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ATP-sensitive potassium (Ksmp) channels are under
complex regulation by intracellular ATP and ADP. The
potentiatory effect of MgADP is conferred by the sul-
fonylurea receptor subunit of the channel, SUR,
whereas the inhibitory effect of ATP appears to be
mediated via the pore-forming subunit, Kir6.2. We
have previously reported that Kir6.2 can be directly
labeled by 8-azido-[y-**P]ATP. However, the binding
affinity of 8-azido-ATP to Kir6.2 was low probably due
to modification at 8’ position of adenine. Here we dem-
onstrate that Kir6.2 can be directly photoaffinity la-
beled with higher affinity by [y-*P]ATP-[y]4-azido-
anilide ([y-*PJATP-AA), containing an unmodified
adenine ring. Photoaffinity labeling of Kir6.2 by
[v-**P]JATP-AA is not affected by the presence of Mg**,
consistent with Mg**-independent ATP inhibition of
Kare channels. Interestingly, SUR1, which can be
strongly and specifically photoaffinity labeled by
8-azido-ATP, was not photoaffinity labeled by ATP-AA.
These results identify key differences in the structure
of the nucleotide binding sites on SUR1 and Kir6.2.
© 2000 Academic Press
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ATP-sensitive potassium (K ) channels play impor-
tant roles in many tissues, by linking the metabolic
status of the cell to its membrane potential (1, 2). In
pancreatic B-cells, K, channels are critical for the
regulation of glucose-induced insulin secretion (3) and
have recently been shown to be an octameric complex
of two subunits, which coassemble with a 4:4 stoichi-
ometry (4—8). The pore-forming subunit, Kir6.2, is a
member of the inwardly rectifying K™ channel family
(9, 10), while the other subunit, the sulfonylurea recep-
tor (SUR1), is a member of the ATP-binding cassette
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(ABC) transporter superfamily (11, 12). Although wild-
type Kap channels require both types of subunit
(Kir6.2 and SUR) for functional activity, a mutant form
of Kir6.2 with a C-terminal truncation of 26 or 36
amino acids (Kir6.2AC) is capable of independent ex-
pression (13).

We have demonstrated that Kir6.2 can be directly
photoaffinity labeled by 8-azido-[y-*P]ATP, and that
mutations in the NH,-terminus (R50G) and the
COOH-terminus (K185Q), which significantly reduce
ATP inhibition of Kir6.2AC currents (14), reduce pho-
toaffinity labeling of Kir6.2 (15). However, because no
saturation of photoaffinity labeling was observed even
at the highest concentration tested (200 uM) (15), we
were not able to analyze 8-azido-ATP binding to Kir6.2
in detail, and it remains unclear whether the effect of
these mutations reflects a direct interaction of these
residues with ATP, or whether their effects on ATP
binding are mediated allosterically.

The inhibitory nucleotide binding site on Kir6.2 is
highly selective for the purine moiety of ATP (14). It
therefore seems likely that modification of the ade-
nine ring in 8-azido ATP may be responsible for its
reduced affinity. In this study, we show that Kir6.2 can
be directly photoaffinity labeled by [y-*P]ATP-[y]4-
azidoanilide ([y-*P]ATP-AA), which is modified at the
v-phosphate and contains an unmodified adenine ring,
with higher affinity than 8-azido-[y-*PJATP. Interest-
ingly, SUR1, which can be strongly and specifically
photoaffinity labeled by 8-azido-ATP (17-19), was not
photoaffinity labeled by [y-**P]JATP-AA.

MATERIALS AND METHODS

Transfection and preparation of membranes. COS-7 cells were
cultured in Dulbecco’'s modified Eagle’s medium with 10% fetal bo-
vine serum in a humidified atmosphere of 95% air, 5% CO, at 37°C.
COS-7 cells were transfected with expression vectors encoding full-
length wild-type Kir6.2, tagged with the Flag epitope at the NH,-
terminus and with a hexahistidine tag at the COOH-terminus (Flag-
Kir6.2) using LipofectAMINEplus (Life Technologies) according to
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the manufacturer’s directions. Rat Kir4.1 was tagged with the Flag
epitope at the COOH-terminus (Kir4.1-Flag). Addition of these
epitopes did not significantly affect the functional properties of the
channel (data not shown). Rat SUR1 was transfected as described
above. Two days after transfection, cells were broken in isotonic
buffer by nitrogen cavitation and crude cellular membranes were
prepared as described previously (16) without sucrose gradient cen-
trifugation. These membranes probably include all the cellular mem-
branes except nuclear envelope. Immunoblotting was carried out
with an anti-Flag M2 monoclonal antibody (Eastman Kodak).

Photoaffinity labeling of Flag-Kir6.2 with [y]*P]ATP-AA. [y-**P]-
ATP-AA (300-500 GBg/mmol) was purchased from ALT. Membrane
proteins (20 ug) were incubated with 50 uM [y-*P]JATP-AA, 2 mM
ouabain, 0.1 mM EGTA, 4 mM MgSO,, and 40 mM Tris-Cl (pH 7.5)
in a total volume of 6 ul for 10 min on ice. After UV irradiation (at
254 nm, 4.4—8.2 mW/cm?) for 15 sec, 500 ul of TE buffer (40 mM
Tris-HCI (pH 7.5), 0.1 mM EGTA) was added to the mixture, and free
[y-*P]JATP-AA was removed by centrifugation (15,000g, 10 min,
4°C). The pellet was solubilized with 100 ul RIPA buffer (20 mM
Tris-HCI (pH 7.5), 1% Triton X-100, 0.1% SDS, 1% sodium deoxy-
cholate, 0.15 M NacCl, 10 pg/ml leupeptin, 100 ug/ml pAPMSF). The
lysate was kept on ice for 15 min, and centrifuged to remove insol-
uble material. Flag-Kir6.2 was immunoprecipitated from the super-
natant with the anti-Flag M2 antibody. Samples were electropho-
resed on a 10% SDS-polyacrylamide gel and autoradiographed.
Bound [y-*P]ATP-AA to Kir6.2 was measured by scanning with a
radioimaging analyzer (BAS2000, Fuji Photo Film Co.). Experiments
were carried out at least in duplicate.

Photoaffinity labeling of SUR1. Membrane proteins (20 ng) were
incubated with 5 uM 8-azido-[y-*P]JATP, 2 mM ouabain, 0.1 mM
EGTA, and 40 mM Tris-Cl (pH 7.5) in a total volume of 6 ul for 10
min at 37°C. The reaction was stopped by the addition of 400 ul of
ice-cold Tris-EGTA buffer (40 mM Tris-Cl (pH 7.5), 0.1 mM EGTA),
and free ATP was removed after centrifugation (15,000g, 10 min,
4°C). Pellets were washed in the same buffer, resuspended in 8 pul of
Tris-EGTA buffer, and irradiated for 5 min (at 254 nm, 5.5 mW/cm?)
on ice. Samples were electrophoresed on a 7% SDS—polyacrylamide
gel, and autoradiographed.

Electrophysiology. Macroscopic currents were recorded from
giant inside-out patches excised from Xenopus oocytes expressing
Kir6.2AC36, as previously described (14). Currents were recorded at a
holding potential of 0 mV in response to repetitive voltage ramps from
—110 mV to +100 mV, at 20-24°C. The pipette solution contained
(mM): 140 KCI, 1.2 MgCl,, 2.6 CaCl,, 10 HEPES (pH 7.4 with KOH)
and the internal (bath) solution contained (mM): 110 KCI, 2 MgCl,, 1
CaCl,, 30 KOH, 10 EGTA, 10 HEPES (pH 7.2 with KOH) and ATP-AA
as indicated. Dose-response relationships for ATP-AA were measured
by alternating the control solution with a test ATP-AA solution and the
extent of inhibition was expressed as a fraction of the mean of the value
obtained in the control solution before and after ATP-AA application.
Dose-response curves were fit to the Hill equation G/Gc = 1/(1 +
([ATP-AA)/ICs)h), where [ATP-AA] is the ATP-AA concentration, 1Cs,
is the ATP-AA concentration at which inhibition is half maximal and h
is the slope factor (Hill coefficient).

RESULTS

Photoaffinity labeling of Kir6.2 by ATP-AA. We in-
vestigated the direct interaction of Kir6.2 with ATP,
using the photoaffinity ATP analog, [y-*P]ATP-AA.
Flag-Kir6.2 and Kir4.1-Flag were transiently ex-
pressed in COS-7 cells and expression levels were mon-
itored by immunoblot analysis of membrane fraction
preparations (Fig. 1A). Membranes were incubated
with 10 uM and 50 uM of [y-*P]JATP-AA on ice and
irradiated with UV light to analyze ATP binding. Flag-
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FIG. 1. Photoaffinity labeling of Kir6.2 with [y-**PJATP-AA. (A)

Immunoblot analysis. Membrane proteins (5 ng) from COS-7 cells
expressing Kir4.1-Flag (lane 1) and Flag-Kir6.2 (lane 2) were sepa-
rated on a 10% SDS—polyacrylamide gel and detected by immuno-
blotting with anti-Flag M2 monoclonal antibody. (B) Photoaffinity
labeling. Membrane proteins (20 ng) from untransfected Cos-7 cells
(lanes 1, 4) or Cos-7 cells expressing Kir4.1-Flag (lanes 2, 5) and
Flag-Kir6.2 (lanes 3, 6) were photoaffinity-labeled with 10 uM (lanes
1-3) or 50 uM (lanes 4-6) [y-*P]JATP-AA. Kir4.1-Flag and Flag-
Kir6.2 were immunoprecipitated with antibody M2 after solubiliza-
tion, and analyzed as described under Materials and Methods.

Kir6.2 and Kir4.1-Flag were immunoprecipitated with
an anti-Flag M2 antibody and subjected to electro-
phoresis. The autoradiogram in Fig. 1B shows an ap-
proximately 43-kDa photoaffinity-labeled protein to be
immunoprecipitated from Flag-Kir6.2 transfected cells
(lanes 3 and 6). The molecular weight of this photo-
affinity-labeled membrane protein is identical to that
of Flag-Kir6.2, identified by Western blotting (Fig. 1A).
Only faintly labeled bands were observed by labelling
with membrane proteins from Kir4.1-Flag transfected
cells (Fig. 1B, lane 5).

Inhibition of Kir6.2AC36 currents by ATP-AA. Fig-
ure 2 shows that ATP-AA blocks Kir6.2AC36 currents
with about the same potency as ATP. Half-maximal
inhibition was found with 127 = 7 uM ATP-AA (n = 4)
compared with ~100 uM for ATP (13, 14). The Hill
coefficient was unchanged at 0.97 *+ 0.05.

Concentration dependence. Membranes from Flag-
Kir6.2 transfected cells were incubated with different
concentrations (10 to 100 uM) of [y-*P]JATP-AA in the
absence or presence of Mg®" and photoaffinity-labeled
(Fig. 3). Photoaffinity-labeling increased with increas-
ing concentrations of [y-**P]JATP-AA and saturated at
50 uM either in the absence or presence of Mg®". Mg*"
did not affect photoaffinity labeling of Flag-Kir6.2 by
[y-*P]JATP-AA.

Competition of photoaffinity labeling by ATP. In
order to determine whether photoaffinity-labeling of
Flag-Kir6.2 was specific, competition by ATP was ex-
amined (Fig. 4). Membranes were pre-incubated with
0, 2, 5,and 7.5 mM ATP on ice for 10 min, and then 50
uM [y-¥PJATP-AA was then added. Photoaffinity-
labeling of Flag-Kir6.2 was reduced as the concentra-
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FIG. 2. Inhibition of Kir6.2AC36 currents by ATP-AA. (A) Mac-
roscopic currents recorded from a giant inside-out patch on an oocyte
injected with mRNA encoding Kir6.2AC36. Currents were elicited in
response to a series of voltage ramps from —110 to +100 mV.
ATP-AA (100 uM) was added to the internal solution as indicated
by the bar. (B) Mean ATP-AA dose-response relationship for
Kir6.2AC36 currents (n = 4). Test solutions were alternated with
control solutions and the slope conductance (G) is expressed as a
fraction of the mean (Gc) of that obtained in control solution before
and after exposure to ATP. The solid lines is the best fit of the data
to the Hill equation (Eq. 1) using the mean values for I1C5, and h
given in the text.

tion of ATP was increased. Quantitation by radicimaging
analysis revealed that photo-labeling of Flag-Kir6.2 was
reduced by 50% with approximately 1.7 mM ATP.

Photoaffinity labeling of SUR1 by 8-azido-ATP and
ATP-AA. We have demonstrated that SURL can be
specifically photoaffinity-labeled with high affinity by
8-azido-[*P]ATP (17-19) in crude membrane prepara-
tions. Because ATP-AA can be used to photoaffinity
label Kir6.2, we examined if [y-**P]JATP-AA binds to
SUR1. Membranes prepared from cells expressing
Flag-Kir6.2 and SUR1 were incubated with 8-azido-[y-
*P]ATP or [y-*P]JATP-AA at 37°C for 5 min, because
high affinity 8-azido ATP binding of SUR1 is temper-
ature-dependent, and is more efficient at 37°C than at
0°C (17). Proteins were UV-irradiated after free nucle-
otides were removed by centrifugation (Fig. 5). SUR1
was strongly and specifically photoaffinity-labeled with
5 uM 8-azido-[y-**P]JATP (lane 1). By contrast, SUR1
was not labeled with 10 uM [y-**P]ATP-AA (lane 2).
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FIG. 3. Concentration and Mg*" dependence of photoaffinity la-
beling of Kir6.2 with [y-**P]ATP-AA. Membrane proteins (20 ug)
from COS-7 cells expressing Flag-Kir6.2 were photoaffinity-labeled
with 10 uM (lanes 1, 5), 20 uM (lanes 2, 6), 50 uM (lanes 3, 7), or 100
uM (lanes 4, 8) [y-**P]JATP-AA in the absence (lanes 1-4) or presence
(lanes 5-8) of Mg®".

Even with 50 uM [y-*P]JATP-AA, no specific labeling of
SUR1 was observed (lane 3).

DISCUSSION

Electrophysiological studies with Kir6.2AC, which
can produce functional K, channel in the absence of
SUR, have suggested that the site at which ATP me-
diates channel inhibition resides on Kir6.2 (13) and
that both the B-phosphate and moieties within the
adenine ring are critical for K, channel inhibition
by ATP (14). We examined photoaffinity analogs
[v-**P]ATP-AA and [y-*P]ATP-[y]benzophenone (data
not shown), which have an intact adenine ring, for
their ability to label Kir6.2, and demonstrated here
that Kir6.2 can be specifically labeled by [y-*P]ATP-
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FIG. 4. Inhibition of [y-**P]JATP-AA photoaffinity labeling of
Kir6.2 by cold ATP. Membrane proteins (20 ug) from COS-7 cells
expressing Flag-Kir6.2 were photoaffinity-labeled with 50 uM
[y-**PJATP-AA in the presence of 0 (lane 1), 2 (lane 2), 5 (lane 3), or
7.5 mM (lane 4) ATP. Flag-Kir6.2 was immunoprecipitated with
antibody M2 after solubilization, and analyzed as described under
Materials and Methods.
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FIG.5. Photoaffinity labeling of SUR1 with 8-azido-[y-*P]ATP and
[y-*P]JATP-AA. Membrane proteins (20 ug) from COS-7 cells expressing
SUR1 and Kir6.2 were incubated with 5 uM 8-azido-[y-*P]ATP (lane 1),
10 uM (lane 2) or 50 uM (lane 3) [y-*P]ATP-AA. Proteins were UV
irradiated after free ATP was removed, and directly analyzed by elec-
trophoresis as described under Materials and Methods.

AA and with a little less efficiency by [y-*P]ATP-
[v]benzophenone (data not shown). The efficiency of
labeling affinity of Kir6.2 by ATP-AA is, as expected,
higher than that of 8-azido-ATP, because photoaffinity
labeling of Kir6.2 [y-*P]ATP-AA is saturated at 50 uM,
while that by 8-azido [y-*P]ATP is not saturated even
at 200 uM (15).

Photoaffinity-labeling of Kir6.2 by [y-*P]ATP-AA is
not affected by the presence of Mg**. This is consistent
with electrophysiological studies showing that both
Kir6.2 (13) and native B-cell K, channel (20) activity
is inhibited by ATP in a Mg®'-independent manner.
The ability of ATP-AA to bind to, and block, Kir6.2 is in
agreement with studies showing that Ap4A (14) inhib-
its K4rp channels. It appears that the y phosphate is
not essential phosphate for nucleotide interaction with
Kir6.2, a view that is confirmed by the fact that ADP
blocks Kir6.2AC almost as effectively as ATP (14).

It is noteworthy that the concentration of ATP-AA
required to produce half-maximal inhibition of K,
channel activity (130 M) was similar to that found
for ATP (100 uM), whereas the ATP concentration
required to produce half-maximal displacement of
[v-*P]ATP-AA binding to Kir6.2 was significantly
higher (K; = 1.7 mM). There are a number of possible
reasons for this difference, but it seems most likely to
relate to the fact that photolabeling with [y-*P]ATP-
AA is irreversible and in order to visualize labeled
proteins significant proportion have to be covalently
crosslinked. Thus cold ATP does not act as a true
competitive ligand.

SUR1 can be strongly and specifically photoaffinity-
labeled by 8-azido-[a or y-*PJATP but not by [y-*P]-
ATP-AA. It is possible that the azidoanilide moiety at
the y-phosphate may prevent ATP-AA from accessing
or stably binding to NBF1 of SUR1. The ability of
ATP-AA to label Kir6.2 but not with SUR1 provides
further evidence that the structure of the inhibitory
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binding site on Kir6.2 is very different from that of the
stimulatory site located on the NBDs of SURL1. Impor-
tantly, the findings we present in this study also sug-
gest that ATP-AA may be used to analyze ATP binding
to Kir6.2 and to discriminate the effect of ATP binding
to Kir6.2 from that to SUR1.
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