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Abstract

The Tandem of pore domain in a Weak Inward Rectifying K* channel 2 (TWIK-2; KCNK®6) is a
member of the Two-Pore Domain K* (Kzp) channel family, which is associated with pulmonary
hypertension, lung injury, and inflammation. The structure and regulatory mechanisms of TWIK-
2 remain largely unknown. Here, we present the cryo-electron microscopy (cryo-EM) structure of
human TWIK-2 at ~3.7 A and highlight its conserved and unique features. Using automated
whole-cell patch clamp recordings, we demonstrate that gating in TWIK-2 is voltage-dependent
and insensitive to changes in the extracellular pH. We identify key residues that influence TWIK-
2 activity by employing structure and sequence-guided site-directed mutagenesis and provide
insights into the possible mechanism of TWIK-2 regulation. Additionally, we demonstrate the
application of high-throughput automated whole-cell patch clamp platforms to screen small
molecule modulators of TWIK-2. Our work serves as a foundation for designing high-throughput
small molecule screening campaigns to identify specific high-affinity TWIK-2 modulators,
including promising new anti-inflammatory therapeutics.
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Introduction

Two-pore-domain (Kzp) channels are a diverse family of potassium (K*) selective ion channels
that supervise background K* currents. They are critical to maintaining membrane resting
potential and regulating cellular excitability 3. In mammals, the Kz family has 15 members
classified into six subgroups based on their functional diversity: TWIK, TREK, TRESK, TASK,
TALK, and THIK 45, Unlike Voltage-gated K*(K,) channels, Kzr channels lack the canonical
voltage-sensing domain. While the overall architecture of Ky channels is evolutionarily
conserved, multiple structural variations and modulation sites make these channels susceptible
to regulation by voltage-independent factors such as temperature, pH, pressure, bioactive lipids,
and volatile anesthetics >.

Among the 15 members of the Kzp family, channels from the TREK and TASK subfamilies have
been extensively structurally characterized 83, offering profound insights into their gating
mechanisms, physiological functions, and pharmacological potential 81424, TREK channels are
known for their mechano- and thermosensitivity and role in sensory response 4182526 and TASK
channels are well-characterized for their pH sensitivity and role in maintaining neuronal excitability
1213.27-29 ' Nevertheless, the gating mechanisms, physiological modulation, and pharmacological
potential of the TWIK family remain underexplored primarily because of the weak currents 3031
and poor heterologous expression of these channels 3234,

TWIK-1 (KCNK1) is the first and the only structurally characterized mammalian Kz channel
member of the TWIK family %25, The poor currents in TWIK-1 were initially believed to be due to
intracellular localization resulting from SUMOylation 3¢, However, mutations in the SUMOylation
site and over-expression of a recombinant plasma-membrane-localized TWIK-1 demonstrated
that the poor currents are characteristic of TWIK family members 7%, Recent studies involving a
combination of electrophysiology, site-directed mutagenesis, molecular dynamics simulations,
and structural studies of TWIK-1 at low (pH 5.5) and neutral pH (pH 7.4) revealed the molecular
basis for pH-mediated regulation of gating and conformational dynamics of the selectivity filter in
TWIK-13940,

TWIK-2 (KCNK®6) shares ~54% sequence similarity with TWIK-1 and exhibits ubiquitous tissue
distribution 3141, TWIK-2 is implicated in diverse pathological conditions such as pulmonary
hypertension, acute lung injury, hearing loss, and NLRP3 inflammasome-induced inflammation
42-46 geveral groups have reported a significant variation in the current recordings for TWIK-1
and TWIK-2, underscoring the challenges of robust electrophysiological studies for the TWIK
subfamily 31341 The weak basal activity of TWIK-2 could be due to its subcellular partitioning
between the plasma membrane and endolysosomes. Additionally, it has been reported that
Y308A mutation within the lysosomal-targeting YXX@ motif in TWIK-2 promotes plasma
membrane expression of TWIK-234, Kcnk6 knockout studies have shown suppression of NLRP3
inflammasome activation in macrophages, implicating endolysosomal localization of TWIK-2 in
inflammation 454¢, Despite the high sequence similarity with TWIK-1, TWIK-2 is believed to be
insensitive to pH and indifferent to activation by phosphorylation 331340 The mechanism of
regulation of TWIK-2 is poorly understood because of the lack of three-dimensional structures
and inconsistent reports of its electrophysiological recordings 313*41, Additionally, although
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substantial progress has been made in developing Kz channel modulators, particularly for the
well-characterized channels of the TREK subfamily, there is a dearth of high-affinity selective
modulators of TWIK-2. The small molecule modulators of TWIK-2 activity, such as ML365 and
NPBA, also cross-react with other Kz channels °2547-52

To gain deeper insights into the molecular basis of channel regulation and to aid the
pharmacological characterization of TWIK-2, we determined the structure of full-length human
TWIK-2 by single particle cryo-electron microscopy (cryo-EM). We uncovered conserved and
unique features of this Kzp channel subtype. Using a combination of structure-guided site-directed
mutagenesis and automated high-throughput whole-cell patch clamp electrophysiology, we
identified key amino acids that differentiate TWIK-2 from TWIK-1 and other members of the Kzp
family. Finally, using the existing Kzp modulators, we developed an effective strategy for high-
throughput screening of TWIK-2 modulators.

Results

Heterologous expression of recombinant human TWIK-2

We expressed full-length TWIK-2 (hereafter TWIK-2) in HEK293 GnTI" cells and verified that it
was functional by whole-cell patch-clamp electrophysiology (Figure 1A and S2A). When recorded
in high potassium (100 mM) at pH 7.4, the TWIK-2 channels evoked significantly larger outward
potassium currents than the non-transfected (non-T) cells (Figure 1A, p < 0.0001). TWIK-1 is
sensitive to pH 3%4°, To assess if TWIK-2 behaves similarly, we tested the conductance at two
different pHs (7.4 and 5.5) in high potassium (Figure 1B). We did not observe significant changes
in peak current amplitudes in TWIK-2 at pH 7.4 and pH 5.5 in these conditions (p = 0.620),
demonstrating that TWIK-2 is insensitive to changes in extracellular pH. Notably, TWIK-2
channels elicited outward potassium currents that increased with depolarization (over +30 mV),
suggesting voltage-dependent activation of TWIK-2 (Figure 1A and 1B).

Kop channels show poor sequence conservation and high variability in the length of their C-
terminal regions (Figure S1). Removing the unstructured C-terminal region has been predicted to
increase protein expression and stability of other Kop channels 227, To assess the role of the
extended C-terminus in TWIK-2, we deleted the terminal 46 residues and generated an AC-TWIK-
2 construct (1-276 amino acids). We compared the channel currents and stability of AC-TWIK-2
with TWIK-2 using automated whole-cell patch clamp assay and fluorescence-detection size-
exclusion chromatography (FSEC) (Figure S2). There was no significant change in the current
density of AC-TWIK-2 compared to TWIK-2, suggesting a similar expression level and channel
activity (Figure S2A-S2D). However, upon solubilization in 1% detergent followed by
ultracentrifugation and analysis by FSEC, we noticed a poor yield for the AC-TWIK-2 construct
compared to full-length TWIK-2, suggesting low stability in detergent micelles (Figure S2F).
Based on our whole-cell recordings and FSEC analysis, we proceeded with the full-length human
TWIK-2 construct for overexpression and subsequent structural studies. We purified TWIK-2
using Decyl maltose neopentyl glycol (DMNG) at pH 7.5 and 150 mM KCI and confirmed the
protein homogeneity and purity by size-exclusion chromatography and SDS-PAGE analysis
(Figure S3A). The peak fractions, corresponding to TWIK-2 dimer, that eluted at ~12.4 ml on a
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Superdex 200 Increase size-exclusion chromatography column were used for subsequent
structural analysis (Figure S3B).

Molecular architecture of TWIK-2

We determined the structure of TWIK-2 at ~3.7 A (Supplementary Table S1 and Figure S3C-
S3F). We were able to reliably model all the secondary structure elements of TWIK-2 except the
following disordered-loop regions: M1-G4 (N-terminus), V75-P89, T150-W171, and L262-R313
(C-terminus) (Figure 1C-1E, and Figure S3F-S3H). TWIK-2 assembles as a canonical domain-
swapped homodimer with a pseudo-tetrameric central pore observed in all other Kz channels
(Figure 1). Each TWIK-2 protomer contains four transmembrane helices (M1-M4), two pore-
forming helices (PH1 and PH2), two selectivity filter loops (SF1 and SF2), and two extracellular
cap-forming helices (CH1 and CH2) (Figure 1C). The cap-forming helices within a protomer are
arranged in an inverted V' shaped cap domain over the central pore of the channel. The cap
domains from both protomers form an ‘arched dome,’ creating a bifurcated extracellular ion
pathway (EIP). As observed in other known Kzp structures, we notice that the cap domain is also
responsible for pairing the M1 helix of one protomer in a three-dimensional module with the rest
of the protein from the other protomer. Thus, the domain-swapping of the M1 helix leads to the
formation of four pore-forming domains comprised of two PD1s that are non-identical to the two
PD2s. PD1s comprise the M1 helix from one protomer and PH1, SF1, and M2 from the other
protomer. PD2s, on the other hand, are assembled by M3, PH2, SF2, and M4 of the same
protomer (Figure 1D-1E).

Three-dimensionally, each pore-forming domain comprises one pore-forming helix (PH) and one
selectivity filter (SF) loop flanked by two transmembrane helices. The PH and SF regions from
PD1 (PH1/SF1) and PD2 (PH2/SF2) from both protomers form the central ion-conducting pore,
wherein M2 and M4 are positioned adjacent to the core, while M1 and M3 are located on the
periphery. The domain-swapped M1 helices, the non-identical sequences of the SFs, and unequal
lengths of the SF1-M2 and SF2-M4 linkers impart a pseudo-hetero-tetrameric symmetry to the
elements surrounding the pore of the channel. Our cryo-EM density map enables the placement
of three K* ions in the central selectivity filter (Figure 1D).

lon conduction pore of TWIK-2

The ion conduction pathway of TWIK-2 extends from the hydrophobic cuff marked by a kink in
the M2 helix within the vestibule designed to funnel ions toward the central pore to the bifurcated
EIP on the extracellular side through a narrow selectivity filter (Figure 2A). While the sequence
within the selectivity filters of TWIK-2 is largely conserved across different Kop channels, the entry
and exit of the ion conductance pathway are flanked by non-conserved M135 and Y111,
respectively (Figure S1). We found that the narrowest constriction in the ion conductance pathway
has a radius of 4.3 A, which is wide enough for the K* ions to pass through. We also noticed that
the carbonyl oxygens of conserved V107 and Y109 that line the ion permeation pathway face
away from the central permeation axis in TWIK-2 (Figure 2B). The backbone oxygens within the
SF have been implicated in regulating the K* ion flow. While the SF sequences are primarily
conserved across the Kip family, TWIK subfamily members show some divergence. The
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canonical isoleucine (TIGY/FG) in SF1 is replaced by threonine in TWIK-1 and valine in TWIK-2.
Similarly, the canonical phenylalanine (TI/VGEG) in SF2 is replaced by leucine in TWIK-1 and
TWIK-2. These variations could govern the differences in the currents of the TWIK subfamily
compared to other highly modulated Kzp channels, such as TREK and TASK (Figure S1A).

Our automated patch-clamp recordings showed that, unlike TWIK-1, the TWIK-2 channel activity
depended on the voltage applied but not the extracellular pH (Figure 1A). Although TWIK-2 and
TWIK-1 exhibit high structural similarity, including conserved residues in the SF and M2, subtle
differences in residue interactions may lead to different gating behaviors in the two channels.
Therefore, we performed site-directed mutagenesis along the ion permeation pathway to identify
and assess molecular determinants critical to K* conductance in TWIK-2 (Figure 3A). We mutated
two non-conserved residues flanking the entry and exit of the ion conductance pathway (M135
and Y111) and two conserved threonines on the SFs (T106 and T214). While T106 (SF1), T214
(SF2), and M135 (M2) were all mutated to alanine, Y111 (SF1-M2 linker) was mutated to histidine
to mimic the corresponding position in TWIK-1 3940,

We performed whole-cell recordings of cells expressing wild-type or TWIK-2 channel mutants
(Figure 3B). No significant differences in overall current densities were observed in the mutant
channels compared to TWIK-2, despite the noticeable differences in the activation profiles of the
macroscopic currents (Figure 3B and 3C). However, a closer examination of the activation onset
revealed that the Y111H mutation, located at the extracellular mouth of the ion permeation pore,
showed delayed activation than TWIK-2 (Figure 3E and 3F). A similar phenomenon was observed
for the M135A mutation, located at the entrance of the ion permeation pathway. Still, the increase
in activation time was not as pronounced as it was for the Y111H mutation (Figure 3C-3F). In
contrast, the mutants T106A and T214A at the selectivity filter (SF1 and SF2, respectively)
exhibited faster activation than the wild-type channel (Figure 3E and 3F). We also note a voltage-
dependent change in the activation time constants (t1) for the TWIK-2 channel (Figure 3F). For
example, the Y111H mutation had a higher activation time constant, implying a slower channel
activation. Similarly, the M135A mutant also exhibited slightly slower channel activation. In
contrast, TLO6A and T214A had smaller activation time constants, leading to faster channel
activation. Consistent with these findings, Y111H and M135A caused a rightward shift in voltage-
dependent activation, G/Gmax-V curve, changing the Vso from approximately +33 mV to around
+39 mV (Figures 3C and 3D). However, T106A and T214A mutants enhanced the voltage
sensitivity of TWIK-2 by left-shifting the G/Guax—V curve to approximately +22 mV. We find that
alanine mutations of the conserved threonines of the SF (T106A and T214A) that coordinate the
canonical site-4 K* ion directly impact the pore domain and enhance gating efficiency, promoting
open states over closed ones. In addition, these mutants also alter the time-dependence causing
rapid activation of TWIK-2 as evidenced by instantaneous current-voltage responses in the
microscopic current responses, compared to the wild-type TWIK-2 or TWIK-2 harboring Y111H
and M135A mutations (Figure 3B).

Modulation of TWIK-2 by small molecules
The unigue pseudo-tetrameric architecture of the transmembrane region and the sequence
asymmetry between pore-forming domains of the Ksp channels are surmised to make them
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insensitive to existing K* channel blockers. Moreover, the cross-reactivity of known modulators
between different sub-families of Kyp channels has made efficient targeting of selective Kzp
channels a bottleneck °. To establish a high-throughput automated approach for screening
modulators of TWIK-2, we studied the modulation of TWIK-2 using four known Kz.p modulators -
ML335, BL1249, ML365, and NPBA (Figure 4A). In agreement with previous reports, we observed
that ML365 and NPBA inhibit TWIK-2 with ICso values of 1.5 uM and 5.7 pM, respectively (Figure
4B and 4C) 448, However, we did not see any modulation of TWIK-2 by ML335 and BL1249,

which have been shown to modulate TREK and TRAAK family channels (Figure 4B and 4C) 84753
54

To better understand how ML365 and NPBA inhibit TWIK-2, we compared their effect on the
inhibition of TWIK-2 in the context of the ion-permeation pathway mutations (Figure 4D and 4E).
In all four mutants, there was negligible effect in the NPBA 1Cso compared to TWIK-2, albeit there
was a reduced maximum inhibition at the highest concentration of NPBA tested in M135A and
Y111H. ML365 ICso remained unaltered for M135A and T214A mutants. However, Y111H and
T106A variants of TWIK-2 showed enhanced and reduced susceptibility to inhibition by ML365.
These findings suggest T106 and Y111 as key determinants of ML365 sensitivity in TWIK-2 and
underscore potential differences in the inhibition mechanisms between ML365 and NPBA (Figure
4D and 4E).

Discussion

Our study employs cryo-electron microscopy (cryo-EM), site-directed mutagenesis, and
automated whole-cell patch clamp electrophysiology to reveal insights into the molecular
determinants of modulation of TWIK-2 activity. In addition, using known Kzr modulators, we
established a robust assay to screen for inhibitors specific to TWIK-2.

Human TWIK-2 in an intermediate conductive state

The ~3.7 A cryo-EM structure of TWIK-2 reveals a canonical Kz channel architecture, including
the domain-swapped homodimer and a pseudo-tetrameric central pore. However, we also noticed
some distinct features in our structure that could be relevant to the mechanism of TWIK-2 action.
We observed tubular densities below the SF in the canonical K.p vestibule, modulatory lipid site,
and fenestration sites that could not be confidently assigned to the protein (Yellow, Figure 5A).
The resolution of our cryo-EM map precludes unambiguous identification of these tubular
densities. While we did not supply any exogenous lipids during purification, endogenous lipids are
known to co-purify with the protein in the detergent micelle 7. Alternatively, these densities
could be DMNG detergent. However, we do not see densities that can accommodate the head
group of DMNG. Instead, we noticed three small tetrahedral blobs within the vestibule below the
permeation pore that could accommodate an ion or water (Blue, Figure 5A). Molecular dynamics
(MD) simulations of Kzp channels treated with negatively charged activators have suggested the
presence of ions or water within the “cavity binding sites,” stabilized by the negative moiety of the
small molecule or lipids 8. We left these small densities unmodeled in our TWIK-2 structure
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because the precise identity of these densities remains unclear. Based on these observations,
we modeled hydrocarbon tails in the tubular densities (Figure 5A).

We note that these tubular lipid-like densities occupy the grove created by the PH2 and M4 helix
of one protomer with the M2 helix of the other. The lower end of this groove is believed to be a
‘classic’ modulatory phospholipid binding site, and the site that opens to the bottom of SF has
been termed a ‘fenestration’ site °. It is postulated that the binding of lipids in this grove pushes
the M4 helix down, allowing better access to SF. In a ‘down’ conformation, the M4 helix traverses
the lipid bilayer at a ~45° angle, creating a hydrophobic ‘fenestration site’ between the bottom of
the PH2 helix and M2 helix of the opposite protomer that enables binding of hydrophobic
compounds at this pocket that inhibit the channel >°°. In TWIK-2, we notice that M4 adopts a
canonical ‘down’ conformation explaining the presence of tubular densities in the ‘fenestration
site.’

In pH-sensitive channels, such as TWIK-1 and TASK-3, the structures obtained in both open and
acid-induced closed conformations show M4 helix in a down conformation, irrespective of bound
lipid at the fenestration site 1213353° (Figure 5B). However, in Ky channels that are lipid
modulated, such as TREK and TRAAK, only occupation of the fenestration site has been shown
to push the M4 helix in a down conformation ®*° (Figure 5B). Lipids at the classic modulatory
phospholipid binding site, but not the fenestration site, have been shown to retain the M4 helix in
an up conformation 8°9%° (Figure 5B). Perhaps the molecular determinants of pH-induced and
lipid-mediated modulation in the Kz channels are different and complex because molecular
dynamics simulation studies of TWIK-1 reported that the alkyl tails of surrounding lipids could
enter the fenestrations but not far enough to occlude the inner pore °*. Notably, despite the ‘down’
conformation of the M4, in our TWIK-2 structure, we observed that the entrance and exit to the
ion permeation pore are open, and the SF itself is in an intermediate conductive state.

K* ions exit the ion permeation pore at the space below the cap domain, guarded by SF1-M2 and
SF2-M4 loops (Figure 5C). In pH-sensitive channels like TWIK-1 and TASK-3, a conserved
histidine residue (H122 in TWIK-1 and H98 in TASK-3) is held towards the transmembrane region
inside a hydrophobic pocket between SF1 and PH1. Atlow pH, protonation of this histidine causes
its release from this hydrophobic pocket, rendering the SF1-M2 loop flexible. The histidine either
comes together over the ion permeation pore blocking the K*ion exit (TWIK-1) or pulls away,
flipping the adjacent bulky aromatic residues into the path of the pore exit (TASK-3) (Figure 5C)
12133539 ' TWIK-2 has a tyrosine (Y111) compared to the pH-sensing histidine in TWIK-1 and
TASK-3. Perhaps this is why TWIK-2 is insensitive to extracellular pH changes in our automated
patch-clamp recordings (Figure 1B). Further, we notice that the conformation of SF1-M2 and SF2-
M4 loops surrounding the pore in TWIK-2 match open conformations of TWIK-1 and TASK-3. The
access to ion permeation pore from the intracellular environment is regulated by a seal formed by
residues in the M4 helix (Figure 5D). In TASK-2, another pH-sensitive Kzp channel, an asparagine
(N243) and lysine (K245), pull the M4 helices over the ion permeation entrance and form a
hydrogen bonding network 27. K245 side chain is held towards the hydrophobic M2 at basic pH,
and at low pH, this residue flips out towards the N243, thereby sealing the entrance to the ion-
permeation pathway (Figure 5D). In TWIK-2, we see a similar residue arrangement where R257
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is held towards M2 facing away from Q254, precluding the formation of a hydrogen bonding
network, thus keeping the entrance to the ion permeation pore open (Figure 5D).

MD simulation studies to understand the role of C-type gating in Kzp channels have suggested
that extensive conformational dynamics, especially in the SF2-M4 loop and around the
fenestration site, are induced by the motion of the M4 helix %2, It is also believed that movement
of the M4 helix from ‘down’ to ‘deep-down’ conformation destabilizes the PH2 helix, causing a
perturbation in SF2 and hence causing inactivation of the channel 2. In K,, Kir K* channels and
their prokaryotic homolog (KcsA), C-type inactivation is manifested by perturbations to the
carbonyl conformations within the backbone of SF 835, While the overall conformations of SFs in
our structure are largely in a canonical conductive state, we see some minor perturbations (Figure
2B, 2D, and S4). For example, the carbonyl oxygens of Y109 (SF1) and L217 (SF2) around the
S0/S1 K* ion site in TWIK-2 face away from the central permeating axis as seen in the case of
the equivalent residues in TWIK-1 acid-inhibited low pH structure (Figure S4A and S4B). The
positions of carbonyl oxygen of V107 (SF1) around the S2/S3 K* ion site and the side chain of
Y111 (SF1) in TWIK-2 don’t match either of the TWIK-1 low and high pH structures, perhaps
indicative of sequence variation induced structural differences (Figure S4A and S4B) %°.

The canonical TVGYG sequence in the SF1 of TWIK-2 is conserved in homo-tetrameric K*-
selective channels like KcsA and Kv channels (Figure S1B, Figure S4C). However, most Kap
channels deviate from this canonical motif, and this variation has functional and evolutionary
implications 657, Nonetheless, The conformation of SF in KcsA with an E71A mutation in pore-
forming helix, which the authors term ‘flipped structure’, is similar to the SF1 in TWIK-2 %8 E71A
mutant in KcsA has been shown to promote open probability, and the unique SF conformation in
the flipped structure has been suggested to be a possible intermediate conductive conformation
within the range of possible open states or a transition to the inactivated state. A similar hypothesis
is also supported by TWIK-1 simulation studies, which showed that the selectivity filter diverges
significantly with conformations that contain defective coordination sites and have been
considered partially conductive %. The combination of M4 helix in the ‘down’ conformation,
presence of lipid-like tubular densities in the fenestration site, open entrance and exit of the ion
permeation pathway, and presence of three K* ions within an SF showing non-canonical carbonyl
oxygen positions at S0/S1 and S2/S3 sites, suggest that TWIK-2 structure is in an intermediate
conductive state.

Molecular determinants of K* conductance in TWIK-2

In our automated whole-cell patch-clamp recordings using TWIK-2 expressed in HEK293 GnTI
cells, we notice voltage- and time-dependence of currents, unlike previous observations involving
TWIK-1 and TWIK-2 ©47. The currents observed in our experiments are similar to robust TWIK-
1 currents recorded using giant inside-out excised oocyte patches, where the currents displayed
time- and voltage-dependence of activation as seen in the TREK subfamily of channels ™.
Perhaps, the lack of native glycosylation of TWIK-2 alters channel properties, including
localization, as we used HEK293 GnTI" cells, which lack N-acetylglucosaminyltransferase |
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activity. Nevertheless, this experimental setup gave us a quick, high-throughput way to measure
K* outward currents in TWIK-2 (Figures 1 and 3).

Through site-directed mutagenesis of amino acids along the ion permeation pathway, we
identified that conserved amino acids, T106 and T214, act as critical determinants of channel
gating in the selectivity filters. The corresponding alanine mutations of these threonines
significantly reduced the time- and voltage-dependence of TWIK-2 channel activation (Figure 3B-
3F). T106A and T214A are the only conserved amino acids within the SF that coordinate K* ions
through their side chains, as opposed to carbonyl oxygens like the remaining amino acids in the
SF. T106 in TWIK-2 is also stabilized by interactions with T214 and 1215 at the SF2-PH2 interface
(Figure 3A). T214 is stabilized by interactions with T106 and S213 around the base of the SF and
with L246 of M2 near the hydrophobic cuff. Mutations T106A and T214A disturb these networks
of hydrogen bonding and hydrophobic interactions that stabilize the base of the SF and make the
channel less selective and more open (Figure 3B-3F). The decrease of time- and voltage-
dependence of channel activation in these mutants indicates that recombinant TWIK-2 is voltage-
gated. These findings provide a mechanistic framework for understanding TWIK-2 gating. A
similar observation was also made for TREK and TASK subfamily channels, where mutating
conserved threonine of SF1 and SF2 to cysteine abolished voltage gating *°.

The residues at the kink in M2 helix in juxtaposition with M4 helix create a ‘hydrophobic cuff’ that
regulates hydration of the central vestibule (Figure 2A and 3A). It is already known that mutation
of a single non-polar amino acid at this hydrophobic cuff in K;p channels to a polar or charged
residue has been shown to enhance channel activity by promoting hydration of the cavity below
the SF %1.71-73 We wanted to see if keeping the chemical nature of the sidechain intact by reducing
the size of the side chain will influence channel activity. The M135A substitution at the
hydrophobic cuff in TWIK-2 does not change the overall channel properties. The M135 sidechain
faces L253 of M4 at the hydrophobic cuff and is surrounded by a hydrophobic environment made
of lipid-like densities. As a result, replacing the longer non-polar methionine with a shorter non-
polar alanine doesn’t drastically alter the channel activity (Figure 3B-3F).

A conserved histidine in the SF1-M2 linker has been shown to be a pH sensor in TWIK-1 and
some pH-sensitive TASK family channels. In the structures obtained in basic and acidic pHs, the
histidine in the SF1-M2 loop is shown to induce conformational changes near the cap constricting
the pore on the extracellular side 213353940 While the residues surrounding this histidine are
conserved in TWIK-2, histidine itself is replaced by a tyrosine (Figure 3A). Hence, we see that
TWIK-2 is not pH sensitive. While our Y111H mutation shows increase in the time taken for
activation, perhaps because of the interaction of the introduced histidine at this position with E224
of the SF2-M4 linker preventing the required conformational freedom of the SF1-M2 and SF2-M4
loops around the ion permeation exit (Figure 3).

Small molecule modulation of TWIK-2

High-throughput screening of Kzp channel modulators has been previously reported, especially
by assaying the growth of engineered yeast whose survival depended on the expression of
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functional Kop channels 2274, Here, we confirm the feasibility of using an automated whole-cell
patch-clamp electrophysiology approach as a high-throughput platform to screen for TWIK-2
modulators in HEK cells. We used four known K,p modulators in our trial = ML335, BL1249, NPBA,
and ML365 — and noticed that we could see inhibition by only NPBA and ML365 (Figure 4A and
4B). In the case of NPBA, we do not see a prominent change in the ICs of inhibition, except for
a mild decrease in the efficacy in T214A and M135A, both mutations that face fenestration site
and central vestibule (Figure 3 and 4E). Conversely, in the case of ML365, we do not see any
difference in the ICso for T214A and M135A, but we see an altered dose response for TL06A and
Y111H. Interestingly, the change in ICso for TLO6A and Y111H are opposite. Y111H improves the
efficacy of ML365 while T106A reduces it, although both mutations reside on SF1, albeit on either
end of it. As noted earlier, Y111H potentially minimizes the movement of the SF2-M4 and SF1-
M2 linkers by interacting with E224. Combined with a reduced steric clash because of Y-H
substitution, this reduced flexibility could allow for better binding of ML365. We see a decreased
efficacy for TL06A but not for T214A, perhaps because PD1 asymmetrically governs the binding
of ML365 as opposed to PD2, as both Y111H and T106A are a part of PD1. Conversely, the
differential effect of ML365 in mutations that reside on either end of SF1 could indicate an
allosteric coupling between the two sides of SF. However, we do not have clear evidence to
propose a binding site for ML365 on TWIK-2 because we also note that in AC-TWIK-2, we see a
significant reduction in percentage inhibition at maximum drug concentration, in the case of
ML365 but not NPBA (Figure S2E). Nonetheless, our studies suggest a potential difference in
TWIK-2 binding sites and mechanism of action for ML365 and NPBA.

Conclusion

The intermediate conductive state of TWIK-2 raises intriguing questions about its regulation.
Given the pH-independent and voltage-dependent findings in our electrophysiology experiments
and the presence of lipid-like densities at the modulatory lipid binding site and fenestration site in
our cryo-EM map, identifying cellular signals that modulate the activity of TWIK-2 becomes
pertinent. Furthermore, the weak (micromolar) ICso of the known Ki channel inhibitors
underscores the need for potent and selective modulators of TWIK-2. In this study, we
characterize the structural and functional properties of TWIK-2 and offer essential insights into its
ion selectivity, gating mechanisms, and modulation by small molecules of TWIK-2. These results
enhance our understanding of TWIK-2 within the larger context of Kzp channels and lay a solid
foundation for future research to target TWIK-2. Our structure and the automated whole-cell
patch-clamp platform provide a robust start for structure-based design and high-throughput
screening of modulators with improved efficacy and specificity.
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Data availability

The density map of TWIK-2 has been deposited in the Electron Microscopy Data Bank under the
accession number EMD-47768. 3D coordinates for the TWIK-2 structure have been deposited in
the Protein Data Bank (PDB) under the accession code 9E94.

Author contributions

VN and SM designed the study. QM, AL, and VN prepared the sample. QM collected the cryo-
EM data. QM, VN, and AK processed the cryo-EM data. AK and VN built the model and deposited
the coordinates. CCH performed all electrophysiology experiments. QM, CCH, VN, and SM
analyzed the data. VN, QM, and CCH wrote the manuscript. All authors contributed to finalizing
the manuscript.

Acknowledgments

We appreciate the efforts of the staff at the University of Michigan (U-M) cryo-EM facility in
assisting with cryo-EM data collection. We thank Dr. Sandipan Chowdhury at the Department of
Molecular Physiology and Biophysics, University of lowa, for helpful discussions on our work. We
also thank members of the Mosalaganti lab and the Baldridge lab for their comments on our work.
Jiameng Zong and Jaimin Rana are acknowledged for their assistance in cell culturing and
sample preparation. We thank U-M BSI and U-M LSl for their generous support of the U-M cryo-
EM facility. The Nanion Synchropatch used for patch clamp recording was supported by an NIH
grant (1S100D025203) to the Center for Chemical Genomics at the U-M. The Klatskin-Sutker
Discovery Fund award funded a portion of the research presented here to QM, and the start-up
funding was provided to SM by the U-M Life Sciences Institute.


https://doi.org/10.1101/2025.02.19.639014
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.19.639014; this version posted February 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figures 1-5

<0.0001
A B 154 <0.0001
r
<0.0001

TWIK-2 06220 <0.0001 04558
1.0 TWIK-2 O pH7.4 6
; - non-T O pH55 88 Aw—
ﬁ 0.5 +100 mv 4 9 g
= non-T < 9 =
£ @ pH74 £ Q s
S O pH5.5 2-
] 99§
05 oS ooe ool : 0
0 100 200 300 -100 -50 50 100
Time, ms V, mvV
£nt i D TWIK-2A E
SF1 v111 SF2 'WVIK—ZJB
Out
90°
PH2
T214
M1 M M3 M4 Z / X i De{ergent
In, M145 276 ; Micelle
313 Side-view Bottom-up view
CHl— & . <+——CH2 Cop o ¢ KA
> ¥ Extracellular/ AN S S». L
< Luminal o S N -
SF2_ 2 L&A sFq At o ‘..', e 2500
—_— [N MY ive r & Se >
P'ug__. 3 :ﬁ._ PH1 &2 "f:\f,;ké 90 7 13;‘\‘3&
s N7 §5C M2 AN <+) L) <8 %
S8 (3 et SN\ 2 Tk S
M1 — % §Pe— M4 o Ry M3 RS
¢ Intracellular I I \ -
M1 M4 M2

Figure 1. Function and structure of TWIK-2. A. The normalized current (I) traces as a function
of time (ms). 200-ms voltage steps were performed ranging from -90 to +100 mV, starting from a
holding potential of -90 mV using whole-cell patch clamp configuration recorded for non-
transfected cells (non-T) and cells expressing TWIK-2 under high extracellular potassium (100
mM K*) at pH 7.4. B. Current-voltage (I/V) plots for the maximum peak currents of cells
overexpressing TWIK-2 or non-T cells under high extracellular potassium at pH 7.4 and 5.5. The
data are presented as mean + SEM for TWIK-2 (pH 7.4, n = 65; pH 5.5, n = 62) and non-T (pH
7.4, n = 32; pH 5.5, n = 39). Scatter plots illustrate the peak currents obtained at +100 mV for
TWIK-2 (pH 7.4, n =52; pH 5.5, n = 52) and non-T (pH 7.4, n =60; pH 5.5, n = 39). The data are
shown as mean + SD. Statistical analysis was performed using a two-way ANOVA with multiple
comparisons. C. Topology and model of TWIK-2 protomer showing transmembrane helices (M1-
M4), cap-forming helices (CH1 and CH2), pore-forming helices (PH1 and PH2), selectivity filters
(SF1 and SF2). Critical residues along the ion permeation pathway are marked. D. Cryo-EM map
and model of TWIK-2 dimer. The protomers, TWIK-2 A and B, are colored light magenta and light
cyan, respectively. DMNG micelle density is rendered transparent. Cartoon representation of
TWIK-2 in an en-face view parallel to the membrane. K* ions are highlighted as blue spheres. E.
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Intracellular view of cryo-EM map (top) and model of TWIK-2 (bottom) with pore domains (PD1.:
orange and PD2: blue). Note M1s in PD1s are domain-swapped.
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Figure 2. lon conductance pathway of TWIK-2. A. A cross-section of TWIK-2 along the
membrane plane, with hydrophobic and hydrophilic amino acids colored in golden yellow and
cyan, respectively. Critical amino acids flanking the entry and exit of the ion permeation pore are
highlighted. B. Pore radius of the TWIK-2 channel as distance along the ion permeation pathway
calculated by HOLE (left) 8. The ion permeation pore with selectivity filters is highlighted (right).
C. Cryo-EM density for the selectivity filters and K*ions is highlighted in blue. D. The cross-section
views from the extracellular cap domain of flipped carbonyls in SF1 and SF2. The distance
between the amino acids indicates the pore diameter at that position.
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Figure 3. Effects of mutants on TWIK-2 conductance and channel activation. A. The relative
position of the residues mutated in TWIK-2 along the ion permeation path is highlighted. The
insets on the right highlight critical interactions and the amino acid environment of the mutations.
The highlights are colored the same way as the mutant data in the remaining figure: T106A
(moss), Y111H (yellow), M135A (orange), and T214A (mint). FoldX® was used to generate
mutant models. B. Channel currents for TWIK-2 and mutants were recorded under high
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extracellular potassium (K*) conditions at pH 7.4. The normalized current traces for both wild-type
and mutant TWIK-2 channels are presented. The recording protocol is illustrated in the inset
below. C. The voltage-dependent activation curves for TWIK-2 (n = 17) and mutant (M135A, n =
18; T106A, n = 12; T214A, n = 10 and Y111H, n = 19) TWIK-2 channels are provided. The data
are presented as mean + SEM. D. The half-maximal activation voltage shift (Vso) for wild-type (n
= 12) and mutant (M135A, n = 16; T106A, n = 11; T214A, n = 10 and Y111H, n = 10) TWIK-2
channels is shown, with data expressed as mean + SD. A one-way ANOVA with Dunnett’s multiple
comparisons was performed to evaluate differences between the wild-type and each mutant. E.
Normalized traces for wild-type and mutant TWIK-2 channels at the activation onset during a 200
ms pulse to +100 mV from a holding potential of -90 mV are displayed. The activation time
constants (1) were determined using a single exponential function. F. Activation kinetics were
measured for each voltage step in wild-type (n = 28) and mutant channels (M135A, n = 24; T106A,
n=12; T214A, n =10 and Y111H, n = 37) TWIK-2 channels. The data are expressed as mean *
SEM.
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Figure 4. Small molecule modulation of TWIK-2 by known Kz channel inhibitors. A.
Chemical structure of ML365, NPBA, ML335 and BL1249. B. Concentration-response curves of
various K2P modulators on TWIK-2 channel inhibition. Data are presented as mean + SEM:
ML365 (n = 8), NPBA (n = 7-8), ML335 (n = 7-8), and BL1249 (n = 7-8). Data from non-T cells
(traced lines, empty symbols) are also presented for ML365 (4-7) and NPBA (7-16). C. Current
responses were measured over time using a voltage-step protocol, applying +60 mV for 350 ms
after holding at -90 mV. The results in the blue panel illustrate the changes in TWIK-2 currents in
response to ML365 or NPBA (50 uM). Data are presented as the mean £+ SEM: ML365 (n = 8),
NPBA (n = 8). D. Comparison of concentration-response curves of ML365 on wild-type and
mutant TWIK-2 channels (left). Data are presented as mean = SEM: ML365 (n = 8). Scatter dot
plots show the current inhibition percentage at 50 uM for ML365 for TWIK-2 (ML365, n = 9) and
the mutant channels (right panel, M135A: n = 9; TL06A: n=9; T214A: n=9; Y111H: n =9). The
data are presented as mean = SD. A one-way ANOVA with Dunnett’s multiple comparisons test
was performed to compare the wild-type channel against each mutant. E. Comparison of
concentration-response curves of NPBA on wild-type and mutant TWIK-2 channels. Data are
presented as mean + SEM: NPBA (n = 7-8). Right panel is scatter dot plots show the current
inhibition percentage at 50 uM NPBA for TWIK-2 (NPBA, n = 10) and the mutant channels
(M135A: NPBA, n = 10; TI106ANPBA, n = 10; T214A; NPBA, n = 10; Y111H: NPBA, n = 10). The
data are presented as mean = SD. A one-way ANOVA with Dunnett’s multiple comparisons test
was performed to compare the wild-type channel against each mutant.
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Figure 5. Comparison of TWIK-2 structure with other K2Ps. A. TWIK-2 with lipid-like tubular
density (yellow) and tetrahedral solvent or ion blobs (blue) highlighted. The center panel highlights
the presence of lipid-like densities along the grove made by M1, M4, and PH1 of one protomer
with M2 of the other protomer. B. A comparison of M4 helix ‘up’ and ‘down’ conformation of
different pH-sensitive (first panel) and lipid-regulated K2P channels. (Left) Superposition of the
M1A, M2B, PH2A and M4A regions of TWIK-2 (chain A in purple, chain B in cyan) and TWIK-1 at
pH 7.4 (black, PDB: 7SK0), TWIK-1 at pH 5.5 (pink, PDB: 7SK1), TASK-3 at pH 6.0 (yellow, PDB:
8K1Q), TASK-3 at pH 7.5 (purple, PDB: 9G9V). Dashed double-arrow lines depict M4 movement.
The molecules modeled at the fenestration and modulatory lipid sites have been highlighted in
the same color as their respective proteins. (Middle) Superposition of TWIK-2 and non-conductive
TRAAK (red, PDB: 4WFF), conductive TRAAK (green, PDB: 4WFE), TREK-2 with M4 in down-
state (pink, PDB: 4XDJ) and TREK-2 with M4 in up-state (blue, PDB: 4BWS5. (Right) Superposition
of TWIK-2, TREK-1 in DDM/POPA mixed micelles (black, PDB: 8DES8), and TREK-1 in
DDM/POPE mixed micelles (grey, PDB: 8DE9). C. Comparison of the exit of ion permeation
pathway of TWIK-2 with pH-sensitive TWIK-1 (top) (pH 7.4 (PDB: 7SK0 and EMDBs: EMD-25168)
and pH 5.5 (PDB: 7SK1 and EMD-25159)) and (down) TASK-3 ((pH 7.5 (PDB: 9G9V and EMD-
51158) and, pH 6.0 (PDB: 8K1Q and EMD-36799). D. Comparison of the entrance of the ion
permeation pathway of TWIK-2 (left) with pH-regulated channel TASK-2 in pH 8.5 (yellow, PDB:
6MWO0 and EMDB:10422) and in pH 6.5 (bright pink, PDB: 6WLYV and EMDB:10423). The cryo-
EM densities of critical residues of the hydrogen bond seal from the respective PDBs have been
highlighted.
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