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Abstract An alternatively spliced form of human sulfo-
nylurea receptor (SUR) 1 mRNA lacking exon 2 (SUR1A2)
has been identified. The omission of exon 2 caused a frame
shift and an immediate stop codon in exon 3 leading to
translation of a 5.6-kDa peptide that comprises the N-ter-
minal extracellular domain and the first transmembrane
helix of SUR1. Based on a weak first splice acceptor site in
the human SURI1 gene (ABCCS), RT-PCR revealed a con-
current expression of SUR1A2 and SUR1. The SUR1A2/
(SURI + SURI1A2) mRNA ratio differed between tissues,
and was lowest in pancreas (46%), highest in heart (88%)
and negatively correlated with alternative splice factor/
splicing factor 2 (ASF/SF2) expression. In COS-7 cells tri-
ple transfected with SUR1A2/SURI1/Kir6.2, the SUR1A2
peptide co-immunoprecipitated with Kir6.2, thereby dis-
placing two of four SUR1 subunits on the cell surface. The
ATP sensitivity of these hybrid ATP-sensitive potassium
channels (K5tp) channels was reduced by about sixfold, as
shown with single-channel recordings. RINm5f rat insuli-
noma cells, which genuinely express SURI but not
SUR1A?2, exhibited a strongly increased Katp channel
current upon transfection with SUR1A2. This led to inhibi-
tion of glucose-induced depolarization, calcium flux, insulin
release and glibenclamide action. A non-mutagenic SNP on
nucleotide position 333 (Pro69Pro) added another exonic
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splicing enhancer sequence detected by ASF/SF2, reduced
relative abundance of SUR1A2 and slightly protected from
non-insulin dependent diabetes in homozygotic individuals.
Thus, SUR1A2 represents an endogenous Karp-channel
modulator with prodiabetic properties in islet cells. Its
predominance in heart may explain why high-affinity sul-
fonylurea receptors are not found in human cardiac tissue.
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Introduction

Adenosine-5'-triphosphate-sensitive  potassium channels
(Katp channels) were originally discovered by Noma et al.
[1] in metabolically inhibited cardiomyocytes. Karp
channels are expressed as different isoforms not only in
heart, but also in pancreatic islet cells, blood vessels, the
brain and other tissues. The channels are voltage inde-
pendent and ligand gated. In general, their open probability
is increased in response to a drop in intracellular ATP or an
increase in ADP [2]. It was concluded that they act as
molecular sensors linking the metabolic state to the elec-
trical activity of cells [3]. These channels are of particular
importance for the signaling of glucose-induced insulin
release of pancreatic beta cells [4].

Katp channels are octamers in their functional form,
composed of four outer regulatory subunits, called sulfo-
nylurea receptor 1 or 2 (SUR1, SUR2), and four inner pore-
forming inward rectifier potassium channel subunits
(Kir6.1 or Kir6.2) [5]. SURI and SUR2 are encoded by
independent genes (ABCCS8 and ABCC9), but nevertheless
share sulfonylurea-receptor family signature sequences. In
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addition, they both contain two nucleotide-binding
domains (NBD1 and NBD2) and thus are members of the
family of ATP-binding cassette (ABC) proteins [6].

Alternatively spliced human SUR2 mRNAs comprising
either exon 39 or 40 were termed SUR2A and SUR2B [7].
The translated proteins differ in their sensitivity to nucle-
otides, tissue distribution and sensitivity towards the
pharmacological modulator diazoxide [S]. Further SUR2
splice variants, human SUR2A14 [7] and SUR2A17 [8],
have been identified. While SUR2A14 does not form a
functional Ktp channel, SUR2A17 confers a slightly
reduced ATP sensitivity, because exon 17 codes for parts
of the first nucleotide binding fold [8]. Even though these
splice variants have been detected in rat and human tissue,
functional studies were performed with the rodent isoforms
only.

Knowledge about human SURI splice variants is lim-
ited. SUR1A31 was identified in human tissues [9] in low
amounts, and the homologous rat gene was used to dem-
onstrate that it impedes K,tp channels from trafficking to
the surface when co-expressed with Kir6.2. It displays a
greatly reduced affinity for the sulfonylurea glibenclamide
[9]. Four additional SURI splice variants were reported in
guinea pig tissues [10].

Glibenclamide and other anti-diabetic sulfonylurea drugs
have been suspected to block cardioprotective K,tp chan-
nels in the myocardium even at therapeutic concentrations.
Therefore, a controversy persists concerning whether sul-
fonylureas can exert harmful effects on the heart, especially
in diabetic patients with coronary artery disease [11]. In this
ongoing discussion, it has frequently been pointed out that
cardiac sulfonylurea receptors (SUR2A) have a much lower
affinity for sulfonylureas compared to the pancreatic beta
cells and the drugs would thus not have any adverse effect on
the heart [12]. Recently, mRNA sequences of high affinity
SUR1 have been detected in human cardiac tissue [13];
however, a high-affinity binding site has only been demon-
strated in rat [14], but not in human myocardium. Therefore,
we hypothesized that a splice variant of SURI may pre-
dominate in human heart, altering or abolishing the action of
sulfonylurea drugs.

Several mutations in the SUR1 gene were identified that
cause either congenital hyperinsulinism or certain rare
forms of congenital diabetes [15-17]. However, the ques-
tion of whether the presence of splice variants of SURI1
may influence the response characteristics of glucose-
induced insulin secretion has not been addressed.

The present study identified a novel abundant splice
variant of SURI found in cardiac, pancreatic and other
tissues of human origin, but not in rat tissues. This variant
encoded for a truncated peptide lacking exon 2 that sub-
stantially changed the functional properties of Katp
channels.
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Materials and methods
Transcript scanning and tissue distribution RT-PCRs

All human and rat tissue RNAs were purchased from
Clontech (Mountain View, CA). First strand cDNA syn-
thesis was performed with 1 pg of total RNA using
oligo(dT)18 primers and 200 units of a murine leukemia
reverse transcriptase (RT) lacking intrinsic RNAse H
activity (H Minus M-MuLV, Fermentas AG, St. Leon Rot,
Germany) or a Primescript® RT enzyme (Clontech) at
42°C for 60 min. The enzyme was inactivated by
increasing the temperature to 75°C for 5 min. For transcript
scanning PCR, multiple exon-spanning primer pairs were
designed using the academic freeware OligoExplorerl.2
(Gene-Link, Inc.) and custom synthesized (Biospring,
Frankfurt am Main, Germany). The corresponding primer
sequences and PCR product lengths are listed in Table 1.
PCR was performed in a 50-pul buffer mix containing
ammonium sulfate, 0.1 pg of cDNA, 200 pmol/l dNTPs,
1.5 mM MgCl,, 1 pumol/l of each primer set and 1 unit of
native Taq-DNA polymerase (Fermentas AG) or Advan-
tage II® polymerase (Clontech). Cycle conditions were:
3 min initial denaturing at 95°C, 42 cycles of denaturing at
95°C for 30 s, annealing at 57°C for 1 min, elongation at
72°C for 1 min and a final elongation for 5 min. PCR
products were visualized on agarose gels after staining with
ethidium bromide and photographed. Relevant bands were
cut out of the gel and purified using the Gel-Extraction Kit
(Peqlab, Erlangen, Germany) with or without prior ligation
and cloning into a pJET2.1_blunt vector (Fermentas AG)
for subsequent custom sequencing (VBC-Biotech, Vienna
Austria).

Relative abundances (r) of PCR products with two dif-
ferent molecular weights (MW, and MW,) were calculated
from their densitometric intensities (D;, D,) of photo-
graphed bands (ImageJ, NIH, USA) using the following
formula:

D,
MW
D, Dy
MW, + MW,

5’- and 3’-RACE-PCR

For 3/-RACE-PCR, cDNA template was derived from
reverse transcription utilizing an anchor primer (for primer
sequences, see Table 1). Nested PCR was performed with
3/GSP1 and 3'GSP2 as forward primers and an AUAP as
the reverse primer for the first and second PCR round,
respectively. For 5'-RACE-PCR, reverse transcription was
carried out using a 5’GSP1 on exon 5. cDNA/RNA hybrids
were digested using RNAse H and released fragments
using RNAse T1. Subsequently, first strand cDNA was
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purified to remove primers and enzymes using the Cycle
Pure Kit (Peqlab). For tailing, terminal deoxynucleotidyl
transferase (tdT, Fermentas) was used with either dATP or
dCTP as the substrate. Tailed cDNA was used as a template
for second strand cDNA synthesis using an M-MuLV-
reverse transcriptase primed with oligo dT- or oligo dG-
inosine anchor primers. A second purification step yielded
the template for a two-step nested PCR. For the first round,
UAP and 5'GSP2 primers were used, followed by a second
round using UAP and GSP3 primers. Some 5'-RACE-PCR
products were reamplified by PCR using the primer pair
ATGCCCCTGGCCTTCTG/GTGACAGCAGCCATGAAC
for sequencing.

Expression vectors for hNSUR1A2, hKir6.2, and hSUR1

Full length open reading frames (ORFs) were amplified by
PCR from human heart cDNA with the oligonucleotide
primer pairs ATGCCCCTGGCCTTCTG and TCACCCA
ATGAAGAGGATGG for SUR1A2 and ATGCTGTCCCG
CAAGG and TCAGGACAGGGAATCTGGAG for Kir6.2,
respectively, using a proofreading Phusion DNA-Poly-
merase (Finnzymes, Espoo, Finland). Amplified cDNA
fragments of 153 and 1,173 bp, respectively, were isolated
from a 2% agarose gel and cloned into pJET2.1_blunt
vectors. Correct insert orientation was confirmed by Sapl
digestion (Kir6.2). SUR1A2 and Kir6.2 cDNAs were
excised from the pJET2.1_blunt plasmids by digestion with
the restriction enzymes Notl and Xbal I and ligated into the
expression vectors, pcDNA3.1(+)_neo and pcDNA3.1
(+)_hygro (both from Invitrogen, Carlsbad, CA), respec-
tively. For protein expression and co-immunoprecipitation
studies, SUR1A2 ORF was subcloned into a pSecTag2B_
zeo vector (Invitrogen) within a Nhel/EcoRI cassette in
order to add a spacer and a tandem c-myc-His-tag. The
expression vector for hSUR1 was obtained by subcloning
the full SUR1-ORF of an artificially synthesized pENTR-
ABCCS entry vector (GeneCust, Dudelange, Luxembourg)
into the pcDNA3.1(+)_hygro vector as a Aflll/Xbal
cassette.

Cell culture and transient transfections

RINmSF rat insulinoma cells were obtained from the
American Type Culture Collection (ATCC, catalogue no.:
CRL-11605TM) and maintained in modified RPMI1640
medium supplemented with 10% FCS, 2 mM sodium
pyruvate and 20 mM Hepes. Cells were used in low pas-
sage numbers to retain glucose responsiveness. COS-7
cells were cultivated using DMEM supplemented with 10%
FCS. The cells were plated in petri dishes at a density of
30% and incubated for 12 h prior to transfection; 0.5 pg/ml
of plasmid constructs was transfected using 2.5 pl/ml
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Lipofectamine-2000 (Invitrogen) according to the manu-
facturer’s recommendations. In order to control for
variations in transfection efficiency, 0.25 pg/ml of a
pcDNA3.1 vector containing GFP was occasionally co-
transfected. Successful transfection was confirmed by RT-
PCR of DNAase-treated RNA and/or by Western blot.

Co-immunoprecipitation, Western blot

Forty-eight hours after transfection, 100-mm petri dishes,
each containing approximately 2 x 10 cells, were washed
with PBS and incubated in extracellular buffer in the
presence of 10 mM glucose at 37°C for 30 min. Thereafter,
cells were homogenized by an Ultraturrax (IKA, Staufen,
Germany) in 150 mM NaCl, 10 mM TRIS-HCI, 1% Tri-
ton-X-100, pH = 7.4, ice cold lysis buffer supplemented
with EDTA-free protease inhibitor cocktail (ROCHE,
Vienna, Austria) with 5 mM Na,ATP. Homogenates were
spun down for 10 min at 500 g to remove debris. Each
milliliter of whole cell lysate was co-immunprecipitated
with 30 pl protein A-Sepharose beads (GE Healthcare,
Munich, Germany) preloaded with 2 pg anti-Kir6.2 anti-
body (H-55, Santa Cruz Biotechnology, CA) before elution
by boiling in sample buffer for 5 min. Precipitated proteins
were separated on 18% Tris-Tricine gels and blotted onto
PVDF-membranes (Immobilon-PSQ, Millipore, Schwal-
bach, Germany). Immunodetection was performed with
a mouse anti-c-myc-tag antibody (Applied Biological
Materials Inc., Richmond, Canada) at a 1:1,000 dilution
in TBST. Anti-mouse HRP-conjugated antibody (GE
Healthcare, Munich, Germany) was used as a secondary
antibody at a dilution of 1:5,000. Finally, the blots were
incubated with ECL Substrate (Pierce), and images were
acquired on a chemiluminescence imager (Alpha Innotech,
San Leandro, CA).

For detection of endogenous SURIA?2 in human tissue
extracts (Biochain, Hayward, CA), the immunogenic pep-
tide N-HSAAYRVDQGVC-C was chemically synthesized
and coupled at the terminal cysteine residue to keyhole
limpet hemocyanin (KLH). Two rabbits were immunized
four times each 2nd week (Genscript, Piscataway, NJ). The
IgG fractions of the anti-sera obtained from final bleeds as
well as of the pre-immune sera were obtained by protein-A
column chromatography (GE Healthcare) and used for
Western blotting at a concentration of 20 pg/ml prior to
anti-rabbit HRP-conjugated antibody (GE Healthcare) at a
dilution of 1:5,000 (both in TBST).

Flow cytometry
Forty-eight hours after transfection, medium was removed

from six-well plates, and COS-7 cells were detached by
incubation in PBS/0.2% EDTA for 15 min at 37°C with
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constant agitation. Cells were pelleted at 250 g for 5 min
and incubated in a 100 pg/ml solution of the proprietary
N-terminal polyclonal anti-SUR1 IgGs (as described in the
previous paragraph) in PBS for 30 min. Cells were washed
twice with PBS and incubated with 10 pg/ml anti-rabbit-
FITC/PBS for 30 min. After the final wash, cells were
resuspended in PBS/3% p-formaldehyde and subjected to
flow cytometry (FACS CaliburTM, Becton-Dickinson,
Schwechat, Austria). Viable cells were gated in the FCS/
SSC scattergram, and FL1-fluorescence histograms were
analyzed for their mean fluorescence using CellQuestTM
software (Becton-Dickinson).

Surface biotinylation experiments

Surface expression of SUR1 was assessed using surface
biotinylation of primary amines (lysine residues) and strep-
tavidin bead pull down. Briefly, transfected COS-7 cells
were grown to confluence, the medium removed, and cells
were washed twice with ice-cold PBS before incubation with
250 pg/ml biotin disulfide N-hydroxysulfosuccinimide ester
(Pierce Fisher Scientific, Vienna, Austria) in ice-cold PBS
for 30 min on arocking platform. The reaction was quenched
by adding 500 pg/ml biotin in PBS. Cells were scraped from
dishes, washed, resuspended in ice-cold lysis buffer and
subjected to repeated 5-s sonificatons within 30 min. Cell
lysate was centrifuged at 10,000g for 2 min at 4°C, and the
supernatant was loaded onto a spin column coated with
NeutrAvidin"" agarose beads (Pierce) and incubated for
60 min. After centrifugation and washing steps, proteins
were eluted following a 60-min incubation with 50 mM
DTT, mixed with Laemmli buffer, and subjected to separa-
tion by 7% PAGE and Western transfer. After blocking, blots
were incubated for 60 min with a 1:200 dilution of an anti-
SURI antibody (C-16 or H-80, Santa Cruz Biotechnology) in
TBST and an anti-goat or anti-rabbit HRP-conjugated anti-
body (GE Healthcare) at a dilution of 1:1,000 in the second
step.

Patch-clamp experiments

Whole-cell voltage-clamp recordings were performed at
room temperature. Fire-polished patch pipettes were pre-
pared from 1.2-mm (outer diameter) borosilicate capillary
glass (GC120F-10, Harvard Apparatus, Kent, UK) on a
horizontal micropipette puller (Model P-87, Sutter Instru-
ments, Novato, CA). The patch electrodes had an open tip
resistance of 3—7 MQ. Tight seals (>1 GQ) were obtained
with the transfected cells before break-in. The access
resistance and membrane capacitance during recording
varied from 7-30 MQ and 3-13 pF, respectively. For
capacitance compensation and current recording, an Axo-
patch 200B patch clamp amplifier was used (Axon

Instruments, Foster City, CA). Current signals were low pass
filtered (2 kHz; Bessel; four-pole filter, —3 dB), digitized
(20 kHz, 16-bit resolution) and stored on a computer disk for
later analysis with the pCLAMP 9 software (Axon Instru-
ments). The bath medium contained 104 mM NaCl, 5.3 mM
KCl, 0.8 mM MgSOy, 5.6 mM Na,HPO,, 0.42 mM CaNOs3,
25 mM Na-HEPES (pH = 7.4) and 11.1 mM glucose. The
intracellular pipette solution was composed of 140 mM
KCl, 10 mM NaCl, 1.2 mM MgSO,, 1.2 mM K,HPO,,
1 mM KEGTA and 10 mM K-HEPES, (pH 7.2). NazATP
was added in different concentrations (see “Results”).

Inside-out excised patch experiments for single channel
recordings were performed using standard procedures [18].
In these experiments, fire-polished patch pipettes had
resistances between 3 and 6 MQ. The pipette solution
contained: 142 mM KClI, 2.8 mM NaCl, 10 mM KHEPES
and 1.25 mM CaCl,, pH = 7.4 adjusted with KOH. The
bath solution was the calcium-free pipette solution sup-
plemented with 1 mM EGTA, 0.5 mM CaCl, and HCI
(pH = 7.3). MgATP was added at different concentrations
from 0.01 to 3 mM. Pipette tip voltage was kept constant
at 60 mV (corresponding to a membrane voltage of
—60 mV). Current signals were digitized using a sampling
frequency of 2 kHz and were digitally filtered using a
200 Hz Gaussian low pass filter. Open probability (Np,)
was computed using the following equation after fitting
single channel opening events into the filtered current tra-
ces using Clampfit 9.2 software (Axon Instruments):

Npo :%Zl’l, -t

whereby N is the number of channels in the patch (esti-
mated from the highest current level in absence of ATP),
and p, is the open probability of a single channel, T is the
recording time, n; is the current level of an event (in
multiplies of the single channel current), and ¢; is the time
the event stayed at its current level.

For quantification of ATP sensitivity, a Hill equation
was fitted to the concentration-dependent Np,([ATP])
values normalized to the Np,(0) value of the same patch
measured without ATP in the bath solution:

Np, ([ATP])
Np, (0)

where n is the Hill coefficient and k; is the half maximum
inhibition constant.

[ATP]"
[ATP]" + k]

Fluorescent measurement of membrane potential
and intracellular [Ca™™"]

Membrane potential was assessed using the fluorescent dye

DiBAC4(3) (Molecular Probes, Eugene, OR). Monolayers
of cells were washed with and incubated in extracellular
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buffer consisting of 140 mM NaCl, 4.7 mM KClI, 1.2 mM
MgSO,4, 1.2 mM K,HPO,, 1.25 mM CaCl,, 10 mM Na-
HEPES (pH = 7.4), 3 mM glucose and 100 nM of Di-
BAC4(3) at 30°C for 90 min. Cells were mounted on the
stage of a modified Olympus IX50 inverted epifluorescence
microscope and superfused with buffer at a rate of 2.5 ml/
min (30°C). Fluorescence was excited every 5s for a
period of 100 ms with a 100-W Super High Pressure
Mercury Lamp (USH 102D, Ushio, Japan) at 480 £ 20 nm
utilizing a computer-controlled shutter (Uniblitz), and
fluorescence was collected in real time at 535 &+ 25 nm
with a photomultiplier tube (Sequoia-Turner Model 450).
Signals were amplified, acquired and stored on a personal
computer using a self-designed Labview®-based data
acquisition software tool (National Instruments, Austin,
TX). At the end of each experiment, cells were fully
depolarized with 30, 60 and 150 mM KCI to obtain max-
imum fluorescence (f,.x) for calculation of the absolute
membrane potential (Vm) using the Nernst equation [19]:

Vin = _Elnfmax 7fmin

F f _fmin
where R is the universal gas constant, 7 is absolute temper-
ature, F is the Faraday constant, f;,,;, is the autofluorescence,
and fis the actual fluorescence.

In glibenclamide experiments, three-parameter Hill-type
concentration response curves were fitted to datapoints by
non-linear least square regression analysis using Sigma-
Plot11.0 (Systat Software, Chicago, IL).

For measurement of cytosolic [Cat™], cells were loa-
ded with 2 uM FLUO-4 acetomethylester (Molecular
Probes) at room temperature for 30 min, washed with
extracellular buffer, mounted on the microscope stage and
superfused with buffer at 30°C. At the end of each
experiment, cells were subjected to 30 mM KCIl and
subsequently to calcium-free extracellular buffer supple-
mented with 1 mM K,EGTA/2 pg/ml ionomycin for
obtaining F., and F,,;,, respectively, to allow compari-
son of independent experiments.

Insulin secretion

Forty-eight hours after transfection, RINmSF cells were
washed twice with PBS and preincubated for 1 h in
extracellular buffer without glucose at 37°C. During a
30-min incubation period, insulin release and secretion
were measured in extracellular buffer without glucose or in
the presence of various glucose concentrations (2.5, 5, 10
and 20 mM) and complementing mannose concentrations
for maintaining constant osmolarity. Thereafter, the cell
supernatants were carefully removed and gently centri-
fuged to delete detached cells. Insulin was determined by a
sensitive radioimmunoassay (DRG Instruments GmbH,
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Marburg, Germany) using a rat insulin standard and nor-
malized to total protein content of the cells.

Chemicals

Unless otherwise stated, all chemicals were from Sigma-
Aldrich (Vienna, Austria).

Results
Transcript scanning

The entire human SUR1 cDNA from human heart,
including the 5'- and 3’-untranslated regions (UTRs), was
systematically screened for alternative splicing of its
constituent 39 exons. In order to achieve this, we
employed a transcript scanning approach developed
recently for the identification of multiplex splice variants
of human brain T-type calcium channel alphal subunits
[20]. We designed multiple RT-PCR primer pairs (see
Table 1) for amplification of adjacent cDNA segments in
order to reduce the chances of overlooking even small
size differences of products in DNA-gel electrophoresis.
Products were subsequently sequenced. The amplified
cDNA segments consisted of sequences from exons 1-5,
6-12, 13-21, 22-28, 29-36 and 37-39 (Fig. 1b). Addi-
tionally, we employed 5'- and 3’-RACE-PCR to scan for
variants truncated at either end. The strategy verified the
presence of the SUR1A31 splice variant in a weak second
band of 629 bp (Fig. lc, third gel, 5th lane), which has
been previously reported to be present in human heart [9].
In addition, amplification of the heart cDNA sample Pl
with primers on exons 1 and 5 revealed a single, however,
shortened PCR product of 441 bp (Fig. lc, third gel, 1st
lane), which is 142 bp smaller than the expected size
(583 bp) of regularly spliced SUR1. Nevertheless, prod-
ucts of expected size appeared in some heart cDNA
samples (P2, P3, second gel) as weak second bands.
Sequencing uncovered the shorter, abundant amplicon
to be a novel splice variant of SUR1 with an omitted
exon 2 (SUR1A2) (Fig. 1d). Sequencing of 5'-RACE PCR
products after terminal deoxynucleotidyl transferase
(tdT)-mediated 5'oligo-dC tailing confirmed the presence
of SURIA2 in a 345-bp product, while tdT-mediated
5'oligo-dA tailing revealed regular SURI in a 518-bp
5'-RACE product and an additional shorter product
(244 bp) lacking exon 1 and the first six nucleotides of
exon 2 (Fig. lc, first gel). The latter might be present
because of a prematurely interrupted reverse transcription
[21]. 3-RACE-PCR produced single bands that were
identical to the 3’ terminus of regular SURI c¢DNA
(Fig. lc, fourth gel).



Human prodiabetic transmembrane peptide SUR1A2

135

hSUR1 exons

A 1 3 5 7 9 1 13

2 4 6 8 10 12 14

B SRACE

Ex1-5 (583bp) Ex5-12 (804bp)

15 1719 21 23 25 27 28 3

1618 20 22 24 26 28 30 32 34 36 38

Ex13-21(619bp)

scanning reactions (exons, RT-PCR product lenghts, reg. spliced)

Ex22-28 (903bp) Ex28-36 (740bp) 3RACE

Ex37-39 (291bp)

_— |

137
+oligo
dA

P2 dG dA P1 heart cDNA P2
heart cDNA. tailed tailed heart cDNA
? SUR1A31
D SUR1A2
10 20 40 50 60 70
ITTCATCACCTT CCCCATCCTETTC \llG.‘(‘](‘\( CGAATCCCACCATCTGCACCTGTACATGCCAGCCGGGATGG
Exon 1| Exon 3 ! |

F|

I '|"
'«""| I||| ||n|" ﬁlﬂ”” ll"'Jn' r \ V

LUt

I
il

‘ || ||I I

;' )\ iiu‘“&ﬂ\' /\

|'| || ‘
|| |ﬂ‘ ||'|| | ||H

M M i

Fig. 1 Transcript scanning RT-PCRs and 3'- as well as 5-RACE-
PCRs for systematic detection of alternatively spliced SUR1 mRNA
variants in human hearts (templates: cDNAs from individuals P1-P3).
a Exons of regularly spliced hSUR1 mRNA indicated in represen-
tative lengths. b Localizations of RT-PCR scanning reactions relative
to exons and expected PCR-product lengths (of regularly spliced
SUR1). ¢ Photographs of DNA gel electrophoresis for size differen-
tiation of the PCR-products, all of which were subsequently
sequenced. First gel: 5RACE-PCR after terminal deoxynucleotidyl
transferase (tdT)-mediated oligo-dG tailing of P2 cDNA reveals
SURI1 lacking exon 2 (SUR1A2, 345 bp; the bands below are
unspecific amplification products). 5RACE-PCR following tdT-
oligo-dA tailing leads to the detection of regularly spliced SURI

Predicted SUR1A?2 protein

Figure 2 depicts the consequence of the omission of exon 2
for the nucleotide and protein sequence of SUR1A2. Since
exon 2 consists of 142 nucleotides, a number that is not
divisible by 3, lack of exon 2 causes a frame shift for
protein translation. The last two nucleotides of exon 1 (GG)
and the first nucleotide of exon 2 (A) form a codon for
glycine in SURI1. The first four nucleotides of exon 3 are
GTG A. Omission of exon 2 puts the codon TGA into a
reading frame (GGG TGA), generating a stop codon

(518 bp) and a SURI transcript lacking exon 1 and the first six
nucleotides on exon 2 (244 bp). Second gel: Exon 1-5 RT-PCR using
c¢DNA from individuals P2 and P3 shows SURIA2 (441 bp) and
concomitant SUR1 (583 bp) as a weak second band. Third gel: All
scanning reactions using cDNA from Pl with exclusive SURIA2
expression (441 bp) in the exon 1-5 reaction and the previously [9]
identified SUR1A31 variant (629 bp) as a weak lower band in the Ex
29-36 reaction. Fourth gel: Results of 3’RACE-PCR. 100 bp ladders
on the left of each gel. d A representative sequencing chromatogram
for all four shortened PCR products obtained by three scanning
reactions using primers on exons 1-5 as well as by oligo dG tailed
5'RACE-PCR with reverse primer on exon 3 confirming the lack of
exon 2 and thus the SUR1A2 splice variant

immediately after a GGG encoded glycine residue in the
SUR1A?2 splice variant (Fig. 2b).

For prediction of the secondary structure and membrane
topology, the peptide sequence was submitted to the
PSIPRED Protein Structure Prediction Server [22] and
the NetNGlyc Server (http://www.cbs.dtu.dk/services/
NetNGlyc/). The predictions indicated a transmembrane
helix with an outside and inside helix cap and an N-ter-
minal extracellular coil (Fig. 2c) with an intermediate
strength N-linked glycosylation site at position 10 (NHS,
signal sequence).
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Fig. 2 Prediction of the truncated peptide structure of SURIA2.
a Exon sequence and accepted topology of SURI, redrawn after [5,
38], in comparison with the putative structure of SUR1A2, which
lacks nucleotide-binding domains and sulfonylurea binding sites.
TMDO-2: Transmembrane domains 0-2, A- and B-sites: bi-partite
model of the sulfonylurea binding site according to [38]; parts of the
B-site on Kir6.2 pore forming unit are not shown. CL3: Connecting
loop 3, WA and WB Walker A and B motifs, NBF nucleotide binding
folds. b Amino acid and cDNA sequences of SURI and the

Tissue distribution of SUR1A2 mRNA in human
and rat tissues

Figure 3a shows the results of RT-PCR analyses of a
Clontech RNA panel containing 21 major human tissues.
Exon 2 spanning primers on exon 1 and 3 of human SURI1
were used. cDNA was synthesized with oligo-dT primed
reverse transcriptase. The simultaneous presence of SUR1
and SURIA2 mRNA was detected in human pancreas, adult
and fetal brain, prostate and spinal cord, whereby the relative
abundance of SUR1A2 compared to regularly spliced SURI
was lowest in pancreas (Fig. 3d). An almost exclusive
SUR1A?2 expression (more than 80%) was found in heart,
skeletal muscle, kidney, testis and uterus. In contrast, bone
marrow, fetal and adult liver, lung, placenta, spleen, thymus,
trachea and small intestine lacked both SUR1 variants.
Figure 3b shows the results of RT-PCR analyses of an
RNA panel containing eight major rat tissues. Exon 2
spanning primers on exon 1 and 4 of rat SUR1 were used.
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consequences of omission of exon 2. Parts of the sequences of exon
1 (normal font), exon 2 (bold font) and exon 3 (italic font) are shown.
The arrow indicates the position at which a TGA stop codon is
generated by a frameshift in the SUR1A?2 splice variant. ¢ Secondary
structure of SUR1A2 predicted by the PSIPRED protein structure
prediction server [22], Conf confidence level of prediction (0-9), Pred
predicted substructures: C coil, E strand, H helix, AA full amino acid
sequence of SUR1A2. Enclosed in rectangle: sulfonylurea receptor
signature sequence motif 1-2

In contrast to human tissues, all tested rat tissues com-
pletely lacked expression of SUR1A2. Rat lung, heart
(right and left ventricle), pancreas, cortex, medulla oblon-
gata, liver and skeletal muscle expressed SUR1 only. The
SUR1A?2 peptide itself could be detected by immunoblot-
ting in human brain extract using a proprietary rabbit IgG
antibody raised against an antigenic peptide sequence
between the gylcosylation signal sequence (NHS) and the
outer helix cap (Fig. 3c). It appeared as a faint band at
5.6 kD and as dimeric and tetrameric complexes at 11 and
22 kD, respectively.

The relative abundance of SUR1A2 inversely correlated
with spliceosome-specific ASF/SF2 alternative-splicing-
factor expression in SUR1-containing tissues (r = —0.79,
Fig. 3e). For this analysis, ASF/SF2 mRNA tissue
expression data were taken from the Geneatlas transcrip-
tome database [23] via BioGPS [24], dataset 211784 _s_at
and normalized to the expression of the constitutive
splicing subunit U2ASF2 mRNA, dataset 218381_s_at.
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Fig. 3 Tissue distribution pattern of SURI and SUR1A2 expression.
a RT-PCR using primers on exon 1 and 3 for analysis of the SURI
(233 bp) and SUR1A2 (91 bp) transcripts in cDNAs of 21 human
tissues obtained by reverse transcription of a Clontech RNA panel.
b RT-PCR using primers on exon 1 and 4 for analysis of rSURI
(441 bp) and rSUR1A2 (299 bp, not detectable) transcripts in cDNAs
of eight rat tissues obtained by reverse transcription of a rat RNA
panel. ¢ Immunodetection of SUR1A2 in human adult whole brain
extract. The first strip was probed with anti-SUR1A2 IgG, while the
second strip was incubated with preimmune-IgG from the same

Splice site probability predictions in human and rat
ABCCS genes

In order to reveal the genomic background for the existence
of SURIA2 in human tissues and to explain the lack of
SURIA?2 in rats, the full gene sequences of human ABCC8
(Ensembl accession no.: ENSGO00000006071) and rat
Abcc8 (Ensembl accession no.: ENSRNOG00000021130)
were submitted to the NETGENE server (http://www.cbs.
dtu.dk/services/NetGene2/) for neural network prediction
of splice donor and acceptor site probabilities [24]. The
predicted confidences of all detected sites within the first
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rabbit. For easier visibility of the faint 5.6-kD band, the contrast in the
lower portion of the first strip was enhanced as indicated by the
rectangular region. d Densitometrically determined relative abun-
dance of human SUR1A2 in relation to all SUR1 transcripts in tissues
expressing SUR1 (means & SEM of three independent RT-PCR
experiments). e Inverse correlation between relative abundance of
SURIA2 mRNA and relative abundance of ASF/SF2 mRNA
normalized to U2AF2 constitutive splicing factor in SUR1-containing
tissues. The corresponding regression line is shown (regression
coefficient r = —0.79). L ladders

13,000 nucleotides are shown in comparison to the pre-
dicted probability of the actual splice sites for both human
(Fig. 4a, b) and rat (Fig. 4c, d) donor and acceptor sites.
All actual splice donor and acceptor sites had a probability
close to or greater than the predicted cutoff level for strong
splice sites. However, the first actual splice acceptor site in
human ABCCS (indicated by an arrow in Fig. 4b) had a
markedly lower probability (0.77) than the corresponding
first actual splice acceptor site in the rat gene (0.96). Exon
2 in human ABCCS therefore represents a weak exon with
susceptibility for alternative splicing (cutoff probability
value for obligatory sites >0.90).
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Fig. 4 Neural network
bioinformatic prediction of
splice donor (a, ¢) and splice
acceptor site probabilities

(b, d) in human ABCCS8

(a, b) and rat Abcc8 genes

(c, d) using NETGENE 2 server
[24] within the first 13,500 bases.
Horizontal dashed lines indicate
the predicted cutoff level of
confidence for strong splice sites.
Confidences of confirmed actual
sites are depicted as filled circles,
others as open circles. The arrow
shows the reduced splice
acceptor site probability of the
first actual acceptor site of
human ABCCS preceding exon
2. Note: NETGENE 2 failed to
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Recombinant expression of SUR1A2
and co-immunoprecipitation with KIR6.2

For expression and functional studies, the human SUR1A2
open reading frame (ORF) was cloned from human heart
cDNA and subcloned into mammalian expression vectors.
A spacer and a c-myc/His tag were introduced at the
C-terminus of SUR1A2 leading to a predicted molecular
weight for the fusion peptide of about 10 kD. COS-7 cells
were selected as a heterologous expression system, because
they have only a negligible background expression of
SURI mRNA (Fig. 5a) or protein (Fig. Se, f). Thus COS-7
cells were triple transfected with hKir6.2, hSUR1 and
SUR1A2-cmyc to both allow trafficking of Kir6.2/SURI
channels to the membrane by masking the RKR endo-
plasmic reticulum (ER) retention sequences [25] and to
investigate whether SUR1A?2 interacts with Kir6.2 in these
complexes. As shown in Fig. 5b, immunoblot detection of
the SURIA2 c-myc peptide in the input extract revealed
two major bands of approximately 13 and 17 kD, and a
faint band at 10 kD. The 17-kD protein was the N-gly-
cosylated form of SUR1A2, since peptide-N-glycosidase F
(PNGase F) digestion left a single 10-kD band corre-
sponding to the non-glycosylated SURIA2. The 13-kD
band appeared in the Kir6.2-precipitate, suggesting a direct
physical interaction between partly glycosylated SUR1A2
and Kir6.2.

Surface expression of SURIA2 and SURI1
In order to investigate whether SUR1A2 reaches the

plasma membrane and how this may be modified by the
presence of Kir6.2 and/or SURI1, we performed flow

@ Springer

5'-3' position

T T
N
N

S
S
S
'\Q ,\’]/

5'-3' position

cytometric surface expression experiments. A proprietary
antibody directed against a peptide sequence common to
SUR1/SURIA2 near their N-terminus (N-HSAAYRV
DQGV-C) was used for labeling of intact COS-7 cells.
Cells transfected with SUR1A2 alone displayed a signifi-
cant right shift in the fluorescence histogram compared to
mock-transfected cells (Fig. 5¢). In contrast, cells trans-
fected with SURI required the presence of Kir6.2 to show a
significant surface expression signal (Fig. 5d). This indi-
cated that SURIA2 reaches the plasma membrane by
itself—in the absence of Kir6.2. However, when SUR1A2
was co-transfected with Kir6.2, a marked reduction of the
SUR1A?2 surface appearance was observed. Triple expres-
sion (SUR1A2, SURI, Kir6.2) resulted in a signal that was
less than the sum of the isolated SUR1A2 and Kir6.2-
mediated SURI surface expressions.

In order to differentiate between SURI and SURI1A2
surface expression in cells transfected with both forms, we
performed surface biotinylation experiments and sub-
sequent pull down of extracted plasma membrane proteins
by streptavidin beads to assess the isolated SURI1 surface
expression by Western blot with a C-terminal antibody
(Fig. 5e). Again, only in the presence of Kir6.2, a signifi-
cant expression of the membrane-bound glycosylated
SURI1 (approximately 250 kD) could be detected. Triple
expression with SUR1A2 caused a clear reduction of SUR1
by about 50% (Fig. 5e, f). A synopsis of data shown in
Fig. 5d and f indicated the following: (1) the contribution
of SURI to the height of the bar of SUR1/SUR1A2/Kir6.2
triple-transfected cells was approximately 5 of 13 RFU
(rightmost bar in Fig. 5d). (2) The residual signal (8§ RFU)
could be attributed to SUR1A2, a value that was almost
identical to that seen in samples in which a transfection
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Fig. 5 Detection of SUR1A2 mRNA and protein in cells transfected
with recombinant SUR1A2 ¢cDNA, its physical interaction with Kir6.2
and SUR1A2/SURI1 surface expression. a RT-PCR of ¢cDNA from
pcDNA3.1_mock and pcDNA3.1_SUR1A2 transfected RINmSF and
COS-7 cells using primers for rSURI (rat)/mkSUR1 (monkey) exon 1
and 4, human SUR1A2 open reading frame and r/mk (rat/monkey)
GAPDH as the housekeeping gene. Wild-type RINmSf expresses
rSURI, but does not display endogenous SUR1A2. Wild-type COS-7
essentially lacks SUR1. b C-myc tagged SURI1A2 appears in three
distinct forms: 10, 13 and 17 kD in the IP-input extracts. The physical
association between the 13 kD form of SUR1A2 and Kir6.2 is
demonstrated by co-immunoprecipitation (IP). COS-7 cells were
triple transfected with pcDNA3.1_hKir6.2, pcDNA3.1_hSURI, and
pSeq_hSUR1A2-c-myc (+) or pSecTag2B_mock (—). IP was
performed on Triton X-100/TBS solubilized COS-7 whole cell
extracts using anti-Kir6.2 antibodies. Monoclonal anti-c-myc tag
antibodies were used for subsequent Western blotting (WB). Extracts
in lane 1 were digested with peptide N-glycosidase F (PNGase F)

with only SURIA2 had been performed (Fig 5d, 4th bar
from left). This suggested an essentially unimpeded traf-
ficking of SUR1A2 to the cell surface in triple-transfected
cells. (3) SURIA2 reached the surface both in complex
with Kir6.2/SUR1, but also independently: The residual
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prior to WB. The asterisks indicate 25-kD light chains of the
precipitating antibody. L ladders. ¢ Surface expression of SUR1/
SUR1A?2 assessed by flow cytometry (FACS) of intact COS-7 cells
stained with an N-terminal SUR1/SURIA2 antibody. Frequency
distribution histogram of FL1 fluorescence of SUR1A2- and mock-
transfected cells. d Statistics of flow cytometric mean fluorescences
(FL1) in relative fluorescence units (RFU) of SUR1/SUR1A2/Kir6.2-
transfected COS-7 cells stained as in subfigure ¢ (mean fluorescence
of mock-transfected cells was subtracted in each experiment).
Mean + SEM of n = 4-6 independent experiments for each group.
*p < 0.05 (compared to mock-transfected group, Fisher’s LSD).
e Surface expression of glycosylated SUR1 (approximately 250 kD)
assessed by Western blot of membrane proteins after surface
biotinylation of COS-7 cells that were transfected as indicated
(a C-terminal SUR1 antibody was used). f Densitometric evaluation
of glycosylated SUR1 bands normalized to an unspecific band of
n = 4 blots. *p < 0.05 (compared to mock group, Fisher’s LSD)

SUR1A2 surface expression when co-expressed with
Kir6.2 alone (3.5 RFU in bar 5 in Fig. 5d) and the differ-
ence in bars 3 and 6 of the same figure, which reflected the
SURIA?2 fraction that reached the plasma membrane in a
Kir6.2/SURI independent manner, were equal.
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Fig. 6 SURIA2 containing K,pp channels expressed in COS-7 cells
display a reduced ATP sensitivity. a Whole cell current densities
measured 5 min after break-in at a holding potential of 0 mV. COS-7
cells were transfected as indicated. The pipette contained either 0 or
2 mM ATP. Mean + SEM of n = 4 independent experiments for
each group are shown. *p < 0.05 (Student’s ¢ test). b Representative
I/V curves of SURI/Kir6.2, SURIA2/Kir6.2 or mock-transfected
COS-7 cells. The pipette contained no ATP when these traces were
recorded. ¢ MgATP dependence of the open probability (p,) of single
channels (normalized to p, in the absence of MgATP) in inside-out
excised patches from SURI1/Kir6.2 (open symbols: mean + SEM,
n = 8) or SURIA2/SURI1/Kir6.2-expressing cells (closed symbols:
mean + SEM, n = 3-5). A Hill equation was fitted to the data points

Isolated SUR1A2 could not be detected by surface
biotinylation with biotin disulfide N-hydroxysulfosuc
cinimide ester, because SURIA2 does not contain
lysine residues in its extracellular sequence (data not
shown).
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SUR1TAZ2/SUR1T/KIrG.2, 1 mM ATP

yielding a K; = 25.3 & 6.3 uM for SUR1/Kir6.2 (dashed line) and
K; = 141.0 £ 9.1 uM for SUR1A2/SURI/Kir6.2 (solid line) con-
taining patches. The Hill coefficients were 0.8 and 0.67, respectively.
*p < 0.05 between groups, Fisher’s LSD). (d, e) Representative
inside-out excised patch recordings with the indicated MgATP
concentrations in the bath solution from SUR1/Kir6.2 (d, 5 channels)
or SUR1A2/SURI1/Kir6.2 (e, 3 channels) containing patches clamped
to —60 mV at symmetrical [K™] conditions. Horizontal dashed lines
show integer multiples of mean single channel currents. (f, g) Single
channel events in SUR1/Kir6.2 and SUR1A2/SUR1/Kir6.2 containing
patches at a MgATP concentration of 1 mM ATP. The single channel
current was —3.9 pA at —60 mV holding potential (65 pS conduc-
tance) in both cases

Whole cell patch clamp experiments

In order to deal with the question of whether a possible
association of SUR1A2 with Kir6.2 without SUR1 would
lead to functional channel expression on the plasma



Human prodiabetic transmembrane peptide SUR1A2

141

membrane, whole-cell patch clamp experiments with
COS-7 cells were performed (Fig. 6a, b). Coexpression of
SURI with Kir6.2, as expected, resulted in a current that
was dependent on the ATP content in the pipette (0 vs.
2 mM ATP, measured 5 min after break in) and exhibited
a slight inward rectified characteristic in the I/V curve
(Fig. 6b). However, coexpression of SUR1A2 with Kir6.2
led to neither any current being higher than the back-
ground current of mock-transfected cells nor to any ATP
dependency.

Inside-out excised patch recordings

Since SUR1 was partly replaced by SUR1A2 after asso-
ciation with Kir6.2, as shown above in the surface
expression experiments, we were interested in assessing
the ATP sensitivity of this hybrid SUR1A2/SUR1/Kir6.2
channel compared to normal SURI/Kir6.2 channels.
Single channel recordings were done after excising
membrane patches from transfected cells and exposing the
inner side to the bath solution containing different MgATP
concentrations (Fig. 6d, e). Channel open probabilities
(Np,) were measured and normalized to the maximum
value at zero ATP. The half maximum inhibition constant
(k;) for SUR1/Kir6.2 channels was 22.4 + 1.1 uM, which
is in agreement with previously published values [26],
whereas k; values for SURIA2/SUR1/Kir6.2 hybrid
channels were 141.0 & 9.1 uM, corresponding to an
almost sixfold reduction in ATP sensitivity (Fig. 6¢).
Notably, even a high ATP concentration of 1 mM could
not fully abolish single channel events in the hybrid
channels (Fig. 6f, g). The single channel conductance of
the hybrid channel, however, was unchanged, as indicated
by 3.9 pA single channels currents (at —60 mV) in both
kind of patches.

Functional consequences of SUR1A2 expression
in insulinoma cells

RINmSF cells are rat insulinoma cells expressing func-
tional K5rp channels composed of rSUR1 and rKir6.2 [27].
RT-PCR analysis of DNAase-treated total RNA confirmed
that mock-transfected cells lacked any SURI1A2 and
transfected RINmSF cells in fact contained both rSURI
and SUR1A2 mRNA (Fig. 5a). In order to investigate the
effects of a concomitant presence of SURIA2 on the
functional properties of regular rSUR1 containing Ktp
channels, we co-transfected RINmSF cells with human
SUR1A?2 and green fluorescent protein expression vectors.
Cells were bathed in an extracellular medium containing
high glucose (11 mM) in order to maintain high intracel-
lular ATP levels and thus low basal Katp-channel open

probability. The potassium current recorded with 2 mM
ATP in the patch pipette 10 min after obtaining a whole
cell configuration in mock-transfected cells mostly reflec-
ted the activity of voltage-dependent potassium (Kv)
channels (Fig. 7a). This current has typical activation
kinetics and voltage dependence of the conductance as
represented by the rising slope of the I-V relationship
(Fig. 7b). With an ATP-free pipette solution, Kstp currents
increased in amplitude because of ATP diffusion from the
cell interior into the patch pipette (Fig. 7c), reaching a
maximum between 5 and 10 min before channel rundown
[28]. However, when the intracellular pipette solution
contained 2 mM ATP, the maximum increase in IgaTp
measured at a holding potential of —35 mV remained
much stronger in SUR1A2 than in mock-transfected cells.
The statistical evaluation of maximum Igapp currents
normalized to cell capacitance (current densities) measured
with different ATP concentrations in the intracellular
solution is depicted in Fig. 7d. Results again indicated a
reduced potency of ATP to close Korp channels in the
SUR1A2-containing cells. Visually read off k; values for
ATP-induced channel inhibition in these whole cell
experiments were much higher than shown before with
excised patches. This was most probably due to the pres-
ence of ADP and other intracellular modulators. However,
this type of experiment represented a more physiological
situation.

Effects of SURIA2 on glibenclamide-induced
depolarization

Since the truncated SUR1A2 peptide did not contain any
of the sulfonylurea receptor-binding sites of SURI, but
retained the ability to bind to the Kir6.2 Karp channel
subunits, we were interested in whether and, if so, how
SUR1A2 could alter sulfonylurea drug action. RINmSF
cells were transfected with untagged SUR1A2 and sub-
jected to fluorescent membrane potential measurements.
Cells were loaded with 100 nM DiBAC4(3), a bis-oxonol,
which is a membrane potential-sensitive dye that increa-
ses its fluorescence upon depolarization and strictly
follows the Nernst equilibrium at this low concentration
[19]. Following hyperpolarization of cells with 100 uM
diazoxide, glibenclamide was added at 1, 3 or 6 nM
(Fig. 8a, b). Depolarization was concentration dependent
(Fig. 8¢) and much weaker in SURIA2 than in mock-
transfected cells. A comparison of the concentration-
response curves fitted to the two sets of data points shows
that SURIA2 did not alter the potency (close to 1.1 nM
for both cell types), but strongly reduced the efficacy of
glibenclamide to depolarize the membrane potential (by
7.7 mV in SURIA2 vs. 29.5 mV in mock-transfected
cells, Fig. 8c).
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Fig. 7 Recombinant expression of SURIA2 in rat insulinoma
(RINmSF) cells activates Karp channels (whole cell patch clamp).
a Voltage clamp and resulting currents: the currents were monitored
every 2 s and elicited by the following voltage ramp protocol (inset to
Fig. 6a): after an initial depolarizing step pulse to 0 mV for 200 ms
from the holding potential of —60 mV, a negative ramp was applied
from 0 to —120 mV with a constant speed of —0.120 V/s. Maximum
currents (300 s after break-in) of SUR1A2 and mock-transfected cells
with a pipette filled with 2 mM ATP are shown. b I-V relationship of
potassium currents in SURIA2 and mock-transfected cells in the
presence of 2 mM ATP, 300 s after break-in. While in mock-

Effects of SUR1A2 on glucose-induced
depolarization—cytosolic [Ca™* "] and insulin secretion
of insulinoma cells

A shift from 3 to 10 mM glucose, which corresponds to a
low normoglycaemic and a hyperglycaemic state in vivo,
respectively, caused mock-transfected RINmSf cells to
depolarize by 5.3 &+ 0.3 mV (p = 0.003) from a resting
potential of —514 +£39 mV (Fig.9a, b) within
20-30 min. In contrast, the stepwise increase in glucose
concentration led to a slight hyperpolarization by
—1.7 £ 2.7 mV in SUR1A2-transfected cells, which was,
however, not always strong enough to be statistically sig-
nificant (Fig. 9a, b).
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transfected cells, voltage-dependent Kv conductance (slope) predom-
inates, SUR1A2 induces a voltage-independent K,tp conductance
with a weak inward rectifier characteristic (Ix, subtracted). ¢ The time
course of Ixatp development after break-in at —35 mV holding
voltage in SURI1A2-transfected and mock-transfected cells in the
presence and absence of 2 mM ATP (sliding means of 5 consecutive
data points are shown). d ATP dependence (ATP in the pipette) of
maximum Igarp current densities developed at —35 mV holding
potential. Mean + SEM of n = 4-8 independent experiments for each
group. *p < 0.05 (Fisher’s LSD test was performed between SUR1A2
and corresponding mock groups)

Cytosolic [Ca*™] behaved similarly. Mock-transfected
cells responded to a stepwise increase of glucose from 3 to
10 mM with a significant increase in [Ca*™] by 35 + 4%,
whereas SUR1A2-transfected cells reacted inversely with a
drop by 21 £ 17% (Fig. 9c, d).

Insulin secretion data were analyzed using two-way
ANOVA, which revealed that both increasing glucose
concentrations (p = 0.033) and SURI1A2 transfection
(p <0.001) had a highly significant overall effect on
insulin release and that there was no statistical interaction
(p = 0.801) between these two parameters. The post hoc
test results (Fisher’s LSD) showed that insulin secretion
was not statistically different in either cell type in the
absence of glucose. However, both in presence of 5 and
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Fig. 8 SURIA2 functionally displaces the sulfonylurea receptor
action of SURI. Effects of SURIA2 transfection of RINmSF
insulinoma cells on glibenclamide-induced depolarization. Using
DIBAC4(3), a membrane potential-sensitive dye, membrane poten-
tials were derived from cellular fluorescence. At steady state after dye
uptake, cells were hyperpolarized with 100 pM diazoxide and
subsequently treated with 1, 3 or 6 nM glibenclamide (glib).
Representative time courses of membrane potentials of (a) mock-
and (b) SUR1A2-transfected cells in response to 1 and 3 nM

10 mM glucose, mock-transfected cells released signifi-
cantly more insulin than SURI1A2-transfected cells
(Fig. 9e). In contrast to mock-transfected cells, there was
only a very weak and statistically non-significant increase
in insulin release with increasing glucose concentrations in
SUR1A2 cells.

Discussion

In this work, we describe the discovery and functional
characterization of a novel, truncated single-transmem-
brane peptide coded by an alternatively spliced human
sulfonylurea receptor] mRNA, termed SURIA2, that is
present in human pancreas, heart and other tissues together
with SURI. It has two remarkable properties: first, it
functionally displaces high-affinity sulfonylurea receptor
activity, and second, it has prodiabetic properties when
expressed in insulinoma cells that lack endogenous
SUR1A2. These findings could not only have high clinical
relevance, but may also provide additional knowledge on
the location and mode of molecular interaction between the
regulatory sulfonylurea receptors and the pore-forming
units of Kxrp-channel complexes.

SURIA2 mRNA is present in human heart, pancreas
and further tissues

Both a transcript scanning RT-PCR approach and
5-RACE-PCR with ¢cDNA prepared from human heart

glibenclamide and to 30 as well as 60 mM KCl are shown. ¢ Hill-
type concentration response curves were fitted to mean glibencla-
mide-induced depolarizations £ SEM from »n = 30 regions of
interest (ROIs: usually single insulinoma cell clusters) of both mock-
(filled circles) and SUR1A2-transfected cells (triangles). Non-linear
regression curves are represented as a dashed line for mock-
(EC50 = 1.15 nM, efficacy = 29.5 mV) and a solid line for
SURI1A2-transfected cells (EC50 = 1.08 nM, efficacy = 7.7 mV)

revealed the predominant presence of a SURI mRNA
lacking exon 2, SUR1A2, which constitutes about 85% of
all SURI transcripts. Such an almost exclusive SUR1A2
expression was found not only in heart, skeletal muscle,
kidney and uterus, but also in testis. In tissues of the central
nervous system the splice variant constituted between 60
and 80%. In pancreas, the relative abundance was lower
than 50%. For the latter tissue, both SUR transcripts
originated from islet cells, but not from exocrine cells,
because the human SUR1 promoter contains binding motifs
for the beta-cell-specific transcription factors Pdx-1 and
IB1 [29]. The functional and clinical consequences of the
presence of SURIA2 in human heart and pancreatic beta-
cells will be discussed below.

The tissue pattern correlated well with the tissue abun-
dance profile of expressed sequence tags (ESTs) containing
SURI sequences as published in the NCBI transcriptome
database (UniGene accession number: Hs.54470). How-
ever, the Unigene database does not suggest expression of
SURI in prostate, testis or uterus, while indicating very
low SURI expression in lung and placenta. Nevertheless,
the literature supports the validity of our results: The
abundance of K,rp subunits in human myometrium has
been studied by quantitative RT-PCR and has indeed
revealed a low, but unequivocal presence of SUR1 [30].
Furthermore, the presence of SUR1 mRNA has been con-
firmed independently in human transurethral resections of
the prostate [31] and testis (spermatogenic cells) [32],
while SURI has been reported to be absent in lung alveolar
epithelial cells [33].
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Fig. 9 SURIA?2 behaves as a prodiabetic peptide. Effects of SUR1A2
transfection on glucose-induced depolarization, cytosolic Ca*™* and
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Skipping of exon 2 in humans is based on a weak first
splice acceptor site

Splicing of pre-mRNA takes place in the spliceosome, a
complex of small nuclear riboproteins (snRNPs) containing
the U1,U2,U4, U5 and U6 subunits. Ul detects splice
donor consensus sequences (C/AAGlgup,agu) at the exon-
intron boundary, while U2 binds to the intronic branch
point (pynpypypuapy) with assistance of the auxiliary factors
U2AF65 and U2AF35, which recognize the polypyrimidine
tract at the end of the intron and the pyaglG sequence at the
intron-exon boundary, respectively. Thus, the spliceosome
complex A, consisting of Ul, U2 and U2AF, determines
the exact location of the intron to be spliced out [34] before
cleavage by the activity of the remaining spliceosome
subunits. If the splice acceptor site does not fully conform
to its consensus sequence, U2 auxiliary factors do not bind
well and may proceed to the next splice acceptor site.
Thereby exon-inclusion becomes dependent on the pres-
ence of intronic or exonic splicing enhancers (ISE, ESE)
and silencers (ISS, ESS), as well as the expression of fur-
ther auxiliary regulatory snRNPs detecting them. This
leads to skipping of one exon in a tissue-specific manner.
As shown in this work, this was the case with human
SURI1A2, because the first real splice acceptor site had a
low probability as predicted by the neural network NET-
GENE. This seems to be based on an unusually high
purine content of the polypyrimidine tract preceding the
splice acceptor site at the intron 1/exon 2 border (ucuga
cugucucucccugcagGAUGGGGAAGUCAGAGCUCC). In
contrast, the purine content of the first splice acceptor site
in rats was lower and consequently predicted to have a high
splice probability. This explains the lack of the SUR1A2
splice variant in rats.

Since at least seven strong ESEs detected by the auxil-
iary factor ASF/SF2 were present at a relevant distance as
predicted by ESE-finder http://rulai.cshl.edu/tools/ESE2/
[35], tissue-specific expression of ASF/SF2 negatively
correlates with SURI1A2 abundance, as shown in Fig. 3e.
The single nucleotide polymorphism Pro69Pro (SNP333,
T > C) located in exon 2 [36] adds another ESE (CCC
CGGG, Fig. 10a), which may be one reason explaining the
observed inter-individual differences in SURI1A2.

SURIA2 protein is a truncated transmembrane peptide
(5.6 kD) with a single TM-helix

The SURIA2 open reading frame (ORF) consisted of 153
nucleotides, and the corresponding protein was 50 amino
acids long (5.6 kD): new Genebank accession no.
HM635782.1. The entire peptide can best be described as a
“cane” inserted into the membrane by its single trans-
membrane helix and protruding into the extracellular space
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with its N-terminal “handle.” An inverse peptide orienta-
tion could be ruled out because of N-glycosylation at the
N-terminal side. SURIA2 neither contained nucleotide-
binding domains nor the sulfonylurea-binding subsites A
and B (Fig. 2a): In SURI, the Walker A and Walker B
motifs of NBDI are located in the cytosolic portion
between TMD1 and TMD2, and that of NBD2 in the
cytosolic loop C-terminal of TMD?2, respectively [37]. The
sulfonylurea-binding subsite A is located in TMD 2 of
SURI, whereby transmembrane segments 14 and 15 and
parts of the adjacent cytosolic loops contribute [38] to it.
The B-subsite involves parts of the cytosolic loop 3 (CL3),
which connects TMDO and 1 and extends to the N-terminus
of Kir6.2 [39, 40].

SURI1A?2 interacts with Kir6.2 and opens SUR1/Kir6.2
containing K,tp channels

Using co-immunoprecipitation, we demonstrated that
SUR1A?2 physically associates with Kir6.2 pore-forming
subunits of Kir6.2/SURI containing Katp channels. Our
electrophysiological data suggest that the additional pres-
ence of the SUR1A?2 peptide in these channels reduces their
sensitivity for ATP inhibition. In contrast to SURI, we
found that SUR1A2 could be expressed on the plasma
membrane by itself (in absence of Kir6.2) in COS-7 cells
that endogenously lack all of these subunits. In addition,
SUR1A2 could not form functional channels when co-
expressed with Kir6.2 alone. This was most probably due
to the fact that the ER-retention signal RKR present in

Kir6.2 [41] could not be shielded by SURIA2, and thus
both remained entrapped in the ER. This is in agreement
with our finding that surface expression of SURIA2 was
blunted in the presence of Kir6.2 (without SUR1). In triple-
transfected cells a fraction of SUR1A2 (about 60%) asso-
ciated with Kir6.2, and the other reached the plasma
membrane independently of Kir6.2 expression. Neverthe-
less, the SURI/SUR1A2/Kir6.2 complex trafficked to the
plasma membrane when SUR1 was coexpressed. In addi-
tional support, elecrophysiological data showed that triple-
transfected cells formed functional channels at the
membrane, and the ATP sensitivity of these channels was
decreased by a factor of about 6 compared to SUR1/Kir6.2
channels. This suggests the existence of hybrid SUR1A2/
SURI1/Kir6.2 complexes with reduced ATP sensitivity, in
which statistically about half of the four SUR1 subunits
seemed to be replaced by SUR1A2, as shown in the SUR1/
SURIA2 surface expression assays.

Our results are in agreement with previous co-immu-
noprecipitation studies demonstrating a strong physical and
functional association between the first transmembrane
domain (TMDO0) of SURI1 and Kir6.2 [42], where TMDO
alone also has an activating effect on a functional Kir6.2
variant lacking the RKR ER-retention signal. Thus, the
results of the present work underline these findings and
furthermore highlight the particular importance of the first
transmembrane helix of TMDO, which contains the sulfo-
nylurea receptor signature sequence GCFVDVLNVVPH
VFLLFITFPILFIGWG, motif I-2 for binding to Kir6.2.
This is the longest sequence of the 5-element N-terminal

gﬁ@lng(hsel\;l%‘;)H;‘;gi:gi A Input: SUR1, exon 2 Input: SURL exon 2, SNP333 (T>C)
against diabetes. a Exonic pos.  motif score pos.  motif score
splicing enhancer (ESE) 12 CAGAGCT 2.807766 12 CAGAGCT 2.807766
Sequenc.es in exon 2 of SURI 36 CACAGCA 3.40723¢6 36 CACAGCA 3.407236
f“:ldeoqde detected by ASF/SF2 41 CACATGG 3.338579 41 CACATGG 3.338579
‘E; Sgre\?;ﬁfi lt)li,r:s]gollicissiil:?;r 69 CTGCGGT  3.269431 56 _CCCCGGG___ 2.539188

X ESEs of 2.0. seven ESEs 72 CGGTGGA 2.840651 69 CTGCGGT 3.269431
itre(zz%dentiﬁed Wi.tl’; a total score 81 CTGACCT 2.289357 72 CGGTGGA 2.840651
of 22.9. In exon 2 with SNP333 121 CAGAGGG 5.011961 81 CTGACCT 2.289357
(T > C) an additional eighth 12l CAGAGGG — 5.011961
ESE occurs (CCCCGGQG), B C
leading to a total score of 25.5. 2
b Clinical data of 897 Japanese " T 9 TC 18 cc g 2 -
NIDDM patients (DM) and 891 - 4 = Bl & . OV
healthy controls (Co) were -:5’.' 10 4 @ Co
taken from the literature [36] e © © ? g
and further processed: The 2 33 b 437 2 18 T = 2 I
homozygotic SNP333 (CC) is - 2 m 3 g 0 S |
more prevalent in healthy 8 371 8 444 8 15 2 o H
subjects than in diabetics. ¢ Its S5 .10
prevalence significantly 36 1 431 14 @
(asterisks) deviates from Hardy- 2
Weinberg equilibrium in the as - 42 4 13 E -20 | i |
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sulfonylurea receptor family fingerprint in TMDO (acces-
sion: PR0O1092 in the SPRINT database, http://www.bioinf.
manchester.ac.uk/dbbrowser/sprint/). It spans a small part
of the N-terminus and the complete transmembrane helix 1
of SURI (Fig. 2c). The fact that motif I-2 is present and
identical in SUR1, SUR1A2 and SUR?2 [5], and that either
of them is able to form complexes with Kir6.2 is indicative
of the paramount role of the first transmembrane helix for
the interaction between the pore-forming units and the
regulatory SURs of Kxtp channels. In addition, motif I-2 is
highly conserved between species, being equal at least in
humans, rats, mice and black-bellied hamster.

Based on its functional properties, the novel splice
variant SURIA2 is suggested to represent a novel endog-
enous Karp-channel regulator with physiological and
pathophysiological relevance, and importance for phar-
macotherapy with sulfonylureas.

SUR1A?2 functionally displaces high-affinity
sulfonylurea action

A remarkable result of the present study is that transfection
with SUR1A2 strongly reduced the ability of the sulfo-
nylurea glibenclamide to depolarize RINmSF insulinoma
cells. The pharmacological efficacy was reduced, but the
potency was not altered, ruling out a direct displacement or
competition at the high-affinity sulfonylurea-binding site.
Rather, this finding could be explained by a functional
displacement of SUR1 by SUR1A2 from its binding site on
Kir6.2: SURIA2 lacking both the sulfonylurea binding
site(s) and the binding motifs for ATP/ADP of SURI,
which usually sensitize the K rp channel to ATP-mediated
inhibition [43]. This was in accordance with the reduced
ATP sensitivity of the SURIA2/SURI/Kir6.2 hybrid
channel.

The observations may also enable us to understand the
discrepancies in the ongoing sulfonylurea controversy [11,
44, 45]. Blockage of cardiac Karp channels impairs
ischemic preconditioning and extends infarction areas [46].
Thus, cardiac Katp channels are considered to represent an
endogenous cardioprotective mechanism usually attributed
to SUR2A/Kir6.2-containing channels [47]. One of the
major points of the controversy is whether human heart
expresses high-affinity SUR1 that would lead to anti-car-
dioprotective effects of sulfonylurea drugs even at the low
therapeutic concentrations used in therapy of type II dia-
betes. That this is not considered improbable is based on
the fact that rat cardiac tissue displays high-affinity sulfo-
nylurea binding [14] and human cardiac ventricular tissue
contains SUR1 mRNA transcripts [13]. However, since we
have demonstrated in our study that the predominant SUR1
transcript species in human heart is SUR1A2, any harmful
effects of sulfonylurea on human heart might be negligible
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at therapeutic concentrations. We believe that our data
represent a step forward in resolving the sulfonylurea
controversy. Whether SUR1A2 interacts with SUR2/Kir6.2
containing Karp channels in cardiac tissue remains
unclear. Since SUR2 shares the identical signature
sequence with SUR1A2, an interaction with Kir6.2 and
displacement of SUR?2 is likely. However, the several fold
higher abundance of SUR2 in heart compared to SUR1A2
possibly will limit the importance of such a mechanism.

SUR1A?2 behaves as a prodiabetic peptide
in insulinoma cells

The novel splice variant was expressed in human pancreas
along with regularly spliced SURI. In order to investigate
the influence of SURIA2 on the signaling of glucose-
induced insulin secretion, RINmS5F insulinoma cells were
used, which were devoid of endogenous SUR1A2. How-
ever, regularly spliced SURI was expressed in these cells.
Results showed that SUR1A2 not only fully blocks glu-
cose-induced depolarization and cytosolic Ca™™ release,
but even caused a mild glucose-induced hyperpolarization
and a decrease in cytosolic [Ca®™*]. We conclude that the
Katp channels remained activated despite increased glu-
cose supply because their sensitivity to ATP was
diminished by SUR1A2. The increased activity of elec-
trogenic Na*/K* and Ca™™ ATPases at higher glucose and
ATP levels led to hyperpolarization and a decreased
cytosolic Ca™™ level, as long as their effects were not
counteracted by decreased potassium conductivity of Katp
channels and increased L-Type calcium channel activity
[48]. In further consequence, insulin secretion was reduced,
as demonstrated, making SURI1A2 a prodiabetic peptide.
Its presence in human pancreatic islet cells might thus shift
the response characteristics and set point of beta-cells to
higher glucose values. We suggest that in humans, genetic
predisposition may lead to an increased SUR1A2 relative
abundance, and hence higher resting glucose levels and a
propensity to develop certain forms of type II diabetes
associated with insufficient insulin release. These forms of
diabetes may be additionally characterized by a restricted
efficacy or even primary failure of sulfonylurea therapy in
C-peptide-positive patients, which is not an uncommon
clinical observation [49].

In contrast, factors that reduce SUR1A2 protected from
diabetes mellitus: according to NCBI Entrez SNP database
(http://www.ncbi.nlm.nih.gov/SNP), the SNP mentioned
above (Pro69Pro, T > C, accession no.: rs1048099) is
rather frequent (46% of all alleles in Caucasians). It gen-
erates an additional ESE detected by ASF/SF2 (Fig. 10a)
that promotes inclusion of exon 2 (less SUR1A2) by a
factor of 1.11 as calculated from the scores of ESE pre-
dictions. This SNP indeed confers a slight resistance to
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diabetes, since according to a Japanese study [36] the ho-
mozygotic SNP (CC) is more prevalent in healthy controls
(17.4%) than in NIDDM patients (15.4%, Fig. 10b). In
addition, the prevalence of CC significantly deviates from
Hardy-Weinberg equilibrium by an excess of 16.7% in
healthy subjects, but not in diabetics (Fig. 10c), suggesting
that it supports survival in the general population.
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