]. As a result, ROMK folding, trafficking to the
plasma membrane (where it functions), and potassium transport can be assayed in yeast.
Together, these data indicate that the yeast system effectively monitors the efficacy of ROMK
biogenesis and provides a facile growth assay, allowing one to screen for defective ROMK
mutants in a quantitative and high-throughput manner.

The rapid growth of human genome sequence data and improved curation of existing data-
bases have facilitated the identification of disease-linked genes as well as uncharacterized dis-
ease-causing mutations. To date, ROMK mutations associated with Bartter syndrome type II
were primarily identified via clinical studies [4,12,26,27], but numerous uncharacterized dis-
ease-linked ROMK mutations likely remain unearthed in human databases. We now report on
the use of two computational approaches to uncover additional ROMK variants that are poten-
tially associated with Bartter syndrome type II. First, we examined ROMK missense mutations
in two NIH-supported databases, the Trans-Omics for Precision Medicine (TOPMed) study
[28] and the ClinVar database [29], using an algorithm that predicts mutation severity and
pathogenecity. This algorithm, known as Rhapsody [30], utilizes evolutionary conservation
along with structural and dynamic features. We previously validated Rhapsody’s predictive
power to probe the potential impact of both known disease-associated and randomly selected
ROMK variants [31]. Second, we performed in silico association analyses to identify links
between ROMK variants in the UK Biobank and disease-associated phenotypes [32-34] using
the REVEAL: Biobank computational platform [35-38]. As a result of these complementary
approaches, we report here on the identification and characterization of a cohort of ROMK
variants using yeast, X. laevis oocytes, and tissue culture cells. Ultimately, we discovered new
variants that 1) are unstable and targeted for ERAD, 2) are poorly expressed at the cell surface,
and 3) exhibit defective channel function. The identification of a common allele from the two
computational approaches validates the complementary nature of these methods and outlines
a new pipeline to assess other identified disease-associated mutations in ROMK, an effort that
may aid in the development of precision medicines to treat those with Bartter syndrome
type 1L
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Results

A computationally-guided analysis reveals uncharacterized ROMK
mutations

To isolate previously uncharacterized ROMK mutations associated with Bartter syndrome
type II, we first analyzed genomic data collected from the TOPMed program. TOPMed is an
NIH-sponsored whole genome sequencing program with a cohort of more than 180,000 par-
ticipants who have lung, heart, sleep, and blood disorders [28,39]. Moreover, genomic data
from the cohort are continuously deposited into the publicly available Bravo browser [39]. At
the time of our analysis, a total of 758 ROMK variants were observed in 128,568 individuals,
124 of which are missense mutations (see S1 Table). To assess the potential disease severity of
each amino acid substitution, we used Rhapsody, a computational algorithm that was first
developed to analyze amino acid variants based on sequence conservation, structure, dynam-
ics, and coevolutionary features [30]. The Rhapsody scores, i.e., the predicted pathogenicity, of
all 124 missense mutations are also reported in S1 Table, and as initially defined, a Rhapsody
score > 0.5 suggests a mutation is pathogenic, whereas a benign mutation is assigned a

score < 0.5. The accuracy of this method was previously corroborated in silico on a dataset of
~20,000 labelled human variants, and when compared with alternative approaches using mul-
tiple accuracy metrics, Rhapsody’s performance at that time consistently ranked among the
highest [30,40]. We further experimentally verified the predictive power of Rhapsody using a
yeast growth assay that reports on ROMK plasma membrane residence and channel function
(see Introduction) [31]. Using the experimental data from the yeast screen, we also previously
computed receiver operating characteristic (ROC) curves and found that Rhapsody had the
highest accuracy compared to Polyphen-2 [41] and EVmutation [42] (Computed AUROC was
0.86 for Rhapsody, as opposed to 0.81 and 0.77 for Polyphen-2 and EVmutation). Importantly,
Rhapsody predicted the severity of known disease-linked ROMK mutations with >90% accu-
racy [31].

In parallel, we examined potential disease association amongst the 124 TOPMed mutations
by cross-examining the NIH ClinVar database, a public archive of human genomic variants
and their evidence-based clinical interpretations [29]. Ultimately, we focused on mutations
located in regions required for protein folding and function, e.g., the immunoglobulin-like
fold and the PIP,-binding domain [43], as well as those designated as having “uncertain clini-
cal significance” for Bartter syndrome in ClinVar [29] (Fig 1A).

Based on these analyses, representative mutations were chosen for further assessment
(Fig 1 and S2 Table). Most of the mutations (12 out of 17) reside in the ROMK cytoplasmic
domain (Fig 1B), which contains key regions that play important roles in protein folding and
channel function. These regions include the cytoplasmic pore, the G-loop, and the PIP,-bind-
ing pocket. For example, T300I is located on a § sheet proximal to the G-loop region, which is
solvent-accessible at the top of the cytoplasmic pore and regulates channel gating and inward
rectification in ROMK and other Kir channels [44-46]. Given the potential contribution of the
T300 site to channel function, we also added T300R, a residue identified in ClinVar, for further
analysis.

Ultimately, amongst the 17 variants, 14 were predicted to be deleterious, i.e., assigned a
Rhapsody score of > 0.5, with G228E having the highest Rhapsody score (0.930; with the maxi-
mum score being 1 [31]; Fig 1C and S2 Table). Interestingly, G228E resides in the  sheet-rich
immunoglobulin domain, in which—as noted above—mutations compromise ROMK folding
and stability [15]. It is also noteworthy that the mutation with the highest frequency in the
population (0.68%), M357T, is predicted to be neutral. ClinVar predicts that seven mutations
are linked to Bartter syndrome, though they are classified as having uncertain clinical
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T71M* Del
T86A Neu
FI3V Del

T119A* Neu

V122E Del

P185S Prob. Del

R188C* Del

L209F Del

A214V Del

L220F Del

G228E* Del
P265L Del
T300I* Del

T300R*T Del

R311Q Del
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Fig 1. Computer-guided analysis of TOPMed and ClinVar databases to identify previously uncharacterized ROMK missense mutations that are
potentially associated with Bartter syndrome type II. (A) A flowchart describing how 17 mutations were selected for further examination. All missense
ROMK mutations available in the Bravo database [39], in which data from the TOPMed study are continuously deposited, were analyzed. At the time of this
study, the Bravo database was in its “freeze 5” version and a total of 124 missense ROMK mutations were available. We then analyzed all 124 mutations using
Rhapsody (see text for details) to predict mutation pathogenicity, and picked 16 mutations based on Rhapsody score, disease (Bartter syndrome) association,
and location in the ROMK structure. One additional mutation from the ClinVar database (T300R) was also selected. (B) Location of the 17 mutations based on
a ROMK homology model. While ROMK tetramerizes to form a functional channel, only one monomer is shown. Seventeen residues of interest are shown as
light blue sticks. The homology model was built based on the crystal structure of Kir2.2 (PDB ID: 3SPG), which is 47.42% identical to ROMK1. Images were
rendered using PYMOL (ver. 2.6.0). (C) List of 17 mutations and their Rhapsody predictions. “Del” = deleterious, “Neu” = neutral, or predicted to have no
effects on channel architecture/function. A designation of “Prob. Del” indicates that the Rhapsody score is close to the 0.5 cutoft. For example, the Rhapsody
score of P185S = 0.549 and is thus listed as “Prob. Del”. * denotes an uncharacterized Bartter mutation, which is defined as a disease-associated mutation in
ClinVar, but is listed as having uncertain clinical significance, ¥ denotes the mutation obtained solely from ClinVar. A comprehensive table of Rhapsody scores
and prediction for the 17 mutations of interest, as well as all 124 TOPMed mutations, can be found in S1 and S2 Tables, respectively.

https://doi.org/10.1371/journal.pgen.1011051.9001

significance (Fig 1C, mutations marked with a *). In contrast, seven other mutations were pre-
viously associated with Bartter syndrome and have clear clinical consequences (S2 Table,
denoted by “Bartter” in the “Background information” column). For example, T86A is listed
on ClinVar as likely being benign, consistent with its neutral Rhapsody score, while another
mutation with a deleterious Rhapsody score, P185S, is in the putative PIP,-interacting domain
and disrupts channel conductance, likely by altering PIP, binding [47]. A comprehensive list
of the 17 chosen mutations, along with their Rhapsody predictions, is found in S2 Table.

We next assayed the 17 mutants in the yeast growth assay that assesses potassium channel
folding, residence at the cell surface, and function. As noted in the Introduction, the basis of
this assay is that yeast lacking two endogenous potassium channels, Trkl and Trk2, require the
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presence of a functional exogenous potassium channel at the plasma membrane to support
growth on low potassium [24,48,49] (Fig 2A). We and others previously used the corresponding
trk1Atrk2A yeast strain to characterize mutant alleles and the channel properties of ROMK and
other Kir channels, along with members of distinct potassium channel classes [15,25,50-53].

We expressed the wild-type and each of the 17 mutant ROMK proteins in the trk1Atrk2A
yeast strain and measured yeast growth in liquid medium in a 96-well plate assay (Fig 2B).
Yeast containing an empty vector or expressing Y314C, a Bartter mutation previously shown
to compromise ROMK folding and function [14,15,54], were used as negative controls, while
yeast expressing a related Kir channel (Kir2.1) that traffics more efficiently to the cell surface
than ROMK [51,52], along with a known hyperactive ROMK mutant allele (K80M) [55], were
used as positive controls. We first noted that G228E, the mutation in the immunoglobulin fold
with the most deleterious Rhapsody score, exhibited an expected severe growth defect, i.e.,
growth was similar to that of yeast containing a vector control (Fig 2B). These data are consis-
tent with G228 residing in the  sheet-rich immunoglobulin-like domain (see above and [54]);
other disease-associated mutations in this region, including our negative control, Y314C, are
rapidly targeted for ERAD, likely due to severe folding defects [15]. In turn, a mutation located
at the base of this domain, L320P, similarly prevented yeast growth, though to a lesser extent.
These data may reflect the fact that this mutation has a marginal pathogenicity score using
Rhapsody (0.588). Based on their growth phenotypes in low potassium, which are reflected by
the optical density measured at 600 nm at the end of the yeast growth assay (thus termed “end-
point ODgg,”), we classified the 17 mutants into four groups: severe defect (e.g., G228E), mod-
erate defect (e.g., L320P), slight defect, and no defect. S3 Table (“Growth defect
categorization” column) summarizes the growth phenotype of each mutation according to this
classification, and criteria for these distinctions is also provided in the legend to the Table. In
brief, the endpoint ODgg values (relative to WT ROMK) used for each category gave rise to
distinct growth profiles (Fig 2), and the mutant growth levels were easily distinguishable
between the break-points in each category. These break-points are as follows: No defect,

OD > 1 (or 100% WT); Slight defect, 0.9 < OD < 1 (90-100% WT); Moderate defect:
0.8 < OD < 0.9 (80-90% WT); Severe defect: OD < 0.8 (80% WT).

Importantly, other mutations also exhibited growth phenotypes in accordance with their
Rhapsody scores and with previous work. One example is the L220F Bartter mutation, which
grew more slowly when expressed in yeast. These data are consistent with a highly deleterious
Rhapsody score (0.759), a “pathogenic” classification in ClinVar (S1 Table), and previous
studies demonstrating reduced channel currents in X. laevis oocytes [14,26]. The defect in
channel function caused by this mutation likely stems from its localization adjacent to S219, a
protein kinase A phosphorylation site [56] that maintains the open state of the channel [57]. In
addition, yeast expressing the likely benign and predicted neutral M357T variant grew
robustly, as anticipated. Besides M357T, yeast expressing the two other predicted neutral
mutations similarly showed minimal or no growth defects (T86A and T119A, see S3 Table).
Yet, the concordance between Rhapsody predictions and growth phenotypes was not absolute.
For example, a Bartter mutation with a “probably deleterious” designation and reported to
likely affect PIP, binding [P185S; [47]] was without consequence in yeast. However, this muta-
tion reduced single channel conductance only when PIP, was depleted, and had no apparent
effect on channel currents or surface expression in X. laevis oocytes [47], which might explain
the lack of a yeast growth defect.

Although the data outlined above support the predictive power of Rhapsody to report on
ROMK residence and activity, we next asked if the dynamic range of the signal-to-noise in
these studies might be increased. Therefore, the growth assays with select mutations were
repeated using yeast that also expressed the K80M activating mutation (see above). K80 resides
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Fig 2. ROMK mutations from TOPMed and ClinVar show varying growth defects in yeast in low potassium medium. (A) Schematic of a yeast-based assay
to assess the activity of a human potassium channel. A yeast strain lacking endogenous potassium transporters, Trkl and Trk2, is viable, yet unable to grow on
medium containing low potassium, unless a human potassium channel (e.g., Kir2.1 or ROMK) is expressed. Because of impaired ROMK activity at low pH [84]
and exaggerated steady-state residence in the ER [51], ROMK exhibits only a weak growth phenotype on low potassium in contrast to Kir2.1. The table shows
the expected growth phenotype of yeast containing an empty vector, or expressing a related Kir channel, Kir2.1, or ROMK, and the predicted growth
phenotype of yeast expressing a ROMK mutation from Fig 1. (B) Viability assays of yeast expressing 17 TOPMed/ClinVar mutations in medium containing
low potassium (25 mM) grouped by growth defects. Yeast were transformed with an empty expression vector as a negative control, or with a plasmid
expressing Kir2.1, ROMK, or the indicated ROMK mutation. An unstable Bartter mutant (Y314C) [15,54] was used as a negative control. In brief, yeast were
grown overnight to saturation and diluted the next day to an ODgg of 0.20 with medium supplemented with 25 mM KCI. ODg, readings were recorded every
30 min for 48 hrs and normalized to wells containing medium. Graphs were made using GraphPad Prism (ver. 9.5.0), and data represent results from two
replicates, + S.E. (error bars). The growth defect categorization, e.g., “Severe defect”, was determined based on the normalized endpoint ODgg values at t = 44
hrs and are also described in details in S3 Table. Briefly, we determined the break-points for each categorization as follows: No defect, OD > 1 (or 100% WT);
Slight defect, 0.9 < OD < 1 (90-100% WT); Moderate defect: 0.8 < OD < 0.9 (80-90% WT); Severe defect: OD < 0.8 (80% WT).

https://doi.org/10.1371/journal.pgen.1011051.9002
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in the putative pH sensor in ROMK and is thought to regulate channel gating [58,59], and pre-
vious work in our lab utilized this activating mutation [55] to optimize the signal-to-noise
[15,51]. As shown in S3 Table (highlighted in red text, and see S1 Fig), the dynamic range of
the growth assays was improved in yeast expressing select ROMK mutants in the context of
the K80M allele. For instance, two mutations (F93V and V122E) predicted to be deleterious by
Rhapsody—vyet exhibited minor growth defects—now exhibited more measurable growth
defects with the improved signal-to-noise in this assay. Furthermore, growth defects for muta-
tions with a “moderate” designation, such as L320P and R311Q), were also now clearly measur-
able. Nonetheless, most of the remaining mutations exhibited growth defects in accordance
with growth assays in the absence of K80M co-expression. These results indicate that more
refined data can be obtained when select mutants are examined in the presence and absence of
the hyperactive channel, and future efforts will incorporate this paradigm into the experimen-
tal plan.

Ultimately, we selected four alleles to characterize at the molecular level. G228E and L320P
were chosen for their respective strong (G228E) and more moderate (L320P) growth defects in
yeast viability assays and for their status of having clinically uncertain significance in ClinVar.
We also selected T86A as a representative neutral mutation that exhibited no growth defect,
and T300R due to its moderate growth defect and the importance of the G-loop in supporting
ROMK function/stability, as described above.

Phenotype-guided association analyses of the UK Biobank identified
additional disease-associated ROMK variants

In parallel to the data mining protocol above, we pursued an alternate strategy to identify pre-
viously ill-characterized and novel disease-linked mutations. More specifically, we wished to
identify individuals who exhibit features characteristic of Bartter syndrome type II but are
undiagnosed or harbor previously unidentified mutations in KCNJ1. Therefore, we utilized the
UK Biobank, a genomic and metabolomic resource for multi-omics data retrieved from an
ongoing participant study initiated in 2006 [32]. In particular, we performed three genome-
wide association studies (GWAS) between phenotypic data and ROMK mutations using
REVEAL: Biobank, an analytical platform built upon SciDb [60] that supports elastic scaling
for efficient and cost-effective genomic analyses [35-38] (Figs 3A and S2). We utilized whole
exome sequencing data, which at the time of this study, had been made available for ~200,000
UK Biobank participants [61,62]. Whole exome sequencing measures the coding regions of
the genome and helps identify disease-causing and/or rare genetic variants. Combined with
the large sample size of the UK Biobank cohort and rich phenotypic datasets, whole exome
sequencing data can also help elucidate gene function, which is otherwise challenging with
imputed genomic data [63-66] and may require the application of additional statistical meth-
ods to compensate for missing data [67]. Within the whole exome sequencing dataset, there
were 511 KCNJI variants (S4 Table), and after applying a minor allele frequency (maf) filter
(maf > 1e-05), we selected 142 variants for GWAS.

The first association study employed 25 disease phenotypes for their relevance to ROMK
function, to Bartter syndrome type II, and to hypertension [9,68], and included phenotypes
such as systolic and diastolic blood pressure, serum urea, creatinine, calcium, and phosphate,
as well as urine potassium and sodium. For the second analysis, we selected 15 unique pheno-
typic codes, or “phecodes”, associated with Bartter syndrome type II. The use of phecodes has
recently emerged as an effective route to classify clinical phenotypes and is thus suited to phe-
nome-wide association studies compared to traditional billing ICD10 codes [34]. For example,
the 15 phecodes we selected represent 25 traditional ICD10 codes. The phecodes chosen
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Fig 3. Mining the UK Biobank to identify ROMK mutations associated with disease-related phenotypes and showing growth defects in yeast. (A) A
flowchart describing how the UK Biobank was mined to search for potential disease-causing mutations. From a sub-population of the UK Biobank (see text for
details) that contains genomic and phenotypic data of ~200k participants, we performed in silico analysis to find significant associations between ROMK
variants and disease-related phenotypes using the computational platform REVEAL: Biobank. (B) Table summarizing the list of potential disease-related
ROMK mutations and their associated phenotypes. For a more comprehensive results of the phenotypic association analysis, see Tables 1-3 and S6. (C) Graph
shows yeast viability assays in liquid medium supplemented with low potassium (25 mM), as described. ODgg readings were recorded over 44 hrs and
normalized to the first time point. Graphs were made using GraphPad Prism (ver. 9.5.0), and data represent results from ten replicates, + S.E. (error bars).

https://doi.org/10.1371/journal.pgen.1011051.g003

Table 1. Top significant associations between relevant binary disease phenotypes and ROMK variants in the UK Biobank.

SAIGE

Phenotype (phecode #) Chromosome Nucleotide P-value Observation = Mutation Beta
position change # value
Problems associated with amniotic cavity and membranes 11: C>T 6.07E- 122586 Missense 22,6
(653.00) 128839618 04 (G228E)
Hypertensive Heart Disease (401.21) 11: C>T 7.26E- 107442 Missense 222.96
128839736 04 (G228E)
REGENIE
Phenotype (phecode #) Chromosome Nucleotide P-value Observation = Mutation Beta
position change # value
Hypopotassemia (276.14) 11: G>A 7.84E- 121659 Synonymous 5
128839710 04 (N197N)
Electrolyte imbalance (276.10) 11: G>A 9.26E- 121692 Synonymous 4.8
128839710 04 (N197N)

Table shows significant associations obtained from GWAS performed with two algorithms, SAIGE [69] and REGENIE [70]. Relevant disease phenotypes were selected

from a list of phecodes, i.e., refined groups of International Classification of Diseases (ICD) codes that are both clinically meaningful and facilitate more efficient

genome analysis [34,151]. We defined a binary phenotype as one that is either present or absent in an individual. For example, one either has or does not have

“electrolyte imbalance”.

https://doi.org/10.1371/journal.pgen.1011051.t001
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Table 2. Top significant associations between relevant disease phenotypes and ROMK variants in the UK Biobank.

SAIGE
Phenotype Chromosome position Nucleotide change P-value Observation Mutation Beta value
#
Urea 11:128839052 T>A 3.86E-05 131212 3’ UTR 0.02
)
Phosphate 11:128839052 T>A 5.11E-04 120657 3’ UTR -0.87
)
Creatinine 11:128839856 C>A 5.95E-05 32083 Missense 2.48
(V149L)
Urea 11:128839370 G>A 2.93E-04 131212 Missense 0.88
(R311W)
Sodium in urine 11:128839736 C>T 6.10E-03 133640 Missense 1.31
(A189T)
Creatinine (enzymatic) in urine 11:128839618 C>T 9.79E-03 133921 Missense 0.5
(G228E)
Systolic blood pressure (automated) 11:128839170 G>T 6.48E-02 130002 Missense -0.33
(N377K)
Systolic blood pressure (manual) 11:128839170 G>T 9.18E-03 7804 Missense 1.21
(N377K)
REGENIE
Phenotype Chromosome position Nucleotide change P-value Observation # Mutation Beta value
Creatinine 11: C>A 9.41E-04 131211 Missense 0.9
128839856 (V149L)

Table shows significant associations obtained from GWAS with two algorithms: SAIGE [69] for the initial analysis, and REGENIE [70] for result confirmation. 25

relevant disease phenotypes and 168 metabolomic markers were chosen for this analysis (see Materials and Methods for details). We termed these phenotypes

“quantitative”, since they can be measured and compared to wild-type individuals (e.g., serum urea levels).

https://doi.org/10.1371/journal.pgen.1011051.t002

include clinical Bartter syndrome phenotypes related to fatigue and weakness (e.g., malaise
and fatigue), volume loss and thirst (e.g., polyuria), hyperaldosteronism, electrolyte imbalance,
and neonatal diagnoses. Notably, the analysis excluded phecodes linked to hypothyroidism
and diabetes. We reasoned that these phenotypes might increase the number of false negatives
since they are not directly related to ROMK. Finally, we used available metabolomics data
from the Biobank for the third association study (Fig 3A). A list of all phenotypes examined
from the three GWAS is presented in S5 Table.

SAIGE [69] and REGENIE [70] were the two algorithms utilized to perform the GWAS.
Both algorithms are standards in bioinformatics workflows and identify significant associa-
tions, i.e., the computed p-value of a regression test between a mutation and a phenotype in
the tested population (see Materials and Methods). Results obtained from both algorithms
were similar, albeit with minor differences observed in the strength of the association as mea-
sured by the p-value(s). The top significant associations identified between KCNJI variants
and Bartter-syndrome relevant phenotypes are presented in Table 1 (for binary phecodes) and
Table 2 (for the quantitative phenotypes and the 168 metabolomic phenotypes). For each asso-
ciation, the name of the phenotype/phecode, the chromosomal position, the base pair change,
the computed p-value, the number of participants (“observation #” column), the consequence
of the mutation, and the beta value (i.e., effect size) are listed. In addition, the data in Table 3
represent the mean, median, and standard deviation (S.D.) of the phenotype in individuals car-
rying a mutation (homozygous or heterozygous) versus wild-type individuals, as obtained
from Table 2.
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Table 3. Comparison of metabolite levels between wild-type versus individuals carrying ROMK variants.

Phenotype Chromosome position = Units = Mutation Individuals with mutation Wildtype individuals

# Mean  Median S.D. # Mean Median  S.D.
Urea 11:128839052 mmol/L | 3’ UTR | 36744 5.45 5.32 1.38 93583 5.42 5.28 1.38
Phosphate 11:128839052 mmol/L | 3’ UTR | 33846 1.16 1.16 0.16 85997 1.17 1.17 0.16
Creatinine 11:128839856 mmol/L | V149L 2 0.1 0.1 0.004 32081 0.07 0.06 0.01
Urea 11:128839856 mmol/L | V149L 12 6.49 6.78 1.15 131199 5.43 5.29 1.38
Urea 11:128839370 mmol/L | R311W 15 6.62 6.78 1.04 131197 5.43 5.29 1.38

Creatinine (enzymatic) in urine 11:128839618 umol/L G228E 23 11863.52 | 12760 | 6323.81 | 133898 | 8724.24 | 7410 | 5680.85
Sodium in urine 11:128839736 mmol/L | A189T 4 129.6 131.75 35.63 | 133636 | 75.22 66.4 42.96
Systolic blood pressure (manual) 11:128839170 mmHg | N377K 4 173 168.5 23.85 7800 | 140.67 139 19.89
Systolic blood pressure (automated) 11:128839170 mmHg | N377K 27 132.74 135 16.46 | 129973 | 140.07 139 19.55

Disease phenotypes with significant associations with mutations in KCNJI from Table 2 are listed in the first column. “#” denotes the number of individuals with the

mutation or the wild-type allele, and data shown are the means, medians, and standard deviations (“S.D.”) of each phenotype.

https://doi.org/10.1371/journal.pgen.1011051.t003

Interestingly, some of the most significant associations (urea and phosphate, Table 2) were
linked to a variant in the 3> UTR. We also uncovered a synonymous mutation (N197N) linked
to hypopotassemia (hypokalemia) and electrolyte imbalance (Tables 2-3). While the pheno-
typic consequences of these variants was not examined here, future efforts to assay message
expression, stability, and/or translation may be meaningful. This is especially important as
silent mutations are not always without consequences [71]. For example, a synonymous muta-
tion in the MDRI gene alters the folding and function of the resulting protein due to altered
codon usage bias [72].

Here, we instead focused on phenotypes with significant associations linked to missense
mutations residing in one of the five KCNJI exons, as summarized in Fig 3B. Intriguingly,
G228E (Fig 3B and Table 1, and also see above) once again emerged as an uncharacterized,
but likely Bartter-associated, mutation, since individuals carrying this mutation exhibited
increased serum creatinine and perturbations in amniotic cavity and membrane, both of
which are typical manifestations in those with Bartter syndrome type II [73]. This result sup-
ports the power of using complementary computational methods and the predictive power of
each protocol.

Other mutations from this analysis were also associated with typical Bartter syndrome phe-
notypes, such as V149L (increased serum urea and creatinine), A189T (increased urine
sodium), and R311W (increased serum urea) (Fig 3B and Table 2; for details on the means of
all metabolite phenotypes associated with each mutation, refer to Table 3). Another variant at
position R311, R311Q, is a known Bartter mutation and was one of the TOPMed mutations
that exhibited growth defects (S3 Table), which may explain why R311W might similarly lead
to impaired ROMK function and disease [14]. Mutations at this residue disrupt inter-subunit
salt bridges and pH-dependent gating [59,74]. Finally, we found that heterozygous carriers of
N377K had elevated manual systolic blood pressure (Fig 3B and Table 2), a phenotype atypical
of Bartter syndrome since urinary sodium loss usually leads to low blood pressure [75]. This
might be attributed to the fact that blood pressure is a complex and multi-genotypic trait [76],
or possibly due to errors in the manual measurement of blood pressure in these individuals,
which is not uncommon [77,78]. However, hypertension has been observed in a clinical case
study in which a newborn presenting with classical antenatal Bartter syndrome phenotypes
(i.e., renal salt wasting and hyperkalemia) also had transient high blood pressure [79]. Subse-
quent genetic testing revealed that the infant carried two mutations in the KCNJI gene, E151K
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and a deletion of amino acids 116-119, which again strongly supports a diagnosis of antenatal
Bartter syndrome. Moreover, the N377K mutation was also identified in the TOPMed pro-
gram (S1 Table) and was therefore chosen for further analysis. Finally, it is worth noting that
all individuals with these five mutations (V149L, A189T, G228E, R311W, and N377K) are het-
erozygous carriers (S6 Table), which could contribute to minimal or undiagnosed disease. In
addition, the mutations are rare, with each occurring fewer than 27 times in the 200,000-per-
son cohort (S6 Table).

To assay for any potential functional defects caused by these five mutant alleles, we mea-
sured the growth of yeast expressing each variant in liquid medium (Fig 3C). G228E again
showed a growth defect in trk1Atrk2A yeast on low potassium, consistent with its highly delete-
rious Rhapsody score. Another predicted-deleterious mutation at the base of the transmem-
brane domains, A189T (Rhapsody score 0.644), similarly slowed yeast growth, albeit to a
somewhat lesser extent. Meanwhile, V149L, a mutation in the extracellular domain that orga-
nizes the potassium selectivity filter, grew as well as the wild-type control, perhaps reflecting its
low Rhapsody score (0.193). In contrast, robust growth of yeast expressing the remaining two
mutations (R311W and N377K) was observed in low potassium-containing media. The Rhap-
sody scores for these two mutations are 0.781 and 0.287, respectively. (Note that the structure
at N377 is absent from the homology model, so an independent Rhapsody analysis of this
mutation was performed using a predicted ROMK monomeric model obtained from Alpha-
Fold [80]; also see Discussion). In contrast, the lack of a growth defect in yeast expressing
R311W was surprising since previous studies in X. laevis oocytes showed that this mutation
reduced channel currents [14,81]. Perhaps the discrepancy can be attributed to the difference
in intracellular pH in the two systems, which is pH 4-5 in yeast [82] and pH ~7.5 in X. laevis
oocytes [83]; ROMK is known to be pH sensitive, exhibiting maximal channel opening at pH
7.8, and the majority of the channels are closed upon a shift to pH ~6.6 [84,85]. However, the
actual role of R311 in channel function remains disputed. pH gating was initially thought to be
mediated by the formation of an RXR triad (R41, K80, R311) [81], but subsequent structural
studies cast doubt on the formation of the triad, and instead favored a model in which R311
formed intermolecular salt bridges with E302 from an adjacent monomer [74]. Finally, even
though N377K appeared to exhibit wild-type-like growth, the yeast ODs vary greatly across the
replicates (Fig 3C, error bar of dark purple line), which is consistent with stochastic toxic
effects of this mutation (see Discussion). Ultimately, given their strong associations with Bart-
ter syndrome phenotypes, we selected all five mutations to characterize further.

A subset of the newly uncovered, putative disease-associated ROMK
mutations destabilize the protein

Prior work established that potassium channel variants can lead to disease by interfering with
channel conductance, open probability, or abundance at the cell surface [86]. The last of these
possibilities is regulated by cellular protein quality control pathways, which monitor the fold-
ing state of a protein both in the ER—which may lead to ERAD—or in later steps of the secre-
tory pathway, which may lead to lysosome targeting [87-89]. Since some of the identified
mutations reside in the cytoplasmic domain (namely, G228E, T300R, R311W, L320P, and
N377K), which includes the critical immunoglobulin-like region [see above and [15,54]], we
surmised that these mutations would decrease protein stability. To test this hypothesis, we
measured protein stability via a cycloheximide chase analysis in trk1Atrk2A yeast expressing
each variant [90].

As shown in Fig 4A, the G228E protein was highly unstable compared to wild-type ROMK,
with almost no protein remaining after 60 minutes. These results were expected given: 1) the
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Fig 4. Select disease-linked mutations in the gene encoding ROMK destabilize the protein. Stability assays were performed in trkI1Atrk2A yeast expressing
different ROMK variants retrieved from (A) TOPMed/ ClinVar and (B) the UK Biobank databases. In brief, yeast cultures were grown to mid-log phase,
diluted, and incubated at 37°C for 30 min before cycloheximide was added. Cultures were then collected at the indicated time points and processed for
immunoblot analysis. A rabbit antiserum was used to detect ROMK [160], and a rabbit monoclonal antibody against GEPD was used as a loading control (see
Materials and Methods). Representative immunoblots are shown, and graphs show the percentage of the protein remaining over time, compared to the 0 min
(m) time point, as quantified using Image] (ver. 1.53¢). * indicates a non-specific protein band recognized by the ROMK antiserum, so only the bottom bands
in the ROMK immunoblots were used for the quantification. Graphs were made using GraphPad Prism (ver. 9.5.0), and data represent the means of at least
three independent experiments, + S.E. (error bars). For each experiment, a representative immunoblot is shown.

https://doi.org/10.1371/journal.pgen.1011051.9004

severe growth defect observed in these cells after incubation in low potassium (Fig 2B and

S3 Table), 2) the change from glycine to a bulky charged amino acid (glutamic acid), which
given the residue’s location in the B-sheet rich region might have drastic consequences on pro-
tein structure, and 3) the highly deleterious Rhapsody score (0.930). Another mutation from
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TOPMed, L320P, which as indicated above resides in a [ sheet at the base of this domain, also
significantly destabilized the protein, almost to the same extent as G228E (Fig 4A). These
results are consistent with its severe-to-moderate growth defects in yeast, the conversion of
large hydrophobic residue to a proline, and a Rhapsody score that predicts a deleterious out-
come (Fig 2B and S3 Table). It is also intriguing that the analogous residue (L321) in Kir2.1
resides in an amino acid patch (SYLANEILW) that binds AP-1 and promotes Golgi export
[91,92], but this Golgi export consensus sequence is absent in ROMK, suggesting that the
structural change instead triggers premature degradation. In contrast, neither T86A nor
T300R destabilized ROMK. In fact, the T86A and T300R substitutions appeared to modestly
stabilize ROMK (Fig 4A). For T86A, these results are consistent with its assignment as being
neutral in Rhapsody (score: 0.063), and with robust growth observed in the yeast assay. On the
other hand, it was somewhat surprising that the T300R protein was stable, despite a Rhapsody
score of 0.722 and the moderate growth defect in yeast (Fig 2B and S3 Table). We hypothe-
sized that the mutation might instead alter a key architectural feature associated with ROMK
function rather than overall stability (see below).

Among the UK Biobank mutations, only N377K—besides G228 E—appeared to compro-
mise protein folding (Fig 4B), despite its lack of effect on yeast growth. Even though N377K
did not result in a marked defect in yeast growth, there was a significant difference in growth
phenotypes across replicates (Fig 3C), suggesting the acquisition of spontaneous suppressors
[93] (also see Discussion). In any event, the net growth phenotype of N377K is consistent with
its designation of a neutral mutation by Rhapsody (0.287).

Together, 12 out of the total 16 predicted deleterious mutations exhibited some degree of
growth defects in yeast, especially when growth assays in the presence and absence of the
K80M allele are taken into consideration (see above). Similarly, all five predicted neutral muta-
tions (N377K included) were without or with only minimal defects. Second, the accuracy of
Rhapsody is enhanced for mutations with high Rhapsody scores, as evidenced by the fact that
9 out of 10 mutations with Rhapsody scores >0.7 impaired yeast growth. On the other hand,
the correlation between Rhapsody scores and protein stability is weaker, consistent with Rhap-
sody simply predicting overall pathogenicity. Third, our results indicate that data mining
efforts identify previously uncharacterized ROMK mutations that destabilize the protein, an
outcome that may contribute to disease presentation and positions these mutations—and cer-
tainly other newly uncovered mutations—as targets of therapies that may one day restore
ROMK folding, as seen for other protein conformational diseases [94,95].

Select ROMK mutants are targeted for ERAD and limit ROMK levels at the
cell surface

Some ROMK variants that significantly alter structure (e.g., Y314C; Fig 2) are targeted for
ERAD, as shown previously [15]. Therefore, we next asked if the ERAD pathway is also
responsible for the accelerated degradation rates observed in Fig 4 for the G228E, L320P, and
N377K alleles. To this end, we again performed stability assays in yeast, as described above,
but in this case protein turnover was measured in the presence or absence of MG-132, a drug
that inhibits the chymotrypsin-like activity of the proteasome [96]. To augment the effects of
MG-132, these experiments were performed in the pdr5A yeast strain that lacks a multidrug
efflux pump [97], as extensively employed in previous studies [see e.g., [15,53,98]]. Consistent
with ERAD targeting, protein stability assays revealed that all three mutant proteins were sub-
jected to proteasome-dependent degradation (Fig 5, compare DMSO and MG-132 results). As
shown previously [15], the wild-type channel was also targeted for proteasome-dependent deg-
radation, but to a lesser extent (compare relative stabilities of wild-type versus the mutants in
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Fig 5. Three disease-associated ROMK mutants are degraded by the proteasome in yeast. Stability assays were performed in
pdr5A yeast expressing wild-type ROMK, or ROMK carrying the G228E, L320P, or N377K mutation. Yeast cultures were
grown to mid-log phase, diluted, and incubated at 37°C for 30 min with either the proteasome inhibitor MG-132 or an equal
volume of the vehicle (DMSO) before cycloheximide was added. Cells were collected at the indicated times, processed, and
immunoblot analysis was performed as described in the Materials and Methods. Representative immunoblots are shown, and
graphs show the percentage of the protein remaining over time, compared to the 0 min (m) time point, as quantified by Image]J
(ver. 1.53c). Similar to Fig 4, only the bottom bands in the ROMK immunoblots were used for the quantification. Graphs were
made using GraphPad Prism (ver. 9.5.0), and data represent the means of at least three independent experiments, + S.E. (error
bars). For each experiment, a representative immunoblot is shown.

https://doi.org/10.1371/journal.pgen.1011051.9g005

the DMSO control). This is likely due to the inefficient and inherently error-prone process of
protein folding and channel assembly in the ER, and has been seen frequently for other ion

channels, such as ENaC [99], CFTR [100], hERG [101], and Kir2.1 [53].

To confirm that the three disease-associated mutants that underwent proteasome-depen-
dent degradation are selected for ERAD, we next conducted stability assays in a temperature
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sensitive yeast strain, cdc48-2 [102], which encodes a defective temperature-sensitive allele of
CDC(C48, the gene encoding the AAA"-ATPase that mediates protein retrotranslocation in yeast
[103,104]. At a non-permissive temperature, each of the ROMK mutant proteins was again sig-
nificantly stabilized (S3 Fig), providing further evidence that these mutations send the protein
for premature degradation via the ERAD pathway.

To confirm these data in a more physiologically relevant cell system, we conducted stability
assays in HEK293 cells transfected with each ROMK variant and again used MG-132 to inhibit
the proteasome. G228E, L320P, and N377K were degraded to variable extents when compared
to wild-type ROMK (Fig 6A). Specifically, G228E and N377K exhibited somewhat higher
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degradation rates, with 55% and 37% of the protein remaining, respectively, by the end of the 4-hr
experiment (compared to 59% for the wild-type protein). In contrast, L320P was only mildly
unstable (again compare the relative curves in the presence of the DMSO control). In fact, the deg-
radation rate of L320P (63% remaining) was nearly identical, if not slightly improved, compared
to that observed for wild-type ROMK (see Discussion). However, the degradation of each protein
was slowed in the presence of MG-132, again consistent with ERAD targeting.

We subsequently assessed ERAD in the presence or absence of an inhibitor of p97, which is
the mammalian homolog of Cdc48 [105-107]. The compound, CB-5083 [108], is somewhat
toxic and has been used in clinical trials for various cancers [109]. Thus, we performed steady-
state measurements of ROMK after treatment with CB-5083 or the DMSO control, as
employed previously [15]. As shown in Fig 6B, a statistically significant increase in the G228E,
L320P, and N377K mutant proteins was evident, whereas the levels of the wild-type protein in
the presence or absence of CB-5083 were less dramatically affected.

Although the N377K protein was unstable (Fig 6A), we routinely observed significantly less
protein at steady-state and in the degradation assays at the 0 min time point (compare matched
and long exposures of N377K and the other mutants, as well as the wild-type protein, in
Fig 6B). Based on these results, we surmise that the N377K mutation either triggers abortive
translation, or the protein product is rapidly degraded co-translationally, leaving a sub-pool
that then turns over more slowly by ERAD. Each of these scenarios has been observed as a
source of the molecular etiology underlying other diseases [110-112]. While a full definition of
this phenomenon awaits further analysis, this outcome might in principle result in Bartter syn-
drome type II. We also cannot rule out the possibility that this minimal pool of N377K chan-
nels at the plasma membrane might still provide sufficient potassium transport, which could
account for the lack of a growth defect in the yeast assays in Fig 3. By comparison, the level of
measurable Kir2.1 channels at the yeast surface required to support the growth of trk1Atrk2A
cells in low potassium represents <20% of the total protein pool [52].

It is important to highlight that the overall muted level of protein destabilization observed in
HEK?293 versus yeast cells is consistent with the fact that the ERAD pathway in yeast is hyperac-
tive. Similar results with misfolded mutant alleles in ROMK and Kir2.1 have been observed pre-
viously [15,53]. It is also worth noting that the mutation with the most modest Rhapsody score
(0.588), L320P, exhibited the most wild-type-like degradation phenotype in HEK293 cells.

The enhanced dependence on p97 to maintain the steady-state levels of the G228E, L320P,
and N377K mutants in HEK293 cells suggests that lower levels of these proteins should reside
at the cell surface. To test this hypothesis, we expressed the wild-type protein and the ROMK
variants in HEK293 cells and performed cell-surface biotinylation assays to measure the
plasma membrane protein pool [51,113]. As anticipated, markedly lower levels of biotinylated
G228E and L320P channels were observed at the plasma membrane relative to the wild-type
protein (Fig 7). In addition, and as noted above, the levels of N377K were significantly lower
in HEK293 cells, so the biotinylated protein pool at the cell surface was also drastically reduced
(54 Fig, note lanes 4 and 8 in the immunoblot). As controls for labeling specificity, the Na™/
K"-ATPase—a plasma membrane resident—was identified after avidin pull-down of the bioti-
nylated material, whereas Hsp90, an abundant cytosolic protein, was absent. Taken together,
these data indicate that disease-associated mutations identified from the complementary geno-
mic databases deplete ROMK at the cell surface, which likely contributes to disease.

T300R abolishes channel activity

In contrast to changes in protein stability, protein deficiency, and/or altered abundance at the
cell surface, disease-associated mutations in ion channels might traffic normally but are unable
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Fig 7. Cell surface levels of putative disease-associated ROMK mutants are reduced in HEK293 cells. (A) A cell-surface biotinylation assay is shown to
indicate the relative surface expression levels of the indicated ROMK variants. HEK293 cells expressing wild-type ROMK or the G228E or L320P mutant were
treated with biotin, processed, and incubated with streptavidin beads before an immunoblot analysis was performed. 1% input was collected prior to the
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monoclonal antibody against actin. (B) Graph shows the quantification for biotinylated protein, as measured by ImageJ (ver. 1.53c). All bands in the ROMK
immunoblots were used for the quantification, and the N377K variant was omitted, as its protein levels were significantly lower. Error bars represent the means
of six independent experiments, + S.E. p-values were calculated with two-tailed Student’s t-test for independent samples. ns, p > 0.05; *, p < 0.05; **, p < 0.01;
% b < 0.001.

https://doi.org/10.1371/journal.pgen.1011051.g007

to support ion conductance, as observed for class ITI mutations in CFTR [114]. Characterizing
this phenotype is vital as—in contrast to the ERAD-targeted F508del CFTR protein repaired
by chemical chaperones—the class III mutant defects can be treated with approved potentia-
tors [115,116]. For ROMK, the mechanisms of gating are under active investigations [9,44],
but the general consensus is that channel gating capitalizes on the helix-bundle crossing
region, PIP, binding, and a narrow opening at the top of the cytoplasmic pore, known as the
G-loop, as described above [9,43]. Therefore, we focused on one of the mutations identified
from the ClinVar database, T300R, which is located on the G-loop. As shown above, this
mutant compromised the growth of the trk1Atrk2A yeast strain in low potassium (Fig 2B and
S3 Table), suggesting defective potassium transport, yet the protein was stable (Fig 4). Similar
observations were made in a previous study in which two ROMK mutations, P185S and
R188C, moderately increased protein surface expression, yet negatively affected channel gating
and conductance in a PIP,-dependent manner [47]. In addition, a homologous mutation in
the closely related Kir2.1 channel, M301R, prevented channel function [45]. Therefore, we pre-
dicted that T300R would also reduce channel currents.

To measure channel activity, two-electrode voltage clamp assays were performed in X. lae-
vis oocytes expressing wild-type and select ROMK variants. As hypothesized, the T300R muta-
tion completely abolished ROMK current (Fig 8A and 8B), reducing ROMK-specific, i.e.,
barium sensitive, currents to the same level as the negative controls (i.e., oocytes injected with
water or expressing the Y314C mutant [see above and [14,15,54]]). Consistent with these data,
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Fig 8. The T300R mutation in ROMK abolishes channel currents. (A) Top panel: Currents recorded by two-
electrode voltage clamps (TEVC) in X. laevis oocytes. Oocytes from female Xenopus laevis were injected with 1 ng of
the indicated cRNAs, or the equivalent volume of water. 20-30 hr following cRNA injection, TEVC recordings were
measured at different voltages (-160 mV to 100 mV, in 20 mV increments) in a bath solution containing 50 mM KCl
(for more details, see Materials and Methods). Currents were recorded in the presence or absence of 1 mM BaCl, and
I-V plots are shown (bottom). In addition to a water-injected control, the results with a known unstable disease-
causing mutant (Y314C) are shown [15,54]. (B) Graph shows the Ba>"-sensitive ROMK current in oocytes injected
with the indicated conditions, as recorded by TEVC. (C) Normalized currents, which are defined as Ba®*-sensitive
currents divided by the means of the wild-type currents. Error bars in the graphs in (B) and (C) show the means of 22
replicates, +S.D. p-values (shown above the data) were computed using Kruskal-Wallis and Dunn’s multiple
comparisons tests. The data shown are a representative result from three independent experiments using three batches
of oocytes.

https://doi.org/10.1371/journal.pgen.1011051.9008

structural modeling of T300R suggests that the change from a small hydroxyl into a large basic
side chain likely occludes the cytoplasmic pore and prevents potassium passage (S5 Fig).
Because another mutation at the same site, T300I, was one of the 17 alleles identified from
the TOPMed and ClinVar databases (Fig 1), we also examined currents corresponding to this
variant. In contrast to the effect of the T300R allele, the current was identical to wild-type
ROMK when oocytes were injected with a cRNA for T300I ROMK. The wild-type-like current
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is perhaps expected given the lack of a growth defect in T300I-expressing yeast (Fig 2B and

S3 Table) as well as the less consequential substitution from one beta-branched amino acid to
another. Thus, in contrast to the unstable mutants that are absent at the cell surface (e.g.,
G228E and L320P), these results shed light on a functional defect associated with a stable puta-
tive Bartter syndrome-associated ROMK mutant. More generally, these data highlight the
power of uniting a computational analysis and the yeast system as an initial read-out to screen
ill-characterized and previously undefined alleles in a potassium channel-encoding gene.

Discussion

In the kidney, efficient plasma filtration and electrolyte reabsorption are achieved through a
system of transporters and ion channels [117], among which ROMK plays a crucial role. Potas-
sium efflux through ROMK in the thick ascending limb and the cortical collecting duct of the
kidney nephron helps maintain potassium and sodium homeostasis [9,118]. Over 40 missense
mutations in the gene encoding ROMK, KCNJI, have been identified and linked to Bartter
syndrome type II [4], a rare autosomal recessive disease presenting with fluid loss and electro-
lyte imbalance, i.e., renal salt wasting, polyuria, early post-natal hyperkalemia and subse-
quently hypokalemia [119]. Previous investigations of the cellular mechanisms of Bartter-
associated ROMK mutations have primarily focused on variants that affect whole-cell currents
[12,120], and each study commonly analyzed a handful of mutations. Thus, for both this dis-
ease and most other protein conformational diseases, there exists a need to systematically iden-
tify potential disease-causing variants in the genome, especially with the increasing availability
of human genomic and phenotypic data from large-scale worldwide studies [121]. To this end,
recent efforts dedicated to the systematic assessment of missense variants have incorporated
massively parallel sequencing (VAMP-seq) [122,123] and deep mutational scanning [124].

In this study, we utilized two computationally-guided approaches to mine three human
genomic databases (TOPMed, ClinVar, and the UK Biobank) with the ultimate goal of identi-
fying novel and previously uncharacterized mutations that are potentially associated with Bart-
ter syndrome type II. From the initial analyses, 21 mutations were selected for expression and
functional screening in the established trk1Atrk2A yeast system [24,25], among which one
mutation (G228E) was identified from both approaches. Based on results from yeast viability
assays, we again validated the ability of the Rhapsody algorithm to develop predictions of
mutation severity. Specifically, we found that 17 out of 21 mutations exhibited growth pheno-
types in accordance with their Rhapsody scores, i.e., 12/16 that were scored as deleterious
exhibited strong growth defects in the yeast system and 5/5 scoring as neutral were largely
without effect. In addition, as highlighted in the Results, Rhapsody was more effective for
scores >0.7, with an accuracy of 90%, compared to 81% when all predicted deleterious muta-
tions were considered. To further assess how well Rhapsody can distinguish deleterious from
non-deleterious mutations, we calculated a receiver operating characteristic (ROC) curve
based on results from yeast growth assays for the TOPMed/ ClinVar mutations. Consistent
with previously published ROC data [31], we found that the area under this curve (AUROC) is
0.7625 (S6 Fig), again indicating that Rhapsody can effectively identify deleterious mutations.

It bears mention that while Rhapsody demonstrates a high accuracy in predicting mutation
pathogenicity [30,40], this method relies on the availability of a protein structure/homology
model, which has become more attainable thanks to recent advancements in Al-assisted pro-
tein structure prediction exemplified by AlphaFold [80]. Regardless, the reliability of a pre-
dicted structure must be evaluated before using the structure for calculations with Rhapsody.
Yet, for low-confidence structures, the analysis can be complemented by comparing pathoge-
nicity scores from other methods, such as Polyphen-2 [41] or EVE [125]. Moreover, our

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 20/40


https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

analysis of human variants using Rhapsody yielded mutant alleles that destabilize the ROMK
protein, but it is important to reemphasize that Rhapsody was not specifically designed to pre-
dict changes to protein stability. The development of computational methods to assess protein
stability has significantly progressed, and notably a recent method was optimized for mem-
brane proteins [126]. However, there is still a considerable level of inaccuracy and/or limited
accessibility with these methods [127]. Given that protein destabilization is a prevalent cause
of inherited diseases [128], the need for an accurate yet accessible and comprehensive compu-
tational method to detect destabilizing mutations is paramount. In any case, we believe that a
well-rounded in silico assessment of mutation pathogenicity, coupled with follow-up func-
tional assays, remains a powerful approach to identify and characterize new variants. To this
end, we further validated the accuracy of Rhapsody predictions by cross-referencing other
computational tools (namely, Polyphen-2 [41], EVmutation [42], and EVE [125]). These
results are summarized in S7 Table.

Because most prior functional analyses of ROMK variants focused on those that impair
channel function [12,120], we specifically sought mutations that compromise protein folding
and trafficking. To this end, we conducted functional assays in yeast, X. laevis oocytes and
HEK?293 cells, thereby revealing distinct cellular mechanisms underlying potential disease eti-
ology. One newly identified and previously uncharacterized Bartter mutation (T300R) had no
effect on protein stability but blocked channel conductance. In contrast, three mutants
(G228E, L320P, and N377K) were unstable in yeast (which exhibit a hyperactive ERAD path-
way), with more varying degrees of stability in mammalian cells, as reported for studies on
other ERAD substrates [15,53].

G228E, which was uncovered from both screening strategies, likely affected protein folding
due to the substitution of a small, aliphatic amino acid with a larger charged residue. This
effect is also consistent with the mutation’s localization in the B sheet-rich cytoplasmic domain.
Despite decreased differences in protein degradation rates between the wild-type protein and
the G228E mutant in mammalian cells, reduced cell surface expression was observed. In line
with these findings, whole-cell currents in X. laevis oocytes expressing this mutant were indis-
tinguishable from those in the water injected control (S8 Fig). Perhaps unsurprisingly, these
results are consistent with our finding that two individuals heterozygous for G228E from the
UK Biobank exhibited issues with their amniotic cavity and membrane, a typical manifestation
of antenatal Bartter syndrome [75,119].

Another Bartter mutation of uncertain clinical significance, L320P, also destabilized the
protein in yeast, yet there was little effect on stability in HEK293 cells. Since L320P is also
located in the immunoglobulin domain, where thus far seven ROMK mutations compromise
protein stability [15,54], we reasoned that the folding of this domain in the ER is a rate-limiting
step, at least in yeast. Despite the lack of an effect on protein stability in mammalian cells, we
still observed significantly reduced protein at the cell surface. This fact, coupled with its wild-
type-like protein level at steady-state, suggest that the L320P mutation affects ROMK traffick-
ing at later steps in the secretory pathway, a process that may then be rate-limiting in higher
cells [129].

While the third mutation, N377K, initially appeared to lack a growth defect in yeast, there
were significant stochastic effects between experiments (note the larger error of these measure-
ments in Fig 3 compared to the other strains). When whole-cell currents of oocytes expressing
this mutant were measured, the absence of a significant defect was upheld, but there appeared
to be a small reduction in the measured current (S8 Fig, compare the means of the currents
between N377K and wild-type). Nonetheless, the N377K mutant protein was rapidly degraded
in yeast through the ERAD pathway, and to a lesser extent in mammalian cells. Curiously,
Rhapsody designated a neutral score for this mutation (0.287), perhaps reflecting the limitation
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of this program in analyzing mutations that rely on structural predictions (i.e., AlphaFold)
instead of homology models. (Please note that the use of AlphaFold was imperative since N377
lies beyond the sequence that was resolved in structural studies). It is also possible that the
amino acid substitution alters a critical post-translational modification or allostery, which
Rhapsody is unable to capture. This possibility is supported by the discovery of a nearby resi-
due, N375, that resides within a non-canonical endocytic signal (YxXNPxFV) that binds to the
ARH adaptor and recruits ROMK to clathrin-coated pits [130]. This model is also consistent
with our proposal, above, that later steps in the trafficking pathway are altered.

Although with some faults, the trk1Atrk2A yeast model provides a rapid, inexpensive, and
quantitative route to screen mutations that affect potassium channel folding, trafficking to the
cell surface, and function. Because this system is also amenable for drug discovery [25], future
work will attempt to rescue variants whose defects were confirmed in higher cells (e.g.,
G228E). Yet, discrepancies between defects in yeast growth, protein stability, and/or con-
founding results in higher cells—as seen for N377K—hint at variables that must be taken into
account in future screens. Based on the growth of transformants on plates that displayed a
range of colony sizes, as well as the larger errors seen in growth assays, the N377K mutation
may cause toxic effects on yeast growth, which results in the accumulation of spontaneous sup-
pressors [93] and the formation of “petite” colonies (see for example [131,132]). Indeed, spon-
taneous suppressors arising from mutations in hexose or amino acid transporters are observed
as common causes for phenotypic reversion in trkIAtrk2A yeast [133-135]. To test the latter
possibility, we propagated cells from colonies of yeast expressing the N377K mutant on
medium containing a nonfermentable carbon source (i.e., glycerol) instead of glucose. We
found that the smaller colonies failed to grow on plates containing glycerol (S7 Fig), a pheno-
type typical of the so-called “petite” yeast [136] that arises due to spontaneous mutations in, or
the loss of, its mitochondrial DNA [137,138].

To mine the UK Biobank data, we utilized REVEAL: Biobank, a high-performance, cost-
effective computational platform to explore, query, and analyze multi-omic biobank-scale
datasets [35-38]. REVEAL: Biobank’s ability to rapidly filter a large search space to create
cohorts of interest, execute complicated bioinformatics workflows at scale in a user-friendly
manner, and allow custom algorithms (e.g., phecode generation) for ease of application posi-
tions REVEAL: Biobank as an optimal solution for high-throughput ad hoc analysis. Moreover,
multiple algorithms, such as SAIGE [69] and REGENIE [70], can be incorporated into the
workflow with simple parameter changes. This allows results to be validated, which is vital
given discrepancies frequently observed in bioinformatics tools.

In addition to the correlative associations obtained from GWAS, the beta value, i.e., effect
size, provides a powerful measure of the degree and direction of impact that a mutation has on
the phenotype. While more work is needed to verify the degree of the impact observed, the
direction of the beta values (+/-) in Table 1 follows the direction of the difference seen in the
mean values of the phenotypes between the wild-type and mutant genotype cohorts in
Table 3.

Results obtained from the UK Biobank GWAS analyses largely corroborated the findings
from the yeast screen and Rhapsody predictions, but it is interesting to note that the p-value of
the associations were lower than those deemed significant in typical GWAS (1e-08). A proba-
ble explanation for the low p-values could be the high imbalance observed in the ratios of cases
(i.e., individuals with a phenotype) and controls, and of wild-type and mutant genotypes (see
Tables 3 and S6). This highlights the need to employ multiple approaches of hypothesis testing
and validation as well as the potential limitations of in silico models. Thus, future efforts might
also utilize metrics other than the p-value to determine significance [139]. Finally, it is worth
noting that individuals harboring these mutations are almost certainly heterozygous carriers.
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Consequently, deciphering phenotypic presentation and obtaining meaningful p-values from
GWAS are even more challenging.

In preliminary studies, we expanded our efforts to investigate the heterozygosity of disease-
associated mutations in experiments using TEVC in X. laevis oocytes (S8 Fig). Interestingly,
we observed an intermediate effect in oocytes expressing both the wild-type and the mutant
alleles, i.e., the currents were approximately half of wild-type (51% for WT/G228E and 46% for
WT/T300R). Not only do these data support the notion that heterozygosity leads to phenotypic
differences, but they also provide a possible explanation for why we found significant associa-
tions between disease phenotypes and individuals carrying the G228E allele even though they
are likely heterozygotes.

The pipeline using REVEAL: Biobank described in this paper can also be expanded into
two directions to further dissect the cellular and biochemical mechanism underlying ROMK
function and to elucidate the relationship between ROMK and other diseases. In the first
direction, we can use other known phenotypes associated with ROMK, such as hypertension,
to uncover additional mutations that exert a functional effect on ROMK trafficking or func-
tion. This approach can also be extended to include linkage disequilibrium calculations cou-
pled with burden tests to identify co-occurring mutations in proteins known or thought to
interact with ROMK, essentially identifying synthetic interactions, but not necessarily syn-
thetic lethal interactions [140,141]. We previously obtained these outcomes with the cytoskele-
tal scaffold protein encoded by SLC9A3R2 [142]. The entire set of mutations could then be fed
into an artificial intelligence (AI)-based application, such as the AlphaFold Protein Structure
Database [80], to provide insights into the structural implications of the mutations. The second
direction is a bootstrapping approach to uncover potential new disease connections by leverag-
ing both genetic and health record data to explore longitudinal prescription and general practi-
tioner information (i.e., READ codes) for patients with identified mutations in key genes
[143-145]. Consequently, there is ample opportunity to further explore ROMK/KCNJI, and
other putative disease-linked genes, by leveraging large human datasets in the UK Biobank.
While definitive links between the variants we identified and disease presentation await further
study, computational predictions of disease linkage will undoubtedly improve as these datasets
expand.

In sum, our work highlights a pipeline for computational-guided mining of human data-
bases to search for mutations in any potassium channel that can be assayed in yeast. We identi-
fied and then uncovered the cellular mechanisms underlying potential disease phenotypes in a
subset of ROMK mutations with uncertain clinical significances, among which three destabi-
lize the protein and one is channel-defective. This is especially important for the development
of therapeutic strategies, i.e., the use pharmacological chaperones for misfolded mutants versus
potentiators for channel-defective alleles [146,147]. It is worth noting, however, that numerous
uncharacterized uncharacterized ROMK mutants remain, and new disease-associated variants
will continue to arise. Future work should thus focus on improving the output and signal-to-
noise of the yeast assay so that more mutations can be simultaneously screened, which com-
bined with studies in higher cells may ultimately contribute to the development of precision
medicine to treat those with Bartter syndrome type II.

Materials and methods

Computational analysis and selection of mutation from the TOPMed &
ClinVar databases

At the time of this study, data from the Trans-Omics for Precision Medicine (TOPMed) pro-
gram [28] were publicly available in its “freeze 5” version on the Bravo server [39]. This version
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of the dataset consists of 463 million variants from 62,784 individuals and specifically contains
758 genomic variants and 124 predicted missense mutations in KCNJ1. To analyze the poten-
tial severity of the mutations, we ran a saturation mutagenesis analysis of ROMK with Rhap-
sody [30,31] available on a web interface (http://rhapsody.csb.pitt.edu/). We used a homology
model of human ROMK (Uniprot #: P48048) obtained from Swiss-Model [148], which was
built based on the crystal structure of Kir2.2 (PDB ID: 3SPG) [149]. Thus, Rhapsody was able
to compute the pathogenicity probability, i.e., “score”, only for amino acid residues 38-364
that are available in the homology model. A comprehensive list of all scores computed by
Rhapsody for ROMK was deposited at https://github.com/mgmé68/2023_ROMK_LoF/tree/
main under the file name “Rhapsody_all_predictions_ ROMK.”. Because N377 is absent from
the homology model, a Rhapsody score for the N377K mutation was instead obtained using a
monomeric structure predicted by AlphaFold [80].

For further analysis, we prioritized mutations with a high Rhapsody score, i.e., more delete-
rious, as well as mutations located in regions previously found to be important for protein
folding and channel function (see text for additional details). We also focused on mutations
associated with Bartter syndrome that were classified clinically as being “of uncertain signifi-
cance” in the ClinVar database [29]. Thus, T300R from ClinVar was added based on this clas-
sification, and also due to its position at residue T300 (since T300I had been selected from
TOPMed).

GWAS analysis on data from the UK Biobank

As noted in the Results, whole exome sequencing (WES) data from the UK Biobank [32] was
used to perform three genome-wide association studies (GWAS). At the time of this analysis,
the WES data had been released for ~200,000 individuals out of the ~500,000 total UKBB par-
ticipants [61,62], among which there are 511 KCNJI variants (S4 Table). After applying a
minor allele frequency (maf) cutoff of >1e-5, the number of mutations used for the GWAS
was 142. Phenotypic data were selected from the pool of the ~200,000 participants and
included: (1) 25 disease phenotypes for relevance to ROMK function, Bartter syndrome type
I1, and hypertension [9,68] (e.g., systolic and diastolic blood pressure, serum urea, creatinine,
calcium, and phosphate, and urine potassium and sodium), (2) 15 phenotypic codes, or “phe-
codes” [34], associated with Bartter syndrome type II, and (3) 168 continuous/quantitative
metabolomics biomarkers. The quantitative phenotypes were normalized using inverse rank
transformation to address non-normality of the underlying distribution [150].

The phecodes that were chosen represented 25 unique ICD10 codes relevant to Bartter syn-
drome, but individuals with phecodes related to diabetes and hypothyroidism were excluded
from the analysis (see Results). Phecodes can be described as a mapping of grouping Interna-
tional Classification of Diseases (ICD) codes into clinically relevant groups [34,151]. Phecodes
improve the power for association studies and enhance the accuracy of relevant phenotypes, in
contrast to ICD codes. Specifically, we developed a custom algorithm to generate phecodes rel-
evant to Bartter Syndrome based on an unsupervised multimodal automated phenotyping
method [152]. The metabolomics biomarkers from the UK Biobank (data field category 220)
were measured in plasma samples using a high-throughput NMR-based metabolic biomarker
profiling platform developed by Nightingale Health Ltd.

The GWAS analyses were done using REVEAL: Biobank, a computational platform
designed to explore, query, and perform large computations on biobank-scale datasets [35-
38]. REVEAL: Biobank comprises R and Python application programming interfaces (API) for
programmatic access to data and graphical user interfaces (GUT’s) for selection of cohorts
using phenotype and genotype filters, and then analyzes GWAS and Phenome Wide
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Association Studies (PheWAS) results from a browser window. REVEAL: Biobank is built
upon SciDB [51], a database solution ideal for storing and querying multi-omics data, utilizes
elastic scaling through an application called BurstMode for efficient and cost-effective analyses
and flexFS, a networked POSIX compliant filesystem for working with big data. REVEAL
allows rapid and FAIR (a group of guiding principles for scientific data management [153])
access to the UK Biobank data, and multiple users can load, read, and write data in a secure,
transactionally safe manner as data operations are guaranteed to be atomic and consistent
(ACID compliant).

We used two algorithms, SAIGE (v0.44.6.5) [69] and REGENIE (v2.0.2) [70], to carry out
the association analyses. Both algorithms are standards in GWAS bioinformatics workflows
and are used to perform a regression test between a mutation of interest and a phenotype. Uti-
lizing two algorithms also helped validate results. There were 12 covariates used in the GWAS:
age, sex, and 10 genetic principal components provided by the UK Biobank (data field 22009).

The selection of alleles for further characterization is described in the Results.

Plasmid construction

Rat ROMKI1 was amplified from the pSPORT1-ROMKI1 vector [154] and inserted into the
yeast expression vector pRS415 with Smal and Xhol and was flanked by the TEFI promoter
and CYCI terminator [155], as described [15,31]. Point mutations in KCNJI were introduced
into the resulting pRS415TEF1-ROMKI1 vector using either two-step overlap extension muta-
genesis [156] or site-directed mutagenesis with the QuikChange kit (Agilent Technologies,
CA, USA, catalog # 200523). To express ROMK variants in HEK293 cells, the DNA inserts
were digested with BamHI and Xhol from the yeast vector and subcloned into pcDNA3.1(+).
The DNA sequences of all variants in the ROMK inserts were confirmed by Sanger sequencing
(GENEWIZ, S Plainfield, NJ, USA). All primers used in this study are listed in S8 Table.

Yeast strains and growth conditions

A Saccharomyces cerevisiae strain lacking the Trkl and Trk2 potassium transporters,
trk1Atrk2A, was employed to assess mutation severity by measuring the ability of each muta-
tion to restore growth on low potassium medium, as described previously [15,31,51,53].
Briefly, plasmids were transformed into yeast via the standard lithium-acetate method [157],
and yeast were grown at 30°C in liquid or solid synthetic complete (SC) medium lacking leu-
cine, which contained monosodium glutamate as the main nitrogen source and buffered to
pH 4.5 with MES. Media was supplemented with either 100 mM or 25 mM KCI. Due to the
presence of residual potassium in the agar and nitrogen source, each plate contained an addi-
tional 7-10 mM KCl [49,158].

To perform protein stability assays in yeast (see below), we utilized the indicated yeast
strains (i.e., trk1Atrk2A and pdr5A; see S8 Table). Cells were grown at 30°C and switched to
37°C at the beginning of the chase. Assays using CDC48 and the isogenic cdc48-2 strains were
propagated at 26°C and then shifted to 39°C (S8 Table).

Yeast viability assays

Yeast viability assays were conducted as described [31]. For serial-dilution growth assays on
solid medium, saturated overnight cultures were diluted to an A4y of 0.20, then further diluted
5-fold four times in a standard 96-well plate, followed by inoculation into SC-Leu medium
supplemented with 100 mM or 25 mM KCl using a 48-pin replica plater (Sigma-Aldrich,

St. Louis, MO, USA). Plates were incubated at 30°C and imaged after two days with the Bio-
Rad ChemiDoc XRS+ imager. For assays in liquid medium, saturated overnight cultures were
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diluted to an Ay of 0.20 with SC-Leu medium containing 25 mM KCl in a 96-well plate. The
plates were then covered with a Breathe-Easy gas permeable membrane (Diversified Biotech,
Dedham, MA, USA), and cell density readings were recorded using the Cytation 5 plate reader
(BioTek, Winooski, VT, USA) every 30 min for the indicated time with constant shaking at
30°C.

Yeast stability assays

Stability assays in yeast were carried out based on established protocols [15,53], with minor
modifications. In brief, yeast cultures transformed with the ROMK expression vector (see
above) were grown in selective media to mid-log phase (Ago = 0.7-1.5), diluted to the same
density (typically Aggo = 1.0), and transferred to a water bath with constant shaking at 200
rpm. The cells were then incubated for 30 min at 30°C (¢trk1Atrk2A) or for 2 hr at 39°C (the
CDC48 and cdc48-2 strains). A similar protocol was followed for when the pdr5A strain was
employed, except the initial 30 min incubation was performed in the presence of 50 uM MG-
132 or an equal volume of the vehicle (DMSO). Next, cycloheximide was added to a final con-
centration of 150 pg/ml, at which point a 1 ml aliquot was collected. Subsequent 1 ml aliquots
were collected at the indicated time points, flash frozen in liquid N,, and either kept at -20°C
or were subject to immediate processing and lysis.

The levels of ROMK at each time point were assayed as previously outlined [15,51]. After
lysis in 300 mM NaOH, 1% B-mercaptoethanol, 1 mM PMSF, 1 pg/ml leupeptin, and 0.5 pg/
ml pepstatin A, total protein was precipitated with 5% trichloroacetic acid on ice. The mixture
was the centrifuged at 14,000 rpm for 10 min at 4°C in a microfuge and subject to SDS-PAGE
and immunoblot analysis. See S8 Table for more information on the antibodies and dilutions
used.

HEK293 cell culture, transfection, and stability assays

HEK293 cells (Thermo Fisher, Waltham, MA, USA) were cultured at 37°C in Dulbecco’s
Modified Eagle’s Medium containing high levels of glucose (Sigma-Aldrich, St. Louis, MO,
USA) and supplemented with 10% Fetal Bovine Serum and a mixture of penicillin/streptomy-
cin (final concentration: 500 units/ml). Cells in 6-well dishes (passage 2-3, 60-90% con-
fluency) were transfected with 2 pg of plasmids carrying the indicated ROMK mutants using
Lipofectamine 2000 (Invitrogen, Waltham, MA, USA), and the media was replaced after 4 hr.
Protein stability was measured based on an established protocol, with slight modifications
[15]. In short, fresh media containing 50 uM MG-132 or the equivalent volume of DMSO was
added 18-20 hr post transfection. After a 30 min incubation, a final concentration of 50 pg/ml
cycloheximide was introduced, and cells were collected at the indicated time points. For steady
state measurements after treatment with CB-5083, a slightly modified protocol was followed.
In brief, HEK293 cells were cultured in 12-well dishes and transfected with 0.6 ug of the indi-
cated ROMK expression vector, and 20 hr post transfection, the media was replaced with
media containing 50 ug/ml cycloheximide in the presence or absence of a final concentration
of 20 uM CB-5083. Cells were collected after a 4 hr incubation at 37°C. In both assays, cell pel-
lets were collected and retained at -20°C.

Cells were lysed in TNT buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100) sup-
plemented with a protease inhibitor cocktail (Roche, Basel, Switzerland) on ice for 20 min with
occasional agitation. The mixture was then centrifuged at 13,000 rpm for 10 minat4°Cina
microfuge to remove the nuclear fraction, and the supernatant was transferred into new tubes
and SDS sample buffer containing 150 mM DTT was then added to facilitate protein analysis
by SDS-PAGE and immunoblots, as described [15,51].

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 26/40


https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

Cell-surface biotinylation assays

Cell-surface biotinylation assays were performed as published [51], with minor modifications.
In short, 20-22 hr post transfection, HEK293 cells expressing the indicated ROMK construct
were treated with a final concentration of 125 pg/ml cycloheximide for 2 hr at 37°C. The plates
were then transferred onto ice, washed three times, and treated with 0.3 mg/ml EZ-Link Sulfo-
NHS Biotin (Thermo Fisher, Waltham, MA, USA) for 1 hr. Excess biotin was quenched by
washing the cells with 100 mM glycine two times, and then the cells were lysed in 20 mM
HEPES, pH 7.6, 1 mM EDTA, 1 mM EGTA, 25 mM NaCl, 1% Triton-X, 10% glycerol contain-
ing a protease inhibitor cocktail (Roche, Basel, Switzerland) for 1 hr before the mixture was
centrifuged cold at 14000 rpm for 15 min to remove any insoluble material. The concentration
of the liberated soluble protein was assessed with the Pierce BCA protein assay kit (Thermo
Fisher, Waltham, MA, USA), and equal amounts of protein (180-250 pg) were brought to a
total volume of 1 ml in the same buffer as above. After an aliquot corresponding to 1% of the
total was collected, the remaining protein was added to 30 pl of Pierce NeutrAvidin-agarose
beads (Thermo Fisher, Waltham, MA, USA) and incubated overnight at 4°C. The next day,
the beads were washed three times and subject to SDS-PAGE and immunoblot analysis (see
S8 Table).

Two-electrode voltage clamp measurements

pRS415-ROMK expression plasmids (see above) were linearized and used as templates for
cRNA synthesis by in vitro transcription using T3 RNA Polymerase (Ambion, Inc., Life Tech-
nologies, Carlsbad, CA, USA). The resulting cRNAs were then purified with an RNA purifica-
tion kit (Qiagen, Hilden, Germany), quantified, and the cRNA quality was assessed by
denaturing agarose gel analysis.

Oocytes from Xenopus laevis were harvested with a protocol approved by the University of
Pittsburgh’s Institutional Animal Care and Use Committee. Briefly, stage V and VI oocytes
were treated with collagenase type II and trypsin inhibitor to remove the follicle cell layer.
Oocytes were then injected with 1 ng of the indicated cRNA and incubated at 18°C in a slightly
modified Barth’s solution (15 mM HEPES, pH 7.4, 88 mM NaCl, 10 mM KCl, 2.4 mM
NaHCO3, 0.3 mM Ca(NO3),, 0.41 mM CaCl,, 0.82 mM MgSO,, 10 pg/ml streptomycin sul-
fate, 100 pg/ml gentamycin sulfate) for 20-30 hr. Next, two electrode voltage clamp experi-
ments were performed at room temperature (20-24°C) with the TEV200A Voltage Clamp
Amplifier (Dagan Corporation, Minneapolis, MN, USA) and the DigiData 1440A and Clam-
pex 10.4 software (Molecular Devices, San Jose, CA, USA). Oocytes were placed in a recording
chamber and perfused with a bath solution (10 mM HEPES, pH 7.8, 50 mM KClI, 48 mM
NaCl, 2 mM CaCl,, ImM MgCl,) at a constant flow rate of 5-10 ml/min. Whole-cell currents
were recorded at a series of voltages (-160 and 100 mV in 20 mV increments), in the absence
and presence of ImM BaCl, in the bath solution. Data were analyzed using Clampfit in the
pClamp 10.4 package. Ba**-sensitive currents, which represent ROMK channel activity in
oocytes [159], were defined as the difference in currents measured in the absence and presence
of BaCl,. Ba-sensitive currents were quantified, and graphs were made using GraphPad Prism
(ver. 9.5.0).

Receiver operating characteristic (ROC) curve

To assess how well Rhapsody distinguishes between deleterious and neutral mutations, we cal-
culated a receiver operating characteristic (ROC) curve for the 17 mutations we selected from
TOPMed and ClinVar (Fig 1), along with the previously published Y314C mutation [15]. We
first ordered all candidate mutations from best to worst by their Rhapsody scores. We then
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considered all possible partitions (cutoffs) of this ordered list. For each cutoff, mutations rank-
ing above the cutoff were tentatively classified as deleterious, and those below were classified
as neutral. We compared these provisional classifications to the corresponding experimental
assessments to calculate false positive and true positive rates for each cutoff and constructed a
ROC curve by plotting each false-positive-rate/true-positive-rate data point. Specifically, we
assigned a “true positive” to the ROMK mutants that had been experimentally verified as
severe or moderate (see S3 Table), i.e., mutations that resulted in a relative endpoint OD

of < 0.9. In contrast, mutants above the cutoff with endpoint ODs of > 0.9 are designated
“false-positive”. After computing the ROC curve, we then calculated the area under the ROC
curve (AUROC or AUC) using the composite trapezoidal rule. For the ROC curve of Rhap-
sody with incorporated data from yeast growth assays using the ROMK-K80M construct, the
designations for two mutations (F93V and V122E) were changed to deleterious based on the
growth defects (S1 Fig). Similar analyses were performed to compute ROC curves and
AUROC values for Polyphen-2, EVmutation, and EVE. For EVmutation, no score was
obtained for the M357T mutant, and thus this allele was omitted from the analysis. A detailed
table of the pathogenicity scores and true/ false-positive assessment for each method is under
the name “Simplified ROC analysis” in this depository: https://github.com/mgm68/2023_
ROMK_LoF/tree/main.

Statistical methods

For the stability assays, CB-5083 treatments and cell-surface biotinylation in HEK293 cells, p-
values were calculated with a two-tailed Student’s t-test for independent samples. In the two-
electrode voltage clamp experiments, statistical analysis was conducted using Kruskal-Wallis
and Dunn’s multiple comparisons tests, and normality was examined with Shapiro-Wilk tests.

Supporting information

S1 Fig. Growth assays of yeast expressing select TOPMed mutations in the context of the
K80M allele. The growth of yeast containing a vector control, wild-type ROMK, or the indi-
cated mutation in the context of an activating mutation, K80M, was measured in liquid
medium containing 10mM KCI. Note that the growth phenotype of a mutant should be com-
pared to the “ROMK-K80M” curve at the top. ODgqq readings were recorded every 30 min for
23.5 hrs. Data represent the means of 8 replicates, + S.E (error bars). A summary of these data
is shown in S3 Table. The top graph contains the growth curves for all variants, but since
many overlap at OD ~0.1 (red scale bar), this section of the graph was magnified for clarity
(see graph at the bottom).

(DOCX)

S2 Fig. REVEAL: Biobank platform. REVEAL: Biobank is a platform built upon SciDB, a
computational database ideal for large scale linear algebra operations, and is comprised of an
R-programmed API and Graphic User Interfaces (GUIs) for cohort selection and PheWas
visualization. This platform has multiple features: elastic scaling (Burst Mode) for efficient and
cost-effective analyses; Bridge, a cloud-optimized array format; and flexFS, a networked
POSIX compliant filesystem for working with big data in the UK Biobank. See Materials and
Methods for details.

(DOCX)

$3 Fig. The degradation of select ROMK mutants is Cdc48-dependent in yeast. Stability
assays performed in yeast expressing the wildtype ROMK, or ROMK carrying the mutation
G228E, L320P, or N377K. To assess the effect of the yeast AAA*-ATPase Cdc48 on protein
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degradation, a temperature sensitive yeast strain (cdc48-2) was used. Yeast cultures were grown to
mid-log phase (ODgg 0.7-1.5) at a permissive temperature, diluted, and incubated at a non-per-
missive temperature of 39°C for 2 hours before adding cycloheximide. Cells were then processed,
and immunoblot analysis was performed (see Materials and Methods). Representative immuno-
blots are shown, and graphs show the percentage of the protein remaining over time, compared
to the 0 min (m) time point, as quantified by Image] (ver. 1.53¢). Graphs were made using Graph-
Pad Prism (ver. 9.5.0), and data represent the means of at least three independent experiments, +
S.E. (error bars). For each experiment, a representative immunoblot is shown.

(DOCX)

S4 Fig. Select mutants reduce ROMK protein levels at the cell surface. Representative cell-
surface biotinylation assay showing the surface expression levels of the indicated ROMK vari-
ants expressed in HEK293 cells. The experimental set-up is identical to the experiment shown
in Fig 7, except data for N377K are included.

(DOCX)

S5 Fig. Structural modeling suggests the T300R mutation occludes the cytoplasmic pore.
Homology model shows the pore of the tetrameric ROMK channel, as viewed from the cyto-
plasmic side. Potassium ions (spheres in the center of the pore) are shown in salmon and out-
lined with dotted black lines. Spheres depicting the positions of T300 (A), T300I (B), and
T300R (C) are in green, cyan, and magenta, respectively. Only residues 184-364 of each chain
are shown for clarity. The homology model was built based on the crystal structure of Kir2.2
(PDB ID: 3SPG), which is 47.42% identical to ROMKI. Images were rendered using PyMOL
(ver. 2.6.0).

(DOCX)

$6 Fig. ROC curves of TOPMed and ClinVar mutations in relation to their pathogenicity
scores and yeast growth phenotypes. ROC curves (in blue solid lines) were computed for the
17 selected mutations from TOPMed and ClinVar, along with a previously published Y314C
mutation [15]. True positive and false positive designations were determined based on yeast
growth data from Fig 2 and S3 Table. Mutations were considered deleterious if they resulted
in a relative endpoint of OD600 <0.9. Otherwise they were considered neutral. The area under
the ROC curve (AUROC or AUC) were then calculated using the composite trapezoidal rule.
Five ROC curves with their corresponding AUROC were computed: (A) Rhapsody using yeast
growth data from Fig 2; (B) Rhapsody, with both the original yeast growth dataset and the
new data using the ROMK-K80M construct incorporated. In particular, the newly observed
growth defects changed the designations of two mutations (F93V and V122E) to deleterious;
(C) Polyphen-2; (D) EVmutation; (E) EVE. For reference, a line of no-discrimination (dotted
black line) is shown, which corresponds to a purely random classifier.

(DOCX)

S7 Fig. Slow growth trk1Atrk2A yeast colonies fail to propagate on a nonfermentable car-
bon source. Large and small colonies of trkIAtrk2A yeast carrying an empty vector, the ROMK
protein, or the N377K mutant were propagated on synthetic complete medium lacking leucine
and containing 3% glycerol. Plates show two independent replicates, and images were taken with
the Bio-Rad ChemiDoc XRS+ imager after a 7-day incubation (4 days at 30°C, 3 days at 22°C).
(DOCX)

S8 Fig. Heterozygous ROMK mutants exhibit an intermediate phenotype in whole-cell cur-
rents in X. laevis oocytes. Currents recorded by two-electrode voltage clamps (TEVC) in X.
laevis oocytes as described in Fig 8 and Materials and Methods. To recapitulate
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heterozygosity, oocytes were co-injected with 0.5 ng each of wild-type (WT) ROMK and the
indicated mutant. (A) Graph shows the Ba>*-sensitive/ROMK current in oocytes injected with
the indicated cRNAs, as recorded by TEVC. (B) Normalized currents, which are defined as Ba®
"-sensitive currents divided by the means of the wild-type currents. Error bars in the graphs
show the means of all replicates (in parentheses), £S.D. p-values (shown above the data) were
computed using Kruskal-Wallis and Dunn’s multiple comparisons tests.

(DOCX)

S1 Table. Comprehensive list of ROMK missense mutations in the TOPMed database.
Table shows the Rhapsody scores and predictions of 124 ROMK missense mutations from the
TOPMed program that were analyzed in this study. The analysis was performed using a
ROMK homology model that contains amino acids 38-364 (see Fig 1), so any residue outside
of this range lacks a Rhapsody score and is designated “-“. “Del” indicates a substitution is pre-
dicted to be deleterious, whereas “Neu” (neutral) is predicted to have no effects on channel
function. A designation of “Prob. Del” or “Prob. Neu” indicates that the Rhapsody score is
close to the 0.5 cutoff for being deleterious. For example, the Rhapsody scores of I85N and
F94S are 0.512 and 0.470, and thus, these mutations are categorized as “Prob. Del” and “Prob.
Neu”, respectively. The mutations listed in bold were selected for growth analysis in yeast.
(DOCX)

S2 Table. Targeted list of 17 mutations showing Rhapsody scores, predicted phenotypes,
and background information. Rhapsody was used to predict ROMK mutation severity based
on structural, evolutionary, and dynamic features. The analysis was performed with a tetra-
meric ROMK homology model (Uniprot number: P48048), which was built in Swiss-Model
[148] based on the crystal structure of Kir2.2 (PDB ID: 3SPG). A Rhapsody pathogenicity
probability (or “Rhapsody score”) was computed for each mutation, and a “Del” (deleterious)
denotation was assigned if the probability is > 0.5, whereas a “Neu” (neutral) indicates a prob-
ability of < 0.5. “Prob. Del” denotes that the Rhapsody probability is close to the 0.5 deleterious
cutoff (i.e., P185S probability score is 0.549). * denotes an uncharacterized Bartter mutation,
which was defined as a disease-associated mutation in ClinVar, but is listed as having uncer-
tain clinical significance. ¥ denotes the mutation obtained from ClinVar.

(DOCX)

S3 Table. Growth phenotype summary of yeast expressing TOPMed and ClinVar muta-
tions. The Rhapsody score (i.e., probability) and prediction for each of the 17 mutations, along
with their growth phenotypes in medium supplemented with low potassium. For columns 4 and 5
(“ROMK), the growth assays of yeast expressing the mutations in the context of wild-type (WT)
ROMK were conducted in 25mM KCl, and the “end-point” ODgq, recordings at 48 hrs were nor-
malized to WT. Each growth phenotype assessment shown in column 5 was based on the results of
up to three independent experiments (representative graphs shown in Fig 2). The categorization of
the growth defects was determined based on the normalized endpoint ODgg (to WT ROMK), and
are defined as follows: No defect, OD > 1 (1 = 100% WT); Slight defect, 0.9 < OD < 1 (90-100%
WT); Moderate defect: 0.8 < OD < 0.9 (80-90% WT); Severe defect: OD < 0.8 (80% WT). The
data in columns 6 and 7 (“ROMK-K80M”) represent growth phenotypes of yeast co-expressing
the indicated allele and an activating mutation, K80M, in 10mM KCI medium (also see S1 Fig).
The end-point ODgo values at 23.5 hrs and slopes of each of the growth curves (“Max V”, as calcu-
lated by the Gen5 software, BioTek Instruments, ver. 3.12) were normalized to the ROMK-K80M
control. Data represent the means of 8 replicates. * denotes an uncharacterized Bartter mutation,
and ¢ denotes a mutation in ClinVar. Additionally, a “-’marks where data were absent.

(DOCX)
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S$4 Table. ROMK variants from the UK Biobank analyzed in this study. Table shows 511
KCNJ1 variants available in the whole-exome sequencing (WES) database, which contains data
from ~200k participants from the UK Biobank [61,62]. Columns represent the chromosomal
location and the nucleotide change for each substitution, as well as their minor and alternative
allele frequencies (denoted as maf and aaf, respectively).

(XLSX)

S5 Table. Phenotypes examined in association analyses of the 511 KCNJ1 variants in the
UK Biobank. Phenotypes were selected from the pool of the ~200,000 participants in the UK
Biobank and included three groups: (1) 25 disease phenotypes for relevance to ROMK func-
tion, Bartter syndrome type II, and hypertension [9,68] (e.g., systolic and diastolic blood pres-
sure, serum urea, creatinine, calcium, and phosphate, and urine potassium and sodium), (2)
15 phenotypic codes, or “phecodes” [34], associated with Bartter syndrome type II, and (3) 168
continuous/quantitative metabolomics biomarkers. Each group of phenotypes was listed in
one tab of the Excel file.

(XLSX)

S6 Table. Genotype distribution in the UK Biobank of ROMK variants with significant
associations with disease phenotypes. The top 5 rows of the table show the population distri-
bution of binary disease phenotypes, i.e., “phecodes”, and the bottom 9 rows show the distribu-
tion of the metabolite disease phenotypes. “Hom.” denotes the number of individuals
homozygous for the indicated mutation, “Het.” means heterozygous, and “WT” stands for
wildtype, i.e., individuals without the indicated mutation. For the binary phenotypes, both the
number of controls and cases are listed.

(DOCX)

S7 Table. Pathogenicity predictions of 17 TOPMed and ClinVar mutations made by differ-
ent computational methods. Table shows the pathogenicity predictions made by the indi-
cated computational tools for the 17 TOPMed and ClinVar mutations. The second column
shows the phenotype exhibited by each mutant when expressed in yeast, as shown in S3 Table.
The growth phenotype noted with an asterisk (*) indicates that a growth defect was only
observed when the mutant was expressed in the context of the K80M allele (S1 Fig). In the
remaining columns, a mutation that is predicted to be pathogenic is marked with “Del” (dele-
terious), while a benign mutation is designated “Neu” (neutral). Whether there was an uncer-
tainty in the prediction, or a prediction is unavailable, is also indicated (“Uncertain” or “N/
A”). In the bottom row, an accuracy assessment for each method based on yeast growth phe-
notype is provided. A “slight” growth defect was counted for both deleterious and neutral. The
computational tools employed are Rhapsody [40], Polyphen-2 [41], Evmutation [42], EVE
[125], SNPs&GO [161].

(DOCX)

S8 Table. Primers, yeast strains, and antibodies used in this study.
(DOCX)

Acknowledgments

We thank Luca Ponzoni and Ivet Bahar for valuable technical and scientific discussion, Paul
Welling for generously providing the anti-ROMK antiserum, David Everman and Anne Chil-
ders for scientific discussion, and members of the Brodsky and O’Donnell labs.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 31/40


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011051.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011051.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011051.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011051.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011051.s016
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

Author Contributions

Conceptualization: Nga H. Nguyen, Srikant Sarangi, Thomas R. Kleyman, Zachary W. Pitluk,
Jeffrey L. Brodsky.

Data curation: Nga H. Nguyen, Srikant Sarangi, Erin M. McChesney, Shaohu Sheng, Jacob D.
Durrant.

Formal analysis: Nga H. Nguyen, Srikant Sarangi, Shaohu Sheng, Jacob D. Durrant, Aidan W.
Porter, Thomas R. Kleyman.

Funding acquisition: Thomas R. Kleyman, Zachary W. Pitluk, Jeffrey L. Brodsky.

Investigation: Nga H. Nguyen, Srikant Sarangi, Erin M. McChesney, Shaohu Sheng, Jacob D.
Durrant, Aidan W. Porter.

Methodology: Nga H. Nguyen, Srikant Sarangi, Shaohu Sheng.

Project administration: Zachary W. Pitluk, Jeffrey L. Brodsky.

Software: Srikant Sarangi, Zachary W. Pitluk.

Supervision: Thomas R. Kleyman, Zachary W. Pitluk, Jeffrey L. Brodsky.

Visualization: Nga H. Nguyen.

Writing - original draft: Nga H. Nguyen, Srikant Sarangi, Shaohu Sheng, Jeffrey L. Brodsky.

Writing - review & editing: Aidan W. Porter, Thomas R. Kleyman, Zachary W. Pitluk, Jeffrey
L. Brodsky.

References

1. Bartter FC, Pronove P, Gill JR Jr., Maccardle RC. Hyperplasia of the juxtaglomerular complex with
hyperaldosteronism and hypokalemic alkalosis. A new syndrome. Am J Med. 1962; 33:811-28.

2. Hebert SC. Bartter syndrome. Curr Opin Nephrol Hypertens. 2003; 12(5):527-32. https://doi.org/10.
1097/00041552-200309000-00008 PMID: 12920401

3. Cunha TDS, Heilberg IP. Bartter syndrome: causes, diagnosis, and treatment. Int J Nephrol Renovasc
Dis. 2018; 11:291-301. https://doi.org/10.2147/IJNRD.S155397 PMID: 30519073

4. Simon DB, Karet FE, Rodriguez-Soriano J, Hamdan JH, DiPietro A, Trachtman H, et al. Genetic het-
erogeneity of Bartter's syndrome revealed by mutations in the K+ channel, ROMK. Nat Genet. 1996;
14(2):152-6.

5. Hebert SC. An ATP-regulated, inwardly rectifying potassium channel from rat kidney (ROMK). Kidney
Int. 1995; 48(4):1010-6. https://doi.org/10.1038/ki.1995.383 PMID: 8569061

6. Hibino H, Inanobe A, Furutani K, Murakami S, Findlay |, Kurachi Y. Inwardly rectifying potassium chan-
nels: their structure, function, and physiological roles. Physiol Rev. 2010; 90(1):291-366. https://doi.
org/10.1152/physrev.00021.2009 PMID: 20086079

7. HoK, Nichols CG, Lederer WJ, Lytton J, Vassilev PM, Kanazirska MV, et al. Cloning and expression
of an inwardly rectifying ATP-regulated potassium channel. Nature. 1993; 362(6415):31-8. https://doi.
org/10.1038/362031a0 PMID: 7680431

8. Koster JC, Bentle KA, Nichols CG, Ho K. Assembly of ROMK1 (Kir 1.1a) inward rectifier K+ channel
subunits involves multiple interaction sites. Biophys J. 1998; 74(4):1821-9. https://doi.org/10.1016/
S0006-3495(98)77892-0 PMID: 9545044

9. Welling PA, Ho K. A comprehensive guide to the ROMK potassium channel: form and function in
health and disease. Am J Physiol Renal Physiol. 2009; 297(4):F849-63. https://doi.org/10.1152/
ajprenal.00181.2009 PMID: 19458126

10. Hebert SC. Roles of Na-K-2Cl and Na-Cl cotransporters and ROMK potassium channels in urinary
concentrating mechanism. Am J Physiol. 1998; 275(3):F325—7. https://doi.org/10.1152/ajprenal.1998.
275.3.F325 PMID: 9729502

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 32/40


https://doi.org/10.1097/00041552-200309000-00008
https://doi.org/10.1097/00041552-200309000-00008
http://www.ncbi.nlm.nih.gov/pubmed/12920401
https://doi.org/10.2147/IJNRD.S155397
http://www.ncbi.nlm.nih.gov/pubmed/30519073
https://doi.org/10.1038/ki.1995.383
http://www.ncbi.nlm.nih.gov/pubmed/8569061
https://doi.org/10.1152/physrev.00021.2009
https://doi.org/10.1152/physrev.00021.2009
http://www.ncbi.nlm.nih.gov/pubmed/20086079
https://doi.org/10.1038/362031a0
https://doi.org/10.1038/362031a0
http://www.ncbi.nlm.nih.gov/pubmed/7680431
https://doi.org/10.1016/S0006-3495%2898%2977892-0
https://doi.org/10.1016/S0006-3495%2898%2977892-0
http://www.ncbi.nlm.nih.gov/pubmed/9545044
https://doi.org/10.1152/ajprenal.00181.2009
https://doi.org/10.1152/ajprenal.00181.2009
http://www.ncbi.nlm.nih.gov/pubmed/19458126
https://doi.org/10.1152/ajprenal.1998.275.3.F325
https://doi.org/10.1152/ajprenal.1998.275.3.F325
http://www.ncbi.nlm.nih.gov/pubmed/9729502
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Peters M, Jeck N, Reinalter S, Leonhardt A, Tonshoff B, Klaus GG, et al. Clinical presentation of
genetically defined patients with hypokalemic salt-losing tubulopathies. Am J Med. 2002; 112(3):183—
90. https://doi.org/10.1016/s0002-9343(01)01086-5 PMID: 11893344

Derst C, Konrad M, Kockerling A, Karolyi L, Deschenes G, Daut J, et al. Mutations in the ROMK gene
in antenatal Bartter syndrome are associated with impaired K+ channel function. Biochem Biophys
Res Commun. 1997; 230(3):641-5. https://doi.org/10.1006/bbrc.1996.6024 PMID: 9015377

Flagg TP, Tate M, Merot J, Welling PA. A mutation linked with Bartter’'s syndrome locks Kir 1.1a
(ROMKT1) channels in a closed state. J Gen Physiol. 1999; 114(5):685—700. https://doi.org/10.1085/
jgp.114.5.685 PMID: 10532965

Peters M, Ermert S, Jeck N, Derst C, Pechmann U, Weber S, et al. Classification and rescue of ROMK
mutations underlying hyperprostaglandin E syndrome/antenatal Bartter syndrome. Kidney Int. 2003;
64(3):923-32. https://doi.org/10.1046/j.1523-1755.2003.00153.x PMID: 12911542

O’Donnell BM, Mackie TD, Subramanya AR, Brodsky JL. Endoplasmic reticulum-associated degrada-
tion of the renal potassium channel, ROMK, leads to type Il Bartter syndrome. J Biol Chem. 2017; 292
(31):12813-27. https://doi.org/10.1074/jbc.M117.786376 PMID: 28630040

McCracken AA, Brodsky JL. Assembly of ER-associated protein degradation in vitro: dependence on
cytosol, calnexin, and ATP. J Cell Biol. 1996; 132(3):291-8. https://doi.org/10.1083/jcb.132.3.291
PMID: 8636208

Werner ED, Brodsky JL, McCracken AA. Proteasome-dependent endoplasmic reticulum-associated
protein degradation: an unconventional route to a familiar fate. Proc Natl Acad Sci U S A. 1996; 93
(24):13797-801. https://doi.org/10.1073/pnas.93.24.13797 PMID: 8943015

Vembar SS, Brodsky JL. One step at a time: endoplasmic reticulum-associated degradation. Nat Rev
Mol Cell Biol. 2008; 9(12):944-57. https://doi.org/10.1038/nrm2546 PMID: 19002207

Guerriero CJ, Brodsky JL. The delicate balance between secreted protein folding and endoplasmic
reticulum-associated degradation in human physiology. Physiol Rev. 2012; 92(2):537-76. https://doi.
org/10.1152/physrev.00027.2011 PMID: 22535891

Ruggiano A, Foresti O, Carvalho P. Quality control: ER-associated degradation: protein quality control
and beyond. J Cell Biol. 2014; 204(6):869-79. https://doi.org/10.1083/jcb.201312042 PMID:
24637321

Abbott GW. Kv Channel Ancillary Subunits: Where Do We Go from Here? Physiology (Bethesda).
2022; 37(5):0.

DelLaBarre B, Christianson JC, Kopito RR, Brunger AT. Central pore residues mediate the p97/VCP
activity required for ERAD. Mol Cell. 2006; 22(4):451-62. https://doi.org/10.1016/j.molcel.2006.03.
036 PMID: 16713576

Xia D, Tang WK, Ye Y. Structure and function of the AAA+ ATPase p97/Cdc48p. Gene. 2016; 583
(1):64-77. https://doi.org/10.1016/j.gene.2016.02.042 PMID: 26945625

Ko CH, Gaber RF. TRK1 and TRK2 encode structurally related K+ transporters in Saccharomyces
cerevisiae. Mol Cell Biol. 1991; 11(8):4266—73. https://doi.org/10.1128/mcb.11.8.4266-4273.1991
PMID: 2072919

Mackie TD, Brodsky JL. Investigating Potassium Channels in Budding Yeast: A Genetic Sandbox.
Genetics. 2018; 209(3):637-50. https://doi.org/10.1534/genetics.118.301026 PMID: 29967058

Srivastava S, Li D, Edwards N, Hynes AM, Wood K, Al-Hamed M, et al. Identification of compound het-
erozygous KCNJ1 mutations (encoding ROMK) in a kindred with Bartter’s syndrome and a functional
analysis of their pathogenicity. Physiol Rep. 2013; 1(6):e00160. https://doi.org/10.1002/phy2.160
PMID: 24400161

Tian M, Peng H, Bi X, Wang YQ, Zhang YZ, Wu Y, et al. Late-Onset Bartter Syndrome Type Il Due to
a Novel Compound Heterozygous Mutation in KCNJ1 Gene: A Case Report and Literature Review.
Front Med (Lausanne). 2022; 9:862514. https://doi.org/10.3389/fmed.2022.862514 PMID: 35463019

Taliun D, Harris DN, Kessler MD, Carlson J, Szpiech ZA, Torres R, et al. Sequencing of 53,831 diverse
genomes from the NHLBI TOPMed Program. Nature. 2021; 590(7845):290-9. https://doi.org/10.
1038/s41586-021-03205-y PMID: 33568819

Landrum MJ, Lee JM, Benson M, Brown GR, Chao C, Chitipiralla S, et al. ClinVar: improving access to
variant interpretations and supporting evidence. Nucleic Acids Res. 2018; 46(D1):D1062-D7. https://
doi.org/10.1093/nar/gkx1153 PMID: 29165669

Ponzoni L, Bahar I. Structural dynamics is a determinant of the functional significance of missense var-
iants. Proc Natl Acad Sci U S A. 2018; 115(16):4164-9. https://doi.org/10.1073/pnas.1715896115
PMID: 29610305

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 33/40


https://doi.org/10.1016/s0002-9343%2801%2901086-5
http://www.ncbi.nlm.nih.gov/pubmed/11893344
https://doi.org/10.1006/bbrc.1996.6024
http://www.ncbi.nlm.nih.gov/pubmed/9015377
https://doi.org/10.1085/jgp.114.5.685
https://doi.org/10.1085/jgp.114.5.685
http://www.ncbi.nlm.nih.gov/pubmed/10532965
https://doi.org/10.1046/j.1523-1755.2003.00153.x
http://www.ncbi.nlm.nih.gov/pubmed/12911542
https://doi.org/10.1074/jbc.M117.786376
http://www.ncbi.nlm.nih.gov/pubmed/28630040
https://doi.org/10.1083/jcb.132.3.291
http://www.ncbi.nlm.nih.gov/pubmed/8636208
https://doi.org/10.1073/pnas.93.24.13797
http://www.ncbi.nlm.nih.gov/pubmed/8943015
https://doi.org/10.1038/nrm2546
http://www.ncbi.nlm.nih.gov/pubmed/19002207
https://doi.org/10.1152/physrev.00027.2011
https://doi.org/10.1152/physrev.00027.2011
http://www.ncbi.nlm.nih.gov/pubmed/22535891
https://doi.org/10.1083/jcb.201312042
http://www.ncbi.nlm.nih.gov/pubmed/24637321
https://doi.org/10.1016/j.molcel.2006.03.036
https://doi.org/10.1016/j.molcel.2006.03.036
http://www.ncbi.nlm.nih.gov/pubmed/16713576
https://doi.org/10.1016/j.gene.2016.02.042
http://www.ncbi.nlm.nih.gov/pubmed/26945625
https://doi.org/10.1128/mcb.11.8.4266-4273.1991
http://www.ncbi.nlm.nih.gov/pubmed/2072919
https://doi.org/10.1534/genetics.118.301026
http://www.ncbi.nlm.nih.gov/pubmed/29967058
https://doi.org/10.1002/phy2.160
http://www.ncbi.nlm.nih.gov/pubmed/24400161
https://doi.org/10.3389/fmed.2022.862514
http://www.ncbi.nlm.nih.gov/pubmed/35463019
https://doi.org/10.1038/s41586-021-03205-y
https://doi.org/10.1038/s41586-021-03205-y
http://www.ncbi.nlm.nih.gov/pubmed/33568819
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1093/nar/gkx1153
http://www.ncbi.nlm.nih.gov/pubmed/29165669
https://doi.org/10.1073/pnas.1715896115
http://www.ncbi.nlm.nih.gov/pubmed/29610305
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Ponzoni L, Nguyen NH, Bahar I, Brodsky JL. Complementary computational and experimental evalua-
tion of missense variants in the ROMK potassium channel. PLoS Comput Biol. 2020; 16(4):e1007749.
https://doi.org/10.1371/journal.pcbi.1007749 PMID: 32251469

Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank: an open access
resource for identifying the causes of a wide range of complex diseases of middle and old age. PLoS
Med. 2015; 12(3):€1001779. https://doi.org/10.1371/journal.pmed.1001779 PMID: 25826379

Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK Biobank resource with
deep phenotyping and genomic data. Nature. 2018; 562(7726):203-9. https://doi.org/10.1038/
s$41586-018-0579-z PMID: 30305743

Wei WQ, Bastarache LA, Carroll RJ, Marlo JE, Osterman TJ, Gamazon ER, et al. Evaluating phe-
codes, clinical classification software, and ICD-9-CM codes for phenome-wide association studies in
the electronic health record. PLoS One. 2017; 12(7):e0175508. https://doi.org/10.1371/journal.pone.
0175508 PMID: 28686612

Deaton AM, Parker MM, Ward LD, Flynn-Carroll AO, BonDurant L, Hinkle G, et al. Gene-level analysis
of rare variants in 379,066 whole exome sequences identifies an association of GIGYF1 loss of func-
tion with type 2 diabetes. Sci Rep. 2021; 11(1):21565. https://doi.org/10.1038/s41598-021-99091-5
PMID: 34732801

Ward LD, Tu HC, Quenneville CB, Tsour S, Flynn-Carroll AO, Parker MM, et al. GWAS of serum ALT
and AST reveals an association of SLC30A10 Thr95lle with hypermanganesemia symptoms. Nat
Commun. 2021; 12(1):4571. https://doi.org/10.1038/s41467-021-24563-1 PMID: 34315874

Ward LD, Parker MM, Deaton AM, Tu HC, Flynn-Carroll AO, Hinkle G, et al. Rare coding variants in
DNA damage repair genes associated with timing of natural menopause. HGG Adv. 2022; 3
(2):100079. https://doi.org/10.1016/j.xhgg.2021.100079 PMID: 35493704

Deaton AM, Dubey A, Ward LD, Dornbos P, Flannick J, Consortium A-TDG, et al. Rare loss of function
variants in the hepatokine gene INHBE protect from abdominal obesity. Nat Commun. 2022; 13
(1):4319. https://doi.org/10.1038/s41467-022-31757-8 PMID: 35896531

BRAVO variant browser: University of Michigan and NHLBI [Internet]. 2018. Available from: https://
bravo.sph.umich.edu/freeze5/hg38/.

Ponzoni L, Penaherrera DA, Oltvai ZN, Bahar |. Rhapsody: Predicting the pathogenicity of human mis-
sense variants. Bioinformatics. 2020. https://doi.org/10.1093/bioinformatics/btaa127 PMID: 32101277

Adzhubei |, Jordan DM, Sunyaev SR. Predicting functional effect of human missense mutations using
PolyPhen-2. Curr Protoc Hum Genet. 2013;Chapter 7:Unit7 20. https://doi.org/10.1002/0471142905.
hg0720s76 PMID: 23315928

Hopf TA, Ingraham JB, Poelwijk FJ, Scharfe CP, Springer M, Sander C, et al. Mutation effects pre-
dicted from sequence co-variation. Nat Biotechnol. 2017; 35(2):128-35. https://doi.org/10.1038/nbt.
3769 PMID: 28092658

Lopes CM, Zhang H, Rohacs T, Jin T, Yang J, Logothetis DE. Alterations in conserved Kir channel-
PIP2 interactions underlie channelopathies. Neuron. 2002; 34(6):933—44. https://doi.org/10.1016/
s0896-6273(02)00725-0 PMID: 12086641

Fowler PW, Bollepalli MK, Rapedius M, Nematian-Ardestani E, Shang L, Sansom MS, et al. Insights
into the structural nature of the transition state in the Kir channel gating pathway. Channels (Austin).
2014; 8(6):551-5. https://doi.org/10.4161/19336950.2014.962371 PMID: 25483285

Pegan S, Arrabit C, Zhou W, Kwiatkowski W, Collins A, Slesinger PA, et al. Cytoplasmic domain struc-
tures of Kir2.1 and Kir3.1 show sites for modulating gating and rectification. Nat Neurosci. 2005; 8
(3):279-87. https://doi.org/10.1038/nn1411 PMID: 15723059

Zhang YY, Robertson JL, Gray DA, Palmer LG. Carboxy-terminal determinants of conductance in
inward-rectifier K channels. J Gen Physiol. 2004; 124(6):729-39. https://doi.org/10.1085/jgp.
200409166 PMID: 15572348

Fang L, Li D, Welling PA. Hypertension resistance polymorphisms in ROMK (Kir1.1) alter channel
function by different mechanisms. Am J Physiol Renal Physiol. 2010; 299(6):F1359-64. https://doi.
org/10.1152/ajprenal.00257.2010 PMID: 20926634

Ko CH, Buckley AM, Gaber RF. TRK2 is required for low affinity K+ transport in Saccharomyces cere-
visiae. Genetics. 1990; 125(2):305—-12. https://doi.org/10.1093/genetics/125.2.305 PMID: 2199312

Nakamura RL, Gaber RF. Studying ion channels using yeast genetics. Methods Enzymol. 1998;
293:89-104. https://doi.org/10.1016/s0076-6879(98)93009-9 PMID: 9711604

Paynter JJ, Shang L, Bollepalli MK, Baukrowitz T, Tucker SJ. Random mutagenesis screening indi-
cates the absence of a separate H(+)-sensor in the pH-sensitive Kir channels. Channels (Austin).
2010; 4(5):390-7. https://doi.org/10.4161/chan.4.5.13006 PMID: 20699659

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 34/40


https://doi.org/10.1371/journal.pcbi.1007749
http://www.ncbi.nlm.nih.gov/pubmed/32251469
https://doi.org/10.1371/journal.pmed.1001779
http://www.ncbi.nlm.nih.gov/pubmed/25826379
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1038/s41586-018-0579-z
http://www.ncbi.nlm.nih.gov/pubmed/30305743
https://doi.org/10.1371/journal.pone.0175508
https://doi.org/10.1371/journal.pone.0175508
http://www.ncbi.nlm.nih.gov/pubmed/28686612
https://doi.org/10.1038/s41598-021-99091-5
http://www.ncbi.nlm.nih.gov/pubmed/34732801
https://doi.org/10.1038/s41467-021-24563-1
http://www.ncbi.nlm.nih.gov/pubmed/34315874
https://doi.org/10.1016/j.xhgg.2021.100079
http://www.ncbi.nlm.nih.gov/pubmed/35493704
https://doi.org/10.1038/s41467-022-31757-8
http://www.ncbi.nlm.nih.gov/pubmed/35896531
https://bravo.sph.umich.edu/freeze5/hg38/
https://bravo.sph.umich.edu/freeze5/hg38/
https://doi.org/10.1093/bioinformatics/btaa127
http://www.ncbi.nlm.nih.gov/pubmed/32101277
https://doi.org/10.1002/0471142905.hg0720s76
https://doi.org/10.1002/0471142905.hg0720s76
http://www.ncbi.nlm.nih.gov/pubmed/23315928
https://doi.org/10.1038/nbt.3769
https://doi.org/10.1038/nbt.3769
http://www.ncbi.nlm.nih.gov/pubmed/28092658
https://doi.org/10.1016/s0896-6273%2802%2900725-0
https://doi.org/10.1016/s0896-6273%2802%2900725-0
http://www.ncbi.nlm.nih.gov/pubmed/12086641
https://doi.org/10.4161/19336950.2014.962371
http://www.ncbi.nlm.nih.gov/pubmed/25483285
https://doi.org/10.1038/nn1411
http://www.ncbi.nlm.nih.gov/pubmed/15723059
https://doi.org/10.1085/jgp.200409166
https://doi.org/10.1085/jgp.200409166
http://www.ncbi.nlm.nih.gov/pubmed/15572348
https://doi.org/10.1152/ajprenal.00257.2010
https://doi.org/10.1152/ajprenal.00257.2010
http://www.ncbi.nlm.nih.gov/pubmed/20926634
https://doi.org/10.1093/genetics/125.2.305
http://www.ncbi.nlm.nih.gov/pubmed/2199312
https://doi.org/10.1016/s0076-6879%2898%2993009-9
http://www.ncbi.nlm.nih.gov/pubmed/9711604
https://doi.org/10.4161/chan.4.5.13006
http://www.ncbi.nlm.nih.gov/pubmed/20699659
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

Mackie TD, Kim BY, Subramanya AR, Bain DJ, O’Donnell AF, Welling PA, et al. The endosomal traf-
ficking factors CORVET and ESCRT suppress plasma membrane residence of the renal outer medul-
lary potassium channel (ROMK). J Biol Chem. 2018; 293(9):3201-17. https://doi.org/10.1074/jbc.
M117.819086 PMID: 29311259

Hager NA, Krasowski CJ, Mackie TD, Kolb AR, Needham PG, Augustine AA, et al. Select alpha-
arrestins control cell-surface abundance of the mammalian Kir2.1 potassium channel in a yeast
model. J Biol Chem. 2018; 293(28):11006—21.

Kolb AR, Needham PG, Rothenberg C, Guerriero CJ, Welling PA, Brodsky JL. ESCRT regulates sur-
face expression of the Kir2.1 potassium channel. Mol Biol Cell. 2014; 25(2):276—-89. https://doi.org/10.
1091/mbc.E13-07-0394 PMID: 24227888

Fallen K, Banerjee S, Sheehan J, Addison D, Lewis LM, Meiler J, et al. The Kir channel immunoglobu-
lin domain is essential for Kir1.1 (ROMK) thermodynamic stability, trafficking and gating. Channels
(Austin). 2009; 3(1):57-68. https://doi.org/10.4161/chan.3.1.7817 PMID: 19221509

Fakler B, Schultz JH, Yang J, Schulte U, Brandle U, Zenner HP, et al. Identification of a titratable lysine
residue that determines sensitivity of kidney potassium channels (ROMK) to intracellular pH. EMBO J.
1996; 15(16):4093-9. PMID: 8861938

XuZC, Yang Y, Hebert SC. Phosphorylation of the ATP-sensitive, inwardly rectifying K+ channel,
ROMK, by cyclic AMP-dependent protein kinase. J Biol Chem. 1996; 271(16):9313-9. https://doi.org/
10.1074/jbc.271.16.9313 PMID: 8621594

MacGregor GG, Xu JZ, McNicholas CM, Giebisch G, Hebert SC. Partially active channels produced
by PKA site mutation of the cloned renal K+ channel, ROMK2 (kir1.2). Am J Physiol. 1998; 275(3):
F415-22. https://doi.org/10.1152/ajprenal.1998.275.3.F415 PMID: 9729515

Rapedius M, Fowler PW, Shang L, Sansom MS, Tucker SJ, Baukrowitz T. H bonding at the helix-bun-
dle crossing controls gating in Kir potassium channels. Neuron. 2007; 55(4):602—14. https://doi.org/
10.1016/j.neuron.2007.07.026 PMID: 17698013

Rapedius M, Haider S, Browne KF, Shang L, Sansom MS, Baukrowitz T, et al. Structural and func-
tional analysis of the putative pH sensor in the Kir1.1 (ROMK) potassium channel. EMBO Rep. 2006; 7
(6):611-6. https://doi.org/10.1038/sj.embor.7400678 PMID: 16641935

Stonebraker M, Brown P, Poliakov A, Raman S, editors. The Architecture of SciDB2011; Berlin, Hei-
delberg: Springer Berlin Heidelberg.

Szustakowski JD, Balasubramanian S, Kvikstad E, Khalid S, Bronson PG, Sasson A, et al. Advancing
human genetics research and drug discovery through exome sequencing of the UK Biobank. Nat
Genet. 2021; 53(7):942-8. https://doi.org/10.1038/s41588-021-00885-0 PMID: 34183854

Biobank TU. Genetic Data [updated 09/26/2022. Available from: https://www.ukbiobank.ac.uk/enable-
your-research/about-our-data/genetic-data.

Backman JD, Li AH, Marcketta A, Sun D, Mbatchou J, Kessler MD, et al. Exome sequencing and anal-
ysis of 454,787 UK Biobank participants. Nature. 2021; 599(7886):628—34. https://doi.org/10.1038/
s41586-021-04103-z PMID: 34662886

Curtis D. Analysis of 200,000 Exome-Sequenced UK Biobank Subjects Implicates Genes Involved in
Increased and Decreased Risk of Hypertension. Pulse (Basel). 2021; 9(1-2):17-29. https://doi.org/10.
1159/000517419 PMID: 34722352

Ferguson AC, Thrippleton S, Henshall D, Whittaker E, Conway B, MacLeod M, et al. Frequency and
Phenotype Associations of Rare Variants in 5 Monogenic Cerebral Small Vessel Disease Genes in
200,000 UK Biobank Participants. Neurol Genet. 2022; 8(5):€200015. https://doi.org/10.1212/NXG.
0000000000200015 PMID: 36035235

YuWY, Yan SS, Zhang SH, Ni JJ, Bin L, Pei YF, et al. Efficient identification of trait-associated loss-of-
function variants in the UK Biobank cohort by exome-sequencing based genotype imputation. Genet
Epidemiol. 2022. https://doi.org/10.1002/gepi.22511 PMID: 36490288

Rubin DB. Inference and missing data. Biometrika. 1976; 63(3):581-92.

JiW, Foo JN, O’'Roak BJ, Zhao H, Larson MG, Simon DB, et al. Rare independent mutations in renal
salt handling genes contribute to blood pressure variation. Nat Genet. 2008; 40(5):592-9. https://doi.
org/10.1038/ng.118 PMID: 18391953

Zhou W, Nielsen JB, Fritsche LG, Dey R, Gabrielsen ME, Wolford BN, et al. Efficiently controlling for
case-control imbalance and sample relatedness in large-scale genetic association studies. Nat Genet.
2018; 50(9):1335—41. https://doi.org/10.1038/s41588-018-0184-y PMID: 30104761

Mbatchou J, Barnard L, Backman J, Marcketta A, Kosmicki JA, Ziyatdinov A, et al. Computationally
efficient whole-genome regression for quantitative and binary traits. Nat Genet. 2021; 53(7):1097—
1083. https://doi.org/10.1038/s41588-021-00870-7 PMID: 34017140

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 35/40


https://doi.org/10.1074/jbc.M117.819086
https://doi.org/10.1074/jbc.M117.819086
http://www.ncbi.nlm.nih.gov/pubmed/29311259
https://doi.org/10.1091/mbc.E13-07-0394
https://doi.org/10.1091/mbc.E13-07-0394
http://www.ncbi.nlm.nih.gov/pubmed/24227888
https://doi.org/10.4161/chan.3.1.7817
http://www.ncbi.nlm.nih.gov/pubmed/19221509
http://www.ncbi.nlm.nih.gov/pubmed/8861938
https://doi.org/10.1074/jbc.271.16.9313
https://doi.org/10.1074/jbc.271.16.9313
http://www.ncbi.nlm.nih.gov/pubmed/8621594
https://doi.org/10.1152/ajprenal.1998.275.3.F415
http://www.ncbi.nlm.nih.gov/pubmed/9729515
https://doi.org/10.1016/j.neuron.2007.07.026
https://doi.org/10.1016/j.neuron.2007.07.026
http://www.ncbi.nlm.nih.gov/pubmed/17698013
https://doi.org/10.1038/sj.embor.7400678
http://www.ncbi.nlm.nih.gov/pubmed/16641935
https://doi.org/10.1038/s41588-021-00885-0
http://www.ncbi.nlm.nih.gov/pubmed/34183854
https://www.ukbiobank.ac.uk/enable-your-research/about-our-data/genetic-data
https://www.ukbiobank.ac.uk/enable-your-research/about-our-data/genetic-data
https://doi.org/10.1038/s41586-021-04103-z
https://doi.org/10.1038/s41586-021-04103-z
http://www.ncbi.nlm.nih.gov/pubmed/34662886
https://doi.org/10.1159/000517419
https://doi.org/10.1159/000517419
http://www.ncbi.nlm.nih.gov/pubmed/34722352
https://doi.org/10.1212/NXG.0000000000200015
https://doi.org/10.1212/NXG.0000000000200015
http://www.ncbi.nlm.nih.gov/pubmed/36035235
https://doi.org/10.1002/gepi.22511
http://www.ncbi.nlm.nih.gov/pubmed/36490288
https://doi.org/10.1038/ng.118
https://doi.org/10.1038/ng.118
http://www.ncbi.nlm.nih.gov/pubmed/18391953
https://doi.org/10.1038/s41588-018-0184-y
http://www.ncbi.nlm.nih.gov/pubmed/30104761
https://doi.org/10.1038/s41588-021-00870-7
http://www.ncbi.nlm.nih.gov/pubmed/34017140
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

LiuY, Yang Q, Zhao F. Synonymous but Not Silent: The Codon Usage Code for Gene Expression and
Protein Folding. Annu Rev Biochem. 2021; 90:375—401. https://doi.org/10.1146/annurev-biochem-
071320-112701 PMID: 33441035

Kimchi-Sarfaty C, Oh JM, Kim IW, Sauna ZE, Calcagno AM, Ambudkar SV, et al. A "silent" polymor-
phism in the MDR1 gene changes substrate specificity. Science. 2007; 315(5811):525-8. https://doi.
org/10.1126/science.1135308 PMID: 17185560

Fremont OT, Chan JC. Understanding Bartter syndrome and Gitelman syndrome. World J Pediatr.
2012; 8(1):25-30. https://doi.org/10.1007/s12519-012-0333-9 PMID: 22282380

Leng Q, MacGregor GG, Dong K, Giebisch G, Hebert SC. Subunit-subunit interactions are critical for
proton sensitivity of ROMK: evidence in support of an intermolecular gating mechanism. Proc Natl
Acad Sci U S A. 2006; 103(6):1982-7. https://doi.org/10.1073/pnas.0510610103 PMID: 16446432

Guay-Woodford LM. Bartter syndrome: unraveling the pathophysiologic enigma. Am J Med. 1998; 105
(2):151-61. hitps://doi.org/10.1016/s0002-9343(98)00196-x PMID: 9727823

Lifton RP. Genetic dissection of human blood pressure variation: common pathways from rare pheno-
types. Harvey Lect. 2004; 100:71-101. PMID: 16970175

Kallioinen N, Hill A, Horswill MS, Ward HE, Watson MO. Sources of inaccuracy in the measurement of
adult patients’ resting blood pressure in clinical settings: a systematic review. J Hypertens. 2017; 35
(3):421—-41. https://doi.org/10.1097/HJH.0000000000001197 PMID: 27977471

Podoll A, Grenier M, Croix B, Feig DI. Inaccuracy in pediatric outpatient blood pressure measurement.
Pediatrics. 2007; 119(3):e538—43. https://doi.org/10.1542/peds.2006-1686 PMID: 17332173

Chan WK, To KF, Tong JH, Law CW. Paradoxical hypertension and salt wasting in Type Il Bartter syn-
drome. Clin Kidney J. 2012; 5(3):217-20. https://doi.org/10.1093/ckj/sfs026 PMID: 26069767

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein
structure prediction with AlphaFold. Nature. 2021; 596(7873):583-9. https://doi.org/10.1038/s41586-
021-03819-2 PMID: 34265844

Schulte U, Hahn H, Konrad M, Jeck N, Derst C, Wild K, et al. pH gating of ROMK (K(ir)1.1) channels:
control by an Arg-Lys-Arg triad disrupted in antenatal Bartter syndrome. Proc Natl Acad Sci U S A.
1999; 96(26):15298-303. https://doi.org/10.1073/pnas.96.26.15298 PMID: 10611379

Elsutohy MM, Chauhan VM, Markus R, Kyyaly MA, Tendler SJB, Aylott JW. Real-time measurement
of the intracellular pH of yeast cells during glucose metabolism using ratiometric fluorescent nanosen-
sors. Nanoscale. 2017; 9(18):5904—11. https://doi.org/10.1039/c7nr00906b PMID: 28436517

Sasaki S, Ishibashi K, Nagai T, Marumo F. Regulation mechanisms of intracellular pH of Xenopus lae-
vis oocyte. Biochim Biophys Acta. 1992; 1137(1):45-51. https://doi.org/10.1016/0167-4889(92)
90098-v PMID: 1327152

Choe H, Zhou H, Palmer LG, Sackin H. A conserved cytoplasmic region of ROMK modulates pH sen-
sitivity, conductance, and gating. Am J Physiol. 1997; 273(4):F516-29. https://doi.org/10.1152/
ajprenal.1997.273.4.F516 PMID: 9362329

McNicholas CM, MacGregor GG, Islas LD, Yang Y, Hebert SC, Giebisch G. pH-dependent modulation
of the cloned renal K+ channel, ROMK. Am J Physiol. 1998; 275(6):F972—81. https://doi.org/10.1152/
ajprenal.1998.275.6.F972 PMID: 9843915

Alvarez O, Gonzalez C, Latorre R. Counting channels: a tutorial guide on ion channel fluctuation analy-
sis. Adv Physiol Educ. 2002; 26(1-4):327—41. https://doi.org/10.1152/advan.00006.2002 PMID:
12444005

Needham PG, Guerriero CJ, Brodsky JL. Chaperoning Endoplasmic Reticulum-Associated Degrada-
tion (ERAD) and Protein Conformational Diseases. Cold Spring Harb Perspect Biol. 2019; 11(8).
https://doi.org/10.1101/cshperspect.a033928 PMID: 30670468

Sun Z, Brodsky JL. Protein quality control in the secretory pathway. J Cell Biol. 2019; 218(10):3171—
87. https://doi.org/10.1083/jcb.201906047 PMID: 31537714

Nguyen NH, Brodsky JL. The cellular pathways that maintain the quality control and transport of
diverse potassium channels. Biochim Biophys Acta Gene Regul Mech. 2023; 1866(1):194908. https://
doi.org/10.1016/j.bbagrm.2023.194908 PMID: 36638864

Buchanan BW, Lloyd ME, Engle SM, Rubenstein EM. Cycloheximide Chase Analysis of Protein Deg-
radation in Saccharomyces cerevisiae. J Vis Exp. 2016(110). https://doi.org/10.3791/53975 PMID:
27167179

Bendahhou S, Donaldson MR, Plaster NM, Tristani-Firouzi M, Fu YH, Ptacek LJ. Defective potassium
channel Kir2.1 trafficking underlies Andersen-Tawil syndrome. J Biol Chem. 2003; 278(51):51779-85.
https://doi.org/10.1074/jbc.M310278200 PMID: 14522976

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 36/40


https://doi.org/10.1146/annurev-biochem-071320-112701
https://doi.org/10.1146/annurev-biochem-071320-112701
http://www.ncbi.nlm.nih.gov/pubmed/33441035
https://doi.org/10.1126/science.1135308
https://doi.org/10.1126/science.1135308
http://www.ncbi.nlm.nih.gov/pubmed/17185560
https://doi.org/10.1007/s12519-012-0333-9
http://www.ncbi.nlm.nih.gov/pubmed/22282380
https://doi.org/10.1073/pnas.0510610103
http://www.ncbi.nlm.nih.gov/pubmed/16446432
https://doi.org/10.1016/s0002-9343%2898%2900196-x
http://www.ncbi.nlm.nih.gov/pubmed/9727823
http://www.ncbi.nlm.nih.gov/pubmed/16970175
https://doi.org/10.1097/HJH.0000000000001197
http://www.ncbi.nlm.nih.gov/pubmed/27977471
https://doi.org/10.1542/peds.2006-1686
http://www.ncbi.nlm.nih.gov/pubmed/17332173
https://doi.org/10.1093/ckj/sfs026
http://www.ncbi.nlm.nih.gov/pubmed/26069767
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1073/pnas.96.26.15298
http://www.ncbi.nlm.nih.gov/pubmed/10611379
https://doi.org/10.1039/c7nr00906b
http://www.ncbi.nlm.nih.gov/pubmed/28436517
https://doi.org/10.1016/0167-4889%2892%2990098-v
https://doi.org/10.1016/0167-4889%2892%2990098-v
http://www.ncbi.nlm.nih.gov/pubmed/1327152
https://doi.org/10.1152/ajprenal.1997.273.4.F516
https://doi.org/10.1152/ajprenal.1997.273.4.F516
http://www.ncbi.nlm.nih.gov/pubmed/9362329
https://doi.org/10.1152/ajprenal.1998.275.6.F972
https://doi.org/10.1152/ajprenal.1998.275.6.F972
http://www.ncbi.nlm.nih.gov/pubmed/9843915
https://doi.org/10.1152/advan.00006.2002
http://www.ncbi.nlm.nih.gov/pubmed/12444005
https://doi.org/10.1101/cshperspect.a033928
http://www.ncbi.nlm.nih.gov/pubmed/30670468
https://doi.org/10.1083/jcb.201906047
http://www.ncbi.nlm.nih.gov/pubmed/31537714
https://doi.org/10.1016/j.bbagrm.2023.194908
https://doi.org/10.1016/j.bbagrm.2023.194908
http://www.ncbi.nlm.nih.gov/pubmed/36638864
https://doi.org/10.3791/53975
http://www.ncbi.nlm.nih.gov/pubmed/27167179
https://doi.org/10.1074/jbc.M310278200
http://www.ncbi.nlm.nih.gov/pubmed/14522976
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

Ma D, Taneja TK, Hagen BM, Kim BY, Ortega B, Lederer WJ, et al. Golgi export of the Kir2.1 channel
is driven by a trafficking signal located within its tertiary structure. Cell. 2011; 145(7):1102-15. https://
doi.org/10.1016/j.cell.2011.06.007 PMID: 21703452

Hawthorne DC, Mortimer RK. Super-suppressors in yeast. Genetics. 1963; 48(4):617-20. https://doi.
org/10.1093/genetics/48.4.617 PMID: 13953232

Estabrooks S, Brodsky JL. Regulation of CFTR Biogenesis by the Proteostatic Network and Pharma-
cological Modulators. Int J Mol Sci. 2020; 21(2). https://doi.org/10.3390/ijms21020452 PMID:
31936842

Liguori L, Monticelli M, Allocca M, Hay Mele B, Lukas J, Cubellis MV, et al. Pharmacological Chaper-
ones: A Therapeutic Approach for Diseases Caused by Destabilizing Missense Mutations. Int J Mol
Sci. 2020; 21(2). https://doi.org/10.3390/ijms21020489 PMID: 31940970

Jensen TJ, Loo MA, Pind S, Williams DB, Goldberg AL, Riordan JR. Multiple proteolytic systems,
including the proteasome, contribute to CFTR processing. Cell. 1995; 83(1):129-35. https://doi.org/
10.1016/0092-8674(95)90241-4 PMID: 7553864

Lee DH, Goldberg AL. Proteasome inhibitors: valuable new tools for cell biologists. Trends Cell Biol.
1998; 8(10):397—-403. https://doi.org/10.1016/s0962-8924(98)01346-4 PMID: 9789328

Tran JR, Brodsky JL. Assays to measure ER-associated degradation in yeast. Methods Mol Biol.
2012; 832:505—18. https://doi.org/10.1007/978-1-61779-474-2_36 PMID: 22350909

Staub O, Gautschi |, Ishikawa T, Breitschopf K, Ciechanover A, Schild L, et al. Regulation of stability
and function of the epithelial Na+ channel (ENaC) by ubiquitination. EMBO J. 1997; 16(21):6325-36.
https://doi.org/10.1093/emboj/16.21.6325 PMID: 9351815

Ward CL, Omura S, Kopito RR. Degradation of CFTR by the ubiquitin-proteasome pathway. Cell.
1995; 83(1):121—7. https://doi.org/10.1016/0092-8674(95)90240-6 PMID: 7553863

Foo B, Williamson B, Young JC, Lukacs G, Shrier A. hERG quality control and the long QT syndrome.
J Physiol. 2016; 594(9):2469-81. https://doi.org/10.1113/JP270531 PMID: 26718903

Moir D, Stewart SE, Osmond BC, Botstein D. Cold-sensitive cell-division-cycle mutants of yeast: isola-
tion, properties, and pseudoreversion studies. Genetics. 1982; 100(4):547—-63. https://doi.org/10.
1093/genetics/100.4.547 PMID: 6749598

Meyer HH, Shorter JG, Seemann J, Pappin D, Warren G. A complex of mammalian ufd1 and npl4
links the AAA-ATPase, p97, to ubiquitin and nuclear transport pathways. EMBO J. 2000; 19
(10):2181-92. https://doi.org/10.1093/emboj/19.10.2181 PMID: 10811609

Ye Y, Meyer HH, Rapoport TA. The AAA ATPase Cdc48/p97 and its partners transport proteins from
the ER into the cytosol. Nature. 2001; 414(6864):652—6. https://doi.org/10.1038/414652a PMID:
11740563

Acharya U, Jacobs R, Peters JM, Watson N, Farquhar MG, Malhotra V. The formation of Golgi stacks
from vesiculated Golgi membranes requires two distinct fusion events. Cell. 1995; 82(6):895-904.
https://doi.org/10.1016/0092-8674(95)90269-4 PMID: 7553850

Patel S, Latterich M. The AAA team: related ATPases with diverse functions. Trends Cell Biol. 1998; 8
(2):65-71. PMID: 9695811

Rabouiille C, Levine TP, Peters JM, Warren G. An NSF-like ATPase, p97, and NSF mediate cisternal
regrowth from mitotic Golgi fragments. Cell. 1995; 82(6):905—-14. https://doi.org/10.1016/0092-8674
(95)90270-8 PMID: 7553851

Zhou HJ, Wang J, Yao B, Wong S, Djakovic S, Kumar B, et al. Discovery of a First-in-Class, Potent,
Selective, and Orally Bioavailable Inhibitor of the p97 AAA ATPase (CB-5083). J Med Chem. 2015; 58
(24):9480-97. https://doi.org/10.1021/acs.jmedchem.5b01346 PMID: 26565666

Costantini S, Capone F, Polo A, Bagnara P, Budillon A. Valosin-Containing Protein (VCP)/p97: A
Prognostic Biomarker and Therapeutic Target in Cancer. Int J Mol Sci. 2021; 22(18). https://doi.org/
10.3390/ijms221810177 PMID: 34576340

Eisenack TJ, Trentini DB. Ending a bad start: Triggers and mechanisms of co-translational protein
degradation. Front Mol Biosci. 2022; 9:1089825. https://doi.org/10.3389/fmolb.2022.1089825 PMID:
36660423

Hollams EM, Giles KM, Thomson AM, Leedman PJ. MRNA stability and the control of gene expres-
sion: implications for human disease. Neurochem Res. 2002; 27(10):957-80. https://doi.org/10.1023/
a:1020992418511 PMID: 12462398

Scheper GC, van der Knaap MS, Proud CG. Translation matters: protein synthesis defects in inherited
disease. Nat Rev Genet. 2007; 8(9):711-23. https://doi.org/10.1038/nrg2142 PMID: 17680008

Elia G. Cell surface protein biotinylation for SDS-PAGE analysis. Methods Mol Biol. 2012; 869:361—
72. https://doi.org/10.1007/978-1-61779-821-4_29 PMID: 22585500

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 37/40


https://doi.org/10.1016/j.cell.2011.06.007
https://doi.org/10.1016/j.cell.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21703452
https://doi.org/10.1093/genetics/48.4.617
https://doi.org/10.1093/genetics/48.4.617
http://www.ncbi.nlm.nih.gov/pubmed/13953232
https://doi.org/10.3390/ijms21020452
http://www.ncbi.nlm.nih.gov/pubmed/31936842
https://doi.org/10.3390/ijms21020489
http://www.ncbi.nlm.nih.gov/pubmed/31940970
https://doi.org/10.1016/0092-8674%2895%2990241-4
https://doi.org/10.1016/0092-8674%2895%2990241-4
http://www.ncbi.nlm.nih.gov/pubmed/7553864
https://doi.org/10.1016/s0962-8924%2898%2901346-4
http://www.ncbi.nlm.nih.gov/pubmed/9789328
https://doi.org/10.1007/978-1-61779-474-2%5F36
http://www.ncbi.nlm.nih.gov/pubmed/22350909
https://doi.org/10.1093/emboj/16.21.6325
http://www.ncbi.nlm.nih.gov/pubmed/9351815
https://doi.org/10.1016/0092-8674%2895%2990240-6
http://www.ncbi.nlm.nih.gov/pubmed/7553863
https://doi.org/10.1113/JP270531
http://www.ncbi.nlm.nih.gov/pubmed/26718903
https://doi.org/10.1093/genetics/100.4.547
https://doi.org/10.1093/genetics/100.4.547
http://www.ncbi.nlm.nih.gov/pubmed/6749598
https://doi.org/10.1093/emboj/19.10.2181
http://www.ncbi.nlm.nih.gov/pubmed/10811609
https://doi.org/10.1038/414652a
http://www.ncbi.nlm.nih.gov/pubmed/11740563
https://doi.org/10.1016/0092-8674%2895%2990269-4
http://www.ncbi.nlm.nih.gov/pubmed/7553850
http://www.ncbi.nlm.nih.gov/pubmed/9695811
https://doi.org/10.1016/0092-8674%2895%2990270-8
https://doi.org/10.1016/0092-8674%2895%2990270-8
http://www.ncbi.nlm.nih.gov/pubmed/7553851
https://doi.org/10.1021/acs.jmedchem.5b01346
http://www.ncbi.nlm.nih.gov/pubmed/26565666
https://doi.org/10.3390/ijms221810177
https://doi.org/10.3390/ijms221810177
http://www.ncbi.nlm.nih.gov/pubmed/34576340
https://doi.org/10.3389/fmolb.2022.1089825
http://www.ncbi.nlm.nih.gov/pubmed/36660423
https://doi.org/10.1023/a%3A1020992418511
https://doi.org/10.1023/a%3A1020992418511
http://www.ncbi.nlm.nih.gov/pubmed/12462398
https://doi.org/10.1038/nrg2142
http://www.ncbi.nlm.nih.gov/pubmed/17680008
https://doi.org/10.1007/978-1-61779-821-4%5F29
http://www.ncbi.nlm.nih.gov/pubmed/22585500
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Veit G, Avramescu RG, Chiang AN, Houck SA, Cai Z, Peters KW, et al. From CFTR biology toward
combinatorial pharmacotherapy: expanded classification of cystic fibrosis mutations. Mol Biol Cell.
2016; 27(3):424-33. https://doi.org/10.1091/mbc.E14-04-0935 PMID: 26823392

Yu H, Burton B, Huang CJ, Worley J, Cao D, Johnson JP Jr., et al. Ivacaftor potentiation of multiple
CFTR channels with gating mutations. J Cyst Fibros. 2012; 11(3):237-45. https://doi.org/10.1016/j.jcf.
2011.12.005 PMID: 22293084

Bell SC, De Boeck K, Amaral MD. New pharmacological approaches for cystic fibrosis: promises,
progress, pitfalls. Pharmacol Ther. 2015; 145:19-34. https://doi.org/10.1016/j.pharmthera.2014.06.
005 PMID: 24932877

Kuo IY, Ehrlich BE. lon channels in renal disease. Chem Rev. 2012; 112(12):6353-72. https://doi.org/
10.1021/cr3001077 PMID: 22809040

Welling PA. Regulation of renal potassium secretion: molecular mechanisms. Semin Nephrol. 2013;
33(3):215-28. https://doi.org/10.1016/j.semnephrol.2013.04.002 PMID: 23953799

Mrad FCC, Soares SBM, de Menezes Silva LAW, Dos Anjos Menezes PV, Simoes ESAC. Bartter's
syndrome: clinical findings, genetic causes and therapeutic approach. World J Pediatr. 2021; 17
(1):31-9.

Jeck N, Derst C, Wischmeyer E, Ott H, Weber S, Rudin C, et al. Functional heterogeneity of ROMK
mutations linked to hyperprostaglandin E syndrome. Kidney Int. 2001; 59(5):1803—11. https://doi.org/
10.1046/.1523-1755.2001.0590051803.x PMID: 11318951

Buniello A, MacArthur JAL, Cerezo M, Harris LW, Hayhurst J, Malangone C, et al. The NHGRI-EBI
GWAS Catalog of published genome-wide association studies, targeted arrays and summary statistics
2019. Nucleic Acids Res. 2019; 47(D1):D1005-D12. https://doi.org/10.1093/nar/gky1120 PMID:
30445434

Chiasson MA, Rollins NJ, Stephany JJ, Sitko KA, Matreyek KA, Verby M, et al. Multiplexed measure-
ment of variant abundance and activity reveals VKOR topology, active site and human variant impact.
Elife. 2020; 9. https://doi.org/10.7554/eLife.58026 PMID: 32870157

Matreyek KA, Starita LM, Stephany JJ, Martin B, Chiasson MA, Gray VE, et al. Multiplex assessment
of protein variant abundance by massively parallel sequencing. Nat Genet. 2018; 50(6):874-82.
https://doi.org/10.1038/s41588-018-0122-z PMID: 29785012

Coyote-Maestas W, Nedrud D, He Y, Schmidt D. Determinants of trafficking, conduction, and disease
within a K(+) channel revealed through multiparametric deep mutational scanning. Elife. 2022;11.

Frazer J, Notin P, Dias M, Gomez A, Min JK, Brock K, et al. Disease variant prediction with deep gen-
erative models of evolutionary data. Nature. 2021; 599(7883):91-5. https://doi.org/10.1038/s41586-
021-04043-8 PMID: 34707284

Tiemann JKS, Zschach H, Lindorff-Larsen K, Stein A. Interpreting the molecular mechanisms of dis-
ease variants in human transmembrane proteins. Biophys J. 2023; 122(11):2176-91. https://doi.org/
10.1016/j.bpj.2022.12.031 PMID: 36600598

Magliery TJ. Protein stability: computation, sequence statistics, and new experimental methods. Curr
Opin Struct Biol. 2015; 33:161-8. https://doi.org/10.1016/j.sbi.2015.09.002 PMID: 26497286

Redler RL, Das J, Diaz JR, Dokholyan NV. Protein Destabilization as a Common Factor in Diverse
Inherited Disorders. J Mol Evol. 2016; 82(1):11-6. https://doi.org/10.1007/s00239-015-9717-5 PMID:
26584803

Scott CC, Vacca F, Gruenberg J. Endosome maturation, transport and functions. Semin Cell Dev Biol.
2014; 31:2-10. https://doi.org/10.1016/j.semcdb.2014.03.034 PMID: 24709024

Fang L, Garuti R, Kim BY, Wade JB, Welling PA. The ARH adaptor protein regulates endocytosis of
the ROMK potassium secretory channel in mouse kidney. J Clin Invest. 2009; 119(11):3278-89.
https://doi.org/10.1172/JCI37950 PMID: 19841541

Chen XJ, Clark-Walker GD. The petite mutation in yeasts: 50 years on. Int Rev Cytol. 2000; 194:197—
238. https://doi.org/10.1016/s0074-7696(08)62397-9 PMID: 10494627

Wallis OC, Ottolenghi P, Whittaker PA. Induction of petite mutants in yeast by starvation in glycerol.
Biochem J. 1972; 127(2):46P—7P. https://doi.org/10.1042/bj1270046pb PMID: 4561923

Wright MB, Ramos J, Gomez MJ, Moulder K, Scherrer M, Munson G, et al. Potassium transport by
amino acid permeases in Saccharomyces cerevisiae. J Biol Chem. 1997; 272(21):13647-52. https://
doi.org/10.1074/jbc.272.21.13647 PMID: 9153214

Ko CH, Liang H, Gaber RF. Roles of multiple glucose transporters in Saccharomyces cerevisiae. Mol
Cell Biol. 1993; 13(1):638—48. https://doi.org/10.1128/mcb.13.1.638-648.1993 PMID: 8417358

Liang H, Ko CH, Herman T, Gaber RF. Trinucleotide insertions, deletions, and point mutations in glu-
cose transporters confer K+ uptake in Saccharomyces cerevisiae. Mol Cell Biol. 1998; 18(2):926—35.
https://doi.org/10.1128/MCB.18.2.926 PMID: 9447989

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 38/40


https://doi.org/10.1091/mbc.E14-04-0935
http://www.ncbi.nlm.nih.gov/pubmed/26823392
https://doi.org/10.1016/j.jcf.2011.12.005
https://doi.org/10.1016/j.jcf.2011.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22293084
https://doi.org/10.1016/j.pharmthera.2014.06.005
https://doi.org/10.1016/j.pharmthera.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/24932877
https://doi.org/10.1021/cr3001077
https://doi.org/10.1021/cr3001077
http://www.ncbi.nlm.nih.gov/pubmed/22809040
https://doi.org/10.1016/j.semnephrol.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23953799
https://doi.org/10.1046/j.1523-1755.2001.0590051803.x
https://doi.org/10.1046/j.1523-1755.2001.0590051803.x
http://www.ncbi.nlm.nih.gov/pubmed/11318951
https://doi.org/10.1093/nar/gky1120
http://www.ncbi.nlm.nih.gov/pubmed/30445434
https://doi.org/10.7554/eLife.58026
http://www.ncbi.nlm.nih.gov/pubmed/32870157
https://doi.org/10.1038/s41588-018-0122-z
http://www.ncbi.nlm.nih.gov/pubmed/29785012
https://doi.org/10.1038/s41586-021-04043-8
https://doi.org/10.1038/s41586-021-04043-8
http://www.ncbi.nlm.nih.gov/pubmed/34707284
https://doi.org/10.1016/j.bpj.2022.12.031
https://doi.org/10.1016/j.bpj.2022.12.031
http://www.ncbi.nlm.nih.gov/pubmed/36600598
https://doi.org/10.1016/j.sbi.2015.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26497286
https://doi.org/10.1007/s00239-015-9717-5
http://www.ncbi.nlm.nih.gov/pubmed/26584803
https://doi.org/10.1016/j.semcdb.2014.03.034
http://www.ncbi.nlm.nih.gov/pubmed/24709024
https://doi.org/10.1172/JCI37950
http://www.ncbi.nlm.nih.gov/pubmed/19841541
https://doi.org/10.1016/s0074-7696%2808%2962397-9
http://www.ncbi.nlm.nih.gov/pubmed/10494627
https://doi.org/10.1042/bj1270046pb
http://www.ncbi.nlm.nih.gov/pubmed/4561923
https://doi.org/10.1074/jbc.272.21.13647
https://doi.org/10.1074/jbc.272.21.13647
http://www.ncbi.nlm.nih.gov/pubmed/9153214
https://doi.org/10.1128/mcb.13.1.638-648.1993
http://www.ncbi.nlm.nih.gov/pubmed/8417358
https://doi.org/10.1128/MCB.18.2.926
http://www.ncbi.nlm.nih.gov/pubmed/9447989
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152,

153.

154.

155.

156.

Ephrussi B. Action de I'ac-riflavine sur res levures. |. La mutation" petite colonie". Ann Inst Pasteur.
1949; 76:351-67.

Nagley P, Linnane AW. Mitochondrial DNA deficient petite mutants of yeast. Biochem Biophys Res
Commun. 1970; 39(5):989-96. https://doi.org/10.1016/0006-291x(70)90422-5 PMID: 5423835

Dimitrov LN, Brem RB, Kruglyak L, Gottschling DE. Polymorphisms in multiple genes contribute to the
spontaneous mitochondrial genome instability of Saccharomyces cerevisiae S288C strains. Genetics.
2009; 183(1):365-83. https://doi.org/10.1534/genetics.109.104497 PMID: 19581448

Gomez-de-Mariscal E, Guerrero V, Sneider A, Jayatilaka H, Phillip JM, Wirtz D, et al. Use of the p-val-
ues as a size-dependent function to address practical differences when analyzing large datasets. Sci
Rep. 2021; 11(1):20942. https://doi.org/10.1038/s41598-021-00199-5 PMID: 34686696

Cheng K, Nair NU, Lee JS, Ruppin E. Synthetic lethality across normal tissues is strongly associated
with cancer risk, onset, and tumor suppressor specificity. Sci Adv. 2021; 7(1). https://doi.org/10.1126/
sciadv.abc2100 PMID: 33523837

Nijman SM. Synthetic lethality: general principles, utility and detection using genetic screens in human
cells. FEBS Lett. 2011; 585(1):1-6. https://doi.org/10.1016/j.febslet.2010.11.024 PMID: 21094158

Pitluk ZW SS, Colosimo M, Moore S, Peterson M, Poliakov A. Identifying synthetic interactions
between synonymous mutations in the UK Biobank WES data using REVEAL: Biobank. [Poster]:
American Society of Human Genetics General Meeting; 2021.

Darke P, Cassidy S, Catt M, Taylor R, Missier P, Bacardit J. Curating a longitudinal research resource
using linked primary care EHR data-a UK Biobank case study. J Am Med Inform Assoc. 2022; 29
(8):546-52. https://doi.org/10.1093/jamia/ocab260 PMID: 34897458

Dong G, Feng J, Sun F, Chen J, Zhao XM. A global overview of genetically interpretable multimorbid-
ities among common diseases in the UK Biobank. Genome Med. 2021; 13(1):110. https://doi.org/10.
1186/s13073-021-00927-6 PMID: 34225788

Muzambi R, Bhaskaran K, Rentsch CT, Smeeth L, Brayne C, Garfield V, et al. Are infections associ-
ated with cognitive decline and neuroimaging outcomes? A historical cohort study using data from the
UK Biobank study linked to electronic health records. Transl Psychiatry. 2022; 12(1):385. https://doi.
org/10.1038/s41398-022-02145-z PMID: 36109502

Marciniak SJ, Chambers JE, Ron D. Pharmacological targeting of endoplasmic reticulum stress in dis-
ease. Nat Rev Drug Discov. 2022; 21(2):115—-40. https://doi.org/10.1038/s41573-021-00320-3 PMID:
34702991

Van Goor F, Hadida S, Grootenhuis PD, Burton B, Cao D, Neuberger T, et al. Rescue of CF airway
epithelial cell function in vitro by a CFTR potentiator, VX-770. Proc Natl Acad Sci U S A. 2009; 106
(44):18825-30. https://doi.org/10.1073/pnas.0904709106 PMID: 19846789

Bienert S, Waterhouse A, de Beer TA, Tauriello G, Studer G, Bordoli L, et al. The SWISS-MODEL
Repository-new features and functionality. Nucleic Acids Res. 2017; 45(D1):D313-D9. https://doi.org/
10.1093/nar/gkw1132 PMID: 27899672

Hansen SB, Tao X, MacKinnon R. Structural basis of PIP2 activation of the classical inward rectifier K
+ channel Kir2.2. Nature. 2011; 477(7365):495-8. https://doi.org/10.1038/nature10370 PMID:
21874019

McCaw ZR, Lane JM, Saxena R, Redline S, Lin X. Operating characteristics of the rank-based inverse
normal transformation for quantitative trait analysis in genome-wide association studies. Biometrics.
2020; 76(4):1262—72. https://doi.org/10.1111/biom.13214 PMID: 31883270

Bastarache L. Using Phecodes for Research with the Electronic Health Record: From PheWAS to
PheRS. Annu Rev Biomed Data Sci. 2021; 4:1-19. https://doi.org/10.1146/annurev-biodatasci-
122320-112352 PMID: 34465180

Liao KP, Sun J, Cai TA, Link N, Hong C, Huang J, et al. High-throughput multimodal automated pheno-
typing (MAP) with application to PheWAS. J Am Med Inform Assoc. 2019; 26(11):1255—-62. https://doi.
org/10.1093/jamia/ocz066 PMID: 31613361

Wilkinson MD, Dumontier M, Aalbersberg IJ, Appleton G, Axton M, Baak A, et al. The FAIR Guiding
Principles for scientific data management and stewardship. Sci Data. 2016; 3:160018. https://doi.org/
10.1038/sdata.2016.18 PMID: 26978244

Nichols C, Ho K, Hebert S. Mg (2+)-dependent inward rectification of ROMK1 potassium channels
expressed in Xenopus oocytes. J Physiol. 1994; 476(3):399—-409.

Mumberg D, Muller R, Funk M. Yeast vectors for the controlled expression of heterologous proteins in
different genetic backgrounds. Gene. 1995; 156(1):119-22. https://doi.org/10.1016/0378-1119(95)
00037-7 PMID: 7737504

Vallejo AN, Pogulis RJ, Pease LR. In vitro synthesis of novel genes: mutagenesis and recombination
by PCR. PCR Methods Appl. 1994; 4(3):S123-30. https://doi.org/10.1101/gr.4.3.s123 PMID: 7580893

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 39/40


https://doi.org/10.1016/0006-291x%2870%2990422-5
http://www.ncbi.nlm.nih.gov/pubmed/5423835
https://doi.org/10.1534/genetics.109.104497
http://www.ncbi.nlm.nih.gov/pubmed/19581448
https://doi.org/10.1038/s41598-021-00199-5
http://www.ncbi.nlm.nih.gov/pubmed/34686696
https://doi.org/10.1126/sciadv.abc2100
https://doi.org/10.1126/sciadv.abc2100
http://www.ncbi.nlm.nih.gov/pubmed/33523837
https://doi.org/10.1016/j.febslet.2010.11.024
http://www.ncbi.nlm.nih.gov/pubmed/21094158
https://doi.org/10.1093/jamia/ocab260
http://www.ncbi.nlm.nih.gov/pubmed/34897458
https://doi.org/10.1186/s13073-021-00927-6
https://doi.org/10.1186/s13073-021-00927-6
http://www.ncbi.nlm.nih.gov/pubmed/34225788
https://doi.org/10.1038/s41398-022-02145-z
https://doi.org/10.1038/s41398-022-02145-z
http://www.ncbi.nlm.nih.gov/pubmed/36109502
https://doi.org/10.1038/s41573-021-00320-3
http://www.ncbi.nlm.nih.gov/pubmed/34702991
https://doi.org/10.1073/pnas.0904709106
http://www.ncbi.nlm.nih.gov/pubmed/19846789
https://doi.org/10.1093/nar/gkw1132
https://doi.org/10.1093/nar/gkw1132
http://www.ncbi.nlm.nih.gov/pubmed/27899672
https://doi.org/10.1038/nature10370
http://www.ncbi.nlm.nih.gov/pubmed/21874019
https://doi.org/10.1111/biom.13214
http://www.ncbi.nlm.nih.gov/pubmed/31883270
https://doi.org/10.1146/annurev-biodatasci-122320-112352
https://doi.org/10.1146/annurev-biodatasci-122320-112352
http://www.ncbi.nlm.nih.gov/pubmed/34465180
https://doi.org/10.1093/jamia/ocz066
https://doi.org/10.1093/jamia/ocz066
http://www.ncbi.nlm.nih.gov/pubmed/31613361
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/sdata.2016.18
http://www.ncbi.nlm.nih.gov/pubmed/26978244
https://doi.org/10.1016/0378-1119%2895%2900037-7
https://doi.org/10.1016/0378-1119%2895%2900037-7
http://www.ncbi.nlm.nih.gov/pubmed/7737504
https://doi.org/10.1101/gr.4.3.s123
http://www.ncbi.nlm.nih.gov/pubmed/7580893
https://doi.org/10.1371/journal.pgen.1011051

PLOS GENETICS

A pipeline to identify uncharacterized alleles linked to Bartter syndrome

157.

158.

159.

160.

161.

Gietz RD, Woods RA. Transformation of yeast by lithium acetate/single-stranded carrier DNA/polyeth-
ylene glycol method. Methods Enzymol. 2002; 350:87-96. https://doi.org/10.1016/s0076-6879(02)
50957-5 PMID: 12073338

Treco DA, Winston F. Growth and manipulation of yeast. Curr Protoc Mol Biol. 2008;Chapter 13:Unit
13 2. https://doi.org/10.1002/0471142727.mb1302s82 PMID: 18425759

Lin D, Sterling H, Lerea KM, Giebisch G, Wang WH. Protein kinase C (PKC)-induced phosphorylation
of ROMK1 is essential for the surface expression of ROMK1 channels. J Biol Chem. 2002; 277
(46):44278-84. https://doi.org/10.1074/jbc.M203702200 PMID: 12221079

Wade JB, Fang L, Coleman RA, Liu J, Grimm PR, Wang T, et al. Differential regulation of ROMK
(Kir1.1) in distal nephron segments by dietary potassium. Am J Physiol Renal Physiol. 2011; 300(6):
F1385-98. https://doi.org/10.1152/ajprenal.00592.2010 PMID: 21454252

Calabrese R, Capriotti E, Fariselli P, Martelli PL, Casadio R. Functional annotations improve the pre-
dictive score of human disease-related mutations in proteins. Hum Mutat. 2009; 30(8):1237—-44.
https://doi.org/10.1002/humu.21047 PMID: 19514061

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011051 November 13, 2023 40/40


https://doi.org/10.1016/s0076-6879%2802%2950957-5
https://doi.org/10.1016/s0076-6879%2802%2950957-5
http://www.ncbi.nlm.nih.gov/pubmed/12073338
https://doi.org/10.1002/0471142727.mb1302s82
http://www.ncbi.nlm.nih.gov/pubmed/18425759
https://doi.org/10.1074/jbc.M203702200
http://www.ncbi.nlm.nih.gov/pubmed/12221079
https://doi.org/10.1152/ajprenal.00592.2010
http://www.ncbi.nlm.nih.gov/pubmed/21454252
https://doi.org/10.1002/humu.21047
http://www.ncbi.nlm.nih.gov/pubmed/19514061
https://doi.org/10.1371/journal.pgen.1011051

