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Recommendations for the scientific use of this probe: 
 
This probe (CID 44123657) can be used for in vitro and electrophysiology studies to probe 
the role of ROMK inhibition without inhibition of closely related channels Kir2.1, Kir4.1, 
Kir7.1, Kir2.3 or hERG.  Moreover a PanLab screen identified no significant ancillary 
pharmacology, thus CID 44123657 is the first truly selective small molecule inhibitor of 
ROMK and can be employed to study ROMK with confidence.  This is the second probe from 
this screening effort, the first being CID 4536383, a ROMK inhibitor that is also first known 
inhibitor of Kir7.1. 
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Specific AIM:  To identify small molecule inhibitors of Renal Outer Medullary Potassium 
Channel (ROMK, Kir1.1, KCNJ1), a potassium channel located in the renal tubule where it 
critically regulates sodium and potassium balance.   There are no selective small molecule 
inhibitors of ROMK.   We aimed to develop ROMK inhibitors with submicromolar potency, cell 
penetrance and greater than 10-fold selectivity versus other members of the Kir channel 
family (Kir2.3, Kir4.1, Kir4.2, Kir5.1 and Kir7.1).   
 
Significance:  The Renal Outer Medullary potassium (K) channel (ROMK, Kir1.1, KCNJ1) is 
expressed in the kidney tubule where it plays key roles in regulating fluid and electrolyte 
homeostasis.1,2 In the thick ascending limb of Henle, luminal K recycling by ROMK supports 
NaCl reabsorption by the Na-K-2Cl co-transporter and loop diuretic (e.g. furosemide) target 
NKCC2, which in turn promotes osmotic water reabsorption in the distal nephron.3-5 In the 
connecting tubule, distal convoluted tubule and collecting duct, ROMK mediates the final 
step in K secretion and functions to match dietary K intake with urinary K excretion.6,7   A 
growing body of genetic evidence8-10 suggests that pharmacological antagonists of ROMK 
could have potent diuretic effects while minimizing potentially dangerous urinary K loss 
caused by furosemide.11,12  However, the molecular pharmacology of ROMK, and indeed that 
of the entire inward rectifier K+ channel family, is virtually undeveloped, precluding 
assessment of ROMK’s potential as a diuretic target.   
At least 6 other members (Kir2.3, Kir4.1, Kir4.2, Kir5.1, Kir7.1) of the Kir channel family are 
expressed in the nephron, but their physiological functions are not well understood.2,13-16 
The newest family member, Kir7.1 (KCNJ13), is expressed in several nephron segments.  In 
principal cells of the collecting duct, Kir7.1 is believed to contribute to basolateral K 
recycling necessary for Na-K-ATPase-dependent K secretion.15 However, there is no direct 
evidence that Kir7.1 forms functional ion channels in the nephron.  Kir7.1 has an unusually 
low unitary conductance (~50 fS),17 making it difficult to identify in single-channel 
recordings, and there have been no pharmacological tools available with which to 
discriminate Kir7.1 from other channels in whole-cell recordings.  The identification of 
pharmacological probes would be helpful in defining the functions of Kir7.1 in the nephron 
and other tissues.17,25 To date, there are no potent and or selective ROMK inhibitors; 
however, known KATP blockers have been shown to exhibit low potency toward ROMK 
together with undesirable cardiovascular and metabolic side effects mediated by KATP 
channels.37 
 
Rationale:  In the present study, we developed and implemented a fluorescence-based 
assay for high-throughput screening (HTS) of chemical libraries for novel modulators of 
ROMK function, and developed the appropriate counter screens within the Kir family and 
electrophysiology assays to rapidly confirm and optimize putative ROMK inhibitor hits into 
selective ROMK inhibitors.18-25 
 
Screening Center Information: 
Assay Implementation and Screening 
PubChem Bioassay Name: Identification of Novel Modulators of ROMK K+ Channel 
Activity 
List of PubChem bioassay identifiers generated for this screening project (AIDs): 
1916, 1917, 1918, 1922, 1924, 2436, 2753 
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PubChem Primary Assay Description: We used C1 cells to develop a fluorescence-based 
assay of ROMK function for high-throughput screening (HTS). The assay reports flux of the 
K+ congener thallium (Tl+) through ROMK channels using the fluorescent dye Fluozin-2.22-24 
Figure 1A shows representative fluorescence traces recorded from individual wells of a  
 

 
 
384-well plate containing uninduced (-Tet) or Tet-induced cells bathed in control (+Tet) or 
TPNQ-containing assay buffer (Tet + TPNQ). Tl+ evoked a rapid fluorescence increase in 
induced cells, but not in uninduced cells or induced cells pre-treated with the ROMK blocker 
TPNQ. The slope of the Fluozin-2 fluorescence increase between 7 and 12 seconds after Tl+ 
addition was used as a measure of Tl+ flux. TPNQ dose-dependently decreased Tl+ flux in 
induced cells with an IC50 of 5.2 nM (Fig. 1C), indicating the assay is sensitive and capable 
of reporting graded changes in ROMK activity. To assess the suitability of the assay for HTS, 
every other well of a 384-well plate was pre-treated with control assay buffer or TPNQ-
containing buffer before Tl+ addition. The rate of Tl+ flux varied little within treatments, but 
was dramatically different between control- and TPNQ-treated wells (Fig. 1B). For this plate 
the calculated Z′ value, a statistical indicator of the assay’s ability to correctly identify hits 
in a screen, was 0.68. Assays with Z′ values between 0.5 and 1.0 are considered suitable 
for HTS.26  
 
Center Summary of Screen:  We developed a robust HTS assay for small-molecule ROMK 
modulators, which enabled the identification of a novel blocker of ROMK and Kir7.1 
channels. The assay extends previous work using Tl+ flux to detect potassium channel and 
transporter activities22-25 and overcomes ROMK-specific technical hurdles associated with 
reportedly poor channel expression in mammalian cells27-33 by using an inducible expression 
system and point mutation (S44D) that promotes cell surface expression.21-35 The 
identification by HTS of numerous ROMK antagonists, some of which preferentially block 

other Kir channels, is a 
significant step toward 
developing the molecular 
pharmacology of the 
inward rectifier channel 
family.  Using the Tl+ flux 
assay we screened 
126,009 compounds in 
384-well plates at a single 
dose of 10 μM. DMSO at a 
final concentration 0.1% 

was used as the compound vehicle. During assay development, we established that Tl+ flux 
through ROMK was insensitive to DMSO concentrations up to 10% (data not shown). Four 
rows in each plate were filled with control or TPNQ-containing buffer for determination of Z′ 
(e.g. Fig. 3C). Plates with Z’ values less than 0.45 were not included in the data analysis. 
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The mean ± SD Z′ of plates passing quality control was 0.72 ± 0.08. The processed primary 
data resulted in 1,758 compounds designated as inhibitors. After re-orders from ChemDiv 
and confirmation screening in electrophysiology experiments, we were left with three hits 
(Figure 2): SID 17510129 (IC50 = 3 M), SID 24802482 (80% block @ 10 M) and SID 
17409040 (30% block @ 10 M). 
 
The first probe from this effort was based on SID 17510129.   Resynthesis of the parent in 
the context of a small parallel library,36 resulted in ‘flat’ SAR, but fresh powder of 
analytically pure SID 17510129/CID 4536383 generated a ROMK inhibitor with an IC50 of 
294 nM, with selectivity versus Kir2.1 and Kir4.1.  However, CID 4536383 was also the first 
reported small molecule inhibitor of Kir7.1 (70%@ 10 M).25    In order to truly probe the 
role of ROMK and determine therapeutic potential of ROMK inhibition, a more selective 
ROMK inhibitor was required.   
 
Chemical Probe Lead Optimization: Efforts focused on SID 24802482, a bis-
benzimidazole tethered by a propyl chain that displayed 80% inhibition of ROMK at 10 M. 
The parent molecule was resynthesized by heating a suspension of glutaric acid 1 and 4- 
nitrobenzene-1,2-diamine 2 in 5 N HCl in a sealed tube at 120 oC to provide CID 3096126 

(SID 24802482) in 
48% isolated yield 
(Scheme 1), which 
was assigned a new 
SID for this new lot SID 
84975339. When 
evaluated in the Tl+ 
assay, fresh powder of 
analytically pure CID 

3096126 possessed an IC50 of 60 M for inhibition of ROMK.  This was concerning as the 
HTS stock afforded 80% inhibition at 10 M.  Upon LCMS inspection of the original HTS 
DMSO stock solution, we found that the sample contained several impurities. However, we 
noticed a structural 
similarity between CID 
3096126 and the first 
generation ROMK 
probe CID 4536383 
(Figure 3).  Our initial 
thought on CID 
4536383, based on a 
kryptofix scaffold, was 
that it chelated 
potassium ions (K+).   We postulated that if we replaced the central methylene moiety of 

CID 3096126 with an 
oxygen  
atom, we would enhance 
its ability to chelate K+ 
through a three-point 
chelate 3, and therefore 
increase inhibition of 
ROMK.   In order to test 

this hypothesis, we synthesized 3 by heating a suspension of diglycolic acid 4 and 4-
nitrobenzene-1,2-diamine 2 in 5 N HCl in a sealed tube at 120 oC to provide 3, CID 
44123657 (SID 84975340) in 51% isolated yield (Scheme 2).  When evaluated in the Tl+ 
assay, fresh powder of analytically pure CID 44123657 possessed an IC50 of 220 nM for 
inhibition of ROMK, an increase in ROMK potency of over >250-fold (Figure 4A).   
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HOOC O COOH

O2N NH2

NH2

4

2

(2.0 equiv.)

5 N HCl, 120 oC

51%

O
N

NH HN

N

O2N NO2

CID 44123657

Scheme 2. Synthesis of 3, CID 44123657

NO

O

N O

O2N

NO2

N
NH

N
H

N

O2N

NO2

CID 3096126

Figure 3. Structural similarities betwen CID 4536383 and CID 3096126: K+ chelation as a basis for ligand design

CID 4536383

O
N

N
H

N
H

N

O2N NO2

K+

3



Template H 

With a new compound that possessed ROMK potency (IC50 = 220 nM) acceptable as an 
MLPCN probe, we next evaluated selectivity versus the Kir family of potassium channels 
(Figure 4B).   CID 44123657 was found to possess unprecedented selectivity among the 
Kir family, having no inhibition of Kir2.1, Kir2.3, Kir4.1, or Kir7.1 at 10 M drug 
concentrations, and was thus, not a promiscuous K+ chelator.   In contrast, the first ROMK 
probe, CID 4536383, displayed considerable inhibition of Kir7.1.25  
 

 
 
Figure 4.  A) CRCs for hit CID3096126 and optimized probe CID44123657; B) Kir family selectivity of 
CID44123657, the most selective ROMK inhibitor known to date. 
 
The SAR of CID 44123657 was focused around exploring the central carbon linker and the 
phenyl ring substituents (Table 1).  Surprisingly, all of the phenyl ring groups that were 
evaluated were uniformly inactive.  In addition, removal of one of the nitro groups from CID 
44123657 was not tolerated and led to a complete loss in activity.  Without knowing the 
binding mode for this series of inhibitors, it is difficult to speculate the role the nitro groups 
are playing. 
 
Table 1. Structures and ROMK Activities of Analogs CID 44123657. 
 

N
H

N

X
N
H

N

R1 R2

 
 
Compound R1 R2 X IC50,µMa 

CID3096126 NO2 NO2 CH2 4 

CID44123657 NO2 NO2 O 0.24 

CID45259136 F F O <5%b 

CID2772764 H H O <5%b 

CID15301607 NO2 H O <5%b 

CID45259137 SO2NMe2 SO2NMe2 O <5%b 
a  IC50 data are an average of at least three independent  
experiments using C1 cells in a Tl+ flux assay  
b  % inhibition of Tl+ flux at 10µM concentration of compound 
 
At this point, the Lead Profiling Screen (68 GPCRs, ion channels and transporters) from MDS 
Pharma was performed on CID 44123653 to determine a broader ancillary pharmacology 
profile for this MLPCN probe.  In addition to selectivity versus the Kir family, CID 44123653 
possessed clean ancillary pharmacology (Table 2), displaying inhibition of only 4 targets:  
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Table 2.  MDS Pharma Lead Profiling Screen for CID 44123653. 
 

 
 
Dopamine D4 (75% @ 10 M), GABAA (77% @ 10 M), DAT (59% @ 10 M) and NET (56% 
@ 10 M).  Upon obtaining full CRCs for these four off-target activities, only GABAA proved 
to afford an IC50<10 mM (GABAA IC50 = 6.2 M), 28-fold selective for ROMK.  Notably, CID 
44123653 was also inactive on hERG and both L- and N-type calcium channels in this panel. 
Thus, CID 44123652, a ROMK inhibitor with unprecedented selectivity was declared an 
MLPCN probe for studying the selective inhibition of ROMK in vitro. 
 
Solubility:  ~ 100 M in DMSO.   Homogeneous/microsuspension at 10 mg/mL in :  20% -
cyclodextrin, 10% cremaphor, 40% PEG-400/H2O 
 
 
Synthetic procedure and Spectral data for CID 44123653. 
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2,2'-oxybis(methylene)bis(5-nitro-1H-benzo[d]imidazole) (CID 44123652) 
[ML112].  A suspension of 4-nitrobenzene-1,2-diamine (300 mg, 1.96 mmol) and  
diglycolic acid (131 mg, 0.98 mmol) in 5N HCl (2 mL) was heated to 120 oC (bath temp) in 
a sealed tube.  A solution forms in 1 h.  After 12 h of heating, the mixture was cooled to rt 
and poured into sat. NaHCO3 solution (50 mL) and the pH was adjusted to 8.  The mixture 
was filtered and the product was washed with water.  The product was dried in a vacuum 
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oven for 10 h to afford CID 44123652 as a light brown solid (368 mg, 51%).  The product 
was recystallized from absolute EtOH to give CID 44123652 as a colorless solid.  1H NMR 
(400 MHz, DMSO-d6) δ 8.46 (d, J=1.3 Hz, 2H), 8.11 (dd, J=8.8, 1.3 Hz, 2H), 7.73 (d, J=8.8 
Hz, 2H), 5.00 (s, 4H); HRMS (calculated for C16H12N6O5+H) 369.0947; Found 369.0947. 
 
MLS#s:  002474508 (CID 44123652, 500 mg), 002474507, 002765794, 002765793, 
002765792, 002765791 
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APPENDIX I 
 

Solubility, Stability and Reactivity data 
as determined by Absorption Systems 
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Solubility.  Solubility in PBS (at pH = 7.4) for ML 112 was <0.03 µM.  
 
Stability.  Stability (at room temperature = 23 °C) for ML 112 in PBS (no antioxidants or other protectorants and 
DMSO concentration below 0.1%) is shown in the table below.  After 48 hours, the percent of parent compound 
remaining was not reported, but the assay variability over the course of the experiment ranged from a low of 95% (at 
2 hours) to a high of 110% (at 1 hour).   
 
 Percent Remaining (%)

Compound 0 Min 15 Min 30 Min 1 Hour 2 Hour 24 Hour 48 Hour 
ML 112 100 101 105 110 95 109 --- 

 
Reactivity.  As assessed through a glutathione (GSH) trapping experiment in phosphate buffered saline (with a 
substrate concentration of typically 5-50 µM and a GSH concentration of 5 mM, at t = 60 minutes) ML 112 was 
found to not form any detectable GSH adducts.* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_________________________ 
*   Solubility (PBS at pH = 7.4), Stability and Reactivity experiments were conducted at Absorption 
    Systems.  For additional information see: https://www.absorption.com/site  


