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Abstract
The role of adenylate kinase (AK) as a determinant of K-ATP channel activity in human
pancreatic β-cells was investigated. We have identified that two cytosolic isoforms of AK, AK1
and AK5 are expressed in human islets and INS-1 cells. Elevated concentrations of glucose inhibit
AK1 expression and AK1 immunoprecipitates with the Kir6.2 subunit of K-ATP. AK activation
by ATP + AMP stimulates K-ATP channel activity and this stimulation is abolished by AK
inhibitors. We propose that glucose stimulation of β-cells inhibits AK through glycolysis and also
through the elevation of diadenosine polyphosphate levels. Glucose-dependent inhibition of AK
increases the ATP/ADP ratio in the microenvironment of the K-ATP channel promoting channel
closure and insulin secretion. The down-regulation of AK1 expression by hyperglycemia may
contribute to the defective coupling of glucose metabolism to K-ATP channel activity in type 2
diabetes.
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It is widely accepted that a critical early step for glucose-induced insulin secretion is the
closure of ATP-sensitive potassium (K-ATP) channels in the plasma membrane of
pancreatic β-cells. The closure of K-ATP channels results in β-cell depolarization, activation
of voltage-sensitive calcium channels and calcium influx that stimulates insulin secretion
[1].

K-ATP channels in pancreatic β-cells are hetero-octomers comprised of four type-1
sulfonylurea receptors (SUR1) and four pore-forming Kir6.2 subunits [2]. Binding of ATP
to Kir6.2 inhibits channel activity whereas the SUR1 subunits have two nucleotide binding
folds that interact to form nucleotide binding sites. K-ATP channel activity is inhibited when
ATP is bound but increases when MgADP is bound [3]. Thus the level of K-ATP channel
activity is regulated by the ratio of ATP to MgADP bound to SUR1 subunits and glucose-
induced inhibition of AK activity as a regulator of nucleotide binding and channel activity is
the focus of this study.
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AK reversibly catalyzes the reaction ATP + AMP ↔ 2 ADP and is regulated by the
availability of AMP or ADP [4]. A role for AK in regulating β-cell K-ATP channels was
suggested by Larsson et al. [5] who observed that AMP increased channel activity in the
presence of ATP, a condition in which AK mediated ADP production is expected. It was
subsequently shown that AK activity in β-cells is inhibited by glucose and that this
inhibition precedes insulin secretion [6]. These observations led to the suggestion that AK
activity might determine ATP and ADP levels in the microenvironment of K-ATP channels
[6].

A study using mice with targeted gene deletion of cytosolic AK1 supports a role for AK in
the regulation of K-ATP channel activity in β-cells [7]. In these AK1 knockout mice, the
activation of K-ATP channels by AMP in the presence of ATP is reduced, but not abolished
[7]. The residual, AK1-independent, K-ATP activation could be explained by the expression
of a second cytosolic AK isoform in β-cells. Herein, we present data showing that human
islets express both AK1 and AK5, the two cytosolic isoforms of AK. Furthermore, we show
that the expression of AK1 is decreased by high glucose, coordinate with changes in
expression of K-ATP channel subunits [8]. The expression of both AK1 and AK5 in β-cells
raises the possibility that both isoforms have roles in regulating the ATP/ADP ratio
controlling K-ATP channel activity.

We suggest that glucose metabolism inhibits AK through two mechanisms: (1) ATP
production and the depletion of AMP and (2) generation of diadenosine polyphosphates. We
propose that glucose regulates both the activity and expression of cytosolic AK isoforms that
control the activity of K-ATP channels and thereby control insulin secretion.

Methods
Cell culture

The culture medium for INS-1 cells was RPMI 1640 containing 10 mM HEPES, 11.1 mM
glucose, 10% fetal bovine serum, 100 U/ml penicillin G, 100 μg/ml streptomycin, 2.0 mM
L-glutamine, 1.0 mM sodium pyruvate, and 50 μM 2-mercaptoethanol. Human islets
(obtained from the Islet Cell Resource Centers) were maintained in CMRL with 10% fetal
bovine serum, 100 U/ml penicillin G and 100 μg/ml streptomycin. Prior to recording, INS-1
cells or human islets were trypsinized and plated onto Concanavalin A (1 mg/ml) coated
glass coverslips. Reagents for cell culture were obtained from Invitrogen LifeTechnologies
(Rockville, MD).

Measurement of K-ATP channel currents
K-ATP channel currents were measured using inside-out patches with patch pipettes pulled
from borosilicate glass. Pipettes were fire-polished and filled with a solution containing (in
mM): 140 KCl, 1.0 MgCl2, 2.0 CaCl2, 5 HEPES (pH 7.3). Filled pipettes had resistances of
3.5–8 MΩ. Patches were excised into a solution containing (in mM): 70 K2SO4, 2.0 MgCl2,
0.1 CaCl2, 1.1 EGTA, 0.2 GTP, 5 HEPES (pH 7.3). Currents were acquired using a HEKA
EPC-9 amplifier under the control of Pulse v.8.31 software (Instrutech Crop., Mineola, NY,
USA) and recorded using a Digidata 1440A data acquisition system with pClamp10
software, also used for data analysis (Molecular Devices, Sunnyvale, CA) All experiments
were performed at room temperature (22–26 °C).

Cytosolic solutions for inside-out patches were rapidly exchanged using Dynaflow Pro II
chambers (Cellectricon Inc., Gaithersburg, MD) under computer control. Chemicals were
from Sigma–Aldrich.
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Polymerase cyclase reactions (PCR) and quantitative PCR (QPCR)
PCR primers were designed against published sequences using DNA-STAR software
(DNASTAR Inc., Madison, WI). The identity of PCR products was confirmed by
sequencing at an MGH core facility. Primers and probes for QPCR were designed using
Beacon Designer (Premier Biosoft, Palo Alto, CA) software and reactions performed using
Qiagen OneStep kits with 100 ng of RNA in a Cepheid SmartCycler. RNA was isolated
from cells using RNeasy kits (Qiagen Inc., Valencia, CA). Changes in expression levels
were calculated using standard ΔΔCt methods relative to GAPDH as previously described
[9,10].

Labeling AK1 protein and immunoprecipitation
A cDNA clone of human AK1 (MGC-1808 obtained from ATCC, Manassas, VA) was
subcloned into the pcDNA3.1/V5-His vector (Invitrogen Corp., Carlsbad, CA). This DNA
template was used for in vitro transcription/translation with 35S-methionine using a TNT T7
reticulocyte lysate system (Promega, Madison, WI) for 90 min at 30 °C. This 35S-labeled
AK1 protein was added to either cell-free RIPA lysis buffer (RIPA) or to whole-cell extracts
(in RIPA) from mouse brain or membrane preparations from MIN6 cells and resuspended in
RIPA. An antibody to Kir6.2 (αKir6.2, gift from Dr. A. Kuniyasu) was then added to each of
these solutions for immunoprecipitation (IP). The antibody-Kir6.2 complex was pulled
down using protein A-Sepharose, washed three times with RIPA buffer and run on pre-cast
4–12% NuPAGE gels (Invitrogen). Gels were soaked in 10% acetic acid and 30% methanol,
then enlightning (NEN Life sciences), dried and exposed to film at −70 °C to detect 35S-
labelled AK1.

Graphing and statistical analysis was performed using Origin software (OriginLab Corp.,
Northampton, MA). Values shown are means ± SEM and significance was assessed by one-
way ANOVA.

Results
Expression of adenylate kinase isoforms in β-cells

There are six known isoforms of human AK [11]. AK2 expression has been reported in
pancreas but is localized to the mitochondrial intermembrane space [12] and is unlikely to
play a role in regulating K-ATP channels. Of the six known isoforms, AK1 and AK5 are
cytosolic. We therefore examined the expression of AK isoforms in islets and insulinoma
cells.

AK expression was tested using PCR with RNA isolated from human or mouse islets and
insulinoma (rat-derived INS-1 and mouse-derived MIN6) cells. Amplified bands were
isolated and their identity confirmed by sequencing. AK1 and AK5 were detected in human
islet, consistent with the hypothesis that these two cytosolic isoforms play a role in
regulating K-ATP channel activity. A weak band for AK5 was also detected in mouse islet.

The glucose-dependence of AK1 expression was examined by QPCR using INS-1 cells (Fig.
1A). INS-1 cells were grown in normal culture medium (11 mM glucose), or in culture
medium containing 2 mM glucose for 3d or 25 mM for 5d. Cells grown in normal medium
were also washed with 2 mM or 25 mM glucose for 4 h to examine short term expression
changes. RNA was extracted from each batch of cells and used in QPCR experiments to
detect changes in expression. Incubation in 25 mM glucose produces about a fourfold
decrease in AK1 message whereas 2 mM glucose produces about a threefold increase
relative to cells grown in 11 mM glucose (Fig. 1A).
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To examine the reversibility of these glucose-induced changes, plates of cells grown in 2
mM (3d) glucose were washed with media containing either 2 mM or 25 mM glucose and
incubated for 4 h (Fig. 1B). The change in expression in 25 mM glucose relative to 2 mM
glucose is shown for AK1, AK4, CKB, and hepatic (L-type) pyruvate kinase (LPK).
Glucose increases LPK gene transcription [13,14] and was used as a positive control.
Increasing glucose reduced expression of AK1, AK4, and CKB but increased LPK.
Incubation for 4 h in 25 mM glucose significantly decreased the expression of AK1 (p <
0.01), AK4 (p < 0.05) and CKB (p = 0.001), and increased the expression of LPK (p <
0.001). Similarly, cells maintained in 25 mM glucose for 5d were transferred to fresh
medium with either 2 mM or 25 mM glucose overnight. Reduction of the glucose level in
the culture medium significantly increased AK1, AK4, and CKB (p < 0.01) expression and
decreased LPK (p < 0.001) expression (Fig. 1C).

AK1 associates with Kir6.2
Experiments were performed using in vitro transcribed and translated AK1 labeled with 35S-
methionine (Fig. 2). A labeled band of the predicted size for AK1 (ca. 22 kDa) was observed
only in reactions with the AK1 expression vector added and not with the empty vector (EV)
or reticulocyte lysate alone (RL). This 35S-labeled AK1 was added to either cell-free RIPA
lysis buffer (RIPA) or to cell membrane extracts (in RIPA) from mouse brain or MIN6 cells
(Fig. 2, right panel). Immunoprecipitation (IP) using a Kir6.2 antibody was performed to test
for association of Kir6.2 with AK1. This test was prompted by a report that the stimulatory
effect of AK on K-ATP channel activity was not observed in isolated patches from β-cells
[7], suggesting that AK might not directly couple to the channel. This report conflicts with
previous studies in cardiac muscle and our own studies, shown below, demonstrating K-
ATP activation by AK in inside-out patches. A weak band corresponding to the size of AK1
was observed from cell-free RIPA extracts and stronger bands were observed when either
brain or MIN6 membrane extracts that contain Kir6.2 protein were added. Co-
immunoprecipitation of AK1 with Kir6.2 in β-cells and mouse brain supports previous
reports using cardiac muscle [15].

K-ATP channel currents are regulated by AK
The ability of AMP to increase K-ATP channel currents in the presence of ATP was
investigated using inside-out patches from human islet (Fig. 3). We observed stimulation of
K-ATP currents in response to AMP + ATP using both human islets and INS-1 cells
consistent with AK generating ADP under these conditions and thus increasing channel
activity (Fig. 3A). Segments of this recording (Fig. 3A) in the presence of ATP (Fig. 3B)
and ATP + AMP (Fig. 3C) are shown on an expanded time scale. AMP + ATP stimulated
channel activity 2.0 ± 0.3-fold (n = 4, p = 0.026) relative to ATP alone.

The findings described above demonstrate that AK substrates can enhance K-ATP currents.
The AK inhibitor diadenosine pentaphosphate (AP5A) was used to further test for a role of
AK in regulating channel activity. The dose–response relation for the inhibition of K-ATP
currents by AP5A was measured using AP5A at increasing concentrations (1–100 μM).
These experiments indicate an IC50 of 14.9 ± 4.5 μM and a Hill coefficient of 1.22 ± 0.14 (n
= 10). These values are similar to those previously reported for AP5A inhibition of K-ATP
channels in cardiac muscle (16 μM and Hill coefficient of 1.6 [16]) and for the inhibition of
islet K-ATP channels by AP4A (17 μM and Hill 1.2 [17]). The similarity of the IC50’s of
AP4A and AP5A to inhibit K-ATP suggests a direct action on the channel as these two
compounds have widely different binding affinities and inhibitory efficacy at AK [18,19].

AP5A can be used to demonstrate a role for AK in regulating K-ATP currents by its ability
to block the stimulation of currents by the AK substrates ATP+AMP. In the absence of
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AP5A, ATP + AMP increased K-ATP currents 1.22 ± 0.06-fold (n = 6, p = 0.004). Addition
of AP5A (20 μM) inhibited K-ATP currents by 45% (n = 6, p = 0.003) and in the presence
of AP5A ATP + AMP did not significantly increase current amplitudes relative to ATP
alone (1.07 ± 0.09). This block of the stimulation of K-ATP currents by ATP + AMP by the
AK inhibitor AP5A supports a role for AK in regulating channel activity in β-cells.

Discussion
The findings presented here support a role for adenylate kinases in controlling the ATP/ADP
ratio in the microenvironment of K-ATP channels in human β-cells and regulating channel
activity (Fig. 4). Under fasting conditions, AK generates ADP from ATP + AMP in the
microenvironment of the K-ATP channel to maintain channel activity, hold the cell at a
hyperpolarized membrane potential and prevent insulin secretion. Elevated blood glucose
inhibits AK-mediated phosphoryl transfer through the metabolic synthesis of ATP from
ADP and depletion of AMP. The depletion of AMP occurs as AK cycles ATP + AMP →
2ADP, this ADP is then phosphorylated to ATP and AK-mediated cycling continues with
the net effect that AMP becomes depleted. This model is supported by the observation that
AMP levels decline in glucose-stimulated β-cells in association with AK inhibition [6].
Glucose-induced inhibition of AK results in a localized increase in ATP and a decrease in
ADP levels thereby promoting K-ATP channel closure and insulin secretion. Additionally,
glucose metabolism generates diadenosine polyphosphates (APnA), compounds that inhibit
AK and also directly inhibit K-ATP channel activity. We propose that these three effects,
glycolytic generation of ATP and depletion of AMP to inhibit AK, APnA mediated
inhibition of AK and direct inhibition of K-ATP by APnA, are all involved in the inhibition
of K-ATP channels by glucose resulting in the stimulation of insulin secretion (Fig. 4).

Our studies extend previous reports on the role of AK in β-cells by identifying expression of
the two cytosolic isoforms of AK, AK1, and AK5, and by showing that AK1 associates with
Kir6.2 and regulates channel activity in isolated patches from human islets and INS-1 cells.
Schulze et al. reported that AK1 regulates K-ATP currents in mouse islets and observed a
reduction in the efficacy of AMP to stimulate activity of about 50% in AK1 knockout mice
[7]. Our observation that the second cytosolic isoform of AK, AK5 is expressed in β-cells
could explain this remaining stimulatory activity of AMP in AK1 knockout mice.

The reversible, decreased expression of AK1 with high glucose reflects changes in the
expression of SUR1 and Kir6.2 [8]. This coordinate-regulation might play a role in the
failing sensitivity of β-cell K-ATP channels to glucose in type 2 diabetes [20]. However,
previous studies suggest that the overall level of AK activity does not decrease in islets from
ob/ob diabetic mice with persistent hyperglycemia [21]. Our findings of decreased message
levels for AK1 suggests that the effects of glucose slowly reverse or that expression of other
AK isoforms increase to compensate for the decreased expression of AK1.

In summary, β-cells express two cytosolic isoforms of AK that play a role in regulating K-
ATP channel activity. We propose that glucose-stimulation of β-cells inhibits AK through
glycolysis and also through the generation of diadenosine polyphosphates. This dual
inhibition of AK increases the ATP/ADP ratio in the microenvironment of the K-ATP
channel and thereby induces channel closure, an effect that might be potentiated by direct
interactions of diadenosine polyphosphates with channel subunits. The closure of K-ATP
channels by these three mechanisms induces membrane depolarization, activation of
voltage-dependent Ca2+ channels and the stimulation of insulin secretion. This sequence of
events is consistent with a report that glucose-induced AK inhibition precedes Ca2+ influx
and insulin secretion [6]. We also demonstrate that glucose regulates the expression of AK
as well as its activity. High glucose down-regulates AK1 expression, an effect that parallels
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glucose-mediated effects on K-ATP channel subunits. We propose that this coordinate
down-regulation of SUR1, Kir6.2 and AK1, a regulator of channel activity, may participate
in the failure of β-cells to respond to glucose in type 2 diabetes.
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Fig. 1.
Glucose-regulation of AK expression in INS-1 cells measured by QPCR. (A) AK1
expression changes induced by glucose. Fold changes in expression level are plotted relative
to the level found in INS-1 cells grown in normal RPMI culture medium (G11). Transferring
cells to 2 mM glucose RPMI (G2) for 4 h or 3d increased AK1 expression by 1.9 ± 0.2 (n =
9)- and 3.3 ± 0.4 (n = 10)-fold, respectively, overcontrol levels. Increasing glucose to 25
mM (G25) decreased AK1 expression by 1.5 ± 0.7-fold (n = 12) at 4 h and by 4.3 ± 0.8-fold
(n = 12) at 5d. (B) Glucose-mediated changes in expression are reversible. INS-1 cells
grown in 2 mM glucose for 3d were transferred into fresh 2 mM glucose or 25 mM glucose
for 4 h and fold changes in expression are plotted for G25 relative to values for cells in fresh
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G2. Error bars from the zero-fold change axis represent SEM for values in G2. Increasing
glucose to 25 mM reversed the G2-mediated increase and decreased AK1 expression 3.4 ±
1.0-fold, AK4 decreased by 1.4 ± 0.1-fold, CKB decreased 2.9 ± 0.5-fold and LPK increased
1.7 ± 0.1-fold (all values n = 11 from the same RNA samples). (C) INS-1 cells were also
transferred from 25 mM glucose to either 2 mM or fresh 25 mM glucose overnight. These
changes produced opposite effects to those shown in (B). AK1 increased 2.5 ± 0.2-fold,
AK4 increased 1.7 ± 0.1-fold, CKB increased 1.4 ± 0.1-fold and LPK decreased 1.5 ± 0.1-
fold (n = 6 for each value).
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Fig. 2.
AK1 co-immunoprecipitates with Kir6.2. (Left panel) Specific 35S-incorporation into AK1
by in vitro transcription/translation was observed when an AK1 plasmid was added but not
with the empty vector (EV) or the reticulocyte lysate (RL). (Right panel) Labeled AK1 was
added to RIPA lysis alone or the lysis buffer with mouse brain or mouse-derived MIN6
membrane extracts. Immunoprecipitation of AK1 by αKir6.2 was observed with extracts of
mouse brain and MIN6 cells but not with cell-free lysis buffer.
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Fig. 3.
Addition of the AK substrates, ATP and AMP, stimulates K-ATP channel activity in human
islets. (A) A continuous record of K-ATP channel currents in an inside-out patch held at −60
mV. Unitary current amplitudes are about 4 pA. The record starts with control (Cont.)
solution (ATP- and AMP-free) being perfused onto the cytosolic face of the patch. This
solution was then exchanged for one containing 30 μM AMP, then 30 μM ATP (zero AMP)
then ATP + AMP (both at 30 μM) and finally washout with control solution. Solution
applications are indicated by bars above the trace. Values for NPO were 4.40 (Cont.), 3.95
(AMP), 0.96 (ATP), 2.88 (ATP + AMP) and 4.53 (Wash) for this patch. (B) Currents in the
presence of ATP are shown on expanded scales at the time indicated below trace A by the
bar labeled B. (C) Currents are shown on expanded scales in the presence of ATP + AMP as
indicated by bar C marked below trace A. Similar results were obtained in four patches from
human β-cells.
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Fig. 4.
A model for glucose-induced closure of K-ATP channels leading to depolarization, Ca2+-
influx and insulin secretion. Glucose uptake through the Glut2 transporter enters the
metabolic pathway and generates ATP from ADP. Metabolic synthesis of ATP from ADP
depletes the local AMP concentration (through ATP + AMP → 2ADP and ADP then being
converted to ATP) and inhibits the AK-mediated phosphoryl transfer cascade that under
basal condition generates ADP from ATP in the microenvironment of the K-ATP channel.
Inhibition of the AK cascade results in a localized increase in ATP and decrease of ADP
causing channel closure. Additionally, glucose metabolism generates diadenosine
polyphosphates (APnA) that further inhibit AK-mediated phosphotransfer and also directly
interact with K-ATP to inhibit channel activity. We therefore propose that these three
components are involved in the inhibition of K-ATP channels resulting in cell
depolarization, activation of L-type voltage-dependent Ca2+ channels (L-VDCC) and the
stimulation of insulin secretion.
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