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ABSTRACT

Katp channels are metabolic sensors and targets of potassium channel openers (KCO; e.g. diazoxide
and pinacidil). They comprise four sulfonylurea receptors (SUR) and four potassium channel subunits
(Kir6) and are critical in regulating insulin secretion. Different SUR subtypes (SUR1, SUR2A, SUR2B)
largely determine the metabolic sensitivities and the pharmacologoical profiles of Katp channels. SUR1-
but not SUR2-containing channels are highly sensitive to metabolic inhibition and diazoxide while SUR2-
channels are sensitive to pinacidil. It is generally believed that SURL and SUR2 are incompatible in
channel coassembly. We used triple tandems, T1 and T2, each containing one SUR (SUR1 or SUR2A)
and two Kir6.2A26 (last 26 residues are deleted) to examine the coassembly of different SUR. When T1
or T2 was expressed in Xenopus oocytes, small whole-cell currents were activated by metabolic inhibition
(induced by azide) plus a KCO (diazoxide for T1, pinacidil for T2). When coexpressed with any SUR
subtype, the activated-currents were increased 2 to 13-fold, indicating that different SUR can coassemble.
Consistent with this, heteromeric SUR1+SUR2A channels were sensitive to azide, diazoxide, pinacidil
and their single-channel burst duration was 2-fold longer than that of the T1 channels. Furthermore,
SUR2A was coprecipitated with SUR1. Using whole-cell recording and immunostaining, heteromeric
channels could aso be detected when T1 and SUR2A were coexpressed in mammalian cells. Finally, the
response of the SUR1+SUR2A channels to azide was found to be intermediate to those of the homomeric
channels. Therefore, different SUR subtypes can coassemble into Karp channels with distinct metabolic

sensitivities and pharmacol ogical profiles.
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Introduction

Two characteristics, inhibition by intracellular ATP and activation by MgADP, define ATP-sensitive
potassium (Katp) channels and underlie their ability to respond to metabolic changes inside a cell
(Ashcroft, 2005; Masia et al., 2005; Yamada and Inagaki, 2005). Under metabolic stress, their activity
increases, resulting in hyperpolarization of the cell membrane which plays a critical role in cellular
protection. Different Katp channels have different metabolic sensitivities (Schwappach et al., 2000; Masia
et al., 2005). For example, the pancreatic Katp channels are usualy partly open in normoglycemic
conditions and are closed only when blood glucose levels become high. This property alows the
pancreatic Katp channels to regulate insulin (Ashcroft, 2005). Cardiac Katp channels are closed under
normal physiological states and open only when the cells are stressed, thus contributing towards the
cardiac adaptive response to acute stress (Zingman et al., 2002).

Katp channels comprise two subunits. the pore-forming inwardly-rectifying potassium (Kir6) channel
subunit and the regulatory sulfonylurea receptor (SUR) subunit, an ATP-binding cassette (ABC) protein
(Inagaki et al., 1995). SUR primarily utilizes its unique N-termina transmembrane domain, TMDO, to
associate with Kir6 in a 4:4 stoichiometry to form the octameric Katp channel complex ([SUR]4[Kir6],)
(Shyng and Nichals, 1997; Clement et al., 1997; Chan et al., 2003; Babenko and Bryan, 2003). In
mammals, there are two Kir6 and two SUR genes (Kir6.1 and Kir6.2; SURL and SUR2) (Aguilar-Bryan
and Bryan, 1999; Shi et al., 2005). SUR2 has two maor splice variants, SUR2A and 2B, which differ
only in the C-terminal 42 amino acids. It is believed that different Kir6é combine with different SUR to
form the various native Katp channels. For example, the Katp channels found in the pancreas, striated
muscle and smooth muscle are made up of SUR1+Kir6.2, SUR2A+Kir6.2 and SUR2B+Kir6.1/Kir6.2,
respectively. SUR affects the responses of Katp channels to ATP and MgADP and is crucid in
determining their metabolic sensitivities. The sensitivities to energy depletion of different Karp channels
follow this order: SUR1+Kir6.2>>>SUR2B+Kir6.2>SUR2A +Kir6.2 (Masia et al., 2005; Dabrowski et
al., 2003; Schwappach et al., 2000; Liss et al., 1999). SUR also serves as the main binding site for two

important classes of drugs that target Katp channels: the sulfonylurea and potassium channel opener
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(Gribble and Reimann, 2002; Moreau et al., 2005). Different Katp channels exhibit different
pharmacological profiles dictated by the SUR subtypes they are composed of.

It is generaly believed that SUR1 cannot coassemble with SUR2 to form K ate channels (Giblin et al.,
2002; Tricarico et al., 2006; Babenko, 2005), even though SUR1 and SUR2 share ~65% identity and are
coexpressed in many cell types (Tricarico et al., 2006; Baron et al., 1999; Shi et al., 2005; Liss et al.,
1999). We have recently demonstrated that a model in which SUR1 and SUR2A do not coassemble is
incompatible with the properties of the macroscopic currents recorded from Xenopus oocytes expressing
SUR1, SUR2A and Kir6.2 (Chan et al., 2008). Furthermore, by coexpressing SUR1-Kir6.2 and SUR2A -
Kir6.2(N160D) tandem dimers and studying the rectification properties of the resulting macroscopic
currents, we found that SUR1 and SUR2A could coassemble, in a random manner, to form heteromeric
Kate channels. Here, we report our further study on the coassembly of different SUR subtypes and
explore the resulting functional consequences. First, we show SUR2A and Kir6.2 were coprecipitated
with SUR1 when all three proteins were coexpressed in Xenopus oocytes. Second, by using two triple
tandems in which one SUR is linked to two Kir6.2A26 (the region comprising the last 26 amino acids in
Kir6.2 contains an ER retention sequence and is deleted) (Fig. 2A), we show that SUR1, SUR2A and
SUR2B could coassemble in all the possible pair-wise combinations. Third, we demonstrate that Karp
channels comprising two different SUR subtypes displayed hybrid pharmacologica properties and novel
metabolic sensitivities. Last, we demonstrate that heteromeric Katp channels were aso formed in
mammalian cells cultured at 37 °C.

Materialsand M ethods

Molecular biology. A Sall site was introduced after the last sense codon in SURL (in pGEMHE) by
Quickchange mutagenesis (Stratagene). The Kir6.2A26 dimeric cassette was generated by PCR and
subcloned into pGEMHE. SUR1 was then excised using BamHI and Sall and inserted before the

Kir6.2A26 dimeric cassette to produce the SUR1-Kir6.2A26-Kir6.2A26 triple tandem (T1). The peptide

sequences of linker 1 (between SUR and Kir6.2A26) and linker 2 (between adjacent Kir6.2A26) in T1 are
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VDGRGgDI and NSRGgDI, respectively. An Xbal site was introduced after the last sense codon of
SUR2A which was then excised using Xbal and inserted before the Kir6.2A26 dimeric cassette to produce
the SUR2A-Kir6.2A26-Kir6.2A26 triple tandem (T2). The peptide sequence of linker 1 in T2 is
SRVRRYGRGgDI. The SUR1 in T1 has a FLAG tag at its N-terminus. The GFG sequence in the
selectivity filter of Kir6.2A26 was mutated to AAA in either cassette | or cassette Il of the Kir6.2A26
dimeric construct. SURL1 was then inserted to generate T1(I-AAA) and T1(l1-AAA). GFP was appended
to the C-terminus of Kir6.2 to create Kir6.2-GFP. SUR1-HA and SUR2-HA were generated by inserting
an HA-epitope in the last extracellular loop (between TM16 and TM17) (Zerangue et al., 1999). FLAG-
SUR1 (F-SUR1) has been described (Yang et al., 2005). cRNA were synthesized by in vitro transcription
and their concentrations were estimated on agarose gels from the relative intensities of the RNA bands
with respect to a calibrated RNA marker.

Oocyte preparation, two-electrode voltage clamp and inside-out patch clamp recordings. Xenopus
laevis oocytes were prepared and cultured at 18 °C as described and all animal procedures were in accord
with the IACUC (Chan et al., 2003). 2 ng of T1 or T2 with or without 3 ng of SUR1, SUR2A or SUR2B
were injected into oocytes for two-electrode voltage clamp (TEVC), Western blot and
immunoprecipitation. The same T1 and T1+SUR2A RNA solutions were then diluted 5-20 times for
single-channel recording. TEVC was used to measure whole-cell currents from Xenopus oocytes using an
OC-725 amplifier (Warner). Bath solution contains (in mM): 96 KCI, 2 NaCl, 1 MgCl,, 5 HEPES, 1.8
CaCl, (pH 7.5). 3M sodium azide (in water; Sigma), 340 mM diazoxide (in DMSO; Sigma), 200 mM
pinacidil (ethanol; Sigma), 20 mM glibenclamide (DM SO; Sigma) and 1 M BaCl, (water) were used as
staocks. To monitor whole-cell conductance, oocyte membrane was held at 0 mV and 1-s ramps from —100
to +100 mV were applied at 1.5-sinterval. Currents were filtered at 1 kHz and sampled at 2 kHz. Currents
a -80 mV from the ramp were used to plot the time courses and for comparing current magnitudes. An
Axopatch 200B amplifier (Molecular Devices) was used for patch clamping in the inside-out

configuration. Pipette solution contained (in mM) 140 KCI, 1 MgCl,, 1 CaCl, and 10 HEPES (pH 7.4).
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Bath solution contained 140 KCI, 1 EGTA, 1 EDTA and 10 HEPES (pH 7.4). Single channel recordings
were obtained at -60 mV and the currents were filtered at 2 kHz and sampled at 25 kHz. Pipette
resistances were 3-5 MQ. Anayses of single channel records were performed as previously described,
using a combination of pPCLAMP 9 and in-house programs (Fang et al., 2006). The open-time and closed-
time distributions obtained from single channel records were best fitted by 1 and 4 exponentials, using
maximum likelihood. 1 and aq are the time constant and the fractional contribution of the i closed time
component, respectively (i=1-4). 1, is the true mean open time obtained from the observed mean open
time (Toons) after correction for the filter dead time (t=0.09 Ms); i.€., To = Toors*€'Y™ (Fang et al., 2006).
The number of channel closures within a burst (N), the burst duration (tp) and the interburst duration (tiy)

were calculated as follows.

ay 8

N =
(8, +a,;+a,) 1- a1

Tp=(N+1)*T, + N*1

Ti=(8c2* T2 * ac3* Tc3)/( A2+ aca)

All electrophysiological data were obtained at room temperature (25 °C) and are given as mean + SEE.M
(n=5).

Oocyte crude membrane preparation, Western blot analysis and immunoprecipitation. Oocyte
crude membranes were prepared 2-3 days post-injection, as described previously (Chan et al., 2003).
Resuspended crude membrane proteins were mixed with standard sample loading buffer at room
temperature without heating and were resolved on SDS-polyacrylamide gels and transferred to
nitrocellulose membranes for Western blot analyses using the anti-HA (Roche; from rat), or anti-FLAG
(Sigma; M2, from mouse) or anti-GFP antibodies (Molecular Probes; from mouse). Crude membranes
were solubilized in 1% digitonin (Calbiochem) or Triton (Sigma) and immunoprecipitations were

performed using M2 antibodies conjugated to agarose beads (Sigma).
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Expression and whole-cell recordings in COS-7 cells. COS-7 cells were cultured at 37 °C in MEM
supplemented with 10% FBS. T1, SUR1-HA, SUR2A-HA and Kir6.2-HA were subcloned into pcDNAS3.
Cells were transfected using Lipofectamine2000 (Invitrogen) with the following amounts of DNA for
different constructs, asindicated for each experiment: 2 ug T1, 1.6 ug SUR1-HA, 1.6 ung SUR2A-HA, 0.1
ug pEGFP-N1 (Clontech). Patch clamp recordings were made 36-72 hrs post-transfection. Glass
coverslips containing transfected cells were placed in a chamber which was constantly superfused with
high potassium (HK) solution with the following composition (mM): 140 KCI, 2.6 CaCl,, 1.2 MgCl,, 5
HEPES (pH 7.4). Whole-cell patch clamp recordings were performed at room temperature by using a
MultiClamp700B amplifier (Molecular Devices). Pipettes were filled with (mM): 140 KCI, 1.2 MgCl,, 1
CaCl,, 10 EGTA, 5 HEPES (pH 7.4) supplemented with 3 mM Mg-ATP; and typical resistances were 3-6
MQ. Cellswere held at 0 mV and a 475 ms ramp from —100 mV to +100 mV was applied once every 0.5
sor 2 s. Whole cell capacitance was fully compensated. Currents were filtered at 1 kHz and sampled at 2
kHz. Currents at -80 mV from the ramp were used to plot the time courses and for comparing current
magnitudes.

I mmunocytochemistry. HEK-293 cells were plated at a density of 5x10° cells per plate on polylysine-
treated 35 mm glass bottom dishes. On the following day the cells were transiently transfected with
SUR1-HA, or SUR2A-HA (0.5 ug each) with or without T1 (0.625 ug) as well as a CFP-tagged
membrane marker (CFP fused to the first 20 amino acids of GAP-43; Clontech). Control cells were
transfected using empty pcDNA3 vector. Transfected cells were fixed using 4% paraformaledhyde and
permeabilized using 0.05% Triton-X100. The cells were stained with rat anti-HA (Roche) followed by
AlexaFluor594—conjugated chicken anti-rat-IgG (Invitorgen). Cells were washed extensively using PBS
and imaged using a spinning disk confocal microscope (Olympus). All images were processed using |Plab

softwar (Scanalytics).

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 22, 2008 as DOI: 10.1124/mol.108.048355
This article has not been copyedited and formatted. The final version may differ from this version.

MOL#48355

Results

Coprecipitation of SUR2A and Kir6.2 with SUR1. If SUR1 and SUR2A can coassemble with Kir6.2 to
form heteromeric Katp channels, both SUR2A and Kir6.2 should be coprecipitated with SUR1. To test
this, SURL (FLAG-tagged) was expressed with Kir6.2 (GFP-tagged) and SUR2A (HA-tagged) or SURL
(HA-tagged) in Xenopus oocytes (Fig. 1; lanes 1 & 2 from left). The same combinations of proteins were
also expressed but an untagged SUR1 was used to replace the F-SUR1 (lanes 3 & 4). Western blots
showed that F-SUR1, SUR1-HA or SUR2A-HA, and Kir6.2-GFP were expressed in the crude oocyte
membranes (Figs. 1A, B & C). When F-SUR1 was immunoprecipitated, the coexpressed SUR1-HA or
SUR2A-HA and Kir6.2-GFP were all identified in the immunoprecipitates (Figs. 1D & E; lanes 1 & 2;
n=3). Coprecipitations of SUR1-HA or SUR2A-HA and Kir6.2-GFP required the presence of the FLAG
tag in SURL (Figs. 1D & E; lanes 3 & 4). Removing the GFP tag in Kir6.2 did not affect the co-
precipitation of SUR2A with SUR1 (data not shown). These data indicate that both SUR2A and Kir6.2
are coimmunoprecipitated with SUR1, consistent with the idea that SUR1, SUR2A and Kir6.2 are present
in the same multimeric-channel complex.

Triple tandems as probes of the subunit composition of Karp channels. We constructed two triple
tandems, T1 and T2, to investigate whether any two of the three SUR subtypes (SUR1, SUR2A and
SUR2B) could coassemble and to study the pharmacology and the metabolic sensitivities of heteromeric
Katp channels comprising two different SUR subtypes. T1 and T2 were constructed by connecting SUR1
and SUR2A, respectively, and two Kir6.2A26 cassettes through glycine linkers (Fig. 2A). Using Xenopus
oocytes, T1 and T2 were expressed aone or with different SUR. Whole-cell currents were recorded from
oocytes using two-electrode voltage clamp (TEVC). As shown in Figure 3A, oocytes expressing T1
exhibited a small basal current which could be further activated by sodium azide, a metabolic inhibitor
which increases the amount of intracellular ADP at the expense of ATP (Gribble et al., 1997). Current
from T1 could aso be activated by diazoxide, a potassium channel opener (KCO) specific for SUR1 and
SUR2B, but not by pinacidil, a KCO specific for SUR2. A switch from diazoxide to pinacidil caused a

reduction in the current, which can be explained by the removal of diazoxide from the bath solution.
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~70% of the total current (li; see Fig. 3 and legend for definition) could be inhibited by 10 uM
glibenclamide and the remaining current could be blocked by Ba?*. These data indicate that T1 can form
functional channels with characteristics similar to the Katp channels formed by SUR1 and Kir6.2A26
(data not shown). However, the magnitude of the current at maximal activation (lix = -3.70 = 0.7 pA;
n=8) was much smaller compared to SUR1+Kir6.2A26 (I, = -52 = 6 nA; n=11), suggesting that T1 alone
is inefficient in forming functional Katp channels. It is noteworthy that the glibenclamide sensitivity of
the T1 channels was less than that of the SUR1+Kir6.2A26 channels (~97% of I, was inhibited by 10 uM
glibenclamide for SUR1+Kir6.2A26; n=5). A possible reason that T1 could be functionally expressed in
oocytes is the absence of the ER retention sequence in the Kir6.2A26 subunit. Figure 2B shows some
possible assembly configurations for functional channels formed by T1 aone. It is clear that al the
configurations shown represent channels with either impaired stoichiometry and/or with serious steric
hindrance.

Next, we coexpressed T1 and SUR1 to investigate whether they could assemble. Oocytes expressing
T1+SUR1 exhibited much larger basal currents compared to those expressing T1 alone (Fig.3B & Table
1). The basal current was robustly activated by azide and diazoxide. A switch from diazoxide to pinacidil
again led to a small reduction in the current. Glibenclamide promptly inhibited ~90% of the activated
current and the remaining small current was blocked by Ba?*. The characteristics and the magnitude of the
currents resulting from T1+SUR1 were similar to those from oocytes expressing SUR1+Kir6.2A26 (For
T1+SUR1, Iy = -31.24 £+ 4.64 pA; n=8). Importantly, the basal and the total currents were 6- and 8-fold
larger compared to those from oocytes expressing T1 aone (Fig. 3E and Table 1). As acontrol, when T1
was expressed with MRP1, another TMDO-containing ABC protein, the resulting basal and total currents
were only -0.19 + 0.17 pA and -1.87 + 0.11 pA, respectively (Table 1). These data indicate that freely
expressed SUR1, but not MRP1, can assemble with T1 to enhance the formation of functional channels.

We then investigated whether the functional channels formed when T1 was coexpressed with SUR1

utilized as expected the two Kir6.2A26 cassettes of T1. Two mutants, T1(I-AAA) and T1(lI-AAA), with

10
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the conserved GFG pore-loop sequence mutated to AAA in cassette | and 11, respectively, were designed
(Fig. 2A). These Kir6.2 pore mutations have a dominant negative effect within the tetrameric Katp
channel (Pountney et al., 2001). Although both mutant proteins were expressed at a level similar to the
wild-type T1 (Western blot not shown), neither mutant generated detectable stimulated currents when
coexpressed with SUR1 (lir = -1.3 £ 0.3 uA and -1.4 + 0.2 pA for I-AAA+SUR1 and 11-AAA+SURL,
respectively; n=5). This observation suggests that the two Kir6.2 in T1 equaly participate in the
formation of the channels that we were recording and that the stoichiometry of the T1+SURL channelsis
[SUR1],[SUR1-(Kir6.2A26),], and therefore does not deviate from the wild-type octameric structure.

Using the triple tandem construct T1 to study the coassembly of SUR1 and SUR2. To address
whether SUR2A and SUR2B could assemble with T1 to form functional channdls, T1 was coexpressed
with SUR2A and SUR2B and the basal and activated currents were measured (Figs. 3C & D). Oocytes
expressing T1+SUR2A and T1+SUR2B exhibited small basal currents which could be stimulated by
azide and diazoxide. Compared to T1 alone, the basal currents for T1+SUR2A and T1+SUR2B were
about twice larger and currents activated by azide plus diazoxide (i.e. | ,+14,) Were ~4- and 6-fold larger,
respectively (Fig. 3E & Table 1). We also found that SUR2A, when coexpressed with T1(I-AAA) or
T1(I1-AAA), did not produce any significant activated currents (<-1.4 uA; n=10). These data indicate that
T1 (i.e. SURL) can aso coassemble with SUR2A and SUR2B to generate Katp channels with SUR1
properties. The most likely stoichiometry of these coassembled channes is [SURZ2];[SUR1-
(Kir6.2A26),], and the two possible configurations for SUR1-SUR2 hybrid channels are shown in Figure
2C. We tested whether these hybrid channels display SUR2-specific properties. Indeed, current from
T1+SUR2A could be robustly activated by pinacidil (~60% of the total current) (Fig. 3C). As aresult, the
total current from T1+SUR2A was comparable to that of T1+SUR1 and was ~8-fold larger than that of
T1 adone (Fig. 3E & Table 1). Even in the absence of prior azide preconditioning, pinacidil could still
activate T1+SUR2A channels, albeit much less effectively (data not shown). Interestingly, pinacidil failed

to activate the current from T1+SUR2B (Fig. 3D), even though it can activate SUR2B+Kir6.2A26 (data

11

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 22, 2008 as DOI: 10.1124/mol.108.048355
This article has not been copyedited and formatted. The final version may differ from this version.

MOL#48355

not shown). Nevertheless, these data indicate that it is possible for SUR2A to assemble with SUR1 to
generate Katp channels with both SUR1- (azide and diazoxide sensitivities) and SUR2A-specific
(pinacidil activation) properties.

The triple tandem construct T1 can physically associate with both SUR1 and SUR2A. We further
tested whether SUR1 and SUR2A could associate with T1 by performing immunoprecipitation. T1
(FLAG-tagged) was expressed aone, with SUR1 and with SUR2A (both were HA-tagged) (Fig. 4). We
first performed Western blot to show the expression of each protein. Figure 4A shows a Western blot for
T1 and F-SURL (included as a control). Three bands were detected for SUR1, which ran at ~160, 280 and
500 kDa. These bands are likely to represent the monomeric, dimeric and trimeric forms of SUR1
(predicted sizes are 178, 356 and 534 kDa, respectively), with the middle band running anomalously at a
size much smaller than the predicted MW of a dimer. T1 was detected as two bands running at ~190 and
500 kDa that could represent its monomers and dimers (predicted sizes are 262 and 524 kDa), with the
lower band running anomalously at a size smaller than that predicted for a monomer. SUR1 and SUR2A
could also be detected in the blot when probed with the anti-HA antibody (Fig 4B). For each protein, the
signal appeared as a sharp band and a trailing smear. As shown before, these represent the core- and
mature-glycosylated forms of the SUR protein, respectively (Yang et al., 2005; Zerangue et al., 1999). T1
must enhance the formation of the mature-glycosylated form of SUR because the trailing smear was
absent when SUR was expressed alone (Fig. 4A). Immunoprecipitation of T1 was then performed using
the anti-FLAG antibody. Both the core- and mature-glycosylated forms of SUR1 and SUR2A were
coprecipitated (Fig. 4C). These data indicate that T1 physically associates with SURL and SUR2A, in
agreement with the electrophysiological experiments.

Incorporation of SUR2A into T1 results in longer burst durations. We asked whether the
incorporation of SUR into T1 channels would affect the single channel properties of T1. To this end, we
focused on T1 and T1+SUR2A channels for two reasons. First, it has been shown that both the intrinsic
open probability (Po) and the burst duration of SUR2A+Kir6.2 are larger compared to SUR1+Kir6.2

(Babenko et al., 1999; Fang et al., 2006). We reasoned that SUR2A would have a larger observable effect
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on the single channel properties of T1 than SUR1. Second, we were most interested in whether SUR1 and
SUR2A could coassemble. Figure 5A shows representative single channel recordings for T1 and
T1+SUR2A channels. T1 and T1+SUR2A had identical single channel conductance (~58 pS at -60 mV;
Table 2) and their open and closed times were best fitted with 1 and 4 exponentials, respectively (Fig.
5B). Their intra-burst kinetics, as revealed by the fastest closed time (t;) and the open time (t,), their
mean inter-burst closed times (t;,), and Po, were not significantly different (at p<0.05; Table 2). However,
the mean burst duration for T1+SUR2A was ~2-fold longer than that of T1 (280 ms versus 123 ms;
p<0.015). These data further indicate that SUR2A can associate with T1 to form heteromeric channels
with longer burst duration.

Using the triple tandem construct T2 to study the coassembly of different SUR subtypes. As shown
above, T1 can be used to test whether SUR1 can assemble with SUR2A and SUR2B. However, T1 cannot
be used to address whether SUR2A can assemble with SUR2B. T2 was constructed specifically for this
aim (Fig. 2A). Similar to T2, T2 could form functional channels when expressed in oocytes (Fig. 6A).
Basal current from T2 was small and insensitive to azide and diazoxide but could be stimulated by
pinacidil. The stimulated current was sensitive to glibenclamide and Ba?*. When T2 was coexpressed
with SUR1 or with SUR2A, the currents activated by pinacidil were 12- and 3-fold larger compared to
that measured for T2 alone, respectively (Fig. 6 & Table 1). In addition, T2+SUR1, but not T2+SUR2A,
were sensitive to azide and diazoxide (Figs. 6B, C, E). When T2 was coexpressed with SUR2B, the
current activated by pinacidil was ~2-fold larger compared to that measured for T2 alone (Fig. 6D &
Table 1). Azide could not stimulate current from T2+SUR2B but diazoxide could clearly cause a small
activation. These data demonstrate that T2 could assemble with SUR1, SUR2A and SUR2B leading to an
increase in the pinacidil-activated currents (Fig. 6E & Table 1). Diazoxide sensitivity was also conferred
by SUR1 and SUR2B but azide stimulation was observed only in the presence of SURL.

T1 can assemble with SUR1 or SUR2A to form functional K atp channelsin mammalian expression

system. Our data presented so far were obtained from Xenopus oocytes cultured at 18 °C. To address
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whether SUR1 and SUR2A could coassemble to form functional heteromeric channels in mammalian
cells at 37 °C, we expressed T1, T1+SUR1 and T1+SUR2A in COS-7 cells and performed whole-cell
recordings. Currents from COS-7 cells expressing SUR1+Kir6.2 and SUR2A+Kir6.2 were characterized
first and found to display typical subtype-specific activation by KCOs. Additionally, the latter but not the
former currents were reversibly inhibited by glibenclamide (data not shown). In cells expressing T1 alone
or T1+SUR1 (Figs 7A-B), diazoxide but not pinacidil, was able to activate the currents, which could be
inhibited by glibenclamide and the remaining currents could be blocked by Ba*. After a’5-min wash with
HK solution, application of diazoxide could not re-activate the currents. Hence, T1 alone or T1+SUR1
could form functional Karp channels with properties similar to SUR1+Kir6.2. However, the mean current
density of T1+SUR1 (1;«=133+22 pA/pF; n=6) was ~3-fold larger than that of T1 aone (l;x=43+7 pA/pF;
n=5) (Figs. 7A, B and 7D). These data are consistent with our findings in oocytes (Fig. 2) and reports that
showed irreversible glibenclamide block of SUR1+Kir6.2 channels (Giblin et al., 2002; Gribble et al.,
1997). Figure 7C shows the current from a cell expressing T1+SUR2A, which could be activated by
diazoxide and further activated by pinacidil. Both activated currents could be inhibited by glibenclamide.
Hence T1+SUR2A can generate Katp currents in COS-7 cells with characteristics qualitatively identical
to those from oocytes expressing T1+SURZ2A, indicating that functional heteromeric SUR1-SUR2A
channels can also be formed in COS-7 cells. The cell shown in Figure 7C was subsequently washed for 5
minutes. After washing, the currents could not be re-activated by diazoxide but were readily re-activated
by pinacidil, which could be subsequently inhibited by glibenclamide (Fig. 7C). The mean current density
from the second pinacidil application (2917 pA/pF; n=6) was ~65% of that from the first application
(4521 pA/pF; n=6) (Fig. 7D). Summary of the recordings from all three groups are shown in Figure 7D.
Next, we examined the changes in the surface localization of SUR1 and SUR2A in HEK-293 cells
when they were expressed alone and with T1 (SUR1 and SUR2A were HA-tagged). When expressed
alone, SUR1 and SUR2A proteins were mostly intracellularly located (Figs. 8A & C). In the presence of

T1, both SUR1 and SUR2A were largely detected on the cell surface (Figs. 8B & D). Cells transfected
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with empty vector and those where the primary antibody was left out were used as negative controls
(Figs. 8E-F). For al immunofluorescence experiments a CFP-tagged membrane marker was co-
transfected and imaged to clearly identify the plasma membrane (not shown). These data suggest that
heteromeric Katp channds containing both SUR1 and SUR2A are largely located in the cell membrane
when expressed in HEK-293 cells.

K atp channels comprising SUR1 and SUR2A show intermediate response to metabolic inhibition.
Do the hybrid Karp channels formed by SUR1 and SUR2 respond differently to metabolic inhibition
compared to the channels formed by only SUR1 and SUR2? To examine this, we compared the rate, the
extent and the concentration dependence of azide activation of channels formed from T1+SUR1 and
T1+SUR2, when expressed in Xenopus oocytes. At 3 mM azide, the times required to reach half-maximal
response (ty2) for T1I+SUR1 and SUR1+Kir6.2A26 were not significantly different (308 + 12 s versus 277
+ 16 s). The ty, for T1+SUR1 was smaller than that for T1+SUR2B (366 + 12 s, p<0.01) which was in
turn smaller than that for TI+SUR2A (418 + 14 s, p<0.03) (Fig. 9A). The extent of azide activation was
highest for T1+SUR1. At 3 mM azide, the activated current was ~2- and 3-fold larger compared to that
activated for T1+SUR2B and T1+SUR2A, respectively (Table 1); at a saturating concentration of 5 mM,
azide stimulated T1+SUR1 ~5-fold more than T1+SUR2A (data not shown). Figure 9B shows the
representative time courses of the normalized currents obtained from T1+SURL1 and T1+SUR2A in the
sequential presence of two different doses of azide (1 mM followed by 5 mM). The ratio of the current
response to 1 mM over that to 5 mM azide was 0.43 = 0.07 (n=5) for T1+SUR1, which was ~2.5-fold
higher than for T1+SUR2A (ratio=0.16 + 0.03; n=5), indicating that T1+SUR1 was more sensitive to
azide activation. Taken together, the rate and extent of activation by metabolic inhibition of the SUR1-
SUR2 hybrid channels were intermediate, between those of SUR1 channels (large rapid activation and

higher sensitivity to low dose of metabolic inhibitor) and SUR2A channels (no detectable activation).
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Discussion

Although Giblin et al. could not find evidence that SUR1 and SUR2 could interact (Giblin et al.,
2002), other reports suggested/indicated that different SUR subtypes could coassemble to form functional
Katp channels. First, both SUR1 and SUR2 were detected in neonatal rat atrial myocytes whose single
Katp channels revealed both SUR1 and SUR2 properties (Baron et al., 1999). Second, three dopaminergic
neuronal populations, expressing Kir6.2 with SUR1, SUR1+SUR2B and SUR2B, displayed Katp currents
with high, intermediate and low sensitivities, respectively, to tolbutamide and metabolic inhibition (Liss
et al., 1999). Importantly, the currents with intermediate tolbutamide sensitivity were best fitted with only
asingle Hill equation, a result more consistent with a single population of heteromeric channels than with
amixed population of homomeric channels. Third, the attenuations of cardiac Katp currents by antisense
oligodeoxynuclectides directed against SUR1 or SUR2 or both suggested the presence of native SUR1-
SUR2 hybrid channels (Y okoshiki et al., 1999). Amidst such controversy, we recently showed that SUR1
and SUR2A coassemble readily and randomly to form heteromeric Karp channels (Chan et al., 2008).
Here, we further demonstrate that SUR1, SUR2A and SUR2B can coassemble in al the possible pair-
wise combinations to form functional Katp channels with distinct properties, resulting in an increase in
their functional and pharmacological diversity. To our knowledge, this is also the first report on the
heteromerization of two similar but distinct full-length ABC transporter proteins into functional
complexes. Furthermore, using a tandem dimer strategy, we have obtained evidence supporting the
existence of heteromeric SUR1-SUR2A-Kir6.1-Kir6.2 channels in a heterologous expression system (see
Supplemental Figure).
SUR1 can coassemble with SUR2A in Xenopus oocytes and in mammalian cells. There were six lines
of evidence indicating that SUR1 can coassemble with SUR2A in Xenopus oocytes. First, the azide plus
diazoxide activated currents from the T1+SUR2A channels were ~4-fold larger than those from the T1
channels (Figs. 3A, C & E). Similarly, the azide plus pinacidil activated currents from the T2+SUR1
channels were ~13-fold larger than those from the T2 channels (Figs. 6A, B & E). Thismight be dueto an

increase in the number of channels expressed on the cell membrane, because the ATP sensitivities (data
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not shown) and the Po of the T1 and T1+SUR2A channels were similar. Second, SUR2A could associate
with T1 and became maturely glycosylated (Figs. 4B & C). This indicates that the T1-SUR2A complex
can transit from the ER to the Golgi bodies and finally traffic to the cell membrane. Third, the
T1+SUR2A and the T2+SUR1 channels were sensitive to pinacidil (SUR2-specific) in addition to azide
and diazoxide (SUR1-specific) (Figs. 3C & 6B). Fourth, the glibenclamide sensitivities of the
T1+SUR2A and T2+SUR1 channels were higher than those of the T1 and T2 channels by themselves
(Table 1). Thisis consistent with the idea that any SUR subtype can incorporate into T1 and T2 thereby
increasing their glibenclamide sensitivities. Fifth, SUR2A could increase the burst duration of T1 by 2-
fold (Fig. 5 and Table 2), consistent with SUR2A assembling with and prolong the burst durations of
single T1 channels (Babenko et al., 1999; Fang et al., 2006). Last, in the presence of Kir6.2, SUR2A
could associate with SUR1 even when al three proteins were expressed separately (Fig. 2). These
immunoprecipitation data are in contrast with the results presented by Giblin et al. who concluded that
SUR1 could naot coprecipitate SUR2A. This discrepancy may be due to the different expression systems
used (Xenopus oocytes versus HEK-293 cells) and the different antibodies employed in the
immunoprecipitations (anti-FLAG versus anti-SUR antibodies). Nevertheless, the positive biochemical
data we obtained are consistent with our functional data strongly supporting the notion that SUR1 and
SUR2 do coassemble. It is aso noteworthy that in our immunoprecipitation experiment, a positive
control in which SUR1-HA was coimmunoprecipitated with F-SUR1 was included.

The pharmacological characteristic of the whole-cell currents recorded from COS-7 cells expressing
T1+SUR2A was qualitatively similar to that recorded from oocytes expressing T1+SUR2A (Figs 3C and
7C), demonstrating that heteromeric SUR1-SUR2A channels can also be formed in mammalian cells
cultured at 37 °C. Interestingly, heteromeric SUR1-SUR2A channels could be re-activated by pinacidil
(but not by diazoxide) after a 5 min wash-out of glibenclamide (Fig. 7). The mean ratio of the second
pinacidil response to the first response was less than 1 (0.65), which might be due to current run-down.
These data provide novel insights into the complex interaction between different KCOs and sulfonylurea,

challenging the assumption that heteromeric SUR1-SUR2A channels cannot be activated by SUR2-
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specific openers after a 5 min wash-out of the high affinity glibenclamide (Giblin et al., 2002). Such
assumption led Giblin et al. to interpret one of their experimental results as evidence that SUR1 and
SUR2A cannot coassemble. The immunostaining data obtained from HEK-293 cells indicate that T1 can
interact with SUR1 and SUR2A and chaperone them to the cell surface (Fig. 8). The strikingly similar
staining patterns of SUR1 and SUR2A in the absence or the presence of T1 further suggest that the SUR1
subunit within T1 associates with a free SUR1 or SUR2A subunit in a non-discriminate manner. Using
the voltage-dependent spermine blocker, we have demonstrated that the tandem dimers SUR1-Kir6.2 (a
weak rectifier) and SUR2A-Kir6.2(N160D) (a strong rectifier) coassemble to form functional Kate
channelsin arandom manner (Chan et al., 2008).

SUR2B can coassemble with SUR1 and SUR2A. SUR2B, like SUR2A, boosted the T1 channel
expression: the (azidet+diazoxide)-activated current from T1+SUR2B was ~6.5-fold larger than that from
T1. This potentiating effect of SURB on T1 was even stronger than that of SUR2A (~4-fold). Therefore,
SUR2B must be able to assemble with SUR1 at least as well as SUR2A. Surprisingly, T1+SUR2B
channels were not sensitive to pinacidil, although the SUR2B+Kir6.2 channels are activated by pinacidil
as well as, if not better than, the SUR2A+Kir6.2 channels (data not shown) (Shindo et al., 1998). This
suggests a difference in the way SUR2A and SUR2B interact with SURL. SUR2A and SUR2B are 98%
identical and while it is generally believed that they can coassemble (Giblin et al., 2002; Tricarico et al.,
2006), this interaction has not been directly demonstrated. Our data on T2+SUR2B provide clear
evidence of their coassembly. First, the total current for T2+SUR2B was ~2-fold larger compared to the
T2 channels. Although this relative increase was modest, it was comparable to that of the T2+SUR2A
channels (~3-fold). Second, unlike T2+SUR2A, the T2+SUR2B channels could be clearly activated by
diazoxide, athough the activation was relatively small and variable. These data are in line with the
diazoxide responses of wild-type SUR2B+Kir6.2 and SUR2A+Kir6.2 channels (Matsuoka et al., 2000).
Physiological, pharmacological and mechanistic significance of coassembly of different SUR
subtypes. It has been shown that the Kir6.1 and Kir6.2 are coexpressed in many tissues and they can form

heteromers (Thomzig et al., 2005; Karschin et al., 1997; Babenko et al., 2000; Cui et al., 2001).
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However, the biological significance of this coassembly is unclear because Kir6.1 and Kir6.2 have similar
ATP sensitivities (Babenko and Bryan, 2001). On the other hand, the heteromerization of SUR has
obvious implications on cellular functions, because the metabolic sensitivity, the most important
physiological property of Katp channels, is largely determined by SUR (Masia et al., 2005; Schwappach
et al., 2000; Dabrowski et al., 2003; Liss et al., 1999). Therefore, one possible outcome of the
heteromerization of SUR is generation of Katp channels with intermediate metabolic sensitivities. Our
data support this idea. Compared to the T1+SUR2A (SUR1+SUR2A) channels, the azide-response of the
T1+SUR1 (SUR1) channels was faster (shorter ty, of activation), stronger (at al azide concentrations),
and displayed a higher apparent affinity (Fig. 9). Since the SUR2A channels are insensitive to metabolic
inhibition induced by azide, the response of the SUR1+SUR2A channels to metabolic inhibition is
intermediate between those of the SUR1 and SUR2A channels. We predict that the metabolic sensitivities
of al the possible SUR channels should follow this rank:
SUR1>SUR1+SUR2B>SUR1+SUR2A>SUR2B> SUR2A+SUR2B>SUR2A channels.

The heteromerization of SUR also has important implication on the pharmacology of Katp channels.
Among the many blockers and openers of Katp channels, several are aready in clinical use: sulfonylurea
blockers are common antidiabetics, and potassium channel openers such as diazoxide and nicorandil are
used to treat hypertension, pectoris angina and PHHI (Touati et al., 1998; Darendeliler et al., 2002;
Ashcroft, 2005; Jahangir and Terzic, 2005). These drugs bind primarily to SUR with subtype-specific
affinities resulting in differential effects on the various types of Katp channels (Moreau et al., 2005;
Gribble and Reimann, 2002; Gribble and Reimann, 2003). In light of our finding, the composition of
native Katp channels should be re-considered in those tissues coexpressing different SUR subtypes and
the pharmacology of hybrid Katp channels should be characterized. This knowledge will be invaluable in
designing new drugs targeting tissue-specific Karp channels and in guiding their administrations in order

to minimize undesirable side effects.
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Figurelegends:

Fig. 1. Presence of both SUR1 and SUR2A in the same channel complex. A-C, crude membrane
preparations from oocytes expressing different proteins, as indicated at the top of panel A, were run on
SDS-PAGE for Western blot analyses (8, 6 and 12 % gels, respectively). Western blots showing the
expression of FLAG-tagged SURL1 (F-SUR1), HA-tagged SUR1 and SUR2A and GFP-tagged Kir6.2
(Kir6.2-GFP) are shown in A-C, respectively. D-E, Western blots showing the coprecipitations of SUR1
and SUR2A and Kir6.2GFP, respectively, when F-SUR1 was immunoprecipitated. Protein samples were
run on 8% and 12% gels, respectively. Note that the control from uninjected oocytes (lane 5 from the left)
was not included in the Western blot shown in A.

Fig. 2. Using two triple tandems to study the coassembly of different SUR subtypes. A, each triple
tandem, T1 or T2, comprises one SUR (SUR1 or SUR2A) and two Kir6.2A26 connected by two glycine-
linkers, L. T1 and T2 were expressed alone or with different SUR subtypes (SUR1 or SUR2A or 2B) in
Xenopus oocytes and the resulting currents were characterized and compared. T1(I-AAA) and T1(I1-
AAA) have the dominant negative pore mutations (GFG>AAA) in cassette | and cassette I,
respectively. B-C, the possible molecular configurations of the functional channels formed when T1 or T2
is expressed alone and with SUR2 or SURL. In B, each individual triple tandem is differently shaded.

Fig. 3. Coexpression of T1 with different SUR subtypes indicates that SUR1 can associate with SUR2A
and SUR2B. A-D, time courses of the whole-cell currents recorded at -80 mV from oocytes expressing T1
aone (A), T1+SURL1 (B), T1+SUR2A (C) and T1+SUR2B (D). At the start of the recordings, the cocytes
were superfused with the 96K bath solution. Sodium azide, diazoxide, pinacidil, glibenclamide and
barium chloride were then sequentially introduced into the bath solution as indicated by the colored bars.
lpa (basal current), 1, (azide-activated current), |4, (diazoxide-activated current), 1, (pinacidil-activated
current) and Iy (total current) are defined in the figures. E, bar-chart plots of the basal, activated and total
currents obtained from oocytes expressing T1, T1+SUR1, T1+SUR2A and T1+SUR2B. The activated

currents include azide- and diazoxide-activated currents. For T1+SUR2A, pinacidil-activated currents
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were also measured and presented. The total current is the sum of the basal and all the activated currents
(i.e o= lpat Iz + g + I pin; fOr channels that are not activated by pinacidil, o= lhat laz + lazx)-

Fig. 4. Physical association between T1 and SURL or SUR2A. A, Western blot showing the expression of
SUR1, T1, T1+SUR1 and T1+SUR2A. Both SUR1 and T1 contain a FLAG-epitope at their N-termini.
Notice the presence of two higher MW bands for SUR1 and one for T1 (indicated by *). B, Western blot
showing the expression of SURL and SUR2A when coexpressed with T1. C, Western blot showing the
presence of SURL and SUR2A after the immunoprecipitation of T1. Immunoprecipitations were
performed using the anti-FLAG antibody. SUR1 and SUR2A used in this experiment were tagged with an
HA-epitope. Protein samples were resolved on 6% (A) or 8% (B-C) SDS-PAGE.

Fig. 5. Incorporation of SUR2A into T1 resultsin longer burst durations. A, representative single-channel
recordings for T1 and T1+SUR2A. The dotted lines correspond to the zero current levels. Channel
openings are in the downward direction. The mean burst duration for T1 was increased ~2-fold in the
presence of SUR2A (Table 2). B, the single-channel closed times and open dwell times were fitted by
maximum likelihood with sums of exponential functions. For both channels, the closed and open times
were best fitted with four and one exponentials, respectively. The vaues of the fit parameters (see
Methods for the definition of the symbols) are shown in the panels.

Fig. 6. Coexpression of T2 with different SUR subtypes indicates that SUR2A can associate with SUR1
and SUR2B. A-D, time courses of the whole-cell currents recorded at -80 mV from oocytes expressing T2
aone (A), T2+SURL1 (B), T2+SUR2A (C) and T2+SUR2B (D). The colored bars indicate the presence of
the various drugs/compounds in the 96K bath solution. The color coding is the same asin Figure 2. Iy for
each channel is defined in the figure. E, bar-chart plots of the basal, activated and total currents obtained
from oocytes expressing T2, T2+SUR1, T2+SUR2A and T2+SUR2B. The total current is the sum of the
basal and all the activated currents (i.€. lio= lpat laz+ lazx + lgin)-

Fig. 7. SUR1 and SUR2A can aso coassemble in a mammalian heterologous system to form channels
with mixed pharmacology. A-C, time courses of the whole-cell currents recorded at —-80 mV from COS-7

cells expressing T1 aone (A), T1+SURL (B), T1+SUR2A (C). The colored bars indicate the presence of
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various drugs in the HK bath solution, as indicated. Ip, (basal current), 14, (first application of diazoxide),
lsin (first application of pinacidil) and Iy (total current) are defined in the figures. D, bar-chart plots of the
basal, drug-activated and total currents obtained from COS-7 cells expressing T1, T1+SUR1 and
T1+SUR2A. The total current is the sum of the basal and all the activated currents (i.€. lio=lpatlazt pin;
for channels that are not activated by pinacidil, lio=lpatlgz)-

Fig. 8. Coexpression of T1 leads to the surface localization of both SUR1 and SUR2A in HEK-293 cells.
SUR1 and SUR2A were tagged with HA epitope and images from cells immunostained with an anti-HA
primary and Alexa Fluor 594-conjugated secondary antibody are shown. The differential interference
contrast (DIC) image is superimposed to outline the perimeters of the cells. A-D, immunostaining of
SUR1 or SUR2A in the absence or presence of T1. When expressed alone, both SURL (A) and SUR2A
(C) were localized to intracellular compartments (likely the ER). Coexpression of T1 led to the surface
expression of SUR1 (B) and SUR2A (D). E-F, images from cells transfected with empty vector
(pcDNA3) aone (E) and T1+SUR2A where the primary antibody was excluded in the staining procedure
(F) are shown as negative controls.

Fig. 9. Heteromeric Katp channels comprising both SUR1 and SUR2A show intermediate responses to
metabolic inhibition. A, normalized time courses comparing the rate of azide activation for T1+SURL,
T1+SUR2A and T1+SUR2B channels. Maximum azide-activated currents were used to normalize the
three time courses. Oocytes were superfused with 96K solution and 3 mM azide and 10 uM
glibenclamide were added as indicated by the bars. B, normalized time courses of currents obtained at -80
mV from oocytes expressing T1+SUR1 (shown in red) and T1+SUR2A (black). Maximum total currents
were used for normalization. Azide (1 mM and 5 mM) was added to the bath solution as indicated by the

arrows. Ba®* (3 mM) was added at the end of the experiments.
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TABLE 1

Summary of the basal, activated and total currents from T1 and T2 alone, and when coexpressed with different SUR subtypes in
Xenopus oocytes

Basal, azide-, diazoxide-, pinacidil-activated and total currents were defined in Figures 3 and 6; n=number of experiments; numbers in parentheses represent the
percentages of the indicated currents relative to the corresponding total currents

Basal (LA) Az-aﬁiﬁ\v)ated sz-a;:R;mIed Pi n-?stpi\\)/ated Gli b-(ie:;sitive Total (UA) n

T (2%(.)620;4&22/0) (2%.1{989;3?632/0) (421.1531;492'2%/0) (6%.22.83;3?2.?12%) -3.70£072 8
T1+SURL (16_34.1%;2;2?3'3?3/0) (5_;251 i.éff/o) (2&2512 33327?/0) (éégfi iggg/o) 124464 8
T1+SUR2A (43531 Jf).g'zzz@ (159365197'3%/0) (13_3(.3{333;2.19:1%@ (égl.gf?_r 3%5;,) (8-52.;? : ii.j?g/o) -3204£5.21 8
s IR, R, AN AR mwa
TIHMRPL (1i?6%)9¢i8%é7flm) (4;.35';21;4%23%/0) (49-)(.):%32;3%270/0) (521.14235597%@ 187011 5
- 10.87+0.08 0.14+0.05 10.46+0.05 5214020 416+0.23 666+ 024 ,

(1304+1.19%) (200+072%) (674+055%) (7813+106%) (62.36+ 2.69 %)

THSURL (o 7eopeg  (1924100% (1516+106%) (455221406 (iss0eooe EO13%14E 7
THSURZA  (371M0020 (05740305 (L67+042%) (9503058% (8534solsoy 1813 0
T2+SUR28 (7_.c2)§i i1.(&'3'12?/0) (2_.3'6% i12'215/0) (8_.912?2 io.gilol/o) (éll.gél?: iizlsgg’/o) (69_3%.3623:2.172%@) -12.25+1.96 !
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TABLE 2

Single-channel parametersfor T1 and T1+SUR2A

¥, single channel conductance; Po, open probability; T4 and ay, the time constant and the fractional contribution of the i"" closed time component,
respectively; N, the number of channel closures within a burst; t, and T, the burst and interburst duration, respectively; n, number of experiments.

MOL#48355

T1 T1+SUR2A
v (pS) 58.36+ 1.75 58.54 + 1.20
Po 0.74+£0.05 0.80+0.04
Ter (MS) 0.19+0.01 0.19+0.01
T2 (M9 1.56 +0.20 1.86 +0.39
Tea (M) 9.31+1.14 1114+ 3.24
Tea (MS) 2722 + 1162 2594 + 706
ac1 (%) 98.04+0.53 99.27 + 0.10
a (%) 154+0.44 0.49+0.08
ax (%) 0.39+0.08 0.23+0.05
acs (%) 0.031+0.016 0.011 + 0.006
To(MS) 1.53+ 0.06 1.58 +0.03
N 69.07 £ 16.31 156.70 £ 21.94
Tip (MS) 3.17+0.29 3.90+0.36
Tp (MS) 123.30 + 29.67 280.48+41.04
n 6 8
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FIGURE 1
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