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Transduction of energetic signals into membrane electrical events
governs vital cellular functions, ranging from hormone secretion
and cytoprotection to appetite control and hair growth. Central to
the regulation of such diverse cellular processes are the metabo-
lism sensing ATP-sensitive K* (Katp) channels. However, the mech-
anism that communicates metabolic signals and integrates cellular
energetics with Karp channel-dependent membrane excitability
remains elusive. Here, we identify that the response of Karp
channels to metabolic challenge is regulated by adenylate kinase
phosphotransfer. Adenylate kinase associates with the Katp chan-
nel complex, anchoring cellular phosphotransfer networks and
facilitating delivery of mitochondrial signals to the membrane
environment. Deletion of the adenylate kinase gene compromised
nucleotide exchange at the channel site and impeded communi-
cation between mitochondria and Kare channels, rendering cellular
metabolic sensing defective. Assigning a signal processing role to
adenylate kinase identifies a phosphorelay mechanism essential
for efficient coupling of cellular energetics with Katp channels and
associated functions.

D elivery of metabolic signals to intracellular compartments is
a critical determinant of cellular homeostasis. In particular,
efficient communication between cellular energetics and mem-
brane metabolic sensors is required for regulation of cell excit-
ability and associated functions (1, 2). Plasmalemmal ATP-
sensitive K* (Karp) channels, formed by the Kir6.2 potassium
channel and the sulfonylurea receptor (SUR), are unique nu-
cleotide sensors that adjust membrane potential in response to
intracellular metabolic oscillations (2-5). Transition of the SUR
subunit from the ATP to the ADP-liganded state promotes K™
permeation through Kir6.2 and defines Karp channel activity
(5-7). However, the mechanism that facilitates nucleotide ex-
change in the Karp channel environment and promotes coupling
of membrane electrical events with cellular metabolic pathways
remains unknown.

Cellular phosphotransfer reactions catalyze nucleotide ex-
change facilitating communication between sites of ATP gen-
eration and ATP utilization (8—11). In this way, the phospho-
transfer enzyme adenylate kinase (AK) amplifies metabolic
signals and promotes intracellular phosphoryl transfer by cata-
lyzing the reaction ATP + AMP < 2ADP (12, 13). Adenylate
kinase has a distinct signaling role in setting the cellular response
to stress through activation of AMP-dependent processes (12—
15). Deletion of the major AK isoform (AKI1) results in disturbed
muscle energetic economy and decreased tolerance to metabolic
stress (14, 15). Mutations in AK compromise nucleotide export
from mitochondria (16), as well as the function of ATP-binding
cassette transporters (17). Conversely, stimulation of AK phos-
photransfer promotes nucleotide-dependent membrane func-
tions (18, 19). However, the actual significance of AK phospho-
transfer in communicating energetic signals to membrane
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metabolic sensors, such as the Karp channel, has not been
established.

In this study, we demonstrate that AK phosphotransfer reg-
ulates the Karp channel response to metabolic challenge, pro-
moting delivery of mitochondria-generated signals to the chan-
nel site. Such a signal processing function for AK was lost in cells
with a null mutation of the AK7 gene, disrupting Karp channel
coupling from cellular metabolism. Thus, the AK phosphorelay
provides a novel pathway for integration of cellular energetics
with membrane electrical events.

Materials and Methods

AK Knockout (KO) Mice. AK1-KO mice were derived from embry-
onic stem cells carrying a replacement mutation in the AK7 gene
(14, 15). Complete inactivation of AK1 expression was achieved
by homologous DNA recombination, with a HygroB cassette
vector used to replace the entire exon 3-5 region in the AKI
gene. Homozygous AKl1-deficient mice lack the AK1 protein
(14) and were compared with age-matched wild-type controls.

Channel Recording. Electrophysiological recordings were per-
formed in cardiomyocytes (20) from guinea pig or mice hearts
and in COS-7 cells (21) transfected with Kir6.2 and SUR2A
cDNA that encode cardiac Kap channel subunits (22). Pipettes
(=7-10 MQ) were filled with 140 mM KCl, 1 mM CaCl,, 1 mM
MgCl,, and 5 mM Hepes-KOH (pH 7.3), and cells were super-
fused with 140 mM KCI, 1 mM MgCl,, 5 mM EGTA, 5 mM
Hepes-KOH (pH 7.3), 5 mM malic acid, 5 mM pyruvic acid, and
1 g17! glucose. Membrane was permeabilized with digitonin to
obtain the open cell-attached configuration (7). Channel activ-
ity, measured at —60 mV, was expressed as NP, where N
represents the number of channels and P, the open channel
probability.

Enzymatic Activity. The ATP <> ADP exchange rate catalyzed by
AK was measured in sarcolemmal membrane preparations using
an enzyme-coupled spectrophotometric assay (13). AK activity
was also determined in Karp channel immunoprecipitates or
preimmune controls incubated with 2 mM ADP and 2 mM
MgCl; (20 h, 37°C; shaken at 170 rpm). The reaction was stopped
by 2 mM HCIO,4 and kept on ice for 5 min. Proteins were
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AMP-dependent regulation of Karp channels is lost in AK1-KO cardiac cells. (A) Recording of native cardiac Katp channels demonstrate activation of

ATP-inhibited channels following application of AMP, a pivotal AK substrate. (B) Absence of the AMP effect in cardiomyocytes from AK1-KO mice. (C)
Concentration dependence of AMP-induced activation on 250 uM ATP-inhibited Katp channels in control (O) and AK1-KO (@) cardiomyocytes.

precipitated by centrifugation at 15,000 X g (4°C, 5 min).
Supernatant was neutralized with 2 M K,COs3, and on removal
of potassium perchlorate precipitate adenine nucleotides were
determined by HPLC (7).

Immunoprecipitation. Kaorp channels were immunoprecipitated
from sarcolemma with an anti-Kir6.2-specific Ab or preimmune
serum (7, 23, 24). Membranes (400 wg) were solubilized in an
immunoprecipitation buffer (50 mM TrissHCI, 150 mM NaCl, 5
mM EDTA, and 50 mM NaF, pH 8.3) and incubated with an
anti-Kir6.2 Ab raised in rabbit against amino acids N19-32C of
rat Kir6.2. The resulting Ab-Karp channel complex was precip-
itated with protein A-Sepharose. Samples were centrifuged and
resuspended in the immunoprecipitation buffer with 1% Non-
idet P-40, 1 mM PMSF, 10 mg-ml~! leupeptin, and PBS. Immu-
noprecipitates were probed by Western blotting using an anti-
AKl-specific Ab (14). The anti-AK1 Ab was also used to
immunoprecipitate AK with recombinant Karp channel sub-
units. The amount of channel proteins was calculated assuming
an immunoprecipitation efficiency of 10% (7).

*0/”P NMR Spectroscopy. AK phosphotransfer was measured
using the O-phosphoryl-labeling technique (15) in guinea pig
and mice hearts perfused (at 37°C, 40 min) with a 95% 0,/5%
COs-saturated solution (123 mM NaCl, 6.0 mM KCl, 2.5 mM
CaCl,, 19 mM NaHCOs;, 1.2 mM MgSOy, 11.0 mM glucose, 0.5
mM EDTA, and 20 U-l~! insulin). Hypoxia was induced with a
95% N, /5% CO,-gassed solution (at 37°C, 7 min) used to reduce
partial oxygen pressure to 20-30 mmHg. Regular water in the
perfusion solution was replaced for 30 s with 40% 30 water, and
hearts were freeze-clamped in liquid nitrogen. Frozen hearts
were extracted in 600 mM HCIO4 and 1 mM EDTA, and proteins
were pelleted by centrifugation. Supernatant was neutralized
with 2 M KHCOs;, precleaned with Chelex 100 resin, and
supplemented with EDTA to remove metal ions. Samples were
concentrated by vacuum centrifugation and supplemented with
10% deuterium water. '80-induced shift in >'P NMR spectra was
recorded at 242.9 MHz in a Bruker 14T spectrometer (Billerica,
MA). The cumulative percentage of phosphoryl oxygens re-
placed by 130 in B-ADP was calculated as [% %0, + 2(%'%0,) +
3(%1%05)]/[3(% 80 in H,O)].
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CK regulates AK-mediated Katp channel activation. Although AMP activated both native cardiac (A) and recombinant Kir6.2/SUR2A (B) Katp channels,

CrP, which promotes ADP scavenging by CK, antagonized AMP-induced Katp channel activation. (C) Average Katp channel activity (mean =+ SE) in cardiomyocytes
(n = 4; 0) and in COS-7 cells expressing recombinant Katp channels (Kir6.2/SUR2A, n = 4; &), in the presence of 250 uM ATP, following addition of 50 uM AMP

or following addition of AMP plus 2 mM CrP.
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Fig. 3. AK associates with sarcolemmal Karp channels. (A) Vigorous AK ATP

< ADP exchange activity in sarcolemma from wild-type (WT, n = 4; &), but not
AK1-KO (n = 4; m) mice. (B) Association of Karp channel protein with AK1 in
wild-type, but not AK1-KO. Sarcolemmal Katp channels were immunoprecipi-
tated (IP) with the anti-Kir6.2 Ab (Kir6.2Ab) and probed for AK1 by Western
blot (WB) with the anti-AK1 Ab (AK1Ab). (C) HPLC chromatogram shows
increased AK activity in Katp channel immunoprecipitates (IP) compared with
control (C). The anti-Kir6.2 Ab was used to immunoprecipitate the channel
complex from cardiac sarcolemma, while preimmune serum served as control.
(D) Anti-AK1 Ab recognized, by Western blot, recombinant AK1 (left lane) and
a protein of identical molecular mass in sarcolemmal Kir6.2 immunoprecipi-
tates (center lane), which was competed off by excess of purified AK1 (right
lane). (E) Channel proteins were in vitro translated and labeled with [3>S]me-
thionine. In the presence of nonlabeled recombinant AK1, the anti-AK1 Ab
immunoprecipitated Kir6.2 (left lane) or Kir6.2/SUR subunits (center lane).
Channel proteins were not immunoprecipitated by a control Ab (right lane).
Proteins were run on denaturing SDS/PAGE, and visualized by Western blot-
ting (B and D) or autoradiography (E).

Metabolite Levels. Tissue levels of AMP were quantified with
HPLC (13).

Statistical Analysis. Data are expressed as mean *+ SE. Student’s
t test for unpaired samples was used for statistical analysis, and
a difference at P < 0.05 was considered to be significant.

Results and Discussion

AMP-Driven K, . Channel Activation, Lost in the AK1-KO. AK is highly
expressed in tissues that require a rapid response to metabolic
challenge, where it efficiently regulates adenine nucleotide
exchange between cellular microdomains (12-15). The direction
of the AK reaction within a cellular compartment depends on
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Fig. 4. AK phosphotransfer under metabolic stress. (A) 3'P NMR spectra of
guinea pig heart extracts under normoxic and hypoxic conditions. Incorpora-
tion of '80 into B-phosphoryls of ADP, which reflects the rate of AK-catalyzed
phosphotransfer, induces the appearance of three '80-labeled species (801,
80,, and '803). Incorporation of '80 was significantly higher under hypoxia.
(B) Average values for AK-catalyzed phosphotransfer flux in normoxia (n = 5;
i) and hypoxia (n = 5; m) in guinea pig heart determined by '80/3'P NMR
spectroscopy. (C) AMP levels in wild-type (WT, n = 5; O0) and AK1-KO (n = 5;
%) mouse heart under normoxia and hypoxia determined by HPLC. (D) Blunted
AK phosphotransfer response in the AK1-KO (n = 5; £) compared with the
wild-type (n = 5; m) mouse heart in hypoxia.

the availability of AMP, the pivotal signaling molecule driving
the generation of ADP (10, 12). Local conversion of ATP to
ADP could, in turn, promote Katp channel opening despite high
intracellular ATP levels (19). Here, regulation of Katp channels
by AMP was probed in cardiac cells expressing or lacking the
AKI gene (Fig. 1). In the open cell-attached patch configuration,
which preserves the structural and metabolic integrity of a cell
(7), Katp channels were kept closed by ATP in both normal and
AK1-deficient cardiomyocytes (Fig. 1 4 and B). Acceleration of
the AKI reaction by AMP promoted opening of ATP-inhibited
KaTtp channels in wild-type (Fig. 14), but not AK1-KO (Fig. 1B)
cells. In the presence of intact AK1, the effect of AMP was
concentration dependent, reaching half-maximal activation of
Karp channels at 182 = 30 uM (n = 7; Fig. 1C). In the absence
of AK1, Karp channels were kept closed by ATP even at 500 uM
AMP (n = 4; Fig. 1C). This suggests that AMP-dependent Katp
channel opening was mediated through AK catalysis. Thus, each
AMP-activated AK catalytic cycle would remove one ATP
molecule from the channel site while generating two molecules
of the channel activator ADP, thereby increasing the probability
for Karp channel opening.

AK-Dependent K, . Channel Activation, Reversed by Creatine Kinase
(CK). In the heart, CK is a major phosphotransfer system (8, 11,
13, 25) promoting ATP regeneration at ATP consumption sites
(ADP + CrP <> ATP + Cr, where CrP is creatine phosphate and
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AK communicates mitochondrial signals to Katp channels. (A) The mitochondrial uncoupler, DNP, induced vigorous Katp channel activation which was

irreversibly inhibited by oligomycin, a mitochondrial FoF1-ATPase antagonist (n = 5). (B) In the presence of CrP, DNP produced lower activation of Karp channels
as part of mitochondria-generated ADP was scavenged by the CrP/CK system. Ap5A, which at 20 uM inhibited AK activity in cardiac sarcolemma (n = 3; C),
suppressed AK-mediated channel activation (n = 5). (D) In AK1-KO cardiomyocytes, Katp channel activation by DNP was blunted and insensitive to Ap5A, but
inhibited by oligomycin (n = 3). (E) Average (mean = SE) DNP-induced Katp channel activity in wild-type (left) and AK1-KO (right) cardiomyocytes in 0.5 mM ATP
(0J) or 0.5 mM ATP plus 1 mM CrP (7). Bars were constructed from three to five recordings for each data point.

Cr is creatine). In fact, there is a close relationship between AK
and CK phosphotransfer defining the directionality of nucleo-
tide exchange in cellular compartments (8). Indeed, AMP-
induced opening of native (Fig. 24) or recombinant Kir6.2/
SUR2A (Fig. 2B) cardiac Karp channels was reversed by
removal of the product of the AK reaction, ADP, through
activation of CK using CrP. On average, the efficacy of AMP to
activate ATP-inhibited Katp channels was similar in native and
recombinant channels and was dramatically reduced in the
presence of the competing CK system (Fig. 2C). Thus, in the cell
activation of Karp channels by AK could be counteracted by
systems scavenging the product of AK catalysis, thereby keeping
channels closed.

AK Associates with Sarcolemmal K,,, Channels. AK is localized
throughout the cell, including mitochondria, cytosol, and mem-
branes (14, 19). The close proximity and/or association of AK
with an ATP consuming or ATP sensing site would assure
targeted delivery of nucleotide-derived signals enhancing the
efficiency of cellular energetics and metabolic signal transduc-
tion (13). Here, sarcolemmal preparations possessed high AK
activity (844 = 20 nmol'min~"mg~!, n = 4) promoting ATP <>
ADP exchange in the membrane environment (Fig. 34). In
contrast, sarcolemma from AK1-KO cells essentially lacked AK
activity (21 = 3 nmol'min~"mg~!, n = 4), compromising nucle-
otide exchange (Fig. 34). The marginal AK activity remaining
could be attributed to minor AK isoforms and/or proteins
possessing AK-like activity still present in the AK1-KO mice (14,
15). The localization of AKI1 in the cell membrane raises the
possibility of direct interaction with Kaotp channel subunits. In
Kartp channel immunoprecipitates, obtained using an anti-Kir6.2
Ab, a 25-kDa protein, corresponding to the molecular mass of
AK1, was recognized by the anti-AK1 Ab (Fig. 3B). This protein
was absent in channel immunoprecipitates from sarcolemma of
AK1-KO mice (Fig. 3B). Thus, AK1 associates with Karp
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channels in the sarcolemma, an interaction lost following dele-
tion of the AKI gene.

Moreover, AK activity was detected in immunoprecipitates of
Karp channel proteins (Fig. 3C). Cardiac Karp channel immu-
nocomplexes catalyzed ATP <> ADP exchange at a rate signif-
icantly higher than that of preimmune controls (n = 9; Fig. 3C
Inset). Such catalytic activity in channel immunoprecipitates was
related to the 25-kDa AKI1 protein revealed by Western blot
analysis using the anti-AK1-specific Ab and competed off with
purified AKI protein (Fig. 3D). Conversely, the anti-AK1 Ab
coimmunoprecipitated recombinant Karp channel subunits,
Kir6.2 and SUR, in the presence of the AK1 protein (Fig. 3E).
This was not observed in the absence of the AKI protein,
excluding a nonspecific interaction with channel proteins (Fig.
3E). Physical interaction of AK with Karp channels would
facilitate nucleotide exchange in the channel’s intimate environ-
ment. Therefore, AK associated with Kaotp channels can serve
as an anchoring site for the cellular AK phosphotransfer net-
work, accommodating metabolic signals from other intracellular
compartments.

AK Phosphotransfer Response to Metabolic Challenge, Compromised
in the AK1-KO. Distributed throughout the cell, sequential phos-
photransfer reactions catalyzed by AK form a relay for propa-
gation of energetic signals (10, 12, 18). The near equilibrium
nature of the AK reaction ensures rapid adjustment of AK-
mediated flux in response to changes in the cellular metabolic
state (12). However, the response of AK phosphotransfer under
conditions of metabolic stress, when Katp channels do open, is
largely unknown. In the intact heart, the AK phosphotransfer
rate was followed by 30 incorporation into B-phosphoryls of
ADP revealed by the '80-induced isotopic shift in the 3'P NMR
spectrum (Fig. 44). In '80-containing medium, AK-catalyzed
incorporation of 180 into ADP results in the appearance of 30y,
180,, and 805 phosphoryl species (Fig. 44). Under normoxic
conditions, when Karp channels are closed, basal incorporation

Carrasco et al.



of 180 atoms into B-phosphoryls of ADP reflected a low AK
phosphotransfer rate in the intact myocardium (Fig. 44 Left).
Incorporation of 0 was significantly increased under hypoxia,
indicating an augmented AK phosphotransfer rate following
metabolic challenge (Fig. 44 Right). On average, AK-mediated
phosphoryl flux increased >3-fold, from 11.7 = 2.3t039.3 + 7.1
nmol 80-BADP per min per mg protein (n = 5; P < 0.05),
following metabolic insult induced by hypoxia (Fig. 4B). The
myocardial levels of AMP, the critical substrate in the AK
reaction, also significantly increased under hypoxia (Fig. 4C). On
average, the intracellular AMP concentration was 4.9 = 0.8 and
11.4 = 2.2 nmol per mg protein (n = 5; P < 0.05) in normoxic
and hypoxic conditions, respectively. In the AK1-KO heart, the
hypoxia-induced surge in AMP was lost. Accordingly, AMP
levels were 5.7 and 5.5 nmol per mg protein (n = 5) in normoxic
and hypoxic conditions, respectively. This was associated with a
blunted response in AK phosphotransfer in the AK1-KO heart
under hypoxia compared with the wild type (Fig. 4D). Thus,
AMP levels and AMP-related AK phosphotransfer respond with
high fidelity to hypoxia, a property lost in hearts lacking the AK7
gene. By effectively responding to stress conditions, AK phos-
photransfer may accurately transmit information reflecting the
cellular metabolic state.

AK Facilitates Communication of Mitochondrial Signals to K., Chan-
nels. Mitochondria, which are responsible for production of the
majority of cellular ATP, rapidly respond to metabolic stress by
releasing signaling molecules that ultimately can determine the
fate of a cell (26-28). Mitochondria contribute to metabolic
oscillations that drive fluctuations of membrane current and set
membrane excitability through regulation of Karp channels (2).
At the cellular level, metabolic stress can be readily induced by
the mitochondrial uncoupler, dinitrophenol (DNP). In the pres-
ence of DNP, mitochondrial FoF;-ATP synthase reverses its
activity from ATP synthesis to ATP hydrolysis, leading to
generation of ADP and vigorous Karp channel opening (Fig.
5A4). The DNP-induced Karp channel opening was abolished by
oligomycin, an inhibitor of FyF;-ATPase activity, indicating tight
coupling of mitochondria with channel activity (Fig. 54).

Through feedback regulation of nucleotide-sensitive pro-
cesses, AK has been recognized as an integral part of dynamic
cellular metabolic networks (29-33). Involvement of AK phos-
photransfer in linking mitochondrial events with Karp channels
was probed using diadenosine pentaphosphate (Ap5A), an in-
hibitor of AK (34, 35). Ap5A was applied under conditions when
mitochondria-generated ADP, not involved in AK trafficking,
was scavenged by the CK system (Fig. 5B). Ap5SA inhibited AK
activity in cardiac membranes (Fig. 5C) and antagonized DNP-
induced Karp channel activation (Fig. 5B). Thus, pharmacolog-
ical inhibition of AK phosphotransfer impeded delivery of
mitochondrial signals to the Karp channel site.

Furthermore, in AK1-KO cardiomyocytes the Karp channel
response to DNP-induced mitochondrial AT Pase activation was
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Fig. 6. AK phosphotransfer communicates mitochondria-generated signals
to Karp channels. AK molecules form a phosphorelay network connecting
mitochondria with the cell membrane. Under hypoxic stress, mitochondrial
FoF1-ATPase consumes cellular ATP generating ADP, which is delivered to the
Kate channel through the chain of sequential AK-catalyzed phosphotransfer
reactions. The inwardly rectifying potassium channel (Kir6.2) and the SUR are
the pore-forming and regulatory subunits of the Katp channel complex.

blunted, indicating uncoupling of mitochondrial signals from
Karp channel regulation following deletion of the AK7 gene (Fig.
5D). In AK1-deficient cells, the modest DNP effect was sensitive
to oligomycin but insensitive to ApSA (Fig. 5D), suggesting that
in AK1-KO cells mitochondrial signals can be generated but
their delivery is compromised. Thus, disarrangement of the
AK-catalyzed phosphorelay impedes transmission of mitochon-
drial signals to Karp channels and disrupts coordination of
channel behavior in response to metabolic stress. This provides
direct evidence that simple diffusion, in the absence of catalyzed
phosphotransfer, is insufficient to secure effective metabolic
signaling.

In summary, this study identifies catalyzed phosphorelay as
essential for efficient coupling of cellular energetics with mem-
brane excitability. This mechanism represents a novel and
possibly general aspect in the control of ATP-sensitive cellular
components. Specifically, Karp channel-associated AK coupled
with cellular phosphotransfer facilitated nucleotide exchange
and transduction of mitochondrial signals into membrane elec-
trical events (Fig. 6). The significance of this finding is under-
scored by defective metabolic sensing, associated with electrical
instability and functional degeneration, in diseased states with
compromised cellular phosphotransfer (2, 9, 10, 14, 36).
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