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Abstract
Further chemical optimization of the MLSCN/MLPCN probe ML077 (KCC2 IC50 = 537 nM)
proved to be challenging as the effort was characterized by steep SAR. However, a
multidimensional iterative parallel synthesis approach proved productive. Herein we report the
discovery and SAR of an improved novel antagonist (VU0463271) of the neuronal-specific
potassium-chloride cotransporter 2 (KCC2), with an IC50 of 61 nM and >100-fold selectivity
versus the closely related Na-K-2Cl cotransporter 1 (NKCC1) and no activity in a larger panel of
GPCRs, ion channels and transporters.
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Due to their key regulatory roles in CNS physiology, cation-chloride cotransporters, and in
particular, the neuronal specific K-Cl cotransporter 2 (KCC2) has recently garnered a great
deal of attention1–4. KCC2, identified in 1996,5 modulates inhibitory neurotransmission in
both the brain and spinal cord.6–11 However, due to a complete lack of selective and potent
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pharmacological tools,4 the study of KCC2 has relied on either high doses of furosemide or
genetic models (mouse and Drosophila knockout or transgenic zebrafish).1–4,12–15 Based on
the necessity of small molecule probes to dissect the role of KCC2, an HTS compatible
screen in 384-well plates was developed based on thallium (Tl+ flux) in KCC2-
overexpressing HEK293 cells.4,16 Under the auspice of the MLSCN/MLPCN, 234,560
compounds were screened against KCC2, and after obligate counter- and secondary screens,
26 hits were identified as KCC2 antagonists.4 Of these, VU0240511 (1) emerged as an
attractive, potent hit (KCC2 IC50 = 568 nM), with >100-fold selectivity versus Na-K-2Cl
cotransporter 1 (NKCC1), a critical anti-target as inhibition leads to ototoxic effects (Fig. 1).
Upon profiling in an ancillary pharmacology panel of 68 GPCRs, ion channels and
transporters, 1 showed significant inhibition (>50% @ 10 µM) of several GPCRs and key
ion channels (hERG and L-Type Ca2+ channels). Based on similar issues in the past, we
converted the secondary amide in 1 to a tertiary N-Me amide, VU0255011 (2). While 2
displayed a slight improvement in KCC2 potency (KCC2 IC50 = 537 nM) and maintained
>100-fold selectivity versus NKCC1, we were gratified to note a cleaner ancillary
pharmacology profile (no activities >50% @ 10 µM).4 Thus, 2 was declared an MLSCN/
MLPCN probe and given the designation ML077.17 As such, ML077 is freely available
upon request,18 and we have supplied ML077 to multiple laboratories around the world.
While good data is being generated, there is a need for a more potent KCC2 antagonist. In
this Letter, we detail the DMPK characterization of ML077 and the further chemical lead
optimization of ML077 en route to a more potent in vitro KCC2 antagonist probe.

In the pilot phase of the Molecular Libraries initiative,17 coined the MLSCN, DMPK
profiling of probes was not supported. Now in the production phase, or MLPCN, DMPK
profiling is required.18 Thus, prior to further optimization, we profiled ML077 in an effort to
assess disposition. In our tier 1 in vitro DMPK screen, compound ML077 displayed no
significant P450 inhibition in human liver microsomes (IC50 >30 µM vs. 3A4, 2C9, 1A2 and
~24 µM inhibition of 2D6) and high plasma protein binding with fraction unbound (fu)
levels between 1 and 2% in rat and human plasma, respectively. Intrinsic clearance (CLint)
determined in rat and human liver microsomes indicated that compound ML077 was rapidly
cleared in vitro (rat, CLint = 294 mL/min/kg; human, CLint = 228.9 mL/min/kg). An in vitro
to in vivo correlation (IVIVC) was established, as ML077 was found to be a highly cleared
compound in rat (CL = 185 mL/min/kg) following intravenous administration (1 mg/kg); the
high volume of distribution at steady state (Vss 5.0 L/kg) and super-hepatic clearance
produced a relatively short t1/2 (26 min) in vivo. Thus, to deliver an in vivo KCC2 probe,
significant improvements in the DMPK profile are required. Note, however, that despite a
poor PK, ML077 was used successfully to block KCC2 in spinal cord through intrathecal
injection.11

The initial chemical optimization plan for ML077, utilizing multi-dimensional iterative
parallel synthesis,19 is detailed in Figure 2, and the synthesis of analogs of ML077 was
performed as shown in Scheme 1. Various heteroaryl amines 3 (1° and 2°) are treated with
α-chloroacetyl chloride 4 (or α-alkyl substituted variants) to deliver functionalized α-
chloroamides 5. Commercially available heteroaryl and heterobiaryl chlorides 6 are treated
with thiourea under microwave-assisted conditions to produce the corresponding thiols 7.
Finally, reaction of α-chloroamides 5 with thiols 7 in the presence of Cs2CO3 affords a
diverse array of analogs 8 of ML077.

Analogs 8 were screened at both 20 µM and 2 µM concentrations prior to full CRCs in
an 86Rb uptake assay. SAR was incredibly steep, with the majority of analogs 8 affording
<20% inhibition at 20 µM. Functionalization at any position of the western 6-phenyl moiety
of ML077 with small alkyl groups, alkoxy groups or halogens was not tolerated. Similarly,
replacements for the pyridazine (pyridines, pyrazines, pyrimidines and thiadiazoles) were
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also not tolerated, with the exception of two weak, 2-pyridyl-based KCC2 antagonists 9 and
10 (Fig. 3). Moreover, alternative substitutions to the eastern thiazole or alternative
heterocycles (pyridines, pyrazine, pyrimidines, etc…) to replace the thiazole were inactive.

Thus, an unsubstituted 6-phenyl pyridazine, in combination with the 4-methyl thiazole, was
required for KCC2 inhibition. Therefore, we focused on incorporating larger alkyl and
cycloalkly moieties to replace the tertiary N-Me amide in 2 (Fig. 2), as well as exploring the
impact of simple alkyl substitution α-to the amide (Table 1).19 For the latter, we first
evaluated the racemic mixture, and then resolved, by chiral SFC, and assayed the single
enantiomers.19 This effort was far more productive, affording KCC2 antagonists 11 with
improved potency relative to 2, and the first examples of enantioselective KCC2 inhibition.
11a–d employed either N-Me or N-Et tertiary amides with a racemic α-Me or α-Et moiety,
and these analogs showed weak KCC2 inhibition (27–57%@2µM). When the steric bulk of
the tertiary amide was increased to an N-cyclopropyl moiety, KCC2 inhibitory activity was
improved. The racemic α-Me congener 11e and the α-Et derivative 11h displayed IC50’s of
570 nM and 756 nM, respectively, comparable to 2. Chiral SFC resolution of the single
enantiomers of 11e afforded 11f, the (+)-enantiomer, and 11g the (−)-enantiomer. Here, the
(+)-enantiomer 11f is a potent KCC2 antagonist (IC50 = 152 nM), while the (−)-enantiomer
11g is ~10-fold less active (IC50 = 1900 nM). A similar enantiopreference is observed with
the α-ethyl congeners 11i and 11j. These data represent the first example of enantiospecific
inhibition of KCC2. Based on the impact of the N-cyclopropyl amide, we then surveyed this
modification with an unsubstituted core, affording 11k, the most potent KCC2 antagonist
reported to date (IC50 = 61 nM).19 As we further increased the steric bulk of the tertiary
amide to N-cyclobutyl, 11m (IC50 = 177 nM), and N-cyclopentyl, 11n (IC50 = 1057 nM),
KCC2 potency diminished (Table 1). Based on these data, efforts focused on the further
characterization of 11k (VU0463271).

Figure 4 displays the full dose-response curves for both 2 (ML077) and 11k (VU0463271)
for both KCC2 and NKCC1, our standard anti-target in 86Rb uptake assays.4 Here, both 2
(IC50 = 537 nM) and 11k (IC50 = 61 nM) are potent KCC2 antagonists, but only display
weak, partial inhibition of NKCC1 function at concentrations up to 100 µM. In the Lead
Profiling screen at Ricerca (68 GPCRs, ion channels and transporter radioligand binding
assays),21 11k displayed no significant activities (no inhibition >50%@10 µM). Thus, 11k is
~9-times more potent than ML077, and maintains an excellent ancillary pharmacology
profile. In our tier 1 in vitro DMPK screen, compound 11k displayed only very P450
inhibition in human liver microsomes (IC50 >30 µM vs. 3A4, 2C9, 2D6 and ~20 µM
inhibition of 1A2). Plasma protein binding, with fraction unbound (fu) levels, could not be
determined for 11k, as it was found to be unstable in rat plasma (6% remaining after 1 hour
at 37 °C). Intrinsic clearance (CLint) determined in human liver microsomes indicated that
compound 11k was rapidly cleared in vitro, and was found to be a moderate-to-high
clearance compound in rat (CL = 57 mL/min/kg) following intravenous administration (1
mg/kg); the low volume of distribution at steady state (Vss 0.4 L/kg), coupled with
moderate-to-high clearance produced a relatively short t1/2 (9 min) in vivo. Thus, to deliver
an in vivo KCC2 probe, significant improvements in the DMPK profile are still required.
However, 11k represents a significant improvement in terms of an in vitro KCC2 antagonist
probe relative to ML077.

Based on the steep SAR and poor in vivo PK, we elected to revisit our HTS hits in an effort
to develop an in vivo KCC2 antagonist probe. Very few hits from the HTS showed
reasonable KCC2 potency in conjunction with NKCC1 selectivity; however,
dihydropyrimidine dione 12 (IC50 = 640 nM) and [1,2,3]triazolo[4,5-d]pyrimidine 13 (IC50
= 1.2 µM) represented acceptable starting points (Fig. 5). Similar multidimensional iterative
parallel synthesis approaches for the lead optimization of 12 and 13 led to inactive

Delpire et al. Page 3

Bioorg Med Chem Lett. Author manuscript; available in PMC 2013 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



compounds once again. Recognition of the structural similarities between 12, 2 and 11k led
us to generate chimeras, replacing the dihydropyrimidine dione of 12 with the 4-methyl
thiazole moiety found in 2 and 11k and a number of other azaheterocycles. However, all the
chimeras were inactive or very weak inhibitors (IC50’s >20 µM) of KCC2.

In summary, we have further optimized the KCC2 antagonist probe ML077, by application
of a multi-dimensional iterative parallel synthesis approach, to afford 11k (VU0463271), the
most potent (KCC2 IC50 = 61 nM) and selective (>100-fold versus NKCC1 and inactive in
an ancillary pharmacology panel of 68 GPCRs, ion channels and transporters) KCC2
antagonist reported to date. While possessing a favorable in vitro DMPK profile, 11k is a
highly cleared, short half-life compound not suitable as an in vivo probe. Attempts to
optimize additional HTS hits, including chimeras with 11k, were not productive. Overall,
the SAR of all the KCC2 antagonist series was extremely steep. At present, the MLPCN
screening deck has more than doubled since the KCC2 screen was originally performed, and
we are actively pursuing a rescreen to identify more tractable hits with the potential to
develop an in vivo probe to compliment our in vitro KCC2 probe 11k. As both ML077 and
11k were developed for the MLPCN, they are freely available upon request. Additional
refinements and studies are in progress and will be reported in due course.
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Figure 1.
Structures of the KCC2 antagonist HTS hit (1) and the KCC2 antagonist MLPCN probe (2),
ML077. Simple conversion to the tertiary N-Me amide eliminated all ancillary
pharmacology while maintaining KCC2 potency and selectivity.
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Figure 2.
Initial chemical optimization plan for ML077 to improve KCC2 potency.
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Figure 3.
2-Pyridyl-based weak KCC2 antagonists 9 and 10 from first generation libraries.
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Figure 4.
Dose-response curves for 2 (ML077) and 11k (VU0463271). A) Full dose-response curves
for 2 and 11k on KCC2 function in an 86Rb uptake assay, highlighting the increased potency
of 11k versus the original probe ML077 (2). B) Full dose-response curves for 2 and 11k on
NKCC1 function in an 86Rb uptake assay, with both displaying weak partial inhibition at
concentrations up to 100 µM.
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Figure 5.
Structures of the KCC2 antagonist HTS hits 12 and 13, with selectivity versus NKCC1, and
the multi-dimensional iterative parallel synthesis approach for their chemical optimization.
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Scheme 1.
Reagents and conditions: (a) Et3N, CH2Cl2, 0 °C, 65–95%; (b) thiourea, 220 °C, microwave,
15 min, 70–85%; (c) Cs2CO3, CH3CN, rt, 56–80%.
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Table 1

Structures and activities of analogs 11.

Cmpd R R1 % Inhib.
@ 2 µM

IC50
(nM)

   2 H Me 82 537

11a (±)-Me Me 46 ND

11b (±)-Et Me 27 ND

11c (±)-Et Et 45 ND

11d (±)-Me Et 57 ND

11e (±)-Me 87 570

11f a(±)-Me ND 152

11g a(−)-Me ND 1,900

11h (±)-Et 84 756

11i a(+)-Et ND 385

11j a(−)-Et 40 ND

11k H ND 61

11m H ND 177

11n H ND 1057

ND: not determined.

a
enantiomers separated by chiral SFC and (+) or (−) rotation noted,19 absolute stereochemistry is unknown.
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