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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 PanlLab 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, Kirl.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, Kirl.1, KCNJ1) is
expressed in the kidney tubule where it plays key roles in regulating fluid and electrolyte
homeostasis.!? 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.>™> 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.®” A
growing body of genetic evidence®!° suggests that pharmacological antagonists of ROMK
could have potent diuretic effects while minimizing potentially dangerous urinary K loss
caused by furosemide.'''*> 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.*!31®
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.'® 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),” 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.!”?®> To date, there are no potent and or selective ROMK inhibitors;
however, known Karp blockers have been shown to exhibit low potency toward ROMK
together with undesirable cardiovascular and metabolic side effects mediated by Karp
channels.?’

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.!®%

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



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 (TI+) through ROMK channels using the fluorescent dye Fluozin-2.2%%*
Figure 1A shows representative fluorescence traces recorded from individual wells of a
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Figure 1. High-throughput assay of ROMEK function. {(A) Fluozin-2 fluorescence traces recorded from C1 cells before and after addition of
extracallular T+ (shaded area); (B} Plot of the slope of T+-induced fluorescence increase recorded from individual wells of induced C1 cells
treated with contrel  buffer (S} or TPHNQ (T} The Z stalistic calculated for this plate was 068 (C) Concontralion-
resporsa curve for TPRNOD inhibition of ROME. Data are means [} SEM {n=4). Fit of a 4-parameter logistic function to tha CRC data yielded an
1550 of 5.2 n with 5% confidence inMervals between 3.5 n ard 7.6 N

384-well plate containing uninduced (-Tet) or Tet-induced cells bathed in control (+Tet) or
TPNQ-containing assay buffer (Tet + TPNQ). T+ 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 T+
addition was used as a measure of TI+ flux. TPNQ dose-dependently decreased TI+ flux in
induced cells with an ICsg 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.?®

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 TI+ flux to detect potassium channel and
transporter activities??®> and overcomes ROMK-specific technical hurdles associated with
reportedly poor channel expression in mammalian cells*’33 by using an inducible expression
system and point mutation (S44D) that promotes cell surface expression.?!3> The
identification by HTS of numerous ROMK antagonists, some of which preferentially block
other Kir channels, is a
significant step toward
developing the molecular
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assay we screened

NO; 126,009 compounds in

SID 17510129 SID 24802482 SID 17409040 384-well plates at a single

dose of 10 uM. DMSO at a
final concentration 0.1%
was used as the compound vehicle. During assay development, we established that TI+ 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.

Figure 2. Confirmed ROMK HTS hits



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 (ICso = 3 uM), SID 24802482 (80% block @ 10 uM) and SID
17409040 (30% block @ 10 uM).

The first probe from this effort was based on SID 17510129. Resynthesis of the parent in
the context of a small parallel library,® resulted in ‘flat’ SAR, but fresh powder of
analytically pure SID 17510129/CID 4536383 generated a ROMK inhibitor with an ICsy 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 uM).?® 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 uM.
The parent molecule was resynthesized by heating a suspension of glutaric acid 1 and 4-
nitrobenzene-1,2-diamine 2 in 5 N HCI in a sealed tube at 120 °C to provide CID 3096126
Scheme 1. Resynthesis of SID 24802482, i.e., CID 3096126 (SID 24802482) in
48%  isolated yield
(Scheme 1), which
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1 5N HCl, 120 °C
8% CID 3096126 assay, fresh powder of

analytically pure CID
3096126 possessed an ICsq of 60 uM for inhibition of ROMK. This was concerning as the
HTS stock afforded 80% inhibition at 10 uM. Upon LCMS inspection of the original HTS
DMSO stock solution, we found that the sample contained several impurities. However, we
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kryptofix scaffold, was Figure3. Structural similarities betwen CID 4536383 and CID 3096126: K* chelation as a basis for ligand design

that it chelated

potassium ions (K*). We postulated that if we replaced the central methylene moiety of
CID 3096126 with an

Scheme 2. Synthesis of 3, CID 44123657

oxygen
O,N NH, atom, we would enhance
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o~ NH, ST through a three-point
Hooe o coon (2.0 equiv.) OzNGNH HNONOz chelate 3, and therefore
4 5N HCI, 120 °C CIb 44123657 increase inhibition  of

51% 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 °C to provide 3, CID
44123657 (SID 84975340) in 51% isolated yield (Scheme 2). When evaluated in the TI*
assay, fresh powder of analytically pure CID 44123657 possessed an ICsp, of 220 nM for
inhibition of ROMK, an increase in ROMK potency of over >250-fold (Figure 4A).



With a new compound that possessed ROMK potency (ICsq = 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 uM drug
concentrations, and was thus, not a promiscuous K* chelator. In contrast, the first ROMK
probe, CID 4536383, displayed considerable inhibition of Kir7.1.%°
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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.

R?

Qi

Compound R! R? X ICso,uM?
CID3096126  NO, NO, CH, 4
CID44123657 NO, NO, 0 0.24
CID45259136 F F 0 <5%°
CID2772764 H H 0 <5%°
CID15301607 NO, H 0 <5%"
CID45259137 SO,NMe, SO,NMe, O <5%°

@ ICso data are an average of at least three independent
experiments using C1 cells in a TI* flux assay
® % inhibition of TI* flux at 10uM 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:



Table 2. MDS Pharma Lead Profiling Screen for CID 44123653.

% inhibdtion (10 miM) %o inkibitien {10 mb)
Target Species €ID 43123657 Target Species €10 44133657

Bderioans Al it & 14 Histamire Hy hiurnan =13
Adenosne A2 hiem 13 Imidazoline | Central rad B

Aderiogns A3 i an 2 Irvbésrsukin IL-1 mouse -3

Adrenengod i B Lenkotriens, CydeimiCyd T Firnan o

Adrerisngca rid £ MestoninMT, Fiurhiaty ]

Adrenengos huen & 10 Muscarinic il hisnan 2
Adrenengod 2 him an 14 MussCaninic b himan 4

Adrenergch, him an [ Muscarinic kb hiurnan A
Adrenergef: human ] MNéuropspltide Y'Y, henan g
Androgen lestodenons)AR rad 10 MNeuropeplice hisnan |

Bradyikinin B, hisman 14 Micotire: Acetyicholne hisnan =3
EradykininB: hiuman A6 Micotire: Acetyichobnel o | Bungarolosin Fiman 13
Cadcium chann L-type, bénmothiazepns rad 2 Qp:igi(-:}ﬂlpon hurnan 13
Calcium chann L-typs, difydopyviding  rad % Cplatea(0P2 KOP) hinan 18
Calcium channa Nty rat 0 Opistes(OP3,MOP) husman 15
DopamineD, himan 3 Phorbol Ester mouse £
Dopamine Dz hium an £ Platelet Activating F ackor (PAF) himan g
DopamineDs hien any 1 Protassium Channe K .o Fusem e E
Dopamine D,z it & - Potassium Channel hERG Fiunan 43
Endotheln ET. it af [1] P staruond EP, hiaman 10
EndotheinETy il &0 2 PurinergicPe rabbi 2
Epidermal Grovth F actor (EGF) hiuman g Purinergic P ral 10
EstrogenERa i s 1 Rolipram ol -2
G prodein-coupled receptor GRR 1003 huen & 15 Serobornmn(S-Hydmooytnplamine) S-HT. hiunan 14
GABAF lunsfrazepam  centml rad T Serolonin [ S-Hydmoytryplamine) S-HT, hisan 9
GABAMuzcimol, contral rad 3 Sgmag, himan H
GABA himan 0 Sigmags ] 18
Glucscortioid hun & 3 Sodium Channd, Site 2 ol ¥
Glutamabe Kanale rad 2 T achykdinin N husnan 4
Glutamate NMDA, Agoraam ra § Thyrold Hormone ra 5
Glutamate NMDA, Glycne ra £ Transporier, Dopamine (DAT) hiuman 3
Glutamnale, NMD A, Phencydidine rad ] Trangporier, GABA ral 16
Histaenhine Hi hun & 13 Transporter, Nonpinephrine (MET) Fisnan ]
Histaenine H; Fil &y 0 Transporter, Serolonin(S-Hydmoodrptamine WSERT) human 1

Dopamine D4 (75% @ 10 uM), GABA, (77% @ 10 uM), DAT (59% @ 10 pM) and NET (56%
@ 10 uM). Upon obtaining full CRCs for these four off-target activities, only GABA, proved
to afford an ICso<10 M (GABA, ICso = 6.2 uM), 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 uM in DMSO. Homogeneous/microsuspension at 10 mg/mL in : 20% B-
cyclodextrin, 10% cremaphor, 40% PEG-400/H,0

Synthetic procedure and Spectral data for CID 44123653.

Q o) N §
O:N NH; )J\/O\)J\ ﬁ/\o/\w
HO OH NH N
> O,N
NO2

NH, HCI (aq) / 120°C

2,2'-oxybis(methylene)bis(5-nitro-1H-benzo[d]imidazole) (Cib 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 HCI (2 mL) was heated to 120 °C (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. NaHCOs; 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



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. 'H NMR
(400 MHz, DMSO-d¢) 6 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 C;¢H12NsOs+H) 369.0947; Found 369.0947.

MLS#s: 002474508 (CID 44123652, 500 mg), 002474507, 002765794, 002765793,
002765792, 002765791
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APPENDIX |

Solubility, Stability and Reactivity data
as determined by Absorption Systems



Solubility. Solubility in PBS (at pH = 7.4) for ML 112 was <0.03 pM.

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 UM 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




