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ABSTRACT OF THE THESIS  

Effect of Diabetes-associated Mutations in Kir 6.2/Sur1 on KATP Channel Activities  

by 

Yunpeng Li 

Master of Science in Biomedical Engineering  

Washington University in St. Louis, 2022 

Professor Colin Nichols, Chair 

 
Maturity Onset Diabetes of the Young (MODY) is a type of diabetes, distinct from either type I 

or type II, that happens before age 25 (MedlinePlus, 2022). Unlike the other two more common 

forms of diabetes, MODY is classified as a series of monogenetic disorders (American Diabetes 

Association Professional Practice Committee, 2021), caused by autosomal mutations. MODY is 

typically characterized by insufficient secretion of insulin, a similar symptom to type I diabetes, 

classified into 14 different types based on mutations found on different genes. Among them, 

subtypes 12 and 13, also called neonatal diabetes mellitus (NDM), are caused by gain-of-

function mutations in Kir6.2 or SUR1, subunits of ATP-sensitive potassium (KATP) channels, and 

result from overactive KATP -driven loss of insulin secretion.  

KATP channels are a type of potassium channels that are gated by the concentration of 

intracellular ATP and ADP, and consist of tetramers of inward-rectifier potassium channel 

(Kir6.x) subunits, surrounded by 4 regulator sulfonylurea receptors (SUR) subunits. They are 

widely found in human tissues, including cardiac, brain, skeletal muscles, smooth muscles, 

pancreas, and neurons. KATP channel function in pancreatic β-cells was first described in 1984 in 

rat pancreas islets. In contrast to NDM, congenital hyperinsulinism (CHI) results from loss of 

function of KATP channels, which leads to hypersecretion of insulin. However, clinical data show 



 viii 

that CHI patients frequently experience a transition from hypersecretion of insulin to a high 

blood glucose level, although there are few previous studies that highlight this transition, and the 

nature of the ensuing diabetes is unknown.  

Our collaborators in India have identified a large number of NDM and CHI patients, but also a 

number of patients diagnosed with MODY, but not NDM, and harboring KATP channel 

mutations. The goal of this study was to analyze the functional consequences of the associated 

KATP mutations, in order to shed light on the mechanisms underlying the resultant diabetes.  

In this project, I used fluorescence-based Dibac4(3) and thallium flux assays to investigate the 

effect of mutations on channel expression and function. The signals captured by these two assays 

illustrate the activities of mutated channels, reflecting the channel conductance. From the results, 

it is clear that the MODY-associated mutants are expressing loss of function behaviors. In 

particular, G163S and R1436P in SUR1 generate no channel activity, even after channel 

activators are applied to the cells. The results are not consistent with the idea that these MODY 

patients suffer from MODY 12 and 13 (i.e. NDM), but instead suggest that they should suffer 

from hypersecretion of insulin. Thus, the reasons for high blood glucose level in these MODY 

patients is unclear. It is possible that these patients are all CHI patients who have experienced a 

crossover from hyperinsulinism to diabetes, potentially explaining why KATP inhibitor therapy is 

unsuccessful in them. The mechanism of the transition process remains unclear, providing a 

future research direction to assess the transition mechanism, as well as pointing to a new sub-

classification of MODY.  
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Chapter 1: ATP-sensitive potassium channel 
1.1 Introduction to ATP-sensitive potassium channel 
Bioelectrical activities are critical in all living organisms - they support the basic functions of life. 

Ionic potentials are maintained by the activities of sodium, potassium, calcium, and chloride 

channels (Nichols et al., 2006). Altered balance of channel open and closed states leads to 

differences of membrane potential, when the membrane potential reaches the threshold, generating 

action potentials which give signals to control cellular activities. Thus, there are multiple types of 

channels that are in control to the regulation of the membrane potential such as voltage-gated Na+, 

Ca2+ and K+ channels.  

Of the multiple ion channels that are in control of electrical activity, ATP-sensitive potassium 

channels (KATP channels) are uniquely metabolically-sensitive channels that were firstly defined 

through ATP intracellular injection into energy-limited cardiac cells in 1983 by Noma et al. They 

treated the cardiac cells with cyanide to mimic hypoxia and lower the cytoplasmic energy, and 

then reported that injecting intracellular ATP closed the channels in patch clamp experiments 

(Noma et al., 1983). Subsequently, similar ATP-sensitive potassium channels were reported in 

many other tissues (Tinker et al., 2013). 

KATP channels are composed of four inward-rectifier (Kir6.x) subunits associated with four 

sulfonylurea receptors (SUR), Four genes have been identified: ABCC8 which codes for SUR1 

and KCNJ11 which codes for Kir6.2 are located on human chr11p15.1, ABCC9 which codes for 

SUR2 and KCNJ8 which codes for Kir6.1 are located on human chr12p12.1. Mutations in KATP 

channel genes lead to various diseases such as Cantu Syndrome (Grange et al., 2019), neonatal 

diabetes and others (Konganti et al., 2015).  
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1.2  Tissue Distribution and Physiological Function 
KATP channels are widely expressed on the plasma membrane in brain, cardiac, vascular, skeletal 

and smooth muscles, pancreas and neurons (Seino et al., 2003). When outside energy sources, such 

as carbohydrates or lipids are absorbed by the human body, they will be transformed into ATP that 

can be utilized by cells. On KATP channels, there are binding sites for high energy ATP as well as 

for ADP, which play an antagonist role in the channel gating process, the open and closed states 

of KATP channels depending on the ratio of intracellular ATP and ADP. When the ratio is increased, 

more ATP will bind to Kir6.x subunits and the channel will be inhibited. Conversely, when the 

ratio is decreased, ADP binding to the ADP binding cassette on SUR subunits will activate the 

channel to an open state (Fig 1).   

Seino S et al (2003). Prog Biophys Mol Biol 81(2):133-76. 

Figure 1. The gating process of KATP channels is controlled by the ratio of intracellular ATP/ADP. The activation 
of KATP channels is involved in various metabolic and electrical activities, and cellular functioning.  

1.3  Channel structure 
KATP channel are hetero-octamers composed of a potassium channel subunit tetramer (Kir6.x) 

associated with four SUR subunits which belongs to the ATP-binding cassette (ABC) family of 

transporters (Vedovato et al., 2015) (Fig 2). There are potassium ion binding sites at the entrance 

of the Kir6.x subunit-generated potassium channel pore. The nucleotide binding domains at the 

intracellular side of SUR subunits are the domains for MgADP binding, which is responsible for 

channel opening. ATP binds to a binding pocket on the cytoplasmic side of Kir subunits and leads 
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to closure KATP channels, which is antagonized by MgADP binding to SUR. Thus, the opening or 

closing of the channels mainly depends on the balance of intracellular ATP and MgADP.  

  

Hibino et al., 2010 

Figure 2. Structure of KATP channel. Hetero octamer complex of KATP channel. Kir6.x subunits are located in the 
inner ring of the complex, encoding for the channel pore; four SUR subunits are surrounded outside of the Kir6.x 
subunits. Each Kir6.x subunit has four potassium ion binding sites at the entrance of the pore, both N-terminus and C-
terminus are at intracellular side. The SUR subunits has three transmembrane domains (TMD0, TMD1 and TMD 2), 
and two nucleotide binding domains (NBD1 and NBD2), N-terminus is at extracellular side and C-terminus is at 
intracellular side.  

1.4  KATP channels are involved in diabetes and other insulin 
related diseases 
The importance of KATP channels in insulin secretion has been established by studies on 

pancreatic β cells in the islets of Langerhans (Saint-Martin, 2011), which indicate the 

relationship between membrane permeability to potassium and glucose induced membrane 
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depolarization (Ashcroft et al., 1984). Congenital Hyperinsulinism (CHI) and Neonatal Diabetes 

Mellitus (NDM), are two distinct diseases, the first due to loss of function (Loechner et al., 

2010), the other due to gain of function of KATP channels (Yan et al., 2022), resulting from 

missense mutations in KATP channels in pancreatic islets β cells and are inheritable from parents.  

Glucose is the main energy source within the blood and determines the metabolism level in b-

cells. When there is low plasma glucose, intracellular metabolism level is low, the intracellular 

ATP/MgADP ratio decreases, leading to opening of KATP channels. Membrane potential will stay 

at the resting level of about -70mV and there will be no insulin release triggered (Fig 3A). When 

plasma glucose is raised, the decomposition of glucose produces ATP, which raises the 

intracellular ATP/MgADP ratio and closes the KATP channels. The membrane is now 

depolarized, triggering the opening of voltage-gated calcium channels. Calcium ions flow into 

the cells and trigger the secretion of insulin stored in the pancreatic cells (Fig 3B). When gain of 

function (GOF) happens in the Kir6.2/SUR1 subunits, as found in neonatal diabetes (NDM) 

patients, the KATP channel will be insensitive to the inhibition effect of ATP, the membrane thus 

stay hyperpolarized, and there will be inhibition of insulin release (Fig 3C); when loss of 

function (LOF) happens in the Kir6.2/SUR1 subunits, the channel activity will be reduced and 

cause a continuous depolarization. In this case, calcium channels will tend to stay opened, and 

continuously trigger the hypersecretion of insulin (Ashcroft et al., 2005). This situation is 

typically found in congenital hyperinsulinism (CHI) patients (Fig 3D).  
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Ashcroft F. M. (2005). The Journal of clinical investigation, 115(8), 2047–2058.  

Figure 3. KATP channels involved in insulin releasing mechanism, triggered by glucose traveled into the cells. 
A. A start state of pancreatic cell, when blood glucose is low, there will be not much ATP generated, MgADP is 
playing a main role here, so KATP channel is not inhibited by ATP thus membrane stays hyperpolarized. The resting 
potential is -70mV, there is no calcium ion getting through voltage-gated calcium channel thus insulin is not 
released. B. When blood glucose is high, there will be more ATP generated in the cell and tend to bind on Kir 
binding pocket to inhibit opening of the channel. Potassium stopped efflux and membrane potential decreases and 
the membrane is depolarized. In this case, voltage-gated calcium channel is stimulated and initiate calcium influx. 
When calcium ions getting in, they will send the signal and stimulate insulin secretion as a second messenger. C. An 
example of NDM, and D is an example of CHI.  

1.4.1  Neonatal Diabetes Mellitus (NDM) 
NDM is a rare form of diabetes that can be misdiagnosed as type I diabetes and, in most cases, 

occurs in the first 6 months of life (De Franco et al., 2020). It is caused by gain of function of 
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KATP channels in pancreas islet cells through reducing ATP inhibition or enhancing MgADP 

activation (Ashcroft et al., 2017), leading to the hyperpolarization of the membrane, closure of 

voltage-gated calcium channels and inhibition of insulin secretion. Previously requiring injected 

insulin for therapy, sulfonylurea drugs, which inhibit KATP channels, can now be used to close 

the channels, reducing the pain of injections. Glibenclamide is a sulfonylurea that can be taken 

orally (Ashcroft et al., 2017) and can stimulate insulin secretion by closing the channels directly 

(Pipatpolkai et al., 2020). Orally taking glibenclamide has proved able to maintain euglycemia 

without injection of insulin and even more, the medicine may be stopped after a course of 

treatment and blood glucose may not bounce back (Şıklar et al.,2011). In one reported case, a 30-

day male presented a stable normal blood glucose level after gradually reducing dosage of 

glibenclamide until 5 months and, at 8 months, completely stopped medication (Şıklar et 

al.,2011). Thus, compared to life-long injecting of insulin, orally taking glibenclamide can not 

only reduce the pain of injection, but also cut down the reliance on the medicine.  

1.4.2  Congenital Hyperinsulinism (CHI) 
CHI is another monogenetic disease, caused by loss of function of KATP channels, with the 

opposing phenotype – hypersecretion of insulin and hence low blood glucose. This type of 

condition is also typically identified in neonates (Boodhansingh et al., 2019). Loss of function of 

KATP channels was first discovered in 1995 (Thomas et al., 1995), the mechanisms including 

preventing channel trafficking onto the membrane surface, impairing the binding abilities of 

MgADP on SUR subunits (Nichols et al., 1996). Diazoxide, which activates KATP channels, is 

used as a major treatment for CHI, it has been found effective with KCNJ11 missense mutations 

and some ABCC8 mutations (De Franco et al., 2020).  
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Chapter 2: Maturity Onset Diabetes of the 
Young (MODY) 

2.1 Introduction to MODY 
Maturity Onset Diabetes of the Young (MODY) describes a group of diabetes conditions that 

happen typically before 25, characterized by above normal blood sugar levels (MedlinePlus, 

2022), with decreased insulin release from the pancreas, so that glucose remains in the blood 

rather than being absorbed by cells. It is a genetic disease, caused by mutation of several genes 

(Table 1). MODY is usually identified at age of adolescence or early adulthood and is distinct 

from the common type I and type II form of diabetes. In the United States, up to 2% of MODY 

cases are diagnosed in adolescents of 20 or younger (Pinto et al., 2021). It is caused by single 

gene mutations and in genes that are expressed in pancreatic β cells and involved in insulin 

secretion and releasing process. 

MODY is basically divided into types 1 to 14 based on mutated genes (Horikawa, 2018): GCK, 

HNF1A, HNF4A, HNF1B, INS, NEURO1, PDX1, PAX4, ABCC8, KCNJ11, KLF11, CEL, 

BLK, and APPL1 (Table 1). Type 12 and 13 are NDM caused by ABCC8 or KCNJ11, discussed 

above. 
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Yeungnam Univ J Med 2020;37(1):13-21. 

Table 1. Table of 14 subtypes of MODY found on different genes, and their clinical characteristics of gene 
function, pathophysiology, features, and associated treatments. MODY 12 found mutations on ABCC8 gene and 
MODY 13 found on KCNJ11 gene are involved in ATP-sensitive potassium channel (KATP channel) construction 
and functioning, mutations happen on these two genes will lead to dysfunction of KATP channel in pancreas β-cells 
and result in insulin releasing irregulating.  

 

2.2 Appearance of an unexplained MODY phenotypes with 
KATP mutations 
Although classified as Type 12 and 13 MODY, NDM, caused by gain of function mutations in 

ABCC8 or KCNJ11, is present from birth, and typically diagnosed in the neonatal period, rather 

than late childhood or early adulthood, as discussed above. 
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Our collaborators, Dr. Radha Venkatesan and colleagues, have collated 16 diagnosed NDM 

patients, and 19 diagnosed CHI patients, all with KATP mutations, many of the mutations having 

been previously characterized as gain- or loss of function mutants, respectively. However, they 

have also identified 11 patients diagnosed with MODY, but not neonatal diabetes, yet who also 

harbor KATP mutations of unknown functional consequence (Table 2). Many of these patients 

have been treated with the sulfonylureas glipizide, with variable results. For non-diabetic or 

well-controlled diabetic humans, there should be less than 99 mg/dL in fasting blood sugar 

(FBS), 100 – 140 mg/dL in PPBS and 4% - 5.7% in HbA1c levels. Notably, the initial post 

prandial blood sugar (PPBS) of patients with MODY mutations are ranging from 204 mg/dL to 

464 mg/dL, which is much higher than normal, and in many cases, repeated measures following 

initiation of glipizide treatments, there was little or no improvement. 

In order to record the channels activities of these MODY-associated KATP mutations at the 

molecular level, I have collected the specific MODY mutations from our collaborators in India 

that are listed at Table 2: H36D, G163S, R519C, R519H, A758V, V849I, D897E, A1007T, 

R1352C and R1436P on ABCC8. After research on NCBI and mutation locations, I eventually 

confirmed the gene sequence reference is NM_000352. 

2.3 The object of thesis: to understand the basis of MODY 
in a Cohort of patients with KATP mutations 
Intriguingly, among the collected information of MODY patients, some of the mutations 

(D860H, A977T, V601I) have also been reported in CHI (Table 2), although the channel 

functional consequences have not previously been reported. Importantly, treatment of these 

individuals with the sulfonylurea gliclazide, did not obviously improve their blood glucose 

control (Table 2). On the opposites, Arg1352Cys, Arg1436Pro, Ala758Val and Gly163Ser also 
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show a very poor response to treatments. What is also worth mentioning is, patient with mutation 

H36D was experiencing a recurring high blood glucose recorded from 143mg/dL to 329 mg/dL 

in FBS, 303 mg/dL to 464 mg/dL in PPBS, the blood glucose level rising instead of lowering 

between the first and the third measures following initiation of treatments.   

A.  
 

B.  
Table 2.  Blood sugar indices of MODY patients compared to blood sugar standards. A. FBS, PPBS and 
HbA1C level of MODY patients with certain mutations recorded as clinical data. The data were obtained 
among a four year range from 2018-2022. B. The standard of blood sugar levels from normal to diabetes 
according to three different indices. Fasting blood sugar (FBS) is the blood glucose value measured before 
breakfast the next day after 8-12 hours fasting. The normal level should be less than 99mg/deciliter. The second is 
post-prandial blood sugar (PPBS) is the blood glucose value measured half to one hour after a meal, which reflect 
the highest blood sugar level. This level should be between 100mg/dL to 140mg/dL for a non-diabetes person. The 
glycated hemoglobin (HbA1C) is the hemoglobin and glucose binding products in red blood cells and the level of 
HbA1C reflects the prolonged blood sugar level. The normal value for a healthy person should be around 4% to 
5.7%. 
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The diagnosis of MODY is primarily based on the fact that it happens during late childhood or 

adulthood, and that it is neither type I nor type II diabetes. Thus, three possibilities may be 

proposed for the basis of MODY in patients with mutations in KATP channels (Fig 4): 

(1) The mutations cause gain of functions of the KATP channels, and thus the patients should have 

been diagnosed as NDM as neonates but were somehow missed. 

(2) The mutations are benign and do not affect the channel functioning. 

(3) The mutation actually causes channel loss of function. In this case, the patients may have 

initially suffered from CHI and then somehow crossed over to under secretion of insulin.  

By assessing channel function of the mutants, the above hypotheses can be specifically tested, 

and this is the goal of my research. 

 

 

 

Figure 4. Relationship among CHI, Normal and NDM based on KATP activities. 
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Chapter 3: Methods, experimental process 
and results 

3.1 Preparation for stable cell lines constructing 

3.1.1  PCR of mutations 
In this project, we are using Q5® High-Fidelity DNA Polymerases in PCR protocol produced 

from Biolabs®. This high-fidelity enzyme can make the correction based on 3'- 5' exonuclease 

activity, which can be 280 times higher than original Taq polymerase, as well as having a low 

error rate (Kommedal et al., 2012). It can also lower the requirement of CG content in both 

primer and template (Biolabs®, 2022).  

The first part of plasmid construction is introducing mutations into human SUR1 (hSUR1) 

sequences. While designing primers for mutations collected from the MODY patients, we chose 

to design it into a 42 bp long primer for each mutation instead of designing a regular PCR primer 

of 20 bp long (Kommedal et al., 2012). The template plasmid (10k) sequence includes EcoRI and 

NheI restriction sites on the end of the hSUR1 clone. For the PCR protocol, each mutation 

correlates with a 50 ul PCR system, with 10 ul Q5 buffer, 10 ul Q5 enhancer, 1 ul dNTPs (10 

mM), 2 ul DMSO, 0.5 ul Q5 polymerase, 1 ul template, 2 ul primer (1ul for each direction) and 

rest of the content is milli-Q® water. The PCR cycle starts from denaturing the template at 95 °C 

for 2.5 minutes, then annealing primers at 63 °C for 10 seconds, and extension at 72 °C for 8 

minutes. Then the cycle is repeated for 25-30 times. After amplification, the products are kept at 

4°C.  

To check the PCR products are the right size, it is necessary to run an agarose gel 

electrophoresis. The mass concentration of agarose gel is 1 (g/ml) %, dissolved as powder in 
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TAE buffer, then microwaved for 2 alongside minutes. The liquid is set at room temperature to 

cool down for a while, then 1 ul/25 ml ethidium bromide, a small molecule for DNA illustration 

under UV light, is added. The samples are run with loading dye in 5:1 ratio for 20 min with 1 kb 

DNA ladder in a separat well.  

If the bands are present at the corresponding location, 1ul DpnI is added to each sample, which 

will cut the methylated site on the template plasmid. Double strands PCR products that do not 

carry methyl are maintained. DNA Samples are stored in 37°C incubator for 2 hours or 

overnight. 

3.1.2  Transformation 
Mix the PCR product with E. coli at 1:5 ratio, before setting the mixture on ice for 30min. Then 

put the mixture in 42°C for 45 seconds, and quickly put it back on ice for 2 min. Add 200 ul 

SOC to each tube, which is a medium that contains the nutrients for microbial growth 

(SigmaAldrich et al., 2022), put them on 37°C shaker for 1 h. Centrifuge the mixture at 2000rpm 

speed for 2 min, discard 180 ul of upper liquid, mix the reminder well. Then overspread the 

mixture on the surface of LB solid medium which contains 1:1000 carbenicillin, of which effect 

can also be suppressed by the ampicillin resistance gene encoded in the template plasmid.  

Culture the medium in 37°C incubator overnight.  

The next day, pick two colonies from each medium and culture each colony in 7.5 ml liquid LB 

medium with 1:1000 carbenicillin in 50 ml EP tube. Put them in 37°C vortex table overnight.  

3.1.3  Miniprep the plasmid 
In this project, we are using QIAprep® Spin Miniprep kits (QIAPrep®, 2022). Centrifuge the EP 

tubes from previous steps for 5 min at 4200 rpm, then discard the liquid. Add 250 ul 
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resuspension buffer P1 into the EP tube and mix them well with pipetting to disperse the 

bacteria. Then add 250 ul lysis buffer P2 into the EP tube to break the cell membrane. Mix 

thoroughly. The mixture should turn blue. Then prepare 350 µl neutralization N3 buffer into a 

new 1.5 ml micro-centrifuge tube, which will neutralize the basic reagents from previous steps 

and adjust the solution into a higher salt concentration condition, prepare for binding next step. 

Transfer the content in EP tube into prepared N3, mix thoroughly until the solution becomes 

completely clear. Centrifuge the 1.5 ml tube for 10 min at 12000 rpm. Transfer 800 ul of 

supernatant into QIAprep spin column with a 2 ml collection tube, centrifuge the tube for 2 min 

at 12000rpm. Then add 500 ul binding PB buffer into the column in order to bind the double 

strand DNA onto the surface of spin column membrane, centrifuge for 2 min at 12000 rpm and 

discard the flow through. Add 750 ul wash PE buffer into the column to wash out extra 

remaining salt on the spin column membrane, centrifuge for 2 min at 12000 rpm and discard the 

flow through. Then centrifuge for another 1 min, discard the flow through. The last step is 

extracting DNA from the column. Transfer the column into a new 1.5 ml micro-centrifuge tube, 

add 50 ul elution buffer EB into the spin column, stay for 1min allowing PE buffer to volatilize, 

and centrifuge for 2 min at 12000 rpm. Discard the column and the flow through in 1.5 ml tube 

contains the plasmid DNA we want. 

3.1.4  Sequencing  
Send the plasmid DNA from the last step for sanger sequencing. Construct a 15 ul system with 

corresponding primer. The primer can walk through 800 bp long and should be at least 50 bp 

prior to the mutation sites to avoid fuzzy part in sanger sequencing.  
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3.1.5  Integrating mutations into attb vector 
This vector should contain an attb sequence, which recognize the attp sequence in landing pad 

HEK293 cell (human embryo kidney 293 cells with Crispr induced sequences). Landing pad 

HEK293 is an improved carrier for gene expression by BxbI recombinase gene induced into attb 

vector (Matreyek, Stephany et al. 2020).  After the attb on the vector recognizes attp on the 

genomic landing pad, the sequence on the vector will be able to integrate into the landing pad 

and promoted by Tet promoter contained on the landing pad sequence, which will be activated 

by doxycycline. Thus, while culturing the stable attp-attb stable cell lines, there should be 

doxycycline  contained in the culturing media.  

The other sequence needed to be included in the vector sequences are: T7, is the prompter which 

do not express in mammalian cells and allows the detection for Flag-tag; IRES, which can 

enhance the co-expression of two genes on a same vector (GeneCopoeia et al., 2022); NheI and 

EcoRI, restriction enzyme cutting sites; puromycin resistant sequence, which can be a selective 

marker while cells are cultured in the puromycin contained culturing media; and mCherry, red 

fluorescent gene to ensure the expression of the entire gene. The whole sequence should include 

as follows: (cycle) – T7 – attb— Mlu1 – hKir6.2— BglII – IRES – NheI — hSUR1— EcoRI — 

IRES— mCherry — puromycinR – (cycle). NheI and EcoRI should be on each side of hSUR1 in 

order to cut the original hSUR1 sequence out and replace it with the ones that contain the 

mutations. This part of PCR should integrate the two restriction enzymes recognizing sequences 

to each end of the insertion, and also a flag-tag sequence between NheI and the 5’ end of the 

insertion. The primers used this time have two forward sequences, cutting the flag-tag sequence 

into two with overlapping sequences, one includes half of the flag-tag, which directly integrate 

onto the upstream insertion 5’ end of DNA; the other includes the other half of the flag-tag and 
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the sequence of NheI. The third primer used is in the reverse direction in order to integrate the 

EcoRI sequence into the other end of the insertion. Since the insertion is about 5 k long, change 

the extension step of the PCR to 2.5 min and other steps keep the same. 

3.1.6  Gel extraction 
After running the agarose gel electrophoresis, cut the gel at where the correct bands present with 

a gel extractor. Put the extractor into a 1.5 ml micro-centrifuge tube, centrifuge to gather the gel 

at the bottom of the micro-centrifuge tube. Add 300 ul solubilization QG buffer into each tube. 

Put the tubes in vortex table for 10min and set the temperature at 50°C until the gel completely 

resolve in the QG buffer. If the solution stays yellow, which means the pH value is lower than 

7.5, and is efficiency for DNA extraction. After the gel has completely resolved, add 100 ul 

isopropanol into each tube to precipitate DNA since DNA is less soluble in isopropanol. Transfer 

the solution into a QIAprep spin column with the collection tube, centrifuge the tube for 1min at 

12000 rpm and discard the flow through. Add 650 ul wash PE buffer into each column to wash 

out the extra salt, centrifuge for 1min at 12000 rpm, and discard the flow through. Centrifuge for 

another 1min and discard the flow through. Then transfer the column to a new 1.5 ml micro-

centrifuge tube, add 30 ul elution buffer EB into each tube to extract the double strand DNA. Set 

the tubes still for 1 min and centrifuge for 1 min at 12000 rpm. The flow through in micro tubes 

is the DNA we need.  

3.1.7 Ligase the insert into the vector 
Construct a 20 ul system with 1 ul of NheI and EcoRI each, 2 ul of rCutSmartTM buffer 

(Biolabs®, 2022), 5ul insert and 11 ul milli-Q® water, store in 37°C incubator 2 h or overnight, to 

cut out the extra parts on the insert and cut the vector into two parts (5 k and 7 k). Run the vector 

on an agarose gel and cut the 7 k part out from the gel. Do the gel extraction again to purify the 
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insert and extract the 7 k vector. Construct a 20 ul system with 2 ul ligase buffer, 1 ul ligase, 14 

ul insert and 3 ul vector. Store it in a 4°C refrigerator overnight, to integrate the insert into the 

cut vector. 

The transformation and min-prep process is the same as 3.1.2 and 3.1.3. 

Construct a 20 ul system with 1 ug sample, 1 ul restriction enzyme KpnI, 2 ul of rCutSmartTM 

buffer and the rest of the content is milli-Q® water. Load the samples with the loading dye in 5:1 

ratio, run the gel for about 20 min with 1kb DNA ladder. Send the samples that presents on the 

correct locations for Sanger sequencing.  

3.1.8 Cell line construction 
Digest the HEK293 with 200 ul trypsin, put the petri dish into the 37°C incubator for 2 min. Mix 

the solution thoroughly through pipetting a few times to make sure cells detached from the 

bottom of the petri dish. Transfer 25 ul of solution into each well of a flat bottom 48-wells plate, 

add 200 ul DMEM with 10% FBS and PS cell culture medium into each well, mix thoroughly 

but gently so won’t harm the cells. Retain two drops of the cells for sub-culturing. 

3.1.8.1 Transient cell line construction 
We constructed cell lines for 10 mutations, 1 wild type and 1 for blank cells. The plasmids that 

do not contain attp-attb recombination recognizing site and BxbI recombinase sequence were 

used for transient transfection. In this case, we can carry out immediate experiments to assess 

channel activity.  

Prepare two 1.5 ml PVC tubes, add 600ul opti-mem in each. Add 1.2 ug mCherry in the first 

tube, transfer 50ul into a new tube, add 3.3 ug hKir6.2 (in pcDNA3.1 -) into the remaining 550 ul 

of the mixture, mix thoroughly. Separate the mixture into 11 copies for the wild type and 10 
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mutations, add 500 ng hSUR1 (in pcDNA3.1 -) of the wild type or mutations to each tube. Then 

add 36 ul Fugene in to the second opti-mem tube, mix thoroughly. Wait for 5 min and transfer 53 

ul of Fugene-Opti-mem mix to each of the tubes separated from the first mixture. Wait for 15-25 

min and then drop the mixture onto the blank cells cultured on the 48-wells plate.  

3.1.8.2 Stable cell line construction 
The procedures for constructing stable cell lines are similar to the transient cell lines. However, 

we are using BxbI vector hence mCherry and hKir6.2 do not need to be added specially. So, we 

only need to apply attb and BxbI plasmid into the separated PVC tubes.  

3.1.8.3 Passaging cells 
Take out the petri dishes from 37°C incubator, add 200 ul trypsin and put the petri dishes back 

into the 37°C incubator for 2 min. After cells are digested, transfer two drops into a new petri 

dish, add 1.5 ml culture media and discard the old petri dishes. 

3.2 DiBAC4(3) Assay testing channel activities 

3.2.1 DiBAC4(3) Assay 
DiBAC4(3) is a small molecule with negative charge, it is fluorescent and can shuttle back and 

forth through the cell membrane according to the membrane potential (Adams et al., 2012). The 

molecular formula is C27H40N4O6 and its 2D structure is shown below (Fig 5). When the 

membrane is depolarized, it will enter cells and bind to intracellular protein or membrane and 

increase intracellular fluorescent intensity. When KATP channels are inhibited, the membrane will 

be depolarized, resulting in DiBac4(3) entering the cell and hence the fluorescence intensity will 

increase. Conversely, a higher fluorescent intensity indicates depolarization of the membrane, 

and lower channel activity. Thus, DiBAC4(3) can be used to indicate the membrane potential and 

indirectly channel conductance.  
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This method is carried out in intact cells, in a condition which is similar to body environment, 

and measurements can be made very fast, with results of all mutations being available in a three-

day period. 

 

Figure 5. DiBAC4(3) molecule structure 

3.2.2 DiBAC4(3) Assay protocol 
Apply 80 ul poly-L-lysine into each well of a flat bottom 96-well plate by pipetting, in order to 

enhance the cell adhesion to the plate. Store in 37°C incubator overnight. Since we have 10 

mutations as experimental group, 1 wild type and 1 blank cell as control groups, we basically 

designed each column for each type of cells. And designed each two wells in a column under the 

same condition of 100 nM glibenclamide, 10%MI, 100 µM diazoxide and a basal group.  

Discard the poly-L-lysine solution. Transfer 4 ul of cells into a new petri dish after 200 ul trypsin 

digestion. Add 800 ul DMEM culturing medium with 1:5000 doxycyclin and 1:10000 

puromycin, mix the solution thoroughly but gently. Apply 100 ul of the cells to each well on the 

96-wells plate, store in 37°C incubator overnight.  

From previous studies on medicinal effects, we decided to use glibenclamide to inhibit channel 

activity, and metabolic inhibitors (MI) and diazoxide as channel activators.  

Prepare 100 nM glibenclamide, 10%MI and 100 µM diazoxide compounds before dealing with 

the 96-well plate, dissolve the compounds in 1mM K+ solution to 2.4 ml with 3:1000 DiBAC4(3) 

dye for each condition. The 1mM K+ is composed of 139 mM of NaCl, 1 mM of KCl, 2 mM of 
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CaCl2, 1 mM of MgCl2, 10 mM of HEPES and 10 mM of glucose. This solution is similar to 

normal extracellular fluid. Use DMSO in basal group since it is the compounds storing solvent. 

Discard the culturing medium and wash the wells with 1mM K+ solution two times and the third 

time use 3:1000 DiBAC4(3) dye in 1 mM K+ solution, by pipetting gently. Then apply the 

prepared compounds into each designed well and let the dye penetrate the cells for about 20 min. 

Scan the cells under fluorescent microscope under the blue light and red light, capture the photo 

under each condition for each well of cells. Since the cells express mCherry gene, the red 

fluorescent intensity will indicate the successfulness of transfection; the fluorescent intensity 

under blue light will indicate the channel activities and show up as green. 

Analyze the photographs captured by fluorescent microscope with cell profiler, and quantify 

intensities. When capturing photographs, I used 10X lens. It is better to look for a field that 

includes as many cells as possible under red light, ensuring that the cells in the field have a high 

successful rate of transfection. The typical diameter is set for 20-60 in pixel units in the cell 

profiler, this range can help to exclude conspicuous spots of light coming from other small 

molecules and large clusters of cells.  

3.3 Results 
In this case, we planned to use Dibac4(3) and thallium flux assay to assess channel activities 

perform under basal physiological conditions, as well as under maximally inhibited and 

maximally activated conditions. Glibenclamide and repaglinide are channel inhibitors that are 

often used in treatments of type II diabetes, diazoxide is clinically used channel opener in 

treating excessively secreted insulin in CHI. We expect Kir6.2/SUR1 channels will show a lower 

channel activity under channel inhibitor conditions and a higher channel activity under channel 

activator conditions.  
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3.3.1 Choices for appropriate compound and drug concentrations 
We first tested glibenclamide, repaglinide, diazoxide, metabolic inhibitors and forskolin on 

control cells (with no KATP activity, transfected with Kir6.1 only) and KATP channel-expressing 

cells Kir6.2/SUR1.  

Glibenclamide is one of the sulphonylurea agents that inhibit the KATP channel activities at the 

SUR subunit (Brayden et al., 2002). WT channels are sensitive to these agents at nano molar 

concentrations. Repaglinide is another KATP channel inhibitor which is secondly used in treating 

KATP channel disorders clinically. One of the effects of forskolin is recognized and utilized as 

KATP channel blocker at low dose (Hudman et al., 2000). Diazoxide is a clinically used channel 

activator. Control cells contained Kir6.1 but without a SUR subunit, so there is no channel 

activity. We first carried out a group of parallel experiments to analyze the effect on channel 

expression and opening of each reagent and combination of certain reagent (Fig 6). 

We used 1 µM glibenclamide, 1 µM repaglinide, 100 µM diazoxide 100 µM forskolin and 

metabolic inhibitor in the first set of experiment, testing on both control and Kir6.2/SUR1 

expressing cells.  

Compared to the basal group, we showed that except for forskolin, both glibenclamide and 

repaglinide showed an inhibitory effect on Kir6.2/SUR1 channel (increased fluorescence, i.e. 

depolarization); diazoxide showed a channel activating effect on Kir6.2/SUR1 (decreased 

fluorescence, i.e. hyperpolarization) even in the presence of the inhibitor glibenclamide. 

However, MI did not show much channel activating effect whether directly applied or applied 

after glibenclamide on Kir6.2/SUR1 channels (Fig 6 orange). As expected, none of the 

compounds showed corresponding results on control cells.  
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Figure 6. Detecting fluorescence intensity based on different compounds. Glibenclamide (Glb), repaglinide 
(Rep) and forskolin (Fos) are channel inhibitors, diazoxide (Dia) and metabolic inhibitor (MI) are channel activator. 
Compared to basal group, diazoxide has a better channel activating effect than metabolic inhibitors after the 
repression of glibenclamide on Kir6.2/SUR1.  

Interestingly, while there is concentration dependent depolarization (increased fluorescence) at 

glibenclamide and repaglinide concentration between 10-4 nM to 100 nM, these reagents show 

hyperpolarization (decreased fluorescence) at concentrations of 10-4 nM to 10-5 nM, suggesting a 

potential channel activating effect, or perhaps activation of an intrinsic conductance in this range 

(Fig 7).  
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Figure 7. Average fluorescent intensities detected under different conditions. Upper. Average fluorescence 
intensities detected under 0.0001 nM – 100 nM glibenclamide and repaglinide (n=4). Both of glibenclamide and 
repaglinide showed the activating effect between 0.1nM to 0.001nM concentration range on Kir6.2/SUR1. Lower. 
Average fluorescence intensities detected under 0.0001 nM– 100 µM diazoxide on both Kir6.1 (blue) and 
Kir6.2/SUR1 (orange) (n=4). The channel opening effect are basically gradually decreasing as the concentrations 
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raising (except for 1 µM on Kir6.2/SUR1). The activating effect are appreciable under both 10 µM and 100 µM 
concentration and is the most obvious under 100 µM concentration on Kir6.2/SUR1. 

Clear depolarization is seen for both glibenclamide and repaglinide at 1 nM, thus we tended to 

use this concentration in further MODY mutation channel activities examinations. In a test of the 

concentration dependence of diazoxide, we found that both 10 µM and 100 µM can lead to 

appreciable activating effect (hyperpolarization) on Kir6.2/SUR1 channels (Fig 7).   

3.3.2 Testing the channel activities of transiently transfected cell lines with 
MODY mutations introduced into Kir6.2 and SUR1 in HEK293 cells 

3.3.2.1 Dibac4(3) Assay 
We used the Dibac4(3) assay to analyze the channel activities with mutations carried on SUR1 

subunits under 1 nM glibenclamide, 10 µM diazoxide and metabolic inhibitors (Fig 8). With an 

initial hypothesis that prediction 1 is correct (i.e. that the MODY-associated mutations are 

causing gain of function), we expected mutations will activate the channel activities.  

We initially attempted to assess channel activities with transient expression, but results were 

essentially uninterpretable (Fig 8). Since the control (blank) cells are not transfected with either 

Kir or SUR cDNAs, they were not expected to respond to any of the 4 conditions in this case, but 

the signals are as variable as the mutant signals, suggesting a significant experimental variability. 

In addition, both glibenclamide and diazoxide tended to cause hyperpolarizing signals, while MI 

caused an apparent depolarization.  
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Figure 8. The influence of single mutations on SUR1 subunit on channel activities under channel inhibitor 
and activator conditions (n=4). 

 

3.3.3 Testing the channel activities of stable cell lines with MODY mutations 
introduced into Kir6.2 and SUR1 in HEK293 cells 
In order to maintain the inhibiting effect of glibenclamide, we increased the concentration to 100 

nM. Since 100 µM diazoxide also showed an obvious activating result, we decided to switch the 

concentration to 100 µM this time. For metabolic inhibitors, we decreased its concentration to 

10%, and assessed channel activities using the DiBAC4(3) Assay.  

Using un-transfected landing-pad only (Blank) cells as a control group, there was a stable signal 

in the 4 conditions and wild type (human SUR1 + Kir6.2) signals changed as expected in the 4 

conditions.  

The level of fluorescent intensities in the blank cells illustrate the maximum depolarization of the 

membrane with no KATP channel expression (Fig 9A). Compared to the blank cells, wild type 
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showed a decrease in the basal fluorescent intensity, which means there is a channel activity 

under the controlling condition in WT.  

The WT showed even more channel activities under the applications of both channel activators. 

In addition, 100 µM diazoxide showed more significant channel activating effect on WT. The 

channel activities under 100 µM of diazoxide indicate the maximum hyperpolarization of the 

membrane, under the assumptions of similar number of channel expression in both WT and 

mutants since they are all from the same batch of transformation.  

When treated with 100 nM glibenclamide, WT fluorescent intensity reached about the same as 

blank cells, indicating that the channel activities are almost fully inhibited in this condition (Fig 

9A).  

Very interestingly, compared to the wild type, no mutation presented higher basal activity (i.e. 

hyperpolarization), and many showed much less or no activity. In mutations G163S, V897I and 

R1436P, there was a very high basal signal, and no effect of the channel opener, consistent with 

essentially no channel activities, comparable to the glibenclamide condition for mutations G163S 

and R1436P (Fig 9B). These results indicate a loss of channel function due to the mutations, 

essentially a complete loss in mutations G163S and R1436P, which is opposite to the hypothesis 

that these MODY mutations are similar to NDM mutations, characterized by gain of function. 

Even though both patient groups are diagnosed with high blood glucose.  
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A.  
B.  
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Figure 9. Fluorescent intensity. A. Dibac fluorescent of blank cells and WT (n=5-9). The difference between 
treatments after channel inhibitor and channel activators is distinctive compared from basal condition. Stars indicate 
the P-value analyzed by one-way ANOVA by Prism. More stars mean a smaller P-value, and more significant 
between two groups. B. Dibac fluorescent indicating channel activities of mutations under different 
pharmacological treatments (n=5-9)  

Under the basal condition, all the mutants showed a higher intensity than wile type, which 

indicates the channel activities in mutants are lower than the wild type, and the KATP channels 

function may be lost. This indicates that these mutations are not causing MODY 12 and 13, 

which are recognized as neonatal diabetes caused by gain of functions on KATP channels. 

Particularly, G163S, D897E and R1436P showed a much higher intensity, reflecting an apparent 

almost complete loss of activity.  

Under the condition of 100 µM diazoxide, nearly all the mutants showed a significant channel 

opening, except for G163S and R1436P. These two mutants showed a similar fluorescent 

intensity to the blank cells. This might have no response to the drug treatments. 

The mutants showed a similar result under 10% MI condition to the 100 µM diazoxide. G163S 

and R1436P still have no response to the drug treatment. This can give us a possibility that there 

might be no channel expressing in these two mutants.  

In 100 nM glibenclamide, channel activities are comparable to the blank cells and G163S and 

R1436P again, showed even higher fluorescent intensities to the blank cells.  

3.3.4 Discussion and future directions 
The results show that all of the mutations associated with a MODY diagnosis caused loss of 

function in KATP channels. Back to our predictions on how mutations may affect the channel 

activities, the results are not consistent with hypothesis 1, i.e. none of them caused gain of 

function. They are also not consistent with hypothesis 2, i.e. that the mutations were without 
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effect, and therefore not contributing to the phenotype. Instead, especially in mutations G163S 

and R1436P, there was no channel activity in any condition applied. These patients would thus 

be predicted to suffer from CHI, which has been shown to result from channel loss of function 

(Maiorana et al., 2014), and associated with hyperinsulinism during their life as infants; patients 

with NDM suffer from diabetes as neonatal life have been recorded with gain of function 

mutations (Remedi et al., 2009). Combining the clinical observation and experimental studies of 

these MODY-associated mutations, both loss of function of channel activities and high blood 

glucose are present. In this case, a new question has been brought out that the inconformity 

between the mutation induced channel behavior and blood glucose level in MODY patients, and 

suggests that these patients, rather than suffering from a subtle NDM, have transitioned from 

CHI to diabetes, as has been reported in isolated cases (Işık et al., 2019). This may bring us to 

recognize a new subtype of  MODY, in which patients may have suffered from CHI during their 

infant period, and somehow transit into diabetes along with their growth to an elder age.  

The results provide a future direction to work on. Other than the effects of channel inhibitors and 

activators, the efficiency for channels trafficking onto the membrane surface should be 

considered in further studies. G163S and R1436P have been shown similar channel behavior 

compared to the blank cells, which raises the possibility that there are trafficking defects as seen 

in some recognized CHI mutations (Kharade et al., 2016), with no channel expressing in the 

cells. Besides, these two mutations gave an incredibly high fluorescent intensities than the blank 

cells in Dibac3(4) assay, caused by an unknown reason. The flag tag inserted into the plasmid, in 

this case, can be utilized in channels trafficking to membrane surface. Furthermore, the 

relationship between MODY 12, 13 and other types may also give us some insights in how 

MODY mutations affecting the channel abilities.  
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