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Abstract 

Regulation of inwardly-rectifying potassium (Kir) channels by intracellular ligands 

couples cell membrane excitability to important signaling cascades and metabolic pathways. 

Particularly, the ATP-sensitive potassium (KATP) channels, highly expressed in diverse excitable 

tissues, are the keystone components of glucose-stimulated insulin secretion in pancreatic β-

cells. KATP channels are constituted by a canonical pore-forming transmembrane domain (TMD) 

and a large cytoplasmic domain (CTD) where ATP binds and inhibits the channel activity. A 

non-covalent interface domain in Kir channel structures is speculated as a mediator of coupling 

between the cytoplasmic (‘ligand-sensing’) and transmembrane (‘gating’) domains. The work 

described in this thesis aims to investigate the molecular mechanism that link ligand binding to 

the channel gating. A significant barrier is that many functionally important channel motifs are 

highly sensitive to mutagenesis, resulting in a loss-of-function (LOF) phenotype. We have 

developed a novel ‘forced gating’ approach by substituting a glutamate in the hydrophobic Kir 

channel bundle crossing (F168E), generating channels that open upon alkalization, likely due to 

mutual repulsion of the introduced glutamate side chain.  This ‘forced gating’ approach is 

implemented in mutagenic scans of the Kir channel domain interface comprising numerous 

motifs, including the transverse ‘slide’ helix, the C-linker, the βC-βD loop, and the G-loop. 

Without exception, expression on the ‘forced gating’ background rescued all loss-of-function 

interfacial mutants in alkaline pH, and enabled functional characterization of all interfacial 

mutants on generation of conductive channels and ATP-dependent gating. Our findings highlight 

a small subset of ‘anchor residues’ at the Kir6.2 TMD-CTD interface, including D58 and T61 in 

the ‘slide helix’, R177 in the C-linker, T294 in the G-loop, and D204 in the βC-βD loop, which 

are required for both formation of conductive channels, and appropriate transmission of ligand 

binding to the channel gating. Disruption of these residues uncouples the TMD and CTD, 

causing loss-of-function phenotype combined with profound ligand insensitivity. Additionally, in 

contrast to a traditional ‘allosteric rescue’ approach (Kir6.2[C166S]) with an elevated intrinsic 

channel open probability, the ‘forced gating’ approach has a more general application due to its 

efficiency in rescuing all loss-of-function interfacial mutants without inherently perturbing ATP 

sensitivity in Kir6.2 channel.  
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Preface  

A version of Chapter III has been published in J. Biol. Chem. [Li, B.W.], X.Y. Huang, 

R.S. Zhang, R.Y. Kim, R.Y. Yang, and H.T. Kurata. (2013) ‘Decomposition of slide helix 

contributions to ATP-dependent inhibition of Kir6.2 channels’. I conducted most of the 

experiments. A fellow graduate student X.Y. Huang conducted some of the electrophysiological 

recordings and is a co-first author on the publication. Most of the manuscript was originally 

drafted by supervisor Harley Kurata. A version of Chapter III has also been included in Masters’ 

thesis of X.Y. Huang entitled “Molecular determinants of different gating mechanisms in 

inwardly-rectifying potassium channels.” in 2012 in Department of pharmacology of University 

of British Columbia.  
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Chapter  1: Introduction and background 

Inward rectification describes a voltage dependence of current through ion channels in 

which the inward flow of K
+
 ions into the cells is greater than the outward flow of K

+
 ions at the 

same driving force. Kir channels do not exhibit intrinsic voltage-dependence but are 

predominantly regulated by asymmetric open channel block by intracellular divalent cations (e.g. 

Mg
2+

) and polyamines (Nichols and Lopatin, 1997;Lu, 2004). Kir channels are expressed in a 

wide variety of cells such as cardiac myocytes, neurons, blood cells, osteoclasts, endothelial 

cells, glial cells, epithelial cells, and oocytes (Hibino et al., 2010). With abundant expression in 

various cells, Kir channels are involved in a number of essential physiological processes and 

functions. For instance, Kir channels control the heartbeat pace, modulate secretion of hormones 

into the bloodstream, regulate electrical impulses underlying information transfer in the nervous 

system, and control airway and vascular smooth muscle tone.  Detailed understanding of the 

molecular mechanisms underlying Kir channel functional activities and how they are modulated 

by different ligands will expose therapeutic potentials toward related disorders such as epilepsy 

(Shieh et al., 2000), hypertension, atrial fibrillation, Andersen syndrome (Schulze-Bahr, 

2005;Plaster et al., 2001), Bartter syndrome (Schulte et al., 1999), neonatal diabetes (Nichols, 

2006;Gloyn et al., 2004), congenital hyperinsulinism (Pinney et al., 2008;Nichols et al., 1996), 

and primary aldosteronism (Choi et al., 2011).  

1.1 KATP overview 

There are seven subfamilies of inward rectifiers (Kir1 to Kir7) with a total of at least 15 

different subunit genes (Hibino et al., 2010). These subfamilies can be categorized into four 

functional groups: 1) classical Kir channels (strong rectifier Kir2), 2) G protein-coupled Kir 

channels (Kir3/GIRK), 3) ATP-sensitive Kir channels (Kir6/KATP), and 4) K
+
-transport channels 
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(Kir1, Kir4, Kir5, and Kir7) (Nichols and Lopatin, 1997). Due to the strong homology of the 

basic Kir channel subunit, functional Kir channels can be assembled by four subunits in a 

tetrameric complex by both homomeric and heteromeric combination. Heteromerization 

generally occurs among members of the same subfamily (e.g.  Kir2.1 can associate with any one 

of other Kir2.x subfamily members) (Hibino et al., 2010). An exception is that Kir4.1 subunit 

can assemble with Kir5.1 and form functional hetero-tetramers. Recent crystallographic and 

structural studies have reinforced the tetramer stoichiometry for Kir channels (Hansen et al., 

2011;Whorton and MacKinnon, 2011;Nishida et al., 2007). ATP-sensitive Kir channels (KATP) 

exhibit distinct stoichiometry from other Kir channels, requiring assembly of four Kir6 subunits 

(Kir6.1 or 6.2) with four auxiliary regulatory sulfonylurea receptor (SUR1, SUR2A, SUR2B) 

subunits to form a hetero-octamer. Heteromerization confers diversity to the tissue specific 

localization and functional variability of Kir channels.  

1.1.1 Broad architecture of KATP channels 

This study primarily focuses on the KATP channels, which were first identified in cardiac 

myocytes (Noma, 1983;Trube and Hescheler, 1984). These channels are also expressed in 

skeletal muscles (Spruce et al., 1987), vascular smooth muscle (Beech et al., 1993), neurons 

(Ashford et al., 1990b), brains (Ashford et al., 1988), pituitary (Bernardi et al., 1988), and kidney 

(Hunter and Giebisch, 1988). However, their physiological functions are likely best understood 

in pancreatic islet β-cells (Ashcroft, 2005;Ashcroft, 2006). As mentioned above, KATP channels 

are hetero-octameric protein complexes made of 4 pore forming Kir6 channel subunits and 4 

auxiliary SUR subunits, which are members of the ATP-binding cassette (ABC) protein family 

(Ashcroft, 1988;Terzic et al., 1995;Tung and Kurachi, 1991). The KATP channel complex is 

regulated by diverse cytoplasmic ligands (most notably adenosine-5’-triphosphate (ATP), 
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adenosine diphoshpate (ADP), and phosphatidylinositol 4,5-bisphosphate (PIP2)) and specific 

pharmacological agents. The distinct subunits of the channel proteins encode separate sensitivity 

to physiological ligands and drugs. Inhibition by ATP arises from ATP binding to the Kir6 

subunits; while channel opening is enhanced by nucleotide diphosphates (NDPs) such as ADP, 

which along with Mg
2+

 ions bind to the SUR subunits (Ashcroft, 1988;Terzic et al., 1995;Tung 

and Kurachi, 1991). The regulatory SUR units also confer sensitivity to inhibitory actions of 

sulfonylureas (SUs) (e.g. glibenclamide, tolbutamide) and stimulatory effects of potassium 

channel openers (KCOs) (e.g. pinacidil, diazoxide). These characteristics allow KATP channels to 

act as ‘electrical transducers’ and affect membrane excitability in response to cellular 

metabolism, which is essential in controlling the electrical cascade that triggers insulin secretion. 

Under high glucose conditions, the increased [ATP]/[ADP] ratio results in closure of KATP 

channels, favoring depolarization of the membrane potential and Ca
2+

 influx through voltage 

gated L-type Ca
2+

 channels (VGCC). In pancreatic β-cells, elevated intracellular Ca
2+

 leads to 

fusion of insulin-containing vesicles with the plasma membrane, and insulin secretion. As 

metabolic activity (generation of ATP) decreases, the inhibitory effects of ATP are diminished 

and KATP channels exhibit a higher open probability (Po). Assemblies of Kir6 channel and SUR 

subunits are required for proper trafficking and cell surface expression of functional KATP 

channels. Expression of either the Kir6 channel or SUR subunit alone fails to produce detectable 

currents or functional activity (Aguilar-Bryan et al., 1995;Inagaki et al., 1995). 

There are two isoforms of Kir6 channels (Kir6.1, Kir6.2) and three isoforms of SUR 

subunits (SUR1, SUR2A, SUR2B). Kir6.1 is highly expressed in vascular smooth muscle and 

mitochondria (Inagaki et al., 1996;Inagaki et al., 1995) and Kir6.2 is distributed more widely, 

including in the pancreatic β-cell, central nervous system, heart, and skeletal muscles (Sakura et 
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al., 1995). SUR1, predominantly in pancreatic β-cells and neurons, has a high affinity for SUs. In 

contrast, SUR2A, which shares only 68% identity with SUR1, is highly expressed in cardiac 

cells, skeletal muscle and ovary, but they can also be identified at a moderate level in pancreatic 

islets, brain, tongue, testis and adrenal gland. Unlike SUR1, SUR2A has a significantly lower 

affinity for SUs such as glibenclamide.  SUR2B, an alternatively spliced variant of SUR2A 

differing only in their last 42 amino acids, is mainly located in the vascular smooth muscle and 

brain. Similar to SUR2A, SUR2B has a relatively lower affinity for SUs. Native KATP channels 

are generated by co-assembly of diverse Kir6 and SUR isoforms, which may account for specific 

tissue expression, molecular properties, and functional diversity of KATP channels (Cheng et al., 

2008;Accili et al., 1997;Accili et al., 1997;Flagg et al., 2008;Aguilar-Bryan et al., 1998).  

A major step forward in understanding the structure of KATP channels came by cloning of 

the SUR1 (Aguilar-Bryan et al., 1995;Inagaki et al., 1995) and Kir6.2 channel subunit (Inagaki et 

al., 1995). Each Kir channel subunit consists of two putative transmembrane α-helices (TM1 and 

TM2), linked by an extracellular re-entrant pore loop (P-loop) that contains the signature K
+
 

selectivity sequence (T-X-G-Y-G) (Heginbotham et al., 1994). The ion permeation pore is 

formed by TM2 helices from each of the four Kir subunits, whereas the bundle of four TM2 

helices at the internal face is suggested to form a ligand-sensitive gate (the ‘bundle crossing’). As 

Kir6 channel structures lack a canonical voltage sensing domain, they are not gated by 

membrane voltage and in the absence of regulatory ligands (e.g. inhibitory ATP concentrations), 

Kir6 channels exhibit some constitutive activity.  

The other major part of the Kir channels is the cytoplasmic domain (CTD), which is 

formed by cytoplasmic amino (NH2) and carboxy (COOH) terminal domains of the Kir subunits. 

The CTD forms binding sites for numerous intracellular ligands that modulate the channel 
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function. The CTD also forms a long permeation pathway, extended much further than in 

voltage-gated K
+
 channels. This provides multiple additional K

+
 binding sites, and also important 

interactions for intracellular Mg
2+

 and polyamine binding that modulate inward rectification. A 

unique structural element of Kir channels is an amphipathic transverse ‘slide helix’, which is 

positioned perpendicular to the pore axis and physically connects the outer TM1 helix and 

cytosolic NH2 terminus in the Kir channels. The slide helix sits at the TMD-CTD interface and 

probably acts as a coupling component between the two domains as well as communicates the 

ligand binding signals to the gating domain. Appropriate ligand-transduction is critical for the 

diverse physiological roles Kir channels play in various tissues and organs.  

1.1.2 Physiological roles of KATP channels in major organs 

KATP channels are essential for numerous physiological activities including hormone 

secretion, regulation of neuronal and muscular excitability, and cytoprotection in heart and brain 

ischemia, by modulating membrane excitability in response to cellular metabolism and numerous 

signaling regulators (Ashcroft, 2006). In this section, I provide an overview of a few of the most 

widely recognized  physiological roles of KATP channels.  

1.1.2.1 Pancreatic β cells 

KATP channels made of Kir6.2 and SUR1 are highly expressed in pancreatic insulin-

secreting β-cells (Inagaki et al., 1996;Inagaki et al., 1995), and they are the key components of 

glucose stimulated insulin secretion (Ashcroft and Kakei, 1989;Ashcroft and Rorsman, 1989). 

Secretion of insulin is modulated by membrane electrical activity in response to changes in 

nutrients, hormone, and neurotransmitter levels, with glucose being the most physiologically 

significant. Pancreatic KATP channels are usually active during fasting blood glucose (2–3 mM), 

thus membrane potential is set close to the potassium reversal potential; therefore insulin 



6 

 

secretion is minimized. An increase in blood glucose (5–7 mM) after a meal increases cellular 

metabolism, resulting in elevation of ATP/ADP ratio in pancreatic β-cells. The augmented ATP 

concentration causes the closure of KATP channels, leading to membrane depolarization and 

activation of L-type VGCC. The Ca
2+

 influx mediates insulin release. Therefore, mutations of 

pancreatic KATP channels are associated with various glucose homeostasis disorders. Gain-of-

function (GOF) mutations (loss of ATP sensitivity) suppress insulin release, resulting in diabetic 

phenotype (Koster et al., 2000;Proks et al., 2004;Proks et al., 2005a). In contrast, loss-of-

function mutations in KATP channels lead to β-cell membrane hyperexcitability and cause 

hyperinsulinism (Ashcroft, 2005;Reimann et al., 2003;Thomas et al., 1996).  

1.1.2.2 Heart 

Cardiac KATP channels, composed largely of Kir6.2 with SUR2A, are highly expressed in 

the sarcolemmal membrane (Hibino et al., 2010). In the normal functioning heart, cardiac KATP 

channels are predominantly inhibited by high intracellular ATP concentrations, but they become 

active during myocardial ischemia or hypoxia when ATP concentration is significantly lowered. 

In this scenario, increased outward K
+
 currents shorten the action potential and reduce Ca

2+
 

influx and energy consumption, leading to decreased cardiac contractility and stabilizing atrial 

and ventricular tachycardia. Opening of cardiac KATP channels is suggested to be responsible for 

ischemic preconditioning in which a brief duration of myocardial ischemia is introduced to 

prevent the heart from severe myocardial damage produced by a subsequent prolonged ischemia 

(Murry et al., 1986;Yellon and Downey, 2003). To support the protective role of cardiac KATP on 

ischemic preconditioning, ischemic preconditioning can be mimicked by KCOs and is abolished 

by SUs (e.g. glibenclamide) in animal studies (Gross and Auchampach, 1992;Mizumura et al., 

1995;Schulz et al., 1994). Additionally, Type II diabetes mellitus patients who receive KATP 
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channel blocker tolbutamide (Rytter et al., 1985;Soler et al., 1974) also lost the protective 

effects.  

1.1.2.3 Vascular smooth muscles  

KATP channels are also found in arterial and vascular smooth muscles. The smooth 

muscle form is likely composed of either Kir 6.1 or Kir 6.2 with SUR2B subunits (Isomoto et al., 

1996;Yamada et al., 1997), with significant insensitivity to ATP inhibition, producing almost 

constitutively active channels. As a result, arterial and vascular smooth muscle KATP channels are 

essential for maintaining a negative membrane potential and inducing smooth muscle relaxation 

and vasodilation. Several KCOs (e.g. pinacidil, nicorandil, and diazoxide) are used clinically as 

therapeutic treatments against hypertension and angina pectoris (Isomoto et al., 1996;Yamada et 

al., 1997;Edwards and Weston, 1990). Among them, nicorandil, as a nitric oxide donor, can 

directly produce vasodilator nitric oxide, which helps further reduce the vascular blood pressure. 

Additionally, the regulation of vascular smooth muscle contraction by KATP channels also 

depends on various vasodilators (e.g. prostaglandin and adenosine) and vasoconstrictors (e.g. 

endothelin, vasopressin, serotonin, and histamine) released from neighboring cells (Quayle et al., 

1997).  

1.1.2.4 Neurons and CNS 

KATP channels composed of either Kir6.2 or Kir6.1 with SUR1 are expressed in the glial 

cells and neurons in different brain regions (Ashford et al., 1990a;Roper and Ashcroft, 

1995;Stanford and Lacey, 1996;Ohno-Shosaku and Yamamoto, 1992). KATP channels expressed 

in the hippocampus and substantia nigra (SNr) are involved in modulation of hormone and 

neurotransmitter release in response to glucose changes (Ashford et al., 1990a). They close upon 

elevated glucose and ATP levels, resulting in membrane excitation and neurotransmitters release. 
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Therefore, neuronal KATP channels play physiologically fundamental roles on hypothalamic 

regulation of sleep-wake cycles, locomotor activity, energy expenditure, and appetite.  

Additionally, during ischemia or hypoxia, the increased KATP channel activity results in 

membrane hyperpolarization, helping reverse  neuronal hyperexcitability mediated by excessive 

glutamate release (Dirnagl et al., 1999). The high fat ketogenic diet, with adequate proteins but 

low carbohydrates, is primarily used clinically to treat epilepsy in children, since the oxidative 

metabolism of high fat diet (ketone bodies) is suggested to reduce the ATP production form 

glycolysis, enabling the activation of KATP channels and thus controlling the seizure activity 

(Yellen, 2008). However, overactivity of KATP channels can  also lead to epilepsy in patients with 

severe gain of function mutations (Huang et al., 2008).  

1.1.2.5 Other tissues 

 KATP channels can also be found in other tissues such as skeletal muscle, nonvascular 

smooth muscle, endocrine cells, renal cells, vascular endothelial cells, and follicular cells of the 

ovary (Ashcroft, 2006;Edwards and Weston, 1993;Quast, 1996). Activation of KATP channels in 

skeletal muscle is suggested to offer protective effects on myotonia congenita (characterized by 

delayed relaxation of the muscles after voluntary contraction) and periodic paralysis 

(characterized by muscle hyperexcitability, together with uncontrolled shaking followed by 

paralysis). Membrane hyperpolarization induced by KATP channel opening decreases skeletal 

muscle spontaneous twitches (Grafe et al., 1990;Spuler et al., 1989). Moreover, increased uterine 

myometrial smooth muscle contraction during the late stage of pregnancy may increase the risk 

of premature labor; thus some KCOs are used clinically to relax uterine smooth muscle via 

activation of KATP channels. Additionally, KATP channels expressed in the proximal tubule, thick 

http://en.wikipedia.org/wiki/Paralysis


9 

 

ascending limb of Henle’s loop, and cortical collecting duct play crucial roles on K
+
 homeostasis 

and reabsorption of electrolytes (Quast, 1996).  

1.1.3 Ligand dependent channel gating in Kir channels 

Seven subfamilies of Kir channels have multiple members with high sequence 

conservation and strong similarities in the domain architecture, yet a remarkable diversity in 

function and ligand sensitivity. The TMD encloses the ion permeation pathway with high K
+
 ion 

selectivity, and the ion conduction pore is extended to the CTD where multiple ligands bind and 

modulate channel function and gating. However, the molecular mechanism underlying the 

transduction/communication of ligand-binding domain (CTD) to channel gating domain (TMD) 

are largely unknown in most Kir channels 

Kir channels are physiologically modulated by a variety of regulatory molecules specific 

to each subfamily, such as Gβγ subunits (Kir3/GIRK channels), ATP (Kir6 channels), and pH 

(Kir1 and Kir4 channels). Structural studies indicate that binding of intracellular ligands to the 

cytoplasmic domain result in rotating and twisting of the cytoplasmic domain relative to the 

transmembrane pore (Clarke et al., 2010). This conformational rearrangement of CTD results in 

a propagation of the gating signal to the channel pore in the TMD, associated with rotation and 

bending of the inner helix TM2 and widening of the bundle crossing constriction.  Previous 

structural, biochemical and functional studies suggest that both the selectivity filter and bundle 

crossing regions in Kir channels might functionally act as intrinsic gates regulating the ion 

permeation (Khurana et al., 2011;Yi et al., 2001b), and the conformational changes in the bundle 

crossing region are functionally coupled to the ATP-binding site in the CTD of KATP channels 

(Phillips and Nichols, 2003;Phillips et al., 2003;Loussouarn et al., 2000;Khurana et al., 2011). 

All eukaryotic Kir channels contain a transverse ‘slide helix’ at the TMD-CTD interface, which 
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is commonly suggested to structurally link cytoplasmic ligand-regulatory domain to the gating 

domains in the TMD. The slide helix has significant clinical relevance and gain-of-function 

mutations in the slide helix in Kir6.2 channels (Q52R and V59M/G) have been identified in 

neonatal diabetic patients whose pancreatic insulin secretion is greatly defective (Proks et al., 

2004;Proks et al., 2005a), emphasizing its functional significance on modulation of ligand-

dependent KATP channel function.  The slide helix is a highly conserved motif identified in all 

eukaryotic Kir channels; thus understanding the functional role of slide helix on ligand-

dependent gating in Kir6.2 channels may provide general information on the gating mechanisms 

for all other eukaryotic Kir channel families (Chapter III). 

Recent crystal structures of Kir2 and Kir3 cytoplasmic domain suggest that the ion 

permeation pathway in the CTD can be occluded by a highly flexible pore-facing G-loop, which 

forms a girdle surrounding the central pore and restricts the ion flow in the absence of PIP2 

(Pegan et al., 2005). Binding of PIP2 results in conformational changes of the G-loop, possibly 

by removing the occlusion and allowing cytoplasmic ion pore opening (Whorton and 

MacKinnon, 2011). The intrinsically flexible G-loop is also involved in binding of multiple 

ligands (e.g. Gβγ, Na
+
, and PIP2) and is proposed to undergo a large structural rearrangement 

during channel gating in Kir3 channels. Several loss-of-function mutations in the G-loop in 

Kir2.1 (G300V, V302M and E303K) (Pegan et al., 2005;Tristani-Firouzi et al., 2002) and Kir6.2 

(T294M and R301A/C/H/G/P) (Shimomura et al., 2009;Lin et al., 2003) have been identified in 

patients with Anderson syndrome and persistent hyperinsulinemic hypoglycaemia of infancy 

(PHHI) respectively.  These findings, along with the observed structural variability and sequence 

conservation, suggest a potential universal role of G-loop on modulating ion permeation and pore 

gating across different subfamilies of Kir channels.  
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In addition to diverse intracellular regulators specific to each subfamily, all eukaryotic 

Kir channels share one common modulator, the membrane anchored highly negatively charged 

“signaling” phosphatidylinositol polyphosphates (PIPs), especially PIP2.  Binding of PIP2 to the 

cytoplasmic region likely induces an overall conformation change of the CTD, resulting in an 

upward movement of CTD and widening of the bundle crossing region and/or the G-loop near 

the apex of the CTD (Hansen et al., 2011;Whorton and MacKinnon, 2011). All eukaryotic Kir 

channels share common structural elements involved in PIP2 binding, which increases the 

channel open probability and stabilizes the open state of Kir channels (Sadja et al., 2001;Rohacs 

et al., 1999;Rohacs et al., 2003;Lu et al., 2002;Hilgemann and Ball, 1996;Fan and Makielski, 

1997;Huang et al., 1998;Kim and Bang, 1999). Recent crystallographic studies have 

demonstrated that the negatively charged head-group of PIP2 interacts with positively charged 

residues clustered in the COOH-terminal extension (‘C-linker’) of the pore-lining TM2 helix 

(H175, R176, R177 in Kir6.2 and K185, K187, K188, R189 in Kir2.1 channels) (Schulze et al., 

2003). These essential ‘PIP2 binding partners’ are highly conserved among eukaryotic Kir 

channel families, suggesting a similar molecular mechanism of PIP2-induced channel gating of 

other inward rectifiers.  

All above highlights that despite the diversity in the regulatory molecules, the strong 

similarities of domain architecture, the high sequence conservation, and the unique interfacial 

features suggest that different Kir channels might share a similar gating mechanism and a better 

understating of ligand-dependent gating in Kir6.2 channels may have a general application for all 

the other Kirs. This thesis will explore the functional relevance of multiple unique motifs located 

at the TMD-CTD interface in Kir6.2 channels on ligand-dependent channel gating.  Before 
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discussing our findings on the ligand communication/transduction mechanism, I will first review 

the molecular structure of KATP channels in detail.  

1.2 Molecular details of KATP channels 

1.2.1 Kir6.2 channel subunit 

1.2.1.1 Overall structure of Kir6.2 channel subunit 

1.2.1.1.1 Transmembrane domain (TMD) 

The TMD of Kir6 channels is composed of two TM helices from each subunit, named  

outer helix (TM1) and inner helix (TM2), which are linked by a roughly 30 amino acid pore loop 

(P-loop) consisting of the turrent, the descending pore helix, and the ascending selectivity filter. 

The TM2 helices are slightly tilted with respect to the plasma membrane and they are also 

slightly kinked, forming an “inverted tepee” in a closed channel conformation. The internal bases 

of the four TM2 helices come together and make up a narrow bottom region of the ion 

conduction pore (bundle crossing region). The entire length of the ion conduction pore is ~64Å 

with variable widths along the way. The central cavity is a roughly 10-Å spherical water-filled 

space about halfway through the membrane. It contains water in the closed state and gets 

enlarged in the open state and holds more water molecules. Due to the wide diameter of the 

internal pore and the central cavity, K
+
 ions can move throughout these parts with their hydrated 

water shell. Conversely, the selectivity filer becomes too narrow for hydrated K
+
 ions to pass 

through and K
+
 ions must shed their hydrating water to enter the selectivity filter. 

The overall structure of selectivity filter is well conserved in all K
+
-selective channels 

(Nishida et al., 2007). The selectivity filter (length~12 Å), defined as the narrowest part of the 

ion conductance pathway in the open conformation of  Kir channels, is the rate limiting step for 

K
+
 ions passing across the channel pore. The selectivity filter contains the signature K

+
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selectivity amino acid sequence (T-X-G-Y-G) (Heginbotham et al., 1994). The side chains of 

valine and tyrosine residues from the signature sequence project outward away from the inner 

face of the pore, making specific contacts with amino acid residues from the tilted P-loop. The 

hydrogen bonding between the hydroxyls of tyrosine with nearby residues on the pore helix, 

along with van der waals interactions, provide strong stability when the pore opens outward to 

allow K
+
 pass through. The second glycine residue on the K

+
 selectivity sequence offers a 

rotational flexibility for the selectivity filter, which permits the polar main chain carbonyl 

oxygen atoms of the signature sequence to project into the pore and mimic a hydration shell that 

can interact with naked K
+
 ions (Morais-Cabral et al., 2001;Zhou et al., 2001). This interaction 

with dehydrated K
+
 ions allows them to easily pass through the ion conduction pathway and 

creates high selectivity since the position of these carbonyl oxygen atoms is well oriented for K
+
 

ions, but either too far or too close for other ions  (Zhou and MacKinnon, 2004). Thus this high 

ion selectivity permits the permeation of only K
+
 ions (radius ~1.33Å) but not the smaller Na

+
 

ions (radius ~ 0.95 Å). However, due to the similarity of ion size and permeability characteristics 

between Rb
+
 (radius ~ 1.48 Å) and K

+ 
ions, Kir channels also allow Rb

+
 permeation through the 

ion conducting pore. The electrostatic mutual repulsion between two K
+
 ions in the close 

proximity in the selectivity filter overcomes the strong electrostatic interactions between K
+
 ions 

and pore lining residues, allowing for rapid ion conductance through the channel pore (Doyle et 

al., 1998).  

Notably, a highly conserved glycine residue (G175) located in the middle of the TM2 

helix in GIRK channels is suggested to form a crucial kink, especially during Gβγ-induced 

activation of GIRK channels (Jin et al., 2002). Structural studies demonstrated that substitution 

of certain residues in the TM2 helix below residue G175 with proline would increase the 
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flexibility of TM2 helix, producing constitutively open GIRK channels. Therefore, this glycine 

residue was suggested to provide flexibility and act as a hinge in the TM2 helix, allowing TM2 

helix to swing away from the ion conduction pathway upon Gβγ-induced channel activation (Jin 

et al., 2002). Substitution of this essential glycine (G175P) abolished most of the basal channel 

activity, further supporting the hinge hypothesis. This glycine residue is highly conserved among 

most Kir channels, and in Kir6.2 channels, mutation of the equivalent glycine hinge residue to an 

arginine (G156R) has been identified in patients with congenital hyperinsulinism. In Kir4 and 

Kir5 channels where this glycine residue is absent, another lower glycine residue (equivalent to 

G143 in KirBac) located beneath the originally hypothetical glycine kink on TM2 helix, is 

identified as an alternative hinge of the channel (Shang and Tucker, 2008).  However, the 

functional role of this lower glycine residue on ion permeation is less clear.  

Additionally, the bundle crossing region where the TM2 helices converge near the 

cytoplasmic end of the TMD has been emphasized in various functional and structural studies for 

its functional significance on regulation of Kir channel gating, particularly in Kir6 and Kir3 

subfamilies.  The bundle crossing region is commonly referred as a ‘lower’ intrinsic gate 

governing the K
+
 ion conduction across the pore by adopting either closed or open conformations 

(Antcliff et al., 2005;Xiao et al., 2003;Clarke et al., 2010;Proks et al., 2003;Phillips and Nichols, 

2003). Based on the structural studies of KcsA and KirBac channels, in the closed conformation, 

the bundle crossing region seems to be a narrow constriction that restricts the flow through of 

hydrated K
+
 ions (Perozo et al., 1999). TM1 and TM2 helices rotate relative to the central axis of 

the Kir channels upon channel opening, leading to the widening of the ion conducting pore at the 

bundle crossing region. The diameter of bundle crossing region varies from 3.5 Å to 12 Å during 

channel opening, and a ring of hydrophobic residues (such as phenyalanine and valine) at the 
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bundle crossing are essential for Kir channel gating. For instance, a hydrophobic phenylalanine 

residue F168, identified at the cytosolic end of TM2 near the bundle crossing region in Kir6.2 

channels, is implied to form a narrow constriction along the ion permeation pathway and play 

fundamental roles on regulation of channel gating. Substitution of this residue to glutamate 

(F168E) in Kir6.2 channels conducted very little current around pH 7.0, but caused large channel 

activation upon intracellular alkalization (Khurana et al., 2011;Khurana et al., 2011). Conversely, 

substitution of the corresponding phenylalanine residue in Kir3 channels with small residues 

such as alanine or serine produced constitutively active channels (Claydon et al., 2003;Sadja et 

al., 2001). The opposite effects induced by mutations at this phenylalanine position highlight its 

functional significance on modulation of channel gating among various Kir channels. Mutations 

at residue V188 on TM2 near the bundle crossing region in Kir3.2 result in constitutively active 

channels due to disruption of inter-subunit interaction as well as stabilization of channel opening 

(Minor, Jr. et al., 1999;Yi et al., 2001a). All above emphasizes a clear involvement of TM2 in 

coupling the gating sensors to the channel gates and suggests that the bundle crossing may act as 

an intrinsic gate pinching off the permeation pathway to close the channel (Jin et al., 

2002;Enkvetchakul et al., 2000;Loussouarn et al., 2001).  

 In addition to the critical roles of TM2 helix in channel gating, TM1 helix is also 

functionally relevant on ligand-dependent channel gating in Kir channels. Structural analysis 

highlights that hydrogen bond formation between key residues on the two TM helices near the 

bundle crossing region is crucial for Kir channel gating. For instance, in Kir1.1 channels, residue 

K80 on TM1 forms a hydrogen bond with residue A177 on TM2 near the bundle crossing region 

(Rapedius et al., 2007). Mutations of either residue disrupt the hydrogen bond, resulting in a 

reduced pH sensitivity and faster reactivation rate by PIP2 in Kir1.1 channels (Rapedius et al., 
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2007).  Similarly, mutation of the corresponding residue on TM1 in Kir3.2 channels (N94H) also 

interrupts the hydrogen bonding, leading to a constitutively open channel (Yi et al., 2001b). 

Additionally, a tryptophan residue (W68) at the cytosolic end of TM1 helix in Kir6.2 channels is 

demonstrated to interact hydrophobically with residues T171 (and/or I167 and K170) on the 

COOH-terminal end of TM2 helix near the bundle crossing region, and their interaction favors 

channel closure (Mannikko et al., 2011). Mutations at either residue disrupt the interaction, 

facilitating channel opening with an intrinsic high Po (Mannikko et al., 2011). 

1.2.1.1.2 Cytoplasmic domain (CTD) 

A number of crystallographic studies have investigated the detailed structure of the 

cytoplasmic domain of Kir channels (Pegan et al., 2005;Nishida and MacKinnon, 2002;Inanobe 

et al., 2007). The CTD is composed of both cytoplasmic NH2- and COOH- terminal domains 

from each Kir subunit, and forms the binding sites for diverse intracellular regulatory ligands, 

such as ATP, Gβγ subunits, Na
+
 ions, protons (H

+
), or PIP2 (Logothetis et al., 1987;Lu et al., 

2002;Batulan et al., 2010). The CTD extends the ion permeation pathway (7-15 Å in diameter) 

by > 30 Å than TMD alone, which is physiologically relevant for binding of intracellular open-

pore blockers (e.g. Mg
2+

 ions and polyamines such as putrescine, spermidine, and spermine) to 

the negatively charged acidic residues (asprartate or glutamate) on the internal face of the 

cytoplasmic conducting pore (Nishida and MacKinnon, 2002;Kuo et al., 2003;Lopatin et al., 

1994). Unlike strongly rectifying Kir2 channels, Kir6 channels are weak inward rectifiers 

exhibiting much weaker sensitivity for polyamine block due to lack of the classical ‘rectification 

controller’ aspartate residue (D172) in the pore lining TM2 helix (Kurata et al., 2004;Wible et 

al., 1994;Lu and MacKinnon, 1994). Instead, Kir6.2 channel subunit has an asparagine residue 

(N160) at the corresponding position; therefore, KATP channels permit large outward K
+
 currents 
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at depolarized potentials in the presence of polyamines, and the physiological roles of KATP 

channels strongly depend on ligand-dependent regulation (predominantly ATP).  

Additionally, each NH2 terminus has a single β-strand (βA), which forms β-sheets with 

another two β-strands (βL and βM) in the COOH- terminus of adjacent Kir subunits (Hibino et 

al., 2010). This inter-subunit interaction is essential for the overall stability of the CTD and plays 

crucial roles on regulation of channel activity (Tucker et al., 1998). For example, association 

between NH2-terminus of Kir3.1 subunits with COOH-terminus of Kir3.4 subunits greatly 

enhances the binding of Gβγ subunits and thus the Gβγ-induced channel activation (Huang et al., 

1997).   

1.2.1.1.3 Slide helix 

The TMD forms an interface with the CTD via a transverse ‘slide helix’, which is a ~21 

residue segment running parallel to the cytoplasmic face of the membrane and connecting the 

outer TM1 helix to the NH2-terminus of the CTD (see Figs 3-1 and 4-1 highlighted in black). 

The slide helix is a unique structural element in Kir channels because it is absent in KcsA (Doyle 

et al., 1998), calcium-gated K
+
 channels (Jiang et al., 2002), or voltage-gated K

+
 channels (Jiang 

et al., 2003;Long et al., 2005). The transverse ‘slide helix’ is hypothesized to couple the ligand-

induced reorientation of CTD to the bundle crossing region in the TMD in Kir channels. The 

crystal structure of the KirBac1.1 channel supports the role of slide helix as a ‘ligand transducing 

mediator’, as the slide helix is observed to stretch and swing the outer TM1 helix away from the 

central axis during channel activation (Kuo et al., 2003). The negatively charged COOH-terminal 

of the slide helix also interacts with a highly conserved arginine residue (R148) on the lower 

TM2 helix in KirBac1.1 channels (equivalent to K170 in Kir6.2 channels), which may help 

transfer the movement/reorientation of CTD to the pore lining TM2 helix and eventually the 
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bundle crossing (Kuo et al., 2003). Loss-of-function mutations in Kir6.2 slide helix are 

associated with neonatal diabetes (Proks et al., 2004;Proks et al., 2005a), but the underlying 

molecular mechanism of disease-causing mutants is largely unknown. In Chapter III of this 

thesis, a functional screening of the entire slide helix mutations in Kir6.2 will be described and 

the functional relevance of each slide helix residue on coupling ligand binding in CTD to 

channel gating in the TMD will be discussed. 

1.2.1.1.4 G-loop 

The ion permeation pore of CTD adjoining to the TMD also contains a flexible pore-

facing ‘G-loop’ located between the βC and βD strands at the apex of CTD, and it structurally 

connects the βH and βI strands (Fig 4-1, in green) (Hibino et al., 2010). Crystal structures of the 

CTD in Kir2.1 and Kir3.1 channels reveal that the cytoplasmic ion permeation pathways are 

occluded by ‘G-loop’ in the absence of PIP2 (Pegan et al., 2005). The crystal structure of a 

KirBac3.1-Kir3.1 chimera further highlights that G-loop has at least two different conformations: 

dilated and constricted, suggesting that the ‘G-loop’ may act as another intrinsic gate that 

regulates opening and closure of the cytoplasmic ion permeation pore (Nishida et al., 2007). In 

the constricted conformation, the channel pore becomes too narrow for dehydrated K
+
 ions to 

pass through, whereas in the dilated conformation, the pore is wide enough to allow hydrated K
+
 

ions to pass through. The ‘G-loop’ has high sequence conservation but considerable variation in 

structure among different published Kir structures. Gain-of-function mutations in the G-loop in 

Kir6.2 channels are associated with disorders such as permanent neonatal diabetes mellitus 

(PNDM) (T293N) (Shimomura et al., 2009) and neonatal diabetes coupled with developmental 

delay and epilepsy (DEND) (I296L) (Proks et al., 2005b). Conversely, loss-of-function G-loop 

mutations have been identified in patients with PHHI (T294M in Kir6.2 channels) (Shimomura 
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et al., 2009), and Andersen’s syndrome (G300V, V302M and E303K in Kir2.1 channels) (Pegan 

et al., 2005;Tristani-Firouzi et al., 2002). In Chapter IV of this thesis, a functional scan of 

multiple unique motifs at the TMD-CTD interface including the G-loop in Kir6.2 will be carried 

out to investigate the critical roles of G-loop on TMD-CTD coupling as well as communicating 

ligand binding signals to gating domains.  

1.2.1.2 ATP binding site of KATP channels  

Kir channels are modulated by a wide variety of intracellular regulatory molecules 

specific to each subfamily. The most physiologically crucial modulator affecting the KATP 

channels is intracellular ATP, which binds to the CTD of Kir6 channels and inhibits channel 

opening (Antcliff et al., 2005;John et al., 2003;Li et al., 2000;Proks et al., 1999;Reimann et al., 

1999). The putative ATP binding pocket is well established from previous studies, which is 

located at the interface of the NH2- and COOH- terminus of adjacent Kir6.2 subunits in the CTD 

(Antcliff et al., 2005;Trapp et al., 2003). Five basic or uncharged residues, including R50 in the 

NH2 terminus and I182, K185, R201, and G334 in the COOH terminus are shown to be directly 

involved in ATP binding (Antcliff et al., 2005;Cukras et al., 2002;Reimann et al., 1999;Tucker et 

al., 1998;Tsuboi et al., 2004). The stoichiometry of ATP binding suggests that each Kir6 subunit 

has one high affinity ATP binding site, and as a result, a functional KATP channel has four ATP 

binding pockets. Binding of one ATP molecule to a single Kir6.2 subunit is sufficient to promote 

Kir6.2 channel closure (Craig et al., 2008).  

PIP2, which binds an overlapping but non-identical site as ATP, competes with ATP and 

reduces the apparent ATP inhibitory effects of KATP channels (Baukrowitz et al., 1998;Shyng and 

Nichols, 1998). Firstly, experimental assays suggest a biochemically competitive binding (also 

described as ‘negative heterotropic’ interaction) between ATP and PIP2; thus binding of PIP2 
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likely reduces the ATP binding affinity (Shyng et al., 2000;MacGregor et al., 2002). Secondly, 

binding of PIP2 to the cytoplasmic region likely affects ATP inhibition allosterically by inducing 

an overall local conformational rearrangement of CTD, resulting in alteration of ATP binding 

pocket and reduced ATP-induced channel inhibition (Baukrowitz et al., 1998;Shyng and Nichols, 

1998). Lastly, binding of PIP2 elevates the intrinsic Po and stabilizes the open state of KATP 

channels, which may also account for the decreased ATP sensitivity (Nichols, 2006;Gloyn et al., 

2004;Enkvetchakul and Nichols, 2003). 

1.2.2 SUR subunit 

1.2.2.1 Overall structure of SUR subunit 

In addition to the pore-forming Kir6 channel subunits, functional KATP channels also 

require auxiliary SUR subunits, which are ATP-binding cassette (ABC) transporter proteins with 

a molecular mass around 177 kDa (Aguilar-Bryan et al., 1995;Inagaki et al., 1995). SUR is a 

regulatory subunit containing the structural determinants for channel stimulation by Mg-

nucleotides and K
+
 channel openers (KCOs), as well as channel inhibition by sulfonylureas 

(SUs). Similar to most ABC transporter proteins, SUR is typically made of two nucleotide-

binding domains (NBD1 and NBD2) in the cytoplasmic domain and two transmembrane 

domains (TMD1 and TMD2), each comprising six TM α helical segments (TM6 to TM17) 

(Bienengraeber et al., 2000;Matsuo et al., 2000). In addition to the typical four domain protein 

core (TMD1, TMD2, NBD1, NBD2), SUR subunits have an additional transmembrane domain 

(TMD0) made up of five α-helical segments (TM1 to TM5) in the NH2-terminus. NBD1 is 

located on the intracellular loop connecting TMD1 and TMD2, and NBD2 is located on the 

cytoplasmic COOH terminus following TMD2. Walker A and Walker B motifs (G-X-X-X-X-G-

K-T/S) are identified in both NBDs, and mutations in the Walker A motif in NBD1 disrupt 
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nucleotide binding to both NBDs and impair the stimulatory effects of NDPs, emphasizing the 

functional importance of the Walker motifs (Gribble et al., 1997;Babenko et al., 2000;Shyng and 

Nichols, 1997). The cytoplasmic loop (L0) connecting TMD0 with TMD1, along with TMD0, 

are suggested to be the interaction site coupling the SUR subunit with the Kir6 subunit, and this 

coupling is functional essential on transduction of ligand-induced conformational changes in the 

SUR subunits to the Kir6 channel pore, and thus modulating KATP channel gating (Babenko and 

Bryan, 2003;Babenko and Bryan, 2002;Aittoniemi et al., 2009).  

1.2.2.2 Nucleotide binding and regulation 

Although ATP primarily binds to the Kir6 channel subunit, ATP also shows a high 

binding affinity to the SUR1 in the absence of Mg
2+

 and inhibit channel opening (Ueda et al., 

1997). Mutations in NBD1 (e.g. K719R/M and D854N) severely disrupt the high-affinity Mg
2+

-

independent ATP binding. Conversely, in the presence of Mg
2+

, ATP is rapidly hydrolyzed to 

ADP, and Mg-ADP antagonizes the high affinity binding of ATP and stimulates KATP channel 

activity (Hollenstein et al., 2007). Crystallographic and biochemical studies on multiple 

prokaryotic ABC proteins suggest that the two NBDs on SUR1 subunits form heterodimers and 

function cooperatively in the presence of nucleotides (Bienengraeber et al., 2000;Matsuo et al., 

2000;Zingman et al., 2002;Ueda et al., 1999). Dimerization of the two NBDs forms catalytic 

sites for ATP hydrolysis, which are composed of the Walker A motif from one NBD and the 

ABC signature sequence motif from the other NBD. Mutations (G1479R in the NBD2 and 

V187D in the TMD0 of SUR1) (Nichols et al., 1996;Otonkoski et al., 1999;Sharma et al., 2000) 

that prevent the dimerization of NBDs are shown to decrease Mg-ADP-mediated channel 

activation. As a result, Mg
2+

-dependent ATP hydrolysis at the SUR subunits can overcome the 

inhibitory action of ATP on Kir6 channel subunit. 
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In addition to ATP, the SUR1 subunit in pancreatic KATP channels also confers sensitivity 

to NDPs, particularly ADP, which bind to the NBDs of SUR1 and exert their stimulatory effects 

in the presence of Mg
2+ 

(Gribble et al., 1997). Mutations within the NBDs can prevent ADP 

binding, resulting in a significant reduction in Mg-ADP-induced channel stimulation without 

modifying ATP inhibition or the intrinsic gating of KATP channels (Gribble et al., 1997;Shyng et 

al., 1996). NBDs on SUR1 subunits have been shown to go from a closed channel-associated 

state to an open channel-associated state upon nucleotide binding in the presence of Mg
2+

 

(Yamada et al., 2004). Therefore, activation of KATP channels can result from either the rapid 

hydrolysis of Mg-ATP or from high affinity Mg-ADP binding on SUR subunits, which, in both 

cases, subsequently stabilize the post-hydrolytic conformation of the NBDs. KATP channels are 

suggested to have a stimulatory NDP-binding site (e.g. ADP from ATP-hydrolysis) distinct from 

the ATP binding site on the Kir6.2 subunit (Terzic et al., 1994;Tung and Kurachi, 1991).   

1.2.2.3 Interactions of pharmacological agents with SUR subunits 

A number of pharmacological therapeutic compounds bind to the SURs and regulate the 

functional activity of KATP channels. Sulfonylureas (SUs) such as chlorpropamide, tolbutamide, 

acetohexamide, glipzide, and glibenclamide bind to SURs and inhibit the channel activity 

(Edwards and Weston, 1993;Doyle and Egan, 2003;Wickenden, 2002); therefore they are used 

clinically as therapeutic treatments of type II diabetes mellitus to stimulate insulin secretion 

(Doyle and Egan, 2003;Schmid-Antomarchi et al., 1987b;Schmid-Antomarchi et al., 1987a). A 

single serine residue (S1237) identified at the cytoplasmic loop linking the TM15-TM16 of 

SUR1 subunit is essential for the high affinity binding of SUs (Ashfield et al., 1999). Residues 

located on the intracellular loops connecting TM5-TM6 are also suggested to be important for 

SUs binding with a relatively lower affinity (Ashfield et al., 1999;Mikhailov et al., 2001). 
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Similar to ATP, SUs stabilize the closed state of the channels (Gillis et al., 1989;Barrett-Jolley 

and Davies, 1997).  Biochemical studies suggest that binding of Mg-ADP on SURs seems to 

competitively disrupt the binding of SUs and vice versa. As a result, Mg-nucleotide stimulation 

reduces the inhibitory effects of SUs on KATP channels (Gribble et al., 1997). Moreover, SUs 

such as tolbutamide have been shown to directly interact with Kir6.2 channel subunit with a 

significantly lower potency and affinity (Gribble et al., 1997).  

In contrast, K
+
 channel openers (KCOs), including pinacidil, nicorandil, minoxidil, and 

diazoxide (Ashcroft, 1988;Terzic et al., 1995;Tung and Kurachi, 1991), bind to SURs and 

stimulate channel activity. Several key residues identified on the intracellular loop connecting 

TM13-TM14, on the segment surrounding TM16 and TM17, and on a short fragment of NBD2 

are crucial for KCOs binding (Ueda et al., 1999;Babenko et al., 2000). Electrophysiological 

studies imply that KCOs and Mg-nucleotides synergistically enhance KATP channel activation 

(Yamada and Kurachi, 2004). Binding of Mg-nucleotides enhance the channel sensitivity to 

KCOs (Ueda et al., 1999), while KCOs stimulate the ATP hydrolysis at the NBDs, resulting in 

an elevated Mg-ADP stimulated channel activation (Bienengraeber et al., 2000;Matsuo et al., 

2000). As a result, the reduced ATP inhibitory effects induced upon KCObinding are mediated 

partially by enhanced Mg-ADP binding. KCOs have diverse therapeutic potentials on 

management of numerous diseases including hypertension, angina pectoris, chronic myocardial 

ischemia, congestive heart failure, bronchial asthma, urinary incontinence, congenital 

hyperinsulinemia, and certain skeletal muscle myopathies. For example, diazoxide is clinically 

used to treat PHHI and selective KCOs are used for uterine smooth muscle relaxation during late 

pregnancy to prevent premature labor (Edwards and Weston, 1990). 
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1.2.3 Protein trafficking and assembly of KATP channels 

Assembly of Kir6.2 channel subunits with SUR1 subunits in the endoplasmic reticulum 

(ER) is required for proper trafficking and cell surface expression of functional KATP channel. 

However, truncated Kir6.2 channels with the deletion of either the last 26 residues (Kir6.2ΔC26)  

or 36 (Kir6.2ΔC36) amino acids in the COOH-terminus can form functional KATP channels that 

are appropriately trafficked and expressed on the cell membrane surface independently without 

SURs (Tucker et al., 1997). This allows the intrinsic properties of Kir6.2 to be assessed in the 

absence of SUR1. The truncated region contains an amino acid sequence R-K-R, which serves as 

an ER-retention signal. The same ER-retention sequence is also identified in the cytoplasmic 

loop between TMD1 and NBD1 in SUR1 subunit (Zerangue et al., 1999). Therefore, it is 

hypothesized that both ER-retention motifs are masked upon association of Kir6.2 and SUR1 

subunits, ensuring the appropriate trafficking and membrane surface expression of fully 

functional KATP channels. In addition to the independent surface expression, Kir6.2ΔC26 and 

Kir6.2ΔC36 channels remain intrinsically sensitive to ATP inhibition with a remarkably 

attenuated Po (~0.09), as compared to wild-type (WT) Kir6.2 channels with a much higher Po 

(~0.69). 

1.2.4 Diseases associated with KATP channels 

KATP channels couple cellular metabolism to membrane potential and electrical 

excitability by sensing changes in ATP concentrations and modulating K
+
 fluxes. Mutations that 

alter the sensitivity of KATP channels to intracellular ATP/ADP ratios or modify the intrinsic 

channel characters will result in impaired regulation of KATP channels, leading to severely 

deleterious physiological consequences.  
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1.2.4.1 Neonatal diabetes mellitus 

 GOF mutations of KATP can trigger neonatal diabetes mellitus where constitutively active 

KATP results in membrane hyperpolarization, suppression of Ca
2+

 influx and decreased insulin 

secretion in pancreatic β-cells (Ashcroft, 2005). Neonatal diabetes mellitus (NDM), defined as 

insulin-requiring hyperglycemia that occurs within the first 3 months of life, is a rare disorder 

with an estimated incidence of 1 in 400,000 neonates (Polak and Shield, 2004). Approximately 

half of NDM cases resolve completely within 18 months (transient neonatal diabetes mellitus 

(TNDM)), while the other half have historically been treated with lifelong insulin injections 

(permanent neonatal diabetes mellitus (PNDM)). Heterozygous GOF mutations in KCNJ11 

encoding Kir6.2 subunits are associated with insulin secretory insufficiency and account for 

~50% of PNDM (Edghill et al., 2004;Sagen et al., 2004), and some of them are also 

accompanied with neurological disorders such as development delay, muscle weakness, and 

epilepsy (DEND syndrome) (Hattersley and Ashcroft, 2005). Most KATP-linked neonatal 

diabetes–associated mutations result in significantly decreased sensitivity of KATP channels to 

ATP inhibition. Most PNDM patients are now treated with SUs, which bind to SUR subunits and 

inhibit the KATP channel activity. In more severe cases, insulin injections are required. Mutations 

of KATP channels exhibit strong genotype-phenotype relationship as the severity of disease is 

correlated with the extent of reduction on ATP sensitivity (Ashcroft, 2005). Mutations causing a 

smaller decrease in ATP sensitivity likely result in neonatal diabetes alone, whereas mutations 

producing a larger impart in ATP sensitivity are associated with multiple neurological 

complications together with neonatal diabetes.  

In general, neonatal diabetes-associated mutations either impair the ATP binding pocket 

directly or disrupt the ATP sensitivity without directly perturbing the ATP binding. Neonatal 
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diabetes-associated mutations at residues located within or close to the putative ATP binding 

pocket in the CTD of Kir6.2 channels (such as R201H/C, R50P, I192, and F333) likely induce 

conformational changes of ATP binding site and reduce ATP binding affinity (Proks et al., 

2004;Proks et al., 2005a;Gloyn et al., 2005;Gloyn et al., 2004). These mutations generally do not 

affect the intrinsic channel gating in the absence of ATP. Conversely, other diabetes-linked 

mutations are located in positions involved in channel gating such as the ‘slide helix’ (Q52R and 

V59M/G), the cytoplasmic interface, or the ‘G-loop’ (T293N, T294M and I296L); therefore they 

most likely perturb the inhibitory effects of ATP allosterically (Proks et al., 2004;Proks et al., 

2005a). In Chapter III and IV of the thesis, I will dissect the functional relevance of residues in 

the ‘slide helix’, the ‘G-loop’, and other conserved interfacial motifs in Kir6.2 channels on ATP 

sensitivity. Screening of the entire TMD-CTD interface may suggest a model in which ligand-

dependent channel gating is achieved via an intact TMD-CTD coupling. Interestingly, most 

mutations impairing the putative ATP binding site directly are associated with neonatal diabetes 

only (e.g. R50P and R201H); whereas mutations disturbing ATP-dependent channel gating and 

disrupting ATP inhibition allosterically are likely associated with additional neurological 

complications (e.g. I296L). 

Additionally, GOF mutations in SUR1 can also lead to neonatal diabetes via an 

enhancement of Mg-ADP-induced stimulatory effects and a reduction on the overall ATP 

sensitivity. Most of them are concentrated in TMD0 (F132L), cytoplasmic loop connecting 

TMD0 to TMD1, and NBD2 (R1380L) in SUR1 subunits (Aittoniemi et al., 2009;Proks et al., 

2006;Proks et al., 2007). The TMD0 and the intracellular loop connecting TMD0 to TMD1 are 

involved in functional coupling with neighboring pore-forming Kir6.2 channel subunits 

(Babenko and Bryan, 2003;Fang et al., 2006); therefore, GOF mutations near these regions affect 
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the Kir6.2-SUR1 interaction and decrease ATP inhibitory effects. Additionally, GOF mutations 

clustered near NBD2 in SUR1 subunits impair ATP inhibition by either enhancing Mg
2+

-ADP 

stimulation or strengthening the MgATPase activity in NBD2, which in turn indirectly reinforces 

the Mg
2+

-ADP stimulation via shortening pre-hydrolytic Mg-ATP-bound state and prolonging 

the Mg-ADP-bound state of SUR1 (de Wet et al., 2008;de et al., 2007). 

Most PNDM patients are treated with oral administration of SUs such as tolbutamide or 

glibenclamide. Additionally, SUs help improve the muscle weakness and mental developmental 

delay, so several SUs are used clinically to ameliorate the extra-pancreatic symptoms 

(Shimomura et al., 2007;Slingerland et al., 2006). Unfortunately, in PNDM patients with 

neurological complications, SUs are sometimes not very effective due to high intrinsic Po of 

Kir6.2 mutations. 

1.2.4.2 Persistent hyperinsulinemic hypoglycaemia of infancy  

LOF mutations in KCNJ11 encoding Kir6.2 (Ashcroft, 2005;Reimann et al., 

2003;Thomas et al., 1996) have been shown to produce sustained membrane depolarization and 

continuous Ca
2+

 influx, leading to excessive insulin secretion, irrespective of blood glucose 

level. As a result, LOF mutations in Kir6.2 channels are associated with inherited persistent 

hyperinsulinemic hypoglycaemia of infancy (PHHI). However, the most common cause of PHHI 

is LOF mutations of ABCC8 encoding the SUR1 subunit (Huopio et al., 2000;Thomas et al., 

1995). Most of the LOF mutations in SUR1 either lead to reduced surface expression of KATP 

channels due to abnormal gene expression, protein assembly or membrane trafficking (Ashcroft, 

2005;Dunne et al., 2004;Yan et al., 2004;Taschenberger et al., 2002;Partridge et al., 2001), or 

produce channels with impaired responses to Mg-ADP stimulation so the channels are 

preferentially closed (Ashcroft, 2005;Dunne et al., 2004;Yan et al., 2004).  For instance, one of 
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the most common PHHI mutations (SUR1 [ΔF1388]) leads to trafficking deficiency and reduced 

surface expression; therefore most KATP channel mutants are retained in the ER (Cartier et al., 

2001). Most mutations associated with perturbed Mg-ADP stimulation cluster within the NBDs 

of SUR1 where they impair adenosine nucleotide binding or hydrolysis directly. Some of them 

are located elsewhere of SUR1 and affect the nucleotide binding/hydrolysis allosterically 

(Abdulhadi-Atwan et al., 2008). In general, due to largely reduced surface expression of 

functional KATP channels, most PHHI patients do not respond to KCOs and require subtotal 

pancreatectomy to further reduce excessive insulin secretion (Hibino et al., 2010). Therefore, 

future research on patients’ genotype and KATP channel function will aid in the proper selection 

of therapeutic treatments, adjustment of therapy dosages, and development of more rational 

approaches to treat PNDM and PHHI. 

 With a clear recognition of the functional significance of appropriate ligand-modulated 

channel gating of KATP channels to their various physiological roles, the rest of the thesis will 

focus on investigating the molecular mechanism that links ligand binding to the channel gate in 

ATP-sensitive Kir6.2 channels. The rest of the thesis is divided into 2 chapters exploring the 

functional relevance of multiple conserved motifs at the TMD-CTD interface of Kir6.2 channels 

on transduction/communication of ATP binding in the cytoplasmic domain to the channel gating 

domain in the TMD, followed by a concluding chapter.  

 Chapter III: Decomposition of slide helix contributions to ATP dependent inhibition of 

Kir6.2 channels. A conserved ‘slide helix’ forms an interface between the cytoplasmic (ligand-

binding) domain and transmembrane pore, and many mutations in this region cause loss-of-

function. Using a novel ‘forced gating’ approach (Kir6.2[F168E]) to rescue electrically silent 

channels, we have decomposed the contribution of each slide helix residue to ATP-dependent 
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gating. We demonstrate that effective inhibition by ATP relies on an essential aspartate residue 

D58, which enables functional channel expression and control of Kir6.2 gating by intracellular 

ATP. The D58 anchor position exhibits an extremely stringent requirement for aspartate, as even 

a highly conservative mutation to glutamate is insufficient to restore normal channel function. 

Additionally, we scanned nearby positively charged residues in the CTD that potentially interact 

with this essential ‘aspartate anchor’ and highlighted that R177 in the C-linker is also essential 

for ATP-dependent gating. 

 Chapter IV: Rescue mechanisms of potassium channel loss of function highlight essential 

residues at the Kir6.2 channel domain interface. In addition to the transverse ‘slide helix’, the 

interface between the TMD and CTD in Kir6.2 channels comprises of various other conserved 

motifs, most notably the COOH-terminal extension (‘C-linker’) of the pore-lining TM2 helix, the 

cytoplasmic fore-facing ‘G-loop’,  and the βC-βD loop. We have expanded our mutagenic scan 

to characterize functional roles of the other motifs in the interfacial region on KATP channel 

function and ligand sensitivity. Since most interfacial mutants result in channel loss-of-function, 

both the ‘forced gating’ approach (Kir6.2[F168E]) and a traditional ‘allosteric rescue’ approach 

(Kir6.2[C166S]) were implemented to rescue electrically silent mutants. Their rescue efficiency 

and secondary effects on ATP sensitivity were compared. Recognition of a subset of residues at 

the Kir6.2 TMD-CTD interface with dichotomous responses to the rescue mechanisms 

mechanistically suggest their essential roles on both formation of conductive channels and 

appropriate communication of ligand binding to gating domains. Disruption of these residues 

uncouples the TMD and CTD, causing loss of function combined with profound ligand 

insensitivity and gating defects. 
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Chapter  2: Materials and methods 

2.1 KATP channel constructs 

 All mutant channel constructs were derived from the mouse Kir6.2 gene expressed in the 

pcDNA3.1(−) plasmid (Invitrogen, Carlsbad, CA). All mutant channel constructs had a GFP tag 

fused to the Kir6.2 COOH-terminus by a 6X-glycine linker. Site specific point mutations of 

individual residue at the TMD-CTD interfacial region (including the slide helix, the G-loop, the 

C-linker, and the βC-βD loop) with alanine were introduced by overlapping PCR-based methods. 

Then the fragments containing the mutations were subcloned into pcDNA3.1(−), and verified by 

restriction endonuclease digestion and Sanger sequencing (Genewiz). SUR1 (hamster) and 

FLAG-SUR1 (gift from Show-Ling Shyng, OHSU, Portland, Oregon) were also expressed in 

pcDNA3.1(−). 

2.2 Channel expression and electrophysiology 

COSm6 cells were cultured in a 50 ml polystyrene tissue culture flask (Becton Dickinson 

Labware) in DMEM (Invitrogen) supplemented with 10% FBS and 1% penicillin-streptomycin. 

Cells were incubated in a 5% CO2 incubator at 37 °C. The COSm6 cells were cotransfected with 

Kir6.2 mutant channel constructs (1.0 µg) and hamster SUR1 (1.2 µg) with either Fugene6 

(Roche) or jetPRIME (Polyplus transfection SA). The cells were incubated in the presence of 

transfection mixture for 24 hrs, and then the transfected cells were split onto sterile glass cover 

slips, followed by electrophysiological recording 2-3 days later. 

 Inside-out patch clamp experiments were performed using the RSC-200 rapid solution 

exchanger (BioLogic) to enable solution jumps with a multi-barreled solution delivery turret at 

room temperature, and the solutions were delivered by pressure-driven flow (syringe pump)  

(Kurata et al., 2011). For continuous recordings, data were typically filtered at 1 kHz, sampled at 
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5 kHz, and stored directly on a computer hard drive using Clampex software (Axon Inc.). For 

voltage-step recordings, data were filtered at 2 kHz and sampled at 10 kHz. Glass pipettes were 

pulled to a resistance of 1-2 MΩ. In most experiments, symmetrical recording solutions (the 

standard pipette and bath) were used, with the following composition: 140 mM KCl, 1 mM K-

EGTA, 1 mM K-EDTA, and 4 mM K2HPO4. ATP (FLUKA chemicals, Sigma-Aldrich) was 

stored as 100 mM stocks (dissolved in standard bath solution, with pH adjusted to 7.3). For 

experiments using different ATP concentrations, all other components were maintained with the 

only adjustment on the ATP concentrations. Pipette solution was adjusted to pH 7.3 using KOH. 

The pH of each patching solution was verified to the desired level (7.3 or 8.0) using 1 mM KOH 

and 1 mM HCl each experimental day, with particular attention to the addition of solutes that can 

affect solution pH (in this case, particularly ATP). Chemicals were purchased from Sigma-

Aldrich or Fisher. Through the text, data are presented as mean ± s.e.m. 

2.3 Non-radioactive Rb efflux assay 

 COSm6 cells in 24-well plate were transiently cotransfected with SUR1 and various 

Kir6.2 mutants with Fugene6 (Roche) or jetPRIME (Polyplus transfection SA), and efflux assays 

were performed 2 days after transfection. Cells were loaded for 1 hour with Rb
+
 loading media 

(in mM: RbCl, 5.4; NaCl, 150; CaCl2, 2; NaH2PO4, 0.8; MgCl2, 1; glucose, 5; HEPES, 25; 

pH7.4). Then they were washed rapidly with PBS twice, and incubated in 600 μl glucose free 

activating buffer (in mM: 118 NaCl, 118; CaCl2, 2.5; KH2PO4, 1.2; KCl, 4.7; NaHCO3, 25; 

MgSO4, 1.2; HEPES, 10; pH 7.4) supplemented with metabolic inhibitors (2.5 μg/mL 

oligomycin, 1 mM 2-deoxy-D-glucose) when indicated. Aliquots of the assay buffer (150μl) 

were removed at multiple time points (5, 10, 20, 40 minutes). After completion of the assay, the 

cells were lysed with 1% SDS lysis buffer, and the Rb
+
 concentration in the supernatant was 
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determined by flame atomic absorption spectroscopy using the Aurora Biomed ICR8000 

instrument. Rb
+
 efflux was calculated as a fraction of total loaded Rb

+
 (determined as the sum of 

extruded Rb
+
 and Rb

+
 left in lysed cells at the end of the assay). For clarity of figure 

presentation, data was normalized to efflux from WT Kir6.2 transfected cells (normalized Rb
+
 

efflux = (EffluxMutant –EffluxUntransfected)/(EffluxWT Kir6.2 –EffluxUntransfected). However, raw efflux 

data was used for statistical tests. For simplicity, only data from the 40 minute time point has 

been presented (as mean ± s.e.m.). 

2.4 Western blot detection of KATP channel surface expression 

 COSm6 cells in 6-well plates were transfected with mouse Kir6.2 channel cDNA (1.0 µg 

per well) and either FLAG-tagged hamster SUR1 (1.2 μg per well), or WT hamster SUR1 (1.2 

μg per well), as indicated in respective figures. After 3 days of incubation, transfected cells were 

washed with 4°C PBS (in mM: 137 NaCl, 2.7 KCl, 10 Na2HPO4, 2 KH2PO4) and lysed in 250 μl 

lysis buffer (150mM NaCl, 20mM HEPEs, 10mM EDTA, 1% NP-40, one protease inhibitor 

tablet per 10ml, pH7.3) for 30 min at 4°C. Western blotting was carried out on collected total cell 

lysates, using 7.5% SDS-PAGE, followed by transfer to nitrocellulose membrane. SUR1 protein 

was detected by labeling with mouse anti-FLAG primary antibody (for FLAG-SUR1, Sigma-

Aldrich), or a monoclonal SUR1 antibody (UC Davis/NIH NeuroMab facility, clone N289/16, 

for WT SUR1), and HRP-conjugated goat anti-mouse secondary antibody (ABM, Vancouver, 

Canada). Blots were visualized by ECL methods (Femto ECL detection kit, Pierce) using a 

FluorChem SP gel imager (Alpha Innotech).  
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2.5 Cell surface labeling of KATP channel  

COSm6 cells in 6-well plates were cotransfected with Kir6.2 channel cDNA (1.0 μg) and 

SUR1 (1.2 μg in the pECE vector) with jetPRIME (Polyplus transfection SA). After 3 days of 

incubation, transfected cells were washed two times with 4°C PBS (in mM: 137 NaCl, 2.7 KCl, 

10 Na2HPO4, 2 KH2PO4). Then the transfected cells were incubated with 50μM Sulfo-NHS-SS-

biotin (Pierce) for 30 mins and were washed three more times with TBS (in mM: 10 Tris-Hcl, 

120 NaCl). Then the cells were solubilized in 200 μl lysis buffer (in mM: 150 NaCl, 20 HEPEs, 

110 K-Acetate, 1 MgCl2, 1 pefabloc, 0.5% Na-DOC, 0.1% Tween, 1% Triton X-100, 0.5% Na-

DOC, 1 µg/ml pepstatin, one protease inhibitor tablet per 10ml, pH7.3) (Pierce) by rotation at 4 

°C for 15 mins. Then the biotinylated channel proteins were affinity-purified using streptavidin 

beads (Pierce). The beads were washed two times with 500 μl lysis buffer before use, and the 

mixture of biotinylated proteins and beads was allowed to incubate overnight at 4 °C with 

rotation. The beads were washed three times with 1ml lysis buffer. Proteins were eluted in 100 μl 

of SDS sample buffer, followed by treatment with 1 mM dithiothreitol (DTT) for 30 mins at 

50°C to reduce disulfide bonds. Proteins were separated by 7.5% SDS-PAGE, followed by 

transfer to nitrocellulose membrane. SUR1 protein was detected by labeling with mouse anti-

FLAG primary antibody (for FLAG-SUR1, Sigma-Aldrich), or a monoclonal SUR1 antibody 

(UC Davis/NIH NeuroMab facility, clone N289/16, for WT SUR1), and HRP-conjugated goat 

anti-mouse secondary antibody (ABM, Vancouver, Canada). Blots were visualized by ECL 

methods (Femto ECL detection kit, Pierce) using a FluorChem SP gel imager (Alpha Innotech).  

2.6 Statistical analysis 

Data are presented as (mean ± s.e.m.) and analyzed using pCLAMP software (Axon 

Instrument) and Microsoft Excel programs. All patch data reported were based on four or more 



34 

 

patches obtained from different COSm6 cells. All experiments required multiple comparisons of 

mutants with WT Kir6.2 or Kir6.2[F168E] channels. We used a one-way ANOVA multiple 

comparison test, followed by Dunnett’s post-hoc test to compare mutants with WT Kir6.2 or 

Kir6.2[F168E] background channels, as indicated in appropriate figure legends. Dunnett's post-

hoc test is a multiple comparison to compare a number of experimental treatments against a 

single control group 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Multiple_comparisons
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Chapter  3: Decomposition of slide helix contributions to ATP-dependent 

inhibition of Kir6.2 channels 

3.1 Introduction 

 In addition to voltage-dependent block by Mg
2+

 and polyamines, some Kir channels (in 

the Kir3 and Kir6 families) are regulated by ligand-dependent gating that controls 

conformational changes around the helix bundle-crossing (in the TMD), and potentially a second 

auxiliary gate in the cytoplasmic G-loop (Pegan et al., 2006;Khurana et al., 2011;Hansen et al., 

2011;Whorton and MacKinnon, 2011;Bavro et al., 2012). These ligand-dependent gating 

mechanisms act physiologically to influence or trigger cellular depolarization. One very well-

known example is regulation of heart rate by the sino-atrial node IK,ACh current (mediated by 

GIRKs) (Logothetis et al., 1987). A second example is regulation of glucose stimulated insulin 

secretion by KATP channels – the pancreatic KATP isoform comprises Kir6.2 and SUR1 subunits, 

and is the model for ligand-dependent regulation used in the present study (Aguilar-Bryan et al., 

1995;Inagaki et al., 1995). In this physiological system, glucose metabolism elevates 

intracellular ATP, leading to inhibition of KATP channels and membrane depolarization, 

triggering Ca
2+

 influx essential for insulin secretion.  

Kir channels comprise a canonical tetrameric pore-forming module similar to other K
+
-

selective channels (Nishida et al., 2007;Whorton and MacKinnon, 2011). In place of the voltage-

sensing domain that typifies the voltage-gated K
+
 channel family, the Kir channel pore module is 

coupled to a CTD that extends the ion permeation pathway and serves as a ligand binding site for 

regulatory molecules like Gβγ subunits (in Kir3 channels) or ATP (in Kir6 channels) (Nishida et 

al., 2007;Whorton and MacKinnon, 2011). In addition, all Kir channels require binding of PIP2 
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for channel activity, and recent crystallographic studies have demonstrated that the binding site 

for this essential phospholipid is formed predominantly by positively charged side-chains in the 

COOH-terminal extension (‘C-linker’) of the pore-lining TM2 helix (Hansen et al., 

2011;Whorton and MacKinnon, 2011). 

This modular architecture necessitates a mechanism for transduction of ligand-binding to 

the channel gate. The observation of a transverse ‘slide helix’ in Kir channel structures has 

provoked considerable speculation regarding its role as a mediator of coupling between the CTD 

(‘ligand-sensing’) and TMD (‘gating’) domains (Logothetis et al., 1987;Lu et al., 2002;Batulan 

et al., 2010), with obvious analogies drawn to the S4-S5 linker as a coupling element for voltage 

sensor movement and channel gating in voltage-gated channels (Logothetis et al., 1987;Lu et al., 

2002;Batulan et al., 2010). Guided by recently reported structures of eukaryotic Kir channels, we 

have taken a systematic structure-based approach to investigate the role of the slide helix, and 

identify components that are essential for functional channel expression and ATP inhibition of 

Kir6.2 channels. Importantly, our experiments tackle a frequently encountered problem in 

structure-function studies of ion channels: mutations in particularly interesting channel motifs 

often lead to loss-of-function, impeding further analysis. We describe an effective targeted 

approach to rescue of loss-of-function mutants, enabling characterization of mutants that have 

been overlooked due to their loss-of-function phenotype.  

3.2 Results 

3.2.1 Functional scan of the Kir6.2 slide helix 

 The modular structure of Kir channels comprises a canonical pore-forming TMD, and a 

CTD (Fig. 3-1A). The TMD forms an interface with the CTD via the NH2-terminal transverse 

‘slide helix’, and the COOH-terminal extension (‘C-linker’) of the pore-lining TM2 helix (Fig. 3-



37 

 

1A) (Hansen et al., 2011;Whorton and MacKinnon, 2011), which also makes significant contacts 

with PIP2. We have designated helix Sa and helix Sb, based on a ‘kink’ apparent in recent 

eukaryotic Kir crystal structures (Hansen et al., 2011;Whorton and MacKinnon, 2011) (Fig. 3-

1A). It is noteworthy that helix Sb is very highly conserved among the eukaryotic Kir channels 

while helix Sa is more divergent (Fig. 3-1B). However the functional significance of the slide 

helix ‘kink’ is not known.  

We tested whether slide helix mutants could form functional channels by scanning their 

activity (co-expressed with SUR1) using a non-radioactive Rb
+
 efflux assay (Fig. 3-2A). Under 

conditions of metabolic inhibition (2-deoxy-D-glucose + oligomycin, to activate KATP channels, 

Fig. 3-2A, black bars), robust Rb
+
 efflux was observed through 7 of 10 helix Sa mutants, while 6 

of 10 helix Sb mutants exhibited significant or complete loss of function. Overall, these data are 

consistent with Rb
+
 efflux experiments conducted in the absence of metabolic inhibition (Fig. 3-

2A, white bars). Channel mutants with complete loss-of-function (e.g. F55A, D58A, F60A, 

T61A, D65A) exhibit little activity in either condition, while other mutants (with less extreme 

loss of function, e.g. L56A, T62A, L66A) exhibit some residual activity that is apparent in 

metabolic inhibition conditions.  

 These findings highlight a significant challenge that must be overcome to systematically 

scan the functional role/impact of residues in the interfacial slide helix on ligand-dependent 

gating. That is, a large fraction of mutations in this region prevent expression of functional 

channels. Due to the significant loss-of-function of numerous slide helix mutants, we aimed to 

determine the underlying defect(s), and explore mechanisms to rescue and characterize channel 

function.  
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3.2.2 Slide helix mutants reach the cell surface  

We first investigated whether loss-of-function of slide helix mutants resulted from a 

trafficking deficiency, using western blot analysis and cell surface biotinylation of SUR1. As 

described elsewhere, maturation and glycosylation of SUR1 (dependent on SUR1 interaction 

with Kir6.2) generates a high molecular weight band (mature, labeled ‘Mat’ in Fig. 3-2B), while 

immature ‘core’ glycosylated SUR1 comprises a lower molecular weight band (immature, 

labeled ‘Imm’ in Fig. 3-2B) (Zerangue et al., 1999;Schwappach et al., 2000;Yan et al., 2007). 

Total protein expression level varied somewhat between specific mutant channels, most likely 

due to differences in transfection efficiency (all western blots were performed on transiently 

transfected cells expressing Kir6.2 mutants and SUR1). However, all Kir6.2 slide helix mutants 

examined appeared to confer maturation of SUR1 (Fig. 3-2B) based on the appearance of a 

higher molecular weight band. Furthermore, all Kir6.2 slide helix mutants generated increased 

mature:immature SUR1 ratios, relative to cells transfected with SUR1 alone (Fig. 3-2C).  

 The glycosylation event(s) resulting in the higher molecular weight band do not directly 

demonstrate cell surface expression. Using cell surface biotinylation and purification on 

streptavidin beads (Fig. 3-3), we observe that the upper band is selectively enriched in the 

biotinylated ‘surface fraction’ (middle lanes), and depleted in the column flow-through 

(‘unbound fraction’, right lanes), confirming that the upper band on SDS-PAGE corresponds to 

cell surface protein (Fig. 3-3). We also included a negative control using a trafficking deficient 

SUR1 mutant (R1419H), previously reported to disrupt cell surface KATP expression (Ribalet et 

al., 2006;Shyng et al., 2000;Enkvetchakul et al., 2001). Channels made up of Kir6.2 and 

SUR1[R1419H] did not exhibit an upper band, and  generated very little surface biotinylated 
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signal, indicating that the lower molecular weight band does not appear significantly at the cell 

surface (Fig. 3-3). 

We also used surface biotinylation to confirm that loss-of-function slide helix mutants 

(identified in Fig. 3-2) were reaching the cell surface (Fig. 3-4A,B). All loss-of-function slide 

helix mutants exhibit a pattern comparable to channels comprising WT Kir6.2 + SUR1, in which 

a significant upper band was observed on SDS-PAGE, and the upper band was selectively 

enriched in the surface labeled fraction. As a negative control, we also included the 

Kir6.2[H259R] mutant, previously reported to disrupt cell surface KATP expression (Ribalet et 

al., 2006;Shyng et al., 2000;Enkvetchakul et al., 2001). Much like SUR1[R1419H], 

Kir6.2[H259R] channels exhibited no upper band on SDS-PAGE, and very little signal in the 

surface labeled protein fraction (Fig. 3-4B).  

Taken together, these findings demonstrate that loss-of-function in the slide helix mutants 

arises from a failure to form conductive channels, rather than a failure to traffic to the cell 

surface. For the remainder of the study, we focus on a novel ‘forced gating’ approach to rescue 

function in electrically silent mutants, allowing a systematic scan of the functional contributions 

of slide helix residues to ATP dependent gating of Kir6.2.  

3.2.3 Rationale for a novel functional rescue mechanism  

Due to the loss-of-function phenotype of numerous slide helix mutants, we sought to 

further investigate the functional role of this motif. A previously reported approach to recover 

function in Kir6.2 loss-of-function channels was to express mutants on C166 mutant 

backgrounds with high intrinsic open probability (e.g. C166A, or C166S channels) (Ribalet et al., 

2006;Shyng et al., 2000;Enkvetchakul et al., 2001). However, in the context of studying 

mechanisms of ATP inhibition, this approach has the disadvantage of dramatically shifting ATP 
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sensitivity well into the mM range (Antcliff et al., 2005;Proks et al., 1999). In our experiments, 

C166S shifted the Kir6.2 ATP IC50 from 32 ± 4 μM (Fig. 3-5A,D) to > 5 mM (Fig. 3-5C,D). We 

suspected that this relatively ATP-insensitive background (due to the C166S mutation) would 

likely confound comparisons of ATP sensitivity between slide helix mutants.  

We have developed an alternative approach to rescue channel function using a recently 

described ‘forced gating’ mechanism (Khurana et al., 2011). In this strategy, substitution of a 

glutamate in the hydrophobic Kir channel bundle crossing (F168E mutation in Kir6.2), generates 

channels that open upon alkalization, likely due to mutual repulsion of the acidic glutamate side 

chains at the bundle crossing gate. A similar mechanism of mutual repulsion has been described 

for activating mutations in KirBac channels (Bavro et al., 2012;Paynter et al., 2010). Despite 

perturbation of the helix bundle crossing, Kir6.2[F168E] channels remain well-inhibited by ATP, 

with ~80% current inhibition in 1 mM ATP (Figs. 3-5B,D, 3-6A,B), and an IC50 for ATP (at 

pH8.0) of 61 ± 15 μM. This differs modestly from the ATP sensitivity of WT Kir6.2 (32 ± 4 

μM), especially when compared to alternative rescue methods such as the C166S background. 

However, an important difference from WT Kir6.2 channels is that Kir6.2[F168E] exhibits a 

‘plateau’ conductance at high ATP concentrations (Fig. 3-5D).  

3.2.4 Functional rescue of slide helix mutants by an engineered “forced gating” 

mechanism 

 Remarkably, when expressed on the background of the Kir6.2[F168E] mutant, all slide 

helix mutants generated large macroscopic currents in excised membrane patches (Fig. 3-6), 

including all deleterious slide helix mutants identified in Figure 3-2A. This suggests that the 

F168E background mutation effectively rescues loss-of-function slide helix mutants, consistent 

with our demonstration of intact surface expression of these mutants (Figs. 3-2B, 3-4). Thus, we 
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employed this novel and highly effective rescue approach for systematic comparison of 

mutations at all slide helix positions.  

We determined the IC50 for ATP inhibition of each slide helix mutant (on the 

Kir6.2[F168E] background, at pH 8.0 because currents are considerably larger) (Fig. 3-6B). It is 

noteworthy that activity and ATP sensitivity of Kir6.2[F168E] channels are pH sensitive 

(Khurana et al., 2011), so it was essential to meticulously adjust pH in all solutions to ensure 

effects did not arise from slight variations in pH. Exemplar sweeps measuring ATP sensitivity in 

various slide helix mutants are depicted (Fig. 3-6A), in which patches were formed and excised 

in pH 7.3, switched to pH 8.0 to demonstrate the F168E-mediated pH-dependence, and stepped 

through several ATP concentrations at pH 8.0. Effects of pH and ATP were all rapid, stable, and 

fully reversible.  

ATP sensitivity of most slide helix mutants closely resembled the Kir6.2[F168E] 

background channel (Kir6.2[F168E][L56A] is provided as an example in Fig. 3-6A). However, 

numerous slide helix mutations had statistically significant effects on ATP sensitivity relative to 

the Kir6.2[F168E] background channel (Fig. 3-6B). Many of these positions have been identified 

in early biophysical studies of Kir6.2, or in patients diagnosed with neonatal diabetes, so we 

focused on two prominent clusters with the most dramatic effects. The first set (I49A, R50A) has 

been previously described and lies close to the well-described ATP binding site, likely 

contributing to binding the ATP γ-phosphate (Antcliff et al., 2005;Proks et al., 1999). Positions 

I49 and R50 are tolerant to mutation (Fig. 3-2A), and so both residues have been functionally 

characterized in earlier studies (Antcliff et al., 2005;Proks et al., 1999). More interesting was the 

cluster of mutants (D58A, F60A) in the ‘kink’ region of the slide helix (at the helix Sa and Sb 

junction, Fig. 3-1A). These positions are not predicted to contribute to the putative ATP binding 
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site, and are unlikely to make any direct contacts with ATP (Antcliff et al., 2005;Proks et al., 

1999). Moreover, they are relatively intolerant of mutations (Fig. 3-2A), although an F60Y 

mutation has been identified previously in a neonatal diabetes patient, and appears to play an 

important role for ATP inhibition (there is strong conservation for aromatic residues at this 

position, Fig. 3-1B, though we have not investigated their functional role any further in this 

study) (Mannikko et al., 2010). The D58 position had the largest effect on ATP sensitivity in our 

scan, a novel effect previously impossible to explore due to the complete loss-of-function that 

accompanies this mutation. D58A mutant had profoundly reduced ATP sensitivity, with very 

little inhibition observed even in 10 mM ATP (Fig. 3-6A, right panel). It is noteworthy that 

effects of the D58A mutation significantly outweigh effects of Kir6.2 mutations at positions 

identified in neonatal diabetic patients (R50, Q52, G53, R54, V59, F60, T61) (Nishida and 

MacKinnon, 2002;Lopatin et al., 1994;Kuo et al., 2003). Also noteworthy is that these data 

discriminate different contributions of functionally ‘essential’ residues to the channel gating 

mechanism. That is, not all loss-of-function mutations impact the ATP sensing mechanism in 

equivalent ways. By rescuing non-functional mutant channels, these experiments distinguish 

previously unrecognized components of the ATP-dependent gating mechanism.  

3.2.5 Kinetic features of Kir6.2[F168E] channels, and impact of slide helix mutations  

 Notably, in addition to rescuing loss-of-function mutants, the Kir6.2[F168E] mutation 

imparts a weakly voltage-dependent gating phenotype that is absent in WT Kir6.2 channels 

(Kurata et al., 2010). Membrane hyperpolarization causes time-dependent opening of 

Kir6.2[F168E] channels, and these kinetic features persist clearly in inside-out patches after 

washout of endogenous polyamines (Fig. 3-7A). Therefore, this voltage-dependence appears to 

be an intrinsic property of Kir6.2[F168E] mutant channels (rather than a consequence of block 
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by residual polyamines) (Lu, 2004). These properties are similar to a previously reported 

polyamine-independent voltage-dependence in Kir6.2[L157E] channels, but with opposite 

polarity (Kurata et al., 2010). The voltage-dependent kinetic features of Kir6.2[F168E] offered a 

unique additional assay to compare the effects of slide helix mutants on channel function. 

Most slide helix mutants had little or no effect on gating kinetics, with hyperpolarization-

dependent channel opening remaining similar to Kir6.2[F168E] channels (Fig. 3-7A). Only two 

slide helix mutations near the helix Sa-Sb ‘kink’ (D58A, T61A) markedly altered the kinetics of 

voltage-dependent channel opening (Fig. 3-7A,B). The D58 position stood out in this 

comparison of slide helix positions, as kinetics in Kir6.2[F168E][D58A] mutant channels were 

too rapid to resolve (Fig. 3-7A,B). We estimate that in well-formed inside-out patches we can 

confidently resolve time constants of ~0.5 ms, and so 2 ms
-1

 is indicated as a lower limit for 

1/τstep of D58A channels. It is noteworthy that the ATP binding site mutations (I49A, R50A) did 

not alter the gating kinetics (Fig. 3-7A,B), suggesting that D58A changes ATP sensitivity by a 

distinct mechanism that does not involve disruption of the ATP binding site.  

3.2.6 Effects of D58 mutations are independent of intracellular pH  

A well understood property of KATP channels is that ATP sensitivity is a variable channel 

parameter that changes with channel open probability. Manipulations that increase Po (e.g. 

mutations or increased membrane PIP2 content) typically weaken ATP sensitivity (Mannikko et 

al., 2010;John et al., 2005;Shimomura et al., 2006;Koster et al., 2005;Koster et al., 2008). The 

F168E background channel has a unique property of pH-dependent Po, enabling rapid and 

reversible changes of channel Po by changing intracellular pH (Khurana et al., 2011). We 

exploited this to ensure that the loss of ATP sensitivity in D58 mutants did not result from a 

significant enhancement of channel Po relative to the F168E background channel. We tested 
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inhibition of Kir6.2[D58A][F168E] by 10 mM ATP over a wide pH range, from pH 7.3 (where 

few channels are open) to pH 8.8 (often yielding 10-20 fold larger currents than pH 7.3), and 

found that channels remained highly insensitive to ATP over this broad range of channel activity 

(Fig. 3-8A,B). These experiments indicate that the loss of ATP sensitivity in Kir6.2 D58A 

mutant channels does not arise from saturation of channel open probability. 

3.2.7 Stringent requirement for slide helix residue D58  

While multiple Kir6.2 slide helix mutations abolish functional expression (Mannikko et 

al., 2010;John et al., 2005;Shimomura et al., 2006;Koster et al., 2005;Koster et al., 2008), 

systematic comparisons enabled by our rescue approach highlight a distinct role for D58 among 

these functionally essential residues. In particular, D58 appears to make essential contributions 

both to formation of conductive channels, and to appropriate transduction of ATP binding to the 

channel gate. We further investigated residue D58 by introducing numerous mutations at this 

position. Notably, D58 exhibits an extremely stringent amino acid tolerance, as even the most 

conservative mutations examined (D58E and D58N) were unable to generate functional channels 

by Rb
+
 efflux (Fig. 3-9A). To confirm that D58 mutants were not affecting Rb

+
 permeability, we 

also tested whether Rb
+
 efflux of different D58 mutants could be rescued with the F168E 

background (Fig. 3-9A). We also repeatedly tested the conservative D58E and D58N mutations 

(on a WT background) with patch clamp experiments, but failed to detect any functional 

expression (data not shown). Based on the presence of an upper band on SDS-PAGE (with 

caveats as discussed previously with Figs. 3-2, 3-4), D58 mutants appeared to reach the plasma 

membrane (Fig. 3-9B), and this was also directly confirmed for D58A channels by surface 

biotinylation (Fig. 3-4). Furthermore, all D58 mutants characterized by patch clamp were 
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functionally rescued by F168E (demonstrating robust surface expression), and exhibited 

extremely severe disruption of ATP sensitivity and gating kinetics (Fig. 3-9A inset, C, D).   

3.2.8 Residue D58 as an important coupling element between CTD and TMD  

We propose that ATP sensitivity of Kir6.2 channels requires both an appropriate ATP 

binding site and an intact interface between the CTD and TMD (Fig. 3-10A). Our findings 

indicate that this interface depends significantly on D58, a residue we refer to as the ‘aspartate 

anchor’. A model to explain our findings is that when the D58 TMD-CTD anchor is in place, 

gating kinetics are slow, possibly because conformational changes of the TMD and CTD are 

coupled (Pegan et al., 2006;Khurana et al., 2011;Hansen et al., 2011;Whorton and MacKinnon, 

2011;Bavro et al., 2012), resulting in an energetic barrier to opening. Mutations in the vicinity of 

the ATP binding site (i.e. I49A or R50A) attenuate ATP sensitivity but preserve slow gating 

kinetics similar to the F168E background channel (Fig. 3-10B), because this D58 ‘coupling 

element’ is still intact. This interpretation is generally consistent with previous reports describing 

Kir6.2 I49 and R50 mutants, which alter ATP sensitivity but do not affect gating properties of 

the channel in ATP free conditions (Mannikko et al., 2010;John et al., 2005;Shimomura et al., 

2006;Koster et al., 2005;Koster et al., 2008). In contrast, disruption of the TMD-CTD interface 

by mutation of D58 abolishes both ATP inhibition and slow gating kinetics (Fig. 3-10C). We 

describe the effects of these mutants as uncoupling the TMD and CTD, such that conformational 

changes of the TMD domain are no longer linked to the CTD (Fig. 3-10C).  

3.2.9 Complexity of contacts between residue D58 and the CTD  

Kir6.2 position D58 stands out as a functionally important element that lies at the 

interface of the CTD and TMD of Kir channels. We have also investigated residues within the 

complimentary CTD in the vicinity of D58. Inspection of recent eukaryotic Kir channel 
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structures reveals that the D58 side chain is positioned especially close to residue R206, a highly 

conserved residue among Kir channels (Fig. 3-11A). However, the organization of the TMD-

CTD interfacial region varies considerably between different published structures, and contacts 

may change in different channel states. In addition to R206, D58 is located in a dense region of 

positively charged side chains that might also form important interactions (namely, R206 and 

K207 in the CTD, and H175, R176, R177 in the ‘C-linker’ extension of the TM2 helix) (Fig. 3-

11A). We investigated this interfacial region by mutating these positive charges and examining 

their functional effects. We first neutralized each cluster of positive charge (R206A/R207A 

double mutant, and H175A/R176A/R177A triple mutant). Both of these compound mutants 

ablate channel function in Rb
+
 efflux assays (Fig. 3-11B), consistent with previous reports that 

the R206A and R177A mutations abolish Kir6.2 function (Shyng et al., 2000). This was also 

consistent with Rb
+
 efflux assays for individual mutants: R177A and R206A had no detectable 

activity, H175A and R176A exhibited ~20% efflux relative to WT Kir6.2, and K207A exhibited 

efflux comparable to WT Kir6.2 (Fig. 3-11B).  

We exploited the F168E background to rescue activity and characterize non-functional 

CTD mutants. Surprisingly, despite the predicted close proximity of D58 and R206, 

neutralization of R206 (and/or K207) does not reproduce features of D58 mutants. Notably, 

Kir6.2[F168E][R206A][K207A] channels exhibit only slightly perturbed ATP sensitivity (Fig. 3-

11C,D). We also examined positions R206 and K207 individually with more disruptive 

mutations. Of these, only a highly disruptive charge reversal mutation at R206D significantly 

altered ATP inhibition, to a degree comparable to D58 mutations (Fig. 3-11D). However, severe 

mutations at position 207 (e.g. K207D) did not alter ATP sensitivity. All R206 mutations 

exhibited accelerated gating kinetics relative to F168E alone, but they were nevertheless slower 
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than the D58 mutants (Figs. 3-9A inset, 3-10E). Kinetics in K207 mutant channels were 

indistinguishable from the F168E background (Fig. 3-11E). These findings suggest that a salt 

bridge between D58 and R206, apparent in recent crystal structures, does not contribute 

significantly to the mechanism of ATP inhibition.  

In contrast, the Kir6.2[H175A][R176A][R177A] triple mutant (on the F168E 

background) exhibited dramatically reduced ATP inhibition (Fig. 3-11C,D). This finding 

indicates that this charge cluster in the C-linker plays a more important functional role in ATP 

inhibition compared to R206. We also analyzed these effects with individual point mutations on 

the F168E background. Based on these assays, we attributed the loss of ATP sensitivity of the 

triple mutant almost entirely to the R177A mutation, as both H175A and R176A channels were 

well-inhibited by ATP (Fig. 3-11D). Kir6.2[F168E][H175A][R176A][R177A] channels 

exhibited accelerated gating kinetics, although again not as rapid as the D58 mutants (Fig. 3-

11E). Both R176A and R177A individual mutations (on the F168E background) exhibited 

accelerated gating kinetics, while H175A had minimal effects (Fig. 3-11E).  

Inspection of recent GIRK channel structure, the R177 equivalent side chain closely 

approaches another nearby aspartate residue D204 in the βC-βD loop in the CTD, suggesting an 

additional interaction in this interfacial region by which R177 mutations could exert their effects. 

This aspartate residue D204 seems to be functionally relevant on modulating Kir channel gating 

as it is highly conserved among all ligand-dependent Kir channels, such as Kir6 and Kir3 

subfamilies, which are dominantly regulated by ATP and Gβγ subunits, respectively. In contrast, 

it is replaced by asparagine at equivalent position in less ligand-sensitive Kir channels, such as 

Kir2.1 channels. We introduced various mutations at this aspartate residue D204 (expressed on 

F168E background), and highlighted that the severe mutation Kir6.2[F168E][D204N] and a 
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highly disruptive charge reversal mutation Kir6.2[F168E][D204R] significantly abolished the 

ATP sensitivity (Fig. 3-12A, B), consistent with our hypothesis that residue D204 is important 

on ligand sensitivity in Kir6 channels.  All D204 mutations exhibited accelerated gating kinetics 

relative to F168E alone (Fig. 3-12C), but they were nevertheless slower than the D58 mutants 

(Figs. 3-9A inset, 3-10E). We then attempted site-specific disulfide bond formation by 

engineering double cysteine pairs at residues R177 and D204 to further investigate any 

functional relevant salt bridge interactions. Once again, the F168E background was exploited to 

rescue activity and characterize non-functional CTD mutants. Notably, 

Kir6.2[F168E][D204C][R177C] mutant exhibited a relatively strong ATP inhibition comparably 

to WT Kir6.2 channels, with moderately accelerated channel gating kinetics, although again not 

as rapid as the D58 mutants (Fig. 3-12A,B,C). These findings suggest that this unique aspartate 

D204 in the βC-βD loop might also play a functionally important role in ATP inhibition, and 

R177 might dynamically interacts with multiple charged residues, with D58 and D204 being the 

most possible ones. Their functional interactions allow the transmission of ligand-induced 

conformational changes in the CTD to the bundle crossing gate. 

Overall, these findings indicate that the effects of mutating the essential D58 position 

cannot be replicated by a single structurally-rationalized CTD/C-linker residue, suggesting that 

D58 interactions with the CTD may be more complex than a salt bridge interaction with a single 

residue (see Discussion). Nevertheless, within the cluster of positively charged residues at the 

domain interface, R177 (and its potential binding partner D204) stand out as important 

determinants of ATP sensitivity. 
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3.3 Discussion 

 Inwardly-rectifying potassium channels translate metabolic and signaling pathways into 

changes in membrane voltage. This function relies on transduction of ligand binding from the 

cytoplasmic domain, to changes in the stability of the channel gate in the transmembrane 

domain. Despite diversity in the signaling molecules that regulate various Kir channels (Hibino 

et al., 2010), conservation of domain architecture and primary sequence suggests that aspects of 

channel gating will be similar among different Kirs. Thus, our findings will hopefully provide 

insights that translate to ligand-dependent gating mechanisms in other Kir channels, such as Gβγ 

regulation of GIRK channels.  

In this study, we developed a novel ‘forced gating’ approach to systematically evaluate 

the functional importance of each Kir6.2 slide helix residue, and other residues in the TMD-CTD 

interface. In considering this ‘forced gating’ approach, we highlight several important features of 

F168E relative to WT Kir6.2 (Khurana et al., 2011). Firstly, the F168E mutation imparts pH 

sensitivity, and enables forced opening of channels (allowing rescue of loss-of-function 

mutants). Secondly, Kir6.2[F168E] channels exhibit an intrinsic voltage-dependence, by a 

mechanism that remains unclear. Most importantly, the Kir6.2[F168E] ATP IC50 is quite close to 

WT Kir6.2 (Fig. 3-5D), unlike previously described rescue mechanisms employing C166 

mutations (with an IC50 of 5-10 mM) (Antcliff et al., 2005;Proks et al., 1999). In this regard, it is 

clear that a robust mechanism for ATP inhibition persists in Kir6.2[F168E] channels. Consistent 

with this conservation of the ATP inhibition mechanism in Kir6.2[F168E] channels, mutations of 

numerous residues known to affect ATP sensitivity in WT channels (eg. I49, R50, Q52, G53, 

V59, F60, T62) (Nichols, 2006;Gloyn et al., 2004) also diminish ATP sensitivity on the F168E 

background. 
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3.3.1 Non-equivalence of loss-of-function mutations  

 Our findings highlight positions that are highly intolerant of mutation, and would be 

impossible to characterize without a functional rescue approach. From the perspective of a 

genetic disease mechanism, loss-of-function KATP mutants are expected to cause similar 

phenotypes (McTaggart et al., 2010). However, when considering detailed mechanisms of 

channel function, these data highlight previously untestable features, because they distinguish 

functional differences between loss-of-function mutations – particularly in terms of contributions 

to ligand-dependent gating. For instance, while residue D58 is essential and intimately involved 

in TMD-CTD transduction of ATP binding, other positions (despite being ‘essential’ for 

functional expression), appear to be less involved in interdomain communication (eg. F55, T61, 

and D65 mutants all retain significant ATP sensitivity, Fig. 3-6B). Also, we were surprised to 

observe large effects on ATP sensitivity clustered to a very small subset of slide helix residues. 

Mutations that perturb ATP sensitivity have been identified at numerous slide helix positions, in 

patients with neonatal diabetes (Nichols, 2006;Gloyn et al., 2004). However, our rescue and 

functional screen highlight that many of these disease-causing mutations (although clearly severe 

from a physiological perspective), are not especially severe perturbations of interdomain 

communication relative to mutations of D58. 

3.3.2 Paradoxical effects of D58 mutations  

It is noteworthy that D58 mutations exhibit complete loss-of-function (Po of zero), 

despite being essentially insensitive to ATP. This might be considered paradoxical, because ATP 

insensitivity is normally associated with channel gain-of-function (high Po) (Nichols, 

2006;Gloyn et al., 2004;Enkvetchakul and Nichols, 2003). However, in the case of position D58, 

we suspect that this apparent paradox relates to its essential function at the domain interface, for 
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both ATP sensitivity and functional expression. Consistent with this essential role for D58 in 

channel function expression, a previous study has demonstrated interactions between slide helix 

residues and the CTD in Kir2.1, and their disruption by certain Andersen syndrome (loss of 

Kir2.1 function) mutations (Proks et al., 2004;Proks et al., 2005a). These findings highlight a 

generally important role for TMD-CTD interactions in functional channel expression (including 

an essential role for Kir2.1 residue D71, equivalent to Kir6.2 D58). However, these experiments 

could not distinguish relative contributions of different slide helix residues to the channel gating 

mechanism, because no functional recordings were possible from loss-of-function mutant 

channels. Our study overcomes this experimental difficulty, and identifies a subset of residues at 

the Kir channel domain interface that are essential for both channel activity and appropriate 

transduction of ligand-dependent gating.  

3.3.3 Stringency and sensitivity of the TMD-CTD interface  

The demonstration of the essential role for the D58 position adds important functional 

context to recently reported structures of Kir2.2 and Kir3.2 (Pegan et al., 2006;Khurana et al., 

2011;Hansen et al., 2011;Whorton and MacKinnon, 2011;Bavro et al., 2012). These structures 

suggest that the D58 equivalent residue closely approaches a nearby arginine in the βC-βD loop 

(Kir6.2 residue R206), possibly forming a salt bridge. However, our functional results indicate 

that this is likely not the only important interaction in this vicinity, since neutralization of R206 

(and/or its neighbour K207) has little effect on ATP sensitivity, except for the severe charge 

reversing R206D mutation. In addition, neutralization of R177 had the most significant effect on 

ATP sensitivity of the charged CTD residues tested, although no crystal structures to date have 

suggested a salt bridge between D58 and R177. Additionally, our experiment demonstrates that 

R177 might exert its effect via dynamic interactions with multiple charged residues in CTD since 
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the double cysteine mutant Kir6.2[F168E][D204C][R177C] generated a relatively strong ATP 

inhibition comparably to WT Kir6.2 channels. These interactions may be functionally relevant 

for ligand-dependent channel gating in Kir6.2 channels. Lastly, residue D58 lies at a slide helix 

‘kink’ that was not apparent in prokaryotic Kir channel structures, but has emerged in the most 

recent Kir2.2 and Kir3.2 structures. The functional significance of this kink is not yet known, nor 

have we been able to assess whether D58 mutations disrupt the kink. Overall, our approach 

highlights a subset of mutation intolerant residues (particularly D58 and R177) as previously 

unrecognized contributors to ATP-dependent inhibition. However, their specific interactions 

with nearby charged residues remain undefined.  

As described above, recent Kir structures suggest numerous close contacts of charged 

side chains, raising many possibilities for functionally relevant salt bridge interactions. However, 

we must clarify that these hypothetical contacts have been difficult to convincingly demonstrate 

experimentally. Multiple approaches, including targeted metal bridges, and complimentary 

charge reversal mutations (eg. [D58R][R206D], and [D58R][R177D]), have been attempted in 

our lab. However, none of these manipulations regenerate WT channel function (data not 

shown). We suspect this may be due in large part to the extreme stringency of position D58 - 

recall that even a highly conservative D58E mutation could not recapitulate WT channel function 

(Fig. 3-9). Thus it is perhaps not surprising that other manipulations of this region also severely 

perturb channel function and ATP sensitivity. At present, our approach enables characterization 

of functional contributions of individual residues in the TMD-CTD interface. However, further 

investigation of potential state-dependent contacts between residues in this region will be 

required to identify dynamic changes that underlie inter-domain communication of ATP binding.  
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3.4 Conclusion 

A ‘forced gating’ approach has yielded novel insights into the ATP-dependent gating 

mechanism of Kir6.2, by identifying unique functional contributions of residues that are highly 

sensitive to mutation. Our findings reveal that a highly conserved slide helix aspartate plays a 

central role in the transmission of ligand binding to the channel gate. Additionally, residues R177 

and D204 in the TMD-CTD interface are highlighted as essential residues for ATP-dependent 

gating. Lastly, the F168E ‘forced gating’ rescue mechanism has worked very efficiently, 

enabling rescue of every loss-of-function mutation that we have tested. We anticipate that this 

will be a useful tool to probe other channel motifs that are particularly sensitive to mutation, such 

as the cytoplasmic ‘G-loop’. 
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3.5 Table and figures 

 

Figure 3-1 Domain architecture and interface of Kir channels. 

(A) Kir channel structure (Kir2.2+PIP2, pdb: 3SPI) highlighting the interface between the N-terminal half of one 

subunit (silver, with the interfacial ‘slide’ helix highlighted in red and yellow), and the C-terminal half of an 

adjacent subunit (green). The magnified image illustrates the close approach of the interfacial slide helix with the C-

terminal extension (‘C-linker’) of the M2 helix, and the cytoplasmic βC-βD loop. (B) Alignment of multiple Kir 

channel slide helix segments. The highlighted position corresponds to residue D58 at the ‘kink’ between helices Sa 

and Sb.  
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Figure 3-2 Systematic scan of channel activity and expression in Kir6.2 slide helix mutants.  

(A) A non-radioactive rubidium efflux assay was used to determine channel activity of Kir6.2 mutants (co-expressed 

with SUR1, in CosM6 cells). Rb
+
 efflux from pre-loaded cells was measured by atomic absorption spectrometry to 

determine the percentage of loaded Rb
+
 released during a 40 minute incubation. For presentation, data has been 

normalized to Rb
+
 efflux from cells expressing WT Kir6.2 + SUR1 (n=6 per construct), in the presence of metabolic 

inhibitors. One-way ANOVA followed by post-hoc Dunnett’s test between WT Kir6.2 and each mutant was carried 

out in each condition (* indicates p<0.05 relative to WT Kir6.2 for comparisons in metabolic inhibition; # indicates 

p<0.05 relative to WT Kir6.2 for comparisons in the absence of metabolic inhibitors). Note that statistical tests were 

carried out using the raw data (% efflux) – normalized data is presented for clarity of comparisons. (B) Western 

blots to probe trafficking of the KATP channel complex. Total cell lysates from CosM6 cells transfected with SUR1 

alone or with WT Kir6.2 were probed with a monoclonal anti-SUR1 antibody (NeuroMAb), along with 

untransfected cells (Cos). Co-transfection of SUR1 and all Kir6.2 mutants generate a higher molecular weight band 

(mature glycosylated, ‘Mat’). (C) The ratio of mature:immature SUR1 was calculated by densitometry, after 

coexpression with each slide helix mutant (n=3-6 per condition). All slide helix mutants had significantly higher 

Mature:Immature ratio of SUR1 protein, relative to expression of SUR1 alone (p<0.05, one-way ANOVA, followed 

by Dunnett’s test). 
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Figure 3-3 Cell surface biotinylation of SUR1 expressed in CosM6 cells. 

Proteins present on the surface of cells transfected with combinations of WT Kir6.2, SUR1, or SUR1[R1419H], as 

indicated, were surface labelled with sulfo-NHS-SS-biotin and lysed. Surface labeled protein was isolated using 

streptavidin coated beads, followed by elution with DTT. Protein samples from the lysate, purified surface labeled 

fraction, or the flow-through following purification were separated by SDS-PAGE and detected with a monoclonal 

anti-SUR1 antibody (NeuroMAb). Similar data were observed in five separate experiments. 
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Figure 3-4 Cell surface expression of loss-of-function slide helix mutant channels. 

(A,B) CosM6 cells were transfected with various Kir6.2 slide helix mutants that result in loss-of-function in Rb
+
 

efflux assays (Fig. 2). In addition, the Kir6.2[H259R] (co-expressed with WT SUR1) and SUR1[R1419H] (co-

expressed with WT Kir6.2) mutations, both previously reported to disrupt trafficking of KATP channels, were 

tested. Labeling of surface exposed protein was done using sulfo-NHS-SS-biotin, followed by isolation of 

biotinylated protein using streptavidin coated beads. Proteins in the cell lysate, or the purified surface fraction were 

separated by SDS-PAGE and detected with a monoclonal anti-SUR1 antibody (NeuroMAb). Similar data were 

obtained in three separate experiments. 
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Figure 3-5 Comparison of rescue approaches for Kir6.2 loss-of-function mutant channels. 

(A-C) Continuous inside-out patch clamp recordings at -50 mV for CosM6 cells expressing (A) WT Kir6.2 (n=12), 

(B) Kir6.2[F168E] (n=10), and (C) and Kir6.2[C166S] (n=4) (all co-expressed with SUR1). Internal pH and ATP 

concentrations were switched as indicated, with a rapid solution exchange device. (D) Dose-response curves for for 

ATP inhibition. Kir6.2[F168E] channels are inhibited with similar sensitivity to WT channels, but exhibit a small 

plateau conductance at high ATP concentrations. Kir6.2[C166S] channels are significantly less ATP-sensitive 

relative to WT Kir6.2. The ATP dose-response curves were empirically quantified by fitting the data with a Hill 

equation: Irel=  
   

   
     

    
 
  , where Irel is the current relative to that in the absence of ATP, A is the relative 

current remained in the presence of ATP, IC50 is the half-maximal inhibitory [ATP], and H is the Hill coefficient 

1.3. 
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Figure 3-6 ATP sensitivity of Kir6.2 slide helix mutant channels. 

(A) Continuous inside-out patch clamp recordings at -50mV for CosM6 cells expressing Kir6.2[F168E] and 

exemplar Kir6.2[F168E] slide helix mutants (all co-expressed with SUR1). Internal pH and ATP concentrations 

were switched as indicated, with a rapid solution exchange device. (B) IC50 for ATP inhibition of slide helix mutants 

on the Kir6.2[F168E] background. ATP inhibition was recorded at internal pH 8.0 (n=6-10 per construct). The 

broken bars for I49A and D58A on indicate IC50 concentrations considerably higher than the largest ATP 

concentration (10 mM) tested. Grey filled bars highlight mutants that exhibited loss-of-function in Rb
+
 efflux assays 

(Fig. 2). One-way ANOVA followed by a post-hoc Dunnett’s test for comparisons to the Kir6.2[F168E] control was 

used, with * indicating p<0.05 relative to Kir6.2[F168E]. 
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Figure 3-7 Slide helix effects on the unique kinetic features of Kir6.2[F168E] channels. 

(A) Inside-out patch recordings from CosM6 cells expressing Kir6.2[F168E] and various exemplar Kir6.2[F168E] 

slide helix mutants (all co-expressed with SUR1). Patches were pulsed between -150 mV and +50 mV (0 mV 

holding potential), in 10 mV steps. (B) Activating components of current after voltage steps to -150 mV were fit 

with a single exponential equation to extract the time constant τstep at pH 8.0 (n=6-10 per construct). The broken bar 

for D58A indicates that channel opening was too rapid to confidently resolve. Grey filled bars indicate mutants that 

exhibited loss-of-function in Rb
+
 efflux assays, and required the F168E rescue approach to detect ionic currents. 

One-way ANOVA followed by a post-hoc Dunnet’s test for comparisons to the Kir6.2[F168E] control was used, 

with * indicating p<0.05 relative to Kir6.2[F168E]. 
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Figure 3-8 ATP insensitivity of D58 mutants is not pH-dependent. 

(A) Continuous inside-out patch clamp recordings at -50mV for CosM6 cells expressing Kir6.2[D58A][F168E] (co-

expressed with SUR1). Internal pH and ATP concentrations were switched as indicated, with a rapid solution 

exchange device. (B) ATP inhibition in 10 mM was determined with internal pH between 7.3 and 8.8. No 

statistically significant difference of ATP inhibition was observed at different pH, despite dramatic changes in 

current magnitude. Kir6.2[D58A][F168E] channels remained extremely insensitive to ATP over the entire pH range 

tested. No statistically significant differences were detected. 
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Figure 3-9 Stringent aspartate requirement at position D58.   

Numerous amino acid substations at position D58 were tested for (A) functionality by Rb
+
 efflux assays, and (B) 

cell surface expression by western blot (see Fig. 2). (C,D) Inside-out patch recordings of Kir6.2[F168E][D58E] 

channels, measuring ATP sensitivity and gating kinetics in response to a series of voltage steps.  The conservative 

D58E mutation renders channels ATP insensitive, and abolishes voltage-dependent gating kinetics. Panel (A) inset 

depicts mean data for ATP IC50, and gating kinetics (1/τstep) for conservative substitutions at position D58. In each 

panel, ANOVA followed by a Dunnett’s post-hoc test were used for comparisons to WT Kir6.2, or Kir6.2[F168E] 

channels (panel A inset), with * indicating p<0.05 relative to control. 
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Figure 3-10 Schematic model illustrating ATP binding and gating kinetics of Kir6.2(F168E) channels with 

slide helix mutations. 

(A) Kir6.2[F168E] channels have an intact ATP binding site and coupling mechanism between cytoplasmic (CTD) 

and transmembrane (TMD) domains, enabling ATP-dependent inhibition and slow voltage-dependent kinetics. (B) 

I49A or R50A mutations disrupt the ATP binding site without affecting the coupling mechanism between CTD and 

TMD domains, resulting in loss of ATP insensitivity, but persistence of slow voltage-dependent kinetics. (C) The 

D58A mutation disrupts the ‘aspartate anchor’ coupling element between CTD and TMD. This prevents 

transduction of ATP binding to the channel gate (resulting in ATP insensitivity), together with fast voltage-

dependent gating.  
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Figure 3-11 Functional assessment of potential D58 interacting partners. 

(A) Structural model of the TMD-CTD interacting surface in Kir6.2 channels. (B) Multiple potential interface 

residues were assessed in combination or individually by Rb
+
 efflux. (C) Continuous inside-out patch clamp 

recordings at -50mV for CosM6 cells expressing Kir6.2[F168E] with mutations of cytoplasmic domain residues (all 

co-expressed with SUR1). (D) IC50 for ATP inhibition of mutant channels was determined, using the F168E 

mutation to rescue loss-of-function mutations. The R177A mutation completely abolishes ATP inhibition. (E) 

Gating kinetics of multiple interface residues expressed on the Kir6.2[F168E] background. 
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Figure 3-12 Functional assessment of D204 in βC-βD loop and its potential interaction with R177  

(A) Continuous inside-out patch clamp recordings at -50mV for CosM6 cells expressing Kir6.2[F168E] with 

mutations of cytoplasmic domain residues (all co-expressed with SUR1). (B) IC50 for ATP inhibition of mutant 

channels was determined, using the F168E mutation to rescue loss-of-function mutations. The D204N and D204R 

mutations completely abolish ATP inhibition. (E) Gating kinetics of multiple interface residues expressed on the 

Kir6.2[F168E] background. 
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Chapter  4: Rescue mechanisms of potassium channel loss-of-function 

highlight essential residues at the Kir6.2 channel domain interface 

4.1 Introduction 

Inwardly-rectifying potassium (Kir) channels are regulated by diverse intracellular 

ligands that couple channel activity to cellular signalling and metabolism (Wickman et al., 

1994;Logothetis et al., 1987;Stanfield et al., 2002). Appropriate regulation of Kir channel 

activity is essential for their functions in a variety of physiological processes. For example, 

regulation of the pancreatic KATP channels by the ATP/ADP ratio couples cellular metabolism to 

membrane excitability, comprising a keystone element in glucose-dependent insulin secretion. A 

central question in studies of Kir channel gating is how ligand interaction with the cytoplasmic 

domain of the channel is communicated to the channel gating apparatus. Inspection of the 

general architecture of Kir channel structure reveals a non-covalent interface between the 

‘ligand-sensing’ COOH-terminal domain (CTD) and the canonical pore-forming ‘gating domain’ 

formed by the TM1 and TM2 transmembrane helices. This interface is likely involved in 

transduction of ligand binding, and intact coupling between the CTD and TMD of Kir6.2 

channels has been emphasized in previous studies to be critical for propagation of gating effects 

induced by intracellular ligands in both prokaryotic and eukaryotic Kir channel structures 

(Clarke et al., 2010). For instance, a family of KirBac3.1 channel structures has been interpreted 

to reflect a sequence of conformational changes upon ligand binding in the CTD, leading to 

rearrangements at the subunit-subunit interface, rotation of the slide helix near the bundle 

crossing region, altered distribution of ion at the selectivity filter, and changes in the diameter of 

ion conduction pore near the cytoplasmic end (Clarke et al., 2010). The TMD-CTD interface is 
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also the location for binding of the essential modulator phospholipid PIP2 in eukaryotic Kir 

channels. In structures of Kir2.2, co-crystallization with PIP2 causes engagement of the CTD 

with the TMD, allowing the close interactions of the two domains and widening the bundle 

crossing region and potentially another narrow constriction formed by G-loop near the apex of 

CTD (Hansen et al., 2011). The association of the CTD and TMD does not appear to be as 

dependent on PIP2 in structures of Kir3.2; however, both Kir2.2 and Kir3.2 structures contain 

very similar PIP2 binding motifs.  

The TMD-CTD interface of KATP channels comprises numerous conserved motifs, 

including the NH2-terminal transverse ‘slide helix’, the ‘C-linker’, the G-loop and the βC-βD 

loop in the CTD (Fig. 4-1). All four motifs are clustered in a close proximity with numerous 

potential interactions that may be involved in formation of conductive channels, and transduction 

of ligand binding between the CTD and TMD. The primary sequences of all four motifs are well 

conserved among different eukaryotic Kir channels (Fig. 4-1). 

Crystallographic studies have highlighted three relatively constricted regions lying along 

the ion permeation pathway, which may function as intrinsic gates regulating K
+
 ion permeation. 

The selectivity filter, the bundle crossing region, and a flexible pore-facing G-loop resided in the 

CTD have all been suggested to play functional roles on ligand-dependent channel gating. 

Mutations in the G-loop significantly disrupt channel gating in numerous Kir channels, and 

mutations in this region in Kir6.2 channels are associated with disorders such as neonatal 

diabetes (E292G, T293N, I296L) (Shimomura et al., 2009;Proks et al., 2005b;Girard et al., 2006) 

and PHHI (R301A and T294M) (Shimomura et al., 2009;Lin et al., 2003). Additionally, 

mutations in the G-loop in Kir2.1 channels have been identified in patients with Andersen’s 

syndrome (G300V, V302M and E303K) (Pegan et al., 2005;Tristani-Firouzi et al., 2002). 
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Numerous residues in the C-linker have also been highlighted as crucial to ligand-

regulation of Kir channel function. Recent crystallographic studies of Kir3.2 have identified 

residues (corresponding to K170, R176, and R177 in Kir6.2 channels) in the C-linker in direct 

interactions with PIP2 (Hansen et al., 2011;Whorton and MacKinnon, 2011;Shyng et al., 2000), 

which is an essential membrane phospholipid required for activity of all eukaryotic Kir channels. 

Additionally, residues R176 and R177 have been highlighted as potentially important for 

functional coupling between Kir6.2 and SUR1 subunits (John et al., 2001). 

In Chapter III, we carried out a systematic scan of the transverse ‘slide helix’ and 

identified an aspartate ‘anchor’ residue D58, which is essential for functional channel expression 

and ATP inhibition of Kir6.2 channels. Additionally, we highlighted R177 in the C-linker and 

D204 in the βC-βD loop as other essential residues for ATP-dependent gating. In this chapter, we 

have expanded our systematic structure-based mutagenic scan beyond the slide helix to include 

other motifs located in the TMD-CTD interface region. As mentioned earlier, this interfacial 

region is especially sensitive to perturbation by mutation, and so the ‘forced gating’ approach 

described in Chapter III has proven to be especially valuable to rescue these loss-of-function 

interfacial mutants. Importantly, our results highlight a subset of ‘anchor residues’ required for 

both formation of conductive channels, and appropriate communication of ligand binding to 

gating domains. Disruption of these residues uncouples the TMD and CTD, causing a loss-of-

function phenotype combined with profound ligand insensitivity and gating defects. 

4.2 Results 

4.2.1 Functional scan of the Kir6.2 interfacial domain 

The overall architecture of Kir6.2 channels comprises a pore-forming TMD and a large 

ligand-binding CTD. The TMD-CTD interface is formed by multiple conserved channel motifs, 
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including the NH2-terminal ‘slide helix’ (Fig. 4-1, black), the C-terminal extension (‘C-linker’) 

of the pore-lining TM2 helix (Fig. 4-1, blue), the ‘G-loop’ (Fig. 4-1, green) and the βC-βD loop 

(Fig. 4-1, red). The TMD-CTD interface appears to be important for both formation of 

conductive channels and appropriate communication of ligand binding. However, based on 

previous scanning mutagenesis of the slide helix (Chapter III), we have recognized that these 

functions (communication of ligand binding vs. generation of conductive channels) are not 

always overlapping. That is, by using a novel rescue mechanism to restore function in Kir6.2 

loss-of-function mutant channels, we identified several residues that paradoxically cause loss-of-

function together with severe loss of ATP sensitivity. However, other slide helix interfacial 

residues appeared to play essential roles in generating functional conductive channels (i.e. 

mutations caused loss-of-function function), but had little or no apparent effect on ligand 

sensitivity. The ability to systematically scan loss-of-function mutants in these conserved 

domains, enabled distinction of specific amino acids with essential roles in communication of 

ligand binding. In this study, we have expanded our mutagenic scan to characterize all motifs 

that form the TMD-CTD interfacial region (Hibino et al., 2010).  

The interfacial domain is highly sensitive to mutation 

We first investigated whether mutations at three conserved interfacial motifs, including 

the ‘G-loop’, the ‘C-linker’, and the βC–βD loop (Fig. 4-2D), could form functional channels, by 

testing functional effects of alanine substitution at all positions. We used a non-radioactive Rb
+
 

efflux assay to test whether these mutants (co-expressed with SUR1) were able to form 

conductive channels. In the presence of metabolic inhibitors (2-deoxy-D-glucose + oligomycin, 

to activate KATP channels), considerable reduction of Rb
+
 efflux (moderate or severe loss of 

function) was observed in 8 of 13 G-loop mutants (Fig. 4-2A), whereas the C-linker and βC–βD 
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loop were generally more tolerant of mutations. However, one C-linker mutant (R177A) (Fig. 4-

2B) and two βC–βD mutants (D204A and R206A) (Fig. 4-2C) stood out as exhibiting virtually 

complete loss of overall functional activity. To ensure the validity of these observations, we also 

followed up with inside out excised patch clamp recordings of cells transfected with severe loss-

of-function G-loop mutants such as G289A, V291A, and T294A to establish that their functional 

activities are truly not detectable. Indeed, we were unable to record functional currents from any 

of these mutants. Taken together, these data indicate that the TMD-CTD interface (comprising 

the slide helix, G-loop, C-linker, and βC–βD loop) is highly sensitive to perturbation by 

mutagenesis. 

4.2.2 G-loop mutants reach the cell surface 

We were confident that the G-loop channel mutants were well-expressed, due to the 

observation of robust fluorescence using GFP-tagged constructs. However, the localization of 

these mutant channels was not known. Therefore, we tested whether the decreased functional 

activity of G-loop mutants could be due to a trafficking deficiency, using western blot analysis 

and cell surface biotinylation of SUR1. As previously described, maturation and glycosylation of 

SUR1 generates a high molecular weight band (mature, labeled ‘Mat’ in Fig. 4-3A,B), while 

immature ‘core’ glycosylated SUR1 comprises a lower molecular weight band (immature, 

labeled ‘Imm’ in Fig. 4-3A,B) (Zerangue et al., 1999;Schwappach et al., 2000;Yan et al., 2007). 

KATP maturation and generation of the high molecular weight band requires appropriate assembly 

of Kir6.2 and SUR1, and reflects cell surface expression of the channel complex, so we used 

anti-SUR1 western blots as a surrogate measurement for maturation of Kir6.2/SUR1 channels 

(with various Kir6.2 G-loop mutants). Notably, all Kir6.2 G-loop mutants in our study generated 
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a higher molecular weight mature SUR1 band, indicating appropriate cell surface maturation of 

all G-loop mutant channels (Fig. 4-3A,B). 

We also used cell surface biotinylation to confirm that all loss-of-function G-loop 

mutants (E288A, G289A, V290A, V291A, T294A, G295A, I296A, T297A, T298A, Q299A, and 

R301A) were reaching the cell surface (Fig. 4-4). As previously described, the upper band of 

channels comprising WT Kir6.2 + SUR1 is selectively enriched in the biotinylated (cell surface) 

fraction (Fig. 4-4).  All loss-of-function G-loop mutants exhibit a pattern comparable to WT 

Kir6.2 channels (co-expressed with SUR1), in which a significant upper band was observed on 

SDS-PAGE, and the upper band was selectively enriched in the surface labeled fraction (Fig. 4-

4). We also included a negative control using the Kir6.2[H259R] mutant, previously reported to 

disrupt cell surface KATP expression (Marthinet et al., 2005). Consistent with this, 

Kir6.2[H259R] channels produced very little signal from a higher molecular band on SDS-

PAGE, and generated very little surface biotinylated signal (Fig. 4-4).  

Taken together, these findings demonstrate that loss-of-function characteristics in G-loop 

mutants are not due to trafficking deficiency to the cell surface. Rather, the loss-of-function in G-

loop mutants arises from a functional defect in these channels. 

4.2.2.1 Functional rescue of loss-of-function Kir6.2 interfacial mutants: comparing an 

engineered ‘forced gating’ approach (F168E) and an allosteric approach (C166S)  

Since a large proportion of interfacial mutants result in channel loss-of-function, we 

explored various approaches to rescue/recover their functional activity and investigate the role of 

these unique motifs. Firstly, our previous studies have described a ‘forced gating’ mechanism 

(Khurana et al., 2011) that was demonstrated to functionally rescue all loss-of-function Kir6.2 

slide helix mutants (described in Chapter III). Here, we have applied the same mechanism to 
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recover loss-of-function Kir6.2 interfacial mutants. With this approach, substitution of a 

glutamate in the hydrophobic Kir channel bundle crossing (F168E mutation in Kir6.2), generates 

pH-dependent channels that open upon intracellular alkalization, likely due to mutual repulsion 

of the acidic glutamate side chains at the bundle crossing gate. Using the F168E background 

mutation, we observed robust Rb
+
 efflux (under metabolic inhibition conditions) through all G-

loop mutants (Fig. 4-5A), all C-linker mutants (Fig. 4-5B), and all βC–βD mutants (Fig. 4-5D). 

Since we have already reported a detailed study of the application of the ‘forced gating’ 

approach to slide helix mutants (Chapter III), we have only highlighted slide helix mutants that 

cause severe loss-of-function (Fig. 4-5C), and indeed (as reported previously), these mutants are 

rescued by the [F168E] background mutation. These findings reinforce the remarkable 

effectiveness of the [F168E] rescue mechanism. That is, so long as channels reach the cell 

membrane, expression on the ‘forced gating’ [F168E] background has proven sufficient to rescue 

all loss-of-function Kir6.2 mutants, and enable further functional characterization.  

Another previously reported approach to rescue loss-of-function Kir6.2 mutants has been 

to express mutants on C166 mutant backgrounds with high intrinsic open probability (e.g. 

C166A, or C166S channels) (Ribalet et al., 2006;Shyng et al., 2000;Enkvetchakul et al., 2001). 

Residue C166 is located at the cytoplasmic end of TM2 in Kir6.2 channels and mutation of this 

cysteine (C166S) can markedly elevate channel Po. The logic behind applying C166 mutations 

as a rescue mechanism is that channels with intrinsically low open state stability might exhibit 

enhanced activity due to allosteric effects of the C166 mutations. Thus, we refer to the C166S 

background as an ‘allosteric rescue’ approach, in contrast to the F168E background mutation, 

that we envision as a targeted modulation that forces conformational changes of the bundle 

crossing gate.  
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In parallel to experiments with the F168E background, we tested the ability of the 

‘allosteric rescue’ approach (C166S background) to recover function in Kir6.2 interfacial 

mutants (Fig. 4-5, plotted alongside the F168E rescue data for comparison). The ‘allosteric 

rescue’ approach was generally effective at rescuing channel function in loss-of-function 

mutants. However, several mutants exhibited disparate responses to these rescue approaches. In 

these cases, while the F168E background mutation was sufficient to rescue function, the same 

mutations expressed on the C166S background were non-functional (Fig. 4-5 colored bars).  In 

particular, five interfacial mutants (highlighted with colored bars in Fig. 4-5) stood out as 

exhibiting virtually no functional activity with the C166S background: T294 in the G-loop (green 

bar), R177 in the C-linker (blue bar), D58 and T61 in the slide helix (yellow bars), and D204 in 

the βC–βD loop (red bar). We also applied inside out excised patch clamp recordings to further 

establish that functional activities are truly not detectable from these mutants (despite expression 

on the C166S background). Out of twenty patches, Kir6.2[C166S][T294A] exhibited extremely 

limited activity and non-detectable currents (data not shown). 

These findings demonstrate that the F168E background mutation is a more universally 

applicable rescue approach than the C166S mutation, as it has proven sufficient to rescue 

function in all electrically silent channels that reach the cell membrane.  

4.2.3 ATP sensitivity of Kir6.2 G-loop mutants on [F168E] and [C166S] background   

Our previous studies have highlighted that despite the localization of the F168E mutation 

at a functionally important site in the Kir6.2 channel bundle crossing gate, it does not 

substantially perturb ATP sensitivity of these channels. This contrasts starkly with the profound 

loss of ATP sensitivity observed in C166S mutant channels (or other potential ‘allosterrc rescue’ 

mechanisms based on high open state stability background mutations). We applied the ‘forced 



74 

 

gating’ rescue approach to measure the IC50 of ATP-inhibition for each G-loop mutant (on the 

Kir6.2[F168E] background, at pH 8.0) (Fig. 4-6C black bars). Exemplar sweeps measuring ATP-

sensitivity in several G-loop mutants are depicted (Fig. 4-6A). Similar to experiments in Chapter 

III, patches were formed and excised in pH 7.3, stepped to pH 8.0 to illustrate the [F168E]-

mediated pH-dependence, and then stepped sequentially through various ATP concentrations at 

pH 8.0.  

G-loop mutations clustered into two distinct groups. The first group exhibited strong ATP 

inhibition, similar to the Kir6.2[F168E] background channel (Kir6.2[F168E][T297A] is provided 

as an example in Fig. 4-6A), in which 100μM ATP was able to inhibit ~ 80-90% of current. A 

second group of mutations dramatically weakened ATP sensitivity relative to Kir6.2[F168E] 

(Fig. 4-6C black bars). Specifically, five G-loop mutants (G289A, V290A, T294A, G295A, and 

R301A) exhibited profoundly reduced ATP sensitivity, with very little current inhibition 

observed even in 10 mM ATP (see Kir6.2[F168E][G289A] in Fig. 4-6A,C). These positions are 

unlikely to make any direct contacts with ATP, so we suspect their effects are mediated by an 

effect on the channel gating apparatus, rather than directly interfering with ATP binding (Antcliff 

et al., 2005;Proks et al., 1999). Mutations at these five G-loop residues shifted the ATP IC50 to > 

10 mM, as compared to Kir6.2[F168E], with an ATP IC50 ~60 µM (at pH8.0).  

 As mentioned, the alternative C166S rescue mutation has been demonstrated to shift 

channel ATP sensitivity well into the mM range (Trapp et al., 1998). We had previously used the 

F168E background exclusively, because we suspected that this relatively ATP-insensitive 

background (due to the C166S mutation) would confound comparisons of ATP sensitivity 

between G-loop mutants. Here, we have tested this hypothesis directly, by measuring the IC50 for 

ATP-inhibition for each G-loop mutant on the Kir6.2[C166S] background (at pH 8.0, to allow 
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for a direct comparison with our recordings in F168E channels, Fig. 4-6C grey bars). Exemplar 

sweeps measuring ATP-sensitivity in G-loop mutants are depicted (Fig. 4-6B). 

Most G-loop mutants on Kir6.2[C166S] closely resembled the strong insensitivity to ATP 

inhibition imparted by Kir6.2[C166S] background channel (Kir6.2[C166S][T297A] and 

Kir6.2[C166S][G289A] are provided as examples in Fig. 4-6B), with very little current 

inhibition even in 10 mM ATP. The ATP IC50 of most G-loop mutants (E288A, G289A, V291A, 

E292A, T293A, G295A, T297A, T298A, and R301A) expressed on Kir6.2[C166S] background 

exceeded 10 mM (Fig. 4-6C grey bars). We draw attention in particular to G-loop mutants 

including E288A, V291A, E292A, T293A, T297A, T298A, and Q299A, which maintained a 

strong sensitivity to ATP inhibition on the ‘forced gating’ rescue background Kir6.2[F168E] 

(Fig. 4-6C black bars), but exhibited a profoundly diminished sensitivity to ATP inhibition on 

Kir6.2[C166S] background (Fig. 4-6C grey bars). To illustrate this stark difference between the 

two rescue mechanisms, we have presented examplar sweeps measuring ATP sensitivity in 

T297A on both rescue backgrounds (Fig. 4-6A, B). Kir6.2[F168E][T297A] exhibited strong 

sensitivity to ATP inhibition with an IC50 ~60μM (Fig. 4-6A), whereas Kir6.2[C166S][T297A] 

showed severe insensitivity to ATP inhibition with  IC50 exceeding 10mM (Fig. 4-6B). This 

highlights that the C166S approach likely perturbs ATP sensitivity much more than the F168E 

approach, making it difficult to use this approach to draw significant comparisons between 

mutations expressed on the C166S background. 

In general, these trends hold true between mutations expressed on the F168E and C166S 

backgrounds. However, some exceptions have arisen. The  G-loop mutant V290A on the ‘forced 

gating’ background (Kir6.2[F168E][V290A]) showed a pronounced insensitivity to ATP 

inhibition, but exhibited strong sensitivity to ATP inhibition on the ‘allosteric rescue’ 
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background Kir6.2[C166S] with IC50 of ~70 µM (Fig. 4-6C). This is the only example that we 

have encountered in which a mutation on the C166S background exhibited stronger ATP 

sensitivity than on the F168E background. The mechanistic basis of this observation has not been 

investigated, and it is difficult to speculate on an underlying cause.  

A final important point related to comparisons of these two rescue mechanisms is that 

since the C166S ‘allosteric rescue’ approach is not sufficient to rescue currents in all mutants, 

functional information is not available for mutants expressed on the C166S background. 

Specifically, the ATP IC50 of Kir6.2[C166S][T294A] could not be measured due to its 

undetectable functional activity, mirroring our observation of loss-of-function of these mutants in 

Rb
+ 

efflux assays (Fig. 4-5A). Therefore, this position falls into a small subset of amino acids 

that is efficiently rescued by the F168E background, but fails to be rescued by the C166S 

allosteric rescue approach.  

Overall, these findings highlight several important distinctions between the ‘forced 

gating’ and ‘allosteric rescue’ mechanisms. Firstly, the ‘allosteric rescue’ mechanism generally 

distorts the apparent ATP sensitivity due to the high Po imparted by the C166S mutation, 

whereas the ‘forced gating’ approach seems to provide a more reliable estimate of ATP 

sensitivity after rescue (due to the relative benign effects of the background F168E mutation on 

ATP sensitivity). As a result, the ‘forced gating’ rescue approach Kir6.2[F168E] seems to be 

more informative since it enables systematic comparison of all G-loop mutants without 

inherently perturbing ATP sensitivity. These findings emphasize the potential general utility of 

this ‘forced gating’ method to study and compare gating behavior and ligand sensitivity in loss-

of-function channel mutants.  
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More importantly, although the ‘allosteric rescue’ mechanism is often able to rescue 

functional activity, there are positions that cause loss-of-function that is unrecoverable by the 

C166S mutation (eg. T294), whereas the ‘forced gating’ mechanism has been able to rescue 

every loss-of-function mutation tested to date (so long as the mutant does not cause a trafficking 

deficiency). One possible explanation for this is that the C166S mutation is only sufficient to 

rescue channels that are adequately coupled between the transmembrane and cytoplasmic 

domains. In this way, recognition of residues with dichotomous responses to the rescue 

mechanisms may have mechanistic implications for a subset of absolutely essential interface 

residues. We explore this possibility in the following sections. 

4.2.4 Kinetic features of Kir6.2 G-loop mutants on [F168E] background   

 In addition to rescuing loss-of-function mutants by alkalization-mediated forced channel 

opening, the Kir6.2[F168E] mutation imparts a weakly voltage-dependent gating phenotype, 

which is absent in WT Kir6.2 channels (Kurata et al., 2010). Membrane hyperpolarization causes 

time-dependent opening of Kir6.2[F168E] channels (Fig. 4-7A), and we have used the voltage-

dependent kinetic features of Kir6.2[F168E] to further compare the effects of G-loop mutants on 

channel function. Several G-loop mutants had no effects on gating kinetics, preserving the 

hyperpolarization-dependent slow opening similar to Kir6.2[F168E] channels (Fig. 4-7A,B; 

Kir6.2[F168E][T297A] is provided as an example shown in Fig. 4-7A). However, numerous G-

loop mutants (E288A, G289A, V290A, V291A, T294A, G295A, Q299A, and R301A) altered 

the gating kinetics of voltage-dependent channel opening (Fig. 4-7A,B; Kir6.2[F168E][T294A] 

is provided as an example shown in Fig. 4-7A). Five of these G-loop mutants (G289A, V290A, 

T294A, G295A, and R301A) also markedly diminished the ATP sensitivity, in conjunction with 

modifying the gating kinetics. Thus, although the faster gating kinetics caused by G-loop 
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mutants often occur together with weakened ATP sensitivity, these features are not absolutely 

correlated. 

 We have proposed that ATP sensitivity of Kir6.2 channels requires both an appropriate 

ATP binding site and an intact interface between the CTD and TMD. In Chapter III, we 

highlighted a unique ‘anchor residue’ D58 in the slide helix in Kir6.2 channels, which appears to 

be essential in functional expression and intimately involved in transmission of ligand binding in 

CTD to the channel gate. Mutations at D58 eliminated channel functional activity, abolished 

ATP inhibition, and markedly accelerated the slow gating kinetics imparted by the 

Kir6.2[F168E] mutation. Mutations at these five G-loop positions (G289, V290, T294, G295, 

and R301) mimicked D58 mutants, in the sense that they exhibited weakened ATP sensitivity 

together with accelerated gating kinetics. Overall, mutations with this phenotype appear to 

uncouple the TMD and CTD, such that ligand-mediated conformational changes of the CTD are 

no longer linked to the TMD. These five G-loop residues exhibit a very high degree of sequence 

conservation, and 3 of them (G289, T294, and R301) are absolutely conserved among all 

eukaryotic Kir channels (Fig. 4-1), suggesting their functional and/or structural necessity. 

4.2.5 Distinguishing functional roles of Kir6.2 interfacial residues  

 

The novel ‘forced gating’ rescue mechanism [F168E] to restore function in Kir6.2 loss-

of-function mutant channels has enabled a systematic scan of interfacial residues. These 

experiments distinguish their contributions to formation of functional conductive channels, 

ligand sensing/communication between the CTD and TMD, and the relative overlap between 

these two functions. In this section, we have examined the data in more general terms to describe 

trends relating changes in channel kinetics and ATP sensitivity arising from mutations in the 

interfacial region. To do so, we have generated plots illustrating channel gating kinetics (1/τstep), 
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together with the IC50 for ATP inhibition, for every mutation examined in the interfacial region 

(Figs. 3-2A, 4-2A, B, C) For ease of comparison, we have segregated these data in panels A and 

B in Figure 4-8, based on whether the mutation retains function (i.e. forms conductive channels, 

panel A), or whether the mutation causes moderate or complete loss of function (grey and black 

symbols, respectively, panel B). Lastly, we have highlighted the small subset of residues that 

exhibit functional rescue by F168E, but not C166S, in panel B with large red symbols. To mine 

through the data set, we hope to highlight several trends that we perceive to be important.  

Firstly, all Kir6.2 interfacial mutants exhibiting robust functional activity (Fig. 4-8A) 

preserved relatively slow gating kinetics (1/τstep < 0.25 ms
-1

). This is apparent when comparing 

panels A and B-kinetics among functional conductive channels cluster around slower rates (Fig. 

4-8A), relative to loss-of-function channels (Fig. 4-8B). We interpret these data as consistent 

with a notion that a) the intact TMD-CTD coupling is crucial for the formation of conductive 

channels, and b) the kinetics of intrinsic gating (on the F168E background) reflects the 

‘efficiency’ of coupling between the TMD and CTD. In Chapter III, we speculated that slide 

helix mutants that perturb the TMD-CTD interface tended to generate rapid gating kinetics, since 

weaker coupling enabled the gating conformational change in the TMD to occur without the 

influence of conformational changes in the cytoplasmic domain. Overall, the expanded 

interfacial screen seems consistent with this idea: residues that preserve coupling (i.e. slow 

kinetics) also preserve channel function.  A notable subset involves mutations in the vicinity of 

the ATP binding site (i.e. I49A, R50A), which significantly diminish the ATP sensitivity, but 

preserve slow gating kinetics similar to the F168E background channel (Fig. 4-8A; clustered at 

the right bottom quarter). This is consistent with their overall phenotype: they preserve function 
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and slow gating (because they do not perturb the interface), but have very weak ATP sensitivity 

because they disrupt the ATP binding site.  

Secondly, we draw attention to Kir6.2 interfacial mutants exhibiting reduced (Fig. 4-8B 

grey symbols) or complete loss-of-function (Fig. 4-8B black symbols). Most of these loss-of-

function interfacial mutants disturbed [F168E]-mediated slow gating kinetics, consistent with 

notion that uncoupling between the CTD and TMD decreases the overall functional activity of 

Kir6.2 channels.  The ATP sensitivity of many loss-of-function interfacial mutants is relatively 

weakly perturbed, implying that many interfacial residues have essential roles in generating 

functional conductive channels, but less significant effects on ligand sensitivity (i.e. a 

modulatory role, rather than an essential role in transduction of ligand binding).  

Thirdly, we highlight a subset of interfacial loss-of-function mutants that caught our 

attention because paradoxically, they exhibit a complete loss-of-function (Po of zero), despite 

being essentially insensitive to ATP (Fig. 4-8B; clustered at the right top quarter). These 

residues, including residue D58 and T61 at the slide helix kink, five unique G-loop residues 

G289, V290, T294, G295 and R301 at the apex of CTD, one C-linker residue R177, and one βC-

βD residue D204, appear to be required for both the formation of conductive channels as well as 

appropriate communication of ligand binding. 

Lastly, among these essential ‘coupling residues’, five residues (Fig. 4-8B red symbols) 

stood out even further, for their property of dichotomous responses to the C166S vs F168E 

rescue mechanisms. That is, loss-of-function mutants at these five positions are only rescued 

using the forced gating approach (Kir6.2[F168E), but not the ‘allosteric rescue’ mechanism 

(Kir6.2[C166S]) (D58, T61, R177, D204, and T294) (Fig. 4-8B red symbols). We suspect that 

this feature implies a subset of essential interface ‘anchor residues’ that are required for TMD-
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CTD coupling and appropriate ligand sensing. All five residues exhibit high degree of sequence 

conservation among all eukaryotic Kir channels (Fig. 4-1), emphasizing the functional 

significance across the entire Kir superfamily. Guided by the recent crystal structure of GIRK 

channel, the R177 equivalent side chain closely approaches residue D204, and the side chain of 

residue T294 is projected close to slide helix residues including F60, T61, and D65, raising 

possibilities for functionally relevant salt bridge and hydrogen bond interactions between 

multiple interfacial motifs. 

Taken together, the TMD-CTD interface in Kir6.2 channels (comprising the slide helix, 

G-loop, C-linker, and βC–βD loop) is particularly sensitive to perturbation by mutagenesis. A 

novel rescue mechanism is applied to restore function in Kir6.2 loss-of-function mutant channels 

and enabled distinction of specific interfacial residues with different functional roles in either 

formation of conductive channels, or communication of ligand binding, or both. From this large 

scan, we have highlighted five ‘anchor residues’ in the TMD-CTD interface that are required for 

both functional expression as well as ligand sensitivity.  

4.3 Discussion: 

KATP channels are essential for numerous physiological activities by modulating cellular 

membrane potential in response to metabolic state and signaling pathways (Ashcroft, 

1988;Terzic et al., 1995;Tung and Kurachi, 1991). These physiological functions largely rely on 

inhibition by intracellular ATP molecules, which bind to the cytoplasmic domain of Kir6 

channels and induce channel closure. Despite the essential role of slide helix on coupling CTD 

with TMD, multiple other motifs located at the TMD-CTD interface have been highlighted as 

potential required elements for functional channel expression and ligand-dependent channel 
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gating. This chapter has exploited our development of a novel rescue mechanism to further 

characterize this TMD-CTD domain interface.  

4.3.1 Non-equivalence of loss-of-function interfacial mutations 

Our findings indicate that the TMD-CTD interface (comprising the slide helix, G-loop, 

C-linker, and βC–βD loop) in Kir6.2 channels is particularly sensitive to mutations, and would 

be impossible to characterize without functional rescue approaches. Out of 38 mutations we have 

introduced at various interfacial motifs in Kir6.2 channels, 23 mutations exhibited modest or 

complete loss of functional activity, reinforcing the functional and structural significance of 

integrity of the entire interfacial domain. Due to the loss-of-function phenotype of most 

interfacial mutants, we adopted a ‘forced gating’ approach (Kir6.2[F168E]) to evaluate the 

functional role of residues in multiple motifs at the TMD-CTD interface. This approach has 

allowed us to distinguish functional differences between loss-of-function mutations at the TMD-

CTD interface. Our experiments highlight residues (D58, T61, T294, R177, and D204) that 

appear to be essential for both generation of conductive channels, and intimately involved in 

transduction of ATP binding in CTD to TMD. These contrast with other positions that are also 

essential for functional channel formation, but make smaller contributions to interdomain 

coupling and ligand communication.  

4.3.2 Ineffectiveness of ‘allosteric approach’ [C166S] 

As described in Chapter III, before our development of a ‘forced gating’ approach, a 

common rescue approach for Kir6.2 loss-of-function channel mutants was the ‘allosteric rescue’ 

approach with C166 mutant backgrounds with high intrinsic open probability (Ribalet et al., 

2006;Shyng et al., 2000;Enkvetchakul et al., 2001). In our study, we also attempted to apply this 

high Po allosteric rescue approach to functionally recover Kir6.2 loss-of-function interfacial 
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mutants.  Surprisingly, we identified five interfacial positions, including G-loop mutant T294A, 

C-linker mutant R177A, slide helix mutants D58A and T61A, and βC–βD loop mutant D204A, 

which were unrecoverable by the C166S mutation. Therefore, our ‘forced gating’ approach 

seems to be more ’powerful’ and general since all the loss-of-function mutations we introduced 

at the TMD-CTD interface can be functionally rescued using forced gating approach (so long as 

the mutant is appropriately trafficked to the cell surface).   

 We do not have a definitive answer as to why these five loss-of-function interfacial 

mutants cannot be functionally rescued using C166S background. However, we speculate that 

this is related to an essential role for these residues in creating a functional TMD-CTD interface. 

The general logic behind applying C166 mutations as a rescue mechanism is that channels with 

intrinsically low open state stability might exhibit greater activity due to allosteric interactions 

with the C166 mutations. However, if a mutation severely perturbs the TMD-CTD 

coupling/interface, we speculate that the C166S rescue approach would be completely 

ineffective, because these channels would be unable to form a stable open state.  

4.3.3 Comparison of ‘forced gating’ vs ‘allosteric rescue’ approaches 

Our findings reinforce the advantage of the ‘forced gating’ approach in the context of 

studying mechanisms of ATP inhibition in Kir 6.2 channels. The most important feature of the 

F168E background, in this context, is that it does not significantly perturb ATP sensitivity. 

Reflecting this, most G-loop mutations on the [F168E] background maintained a strong 

sensitivity to ATP inhibition. In contrast, an inherent drawback of the allosteric high Po rescue 

approach (Kir6.2[C166S]) is that it significantly alters ATP sensitivity. Therefore, in our 

experiments, most G-loop mutants on Kir6.2[C166S] background exhibited strong insensitivity 

to ATP inhibition, making it difficult to resolve any functional contributions of these residues to 
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channel inhibition by ATP. Highlighting this difference, we observed a significant number of G-

loop mutants (E288A, V291A, E292A, T293A, T297A, T298A, and Q299A) that preserved 

strong sensitivity to ATP inhibition on Kir6.2[F168E] background, but exhibited profound 

insensitivity to ATP on Kir6.2[C166S] background.  

Overall, these findings highlight that the ‘allosteric rescue’ approach Kir6.2[C166S] 

likely confounds comparisons of ATP sensitivity between G-loop mutants or other important 

interfacial mutants based on its intrinsic high open probability. In contrast, our ‘forced gating’ 

rescue approach Kir6.2[F168E] retains a robust mechanism for ATP inhibition.  

4.3.4 Functional significance of G-loop on TMD-CTD coupling 

The cytoplasmic pore-facing G-loop located at TMD-CTD junction are anchored by two 

highly conserved glycine residues on the backbone of Kir channels, potentially allowing 

flexibility underlying conformational changes during ligand-dependent channel activation (Lopes 

et al., 2002). The crystal structure of KirBac3.1-Kir3.1 chimera suggests the intrinsically flexible 

cytoplasmic G-loop has two conformations- dilated or constricted (Nishida et al., 2007). In the 

constricted conformation, the I296 equivalent residue (M308) occludes the cytoplasmic pore, 

preventing ion permeation.   

Our findings highlight five Kir6.2 G-loop mutations that profoundly weakened ATP 

sensitivity and dramatically altered the gating kinetics of voltage-dependent channel opening. 

These five G-loop residues (G289, V290, T294, G295, and R301) mimicked similar effects 

generated by D58 mutants on the slide helix in Kir6.2 channels, suggesting a similar functional 

significance on generation of conductive channels and appropriate communication of ligand 

binding in the CTD to the gating domain in the TMD. Three of these five G-loop residues (G289, 

T294, and R301) are absolutely conserved among all eukaryotic Kir channels. Our rescue and 
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functional screening highlights that many of the neonatal diabetes-causing mutations identified 

in the G-loop positions (E292, T293, I296) (Shimomura et al., 2009;Proks et al., 2005b;Girard et 

al., 2006) are not especially severe perturbations of interdomain communication relative to 

mutations of these five unique G-loop residues (Figs 4-2A, 4-6C). 

Our findings suggest that various G-loop residues are required for both functional 

expression and strong sensitivity to ATP inhibition in Kir6.2 channels. Consistent with their 

essential roles in channel function and ligand-dependent channel gating, previous studies have 

demonstrated numerous Andersen’s syndrome-associated G-loop mutations (G300V, V302M 

and E303K in Kir2.1, equivalent to G289, V291, and E292 in Kir6.2) abolished channel function 

and disrupted channel gating (Lopes et al., 2002;Bendahhou et al., 2003;Tristani-Firouzi et al., 

2002). Among these five highlighted G-loop residues, loss-of-function mutations at residues 

T294 and R301 have been previously identified in patients with congenital hyperinsulinism 

(Shimomura et al., 2009;Lin et al., 2003). Residue R301 is suggested to be involved in inter-

subunit interactions between adjacent Kir6.2 channel subunit, with disruption of inter-subunit 

interactions accounting for the decreased channel function and significantly perturbed channel 

gating (Lin et al., 2008). Mutations at T294 reduced intrinsic channel open probability, 

stabilizing the mutant channels in the closed conformation (Shimomura et al., 2009). Our 

findings reinforce the functional relevance of G-loop on ligand-regulated Kir channel gating.  

4.3.5 Paradoxical effects of G-loop mutations 

It is noteworthy that similar to D58 mutants, these five G-loop mutations (G289A, 

V290A, T294A, G295A, and R301A) exhibit paradoxical loss-of-function (Po closed to zero), 

together with remarkable ATP insensitivity. As described before, the underlying mechanism 

remains unknown, but this paradoxical phenotype is suggested to be unique for essential 
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interfacial residues on functional channel expression and ligand sensitivity. Mutations of this 

small subset of residues at the TMD-CTD interface likely uncouple the ligand sensing domain 

from channel gating domain, resulting in non-functional channels and ligand insensitivity.  

4.4 Conclusion 

KATP channels couple cellular metabolism to membrane potential and electrical 

excitability by sensing changes in ATP concentrations. Mutations that alter the sensitivity of 

KATP channels to intracellular ATP/ADP lead to impaired channel function and severe 

physiological consequences. Our study demonstrates the utility of a ‘forced gating’ approach to 

probe highly mutation-sensitive interfacial motifs in Kir6.2 channels, and identified five unique 

G-loop residues (including G289, V290, T294, G295, and R301) as essential coupling 

components for ATP-dependent channel gating.  Furthermore, as compared to an allosteric high 

Po rescue background [C166S] with significantly disturbed ATP sensitivity, our ‘forced gating’ 

approach enables rescue of all loss-of-function mutation we have tested without inherently 

perturbing ATP sensitivity. Lastly, our observations highlight a set of ‘anchor residues’ at the 

Kir6.2 TMD-CTD interface that are required for both formation of conductive channels, and 

appropriate communication of ligand binding. Disruption of these residues uncouples the TMD 

and CTD, causing loss of function combined with profound ligand insensitivity.  
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4.5 Figures 

 

Figure 4-1 Domain interface of Kir channels. 

(A) Kir channel structure (Kir3.2+PIP2, pdb: 3SPI) highlighting the interface domain between transmembrane 

domain (TMD) and cyoplasmic domain (CTD), with the interfacial ‘slide’ helix highlighted in black, C-terminal 

extension (‘C-linker’) of the TM2 helix highlighted in blue, cytoplasmic pore-facing G-loop highlighted in green, 

and cytoplasmic βC-βD loop highlighted in red. (B) Alignment of multiple Kir channel interfacial motifs, including 

the slide helix segment b, C-linker, G-loop and βC-βD loop. The highlighted positions correspond to residue D58 at 

the ‘kink’ between helices Sa and Sb, residue R177 on C-linker involved in PIP2 binding, residue T294 on the 

cytoplasmic G-loop projecting toward the slide helix, and residue D204 on the βC-βD loop positioning toward C-

linker. 
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Figure 4-2 Systemic functional scan in Kir6.2 G-loop, C-linker, and βC-βD loop mutants.  
 

(A-C) A non-radioactive rubidium efflux assay was used to determine channel activity of Kir6.2 G-loop mutants 

(A), C-linker mutants (B) and βC-βD mutants (C) (co-expressed with SUR1, in CosM6 cells). Rubidium efflux from 

pre-loaded cells was measured by atomic absorption spectrometry to determine the percentage of loaded Rb
+
 

released during a 40-minute incubation. For presentation, data has been normalized to Rb
+
 efflux from cells 

expressing WT Kir6.2 + SUR1 (n=6 per construct), in the presence of metabolic inhibitors. One-way ANOVA 

followed by post-hoc Dunnett’s test between WT Kir6.2 and each mutant was carried out in each condition (* 

indicates p<0.05 relative to WT Kir6.2 for comparisons in metabolic inhibition). Note that statistical tests were 

carried out using the raw data (% efflux) – normalized data is presented for clarity of comparisons. (D) Schematic 

model illustrating multiple motifs at the TMD-CTD interface in Kir6.2 channels, with G-loop colored in green, C-

linker in blue, and βC-βD loop in red and slide helix in black. 
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Figure 4-3 Surface expression in Kir6.2 G-loop mutants.  

 

(A,B) Western blots to probe trafficking of the Kir6.2 G-loop mutants. Total cell lysates from CosM6 cells 

transfected with SUR1 alone or with WT Kir6.2 were probed with a monoclonal anti-SUR1 antibody (NeuroMAb), 

along with untransfected cells (Cos). CosM6 cells transfected with SUR1 only produce only a lower molecular 

weight band (immature core-glycosylated ‘Imm’) band. Co-transfection of SUR1 and all indicated Kir6.2 G-loop 

mutations generate a higher molecular weight band (mature glycosylated, ‘Mat’).  
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Figure 4-4 Cell surface expression of loss-of-function G-loop mutant channels.  

 

(A,B) CosM6 cells were cotransfected with SUR1 and various indicated Kir6.2 G-loop mutants that result in loss-of-

function in Rb
+
 efflux assays (Fig. 4-2A). In addition, the Kir6.2[H259R] (co-expressed with WT SUR1), previously 

reported to disrupt trafficking of KATP channels, were tested. Labeling of surface exposed protein was done using 

sulfo-NHS-SS-biotin, followed by isolation of biotinylated protein using streptavidin coated beads. Proteins in the 

cell lysate, or the purified surface fraction were separated by SDS-PAGE and detected with a monoclonal anti-SUR1 

antibody (NeuroMAb). Similar data were obtained in three separate experiments. 
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Figure 4-5 Systemic functional scan in Kir6.2 loss-of-function interfacial mutant channels on two rescue 

background [F168E] and [C166S].  

(A-D) A non-radioactive rubidium efflux assay was used to determine channel activity of Kir6.2 interfacial domain 

mutants, (A) G-loop mutants; (B) C- linker mutants; (C) Slide helix b segment loss-of-function mutants; (D) βC-βD 

loop mutants, on two different rescue background [F168E] (colored in black) and [C166S] (colored in grey) (co-

expressed with SUR1, in CosM6 cells). Rubidium efflux from pre-loaded cells was measured by atomic absorption 

spectrometry to determine the percentage of loaded Rb
+
 released during a 40-minute incubation. For presentation, 

data has been normalized to Rb
+
 efflux from cells expressing WT Kir6.2 + SUR1 (n=6 per construct), in the 

presence of metabolic inhibitors. The highlighted residues correspond to T294 in G-loop (green), R177 in C-linker 

(blue), D58A and T61A in slide helix b (yellow), and D204A in βC-βD loop (red), which exhibit extremely low Rb
+
 

efflux on [C166S] rescue background, but robust Rb
+
 efflux on [F168E] rescue background. One-way ANOVA 

followed by post-hoc Dunnett’s test between Kir6.2 interfacial mutants on [C166S] background for comparisons to 

the corresponding mutants on Kir6.2[F168E] background was used, with * indicating p<0.05 relative to the Rb
+
 

efflux of interfacial mutants on Kir6.2[F168E] background. 
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Figure 4-6 ATP-sensitivity of Kir6.2 G-loop mutant channels on two rescue backgrounds [F168E] and 

[C166S].  

(A,B) Continuous inside-out patch clamp recordings at -50mV for CosM6 cells expressing (A) Kir6.2[F168E] and 

exemplar Kir6.2[F168E] G-loop mutants, and (B) Kir6.2[C166S] and exemplar Kir6.2[C166S] G-loop mutants (all 

co-expressed with SUR1). Dashed line represents reversal potential current at 0 mV. Internal pH and ATP 

concentrations were switched as indicated, with a rapid solution exchange device. (C) IC50 for ATP-inhibition of G-

loop mutants on the Kir6.2[F168E] (colored in black) and Kir6.2[C166S] (colored in grey) background. ATP 

inhibition was recorded at internal pH 8.0 (n=6-10 per construct). The broken bars for G289A, T294A, G295A, and 

R301A on Kir6.2[F168E] background and E288A, G289A, V291A, E292A, T293A, T297A, T298A, and R301A on 

Kir6.2[C166S] indicate IC50 concentrations considerably higher than the largest ATP concentration (10 mM) tested. 

One-way ANOVA followed by a post-hoc Dunnett’s test for comparisons to the Kir6.2[F168E] control was used, 

with * indicating p<0.05 relative to Kir6.2[F168E]. 
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Figure 4-7 Effects of G-loop mutations on the unique kinetic features of Kir6.2[F168E] channels.  

(A) Inside-out patch recordings from CosM6 cells expressing Kir6.2[F168E] and various exemplar Kir6.2[F168E] 

G-loop mutants (all co-expressed with SUR1). Patches were pulsed between -150 mV and +50 mV (0 mV holding 

potential), in 10 mV steps. Dashed line represents the reversal potential current at 0 mV. (B) Activating components 

of current after voltage steps to -150 mV were fit with a single exponential equation to extract the time constant τstep 

at pH 8.0 (n=6-10 per construct). One-way ANOVA followed by a post-hoc Dunnet’s test for comparisons to the 

Kir6.2[F168E] control was used, with * indicating p<0.05 relative to Kir6.2[F168E]. 
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Figure 4-8 Distinguished functional roles of Kir6.2 interfacial mutant channels.  

(A,B) The relationship of ATP IC50 and channel gating kinetics (1/τstep) for all Kir6.2 interfacial mutants (expressed 

on Kir6.2[F168E] background). (A) Kir6.2 interfacial mutants exhibiting robust functional activity (white symbols).  

Most interfacial residues preserve relatively slow gating and strong ATP sensitivity. Notably, mutations in the 

vicinity of the ATP binding site (i.e. I49A, R50A) significantly diminish the ATP sensitivity with preserved slow 

gating kinetics (clustered at the right bottom quarter). (B) Kir6.2 interfacial mutants exhibiting moderate (grey 

symbols) or complete (black symbols) loss of function. Most of these loss-of-function interfacial mutants disturbed 

[F168E]-mediated slow gating kinetics. A small subset of ‘anchor residues’ are highlighted that exhibit functional 

rescue by F168E, but not C166S (red symbols). (C) Structural model of the TMD-CTD interacting surface in Kir6.2 

channels. The five ‘anchor residues’ in close proximity are highlighted. 
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Chapter  5: Conclusion 
  

 Appropriate regulation of Kir channel activity is essential for various physiological 

processes, such as modulation of cellular membrane excitability, cardiac action potential 

repolarization, and control on hormone secretion. Among all potassium channels, ATP-sensitive 

Kir (Kir6.2/KATP) channels are uniquely regulated by cytoplasmic nucleotides and specific 

pharmacological agents. Particularly, ATP inhibition of Kir6.2 channels is essential for glucose-

dependent insulin secretion in pancreatic β-cells and disruption of ATP sensing mechanism in 

Kir6.2 channels leads to genetically inherited defects in pancreatic insulin release, resulting in 

severe neonatal diabetes. Crystallization of various Kir channel domains illustrates the overall 

structural arrangement of KATP channels. However, the dynamic changes that govern ligand-

dependent channel gating remain mostly unclear. The overarching theme of this thesis is to 

characterize the molecular mechanism underlying the communication/sensing of ligand binding 

in the cytoplasmic domain to gating domain in Kir6.2 channels, by ‘deconstructing’ the interface 

between these channel domains. Due to the strong sequence conservation and homology in pore 

architecture of Kir channels, a better understanding of ligand-regulated channel gating in Kir6.2 

channels may permit elucidation of important features of channel gating that are relevant to other 

Kir channels. Additionally, a deeper understanding of the transduction mechanism of ligand-

dependent channel function will aid us in developing an improved conception in Kir channel 

physiology and associated diseases, with the potential to develop novel therapeutic treatments in 

various disorders. 

 The general architecture of Kir channels reveals a non-covalent interface between the 

‘ligand-sensing’ cytoplasmic domain and the canonical pore-forming ‘gating domain’. In 

Chapter III, we identified potential molecular components that play fundamental roles on 
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transducing the ATP-binding signal to the closing of the bundle-crossing gate in Kir6.2 channels 

by systematically scanning the functional effects of mutations in the slide helix. A significant 

barrier we overcame was that many functionally important channel motifs are highly sensitive to 

mutagenesis, resulting in a loss-of-function phenotype. We adopted a novel ‘forced gating’ 

approach to functionally rescue electrically silent channel mutants by substituting a protonable 

glutamate in the hydrophobic Kir channel bundle-crossing (F168E mutation in Kir6.2), 

generating channels that are pH-sensitive and can be forced open by alkalization on the 

intracellular side (Khurana et al., 2011). Without exception, expression of electrically silent 

interfacial mutants on the Kir6.2[F168E] background rescues all loss-of-function, enabling 

characterization of essential channel motifs that are otherwise electrically silent. We highlighted 

an essential ‘anchor residue’ D58 on the slide helix in functional expression and intimately 

involved in transmission of ligand binding in CTD to the channel gate. Further, we hypothesized 

that this ‘aspartate anchor’ D58 interacts with various nearby positively charged residues in the 

CTD, coupling the conformational changes in the CTD to channel gating in the TMD.  

We demonstrated that neutralization of R206 (and/or its neighbour K207) has little effect 

on ATP sensitivity, whereas neutralization of R177 has the most significant effect on ATP 

sensitivity of all the charged CTD residues tested. Recent GIRK channel structure suggests an 

additional interaction between R177 and a nearby aspartate residue D204 in the βC-βD loop. Our 

results highlight that R177 seems to interact with D204 in a channel state-dependent way since 

the double cysteine mutant Kir6.2[R177C][D204C] (on [F168E] background) exhibits relatively 

strong ATP sensitivity comparable to WT Kir6.2 channels. In Kir channels, R177 side chain is 

“sandwiched” between the slide helix and βC-βD loop, raising the possibility that R177 side 

chain might dynamically ‘flip’ between these channel motifs.  
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In Chapter IV, we expanded our systematic structure-based mutagenic scan beyond the 

transverse ‘slide helix’ to include other motifs located in the TMD-CTD interface region. We 

highlighted a small subset of ‘anchor residues’ at the TMD-CTD interface in Kir6.2 channels 

(D58, T61, R177, D204, and T294) that appear to be essential both for generation of conductive 

channels, and appropriate communication of ligand binding to gating domains. Disruption of 

these residues uncouples the TMD and CTD, again causing a paradoxical loss-of-function 

phenotype coupled with profound ligand insensitivity and gating defects. Loss-of-function 

mutants at these five positions are only rescued using the ‘forced gating’ approach 

(Kir6.2[F168E), but not the ‘allosteric rescue’ mechanism (Kir6.2[C166S]), suggesting a general 

application of ‘forced gating’ on rescue loss-of-function mutants in mutation-sensitive motifs in 

Kir6.2 channels.  

Another advantage of the novel ‘forced gating’ approach (Kir6.2[F168E]) is that it does 

not significantly perturb ATP sensitivity in Kir6.2 channels. In contrast, the ‘allosteric rescue’ 

approach Kir6.2[C166S] mutation significantly alters ATP sensitivity of Kir6.2 channels (ATP 

IC50 ~5 mM) and likely confounds comparisons of ATP sensitivity between Kir6.2 interfacial 

mutants based on its intrinsic high open probability. However, Kir6.2[F168E] channels exhibit a 

unique intrinsic voltage-dependence, by a mechanism that remains unclear. Therefore, the 

functional interpretation of the hyperpolarization-stimulated slow opening imparted by 

Kir6.2[F168E] mutation (and its alteration by additional mutations) are less understood.  

 We observed two groups of interfacial residues play essential roles on ATP sensitivity of 

Kir6.2 channels. One group is clustered in the vicinity of the putative ATP binding site (i.e. I49, 

R50) and mutations at these residues most likely directly disrupt the ATP binding site and thus 

reduce channel ATP sensitivity. The other group lies far from the putative ATP binding site (i.e. 
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D58, T61, R177, D204, G289, V290, T294, G295, and R301) and thus it is unlikely that 

mutations at these positions directly perturb the ATP binding, but rather affect the ATP 

inhibition allosterically. These groups could be distinguished by their effects on F168E channel 

gating kinetics. Specifically, ATP binding site mutations (I49A, R50A) did not significantly alter 

the functional activity or the slow gating kinetics, but the other group of mutants significantly 

accelerated the gating kinetics. Therefore we have hypothesized that the second group of 

residues are components of the domain interface for generation of conductive channels and 

transduction of ligand binding. A shortcoming of these studies it that we are unable to probe the 

integrity of the ATP binding site and whether ATP molecules still bind to these Kir6.2 mutant 

channels. We have tested the ATP inhibition of Kir6.2 mutant channels using dye-labelled ATP 

molecules with patch clamp experiments. However, even WT Kir6.2 channels exhibited no 

sensitivity to tagged ATP, likely due to the large fluorophore moiety preventing ATP from 

accessing the ATP binding site (data not shown). In future studies, single channel inside-out 

recording could be carried out, which would provide additional complimentary information on 

distinguishing residues directly involved in ATP binding from the ones that are crucial for 

coupling TMD-CTD domains without making direct contacts with ATP. 

 As highlighted above, recent crystal Kir structures suggest numerous close contacts of 

charged side chains in the TMD-CTD interface. We identified two residues (R206 and R177) in 

the CTD of Kir6.2 channels that seem to interact with the essential ‘aspartate anchor’ D58 on the 

slide helix. We have attempted multiple approaches, including targeted disulfide bond formation, 

targeted metal bridges, and complimentary charge reversal mutations (between D58 and either 

R206 or R177) to further assess the hypothetical potential salt bridge. We attempted charge 

reversal double mutations (Kir6.2[D58R][R206D] and Kir6.2[D58R][R177D]) (expressed on 
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[F168E] background) to examine if the electrostatic attraction between the two nearby oppositely 

charged residues are sufficient for TMD-CTD coupling and ligand transduction. We have also 

attempted to modulate these potential electrostatic interactions by creating mutants such as 

Kir6.2[D58E][R206K] and Kir6.2[D58E][R177K] (expressed on [F168E] background), which 

preserve the charges while varying their spatial arrangement. However, none of these mutations 

regenerate WT channel function, highlighting the extreme stringency of position D58. All of 

them significantly abolished the ATP sensitivity and accelerated voltage-dependent slow gating 

kinetics (Appendix Fig.A-1). We have also attempted targeted disulfide bond formation by 

engineering site-specific double cysteine pairs Kir6.2[D58C][R206C] and 

Kir6.2[[D58C][R177C] (expressed on [F168E] background). Moreover, we introduced site-

specific double histidine pairs by substituting each residue pair with histidines 

(Kir6.2[D58H][R206H], Kir6.2[D58H][R177H], both on [F168E] background) to allow high 

affinity metal bridge formation upon exposure to Zn
2+ 

solution (50 µM). In all cases, none of 

these conditions exhibit WT Kir6.2 channel function. As a result, alternative approaches will be 

required to investigate potential state-dependent contacts between residues in this region. 

Our findings highlight the importance of residues R177 in C-linker and D204 in βC-βD 

for ATP inhibition. The double cysteine Kir6.2[F168E][D204C][R177C] mutant exhibited 

relatively strong ATP inhibition, with moderately accelerated channel gating kinetics. We 

repeated the targeted metal bridge formation between R177 and D204 to further investigate any 

functional relevant interactions. Once again, the F168E background was exploited to rescue 

electrically silent mutants. Our findings showed that high affinity metal bridges formed rapidly 

and reversibly at Kir6.2[F168E][D204H][R177H] upon exposure to Zn
2+ 

solution.  



100 

 

However, several problems and uncertainties have arisen from these double histidine 

pairs regarding of the experimental design and data interpretation. Firstly, ATP is a significant 

chelating agent for Zn
2+

. The free [Zn
2+

]
 
must be held constant in the absence and presence of 

ATP since the formation of metal bridges will be [Zn
2+

]
 
dependent. We tried to maintain the free 

[Zn
2+

] constant by balancing [Zn
2+

] with [ATP] according to the dissociation constant Kd. 

However, the exact free [Zn
2+

] was not experimentally measured in our setting. Additionally, 

Zn
2+

 can also promote salt bridge formation between nearby cysteine residues. As a result, non-

specific effects induced by Zn
2+

 could also potentially arise. Therefore, as emphasized 

previously, dynamic state-dependent interactions between densely charged side chains in the 

TMD-CTD interfacial domain are extremely difficult to convincingly demonstrate 

experimentally. Further investigation will be required to identify dynamic changes that underlie 

ligand-dependent channel gating in Kir channels. 

How will research presented in my thesis affect our understanding of pathophysiology or 

potential therapeutic applications? Due to the abundant expression of KATP channels throughout 

human body, KATP channels defects and dysregulation are associated with multiple pathologies. 

My study has focused on the pancreatic β-cell KATP isoform, a keystone component for glucose 

stimulated insulin secretion. Mutations that perturb either the formation of functional channels or 

the coupling between cellular metabolism and KATP channel gating cause severe defects on 

insulin secretion, resulting in a spectrum of insulin secretory diseases, ranging from neonatal 

diabetes to congenial hyperinsulinism.  

Due to their complex molecular architecture relative to other K
+
 channels (including large 

functionally coupled SUR subunits), elucidation of the molecular mechanisms underlying ligand-

dependent channel gating will surely eventually require detailed KATP channel structures and 
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deep understanding of channel function. Progress described in this thesis will hopefully provide 

new tools to understand the complex function of these channels. Furthermore, due to strong 

homology among eukaryotic Kir channels, detailed understanding of ligand transduction 

mechanisms in KATP channels will hopefully provide general insights that translate to ligand-

dependent gating mechanisms in other Kir families, such as Gβγ regulation of GIRK channels, 

which are critically significant in diverse physiological processes, and expose therapeutic 

potentials toward related disorders (Schulze-Bahr, 2005;Plaster et al., 2001;Nichols, 2006;Gloyn 

et al., 2004;Choi et al., 2011;Pinney et al., 2008;Schulte et al., 1999). 

The recognition that gain-of-function mutations in Kir6.2 channels are associated with 

neonatal diabetes has shifted clinical therapy for neonatal diabetics from insulin injection to 

sulfonylurea tablets, and this change emphasizes the significance of understanding the molecular 

basis underlying channelopathies. In contrast to the effectiveness of SUs on diabetic patients, 

most PHHI patients with loss-of-function mutations in KATP channels do not effectively respond 

to K
+
 channels openers such as diazoxide (most likely due to reduced channel expression) and 

require subtotal pancreatectomy to reduce insulin secretion (Hibino et al., 2010). Therefore, an 

effective novel therapeutic application is greatly in need. An ambitious application is to 

incorporate genetic therapy to replace the electrically silent KATP mutant channels with 

functional ones. My thesis reinforces and extends the understanding of structure and function of 

KATP channels and provides novel therapeutic potentials. However, due to the abundant 

expression of KATP channels, preventing undesired systemic side-effects might be a challenge.   
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 Figure A-1 Functional assessment of multiple potential salt bridges between key interfacial residues in Kir6.2 

channels. 

Various approaches, including targeted disulfide bond formation, targeted metal bridges, and complimentary charge 

reversal mutations between key residues at TMD-CTD interface in Kir6.2 channels were attempted to assess their 

hypothetical interactions. (A) IC50 for ATP inhibition of site-specific mutant channels was determined on F168E 

background.  Most of them exhibited strong ATP insensitivity with IC50 exceeding 10mM. The double cysteine 

Kir6.2[F168E][D204C][R177C] mutant exhibited a relatively strong ATP inhibition. (B) Gating kinetics of multiple 

site-specific mutant channels expressed on the Kir6.2[F168E] background. 


