material, in principle identical over the
whole sample surface. We attribute this sin-
gularity, which corresponds to about 6% of
the magnetization at saturation, to the col-
lapse of the central domain in roughly half
of the dots oriented antiparallel to the field
direction. This switching field is expected
to be most sensitive to the local parameters
of the material and less sensitive to the
finite size and shape of the dots. This result
is due to a combination of the central po-
sition of the domain, which is far away from
the edges, and the presence of the nearby
alternately oriented magnetic domains,
which ensure efficient screening of the edg-
es. Close examination of the magnetization
curve (Fig. 5) reveals at least two more,
although weaker, jumps at lower field (re-
producible under identical conditions) that
can be attributed to the initial collapse of
part of the outer rings. Such a distribution
of jumps may result because the height of
one jump depends on both the size of the
domain to be reversed and the number of
dots with the same configuration. Not sur-
prisingly, after the dots have become single-
domain, a further increase in the field is
necessary to overcome the strong demagne-
tizing field near the bottoms and the tops of
the dots and to completely align the mo-
ments along the field direction.

Our results demonstrate that two length
scales determine the magnetic domain
structures and magnetic domain reversal
processes in Co dot arrays. One length scale
is set by the geometry of the dots, and the
other is imposed by the size of a domain
wall separating two adjacent domains.
When starting from a previously stabilized
concentric ring configuration, we observe
clear jumps in the first magnetization curve
of an array that are clearly linked to specific
domain annihilation processes.

Investigating domain patterns in mag-
netic storage devices is becoming increas-
ingly necessary for industrial applications as
written bits become smaller and smaller. In
order to prevent accidental switching of
magnetic domains, stringent control of the
quality of the material and the dot geometry
is required.
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Adenosine Diphosphate as an Intracellular
Regulator of Insulin Secretion

C. G. Nichols,” S.-L. Shyng, A. Nestorowicz, B. Glaser,
J. P. Clement IV, G. Gonzalez, L. Aguilar-Bryan,
M. A. Permutt,T J. Bryant

Adenosine triphosphate (ATP)-sensitive potassium (K,p) channels couple the cellular
metabolic state to electrical activity and are a critical link between blood glucose con-
centration and pancreatic insulin secretion. A mutation in the second nucleotide-binding
fold (NBF2) of the sulfonylurea receptor (SUR) of an individual diagnosed with persistent
hyperinsulinemic hypoglycemia of infancy generated K, channels that could be
opened by diazoxide but not in response to metabolic inhibition. The hamster SUR,
containing the analogous mutation, had normal ATP sensitivity, but unlike wild-type
channels, inhibition by ATP was not antagonized by adenosine diphosphate (ADP).
Additional mutations in NBF2 resulted in the same phenotype, whereas an equivalent
mutation in NBF1 showed normal sensitivity to MgADP. Thus, by binding to SUR NBF2
and antagonizing ATP inhibition of K,; channels, intracellular MgADP may regulate

insulin secretion.

Potassium channels that are ATP-sensitive
are found in many types of cells and serve to
couple metabolic state to electrical activity
(1). By hyperpolarizing the cell, K, p chan-
nels limit electrical activity and hence re-
duce calcium entry into muscle and nerve
cells. In the pancreas, they are a critical link
between blood glucose concentration and
insulin secretion (1). ATP binding can
cause closure of the K, 1p channel, and, by
antagonizing this action, MgADP causes
channel opening. When glucose concentra-
tion is low, and hence glycolysis is inhibit-
ed, the fall in the intracellular concentra-

tion of ATP ([ATP]) and rise in [ADP] may
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combine to activate pancreatic K, 1p chan-
nels (2, 3), resulting in hyperpolarization of
the B cell, inhibition of calcium entry, and
a halt in insulin secretion. The pancreatic
K,rp channel is encoded by the sulfonyl-
urea receptor [SUR, a member of the ATP-
binding cassette (ABC) superfamily] (4)
and a small inward rectifier K channel
(Kir6.2) subunit (5).

If changes in nucleotide concentrations
link insulin secretion to the blood glucose
concentration, then changes in the ADP or
ATP sensitivity of the channel should shift
the relation between insulin secretion and
blood glucose concentration and lead to
either a diabetic, hypoinsulinemic, or hy-
perinsulinemic state. Inherited mutations in
SUR can cause persistent hyperinsulinemic
hypoglycemia of infancy (PHHI) (6), a dis-
ease characterized by glucose-independent
insulin secretion (7). We isolated mutations
in SUR by analysis of genomic DNA sam-
ples from individuals affected with PHHI.
In one individual, a mutation was found
that corresponded to a point mutation
(G1479R, where glycine is replaced by ar-
ginine at position 1479) in the second nu-

cleotide-binding fold (NBF2) of SUR. The

1785



R EEEy
mutation is in a region (Fig. 1A) that is
proposed to link nucleotide binding to the
regulation of Cl~ channel activity (8, 9) in
the cystic fibrosis transmembrane regulator
(CFTR), a related ABC cassette protein.
We constructed a G1479R mutation in
the hamster SUR (haSUR) (10) and co-
expressed wild-type or mutant SUR with
Kir6.2 in COSm6 cells (5, 11) (Fig. 1B).
86Rb* efflux measurements were then used
to examine the effects of glucose depriva-

Fig. 1. A mutation in A
NBF2 of SUR gives rise 433 sLLaT o
to a PHHI phenotype. 1219 YTEGGNYHREN
(A) Sequence align- S T ol
ments of NBF1 and
NBF2 of CFTR and ha-
SUR. Walker A and B

T T R TS T S T O N S T B
SREERIRUEREN RN

tion and diazoxide on macroscopic channel
activity (12). Diazoxide activates K,1p
channels in pancreatic  cells and has been
successfully used to treat some forms of
PHHI (7). No K,p channel activity was
present in untransfected COSm6 cells or
cells transfected with Kir6.2, or SUR, alone
(5). Glibenclamide-sensitive K ,1p channel
activity was elicited in wild-type SUR-
Kir6.2 transfectants, either in response to
metabolic inhibition or with the applica-
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pressing Kir6.2 and
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itors (closed circles),
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tion of diazoxide (300 wM). In contrast,
some K, qp channel activity in mutant
SUR(G1479R)-Kir6.2 transfectants could
be observed with diazoxide, but no activity
was activated in response to metabolic in-
hibition (Fig. 1B), consistent with such mu-
tant channels in humans not activating in
vivo in response to glucose deprivation, and
hence causing the PHHI phenotype.

In inside-out patch-clamp experiments
(13), the haSUR G1479R mutant channels
had normal sensitivity to inhibition by
ATP in the absence or presence of Mg?*
(Fig. 2, A and B). Diazoxide opened
G1479R mutant channels in the presence
of blocking concentrations of ATP, but not
as effectively as it opened wild-type chan-
nels (Fig. 2C). Metabolic inhibition should
lower the cytosolic [ATP], a potential phys-
iological regulator of channel activity.
These results reveal normal [ATP] sensitiv-
ity of the mutant channel and cannot ex-
plain the failure of metabolic inhibition to
activate the channels. The paradox can be
explained by the effect of MgADP on the
channel (Fig. 3). Nucleotide diphosphates
have complex actions on wild-type K, 1p
channels (2, 14, 15). ADP?>~, in the ab-
sence of Mg?*, causes channel inhibition as
a weaker analog of ATP*~. K, 1p channel
activity declines (runs down) slowly after
patch excision, and MgADP can subse-
quently cause a recovery of channel activi-
ty. Finally, MgADP can antagonize channel
inhibition by ATP, and this action may be
important in stimulating channel activity at
physiological [ATP]. Mean channel activity
in the absence of nucleotides, sensitivity to
ADP?~ inhibition, and the rate of rundown
after patch excision were not different be-
tween wild-type and mutant channels (15).
However, the G1479R mutation abolished
MgADP antagonism of ATP inhibition (Fig.

A 100 um ATP o 100 B 1 No Mg?* 1 mM free [Mg®] c
1 = 1 WT G1479R WT G1479R 1 WT G1479R
200
T
2 i
&
g T
g & ' 2
0
30s
Fig. 2. ATP inhibition and diazoxide activation of mutant and
wild-type channels. (A) Current through recombinant K,
channels ininside-out patch-clamp records from COSmE cells sl 0 - el L
transfected with haSUR and Kir6.2 cDNAs. Patches were 100 10 1 100 10 1 1000100 10 1 100010010 1 [ATP](mM) 104 1 01 101 1 0.1
moved from a solution containing no ATP into three test solu- [ATP] (M) [ATP] (M) [Dlazoxide] (uM) 0 0 300 300 0 0 300300

tions containing various micromolar concentrations of ATP,

and then back through each test solution to a solution without ATP. (B) The
current for each exposure to test solution (ignoring the first 3 s) was
averaged and expressed relative to the average current in the solution

the absence of cytoplasmic Mg?™* (left) or the presence of 1 mM free Mg?*
(right). (C) Currents in the presence of 1 mM total Mg?* and 0.1 or 1 mM
ATP, with or without 300 wM diazoxide in wild-type and G1479R mutant

without ATP (/). The bar graph shows mean = SE (n = 3 to 4 patchesin K, channels. The bar graph shows mean + SE (n = 3 patches in each
each case). Data are shown for wild-type and G1479R mutant channels in  case).
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Fig. 3. MgADP activa- 1000 1000
tion of wild-type, but not A 120 g B, M ATP ——i0l T
mutant, channels. Cur- TUMATE =—=——  _1__ S00uMADP 0 6 WT  G1479R G1485D
rent through (A) wild- 400 500 uM ADP Ll
type and (B) G1479R z ) 2 a
mutant K,;p channelsin =~ & e 2
inside-out patches ex- % Eo0 0 i wmlBErT
posed to various micro- £ g i‘ ﬁ
molar concentrations of 3 © . 0 500 T
éTP, or AZ\IP with ADP. 0 [ADP] (uM)

ree [Mg2*] was main- 30s
tained at 1 mM. (C) The
currentin 100 wM ATPrelative to the currentin 1 WM ATP (/.), inthe presence  the presence of 500 wM ADP + 100 uM ATP, relative to that in 100 uM ATP

or absence of 500 wM ADP, for wild-type, G1479R mutant, and G1485D
mutant channels (n = 3 to 6 patches in each case). Free [Mg?*] was main-

tained at 1 mM. For all mutations, in similar experiments, the mean current in

3). Other Mg?*-bound diphosphates, partic-
ularly MgGDP (13), also antagonized ATP
inhibition of wild-type channels (n = 5
patches), but such stimulation was also ab-
sent in G1479R mutant channels (n = 6
patches).

ATP inhibition of K,1p channel activity
may require binding at two sites (1, 2, 14, 16,
17), and MgADP antagonism might occur
through competitive binding at one site (2, 3,
14, 16). Our data suggest that MgADP antag-
onism occurs through binding in NBF2.
G1479 is situated in the cytoplasmic linker
region between the Walker A and B sites (18)
of NBF2 (Fig. 1A). In p-glycoprotein, ADP
binding occurs at NBF2 (19), and in CFTR,
binding of ADP at this site antagonizes the
stimulatory effects of ATP on CFTR CI~™
channel activity (8). CFTR has a glycine at
the equivalent position to G1479 (G1343),
and a very closely positioned glycine in NBF2
of CFTR (G1349) reduces the stimulatory
effect of nucleotides on CFTR (9). We intro-
duced a mutation to the corresponding gly-
cine (G1485) in SUR and to the highly con-
served aspartate (D1506) in the Walker B
motif. G1485D and D1506A (A is alanine)
produced the same phenotypic changes to the
properties of expressed K,p channels as
G1479R (Fig. 3). Rb™ efflux was not stim-
ulated in intact cells in response to metabolic
inhibition, and in inside-out patches in the
absence of Mg?*, 2 mM ADP3~ inhibited
wild-type and G1479R and G1485D mutant
channels equally effectively (to 0.02, 0.01,
and 0.02%, respectively, n = 3 to 6 patches).
(G1485D and D1506A were also fully inhibit-
ed by 1 mM ATP, suggesting that the binding
of inhibitory ATP*~ or ADP®~ and transduc-
tion, of the inhibitory signal are not affected
by these mutations. In each case, these muta-
tions caused loss of MgADP antagonism of
ATP inhibition (Fig. 3). G1479 and G827 are
at equivalent sites in NBF2 and NBF1, respec-
tively. In contrast to the above results, G827D
mutant channels were similar to wild-type
channels in their sensitivity to MgADP stim-
ulation and to inhibition by ATP (n = 3).

Our results provide direct evidence for a

functional role of SUR in nucleotide regula-
tion of K,p channel activity and suggest
that the site at which MgADP stimulates
Kp channels is NBF2 of SUR. They also
provide direct evidence for the hypothesis
(2, 3) that [ADP] is a physiological regulator
of channel activity. We conclude that stim-
ulation of K ,p channels by MgADP is nec-
essary for activation of K,p channels in
intact B cells and, hence, that MgADP is an
intracellular regulator of insulin secretion.
QOur findings provide a molecular explana-
tion of the PHHI phenotype in one patient.
Although the SUR mutations studied here
cause a net decrease in K,p channel activ-
ity, mutations that cause an increase in K,p
channel activity, such as mutations that re-
duce the inhibitory effect of ATP, may lead
to a hypoinsulinemic, diabetic phenotype.
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