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Abstract

ATP-sensitive potassium (KATP) channels are uniquely evolved protein complexes that couple cell 

energy levels to cell excitability. They govern a wide range of physiological processes including 

hormone secretion, neuronal transmission, vascular dilation, and cardiac and neuronal 

preconditioning against ischemic injuries. In pancreatic β-cells, KATP channels composed of 

Kir6.2 and SUR1, encoded by KCNJ11 and ABCC8, respectively, play a key role in coupling 

blood glucose concentration to insulin secretion. Mutations in ABCC8 or KCNJ11 that diminish 

channel function result in congenital hyperinsulinism. Many of these mutations principally hamper 

channel biogenesis and hence trafficking to the cell surface. Several small molecules have been 

shown to correct channel biogenesis and trafficking defects. Here, we review studies aimed at 

understanding how mutations impair channel biogenesis and trafficking and how pharmacological 

ligands overcome channel trafficking defects, particularly highlighting recent cryo-EM structural 

studies which have revealed the mechanisms of channel assembly and pharmacological 

chaperones.
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Introduction

In 1983, Noma discovered in cardiac myocytes a potassium channel that was activated by 

cyanide and inhibited by intracellular ATP, and named it the ATP-sensitive potassium (KATP) 

channel [1]. Soon after, studies into the electric mechanisms of insulin release from the 

pancreatic β-cell led to the identification of a similar KATP channel that serves as a key 

molecular link between glucose metabolism and insulin secretion [2, 3]. Additional KATP 
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channels were subsequently identified in brain, skeletal muscle, and vascular smooth muscle 

[4–6]. By coupling cellular adenine nucleotide concentrations with membrane potential, 

these channels control a range of physiological activities, including hormone secretion, 

vasodilation, and cardiac contraction to enable adaptation to changing metabolic 

environments (reviewed in [7–11]). Molecular cloning and functional characterization 

revealed the proteins that make up the channel: an inwardly rectifying potassium (Kir) 

channel and a protein called sulfonylurea receptor (SUR) belonging to the ABC (ATP-

Binding Cassette) transporter superfamily [12]. KATP channels found in different tissues 

have distinct functional and pharmacological properties, resulting from combinations of 

either Kir6.1 or Kir6.2 with SUR1 or SUR2, which occurs as two major splice variants 

SUR2A and SUR2B [13–15]. Kir6.2/SUR1 channels are expressed primarily in the 

pancreatic endocrine islets and the brain, Kir6.2/SUR2A channels in cardiac myocytes and 

skeletal muscle, and Kir6.1/SUR2B channels in vascular smooth muscle. Mutations in 

ABCC8 and KCNJ11, the genes encoding SUR1 and Kir6.2, respectively, are linked to a 

range of insulin secretion and neurological disorders (reviewed in [7, 16, 17]), Enhanced 

channel currents due to mutations in ABCC9 and KCNJ8, genes encoding SUR2 and Kir6.1, 

respectively, have recently been shown to underlie a cardiovascular disorder known as Cantú 

syndrome [18], while a frameshift mutation in ABCC9 that results in non-functional 

channels causes a disease named ABCC9-related Intellectual disability Myopathy Syndrome 

or AIMS [19].

Owing to their importance in health and disease, KATP channels have attracted much 

research attention. In particular, the pancreatic/neuronal Kir6.2/SUR1 subtype has been 

intensely studied and will be the focus of this review. In pancreatic β-cells, KATP 

conductance maintains the membrane potential in a hyperpolarized resting state at basal 

glucose concentrations. Upon glucose stimulation, KATP channels close causing membrane 

depolarization, which activates voltage-gated Ca2+ channels. Ca2+ influx then triggers 

insulin release. In this way, KATP channels couple glucose stimulation to insulin secretion. 

They are the major target of insulin secretagogues used to treat type 2 diabetes (T2D). For 

example, sulfonylureas, drugs which have been widely prescribed since the 1950s to treat 

T2D [20], stimulate insulin secretion and lower blood glucose by reducing KATP channel 

activity. Numerous channel mutations have been identified in patients with insulin secretion 

disorders [21, 22]. Mutations that reduce KATP currents by reducing the number of channels 

present in the plasma membrane and/or the channel’s ability to open at low glucose 

concentrations (referred to as loss-of-function mutations) lead to persistent β-cell 

depolarization. Consequently, insulin secretion persists despite severe hypoglycemia as seen 

in the disease congenital hyperinsulinism (CHI). By contrast, mutations that increase KATP 

currents (referred to as gain-of-function mutations) cause β-cell hyperpolarization and 

insufficient insulin secretion even when blood glucose levels are high, resulting in neonatal 

diabetes [16, 17]. In some cases, gain-of-function mutations cause developmental delay, 

epilepsy, in addition to neonatal diabetes, known as DEND syndrome. Reconstitution studies 

revealed that many CHI mutations diminish KATP currents by impairing channel folding, 

assembly and trafficking to the plasma membrane [23]. Patients with such mutations often 

require pancreatectomy to prevent life-threatening hypoglycemia caused by uncontrolled 
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insulin secretion [24, 25]. This prompted efforts to identify small molecule chaperones that 

can correct channel expression defects caused by disease mutations [23].

In this article we discuss current understanding of the molecular mechanism of SUR1/Kir6.2 

KATP channel assembly and trafficking, how disease mutations disrupt these processes to 

prevent surface expression, and how pharmacological ligands overcome channel assembly 

and trafficking defects caused by certain mutations. In particular, we will highlight insight 

gained from recent high resolution channel structures obtained using single-particle cryo-

electron microscopy.

Overview of KATP channel biogenesis and functional regulation

Functional expression of KATP channels requires co-assembly of Kir6.2 and SUR1 into a 

heterooctameric complex in the endoplasmic reticulum (ER) [12, 26, 27]. Expressed alone, 

neither protein exits the ER due to an –RKR- tripeptide cytoplasmic ER retention/retrieval 

motif [27]. These motifs are likely concealed upon complete channel assembly to allow ER 

exit, ensuring only properly assembled channels traffic to the cell surface [27]. A member of 

the inward rectifier potassium channel family, Kir6.2 has two transmembrane helices and 

intracellular N- and C-termini [28]. SUR1 is classified as a member of the ABCC subfamily 

in the ATP-binding cassette (ABC) transporter superfamily [29]. In addition to a 

characteristic ABC core structure comprising two transmembrane domains (TMD1 & 2) and 

two cytoplasmic nucleotide binding domains (NBD1 & 2), SUR1 has an N-terminal 

transmembrane domain (TMD0) which is connected to the ABC core by a long cytoplasmic 

loop called L0 [30–32] (Fig. 1A). The co-dependence of SUR1 and Kir6.2 on each other for 

surface expression sets them apart from other ABC transporters and Kir channels and raises 

interest in the molecular interactions involved in their co-evolution into a functional unit. 

Several channel protein domains had been implicated in channel assembly, including TMD0 

of SUR1 [26, 33, 34], and the N-terminus and the first transmembrane helix of Kir6.2 [26]. 

However, detailed mechanisms underlying subunit-subunit interactions remained unresolved 

until the recent development of high resolution 3D structures, discussed later.

Although not the focus of this review, functional regulation of KATP channels is briefly 

summarized as it pertains to the mechanisms of pharmacological chaperones all of which are 

also channel inhibitors, as well as channel structures solved in the presence of various gating 

molecules. KATP channel function is governed mainly by intracellular ATP and ADP 

(reviewed in [7, 9, 35], the concentrations of which are determined by glucose levels. In a 

simplified scheme, ATP binds to Kir6.2 in an Mg2+-independent manner to close the 

channel, while MgATP and MgADP bind to the NBDs of SUR1, causing dimerization of the 

NBDs, which counteracts the inhibitory action of ATP on Kir6.2 and thereby stimulate 

channel activity. When blood glucose levels rise, the intracellular ATP to ADP ratio 

increases as a result of glycolysis such that ATP inhibition dominates to suppress KATP 

channel activity. Conversely, when blood glucose levels fall, the ATP to ADP ratio decreases 

such that MgATP/MgADP stimulation prevails to increase channel activity. In this way, 

KATP channels link glucose metabolism to β-cell excitability, which in turn regulates 

voltage-gated calcium channels, Ca2+ influx, and insulin secretion (reviewed in [36, 37]).
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KATP channel trafficking mutations and pharmacological chaperones

A mutation in human SUR1, ΔF1388, was the first CHI-associated genetic defect found to 

prevent KATP channel trafficking to the β-cell plasma membrane [38]. The mutant protein 

was retained in the ER, unable to reach its mature complex-glycosylated state. Subsequent 

studies of other mutations carried by CHI patients identified additional mutations that 

greatly reduce or abolish channel expression at the cell surface [34, 39–44]. Most were 

shown to be retained intracellularly, suggesting they are misfolded and/or unable to assemble 

with Kir6.2. These mutations are collectively referred to as trafficking mutations. To date, 

more than forty mutations have been reported to disrupt normal channel expression at the 

cell surface, mostly missense mutations in SUR1. These mutations typically manifest as 

recessive phenotypes [45]. Affected CHI patients with such mutations do not respond to 

drugs that stimulate channel function due to lack of surface expression and often undergo 

pancreatectomy in infancy or childhood to prevent severe hypoglycemia [22]. Understanding 

how mutations impair channel surface expression and how such defects may be corrected 

would likely improve treatments for the disease.

Pharmacological chaperones are small molecules whose binding to cognate proteins 

facilitate protein folding and assembly, thus chaperoning proteins to their correct cellular 

destinations. They have been exploited to correct folding and trafficking defects of a number 

of genetically mutated proteins or to boost surface expression of WT proteins, such as 

CFTR, vasopressin type 2 receptors, gonadotropin releasing hormone receptors, and d-

opioid receptors [46, 47], Yan et al. first explored the concept of pharmacological 

chaperones in KATP trafficking mutants by testing drugs known to target KATP channels, 

sulfonylureas and diazoxide, on two SUR1 trafficking mutations, A116P and V187D located 

in TMD0 [40]. The β-cell KATP channel is inhibited by sulfonylurea drugs, which are used 

clinically to improve insulin secretion in type 2 diabetes mellitus. Yan et al. found that a 

high affinity sulfonylurea, glibenclamide, and a lower affinity sulfonylurea tolbutamide both 

significantly improved surface expression of the two mutant channels. In contrast, the 

channel opening drug diazoxide was without effect. Metabolic pulse-chase and co-

immunoprecipitation experiments showed that SUR1 proteins with these mutations are 

degraded faster [40] and have reduced association with Kir6.2 [34], suggesting the mutations 

disrupt SUR1 folding and assembly with Kir6.2 to render increased endoplasmic reticulum 

associated degradation (ERAD) of mutant SUR1. In addition to rescuing mutant channels to 

the cell surface, sulfonylureas also improved the biogenesis efficiency and thereby surface 

expression of wild-type (WT) channels [40], suggesting that these drugs also facilitate WT 

channel protein folding and/or assembly. Importantly, the study by Yan et al. showed that 

upon washout of the low affinity tolbutamide, both A116P and V187D mutant channels that 

had been chaperoned to the cell surface were then as normally responsive to ATP inhibition 

and MgATP/MgADP stimulation as WT channels [40] (see Table 1). This demonstrates that 

trafficking mutants can be rescued to recover functions and thus the potential of 

pharmacological chaperones in treating those CHI patients harboring trafficking mutations.

Following the initial report, many more disease mutations were subjected to expression 

studies to test their impact on channel expression at the cell surface and response to 

pharmacological chaperones (Table 1). A striking finding that emerged from these studies is 
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that although SUR1 trafficking mutations occur throughout the protein, only those within 

TMD0 were rescued by sulfonylureas [39, 41, 48]. In addition, the rescue effect of 

sulfonylureas is dependent on Kir6.2 [49, 50]. Without Kir6.2 co-expression, 

pharmacological chaperones are unable to rescue mutant SUR1 to the cell surface even when 

the RKR ER retention signal was mutated to AAA, which allows wild-type SUR1 to traffic 

to the cell surface independent of Kir6.2. This observation argues against a simple 

pharmacochaperoning mechanism wherein sulfonylureas correct folding defects of mutant 

SUR1 protein, and rather suggest that sulfonylureas act further on mutant SUR1-Kir6.2 

interactions. A third interesting aspect about KATP pharmacochaperones is that they are all 

channel inhibitors. Sulfonylureas have been used to treat type 2 diabetes for more than half a 

century as they close KATP channels to stimulate insulin secretion [20]. A distinct class of 

antidiabetic compounds developed more recently known as glinides, such as repaglinide, 

also acts by inhibiting KATP channels to stimulate insulin secretion [51]. Like the 

sulfonylurea glibenclamide, repaglinide was found to be highly effective in restoring surface 

expression of KATP trafficking mutants with SUR1 TMD0 mutations [50, 52]. By contrast, 

as with diazoxide, additional KATP channel openers including NN414 and VU0071063 

failed to show any effect [39, 40]. Curiously, these channels openers seem to actually reduce 

biogenesis efficiency of WT channels [39]. Thus, inhibitors generally help to stabilize the 

channel complex while openers have the opposite effect.

Discovery of carbamazepine as a novel KATP channel pharmacological 

chaperone and inhibitor

Since sulfonylureas and glinides only rescue SUR1 with trafficking mutations in TMD0, a 

question arises as to whether there are other compounds that can correct SUR1 trafficking 

defects caused by mutations in its ABC core domain. The ABC core of SUR1 is similar to 

other ABCC proteins such as CFTR [31]. CFTR has been a subject of intense research in the 

field of pharmacological chaperones because the cellular mechanism for the most prevalent 

cystic fibrosis-causing mutation, ΔF508 located in the NBD1, is CFTR misfolding and 

failure to traffic to the plasma membrane [53]. Numerous drug screening studies have been 

conducted in search of compounds that correct the trafficking defect of ΔF508 CFTR. It was 

hypothesized that these CFTR correctors may also be effective in facilitating the folding of 

SUR1 harboring mutations in the ABC core that shares structural homology with CFTR. 

Studies testing CFTR correctors on KATP trafficking mutants did show a number of 

promising compounds with some salutary effects [54]. In this initial study, the compounds 

were tested against the TMD0 mutations A116P and V187D, and it was therefore unclear 

whether the small rescue effect applies to other trafficking mutations. A subsequent study 

tested one of the compounds, carbamazepine, against 19 SUR1 trafficking mutations 

distributed throughout the protein [48]. Surprisingly, contrary to the expectation that a CFTR 

ΔF508 corrector might also rescue SUR1 ABC core trafficking mutations, the study showed 

that carbamazepine only rescued TMD0 trafficking mutations, just like sulfonylureas and 

glinides.

Carbamazepine is best known as an anticonvulsant that inhibits voltage-gated Na+ channels 

[55, 56]. The finding that carbamazepine is a KATP channel chaperone raised questions about 
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the nature of its interaction with the channel. To test whether carbamazepine binds directly 

to the channel, Devaraneni et al. conducted competition binding assays between 

carbamazepine and the sulfonylurea glibenclamide [49]. Glibenclamide is a high affinity 

ligand for KATP channels with an estimated KD of ~1–5 nM [57]. Carbamazepine was found 

to compete with glibenclamide for binding to the channel with an estimated KD of ~25nM 

[49]. Moreover, like glibenclamide, carbamazepine inhibits channel activity and abolishes 

channel stimulation by MgATP/MgADP [58]. Finally, mutating SUR1 residues previously 

implicated in glibenclamide binding diminished the ability of both glibenclamide and 

carbamazepine to act as a channel inhibitor and pharmacological chaperone [49]. These 

results provide strong evidence that carbamazepine and glibenclamide exert their effects on 

the channel via similar mechanisms and related sites.

The chemical structures of sulfonylureas, glinides and carbamazepine are quite distinct. 

How do these diverse compounds inhibit KATP channels and chaperone the same set of 

trafficking mutants? Although the studies summarized above suggest these drugs likely 

interact with the channel complex similarly to affect channel assembly and function, 

fundamental aspects of the underlying mechanisms remained a mystery in the absence of a 

high resolution 3D channel structure.

CryoEM structures of KATP channels

Early biochemical and biophysical studies have suggested that the KATP channel complex is 

a hetero-octamer of four pore-forming Kir6.2 subunits and four regulatory SUR1 subunits 

[59–61]. The large size of the complex estimated to be ~ 950 kDa made solving the structure 

of the channel by X-ray crystallography a formidable task. In 2005, using an engineered 

construct that fuses the C-terminus of SUR1 with the N-terminus of Kir6.2, Mikhailov et al. 

reported an initial three-dimensional KATP structure obtained by single-particle negative 

stain cryo-EM [62]. The structure shows a central tetrameric Kir6.2 core embraced by four 

SUR1 proteins. Although the resolution was too low to resolve molecular details, the study 

set the stage for subsequent efforts that eventually led to several near atomic resolution 

structures of the channel.

With the advances in single-particle cryo-EM techniques, three groups have published seven 

studies in the past two years reporting KATP channel structures at subnanometer resolutions 

using different construct designs and in different states [52, 63–68] (Table 2). Our group 

solved multiple structures of channels formed by co-expression of SUR1 and Kir6.2 

proteins, including the apo state (no ligand), as well as in the presence of ATP alone, or the 

presence of ATP and glibenclamide, repaglinide, or carbamazepine [52, 66, 67]. The group 

led by Lei Chen published an initial structure of channels formed by separate SUR1 and 

Kir6.2 proteins in the presence of GBC [65], and several subsequent structures using a 

fusion protein with a 39-amino acids linker between the C-terminus of SUR1 and the N-

terminus of Kir6.2 (SUR1–39a.a.-Kir6.2) in the presence of various ligands including 

ATPγS, MgADP, glibenclamide, repaglinide, and the channel opener NN414 [63, 68]. A 

third group led by Jue Chen and Roderick MacKinnon reported KATP structures in the 

presence of MgATP, using a fusion of human SUR1 C-terminus to Kir6.2 N-terminus via a 

6-aa linker [64]. All structures confirmed a central core formed by the Kir6.2 tetramer 
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surrounded by four SUR1 (Fig. 1B). In all structures, Kir6.2 is closed. In the apo state, or in 

the presence of pharmacological chaperones, the SUR1 shows an inward-facing 

conformation with the two NBDs separate. In the presence of MgATP, MgADP, or MgADP 

plus NN414, the SUR1 NBDs are dimerized. These structures have offered unprecedented 

views of the channel and resolved important ligand binding sites. Detailed comparison of 

structures with SUR1 NBDs in different states has been reviewed recently by others [69]. 

Below we will focus on structural information that is most relevant to understanding how 

KATP pharmacological chaperones work.

Channel assembly domains

Biochemical and biophysical studies prior to cryoEM structures implicated several domains 

in SUR1 and Kir6.2 as critical for channel assembly. Using chimeras of Kir6.2 with Kir2.1, 

which is known to not associate with SUR1, the first transmembrane helix and the 

cytoplasmic N-terminus of Kir6.2 were found to be important for specific assembly with 

SUR1 [26]. Using chimeric SUR1 proteins containing TMD0 from MRP1, an ABC 

transporter that cannot interact with Kir6.2, it was shown that the TMD0 in SUR1 confers 

specific interaction with Kir6.2 [26]. Further evidence for TMD0 in mediating interactions 

with Kir6.2 came from studies showing that SUR1-TMD0 alone can assemble with Kir6.2 

and modulate the trafficking as well as gating of Kir6.2 [34, 70].

In the cryoEM structures, TMD0 of each SUR1 subunit makes direct contact with a Kir6.2, 

serving as the primary anchor between SUR1 and Kir6.2 (Fig. 2A). In particular, the first 

transmembrane helix in TMD0 of SUR1 (SUR1-TM1) runs parallel to the first 

transmembrane helix (M1) of Kir6.2 (Fig. 2B). In addition, the cytoplasmic loops in TMD0 

and the proximal end of the long cytoplasmic loop L0, which connects TMD0 to the SUR1-

ABC core domain, form extensive interactions with the cytoplasmic domain of Kir6.2 near 

the lipid-cytoplasm interface. The 3D structure explains why so many TMD0 mutations 

disrupt channel assembly and trafficking (Fig. 2C). Interestingly, mutation of Kir6.2 Q52 to 

E or D has been shown to suppress assembly and trafficking defects caused by certain 

SUR1-TMD0 mutations, including F27S and A116P (Fig. 2D) [71], highlighting that in 

addition to transmembrane interactions, the cytoplasmic loops of SUR1 and Kir6.2 also 

serve to “glue” the two subunits together during channel assembly.

Pharmacological chaperone binding pocket

For decades, sulfonylureas have been used to treat T2DM and there has been vast interest in 

understanding how these drugs inhibit KATP channel mechanistically. Early sequence 

comparison and chimeric studies between SUR1 and SUR2, which exhibit differential 

sensitivities to the low affinity sulfonylurea tolbutamide and the high affinity sulfonylurea 

glibenclamide led to identification of a key residue critical for tolbutamide and 

glibenclamide binding, SUR1 S1238 [72]. Subsequent biochemical and biophysical studies 

pointed to additional structural components, including the L0 linker of SUR1 and the N-

terminus of Kir6.2, that are needed for high affinity glibenclamide binding [73, 74]. 

Specifically, a mutation Y230A in L0 of SUR1 diminished the ability of glibenclamide to 

interact with and inhibit the channel [50, 73], and deletion of the distal N-terminus of Kir6.2 

also reduced the binding of glibenclamide as well as channel inhibition by sulfonylureas 
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[75–77]. Despite the abundance of structure-function correlation data, how the drugs and the 

various structural elements implicated are related in 3D space was left for imagination and 

the precise drug binding site(s) remained obscure, until the cryoEM structures became 

available.

In the first two cryoEM structure papers by Li et al. and Martin et al. glibenclamide was 

present in the sample. However, due to the moderate 5–6Å resolutions and uncertainty in 

modeling the L0 linker which had no existing homologous structures in the protein 

databank, the glibenclamide density was only tentatively assigned to a location in between 

the L0 region where Y230 is located and SUR1 TMD bundle above NBD1 where S1238 is 

located [65], or not assigned [67]. A later improved cryoEM map at 3.7Å by Martin et al. 

showed unambiguous glibenclamide density located within the TM bundle above NBD1 

[66]. Molecular modeling revealed a binding pocket formed by residues from both TMD1 

and TMD2 including S1238 (Fig. 3A). Mutation of residues lining the pocket diminished 

glibenclamide inhibition of the channel, providing functional validation of the binding site 

model [66]. Interestingly, the L0 loop residue Y230 previously implicated in binding is not 

directly in contact with the drug but interacts structurally with residues forming the binding 

pocket, and thus is playing an indirect structural role in glibenclamide binding (Fig. 3A). 

The glibenclamide binding site identified by Martin et al. is also confirmed by another 

cryoEM structure from Wu et al. using the SUR1–39a.a.-Kir6.2 fusion protein [68]. In the 

glibenclamide bound structure, the two NBDs are separate, a conformation referred to as 

“inward-facing” in the ABC transporter literature [31]. Interestingly, in KATP structures 

where SUR1 NBDs are bound to MgATP/MgADP and dimerized, the space in the TM 

bundle above NBD1 becomes too small to accommodate glibenclamide [64, 68]. 

Glibenclamide is known to inhibit channel activity in part by abolishing the ability of 

MgATP/MgADP to stimulate channels [58, 78]. The structures suggest that by occupying 

the space in the TM bundle above NBD1 glibenclamide interferes with conformational 

change associated with NBD dimerization thus preventing MgATP/MgADP stimulation.

Having identified the glibenclamide binding site, our group further determined the binding 

site for repaglinide and carbamazepine to test the hypothesis that these drugs bind to the 

same site. CryoEM structures of channels determined in the presence of ATP and 

repaglinide or carbamazepine showed the same conformation as channels bound to ATP and 

glibenclamide [52]. CryoEM densities corresponding to repaglinide and carbamazepine 

were found in the glibenclamide binding pocket (Fig. 3B). Intriguingly, although the 

cryoEM density of repaglinide is well fitted by a single molecule of the drug, that of 

carbamazepine is much larger, about twice the expected size of a single carbamazepine, 

suggesting the molecule might bind as a dimer or can adopt different binding positions in the 

pocket to generate an averaged density bigger than a single, rigidly bound carbamazepine 

[52]. Although all three pharmacological chaperones are located in the same pocket, 

differences in contacting SUR1 residues are noted. In particular, S1238, which is adjacent to 

glibenclamide and carbamazepine, is far away from repaglinide. This is consistent with 

previous studies showing that S1238 is not important for rapaglinide’s action, in contrast to 

glibenclamide or carbamazepine [49, 50, 79]. The binding site models for the drugs were 

further supported by additional studies showing that mutation of residues surrounding the 

densities of the various drugs also attenuated their ability to chaperone KATP trafficking 
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mutants [52]. Concurrent with our study, Lei Chen’s group also determined the repaglinide 

binding site using the SUR1–39a.a.-Kir6.2 fusion protein and reported similar findings [63]. 

These studies answer a long standing question in the KATP channel pharmacological field 

and help explain how chemically diverse compounds share a common binding pocket to 

influence channel behavior.

The Kir6.2 N-terminus

The distal N-terminus of Kir6.2 of ~30 amino acids (referred to as Kir6.2 N-term) is a 

disordered region with few predicted secondary structures. Interestingly, as discussed above, 

the Kir6.2 N-term has been shown to be important for channel assembly, gating, and drug 

interactions. Deletion of the Kir6.2 N-term increases the open probability of the channel [77, 

80, 81], decreases the binding affinity of glibenclamide and repaglinide to the channel 

complex [76], and decreases channel sensitivity to inhibition by sulfonylureas and glinides 

[75, 77]. Studies looking into its role in channel assembly have shown that it is also critical 

for efficient assembly and trafficking of the channel and for pharmacological chaperones to 

rescue SUR1-TMD0 trafficking mutants [49]. How this stretch of amino acids has such a 

profound role in channel regulation, and whether the effects of its deletion on the myriad of 

channel properties are related to one another have been a major puzzle.

In the initial published cryoEM structures, the Kir6.2 N-terminus is unresolved, suggesting it 

is dynamic. Using site-directed incorporation of a photoactivatable unnatural amino acid p-

azidophenylalaine at the N-terminus of Kir6.2 it has been shown that pharmacochaperones 

such as glibenclamide and carbamazepine enhanced crosslinking between Kir6.2 N-term and 

SUR1 upon photoactivation [49], indicating these drugs promote association between Kir6.2 

N-term and SUR1. Further crosslinking studies were conducted using lysine targeted 

crosslinkers such as DSP and CBDPS (Cyanurbiotindimercaptopropionylsuccinimide) on 

purified channels bound to glibenclamide, followed by trypsin digestion and mass 

spectrometry, to identify possible interactions. These studies identified a SUR1-Kir6.2 

crosslink that connects K5 of Kir6.2 N-term to K602 located in TMD1 of SUR1 lining the 

central cavity [52]. The finding suggests that the Kir6.2 N-term may reside in the central 

cavity of SUR1’s ABC core near the drug binding site, which would be consistent with 

previous studies implicating a role of Kir6.2 N-term in drug binding. Wu et al. first proposed 

that a low resolution density in the central cavity seen in glibenclamide bound channel 

structures published by Li et al. and Martin et al was likely the Kir6.2 N-term [68]. 

However, in these structures the proposed cryoEM density of Kir6.2 N-term and the 

structured region of the Kir6.2 (starting from residue 32) are not contiguous, leaving 

uncertainty about the assignment. Interestingly, this density was absent in the structure of 

channels formed by the SUR1–39a.a.-Kir6.2 fusion protein in the presence of glibenclamide 

and it was reasoned that this was due to the long linker which could not be accommodated 

by the space of the cavity [68]. Our group compared multiple structures of channels formed 

by SUR1 and Kir6.2 co-expression in the presence or absence of drugs (glibenclamide, 

repaglinide, or ATP). Aided by improved focus refinement of the SUR1 ABC-core, we were 

able to observe a density in the central cavity that is contiguous with the first structured 

residue of Kir6.2 and is right next to the drug binding site (Fig. 3C). This density is clear in 

all drug-bound structures particularly those bound to the high affinity drugs glibenclamide 
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and repaglinide. By contrast, the density is very weak and barely detectable in the apo state 

structure. Together these structural data indicate that the Kir6.2 N-term reaches into the 

central cavity of the SUR1-ABC core and this interaction is stabilized by pharmacological 

chaperones.

Insight into KATP channel assembly and gating regulation by 

pharmacological chaperones

From the cryoEM structures, which reveal close physical interactions between SUR1-TMD0 

and Kir6.2, the pharmacological chaperone binding pocket, and the location of the Kir6.2 N-

terminus in drug-bound states, and the wealth of structure-function correlation data in the 

literature discussed above, a mechanistic model emerges accounting for the ability of 

pharmacological chaperones to overcome trafficking defects caused by TMD0 mutations 

(Fig. 4A). During channel biogenesis, SUR1 and Kir6.2 must form initial contacts. 

Extension of the Kir6.2 N-term into the central cavity of the SUR1 ABC core likely plays a 

critical role at this initial stage by forming a transient handhold to guide the docking of 

TMD0 onto the Kir6.2 outer helix (M1) and allow additional cytoplasmic contacts to take 

place. This interaction, however, appears labile and transient as the Kir6.2 N-term is not 

visible in the apo state structure but is stabilized by binding of pharmacological chaperones 

in the TM bundle above the NBD1, as evidenced by the clear Kir6.2 N-term density in the 

drug-bound states. This model explains why deletion of the Kir6.2 N-term dramatically 

reduces channel biogenesis and surface expression [49], even though Kir6.2 outer helix is 

still available for SUR1-TMD0 interaction. For SUR1 containing TMD0 trafficking 

mutations, likely conformational defects prevent efficient and stable docking of TMD0 onto 

Kir6.2 such that the transient interaction between the Kir6.2 N-term is unable to sustain 

stable assembly, resulting in reduced channel biogenesis and surface expression. In the 

presence of pharmacological chaperones, Kir6.2 N-term is stabilized in SUR1’s ABC core 

central cavity, providing a firm handle to prolong interactions between mutant TMD0 and 

Kir6.2 for channel assembly and trafficking to the cell surface. Trafficking mutations outside 

TMD0 have not been found to respond to known KATP pharmacological chaperones. A 

possible explanation is that these mutations cause severe misfolding of the ABC core 

structure sufficient to engage ER quality control such that the mutant proteins are triaged by 

ERAD [82].

In addition to facilitating channel assembly, all KATP pharmacological chaperones are also 

channel inhibitors. The structures show that by lodging into the space in the TM bundle 

formed by transmembrane helices from both TMD1 and TMD2, these compounds stabilize 

the ABC core in an inward-facing conformation (Fig. 4B). This would prevent dimerization 

of the NBDs in the presence of MgATP/MgADP, and thus abolish channel stimulation by 

Mg-nucleotides, as well documented in the literature. In addition, in the drug-bound 

structures, the Kir6.2 N-term is seen in the ABC core cavity adjacent the drug binding site 

and perhaps even contributes to drug binding (Fig. 3B). The Kir6.2 N-term is known to 

modulate channel open probability independent of adenine nucleotides and its deletion 

results in increased channel activity. Crosslinking of an engineered cysteine at L2 position of 

Kir6.2 (L2C) with an endogenous cysteine in SUR1 (C1142) lining the central cavity 
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reduced channel activity in a redox-sensitive manner, indicating residence of the Kir6.2 N-

term in the SUR1 central cavity is associated with channel closure [52]. Thus, 

pharmacological chaperones also reduce channel activity by trapping the Kir6.2 N-term in 

the SUR1 ABC core (Fig. 4B). As noted earlier, potassium channel openers have been 

shown to be ineffective in rescuing KATP trafficking mutants, and in fact reduce biogenesis 

efficiency of WT channels. These openers are thought to stimulate channel activity by 

stabilizing SUR1 in a NBDs-dimerized conformation. In this conformation the SUR1 ABC-

core central cavity would not be able to accommodate the Kir6.2 N-term needed for efficient 

channel assembly. Currently, it is unknown where the potassium channel openers bind. Wu 

et al. reported a structure bound to MgADP and NN414 and tentatively assigned the NN414 

cryoEM densities [68]. However, more work is needed to validate the assignment.

Conclusions and Perspectives

Pharmacological chaperones are promising therapeutic tools for diseases resulting from 

defective protein folding and/or trafficking. Many of these chaperones are cognate 

physiological or pharmacological ligands of target proteins. Novel correctors are also being 

discovered through chemical library screens. In the case of membrane proteins, which are 

particularly difficult to crystallize for structural determinations, the structural mechanisms 

through which a drug’s binding affects a chaperone correction have until recently remained 

elusive. The rapid advances in single-particle cryoEM have now made it possible to obtain 

structures of challenging protein targets [83], presenting new opportunities to address 

mechanistic questions. The KATP channel complex exemplifies how detailed structural 

information is crucial for understanding how chemically diverse compounds may exert 

similar effects on channel assembly and function. This knowledge provides a foundation for 

structure-based development of new or improved chaperones.

A major challenge in clinical application of current KATP pharmacological chaperones is that 

the inhibitory chaperones need to be removed to recover channel functions. Moreover, while 

most mutants rescued to the cell surface exhibit normal function upon removal of the 

chaperones, some have been found to also cause reduced ATP sensitivity (Table 1). How to 

improve surface expression as well as function is a major goal for the field. In this regard, 

further therapeutic opportunities will derive from a fuller understanding of the channel 

biogenesis pathway that identifies molecular partners during folding, assembly, trafficking, 

and even degradation. In this regard, many questions remain unanswered. How are 

transcription and nascent polypeptide translation coupled with folding and assembly? What 

cellular chaperones are involved in monitoring and facilitating folding and assembly other 

than Hsp70 and Hsp90 we have reported previously [84]? Also, inhibition of ERAD has 

been shown to boost WT channel surface expression and at least one ERAD machinery 

protein derlin-1 is known to be involved [85]. Can ERAD protein interactions with the 

channel be manipulated to overcome channel trafficking defects? These are all issues for 

future research emphasis.

Finally, the KATP channel pharmacological chaperone studies may have implications for 

other diseases caused by folding/trafficking mutations in ABC transporters or Kir channels. 

In searching for correctors of KATP channels with mutations in the SUR1 ABC core domain, 
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we had exploited compounds identified from CFTRΔF508 corrector screens. While the 

studies on carbarmazepine led to unexpected findings that helped illuminate KATP assembly 

and gating mechanisms, a lingering question remains as to how this drug corrects the 

trafficking defect of CFTRΔF508. Several CFTR cryoEM structures have recently been 

published but none in complex with correctors [86–91]. One would predict carbamazepine to 

bind to a similar pocket in CFTR as in SUR1. Since CFTR does not have an assembly 

partner like Kir6.2, the mechanism of surface expression rescue might be different. Perhaps 

carbamazepine binding stabilizes the mutant CFTR to prevent it from rapid degradation and 

thus allow escape to the cell surface. There are also additional CFTR correctors that should 

be studied in detail for their potential effects on SUR1 trafficking mutations in the ABC core 

domain. Future comparative studies among ABC transporters will undoubtedly cross 

fertilize to resolve the remaining questions in the field.
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Figure 1. KATP channel architecture.
(A) Topology of SUR1 and Kir6.2 with domains labeled and colored to match the 3D 

structures shown below. Locations of the two N-linked glycosylation sites (branched sticks) 

in SUR1 and the RKR ER retention signal (black circle) in SUR1 and Kir6.2 are marked. 

(B) Structural model (side view and top view) of the KATP channel with glibenclamide 

bound to SUR1 shown as red spheres and ATP bound to Kir6.2 in green spheres. Model 

(PDB: 6BAA) is built using a 3.7Å cryoEM map (EMD-7073).
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Figure 2. Primary assembly domains of the KATP channel.
(A) A side view of the channel structure showing the close contact between SUR1-TMD0 

and Kir6.2. (B) A close-up view showing the interactions between the TM1 in TMD0 of 

SUR1 and M1 of Kir6.2, and the cytoplasmic loops of Kir6.2, TMD0, and the proximal part 

of L0. (C) Trafficking mutations mapped on the cryoEM structure of KATP channels. The 

red spheres mark the following mutations: C6G, G7R, V21D, N24K, F27S, D29G, A30T, 

L31P, L40R, G70E, R74W/Q. M80R, G92D, G111R, A113V, A116P, W128K, R168C, 

G173R, and V187D, which are all responsive to pharmacological chaperones. The green 

spheres mark the following mutations: R495Q, E501K, L503P, F686S, G716V, E1324K, 

L1350Q, R1353P, DF1388, M1395R, D1472H, R1494W, and L1544P, which are not 

responsive to pharmacological chaperone rescue. (D) Two SUR1 TMD0 trafficking 
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mutations, F27S and A116P, were rescued by a second site mutation in Kir6.2 Q52E. The 

side chains of the mutated residues are shown in the structural model.
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Figure 3. Pharmacological chaperone binding pocket.
(A) Top: Structure of the SUR1 subunit showing the location of the bound glibenclamide 

(space-filling model). Bottom: 2D topology model (left) and 3D structure of SUR1 showing 

the location of the two residues previously implicated in glibenclamide (shown in stick 

model). (B) Chemical structures of pharmacological chaperones and their corresponding 

cryoEM densities in the SUR1 binding pocket. The empty binding pocket in the apo state is 

shown for comparison. (C) CryoEM map of the channel in complex with glibenclamide and 

ATP showing the density of the Kir6.2 N-term (gold) extending into the SUR1 ABC core 

central cavity. The structure of a Kir6.2 subunit is shown to illustrate the connectivity 

between the low resolution Kir6.2 N-terminus (filtered to 6Å) density with the modeled 

Kir6.2 structure. Right: Two slice views of the SUR1 ABC core showing the spatial 

relationship between glibenclamide and the Kir6.2 N-terminus.
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Figure 4. Model of KATP channel assembly and gating regulation by pharmacological 
chaperones.
(A) Cartoon showing in the absence of pharmacological chaperones (PC), mutant TMD0 is 

unable to form stable interactions with Kir6.2, leading to ER-associated degradation 

(ERAD) of the mutant SUR1. Binding of PCs stabilizes Kir6.2 N-terminus (~30 amino acids 

shown as dotted blue line) in the ABC core central cavity of SUR1 to allow assembly of 

mutant SUR1 with Kir6.2 and trafficking to the plasma membrane. (B) PCs inhibit channel 

activity by stabilizing SUR1 in an inward-facing conformation unable to be stimulated by 

Mg-nucleotides, as well as by trapping the Kir6.2 N-terminus in the SUR1 ABC core central 

cavity to prevent opening of the Kir6.2 channel. The grey rectangle represents the lipid 

bilayer of the ER membrane in (A) and plasma membrane in (B).
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Table 1:

KATP trafficking mutations1

SUR1 mutation Rescue by pharmacological chaperones Rescued channel function
2 Reference

C6G Barely N. D.
3 [39]

G7R Yes Functional (efflux) [41]

V21D Yes Functional (efflux, patching) [39]

N24K Yes Functional (efflux) [41]

F27S Yes Functional (efflux, patching) [41, 58]

D29G Yes Functional (efflux, patching) [39]

A30T Yes Functional (efflux, patching) [39]

L31P Barely N.D. [39]

L40R Barely N.D. [39]

G70E Yes Functional (efflux, patching) [39]

R74W Yes Decreased ATP sensitivity
4 [41, 92]

M80R Yes Functional (efflux, patching) [39]

G92D Yes Functional (efflux, patching) [39]

G111R Yes Functional (efflux, patching) [39]

A113V Yes Functional (efflux, patching) [39]

A116P Yes Functional (efflux, patching) [40]

E128K Yes Decreased ATP sensitivity (patching)
4 [41, 92]

R168C Yes Functional (efflux, patching) [39]

G173R Yes Functional (efflux, patching) [39]

V187D Yes Functional (efflux, patching) [40]

R495Q No N.D. [41]

E501K No N.D. [41]

L503P No N.D. [41]

F686S No N.D. [41]

G716V No N.D. [41]

L1350Q No N.D. [41]

ΔF1388 No No MgADP response
5 [38, 40]

D1472H No N.D. [41]

L1544P No No MgADP response
5 [40, 44]

1
Only missense SUR1 mutations our group has tested for response to pharmacological chaperones (glibenclamide, tolbutamide, repaglinide, and/or 

carbamazepine) are included.

2
Functional properties were assessed by 86Rb+ efflux assay in response to metabolic inhibition (efflux) or inside-out patch-clamp recordings 

(patching) which measure channel sensitivity to ATP inhibition and MgADP stimulation, as described in [39–41]. Note functional studies were 
performed after washout of pharmacological chaperones to remove the inhibitory effects of the chaperones.

3
N.D.: Not determined due to lack of surface expression and lack of response to pharmacological chaperones.

4
In addition to causing trafficking defects these two mutations also render the channels less sensitive to ATP inhibition.
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5
Functions were determined of channels escaped to the cell surface by mutating the RKR ER retention signal to AAA.
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Table 2:

KATP channel cryoEM structures

Constructs Ligands (PDB/ EMDB ID; 
resolution)

Structure highlights Reference

hamster SUR1 (Q608K)
+mouse Kir6.2

Glibenclamide (5WUA/EMD-6689; 
5.6Å)

Kir6.2 closed and SUR1 inward-facing
Glibenclamide and PIP2 density tentatively assigned; 
however, glibenclamide density assignment was later 
corrected in Wu et al.

[65]

hamsterSUR1+ratKir6.2 Glibenclamide+ATP (5TWV/5.8Å) Resolved ATP cryoEM density in Kir6.2 [67]

hamsterSUR1+ratKir6.2 Glibenclamide+ATP (6BAA/
EMD-7073; 3.7Å)

Resolved glibenclamide cryoEM density in SUR1 [66]

humanSUR1-(6aa linker)-

humanKir6.2 fusion
1

MgATP+PIP2 Class 1: quatrefoil 
(6C3O/EMD-7339; 3.9Å) Class 2: 
propeller (6C3P/EMD-7338; 5.6Å)

SUR1’s NBDs dimerized, with MgATP bound at 
NBD1 and MgADP at NBD2; Kir6.2 closed, bound 
to ATP
Two conformations were resolved: quatrefoil and 
propeller, with the quatrefoil form being the 
dominant class

[64]

hamsterSUR1-(39aa linker)-

mouseKir6.2 fusion
1

ATPγS (5YW8/EM D-6848; 4.4Å)
Glibenclamide/ATPγS (5YKE/
EMD-6831; 4.1Å)
MgADP/NN414/PIP2 (5YWC/
EMD-6852; 4.3Å)

Glibenclamide density assigned
Only propeller-like conformation was observed in 
MgADP bound, NBDs-dimerized structure
Tentative assignment of NN414 density

[68]

hamsterSUR1-(39aa linker)-
mouseKir6.2 fusion

Repaglinide+ATPγS (6JB1/
EMD-9787; 3.3Å)

Repaglinide density assigned [63]

hamsterSUR1+ratKir6.2 SUR1 bound to: Glibenclamide+ATP SUR1 NBD1 bound to ATP in all structures except 
the apo state structure

[52]

(6PZA/EM D-20530; 3.7Å)
Repaglinide+ATP (6PZ9/
EMD-20528; 3.7Å)
Carbamazepine+ATP (6PZC/
EMD-20530; 4.3Å)
ATP only (6PZI/EMD-20535; 4.5Å)
Apo (6PZB/EMD-20533; 4.6Å)

Glibenclamide, repaglinide, and carbamazepine 
cryoEM density found in the same binding pocket, 
and no density observed in the pocket in ATP only or 
apo state structures
Kir6.2 N-term density assigned in the drug-bound 
structures

1
Only the dominant class or the best resolution structure for each liganded state is included.
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