
Synthesis and Structural Characterization of Novel Trihalo-sulfone
Inhibitors of WNK1
Melanie Rodriguez,§ Ashari Kannangara,§ Julita Chlebowicz, Radha Akella, Haixia He,
Uttam K. Tambar,* and Elizabeth J. Goldsmith*

Cite This: ACS Med. Chem. Lett. 2022, 13, 1678−1684 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: With No lysine (K) [WNK] kinases are structurally
unique serine/threonine protein kinases that have therapeutic
potential for blood pressure regulation and cancer. A novel class of
trihalo-sulfone compounds was identified by high-throughput
screening. Trihalo-sulfone 1 emerged as an effective inhibitor of
WNK1 with an IC50 value of 1.6 μM. Herein, we define chemical
features necessary for inhibition of WNK1 using chemical synthesis
and X-ray crystallography. Analogues that probed the role of
specific functional groups to the inhibitory activity were
synthesized. X-ray structures of trihalo-sulfone 1 and a second trihalo-sulfone 23 bound to WNK1 revealed active site binding to
two of the three previously defined canonical inhibitor binding pockets as well as a novel binding site for the trihalo-sulfone moiety.
The elucidation of these novel interaction sites may allow for the strategic design of even more selective and potent WNK inhibitors.
KEYWORDS: WNK1, kinase inhibitor, structure−activity-relationship, small-molecule, halogen bond, ATP binding pocket

With No lysine (K) [WNK] kinases are cytoplasmic
serine/threonine protein kinases, named for their unique

placement of a catalytic lysine residue in subdomain I rather than
the more typical subdomain II (Figure 1).1 These enzymes are
involved in transepithelial ion transport, cell volume control, and
cell motility,2−5 making WNKs potential drug targets in several
disease indications. Mice homozygous for WNK1 deletion are
embryonically lethal, whereas mice with heterozygous deletion
exhibit reduced blood pressure. Therefore, WNK1 has been
identified as an essential kinase in hypertension and
hypotension.6 WNK3 is also important in blood pressure
regulation under certain conditions,7 thus establishing the WNK
family as promising drug targets for hypertension. WNK kinases
are also implicated in cancers of the breast, lung, ovary, and
brain.8−12 A recent transposon insertional analysis identified
WNK1 as a proto-oncogenic signature gene for triple negative
breast cancer.13 WNK1 depletion suppresses the metastatic
driver tyrosine kinase AXL.14 WNK3 knockout mice have
reduced edema in a stroke model.15,16 Novartis previously
reported on nanomolar pan-WNK and WNK1 selective
inhibitors. WNK463, the pan-WNK inhibitor, is ATP
competitive, whereas WNK476 and other analogues are
allosteric, binding in a site adjacent to helix C.17,18 However,
these compounds proved to be too toxic for use as
antihypertensive agents. We hypothesized that the discovery
of novel chemical scaffolds for the inhibition of WNK1 could
provide additional opportunities to target this enzyme for
hypertension as well as more acute clinical indications such as
cancer.

To identify new chemical scaffolds for WNK1 inhibition, we
performed a high-throughput screen of >200 000 structurally
diverse small molecules (unpublished results). Herein, we
present the structural characterization and chemical inter-
rogation of a novel trihalo-sulfone 1 that inhibits WNK1 with a
IC50 value of 1.6 μM (Figure 2). X-ray crystallographic studies
show that this compound adopts a binding mode in part
overlapping with the reported pan-WNK inhibitor
(WNK463).17,19 A small library of analogues was developed
based on systematic functional modifications of parent trihalo-
sulfone 1. Assays of the synthesized analogues reveal the
importance of functional groups to the potency of inhibition.
Interactions between 1 and a second trihalo-sulfone 23 with
WNK1 revealed a unique binding mode for this class of
inhibitors.

Trihalo-sulfone 1 is a novel scaffold for the inhibition of
WNK1 with unique structural features, including a bromo-
dicholoro sulfone moiety and an ortho-nitro aniline. Systematic
functional group modifications were designed to generate a
focused library of analogues stemming from trihalo-sulfone 1, as
shown in Figure 2. Modifications highlighted in blue include the
use of aromatic, heterocyclic, and tertiary amines. The absence
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of the nitro group attached to the core scaffold was also explored.
Highlighted in red are modifications encompassing the sulfone
and halogen moieties. Chemical modifications to the structure
were envisioned to probe the impact of each functional group on
the inhibitory activity.

A synthetic pathway for trihalo-sulfone 1 was designed to
include halogenated intermediates that could serve as branch
points for diversification (Figure 3). The key intermediate 6 was
prepared through the alkaline reduction of 2 using sodium sulfite
to afford 3 in 71% yield. Sodium salt 3 was then converted into
dichloromethyl-4-chlorophenyl sulfone 4 through a biphasic
reaction with chloroform and water in an alkaline media in 41%
yield. Sulfone 4 was identified as the first linchpin intermediate
of the synthetic sequence, allowing access to brominated and
nonbrominated analogues. Analogue 4 underwent nitration
using a nitric acid and sulfuric acid mixture to obtain sulfone 12
in quantitative yield. A subsequent nucleophilic aromatic
substitution with aliphatic amine 9 furnished product 20 in
73% yield. Alternatively, bromination of sulfone 4 was
performed in the presence of LiHMDS and NBS to yield 5 in
58% yield. Bromodichloromethyl-4-chlorophenyl sulfone 5 was
nitrated with a mixture of nitric acid and sulfuric acid to afford 6
as a white solid in 93% yield after trituration. Compound 6
served as a second lynchpin intermediate, allowing for the use of
various aliphatic and aromatic amines in a nucleophilic aromatic
substitution. Adduct 29was synthesized through chlorination of

intermediate 4 by employing N-chlorosuccinimide (NCS) as a
chlorine source and LiHMDS as a base in THF to obtain 27 in
47% yield, followed by standard nitration conditions to afford 28
in 61% yield and last a nucleophilic aromatic substitution using
cyclohexylamine to access 29 in 63% yield.

The synthetic pathway shown in Figure 3A served as an
efficient route for the synthesis of most analogues. A few trihalo-
sulfones required a different design due to starting material
availability. Figure 3B depicts the synthesis of analogue 18.
While 2-chloronitrobenzene was explored first, 2-fluoronitro-
benzene 10 proved advantageous in the SNAr reaction with
cyclohexyl amine 9. The ortho nitro group stabilized the
resulting negative charge in the Meisenheimer complex as
analogue 18was accessed from commercially available 10 in one
step in 62% yield. Figure 3C shows the synthesis of 19 from
commercially available aryl chloride 11 in 43% yield. Last, Figure
3D illustrates analogue 17 and 30, which were designed to prove
the effect of an ethyl or methyl group in place of the trihalogen
functional group. Upon deprotonation of 4-chlorothiophenol 13
with a mild base, ethyl bromide served as the electrophile in a
nucleophilic substitution followed by a tandem m-CPBA
oxidation of the sulfide intermediate 14 to furnish the sulfone
15 in 52% yield. Standard nitration conditions provided access
to intermediate 16 in 93% yield. Sulfone 16 was then
transformed into desired analogue 17 (46% yield) via
nucleophilic aromatic substitution. Analogue 30 was accessed
through the exact same route of conditions but employing
methyl iodide instead of ethyl bromide in the nucleophilic
substitution step.

The commercial coupled ATP depletion assay Kinase-Glo
(Promega) was used as an initial in vitro biochemical screen of
WNK1 inhibition, and the results are summarized in Table 1.
Kinase-Glo dose−response curves are given in the Supporting
Information (SI), Figure S1. Data suggested that removal of the
bromine atom (20) or replacement of the halogens for a
saturated alkyl functionality (17, 30) are detrimental, resulting
in diminished potency. It was hypothesized that the introduction
of fluorine atoms could increase the potency of trihalo-sulfone 1.
Fluorine often increases the activity of initial hits by causing
changes in basicity, polarity, and lipophilicity.20,21 Nonetheless,
incorporation of a new trifluoro or trichloro group (19, 29)
proved pernicious. The bromodichloro moiety was confirmed as
a key structural element when analogue 18 was designed with a
complete deletion of it, rendering the analogue inactive. This
modification suggested that both bromine and chlorine atoms
are vital for an effective inhibitor−protein complex, either by
participating in bonding interactions with the protein amino

Figure 1. X-ray crystal structure of the mammalian serine/threonine protein kinase WNK1. (A) WNK1 (PDB 6CN9). Ribbon diagram mainly blue,
with the activation loop in red. Closeup of active site highlighting the unique lysine in WNK1, the Mg2+ binding aspartic acid (oxygens red), and an
inhibitory chloride ion in 6CN9 (magenta). (B) Key characteristics of WNK1. (C) Chemical structure of WNK463, a previously reported pan-
inhibitor of WNK.

Figure 2. Chemical structure and systematic functional group
modification of WNK1 inhibitor, trihalo-sulfone 1.
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acid scaffold or by impacting conformational preferences of the
inhibitor in the binding pocket.

Other modifications included the elimination of the nitro
component (26) and changes to the N-substituent (21−25).
The elimination of the nitro group shut down the inhibition
potency completely, while modifications to the N-cyclohexyl
moiety were better tolerated (see Table 1). Incorporation of a
longer aliphatic chain with increased mobility and foldability

(23) decreased the activity by ∼4-fold, and so did decreasing the
ring size from a 6-membered ring to a 5-membered ring (24).
Although a decrease in activity was evident, these modifications
did not completely inactivate the inhibitor as observed with
other structural changes. Analogue 21 introduced planarity and
altered acid/base properties, with an aromatic ring instead of a
cyclohexyl moiety, which resulted in reduced potency. Addi-
tionally, heterocyclic moieties such as a furan ring were

Figure 3. Synthesis of 1 and analogues 17−26, 29, 30.
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investigated with analogue 22, which led to a decrease in
potency by 3-fold. The decrease in activity of analogues 21−25
suggests the importance of the boat conformation of (1) in the
active pocket (vide infra) because a reduced inhibition potency
was observed with all analogues incapable of adapting this
conformation. Furthermore, N-methyl piperazine was selected
as a modification to replace theN-cyclohexyl group because this
would examine the importance of the NH bond in 1.
Nucleophilic displacement in the aromatic substitution with
N-methyl piperazine as a nucleophilic source resulted in a

tertiary amine (25) instead of a secondary amine, completely
incapable of hydrogen bonding interactions. Unsurprisingly, the
inhibitor lost all potency, confirming the deletion of the NH
bond as an unfavorable modification.

Inhibitors showing the highest potency were selected for
further evaluation in a radiometric assay with [γ-32P] ATP
(Table 1, SI, Figure S2). This biochemical assay was necessary
when using low enzyme concentrations and allowed for a more
precise IC50 quantification. Trihalo-sulfone 1 showed the
highest potency overall with a 1.6 μM IC50 value for WNK1.
Trihalo-sulfones 22 and 23 exhibited higher potency when
compared to their initial Kinase-Glo assay report, albeit not as a
potent as 1. We performed cell-based assays on trihalo-sulfone 1
in the MDAMB231 breast cancer cell line. Activation of the
endogenous substrate OSR1 was measured (SI, Figure S3C). In
triplicated experiments, we found that trihalo-sulfone 1 inhibits
endogenous OSR1 phosphorylation with IC50 of 4.3 μM. Cells
were viable up to 12 μM.

Trihalo-sulfones 1 and 23were tested for specificity against 50
kinases by Eurofins Inc. (France). The Eurofins screen contains
kinases belonging to all five classes of protein kinases.25 In this
screen, compound 1 exhibited ∼20% inhibition of WNK1 and
WNK3 and similar inhibition of four kinases in diverse classes.
Compound 23 exhibited ∼20% inhibition of WNK1 and WNK2
and showed even greater inhibition strength toward JNK2 and
JNK3 (Jun N-terminal kinases 2 and 3) (SI, Figure S3). In our
Kinase-Glo assay, trihalo-sulfone 1 is 10-fold more potent to
WNK1 than WNK3 and trihalo-sulfone 23 is a better inhibitor
of WNK3 (SI, Table S2).

X-ray crystallographic studies of WNK1 in complex with
trihalo-sulfone 1 show that the inhibitor binds to the active site
near the hinge region of the kinase to a pocket comprised of
mixed charges and hydrophobic groups (Figure 4A). The
binding site is aligned with pockets 1 and 2 defined by Gray and
co-workers22 (Figure 4B).

The complex of WNK1/S382A (kinase domain) with 1
(WNK1/1) was solved by molecular replacement using the
WNK1/SA in complex with WNK463 (PDB 5DRB17).
Crystallographic data and refinement statistics are presented
for data to 2.9 Å (SI, Table S1). The electron density contoured
at 0.5σ (Figure 5A) is good over the entirety of 1. Trihalo-
sulfone 23 also crystallized with WNK1 (WNK1/23). WNK1/
23 crystals diffracted to 2.7 Å (SI, Table S1). The electron
density for 23 is complete for the o-nitro-p-bromodichloro
sulfone aniline and good for the phenyl ring of the γ-phenyl
propyl moiety (Figure 5B). The density for the propyl moiety is
weak. The aniline rings of 1 and 23 bind in pocket 1, occupying

Table 1. IC50 Characterization against Active WNK1 via
Kinase-Glo and 32P Radiometric Assaysa

aEach IC50 value averages three independent experiments.

Figure 4. Location of the trihalo-sulfone 1 in WNK1/1. (A) The
inhibitor binds in the active site to a complementary site. Drawn in
PyMol. (B) Schematic of the site indicating the pockets defined by
Gray22 and residues involved in inhibitor hydrogen bonding.
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the nucleotide of the ATP binding pocket (Figure 5A,B) and
making hydrophobic interactions with Phe256. The cyclohexyl
ring of 1 and the 3-phenylpropyl group of 23 bind to pocket 2.
Unexpectedly, the bromodichloro sulfone moieties bind to a site
not previously identified, unveiling unexplored chemical space
and a novel set of interactions for a kinase−inhibitor complex.
The unconventional binding site consists of two threonine
residues, Thr308 and Thr311, located in helix D (Figure 5C).
Thr308 forms a halogen bond with the inhibitor’s bromine
atom. Binding interactions via halogen bonds occur in protein
kinases.23,24 These interactions tend to involve the backbone
carbonyls in the hinge region; however, our data show that the
trihalo-sulfone 1 halogen binds a side chain hydroxyl group.

Interactions between the nitro group of trihalo-sulfone 1 are
also unusual. The nitro moiety binds to important catalytic
residues, including Asp368, which acts as a Mg2+ binder.
Moreover, the nitro group interacts with Lys233, a WNK-
specific lysine residue, forming a buried electrostatic interaction.
Even though the use of nitroarene scaffolds are often avoided
due to their metabolic instability and mutagenic potential,25 this
functionality has been employed in multiple FDA approved
drugs, and it can be replaced with more stable isosteres. The

cyclohexyl ring is not in its more stable chair conformation but
has adopted a boat conformation and contacts Phe356 in b6. We
hypothesize this type of spatial arrangement might render
inactive all inhibitors that are unable to adopt a boat-shaped
conformation. The aniline ring also makes hydrophobic contacts
with Val235, Ile227, and Phe356. The binding site of trihalo-
sulfone 1 partially overlaps with that of WNK463 (PDB
5DRB17) but is more exterior than WNK463 (Figure 5E).

Overlay of the WNK1/1 structure with WNK1/23 shows that
23 does not form as tight interactions as 1 with Asp368. This
appears to be due to the larger size of the 3-phenylpropyl moiety
compared with the boat-configured cyclohexyl moiety in 1
(Figure 5F). Rigidity at the back of the binding site, at residues
Val281 and Thr301, may also contribute to the observed boat
configuration.

Based on a hit compound from a high-throughput screening
campaign of >200 000 compounds, a series of small-molecule
WNK1 inhibitors was developed. This is the first report of an
aniline scaffold bearing a trihalogen moiety in a WNK kinase
inhibitor. Crystallographic data of WNK1/1 shows that 1 binds
in the ATP binding pocket of WNK1. The binding interactions
rely on the unique constellation of catalytic residues in WNK1.
Furthermore, the trihalo-sulfone moiety binds to a surface
pocket completely distinct from the three previously established
kinase inhibitor pockets.22 Our strategic functional group
modification in SAR studies revealed that all moieties in
trihalo-sulfone 1 are essential for effective binding. We anticipate
the elucidation of novel interaction sites may allow for the
strategic design of even more selective and potent WNK
inhibitors. Efforts to exploit novel binding modes in a structure-
guided approach are underway.
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