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A BS TR AC T

BACKGROUND

The ATP-sensitive potassium (KATP) channel, composed of the beta-cell proteins sul-
fonylurea receptor (SUR1) and inward-rectifying potassium channel subunit Kir6.2, 
is a key regulator of insulin release. It is inhibited by the binding of adenine nucle-
otides to subunit Kir6.2, which closes the channel, and activated by nucleotide bind-
ing or hydrolysis on SUR1, which opens the channel. The balance of these opposing 
actions determines the low open-channel probability, PO, which controls the excit-
ability of pancreatic beta cells. We hypothesized that activating mutations in ABCC8, 
which encodes SUR1, cause neonatal diabetes.

METHODS

We screened the 39 exons of ABCC8 in 34 patients with permanent or transient neo-
natal diabetes of unknown origin. We assayed the electrophysiologic activity of mu-
tant and wild-type KATP channels.

RESULTS

We identified seven missense mutations in nine patients. Four mutations were famil-
ial and showed vertical transmission with neonatal and adult-onset diabetes; the re-
maining mutations were not transmitted and not found in more than 300 patients 
without diabetes or with early-onset diabetes of similar genetic background. Mutant 
channels in intact cells and in physiologic concentrations of magnesium ATP had a 
markedly higher PO than did wild-type channels. These overactive channels remained 
sensitive to sulfonylurea, and treatment with sulfonylureas resulted in euglycemia.

CONCLUSIONS

Dominant mutations in ABCC8 accounted for 12 percent of cases of neonatal diabetes 
in the study group. Diabetes results from a newly discovered mechanism whereby the 
basal magnesium-nucleotide–dependent stimulatory action of SUR1 on the Kir pore 
is elevated and blockade by sulfonylureas is preserved.
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Neonatal diabetes is a form of dia-

betes mellitus defined by the onset of 
mild-to-severe hyperglycemia within the 

first months of life. Permanent neonatal diabetes 
requires lifelong therapy; transient neonatal dia-
betes remits early, with a possible relapse during 
adolescence. More than half of cases of transient 
neonatal diabetes are associated with abnormali-
ties of an imprinted region on chromosome 6q24.1,2 
Some cases of permanent neonatal diabetes and 
rare cases of transient neonatal diabetes are caused 
by mutations in the KCNJ11 gene encoding the 
inwardly rectifying potassium-channel subunit 
(Kir6.2) of the ATP-sensitive potassium (KATP) 
channel expressed at the surface of the pancreatic 
beta cell.3,4 A few cases of permanent neonatal dia-
betes are attributed to mutations in the genes that 
encode glucokinase,5 insulin promoter factor 1,6 
pancreas transcription factor 1α,7 FOXP3,8,9 or the 
eukaryotic translation initiation factor 2-alpha ki-
nase 3.10

KATP channels of the pancreatic beta cell regu-
late insulin release. A small number of overac-
tive mutant channels can hyperpolarize the beta 
cell, reduce calcium influx through voltage-gated 
calcium channels, and decrease insulin secretion. 
The beta-cell KATP channel is a hetero-octa-
mer11-13 assembled from Kir6.214 and the high-
affinity beta-cell sulfonylurea receptor (SUR1, en-
coded by ABCC8).15 KATP channels link nutrient 
metabolism with membrane electrical activity by 
sensing adenine nucleotides. Nucleotide binding 
to the tetrameric Kir6.2 pore reduces the mean 
open-channel probability (PO 

),16,17 whereas magne-
sium-nucleotide binding or hydrolysis (or both) on 
SUR1 counterbalances this inhibition to increase 
the PO.18-20 Mutations affecting either subunit could 
alter this balance. Consistent with this mechanism 
are the findings that mutant Kir6.2 with reduced 
sensitivity to inhibitory ATP causes neonatal diabe-
tes in mice21 and humans,3,22 whereas mutations 
in ABCC8 that compromise the stimulatory effect of 
magnesium-nucleotide binding cause persistent 
hyperinsulinemic hypoglycemia.23,24 Since there 
are numerous cases of neonatal diabetes of un-
known cause, we screened patients with neonatal 
diabetes for mutations in ABCC8.

Methods

Between 1995 and 2005, we studied 73 patients 
from the French Network for the Study of Neona-
tal Diabetes Mellitus: 44 had received a diagnosis 

of transient neonatal diabetes, whereas 29 had re-
ceived a diagnosis of permanent neonatal diabe-
tes, 3 of whom had associated pancreatic aplasia 
or hypoplasia.2 We screened the patients for ab-
normalities in chromosome 6q24 and mutations 
in the KCNJ11 gene; glucokinase sequencing was 
restricted to patients with permanent neonatal dia-
betes. Alterations in chromosome 6q were found 
in 25 patients with transient neonatal diabetes 
(34 percent of the total study group), and muta-
tions in the KCNJ11 gene were found in 13 patients 
(18 percent of the total study group; 12 with per-
manent neonatal diabetes and 1 with transient 
neonatal diabetes). A glucokinase mutation was 
identified in one patient.2,4 We screened the 34 re-
maining patients (16 with permanent neonatal 
diabetes and 18 with transient neonatal diabetes) 
for mutations in the ABCC8 gene using sequence 
analysis, as described in the Supplementary Appen-
dix (available with the full text of this article at 
www.nejm.org). We genotyped the parents of each 
proband with mutated ABCC8, and we confirmed 
family relationships by genotyping the DNA of pro-
bands and their parents with six microsatellite 
markers. Other members of Family 16 and Fam-
ily 17, both of which had a history of transient 
neonatal diabetes, were genotyped to determine 
whether the mutant alleles segregated with dia-
betes. The study was approved by the local ethics 
committees, and all participating patients gave 
written informed consent. Parental consent was 
given on behalf of patients younger than 18 years 
of age; the study was explained to children capable 
of giving assent, and they provided oral assent.

Clinical Studies

Probands with mutations of the ABCC8 gene had 
a thorough clinical examination, and their medi-
cal records were reviewed. The two patients with 
permanent neonatal diabetes underwent a gluca-
gon stimulation test (1 mg was given intravenous-
ly, with C-peptide measured 5 and 0 minutes be-
fore glucagon administration and 5, 10, and 15 
minutes afterward) and glyburide (also known as 
glibenclamide) stimulation test (0.2 mg per kilo-
gram of body weight). Treatment with sulfonyl-
ureas was indicated on the basis of the mutant 
SUR1-channel response to tolbutamide. The pa-
tients with permanent neonatal diabetes and the 
father of the proband in Family 13 with transient 
neonatal diabetes received oral glyburide, start-
ing at a dose of 0.2 mg per kilogram per day and 
gradually increasing the dose during a one-week 
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period. Glucose levels were monitored and insu-
lin was discontinued when satisfactory metabolic 
control was achieved. Therapy for members with 
recurrent diabetes in Family 28 and Family 19 
was similarly switched to glipizide and glybu-
ride, respectively.

We compared the clinical features of the pa-
tients with transient neonatal diabetes carrying 
mutations of ABCC8 and KCNJ114 in our case series 
and 25 persons with transient neonatal diabetes 
linked to anomalies of chromosome 6 (see the 
Supplementary Appendix).2 The Wilcoxon rank-
sum test was used to evaluate differences in quan-
titative variables, and the chi-square and Fisher’s 
exact tests were used for qualitative data. All tests 
were two-sided. Differences with a P value of less 
than 0.05 were considered to indicate statistical 
significance.

Molecular Biology and Electrophysiological 
Analysis

The observed mutations were introduced separately 
into hamster ABCC8 complementary DNA (cDNA)15 
with the use of standard methods as described in 
the Supplementary Appendix. Wild-type or mutant 
SUR1 cDNA, or both, were coexpressed with hu-
man Kir6.2 and green fluorescent protein (to mark 
transfection) in COSm6 cells.25 Patch–clamp re-
cordings and analyses of the KATP-channel cur-
rent were carried out as described previously.18,25 
To compare the responses of the different chan-
nels to physiologic nucleotide conditions, the chan-
nels in the same patch were recorded in intact cells 
and inside-out mode immediately after patch iso-
lation and the values were normalized relative to 
their maximum ligand-independent response and 
expressed as the fraction of maximal activity (see 
the Supplementary Appendix).

A homology model26 of the human SUR1 core 
was used to map the mutant residues.27

R esult s

ABCC8 Mutations in Patients with Permanent 
or Transient Neonatal Diabetes

We identified seven heterozygous ABCC8 mutations 
in 9 of 34 patients with neonatal diabetes: L213R 
and I1424V in 2 with permanent neonatal diabe-
tes and C435R, L582V, H1023Y, R1182Q, and 
R1379C in patients with transient neonatal diabe-
tes. The affected amino acids are conserved in the 
rat, mouse, chicken, and Japanese Takifugu fish; 

this suggests that they are critical for channel func-
tion. We did not observe these mutations on se-
quencing the relevant exons of 180 patients with 
diabetes and 140 unrelated white persons of French 
origin without diabetes. Furthermore, we detect-
ed no additional nonsynonymous changes in the 
ABCC8 exons that were unaffected by mutations in 
a subgroup of 110 patients with diabetes, includ-
ing 24 probands with maturity-onset diabetes of 
the young (MODY) from families without known 
MODY-associated mutations.

The partial pedigrees of families carrying 
mutations of ABCC8 are shown in Figure 1. The 
L213R, H1023Y, and I1424V were noninherited 
mutations, as were the L582V and R1379C muta-
tions in one family each. The L582V and R1397C 
mutations were also inherited in one family each, 
as were the C435R and R1182Q mutations. In 
these four families, the father of each proband was 
heterozygous for the mutation and the mutant al-
leles cosegregated with diabetes. The father of the 
proband with a C435R mutation in Family 13 was 
given a diagnosis of diabetes mellitus at 13 years 
of age; after he was found to have the C435R muta-
tion, he discontinued insulin (after 24 years of 
treatment) after a successful response to glyburide 
(10 mg per day). An oral glucose-tolerance test 
showed that the father of the proband with an 
R1182Q mutation in Family 34 had diabetes; he 
is currently being treated with diet alone. In Fam-
ily 16 with a history of transient neonatal diabe-
tes, family members II-3 and II-4 were given a di-
agnosis of diabetes after 30 years of age on the 
basis of the results of an oral glucose-tolerance test 
and are currently being treated with diet alone. 
Diabetes developed in the father of the proband 
(with an R1379C mutation) in Family 17 when he 
was 32 years old, and he is receiving glyburide. The 
R1379C allele was also identified in the proband’s 
paternal grandmother who had had gestational 
diabetes and is currently being treated with diet 
and in a paternal great-aunt who was given a di-
agnosis of diabetes at 44 years of age and is cur-
rently being treated with sulfonylureas.

We found mutations of ABCC8 in 9 of the 34 
patients with neonatal diabetes in our case series 
in whom no genetic defect had previously been 
identified. These 9 patients account for 12 percent 
of the 73 patients with neonatal diabetes included 
in the study. Of the 29 patients with permanent 
neonatal diabetes in the study, 12 had KCNJ11 
mutations (41 percent), 2 had ABCC8 mutations 
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(7 percent), and 15 had no apparent mutations (52 
percent). Fifty-seven percent of the 44 cases of 
transient neonatal diabetes were attributable to 
anomalies of chromosome 6q, 2 percent to mu-
tations of KCNJ11, and 15 percent to mutations of 
ABCC8. The cause of 11 cases of transient neona-
tal diabetes remains to be determined.

Diabetes

Table 1 summarizes the clinical characteristics of 
probands with mutant SUR1. Diabetes mellitus 
was diagnosed in patients at a median of 32 days 
of age (range, 3 to 125) with hyperglycemia lead-
ing to polyuria and polydipsia in five patients and 
ketoacidosis in two patients. Probands in Family 

17 and Family 34 had low birth weights and hy-
perglycemia. There were no detectable anti-islet 
antibodies, and ultrasonography revealed no pan-
creatic abnormalities. Initial insulin treatment was 
required for 1, 2.5, 3, 4, 4, 8.5, and 10 months in 
probands with transient neonatal diabetes in Fami-
lies 16, 34, 17, 19, 13, 36, and 28, respectively. 
The last documented dose of insulin varied from 
0.12 to 1.2 U per kilogram per day, with a mean 
of 0.67 U per kilogram per day. After identifica-
tion of the mutations in the patients with perma-
nent neonatal diabetes, glyburide therapy was ini-
tiated and found to be successful and insulin was 
discontinued after 2 days in the proband from 
Family 12 and after 15 days in the proband from 
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Figure 1. Diabetes and ABCC8 Mutations in Nine Families with Neonatal Diabetes.

Panel A shows the pedigrees of seven families with ABCC8 mutations. Panel B shows the extended pedigrees of two additional families. 
In each panel, the mutation identified in each family is given in parentheses, and the ABCC8  alleles are indicated: N denotes wild-type, 
M mutant, and NA not available for testing. Squares represent male fam ily members, circles female family members, symbols with a 
slash deceased family members, gray symbols family members with neonatal diabetes, black symbols family members with type 2 dia-
betes occurring later in life, and hatched symbols family members with remitting diabetes. In Family 19 and Family 28, both of which 
had a history of transient neonatal diabetes, the age (in years) at relapse of transient neonatal diabetes is indicated within the gray sym-
bols. In Family 17 with a history of transient neonatal diabetes (Panel B), Patient III-3 was given a diagnosis of gestational diabetes 
 (indicated by cross hatching). In Families 13, 16, and 17, the proband with transient neonatal diabetes is indicated by an asterisk.
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Family 16. The current doses of glyburide are 0.59 
and 0.22 mg per kilogram per day, respectively.

Two of the patients with transient neonatal 
diabetes required insulin again later in life. Hyper-
glycemia recurred in the proband from Family 28 
at 16 years of age; this patient was treated with 
insulin and then was given glipizide (0.16 mg per 
kilogram per day). The proband from Family 19 
required insulin at 11 years of age, and when he 
was 16 years of age, his treatment was switched 
to glyburide (0.28 mg per kilogram per day). These 
doses are at the high end of, or exceed, doses of 
glipizide and glyburide currently recommended by 
the Food and Drug Administration for treating 
type 2 diabetes in adults.

Neurologic Features

The proband with permanent neonatal diabetes 
from Family 12 presented with developmental de-
lay, but in contrast to some persons carrying a mu-
tation of KCNJ11, did not have seizures or muscle 
weakness. His parents reported that he had motor 
and developmental delays, which were subsequent-
ly documented to include dyspraxia. The proband 
with transient neonatal diabetes from Family 17 
presented with minor dystonia. The proband with 
transient neonatal diabetes from Family 16 showed 
slow ideation, and the proband with transient neo-
natal diabetes from Family 13 had minor visual 
and spatial dyspraxia. None of the probands had 
the facial features associated with some mutations 
of KCNJ11.3 None of the other index patients had 
abnormal cognitive function or development.

Metabolic Tests

The baseline fasting levels of C-peptide in the pro-
band with permanent neonatal diabetes from Fam-
ily 12 and Family 16 were low (0.24 and 0.63 nM, 
respectively) but increased by 358 percent to 1.1 nM 
and by 222 percent to 1.4 nM, respectively, two 
hours after treatment with oral glyburide. Con-
sistent with the presence of beta-cell dysfunction, 
stimulation by glucagon was impaired, with incre-
ments of 79 percent (0.19 nM) and 106 percent 
(0.67 nM), respectively, over baseline levels. (A nor-
mal response is an increment of at least 150 per-
cent.)

Clinical Features of Neonatal Diabetes According to 
Genetic Cause
The birth weights of 25 patients with transient neo-
natal diabetes linked to anomalies of chromosome Ta
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6 were low, with the birth weight of 20 of 25 in 
the lowest 3 percent of the population, as com-
pared with 3 of 7 patients with transient neonatal 
diabetes caused by mutant SUR1 (P = 0.01) (Table 
1, and the Supplementary Appendix). Macroglos-
sia was present in 4 of the 25 probands with tran-
sient neonatal diabetes related to an anomaly in 
chromosome 6q24 region, but not in the patients 
with transient neonatal diabetes associated with 
a SUR1 mutation. Diabetes was diagnosed earlier 
in patients in the former group than in the latter 
group (mean of 4.0 vs. 29.9 days, P<0.05), which 
probably reflects, at least in part, the lower birth 
weights of the patients in the former group (20 
vs. 2 with low birth weights, P = 0.02), since pa-
tients with a low birth weight are more likely to 
have systematic glucose monitoring. Other clinical 
features, including developmental delay and the 
frequency and time of recurrence of diabetes, did 
not differ significantly between the groups. 
Anomalies of chromosome 6 were not associated 
with permanent neonatal diabetes.

As compared with 9 patients with neonatal dia-
betes caused by mutant SUR1, 13 patients with 
neonatal diabetes caused by mutant Kir6.2 had a 
similar frequency of low birth weight, similar dis-
tribution of age at diagnosis, and similar glucose 
levels at presentation. Ketoacidosis was more fre-
quently associated with diabetes caused by mutant 
Kir6.2 than with diabetes caused by mutant SUR1 
(9 of 13 patients vs. 2 of 9), but this difference 
was not significant (P = 0.09), possibly because of 
the small number of patients in each group. The 
prevalence of developmental delay was not signifi-
cantly different (3 of 13 patients vs. 1 of 9) and 
epilepsy was diagnosed in 1 of 13 patients with 
neonatal diabetes caused by mutant Kir6.2, but in 
none of the patients with neonatal diabetes caused 
by mutant SUR1. Dyspraxia was observed in two 
patients with neonatal diabetes caused by mu-
tant Kir6.2 and in one patient with neonatal dia-
betes caused by mutant SUR1. In our case series, 
mutations of KCNJ11 were mainly associated with 
permanent neonatal diabetes (12 of 13), whereas 
most mutations of ABCC8 (7 of 9) were linked to 
transient neonatal diabetes.

Effect of ABCC8 Mutations on KATP 
Channel Activity

The amino acids of SUR1 affected by mutation are 
at positions consistent with the mutations that af-
fect protein function (see the Supplementary Ap-

pendix). To determine whether mutations in the 
ABCC8 gene changed the PO through a change in 
the intrinsic effect of SUR1 on channel activity or 
by amplifying the stimulatory effect of magnesium 
ATP, we compared the activities of mutant and 
wild-type channels in intact mammalian cells and 
under controlled nucleotide conditions. Measure-
ments were made on the same patch in the intact 
cells and in the excised, inside-out configuration 
at a quasi-physiologic concentration of ATP in the 
presence and absence of physiologic concentra-
tions of magnesium (free magnesium concentra-
tion, 0.7 mM) (examples of currents are provided in 
Fig. S2 of the Supplementary Appendix). Figure 2 
shows that the normalized activities of mutant 
channels (containing the I1424V or H1023Y vari-
ant) in intact cells and in 1 mM magnesium ATP 
are nearly four and seven times as great, respec-
tively, as those of wild-type channels under simi-
lar nucleotide conditions. A similar concentration 
of submembrane nucleotides (1 mM) in simian 
kidney cells has been gauged by others.28 In the 
absence of magnesium, and in the presence of 
1 mM ATP, the PO of the mutant and wild-type 
channels did not differ significantly.

To test the effect of heterozygosity, we mixed 
both wild-type and mutant SUR1 with Kir6.2 and 
found that the average mean activities (in intact 
cells and in the presence of 1 mM magnesium 
ATP) were significantly greater than those of wild-
type channels (P<0.001), although somewhat lower 
than those of “homozygous” mutant channels. In 
addition, the channels associated with neonatal 
diabetes were more active than wild-type chan-
nels at other concentrations of magnesium ATP 
≥0.1 mM (see Fig. S3 of the Supplementary Ap-
pendix). These findings suggest that the hetero-
zygous mutations of ABCC8 overactivate beta-cell 
KATP channels by overstimulating the pore. To ex-
clude the possibility that overactivity of the mu-
tant I1424V and H1023Y channels is caused by ei-
ther a gain in the intrinsic, ligand-independent, 
activity or by attenuation of the inhibitory action 
of ATP on Kir6.2, we measured the mean ligand-
independent P

O
 values and steady-state ATP-inhibi-

tory curves (i.e., without magnesium) (Fig. 3). The 
maximal PO (PO MAX) values and the ATP-inhibitory 
curves for both mutant channels overlapped those 
of wild-type channels. We conclude that mutant 
I1424V and H1023Y channels overactivate beta-
cell KATP channels under physiologic magnesium-
nucleotide conditions by increasing the magne-
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sium-nucleotide–dependent stimulatory action of 
SUR1 on the pore.

Inhibition of Mutant Channels 
by Sulfonylureas

A key issue in the treatment of neonatal diabetes is 
whether mutant channels are inhibited by sulfonyl-
ureas; if they are, they could be used in place of 
insulin.29 We used tolbutamide (which binds SUR1 
specifically and is more rapidly reversible than gly-
buride and glipizide) to assess the sensitivity of the 
mutant recombinant channels (Fig. 4A and 4B). 
A concentration of 200 μM tolbutamide, which 
saturates the high-affinity binding site of wild-
type SUR1,25 inhibited wild-type and mutant chan-
nels (containing the I1424V or H1023Y variant) to 
a similar degree in the absence of magnesium 
nucleotides (Fig. 4A). This inhibition indicated that 
tolbutamide binding to SUR1 and its functional 
coupling to the Kir6.2 pore were not altered by the 
I1424V or H1023Y mutations.

To determine whether the increased stimulatory 
activity of the mutant receptor compromised the 
ability of a pharmacologic concentration of sulfo-
nylureas to abolish the stimulatory action of mag-
nesium nucleotides,25,30 we assessed the effect of 
50 μM tolbutamide under magnesium-nucleotide 
conditions that maintain substantial steady-state 
KATP currents in inside-out patches, where accurate 
detection of zero current level is possible (Fig. 4B). 
We observed the normal, enhanced inhibition of 
both permanent neonatal diabetes and mutant 
channels of transient neonatal diabetes in the 
presence of magnesium nucleotides. On the basis 
of these results, treatment with sulfonylureas, gly-
buride, and glipizide, respectively, was initiated in 
patients with permanent neonatal diabetes and 
transient neonatal diabetes and has proved ef-
fective.

Discussion

Our results indicate that heterozygous activating 
mutations in ABCC8, encoding the SUR1 regulatory 
subunit of the ATP-sensitive potassium channels 
found in beta cells, cause both permanent and 
transient neonatal diabetes. Although the molecu-
lar mechanisms of the ABCC8 and KCNJ11 muta-
tions are distinct, the cellular mechanism reduc-
ing insulin release is common to both (Fig. 4C, 4D, 
4E, and 4F). Our results are consistent with a re-
port that neonatal diabetes develops in transgen-
ic mice expressing a mutant Kir6.2 subunit with 
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Figure 2. Activities of Mutant and Wild-Type KATP Chan-
nels in Intact Cells and in Physiologic Concentrations 
of ATP in the Presence or Absence of Magnesium.

The mean (±SE) proportion of maximal channel activ-
ity for each type of channel is shown. The results were 
from 10 cells in five independent transfections of Kir6.2 
plus the mutant or wild-type SUR1, or both, as indicat-
ed on the left. (See the Methods section, and Fig. S2 
of the Supplementary Appendix, for details of the elec-
trophysiologic analysis.) The P values between rows of 
bars are for the comparison between different types of 
channels, and the P values to the right of the bars are 
for the comparison of channels in the presence and ab-
sence of magnesium.
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reduced sensitivity to inhibitory ATP and that some 
cases of permanent neonatal diabetes and tran-
sient neonatal diabetes are caused by mutations in 
KCNJ11. These studies underscore the key role of 
KATP channels in coupling beta-cell membrane po-
tential (and thus the requirement for calcium to 
release insulin-containing granules) with nutrient 
metabolism. The common pathway accounts for 
the direct overlap of the clinical features related 
to abnormal insulin release secondary to mutations 
in ABCC8 and KCNJ11. As compared with patients 
with neonatal diabetes related to a SUR1 mutation, 
patients with neonatal diabetes related to a Kir6.2 
mutation revealed no significant differences in the 
prevalence of low birth weight, age at diagnosis, or 
severity of hyperglycemia or accompanying keto-
acidosis. Mutations of KCNJ11 are typically associ-
ated with permanent neonatal diabetes, whereas 
most mutations of ABCC8 are associated with tran-
sient neonatal diabetes, perhaps reflecting a less 
severe form of diabetes.

Previous reports3,4 have highlighted a heteroge-
neity of symptoms associated with neonatal dia-
betes caused by mutant Kir6.2, which may reflect 
the sharing of the Kir6.2 pore by both SUR1–
Kir6.2 neuroendocrine channels and sarcolemmal 
SUR2A–Kir6.2 channels. The neurologic features 
of several persons with neonatal diabetes related 
to a mutant SUR1 channel imply that SUR1-con-
taining KATP channels can control the membrane 
potential of neuronal cells, such as inhibitory mo-
tor neurons.

Our data show that the net inhibitory action of 
ATP on two types of neonatal diabetes caused by 
a mutant SUR1 channel was unchanged (as com-
pared with wild-type SUR1) and that the increased 
activity of the channels, under physiologic condi-
tions, was caused by an increase in the magne-
sium-dependent stimulatory action of SUR1 on the 
pore. The position of the mutations that we have 
described, together with further investigations, 
should provide insight into the stimulatory mech-
anism. This finding is at variance with that of a 
recent study31 showing an alteration in the inhibi-
tory action of ATP on a mutant SUR1 channel.

Experiments designed to approximate the het-
erozygous condition by expression of 1:1 mixtures 
of mutant with wild-type subunits resulted in aver-
age mean activities, under physiologic magnesium-
nucleotide conditions, intermediate to those of 
wild-type and mutant channels. The maximal ac-
tivity of mixed KATP channels declines exponen-
tially as the number of wild-type subunits (with 
the less stable active conformation)18 increases in 
the complex. Therefore, the overactivating effect 
of a mutation is expected to drop off rapidly with 
the inclusion of wild-type subunits. The results 
imply that a small subpopulation of pure mutant 
channels can make a considerable contribution to 
the hyperpolarization of beta cells and perhaps of 
some neurons with electrically tight membranes 
whose potential is dominated by a small number 
of channels.

In clinical practice, there is no way to distin-
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guish patients with ABCC8 or KCNJ11 mutations 
from those with abnormalities in chromosome 
6q24. Gene sequencing is required, and a useful 
strategy is to screen chromosome 6 and the 
short, one-exon KCNJ11 gene first, unless the pa-
tients present with hyperglycemia after an over-
night fast, in which case GCK is analyzed. If no 
mutations are identified, ABCC8 is analyzed. Ge-
netic testing clearly has profound implications for 
counseling and therapy for patients with neonatal 
diabetes. In the absence of the discovery of muta-
tions in ABCC8 that compromise inhibition by sul-

fonylureas, oral sulfonylurea therapy should be 
effective for most patients with neonatal diabe-
tes caused by mutant SUR1. The efficacy of such 
therapy was also demonstrated for patients with 
Kir6.2 mutations in a study by Pearson et al.,32 
which appears elsewhere in this issue of the 
Journal.

The diagnosis of diabetes in fathers with 
ABCC8 mutations is consistent with adult-onset 
type 2 diabetes mellitus or a mild form of tran-
sient neonatal diabetes. Systematic blood screen-
ing in French newborns makes the latter un-
likely, and we propose that mutations of the 
ABCC8 gene may give rise to a monogenic form 
of type 2 diabetes with variable expression and 
age at onset. The potential contribution of over-
active ABCC8 mutations to familial early-onset 
type 2 diabetes remains to be evaluated, but 
our findings emphasize how molecular under-
standing of a rare pediatric form of diabetes 
may illuminate the more common form of the 
disease.

Supported by the French nonprofit associations Aide aux 
Jeunes Diabétiques and Association Française des Diabétiques, 
by the Juvenile Diabetes Research Foundation (1-2005-950, to 
Dr. Bryan), and by grants from the National Institutes of Health 
(DK44311 and DK52771, to Dr. Bryan).

No potential conflict of interest relevant to this article was 
reported.

We are indebted to Aurélie Dechaume, Pasteur Institute, Lille, 
France, and Christine Bellané-Chantelot, Hôpital Saint Antoine, 
Paris, for their help with sequence analysis; to Pascale De Lonlay 
for helpful discussions and to Kathleen Laborde for C-peptide 
determinations, both at the Hôpital Necker Enfants Malades, 
Paris; to Guiling Zhao, Baylor College of Medicine, Houston, for 
construction of the mutant plasmids and for cell transfections; 
to Saïda Lahmidi, Pasteur Institute, for technical assistance; to 
Sabrina Pereira, Hôpital Robert Debre, Paris, for the handling of 
the DNA bank; to the nursing staff and I. Flechtner in the pedi-
atric endocrine ward at the Necker Enfants Malades Hospital, 
for care of the patients; to the physicians of the SURNDM study 
group: C. Metz, Brest; C. Stuckens, Lille; P. Ganga-Zandzou, 
H. Ythier, Roubaix; D. Kaufman, Caen; H. Bruel, Le Havre; and 
A. Grimaldi, Paris — all in France; and to D. Paul, Lakeland 
AFB, Tex., and R. Nimri and M. Phillip, Tel Aviv, Israel, who are 
currently following some of the patients.

Figure 4 (facing page). Effect of SUR1 Mutations 
on Response to Tolbutamide (Tlb).

The mean (±SE) activity of each type of channel is 
shown in response to 200 μM tolbutamide in magne-
sium-free conditions (Panel A) and to 50 μM tolbuta-
mide in the presence of 0.5 mM magnesium ATP and 
0.5 mM magnesium ADP (Panel B). The data were de-
rived from six experiments for each condition and type 
of channel. Representative current records are provid-
ed in Figure S5 of the Supplementary Appendix. Pan-
el C shows how ATP inhibits beta-cell KATP channels 
through its interaction with Kir6.2 in a control subject. 
When glucose levels are low, this inhibitory action is 
balanced by the stimulatory action of magnesium nu-
cleotides on SUR1 (indicated by the large green arrow), 
which increases channel activity. Membrane depolar-
ization activates voltage-dependent calcium channels, 
and calcium influx stimulates insulin secretion. An in-
crease in glucose metabolism increases the ratio of 
ATP to ADP and thereby reduces the stimulatory action 
of SUR1 (Panel D). In a patient with neonatal diabetes, 
the enhanced stimulatory action of the mutant recep-
tor is sufficient to keep KATP channels open even at an 
elevated ratio of ATP to ADP, thus attenuating insulin 
release and producing hyperglycemia (Panels E and F). 
The data presented in Panels A and B, however, sug-
gest that a sulfonylurea (tolbutamide) counters the 
stimulatory effect of the mutation to stimulate insulin 
release. This result is confirmed by the response of pa-
tients with permanent neonatal diabetes and transient 
neonatal diabetes to glyburide and glipizide.
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ATP-Sensitive Potassium Channels — Neonatal Diabetes 
Mellitus and Beyond

Mark A. Sperling, M.D.

The revolution in molecular biology has led to 
widespread appreciation of a principle first de-
scribed by the British physician A.E. Garrod ap-
proximately 100 years ago — that “inborn errors 
of metabolism” teach us much about human biol-
ogy in health and disease. Neonatal diabetes mel-
litus is a prime example of this principle.

Neonatal diabetes mellitus is rare, with a re-
ported incidence of 1 per 500,000 newborns and 
an estimated incidence of 1 per 100,000 newborns 
(Hattersley A: personal communication). Most 
newborns with neonatal diabetes mellitus are 
born with intrauterine growth restriction (IUGR). 
The degree of IUGR is proportional to the degree 
of insulin deficiency in utero; this confirms the 
important role of insulin as a growth factor dur-
ing gestation. Clinical features of neonatal dia-
betes mellitus usually occur in the first three to 
six months of life, with glucosuria, polyuria, de-
hydration, failure to thrive, and frank diabetic 
ketoacidosis; serum levels of insulin and insulin-
like growth factor I are low. Treatment with in-
sulin results in dramatic catch-up growth; after 
several weeks or months, insulin may be discon-
tinued in about half these patients, but diabetes 
mellitus may recur in the second to third decade 
of life. Most of these cases of transient neonatal 
diabetes mellitus are caused by a gain-of-function 
mutation in a zinc-finger gene. A transgenic 
mouse model created by insertion of the human 
locus reproduces most of the human features 
and should provide important clues to this con-
dition.1,2

About half of patients with neonatal diabetes 
mellitus have permanent diabetes mellitus from 
the outset. For this form of neonatal diabetes, 
a variety of genetic causes have been identified. 

They include homozygous inactivating mutations 
such as pancreas duodenum homeobox 1 (PDX-1), 
also known as insulin promoter factor 1, affect-
ing proteins involved in pancreas formation, met-
abolic regulators such as the enzyme glucokinase, 
and transcription factors that regulate insulin 
secretion. Also implicated are genes involved in 
several congenital malformations.1 PDX-1 also 
contributes to classic type 2 diabetes mellitus in 
adults.1,3

The most common cause of permanent neo-
natal diabetes mellitus, however, is associated with 
activating mutations in the KCNJ11 gene, which 
encodes Kir6.2 — a subunit of the ATP-sensitive 
potassium channel (KATP) of the beta cell (Fig. 1). 
This observation was initially reported two years 
ago in the Journal by Gloyn et al.4; in this issue 
of the Journal, Pearson et al.5 build on this find-
ing. Another cause of permanent neonatal dia-
betes mellitus, as reported by Babenko and 
colleagues6 in this issue of the Journal, is associ-
ated with activating mutations in ABCC8, which 
encodes the sulfonylurea receptor (SUR1) — the 
other subunit of the beta-cell KATP channel. The 
identification7,8 of these molecules contributed to 
the development of a model of the regulation of 
insulin secretion by glucose and amino acids. In 
this scheme, chemical energy is transformed to 
electrical activity when the potassium channel is 
closed. KATP channels composed of Kir6.2 and 
SUR1 are widely expressed, regulating insulin se-
cretion by beta cells, glucagon secretion by alpha 
cells, and glucagon-like peptide 1 (GLP1) secre-
tion by intestinal L cells. They also modulate the 
counterregulatory response to hypoglycemia in 
the neurons of the ventromedial hypothalamus.9

Inactivating mutations of the SUR1 gene, 

Copyright © 2006 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at HOUSTON ACADEMY OF MEDICINE on August 3, 2006 . 
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Figure 1. Regulation of Insulin Secretion.

The Kir6.2–SUR1 complex and its regulation and genetic variability. Panel A shows the detailed subunit structure of 
the KATP channel. Panel B shows the regulation of insulin secretion by glucose or amino acids (glutamate is used in this 
example). The beta cell senses the concentration of glucose or amino acid, or both, and converts their metabolism to 
energy in the form of ATP. In turn, ATP is converted to changes in the electrical membrane that regulate voltage-gated 
calcium channels to permit the influx of calcium and thereby insulin secretion. Central to these processes is the KATP 
channel, which is composed of four small subunits, Kir6.2, that surround a central pore and four larger regulatory 
subunits constituting SUR1. In the normal resting state, the potassium channel is open, modulated by the ratio of 
ATP to ADP. Hence, the beta-cell membrane is hyperpolarized, and the voltage-gated calcium channel (L type) re-
mains closed. With the ingestion of food, the glucose concentration rises and enters the beta cell by way of the non–
insulin-dependent glucose transporter 2. Glucose is rapidly phosphorylated by glucokinase, yielding glucose-6-phos-
phate, and further metabolism yields energy-rich ATP. The now altered ratio of ATP to ADP closes the KATP channel, 
causing the accumulation of some intracellular potassium, membrane depolarization, opening of the voltage-regu-
lated calcium channel, and triggering of insulin exocytosis. PIP2 denotes phosphatidylinositol-4,5-bisphosphate.
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which keep the channel constitutively closed and 
thereby cause dysregulated secretion of insulin, 
result in familial hyperinsulinemic hypoglycemia 
of infancy.9,10 Most cases of this condition are 
caused by mutations in SUR1, and only a minor-
ity of cases result from inactivating mutations in 
the Kir6.2 gene.9,11

Whereas inactivating mutations cause hyper-
insulemic hypoglycemia of infancy, it was rea-
soned that activating mutations in the KATP chan-
nel would cause permanent neonatal diabetes 
mellitus because keeping the channel open in the 
face of an increased ratio of ATP to ADP would 
prevent depolarization and thereby limit insulin 
secretion. The findings of Pearson et al. and of 
Babenko et al. show that this is the case, and 
they reveal a mirror image of the situation rela-
tive to hyperinsulinemic hypoglycemia of infan-
cy; in neonatal diabetes mellitus, most of the 
disease-causing mutations so far observed affect 
Kir6.2, and a minority of mutations affect SUR1.4-6 
Severe developmental delay, epilepsy, and dysmor-
phic features associated with neonatal diabetes 
mellitus (known as the DEND syndrome) are 
present in some patients with permanent neona-
tal diabetes mellitus.4,5,9,12 As revealed by in vitro 
assays, the severity of these and other clinical 
characteristics is directly related to the ATP sen-
sitivity of the mutant channels: the greater the 
degree of insensitivity, the more severe the pheno-
type.4,5,9,12 The response of patients with perma-
nent neonatal diabetes mellitus and mutations 
affecting Kir6.2 to tolbutamide (a sulfonylurea 
that binds SUR1 and brings about closure of the 
KATP channel)4 suggests that the treatment of 
some other patients with permanent neonatal dia-
betes mellitus might be successfully switched to 
oral sulfonylurea medication.

Pearson et al. report the successful switching 
of the treatment of 44 of 49 consecutive patients 
with permanent neonatal diabetes mellitus (90 
percent) from subcutaneous insulin injections to 
oral glyburide. In vivo responses to this sulfonyl-
urea were extended in subgroups to investigate 
insulin responses to intravenous and oral glucose, 
a mixed meal, and intravenous glucagon, before 
and after treatment with the drug. Remarkably, 
the use of glyburide restored insulin secretion, 
and the effect was much stronger when patients 
received oral glucose or a mixed meal than when 
they received intravenous glucose; a response to 
glucagon was observed only when the treatment 

of patients was successfully switched to sulfonyl-
urea. Metabolic control of diabetes, as reflected 
by glycated hemoglobin concentrations, mark-
edly improved with the use of a sulfonylurea in 
all successfully treated patients, with values 
falling from 8.1 percent before treatment to 6.4 
percent after 12 weeks of treatment. The extent 
to which tolbutamide was able to close mutant 
ATP channels (as determined by an in vitro as-
say) was proportionate to the patient’s response. 
Hence, the authors  propose that the pharma-
cogenetic response results from the closure of 
mutant KATP channels by the binding of sulfo-
nylurea to the SUR1 regulatory subunit; this re-
stores insulin secretion consequent to glucose 
metabolism with amplified effects through in-
cretins such as GLP1, the levels of which increase 
after ingestion of nutrients.

This proposition is reasonable, although not 
all of the beneficial effects depend on the beta-
cell response; as Pearson et al. note, KATP chan-
nels also modulate the GLP1 response in gastro-
intestinal L cells and glucagon secretion by alpha 
cells. Counterregulatory hormone responses to 
hypoglycemia mediated by KATP channels in the 
ventromedial hypothalamus before and after treat-
ment with a sulfonylurea may be the subject of 
future investigations.

Babenko et al. report the successful switch 
from insulin injection to oral sulfonylurea ther-
apy by five of nine patients with permanent neo-
natal diabetes mellitus caused by mutations in 
the SUR1 regulatory subunit of KATP. Four of these 
mutations, which were found in patients with 
familial diabetes mellitus, showed vertical trans-
mission with neonatal and adult-onset diabetes.

The response of patients with permanent neo-
natal diabetes mellitus with mutant Kir6.2 or 
mutant SUR1 to sulfonylureas illustrates the 
power of genetics to identify patients who may 
benefit from a treatment. It is ironic that a drug 
initially developed to treat millions of patients 
affected by type 2 diabetes mellitus, generally 
considered a disease of middle to older age, should 
find its most physiologic application in newborns. 
Clearly, all newborns in whom clinical diabetes 
mellitus — transient or permanent — develops 
within six months after birth should be tested 
for mutations in the gene encoding Kir6.2 and, 
in the absence of a positive result, SUR1. (Be-
cause the KCNJ11 gene, which encodes Kir6.2, 
has 1 exon and the ABCC8 gene, which encodes 
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SUR1, has 39 exons, and because, as compared 
with mutant SUR1, mutant Kir6.2 is a more com-
mon cause of permanent neonatal diabetes, a sen-
sible approach would be to analyze Kir6.2 first.) 
On a related note, since neonatal diabetes melli-
tus is a congenital disease with an incidence of 
approximately 1 per 100,000 newborns, has se-
vere consequences if left untreated, and in many 
cases can be treated by a pill, a test for it should 
be included as part of routine newborn screen-
ing programs.

It is also intriguing to consider the role of 
these mutations in adults with diabetes mellitus. 
One mutation affecting Kir6.2 has been identi-
fied as a cause of transient neonatal diabetes 
mellitus, childhood diabetes, and the later onset 
of classic type 2 diabetes mellitus.1 Mutations 
affecting Kir6.2 and SUR1 have been identified 
in familial forms of diabetes mellitus; milder mu-
tations may contribute to the clinical appearance 
of type 2 diabetes mellitus when insulin resis-
tance develops. Hence, genotyping of a large 
number of patients with type 2 diabetes melli-
tus may prove rewarding by determining the ex-
tent to which patients with Kir6.2 mutations or 
polymorphisms might benefit from sulfonylurea 
therapy.
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Cardiac Resuscitation — When Is Enough Enough?
Gordon A. Ewy, M.D.

Cardiac arrest is a leading cause of death in the 
United States.1 In spite of periodic updates of 
the Guidelines for Cardiopulmonary Resuscita-
tion and Emergency Cardiovascular Care of the 
American Heart Association (AHA) (hereafter re-
ferred to as the AHA guidelines), survival rates 
are dismal in the absence of early defibrillation 
and have remained essentially unchanged for dec-
ades.1,2 In large cities in the United States, over-
all survival of out-of-hospital arrest of presumed 
cardiac cause is about 1 percent — approximately 
the rate that has been suggested to define medi-
cal futility.2,3 The cost of providing emergency 
medical services (EMS) to persons with out-of-
hospital arrest of presumed cardiac cause is con-
siderable. Given these facts, the cost–benefit ratio 
might be questioned.

At one end of the spectrum of patients with 
out-of-hospital arrest of presumed cardiac cause 
are those in whom the arrest was not witnessed, 
those in whom the arrest was witnessed but no 
resuscitative efforts were made by a bystander, 
and those for whom the arrival of EMS person-
nel was late. This subgroup of patients have lit-
tle chance of survival. If, in addition, a shock is 
not delivered or advised and there is no return 
of spontaneous circulation, almost none survive. 
Transportation of such patients to the emergency 
department consumes resources, puts the public 
(because of road hazards) and the providers at 
risk, increases costs, and may decrease the avail-
ability to other patients of the resources of the 
EMS system and the emergency department.4

It has therefore been acknowledged by expert 
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METHODS 

Between 06/1995 and 06/2005, 73 patients with neonatal diabetes were referred to the French 

network for the study of neonatal diabetes mellitus for genetic diagnosis.  This network began as 

a retrospective study and has evolved into a prospective multi-center effort.  Patients were 

recruited on a voluntary basis through a network of physicians involved in the treatment of 

diabetes mellitus.1 

Sequencing 

Genomic DNA was amplified by PCR with primers designed to cover all 39 exons and flanking 

intron-exon boundaries of the ABCC8 gene. The PCR products were purified using 

Multiscreen® PCRµ96 plates (Millipore, Billerica, MA) and directly sequenced by double-

stranded DNA cycle sequencing (Applied Biosystems, Foster City, CA) according to the 

manufacturer’s instructions.  The identity of mutations was confirmed on each sample by re-

sequencing using the original genomic DNA.  All of the nucleotide sequence analysis was  

verified by two independent examiners. 
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Molecular Biology 

Mutations for the analysis of ND channels were introduced into hamster SUR1 cDNA2 using the 

Quik-Change mutagenesis protocol (Stratagene, Inc, La Jolla, CA).  All the mutated residues are 

conserved in hamster vs human SUR1, based on a ClustalX alignment of mammalian ABCC8 

proteins; the human numbering is used throughout (sequence files Q09428 and L40623 for 

human and hamster ABCC8 are available in the Swiss-Prot and NCBI databases, respectively).  

Individual mutations were verified by sequencing. 

Electrophysiological Analysis 

Patch-clamp recordings and KATP channel current analyses were done as described previously.3,4 

The activity of the N identical channels with the mean open channel probability PO is N*PO = 

I÷i, where I is the mean current through all KATP channels in the patch and i is the single-channel 

current amplitude at a given K+ driving force.  Transfected COSm6 cells have negligible 

endogenous K+ and other ATP-dependent background currents and allow a unambiguous 

determination of the zero KATP current-level (shown as a dotted line in Figures S2, S4, and S5) 

and thus accurate measurement of virtually any low I.  The inwardly directed KATP currents 

(downward deviations of traces in Figures S2, S4, and S5) were recorded using symmetrical K+-

rich pipette and bath solutions and the holding potential of –40 mV in both cell-attached (on-cell) 

and inside-out configurations.  None of the mutations in SUR1 affected i or made i for the 

inwardly directed currents sensitive to Mg, nucleotides, or sulfonylureas; the single-channel 

slope conductance around –40 mV, determined as described previously,4 was 75±2, 73±3, and 

74±2 pS for the I1424V, H1023Y, and WT channels in 6, 6, and 6 experiments, respectively.  

The symmetrical K+-rich solutions essentially zeroed any intrinsic potential of COSm6 cells with 

a large number of the exogenously expressed K+ channels,3,4 nullifying any difference between 
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the holding potential and the K+ driving force in the cell-attached mode.  Therefore i remained 

constant in both on-cell and inside-out configurations during recordings from large 

macropopulations of recombinant channels (see, for example, the three lower traces in Figure 

S2).  For every patch with a relatively small N (see, for example, the top trace in Figure S2), the i 

value on-cell was verified from an all-points current amplitude histogram.  Thus I÷i at any time 

in an analyzed record gave the mean activity of N identical channels, N*PO, and changes in I÷i at 

constant N reflected changes in the mean PO.  The I÷i values for each test solution and 

configuration were normalized to the ligand-independent Imax÷i value for the same patch.  The 

resulting fractions of the maximal activity from a number of cells (n>5) with each type KATP 

channels were expressed as a mean % ± SE in Figure 2.  To approximate the heterozygous 

condition, cells were transfected with mutant and WT SUR1 (1:1 plasmid ratio) plus KIR6.2.  In 

the resulting heterogeneous population, the N*PO for each of the four expected sub-populations 

of structurally different hybrid mutant:WT SUR1 channels cannot be determined experimentally 

without assuming a defined distribution of channel subtypes and their single-channel properties, 

therefore only fractions of the average mean N*POmax for a heterogeneous population of channels 

are reported in the bottom panel in Figure 2.  In all cases the differences in % values with P<0.05 

(unpaired t-test) were considered significant.  To compare the responses of different channels to 

physiologic nucleotide conditions, I÷i values were determined for the same channels in cell-

attached and inside-out mode immediately after patch isolation and normalized to their maximal 

ligand-independent activity.  To correct the ligand responses of isolated channels for inactivation 

and/or MgATP-dependent refreshment, their currents in the presence of test ligand(s) in the 

inside-out configuration were normalized to the arithmetic mean of their currents before rapid 

application of nucleotide(s) or drugs and after washout.  The IC50(ATP) values were determined by 

Page 3 



fitting a pseudo-Hill equation to the steady-state ATP dose-response data.5  The sulfonylurea 

sensitivity of mutant channels was determined by direct application of tolbutamide (Tlb), a first 

generation hypoglycemic agent, which was used here in preference to glibenclamide, a second 

generation hypoglycemic agent with higher affinity for SUR1, because its action on KATP 

channels is readily reversible thus facilitating comparison of currents before sulfonylurea binding 

and after washout.3 

RESULTS 

Mutations in SUR1 Map to Key Functional Domains 

SUR1 is a member of the ATP-binding cassette (ABC) superfamily with a conserved core 

consisting of two transmembrane helical domains (TMD1 and 2), extended helical intracellular 

coupling domains (ICD1 and 2), and nucleotide-binding domains (NBD1 and 2) plus an 

additional amino terminal “gatekeeper” module,6 TMD0-L0 (see supplementary Figure S1).  The 

L213R mutation is in the intracellular region that links the transmembrane domain with the 

gatekeeper module, and thereby controls the channel POmax.6,7  I1424V is in NBD2, the domain 

believed to hydrolyze MgATP.8 It is also one amino acid away from the highly conserved Q1426 

residue that defines the ‘Q-loop’; conformational transitions in this loop have been suggested to 

couple structural changes, as a result of nucleotide binding, with movements of TMD1 and 

TMD2.7,9  H1023Y is in the first transmembrane helix of TMD2, which positions NBD2.  The 

R1379C mutation lies within a particular sequence motif of NBD2, suggesting that it may alter 

ATP coordination.  R1182Q is at the top of ICD2, which connects TMD2 with NBD2.  Finally, 

C435R and L582V are in the third and last helices of TMD1, respectively.  Based on the known 

structures10,11 and biochemical characteristics of other transporters in the ABC superfamily, the 

orientation(s) of all of the TM and IC domains are expected to change with nucleotide-driven 
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dimerization of the NBDs, and may thereby stimulate the KATP pore via the “gatekeeper” 

module.6,7 
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FIGURE LEGENDS 

Figure S1.  PND and TND Mutations in SUR1 Map to Domains Expected to Undergo Mg-

nucleotide-dependent Conformational Transitions.  

The residues mutated in PND and TND patients are shown as red and green spheres, 

respectively.  Amino-acids are designated by their single-letter codes.  TMD, ICD and NBD 

indicate transmembrane, intracellular coupling and nucleotide-binding domains, respectively. A 

homology model of the ‘relaxed’ human SUR1 core (see6 and its supplement) based on the VC-

MsbA coordinates10 is shown in conventional ribbon diagram format.  The TMD1-ICD1-NBD1 

and TMD2-ICD2-NBD2 halves of the core are in gray and blue, respectively.  SU indicates the 

position of Ser1237 important for selective interactions of tolbutamide with SUR1 vs SUR2A.12  

Loops that were built de novo are not displayed.  No structural template for the N-terminal 

TMD0-L0 gatekeeper module is available and the cartoon is based on previous computational 

analysis.7 
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Figure S2.  Representative Current Records from COSm6 Cells Transfected with Mutant 

and/or Wild Type SUR1 Subunit(s) plus KIR6.2. 

Records are from the same population of channels ‘on-cell’ and in inside-out configuration in the 

presence of 1 mM ATP, with or without Mg2+, as indicated by the horizontal bars.  An arrow 

marks the time of membrane patch excision.  The dotted lines show the zero current levels.  The 

holding potential was –40 mV.  The pipette solution contained (in mM): KCl, 145; MgCl2, 1; 

CaCl2, 1; HEPES, 10; pH 7.4 (KOH).  The Mg2+-free bath solution contained (in mM): KCl, 

140; EDTA, 5; HEPES, 5; KOH, 10; pH 7.2 (KOH).  The bath “intracellular” solution contained 

(in mM): KCl, 140; MgCl2, 1; EGTA, 5; HEPES, 5; KOH, 10; pH 7.2 (KOH).  The free Mg2+ 

concentration, [Mg2+]i, in nucleotide-containing solutions was kept at a quasi-cytosolic level of 

~0.7 mM by adding MgCl2.  The scale bars give the time (10 seconds) and indicated current 

values.  The colors in all Figures are keyed to Figure S1. 

Figure S3.  The ATP Dose Response of H1023Y- vs WT-SUR1 Containing KATP Channels 

in the Presence of ~0.7 mM free Mg2+. 

The activity values (mean±SE) obtained from 6 ND vs 6 control inside-out patches are shown.  

The data overlap at low, non-physiologic concentrations of Mg-ATP (~0.01 mM), but the 

activity of the ND channels is significantly higher when Mg-ATP is ≥0.1 mM.  The data points 

are interpolated by a spline curve for illustrative purposes. 

Figure S4.  Similar Spontaneous Activity of ND vs WT KATP Channels is Similarly 

Inhibited by ATP.  

Segments of representative current records from inside-out patches from COSm6 cells 

transfected with KIR6.2 plus the indicated regulatory subunit.  The thick and thin horizontal bars 
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indicate the application of 1 mM and 10 µM ATP, respectively, in the absence of Mg2+.  All time 

bars show 10 s; all current bars show 0.1 nA.  

Figure S5.  Sulfonylurea Sensitivity of I1424V and H1023Y Channels. 

Representative current records from inside-out patches from COSm6 cells transfected with 

KIR6.2 plus the indicated receptor in Mg-free internal solution (Panel A) and in the presence of 

Mg-nucleotides (Panel B).  The horizontal bars indicating the application of different ligands are 

defined once for all traces.  Tlb, tolbutamide.  All time bars show 10 s; all current bars show 0.1 

nA. 
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ATP/ADP-sensing (sulfonylurea receptor (SUR)/KIR6)4 KATP
channels regulate the excitability of our insulin secreting and
other vital cells via the differential MgATP/ADP-dependent
stimulatory actions of their tissue-specific ATP-binding cas-
sette regulatory subunits (sulfonylurea receptors), which coun-
terbalance the nearly constant inhibitory action of ATP on the
K� inwardly rectifying pore. Mutations in SUR1 that abolish its
stimulation have been found in infants persistently releasing
insulin. Activatingmutations in SUR1have been shown to cause
neonatal diabetes. Here, analyses of KIR6.2-based channels with
diabetogenic receptors reveal that MgATP-dependent hyper-
stimulation of mutant SUR can compromise the ability of KATP
channels to function as metabolic sensors. I demonstrate that
the channel hyperactivity rises exponentiallywith thenumberof
hyperstimulating subunits, so small subpopulations of channels
with more than two mutant SUR can dominate hyperpolarizing
currents in heterozygous patients. I uncovered an attenuated
tolbutamide inhibition of the hyperstimulated mutant, which is
normally sensitive to the drug under non-stimulatory condi-
tions. These findings show the key role of SUR in sensing the
metabolic index in humans and urge others to (re)test mutant
SUR/KIR6 channels from probands in physiologic MgATP.

Inborn errors of glucose homeostasis and metabolism (1)
have illuminated a vital link between a metabolic index, the
ATP/ADP ratio, and cellular excitability that utilizes
ABCC8(9)/KCNJ11(8)-encoded KATP channels as metabolic
sensors (2, 3). These tetradimeric channels are proposed to
link the cell membrane potential, Vm, with the ATP/ADP
ratio via the differential stimulatory actions of Mg2�-ATP/
ADP on their cell type-specific regulatory sulfonylurea
receptor (SUR)2 subunits (s). Like other members of the larg-
est family of eukaryotic membrane transport proteins (4),
SUR possess two non-equivalent nucleotide-binding

domains, NBD1 and NBD2. Magnesium�nucleotide-bound
NBD1/NBD2 dimers counterbalance a magnesium-inde-
pendent nucleotide inhibition of the KATP pore, an effect
essentially saturated in intact cells by ATP present at �100
times the IC50(ATP) (5). Consistent with this mechanism,
loss-of-stimulation mutations in NBD of SUR1 (ABCC8), the
neuroendocrine-type receptor, have been discovered in
infants with persistent hyperinsulinemic hypoglycemia (6),
whereas mutations in ABCC8 that overactivate KIR6.2
(KCNJ11) in millimolar MgATP have been shown to cause
permanent or transient neonatal diabetes, including ND
with neurological symptoms (7). Several ND mutations map
to the transmembrane (TM) domains of the ABCC8 core,
TMD1 and TMD2, whose role in controlling the nucleotide-
dependent open channel probability (Po) needs to be
understood.
This study is the first analysis of permanent ND currents

caused by a heterozygous mutation in a key TMD2-coding
region of ABCC8, ABCC8Q1178R, found in a proband with nor-
mal KCNJ11 (8). To understand how ABCC8Q1178R (NDSUR1)
hyperactivate the heterozygous KATP ensemble, I used direct
approaches, including recordings of single channels with the
differentially restricted receptor composition, as well as struc-
tural modeling of the receptor core. The results reveal a novel
mechanism of channelopathies, explain why the smallest sub-
population of hyperstimulated KATP channels can make a large
contribution to the pathogenic conductance in heterozygous
patients, and reveal that normal tolbutamide sensitivity of non-
stimulated mutant SUR does not guarantee their normal
response to the drug in physiologic MgATP.

EXPERIMENTAL PROCEDURES

Mutagenesis, sequencing, cell culture and transfections were
done as described previously (7). Gln-1178 is conserved in all
SURs. All the described mutations were introduced into ham-
ster SUR1 cDNA (9). Concatemers were engineered as
described previously (5); different and similar subunits were
fused via �TSGGG� and �SGGGASGGG� linkers, respec-
tively. The cDNA construct(s) were co-expressed in COSm6
cells with enhanced green fluorescent protein as described pre-
viously (7); heterozygous cells are cells expressing SUR1 and
NDSUR1 (1:1 construct ratio) plus KIR6.2.

Patch clamp recording and current analysis was done as
described previously (7). The pipette solution contained (in
mM): 145 KCl; 1MgCl2; 1 CaCl2; 10HEPES; pH 7.4 (KOH). The
bathMg2�-free ([Mg2�]i � 0.1 nM) internal solution contained
(in mM): 140 KCl; 5 EDTA; 5 HEPES; 10 KOH; pH 7.2 (KOH).
The bath intracellular solution contained (in mM): 140 KCl; 1
MgCl2; 5 EGTA; 5 HEPES; 10 KOH; pH 7.2 (KOH). The
[Mg2�]i in nucleotide-containing solutions was kept at �0.7
mM by adding MgCl2. The holding potential was �40 mV.
COSm6 cells have negligible background currents, permitting
measurements of virtually any low mean KATP currents, I. I
analyzed the inwardly directed currents through �102 KATP
channel-containing patches, allowing me to verify the unitary

* This work was supported by grants from American Heart Association and
NIDDK, National Institutes of Health. The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.
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current amplitude, i, in cell-attached configuration from all-
points current amplitude histograms and thus accurately deter-
mine the on-cell activity of n identical channels with the mean
open probability Po, n� Po � I� i�1. The Colquhoun-Hawkes
test was used to evaluate the channel singularity. The ligand-

independent Pomax determined
from single-channel currents and
from macro-current noise were
similar. The ligand responses of
KATP currents were obtained using
a programmed rapid solution
changer. To correct the ATP dose
responses for run-down and/or
refreshment, the I value in the pres-
ence of each ATP concentration
was normalized to the arithmetic
mean of the I values before applica-
tion of each [ATP] and after wash-
out. Similar corrections were
appliedwhen estimating the relative
steady-state activity in the presence
of other ligands. The averaged val-
ues were expressed as mean 	 S.E.
forn� 5; differenceswere evaluated
using unpaired t test (p values are
given in text or figure legends).
Molecular modeling was done as

described previously (10) using
Sav1866 coordinates (11) and the
sequence alignment shown in sup-
plemental Fig. S1. supplemental Fig.
S2 shows a stereo view of the
NDSUR1 core model.

RESULTS AND DISCUSSION

Fig. 1 shows that NDSUR1 hyper-
activate normal KATP pores in the
presence of millimolar MgATP in
intact cells without changing their
ligand-independent activity or
apparent KD for inhibitory ATP.
The effect of the mutation on the Po
on-cell can be accounted for by its
effect on the MgATP-dependent
stimulatory action predicted to sub-
saturate at millimolar MgATP (5).
The ADP in human insulin-secret-
ing �-cells is unlikely to rise above
0.5mM, and the intracellular ATP in
these and other mammalian cells is
unlikely to drop below 0.5 mM (12,
13). Fig. 1A, panel b, shows that in
0.5 mM MgATP � 0.5 mM MgADP,
approximating severe catabolic
conditions, the activity of the
NDSUR1 channel is slightly higher
than that of the WT channel. This
implies that ADP makes a relatively

small contribution to the hyperstimulation of NDSUR1 in vivo,
where [ADP] should be lower and [ATP]� [ADP]� 1mM, even
in low glucose (12, 13). In the hyperglycemic NDSUR1 subject,
the [ATP]/[ADP] �� 1. Therefore I determined the fraction of
the maximal activity of the NDSUR1 versus WT channel in 1

FIGURE 1. MgATP-dependent hyperstimulation of NDSUR1/KIR6.2 channels. A, panel a, inward currents
through NDSUR1/KIR6.2 channels on-cell and in inside-out configuration indicating their similar hyperactivity
in intact COSm6 cell and in millimolar ATP with, but not without, physiologic [Mg2�]i � 0.7 mM. The arrow
marks the time of the membrane patch excision. The dotted line shows the zero current level. Experimental
conditions are described under “Experimental Procedures.” My similar recordings of SUR1/KIR6.2 channels
expressed in COSm6 cells (7) showed much lower fractions of their maximal ligand-independent activity in
cell-attached and inside-out patches in millimolar MgATP, an independently verified submembrane nucleo-
tide concentration in COSm6 cells under similar experimental conditions (26). Tlb, tolbutamide. Panel b, the
fractions of the Pomax of NDSUR1 versus WT channels from 10 versus 10 cells under different conditions tested
as in panel a (see “Experimental Procedures” for details); 1.0 corresponds to normalized ligand-independent Po,
which is unaffected by the ND mutation (supplemental Fig. S3). Solid and dotted lines show the mean and 	S.E.
levels, respectively. The conditions resulting in higher activity of NDSUR1 versus WT channels are marked by
* (p � 0.059), ** (p � 0.01) and *** (p � 0.0001). B, panel a, the ATP dose responses of the mutant versus WT
channel currents from 10 versus 10 inside-out patches with and without physiologic free Mg2� � 0.7 mM. The
dose responses in [Mg2�]i � 0.1 nM are fit with the inhibitory Hill (solid lines) with the R2 � 0.999, showing the
similar IC50(ATP) and slope factor (h) values of 7.67 	 0.22 versus 7.13 	 0.24 �M and 1.12 	 0.03 versus 1.11 	
0.04 for the mutant versus WT channels, respectively. Hill-based functions do not fit with a comparable accu-
racy to the dose responses in [Mg2�]i � 0.7 mM; the latter are interpolated by splines (dashed curves) for
illustrative purpose only. Panel b, the ratios of the mean activities in MgATP versus corresponding ATP from A,
panel a, fit with the logistic function with R2 � 0.996 (Origin 7 Pro, MicroCal, Northhampton, MA) indicating the
apparent C50(MgATP) for NDSUR1 and SUR1 at �0.65 and �0.72 mM, respectively.
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mMMgATP� 0.1mMMgADP and in 2mMMgATP� 0.05mM
MgADP (0.159	 0.042 versus 0.035	 0.016 and 0.115	 0.033
versus 0.021 	 0.007, respectively; n � 4 for each). The more
significant (p � 0.005) effect of the mutation at these higher
MgATP/ADP ratios indicates that the Q1178R markedly
amplifies the stimulatory action of [MgATP] � 0.5 mM (see
later). In 0.5 mM MgADP without ATP, or in 5 mM MgUDP,
which subsaturates the stimulatory, but not adenine-selective,
inhibitory sites (5, 14), both channels display �90% of the
ligand-independent activity, Pomax (three pairs of records not
shown). Altogether, these observations argue that the hyperac-
tivity of the NDSUR1 channel in physiological [ATP]/[ADP] is
predominantly determined by MgATP, regardless of whether
the magnesium�nucleotide diphosphate-dependent stimula-
tion of NDSUR1 is abnormal. ADP, normally a key regulator of
the excitability of insulin-secreting cells (6), may not effectively
control the basal KATP conductance in cells expressing
NDSUR1/KIR6.2 channels as their hyperstimulation by sub-
membrane MgATP �1–2 mM is sufficient to maintain large
permanent hyperpolarizing currents. Amuch lower basal activ-
ity of KATP channels, �1% of their maximal activity (15), is
essential formetabolic regulation of the�-cell excitability. Glu-
cose metabolism-dependent increases in [ATP] and decreases
in [ADP], which abolish this low basal activity of the WT KATP
channels, may not be sufficient to nullify the NDSUR1 channel
currents. Indeed these hyperpolarizing currents prevented
excitation of insulin-secreting cells in vivo because the
NDSUR1 patient responded to glibenclamide treatment (see
also Ref. 7). Thus the experimental and clinical observations
argue that the MgATP-dependent hyperstimulation of mutant
SUR can compromise the ability of KATP channels to couple the
ATP/ADP ratio with cellular excitability in humans.
NDSUR1 has normal NBD. So I proposed that the Arg-1178

stabilizes the normally occurringMg2��nucleotide-bound state
of theABCC8 core (supplemental Fig. S2) with either twoATPs
or one ATP/one ADP bound at its NBD1/NBD2 dimer inter-
face. The proposal is consistent with the non-equivalent nucle-
otide binding properties of the two domains (16), similar ADP-
bound versus AMP-PNP-bound conformers of Sav1866 with
the closed NBD dimer and “outward-facing” (open) TMD (11,
17) and the maltose importer state with the similarly closed
ATP-bound MalKE159Q dimer and open MalFG (18). The pro-
posal passed two complementary tests. First, as Mn2� substi-
tutes for Mg2� in ATP-dependent stimulation of SUR (19), I
verified that hyperstimulation is reproduced with Mn2� in
place of Mg2�; the fraction of the maximal activity of the
NDSUR1 channel in 1 mMMn-ATP was 0.141 	 0.031 (n � 3).
Second, K719R plus K1384R in theWalker Amotifs eliminated
the differences between the two channel activities on-cell and
in 1mMMgATP; the fractions of the Pomax were 0.003	 0.0012
and 0.0034	 0.0018 versus 0.0025	 0.001 and 0.0028	 0.0011
for NDSUR1K719R�K1384R versus SUR1K719R�K1384R channel,
respectively (n � 3 for each). These activities match the activi-
ties of the NDSUR1 and SUR1 channels in 1 mM ATP without
Mg2� (Fig. 1A, panel b).
Fig. 1A, panel b, also reveals that inhibition of the hyper-

stimulated channels by tolbutamide is attenuated, whereas the
same population of NDSUR1 channels under non-stimulatory

conditions normally responds to the same drug. The IC50h �
1.8	 0.3�M, hh � 1.01	 0.07, IC50l � 1305.5	 201.3�M, hl �
1.09 	 0.11 and L � 0.438 	 0.017 describing the two-compo-
nent tolbutamide dose response of the non-stimulated
NDSUR1 channels were undistinguishable from the corre-
sponding parameters for theWTchannels under similar exper-
imental conditions (14). Consistent with the latter report and
mymodel, I hypothesize that theQ1178Rmutation reduces the
ability of the sulfonylurea-binding TM domain to destabilize
the magnesium�nucleotide-bound state of the receptor. This is
in line with several observations. (i) The ND mutation is
within the TM15–16 segment of the TMD2, which specifies
the stronger inhibition of SUR1- versus SUR2A-containing
channels by tolbutamide (14, 20). (ii) The coupling helix
between TM15 and TM16 interacts with the canonical ATP-
binding domain of the ABCC8 core (supplemental Fig. S2).
(iii) The sulfonylurea binding releases ATP fromABCC8 and
abolishes its stimulation (14, 21).
To further examine the proposed mechanism of metabo-

lism-excitation uncoupling, I obtained full ATP dose responses
of the ND versus WT metabolic sensors with versus without
physiologic [Mg2�]i and derived their apparent net stimulation
curves. Essential for this analysis, my assay resolves very low
activities of KATP channels in supramillimolar ATP. The results
(Fig. 1B) show the following. (i) The ATP dose response of both
WT and mutant channels, in intracellular concentrations of
freeMg2� (�0.7mM), deviates from an inhibitory Hill function
when the concentration of ATP is greater than either the
IC50(ATP) or the KD for the magnesium-independent binding of
ATP at the first Walker A-based site (�10 �M (16)). (ii) The
deviation is greater for mutant channels in which the hyper-
stimulating conformer is stabilized. (iii) The net stimulatory
action of ATP, reflected by the ratio of the mean open channel
probabilities in ATP with Mg2� to ATP without Mg2�, is a
sigmoidal (logistic) function, and C50 values for NDSUR1 and
WT SUR1 are comparable with the apparent KD values for
nucleotide binding,KD(ATP),(ADP), andKM forATPhydrolysis at
the lower affinity, second Walker A-based site of SUR1 and
SUR1-KIR6.2 fusion (see Refs. 16 and 22, respectively, and note
that all of the K values for the ABCC7 channel are also between
0.1 and 1 mM (23), whereas biochemical experiments on SUR1
indicate a very low, ADP-insensitive hydrolytic activity (16,
24)). (iv) The net stimulation saturates with a much higher
maximum for the NDSUR1 channel. These findings reinforce
the conclusion that the ND mutation in the TMD2 stabilizes
the magnesium�nucleotide-bound ABCC8 core whose lower
affinity Walker A-based site specifies the stimulatory profile of
the neuroendocrine-type metabolic sensors.
The ND mutation exerts its pathogenic action in the het-

erozygous state. To deduce which species of the heterogeneous
ND-KATP ensemble dominate the pathogenic conductance,
one must determine the effectiveness of NDSUR1 in mixed
KATP channels. I solved the problem using heteroconcatemers
(Fig. 2A). Fig. 2B shows an exponential dependence of channel
hyperstimulation onNDSUR1 number.Macroscopic Imax from
heterozygous, homozygous, and WT cells (10 for each) were
similar, revealing no effect of theNDmutation on the density of
KATP channels; the NHeterozygous/NWT and NHomozygous/NWT
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ratio was 0.97 	 0.39 and 0.95 	 0.36, respectively; thus chan-
nels with a different number of NDSUR1 should distribute
binomially. In this case, the relative contribution of each chan-
nel species to the hyperconductance of cells expressing both
ND andWT subunits is determined by the product of the expo-
nential and binomial functions (Fig. 2C). The histogram shows
that channels with three and four NDSUR1s, expected to com-
prise about one-third of a heterozygous population, generate
�70% of the basal hyperconductance; (NDSUR1/KIR6.2)4
channels comprising only 6.25% of total n generate almost 30%
of the pathogenic currents. Consistently, the heterozygous I �
i�1 on-cell and in millimolar MgATP were between those for
(NDSUR1/KIR6.2)4 andWT channels, e.g. 2.6 	 0.5- and 2.7 	
0.4-fold higher than the corresponding fractions of the n �
Pomax for the WT channels (n � 5 for each). I conclude that
tetradimeric channels with more than two NDSUR1 dominate
the pathogenic conductance caused by the heterozygousmuta-
tion that stabilizes a Mg2��nucleotide-bound conformer of the
receptor.
My findings (also see Ref. 7) suggest that magnesium�nucleo-

tide-dependent hyperstimulation of mutant KATP channels is a
common pathogenicmechanism and that themeasured on-cell
fraction of the n � Pomax, not the IC50(ATP), for a recombinant
mutant channel is themost universal and direct predictor of the
severity of KATP channelopathies. A�2-fold overstimulation of

KATP channels seems to be suffi-
cient to uncouple excitability from
the metabolic index in at least two
human cell types with high input
impedance, e.g.�-cells and neurons,
thus illuminating the key role of cell
type-specific regulators of ubiqui-
tous KIRs in fine-tuning the Vm
response to the tissue-specific
dynamicmetabolic rate. The regula-
tory signal (differential stimulation)
is specified by the lower affinity, sec-
ondWalker A-based site of ABCC8.
The disease due to the gain in the
ABCC8 response to physiologic
[MgATP] implies that evolution has
optimized SUR/KIR6 channels to
monitor the submillimolar ADP at
this lower affinity site of the NBD1/
NBD2 dimer, positioned several nm
away from the membrane phospho-
lipids, when all of the other nucle-
otide-binding sites in the channel
are essentially saturated by intracel-
lular [ATP]. ATP-sensitive K�

pores themselves cannot function as
sensors of the metabolic index.
Nature created high fidelity, low
noise metabolic sensors by coupling
intrinsically low active weak inward
rectifiers with ABC-based integral
proteins that decrease the IC50(ATP)
despite increasing the Pomax (25)

and are large enough to encircle and thus shield the KIR pore
from promiscuous activators.
The attenuated response of NDSUR1 channels to tolbuta-

mide in the presence, but not absence, of MgATP is consistent
with the proposed mechanism of hyperstimulation and reveals
a potential overlooked mechanism of sulfonylurea tolerance, a
compromised inhibition of receptor stimulation (14). Predict-
ing the effectiveness of the sulfonylurea treatment of ND
requires testing recombinant ND channels at physiologic
[MgATP]. The daily dose of tolbutamide (per kg of body
weight) needed to transfer the NDSUR1 patient from insulin
therapy to sulfonylurea treatment is predicted to exceed the
currently recommended dose for treatment of type 2 diabetes.
The exponential dependence in Fig. 2B is consistent with the

view of KATP channels as concerted tetradimers (5) and may
close debates on the stoichiometry of KATP stimulation as four
NDSUR1s with intact NBDs stimulate more than three
NDSUR1 � one SUR1, in physiologic MgATP. Given a similar,
exponential dependence of Pomax on the number of KIR6 sub-
units with a higher stability of the active state (5), I anticipate
that 50% of the offspring of parents with mild diabetes or
glucose intolerance secondary to heterozygous mutations in
either ABCC8 and/or KCNJ11 may have severe neuroendo-
crine disorders.

FIGURE 2. The NDABCC8 heterozygosity control of KATP currents. A, generating KATP channels with all
possible predetermined numbers of NDSUR1 versus SUR1. The red, black, and white circles show NDSUR1, SUR1,
and KIR6.2, respectively. Intersubunit linkers are indicated by —–. KIR6-based channels with less than four
regulatory subunits do not reach the cell surface regardless of linkers (5); thus the subunit composition of each
recorded concatemeric KATP channel is predetermined. Single-channel traces on the left indicate an exponen-
tial rise in the Po with the number of NDSUR1 subunits hyperstimulated in physiologic MgATP whereas traces
on the right show similar ligand-independent activity of the same concatemeric channels, recorded as in Fig. 1
(see supplemental Table S1 and its legend for details). B, The dependence of the net stimulation at millimolar
MgATP on the number of NDSUR1 subunits associated with the concatemeric KATP pore. The net stimulation
was determined as in Fig. 1B and normalized to that of the concatemeric channel with four SUR1 subunits. The
mean values of the relative net stimulation are from four cells for each channel type. The dashed line is an
exponent, fit to the data with R2 � 0.995. C, the relative contribution of binomially distributed species of KATP
channels with a different number of NDSUR1 to the IKATP hyperstimulation in heterozygous cells; the total area
of the histogram corresponds to 100% of the effect. Concatemeric KATP with two same kind receptors adjacent
to each other cannot be engineered, and one might speculate that two neighboring NDSUR1 might stimulate
more like one or three of them. However neither of these scenarios can affect the histogram enough to change
the conclusion that NDSUR1-containing channels comprising �50% of the normal n-large population domi-
nate (control �50% of) the hyperconductance.
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SUPPLEMENTAL MATERIAL 

Fig. S1. ClustalX alignment of Sav1866-dimer vs human SUR1 (in bold).  

Fig. S2. A cross-eye stereo view of the 2ONJ.pdb-based SUR1Q1178R core with 2 molecules of the ATP 
analogue AMP-PNP (the CPK sticks) and 2 Mg2+ ions (the gray balls in place of Na+ in 2ONJ.pdb). There is 
no structural template to build the long loop (residues 934-989) connecting the halves of the core. The TMD1-
NBD1-half of the core is shown as the lime tube. The TMD2-NBD2-half is shown in cyan tubes, except for the 
TM15, Coupling, TM16, and TM17 helices, which are shown as ribbons. The R1178 in TM15 is shown in red 
sticks. Residues within 0.34 nm (the resolution of the template structure) from the R1178 are show in van der 
Waals spheres (M1251 in TM16; L1294, M1297, V1298, and L1301 in TM17). The conserved ‘coupling’ or 
‘transmission’ helix (S1,S2) from one half of the core interacts with the nucleotide-bound NBD from the other 
half of the core, so mutations stabilizing the ‘outward-facing’ orientation of the last three TM helices from one 
TMD (for example, TM15, 16, 17) might stabilize the core in its ‘open’ (stimulatory) conformation with the 
Mg-nucleotide-bound NBD1/NBD2-dimer. The S1237 (the royal blue vdW spheres) which specifies the 
sulfonylurea-inhibition of KATP channels maps to the TM16 helix, not ‘a loop’ (S3), further indicating the key 
role of the TM15-16 helical ‘transmission-pedal’ in the ligand-dependent gating of KATP channels. We 
hypothesized that sulfonylurea-binding to the TM16 destabilizes, whereas the R1178 in the TM15 
overstabilizes the Mg-nucleotide-bound conformation of the core with the open TM domains; that, 
respectively, destabilizes and overstabilizes the open state of the KATP pore. There is no structural template to 
model the N-terminal portion of SUR1 (TMD0-L0 gatekeeper) that associates with KIR6.2 and bidirectionally 
controls its gating dynamics (S4). 

Fig. S3. Currents through single NDSUR1 vs WT KATP channels in the ligand-free solution, recorded in inside-
out patches as described in Experimental Procedures. The mutation does not affect the unitary current 
amplitude or the ligand-independent activity; the unitary conductance, POmax, mean open, fast closed, burst, 
and interburst times at the burst criterion of 2 ms were 74±3 vs 74±2 pS, 0.646±0.051 vs 0.671±0.042, 
2.99±0.31 vs 3.01±0.27, 0.29±0.03 vs 0.28±0.04, 119.42±23.72 vs 124.83±25.35, and 49.11±6.48 vs 
45.14±5.82 ms for 6 NDSUR1 vs 6 WT channels, respectively.  

Table S1. Concatemeric KATP channels with all possible numbers of NDSUR1 vs SUR1 subunits show similar 
ligand-independent activity. The activities of the concatemeric KATP channels were independent of whether 
KIR6.2 subunits were from one or more concatemer(s) or how many receptors of the same kind were from 
concatemer(s) because SUR1-KIR6.2-KIR6.2-KIR6.2-KIR6.2/SUR13 vs (SUR1-KIR6.2-KIR6.2)2/SUR12 vs 
(SUR1-KIR6.2)4 vs KIR6.2-KIR6.2-KIR6.2-KIR6.2/SUR14 vs (KIR6.2-KIR6.2)2/SUR14 channels were similarly 
active, and (SUR1-KIR6.2-KIR6.2)2/NDSUR12 vs (NDSUR1-KIR6.2-KIR6.2)2/SUR12 channels were 
undistinguishable. Sixteen single-channel records from heterozygous cells expressing non-concatenated 
NDSUR1, SUR1, and KIR6.2 showed similar i, the WT channel-like POmax, and similar response to 10 µM ATP 
(>50% inhibition), but at least three dissimilar PO in millimolar MgATP (differing >2.5-fold from each other), 
suggesting that the randomly interacting monomeric subunits readily form KATP species containing both 
receptors and that ‘intermediate’ hyperstimulation of concatemeric channels containing both receptors (Fig. 
2A,B) is physiologically relevant.  
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Fig. S1 

--------------------------------------------------------------------------------   
MPLAFCGSENHSAAYRVDQGVLNNGCFVDALNVVPHVFLLFITFPILFIGWGSQSSKVHIHHSTWLHFPGHNLRWILTFM 80   

   

 
--------------------------------------------------------------------------------      
LLFVLVCEIAEGILSDGVTESHHLHLYMPAGMAFMAAVTSVVYYHNIETSNFPKLLIALLVYWTLAFITKTIKFVKLLDH 160  
 
 
--------------------------------------------------------------------------------      
AIGFSQLRFCLTGLLVILYGMLLLVEVNVIRVRRYIFFKTPREVKPPEDLQDLGVRFLQPFVNLPSKGTYWWMNAFIKTA 240  
                                                                                       
-------------------------------------------MIKRYLQFVKPYKYRIFATIIVGIIKFGIPMLIPLLI    
HKKPIDLRAIGKLPIVMRALTNYQRLCEAFDAQVRKDIQGTQGARAIWQALSHAFGRRLVLSSTFRILADLLGFAGPLCI 320  

  

 
KYAIDGVINN------------HALTTDEKVHHLTIAIGIALFIFVIVRPPIEFIRQYLAQWTSNKILYDIRKKLYNHLQ      
FGIVDHLGKENDVFQPKTQFLGVYFVSSQEFLANAYVLAVLLFLALLLQRTFLQASYYVAIETGINLRGAIQTKIYNKIM 400  
 
ALSAR--FYANNQVGQVISRVINDVEQTKDFILTGLMNIWLDCITIIIALSIMFFLDVKLTLAALFIFPFYILTVYVFFG    
HLSTSNLSMGEMTAGQICNLVAIDTNQLMWFFFLCPN-LWAMPVQIIVGVILLYYILGVSALIGAAVIILLAPVQYFVAT 479  

  

 
RLRKLTRERSQALAEVQGFLHERVQGISVVKSFAIEDNEAKNFDKKNTNFLTRALKHTRWNAYSFAAINTVTDIGPIIVI      
KLSQAQRSTLEYSNERLKQTNEMLRGIKLLKLYAWENIFRTRVETTRRKEMTSLRAFAIYTSISIFMNTAIPIAAVLITF 553  
 
GVGAYLAISGSITVGTLAAFVGYLELLFGPLRRLVASFTTLTQSFASMDRVFQLIDEDYDIKNGVG--------------    
VGHVSFFKEADFSPSVAFASLSLFHILVTPLFLLSSVVRSTVKALVSVQKLSEFLSSAEIREEQCAPHEPTPQGPASKYQ 639  

  

 
AQPIEIKQGR-----------------------------IDIDHVSFQYNDNEAPILKDINLSIEKGETVAFVGMSGGGK    
AVPLRVVNRKRPAREDCRGLTGPLQSLVPSADGDADNCCVQIMGGYFTWTPDGIPTLSNITIRIPRGQLTMIVGQVGCGK 719  

  

 
STLINLIPRFYDVTSGQILIDGHNIKDFLTG-------------SLRNQIGLVQQDNILFSDTVKENILLGRPTATDEEV      
SSLLLAALGEMQKVSGAVFWSSLPDSEIGEDPSPERETATDLDIRKRGPVAYASQKPWLLNATVEENIIFESP-FNKQRY 798  
 
VEAAKMANAHDFIMNLPQGYDTEVGERGVKLSGGQKQRLSIARIFLNNPPILILDEATSALDLESESIIQEA--LDVLSK    
KMVIEACSLQPDIDILPHGDQTQIGERGINLSGGQRQRISVARALYQHANVVFLDDPFSALDIHLSDHLMQAGILELLRD 878  

  

 
D-RTTLIVAHRLSTITHADKIVVIENGHIVETGTHRELIAKQG-AYEHLYSIQNL-------------------------      
DKRTVVLVTHKLQYLPHADWIIAMKDGTIQREGTLKDFQRSECQLFEHWKTLMNRQDQELEKETVTERKATEPPQGLSRA 958  
 
-------------------------------MIKRYLQFVKPYKYR-----------IFATIIVGIIKFGIPMLIPLLIK     
MSSRDGLLQDEEEEEEEAAESEEDDNLSSMLHQRAEIPWRACAKYLSSAGILLLSLLVFSQLLKHMVLVAIDYWLAKWTD 1038 

 

 
YAIDGVINNHALTTDEKVHHLTIAIGIALFIFVIVRPPIEFIRQYLAQWTSNKILYDIRKKLYNHLQALSARFYANNQVG     
SALTLTPAARNCSLSQECTLDQTVYAMVFTVLCSLGIVLCLVTSVTVEWTGLKVAKRLHRSLLNRIILAPMRFFETTPLG 1118 

 

 
QVISRVINDVEQTKDFILTGLMNIWLDCITIIIALSIMFFLDVKLTLAALFIFPFYILTVYVFFGRLRKLTRERSQALAE      
SILNRFSSDCNTIDQHIPSTLECLSRSTLLCVSALAVISYVTPVFLVALLPLAVVCYFIQKYFRVASRDLQQLDDTTQLP 1198 
 
VQGFLHERVQGISVVKSFAIEDNEAKNFDKKNTNFLTRALKHTRWNAYSFAAINTVTDIGPIIVIGVGAYLAISGSITVG     
LLSHFAETVEGLTTIRAFRYEARFQQKLLEYTDSNNIASLFLTAANRWLEVRMEYIGACVVLIAAVTSISNSLHRELSAG 1278 

 

 
TLAAFVGYLELLFGPLRRLVASFTTLTQSFASMDRVFQLIDEDYDIKNGVGAQPIEIK----QGRIDIDHVSFQYNDNEA      
LVGLGLTYALMVSNYLNWMVRNLADMELQLGAVKRIHGLLKTEAESYEGLLAPSLIPKNWPDQGKIQIQNLSVRYDSSLK 1358 
 
PILKDINLSIEKGETVAFVGMSGGGKSTLINLIPRFYDVTSGQILIDGHNIKDFLTGSLRNQIGLVQQDNILFSDTVKEN     
PVLKHVNALISPGQKIGICGRTGSGKSSFSLAFFRMVDTFEGHIIIDGIDIRKLPLHTLPSRLSIILQDPVLFSGTIRFN 1438 

 

 
ILLGRPTATDEEVVEAAKMANAHDFIMNLPQGYDTEVGERGVKLSGGQKQRLSIARIFLNNPPILILDEATSALDLESES      
LDPER-KCSDSTLWEALEIAQLKLVVKALPGGLDAIITEGGENFSQGQRQLFCLARAFVRKTSIFIMDEATASIDMATEN 1517 
 
IIQEALDVLSKDRTTLIVAHRLSTITHADKIVVIENGHIVETGTHRELIAKQGAYEHLYSIQNL      
ILQKVVMTAFADRTVVTIAHRVHTILSADLVIVLKRGAILEFDKPEKLLSRKDSVFASFVRADK 1581 
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a b s t r a c t

Activating mutations in different domains of the ABCC8 gene-coded sulfonylurea receptor 1 (SUR1)
cause neonatal diabetes. Here we show that a diabetogenic mutation in an unexplored helix preced-
ing the ABC core of SUR1 dramatically increases open probability of (SUR1/Kir6.2)4 channel (KATP)
by reciprocally changing rates of its transitions to and from the long-lived, inhibitory ligand-
stabilized closed state. This kinetic mechanism attenuates ATP and sulfonylurea inhibition, but
not Mg-nucleotide stimulation, of SUR1/Kir6.2. The results suggest a key role for L0 helix in KATP
gating and together with previous findings from mutant KATP clarify why many patients with
neonatal diabetes require high doses of sulfonylureas.
� 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

ABCC8/KCNJ11-coded KATP [1], stimulated by MgATP/ADP at
the ABC ATPase and inhibited by ATP at the K+ inward rectifier
[2,3], control the metabolism-dependent excitability of pancreatic
b-cells and certain neurons [4,5]. Activating mutations in either
KATP gene cause neonatal diabetes (ND), including severe ND with
neurological abnormalities (see [6–8] and many additional reports
reviewed in [9,10]). How ND mutations in different domains of
SUR1 affect KATP open probability (PO) and inhibition by sulfonyl-
ureas (SU) needs to be better understood.

The first functional analysis of ND mutations in the canonical
TMD1-NBD1-TMD2-NBD2 core of SUR1 defined its Mg-
nucleotide-dependent hyperstimulation as the first, or A type,
mechanism of pathogenic KATP overactivity [7]. Additional tests
[11] uncovered that hyperstimulated KATP can show reduced
responsiveness to sulfonylureas (SU), thus partly explaining why
many ND patients need SU dozes exceeding those recommended
by the FDA for treatment of adult-onset (type 2) diabetes
(discussed in [9,10]).
chemical Societies. Published by E

, (SUR1/Kir6.2)4 channel; ND,
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.
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A strikingly high percentage of ND mutations map to the L0
linker of the TMD0-L0 gatekeeper module (Fig. 1) that couples
the SUR1 core with the KATP pore and controls its nucleotide-
independent POmax [12,13]. The first ND mutation found in the L0
linker, L213R, is in the middle of the hotspot region in the putative
interface helix [14] and causes severe ND with neurological abnor-
malities [7]. We hypothesized that the mutation in the domain not
required for nucleotide binding to SUR1 [12] hyperactivates KATP
through a mechanism that is different from A type mechanism.
Consistent with our hypothesis, the diabetogenic F132L in TMD0
of SUR1 increased KATP activity in the absence of nucleotides [15].

The present study validates the hypothesis and establishes the
kinetic mechanism of KATP hyperactivity and reduced SU
responsiveness.

2. Materials and methods

Genetic and clinical testing showing that the mutation caused ND
by compromising insulin release was described elsewhere [7].

Homology models of the Sav1866-like human SUR1 core and the
KirBac/KirChimera-like human KIR6.2 pore were built as described
previously [11,13]. The mean helical hydrophobic moment was
computed as described earlier [16].

Mutagenesis, sequencing, cell culture and transfections were done
as described earlier [7,11]. Leu-213 is conserved in all SURs. L213R
mutation was introduced into hamster SUR1 cDNA. SUR1L213R or
lsevier B.V. All rights reserved.
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Fig. 1. A working model of a KATP gating unit. One quarter of KATP complex is
shown for clarity. ND ABCC8 mutations are mapped as balls. The SUR1 core is
shown in a backbone wire presentation. Nucleotides are rendered in licorice style.
KIR6.2 pore-forming domains are presented as ribbons. No high resolution
structural template is available for the N-terminal domain of SUR1 or the KIR N-
tail. L213R and other elements of the model discussed in the text are identified
using color-coded labels. The model of SUR1/KIR6.2 coupling predicts the KIR-closing
movement of L0 and M0 helices colocalized at the membrane-cytosol interface.

Fig. 2. L213R markedly elevates on-cell PO, does not affect the unitary conductance,
and slightly decreases functional expression of (SUR1/KIR6.2)4 complexes without
altering their labeling with 1 nM 125I-azidoglibenclamide. Inset shows similar
affinity photolabeling of immature, core-glycosylated SUR1L213R vs SUR1 with the
second generation SU, and modestly reduced amount of mature, complex-glycos-
ylated mutants trafficking with colabeled KIR6.2. As was reported earlier, nanomolar
glibenclamide or micromolar tolbutamide abolish labelling by displacing the
photoreactive analogue of glibenclamide which does not label KIR6.2 expressed
without SUR1 [17,18,26], the L0 loop apparently coordinates the photoreactive
group-containing non-sulfonylurea moiety of the drug [22,27], and deleting the N-
terminus of KIR6.2 eliminates its colabeling without disrupting KATP assembly [18]
required for trafficking of either SUR1 or glycosylation site-free KIR6.2 to the plasma
membrane [26,28]. Therefore, normal affinity labeling of SUR1L213R and KIR6.2,
while slightly reduced amount of mature SUR1L213R, suggest that the mutation does
not alter the SU binding site or the direct proximity of L0 to the KIR N-terminal helix,
while slightly reducing KATP trafficking to the plasma membrane; n P 5 for each
bar.
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WT receptor was expressed with human KIR6.2 and enhanced
green fluorescent protein (a transfection marker) in COSm6 cells
lacking any endogenous SUR or KIR.

Expression and SU binding/labeling of mature (complex-glycosyl-
ated, �170 kDa) and immature (core-glycosylated, �140 kDa)
receptors were compared in SUR1L213R/KIR6.2- vs SUR1/KIR6.2-
expressing cells’ membranes isolated and photolabeled with
125I-azidoglibenclamide as described previously [17]. The incorpo-
ration of 125I-azidoglibenclamide into different bands was esti-
mated by densitometry of the autoradiographs and normalized to
the membrane protein concentrations as described earlier [18].

Patch-clamp recording and single-channel kinetics analysis were
done as described previously [7,11,19–21]. The pipette solution
contained (in mM): 145 KCl; 1 MgCl2; 1 CaCl2; 10 HEPES; pH 7.4
(KOH). The multivalent cation-free internal solution contained (in
mM): 140 KCl; 5 EDTA; 5 HEPES; 10 KOH; pH 7.2 (KOH). The bath
intracellular solution contained (in mM): 140 KCl; 1 MgCl2; 5
EGTA; 5 HEPES; 10 KOH; pH 7.2 (KOH). The [Mg2+]i in nucleo-
tide-containing solutions was kept at �0.7 mM. The holding poten-
tial was �40 mV. COSm6 cells have negligible background
currents, permitting measurements of virtually any low mean
KATP currents, I, in the native-like environment of mammalian cell
membranes. Analysis of currents allowed to verify the unitary
current amplitude (i) in the cell-attached mode from all-points
current amplitude histograms and determine the on-cell activity
of N identical channels with the mean PO, N � PO = I � i�1. The
Colquhoun–Hawkes test was used to evaluate the channel singu-
larity. POmax determined from single-channel and multi-channel
currents were similar. N from macrocurrent noise analysis re-
flected the density of functional channels in the plasma membrane.
All-points dwell time distributions were used to determine mean
life times of all kinetic states and rates of burst–interburst gating
transitions.

Ligand responses of KATP currents were obtained using an
automated multi-channel rapid solution changer as described
Please cite this article in press as: Babenko, A.P. and Vaxillaire, M. Mechanism
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previously [7,11,19–22]. To correct the ATP dose responses for par-
tial rundown and/or refreshment of KATP currents the I value in
the presence of each ATP concentration was normalized to the
arithmetic mean of the I values before application of each [ATP]
and after washout. Similar corrections were applied when estimat-
ing the steady-state activity in the presence of other ligands.

Statistical data analysis and curve fitting were done using Origin-
Pro 8 (OriginLab Corporation, Northampton, MA) as described pre-
viously [11,22]. Averaged data were expressed as mean ± S.E. for
n P 5 with error bars equal to S.E. unless otherwise noted. Signif-
icance was evaluated using the unpaired t test. Differences with
values of p < 0.05 were considered to be significant.

3. Results and discussion

Fig. 2 shows that L213R dramatically increases the Po in intact
cells while not affecting i and slightly decreasing N. The latter
effect is consistent with the small negative effect of L213R on the
amount of mature receptor, which is in line with observations that
a comparable amphipathic L0 helix of ABCC1 attaches to the mem-
brane [23] and L225P in a less conserved portion of the cytoplasmic
linker of SUR1 does not affect N [24] or surface expression of SUR1
in the same cell line [25]. The results show that L213R can induce
pathogenic currents in intact cells by hyperactivating KATP and
support the notion that possible negative effects of some ND
mutations on N (see also [25]) are overridden by their much stron-
ger effect on PO.

To establish the principal mechanism of pathogenic increase in
on-cell PO it is essential to determine if and how the mutation
of KATP hyperactivity and sulfonylurea tolerance due to a diabetogenic
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alters intrinsic gating kinetics (spontaneous bursting) and nucleo-
tide inhibition vs Mg-nucleotide stimulation of the same popula-
tion of channels before their significant rundown [11]. We
obtained a significant number of single mutant and WT KATP
records showing no significant rundown over minutes in the multi-
valent cation-free internal solution. Analysis of these records
(Fig. 3) demonstrated that L213R nearly saturates the channel
intrinsic activity, POmax ? sO � (sO + sCs)�1 [12], by increasing TB

and decreasing TIB, thereby limiting the availability of the long-
lived, inhibitory nucleotide-/SU-stabilized [4,19,29,30] nonconduc-
tive C2 state. The analysis of long, continuous, >3 kHz low-pass
filtered single-channel records was essential for determining
highly significant mean life times of all kinetic states in each KATP
and demonstrating that reciprocal changes in rates of transitions to
and from the long-lived closed state is the mechanism of POmax

saturation in the hyperactive KATP.
The mutation destabilizing the closed state with the Mg-

independent micromoilar KD(ATP) [19,21,29] could attenuate ATP
inhibition of macroscopic KATP currents without affecting their
Mg-dependent nucleotide stimulation. To test this prediction we
first compared the activities of the same macro-population of
L213R channels in intact cells, in 1 mM MgATP, and in 1 mM ATP
without Mg (Fig. 4A illustrates the protocol) vs similarly recorded
activities of WT channels. We found (Fig. 4B) similarly elevated
activities of mutant KATP on cells and in the quasi-physiologic sub-
membrane [MgATP] and similarly significant similar-fold de-
creases in the activities of both channels upon Mg removal. The
results suggested that L213R does not alter the Mg-nucleotide
stimulatory action but compromises the Mg-independent nucleo-
tide inhibition of KATP. Indeed, the steady-state inhibitory ATP
dose–response (Fig. 4C) demonstrated that unlike A type muta-
tions tested earlier under identical experimental conditions
Fig. 3. L213R saturates intrinsic activity of KATP by altering its slow gating kinetics.
The top panel shows short segments of records of currents trough single WT and
L213R KATP in inside-out patches in the nucleotide-free internal solution. Here and
in the following figures, downward deflection of the current trace corresponds to
inward current and the horizontal dashed line shows zero KATP current level. The
next panels show the results of analysis of 10 L213R vs 10 WT KATP records like
those shown in the top panel. A burst criterion was 2 ms. Each TIB reflected the slow
tau determined from all-points closed time distribution fit, verifying no third,
rundown-indicating component ([19,21], not shown here). The mutation-affected
characteristics and transitions are boxed.
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[7,11], L213R markedly (�20 times) increases IC50(ATP). Thus the
mutation limiting the availability of C2 state opens KATP in the
presence of high intracellular [ATP], even without MgADP. This
biophysical mechanism of KATP hyperactivity, called B type
mechanism for short, explains why pancreatic b-cells in the
L213R patient did not release insulin (remained hyperpolarized)
despite his very high blood glucose [7].

A dose of glibenclamide above the FDA recommended dose
allowed to transfer the L213R patient from insulin injections to
SU therapy [7]. We asked if the mutation attenuates KATP inhibi-
tion by SU despite essentially normal SU binding to SUR1L213R/
KIR6.2 complexes (Fig. 2 inset legend). Our first test (Fig. 5A)
indicated reduced inhibition of L213R channels by glibenclamide,
but the slow washout of the second generation SU made it difficult
to estimate its steady-state effect corrected for rundown (see Sec-
tion 2 and similar test for WT KATP in [22]). Therefore we used the
rapidly unbinding SU tolbutamide to quantify the effect of L213R
on KATP inhibition by [SU] saturating its specific, but not non-spe-
cific, sites [22,31]. We compared the SU inhibition of L213R vs WT
KATP activity under non-stimulatory conditions, as well as in the
presence of the lowest possible submembrane [MgATP] and the
highest possible [MgADP] in resting b-cells [32,33], as we did ear-
lier for A type mutant KATP [7,11]. We found that unlike A type
mutations, L213R compromises SU inhibition under non-stimula-
tory conditions (Fig. 5B, left bars). While saturation of specific SU
binding sites with 200 lM tolbutamide reduces spontaneous activ-
ity of WT KATP by about 60% [22,31], the same SU treatment of
L213R channels produces significantly smaller inhibition. Thus,
L213R alters the nucleotide-independent component of SU action
by uncoupling its high-affinity binding from the channel closure.
Fortunately for ND patients, even lower [SU] significantly
decreased the activity of B type channels in Mg-nucleotides
(Fig. 5B, right bars). This is consistent with findings that specific
SU binding releases stimulatory nucleotides, thus abolishing KATP
stimulation [22,34]. This effect unmasks the inhibitory action of
nucleotides less effectively in B type mutant channels because of
their increased IC50(ATP). Thus, the mechanism of reduced SU
responsiveness is fundamentally linked to the mechanism of KATP

hyperactivity.
The established kinetic mechanism of ND-SUR1/Kir6.2 hyperac-

tivity and SU tolerance is consistent with early findings that SUR1/
DNKir6.2 channels with increased spontaneous activity show
decreased sensitivity to ATP and SU [21,22,35–37] and inhibit insu-
lin secretion in mice [38]. These and additional studies using
chimeric SUR [20], N-terminal Kir6.2 peptides [18], and TMD0-L0
fragments [12] led us to the conclusion that TMD0-L0/M0–M1
interactions play key roles in KATP assembly and gating [13].
Consistent with the proposal, F132L in TMD0 and activating muta-
tions in M0 alter intrinsic gating [15,39,40]. Strong effects of L213R
in L0 helix on TB/TIB and KATP inhibition provide a new evidence in
support of our working mechanistic model (Fig. 1). Only subtle and
insignificant functional effects of E208K [25] are not surprising.
Unlike L213R, E208K can be carried asymptomatically [41,42]
and exchanges similarly hydrophilic side chains on the hydrophilic
side of the submembrane amphipathic helix (Fig. 6). Normal POmax

and ATP inhibition of SUR1L225P/Kir6.2 channels [24,25] are consis-
tent with the prediction that a relatively short [14] interface L0 he-
lix is a key element of the SUR1/Kir6.2 inhibitory machinery. So, it
is tempting to speculate that L0 helix interacts with the equidistant
[43] M0 ‘‘slide’’ [44] helix (Fig. 6) to lock the ligand-sensitive gate
(Fig. 1). The mechanistic interpretation is consistent with homolo-
gous structures [44–48] and single particle electron microscopy
analysis of (SUR1-KIR6.2)4 [49] verifying that TMD0-L0 gatekeepers
can fit between the KIR tetramer and four SUR1 cores and thus
might transduce signals from the receptor core to the pore
[12,13]. A similar L0 helix was shown to interact with the
of KATP hyperactivity and sulfonylurea tolerance due to a diabetogenic
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Fig. 4. L213R compromises inhibitory nucleotide action. (A) L213R KATP currents under conditions indicated. The vertical arrow marks transition from the cell-attached (on-
cell) to inside-out patch configuration in the intracellular solution. (B) The results from tests like in A (10 different cells for each KATP type). (C) The inhibitory ATP dose–
response curve for L213R (IC50(ATP) = 101.7 ± 4.1 lM; Hill coefficient = 1.19 ± 0.04) vs those for WT and A type mutant KATP tested earlier under similar conditions (see [7,11]
for details); n = 10 and R2 > 0.995 for each curve fit.

Fig. 5. L213R attenuates inhibition of KATP by sulfonylureas. (A) L213R KATP currents indicating their reduced response to the normally (tightly) binding, slowly dissociating,
insulin secretagogue glibenclamide (Glb). Electrophysiological conditions are like in Fig. 4. The vertical arrow marks patch excision in the intracellular solution. (B) The
steady-state inhibition of L213R vs WT KATP by tolbutamide (Tlb) under conditions indicated; n = 10 for each bar.

Fig. 6. Helical wheel plots of L0 and M0 helices. The two helices are in an
antiparallel orientation and their matching hydrophobic moments (vectors) point
toward the membrane. The expected L213R-induced rotation of L0 helix is
indicated.

4 A.P. Babenko, M. Vaxillaire / FEBS Letters xxx (2011) xxx–xxx
conserved core in ABCC1 [23], and we provided biochemical
(labeling) evidence for the close proximity of ABCC8 L0 to the
N-terminal domain of KIR6.2 in inhibited KATP [18]. L213R does
not alter the direct proximity of L0 to Kir6.2 (Fig. 2 inset), but could
Please cite this article in press as: Babenko, A.P. and Vaxillaire, M. Mechanism
mutation in L0 helix of sulfonylurea receptor 1 (ABCC8). FEBS Lett. (2011), doi
disrupt optimized L0/M0 interactions by rotating the L0 helix along
its axis (Fig. 6) as L213R changes the helical hydrophobic moment.
The paradigm of evolutionary optimized L0/Kir6.2 interactions
provides a basic explanation for the high concentration of sponta-
neous ND mutations in L0. Although our mechanistic model recon-
ciles available data, it needs to be refined in additional studies.

Further functional analyses of new ND mutations in different
parts of the TMD0-L0 gatekeeper module should shed more light
on functional coupling between SUR1 and Kir6.2 and clarify if most
of these mutations, causing �40% of ND-ABCC8 cases, overactivate
KATP via B type mechanism. Previous studies showed that ND
mutations in every major domain of the ABC core of SUR1 can
increase KATP PO via A type mechanism (reviewed in [9,10]; see
also [25] on V324M in TMD1). As we continue our search for the
third, or C, type diabetogenic mutations altering the SUR1-induced
decrease in the KD for inhibitory ATP [19], it becomes evident that
A and B mechanisms underlie the majority of ND-ABCC8 cases. This
can explain why most ND-ABCC8 patients require body weight-
normalized SU doses exceeding those prescribed to type 2 diabetes
patients. Pharmacological testing of new ND-ABCC8/KCNJ11
recombinants will help evaluate this argument and identify SU
resistant ND cases requiring alternative personalized therapeutic
approaches.
of KATP hyperactivity and sulfonylurea tolerance due to a diabetogenic
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