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Abstract
Nucleotide binding domains (NBDs) secure ATP-binding cassette (ABC) transporter function.
Distinct from traditional ABC transporters, ABCC9-encoded sulfonylurea receptors (SUR2A) form,
with Kir6.2 potassium channels, ATP-sensitive K+ (KATP) channel complexes. SUR2A contains
ATPase activity harbored within NBD2 and, to a lesser degree, NBD1, with catalytically driven
conformations exerting determinate linkage on the Kir6.2 channel pore. While homodomain
interactions typify NBDs of conventional ABC transporters, heterodomain NBD interactions and
their functional consequence have not been resolved for the atypical SUR2A protein. Here, nanoscale
protein topography mapped assembly of monodisperse purified recombinant SUR2A NBD1/NBD2
domains, precharacterized by dynamic light scattering. Heterodomain interaction produced
conformational rearrangements inferred by secondary structural change in circular dichroism, and
validated by atomic force and transmission electron microscopy. Physical engagement of NBD1 with
NBD2 translated into enhanced intrinsic ATPase activity. Molecular modeling delineated a
complemental asymmetry of NBD1/NBD2 ATP-binding sites. Mutation in the predicted catalytic
base residue, D834E of NBD1, altered NBD1 ATPase activity disrupting potentiation of catalytic
behavior in the NBD1/NBD2 interactome. Thus, NBD1/NBD2 assembly, resolved by a panel of
proteomic approaches, provides a molecular substrate that determines the optimal catalytic activity
in SUR2A, establishing a paradigm for the structure–function relationship within the KATP channel
complex.
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Introduction
ABC genes encode one of the largest transmembrane proteome, the ATP-binding cassette
(ABC) protein superfamily.1,2 ABC genes occupy ~5% of the bacterial genome, and 48 human
orthologs serve vital roles in cell physiology.3–6 ABC proteins are typically described as
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transporters requiring the energy of ATP hydrolysis to translocate substrates across cell
membranes.3 Recently, homologues have been identified that couple conformational changes
induced by ATP binding and hydrolysis to processes distinct from active transport, such as ion
gating.7,8

Critical for ABC function are two hydrophilic nucleotide binding domains (NBDs), contiguous
to hydrophobic transmembrane domains (TMDs)2 where TMDs share the architecture of
membrane-spanning α-helices, but little sequence similarity. Evolutionarily conserved NBDs
display extensive amino acid sequence identity and, in typical ABC transporters, form
homodimers.3,4 Each NBD comprises conserved Walker A (GX4GKS/T), Walker B (φ4DD/
E; φ represents hydrophobic residues), and signature (LSGGQ) motifs, regrouped into a
functional unit.3,9 Nucleotide binding and ATP hydrolysis occur in the Walker motifs-
delineated active pocket, with the NBDs ATPase essential for the execution of protein
functions.2,4,8,10–12 While homodimer interaction of NBDs in conventional ABC transporters
is increasingly understood, less is known for atypical ABC proteins where intrinsic ATPase
activity regulates processes distinct from active transport.

A case in point is the catalytic activity harbored in the second nucleotide binding domain,
NBD2, of the sulfonylurea receptor 2A (SUR2A), encoded by the ABCC9 gene.8,13–16

Although an assigned member of the ABC proteome, SUR2A uniquely assembles with the
pore-forming Kir6.2 channel, and serves as the regulatory subunit of the cardiac ATP-sensitive
potassium (KATP) channel complex.11,13,17–21 Cardiac KATP channels work as molecular
rheostats adjusting membrane potential-dependent functions to match cellular energetic
demands.22–27 KATP channel knockout translates into stress intolerance and susceptibility to
organ failure,28,29 while overexpression of the regulatory SUR2A subunit endows enhanced
protection against cell injury.30 SUR2A recognizes and processes intracellular energetic
signals, endowing KATP channels with a metabolic decoding capacity.7,8,31,32 Potassium
movement through Kir6.2 does not require energy expenditure, yet ATP hydrolysis at SUR2A
is integral in the transduction of metabolic signals to the channel pore.7,16,33 Suppression of
SUR2A ATPase activity, induced by mutations in Walker NBD2 motifs, alters KATP channel
nucleotide sensitivity.14 SUR2A mutations that disrupt proper catalytic activity have been
recently linked in humans to a cardiomyopathic syndrome underscoring the significance of
ATPase-dependent KATP channel regulation.34

Compared to NBD2, NBD1 in SUR2A displays a more limited catalytic activity.14,35,36 Such
asymmetry further distinguishes SUR2A from traditional ABC transporters.7,8,16 Site-directed
mutagenesis indicates that NBD1 is mandatory for NBD2-dependent KATP channel gating,
with ATP binding to NBD1, cooperatively supported by catalytic hydrolysis of ATP at NBD2,
a necessary step in channel gating.16 However, direct demonstration of physical interaction of
SUR2A NBD1 and NBD2 has not been documented, and the implications on ATPase activity
remain untested. In fact, architectural mapping of ABC proteins has been so far limited to
bacterial homodimer interactions in typical family members.

Here, we applied a panel of proteomic methods to address the interaction of mammalian
ABCC9-encoded SUR2A NBD1 and NBD2 heterodomains. Visualized physical assembly
produced conformational changes in the secondary structure enabling enhanced catalytic
ATPase activity, a previously unrecognized consequence of the NBD1/NBD2 interaction.
Point mutation in the catalytic base altered ATPase activity, disrupting regulation of catalytic
behavior induced by interdomain interaction. The resolved NBD1/NBD2 interactome provides
thereby a molecular substrate for the structure–function relationship within the KATP channel
complex.
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Experimental Section
Expression and Purification of Recombinant SUR2A NBDs

The constructs coding for SUR2A NBD1 (D666-E890) and NBD2 (G1306-K1546) were
selected based on the Predictor of Natural Disordered Regions (PONDR) algorithm
(http://www.pondr.com) to increase stability of the protein by excluding disordered regions.
The cDNA fragments of NBD1 and NBD2 were amplified by PCR reaction from mouse
SUR2A (GenBank accession no. D86037; kindly provided by Dr. S. Seino, Kobe University),
and incorporated into a pET-43.1(a) and pET-44(a) vector (Novagen), resulting in proteins that
have NusA-(His)6-tag and (His)6-NusA-(His)6-tag at the N-terminus, respectively. The
identity of fusion constructs was confirmed by DNA sequencing. Plasmids containing NBD1
or NBD2 were transformed in the Escherichia coli C41(DE3) strain (OverExpress).37 Cells
were grown in Luria–Bertani (LB) broth at 37 °C to an A600 of ~0.6, transferred to an 18 °C
incubator, and then, after 1 h, induced by addition of 1 mM isopropyl-β-D-thioga-lactoside
(IPTG).14 Induced cells were harvested 17 h later by centrifugation at 4000g for 20 min.
Pelleted cells were resuspended in 50 mM sodium phosphate buffer containing 300 mM NaCl
(pH 7.5), lyzed with a high-pressure microfluidizer Emulsiflex C-5 (Avestin), and centrifuged
at 20000g for 30 min. The supernatant was then passed through a Ni-loaded NTA column
(Qiagen), washed, and eluted with 50 mM sodium phosphate and 300 mM NaCl (pH 7.5),
containing 20 mM and 500 mM imidazole, respectively. For enhanced solubility and to avoid
aggregation, the expressed protein was used without removal of NusA. The eluted NBDs were
further purified through a preparative Superdex 200 column (Amersham Biosciences) with 25
mM HEPES, 300 mM NaCl, and 1 mM CHAPS (pH 7.4). Protein concentration was quantified
by the Bradford Protein Assay (Bio-Rad), and purity was determined by densitometry. The
homogeneity of NBD fusion proteins was tested by dynamic light scattering, and purified
proteins were used to characterize physical interaction and enzymatic properties prior and upon
heterodomain interaction. In a separate set of experiments prior to expression and purification,
point mutations in SUR2A Walker motifs of NBD1 and NBD2 were introduced in pET plasmid
by PCR amplification of both DNA strands with complementary primers containing desired
amino acid changes (QuickChange, Stratagene). Constructs were sequenced to confirm site-
directed mutagenesis.

ATPase Activity Assays
The ATPase activity of recombinant purified NBDs was measured based on organic phosphate
production detected by colorimetry.38 Assays were performed in 100 μL of 25 mM HEPES,
300 mM NaCl, 10 mM MgCl2, and 10% glycerol (pH 7.4) with 10 μg of purified NBDs.
Reactions were initiated by addition of 4 mM ATP, continued for 50 min at 37 °C, and
terminated by addition of 100 μL of 12% SDS. Color development was initiated with 200 μL
of a solution (6% ascorbic acid in 1 N HCl and 1% ammonium molybdate), incubated for 10
min at room temperature, and followed by addition of 300 μL of 2% sodium citrate, 2% sodium
metaarsenite, and 2% acetic acid mixture solution. Absorbance was measured at 850 nm after
10 min-long incubation at 37 °C. Because of contaminating phosphate in ATP preparations,
samples containing ATP in the absence of NBDs were used as negative controls. A
nonsignificant amount of ATP hydrolysis was detected in the absence of MgCl2.39 In a separate
set of experiments, ATP hydrolysis was measured in the presence of BeFx, prepared as a 33%
stock beryllium fluoride solution and dissolved in buffer containing 50 mM KF.7

Dynamic Light Scattering
Dynamic light scattering (DLS) measurements were performed at 20 °C using a PDDLS/
CoolBatch and PD2000/DLS system (Precision Detectors). This DLS system is equipped with
an 800 nm laser diode, and a coherent detector of a scattered light at an angle of 90° to the
incident laser beam. Purified NBD1 and NBD2 proteins (0.1–0.2 mg/mL in 25 mM HEPES
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and 300 mM NaCl; pH 7.4) were centrifuged at 20000g for 10 min at 4 °C to remove particulate
matter. Samples (150 μL) were placed in a quartz cuvette, and 50 measurements were averaged
per sample. The diffusion constant was extracted from the autocorrelation function, and the
dimension of hydrodynamic diameters (dH, nm) of NBD fusion proteins were calculated from
the diffusion coefficient (D) using the Stokes–Einstein equation, that is, dH = (kBT)/(3πηD)
where kB is the Boltzmann constant; T, the absolute temperature (K); and η, the buffer viscosity
in the Precision Deconview program (Precision Detectors).40

Circular Dichroism
Far-UV circular dichroism (CD) spectra of NBDs were recorded within the 250–200 nm range
on a JASCO J715 CD spectropolarimeter (Jasco). The parameters used for each measurement
were bandwidth, 1 nm; step resolution, 1 nm; scan speed, 50 nm/min; response time, 1 s; and
number of scans, 8–16. NBD1, NBD2, or a 1:1 mixture of NBD1/NBD2 (0.4–0.7 mg/mL
protein in 25 mM HEPES, 300 mM NaCl, and 1 mM CHAPS; pH 7.4) was incubated for 10
min at 37 °C. Spectra derived from recombinant proteins were measured in a 1 mm
thermostatted quartz cuvette at 4 °C containing 0.4–0.7 mg/mL of NBD1, NBD2, or NBD1 +
NBD2 in 25 mM HEPES, 300 mM NaCl, and 1 mM CHAPS (pH 7.4). The background CD
spectrum was recorded in buffer and used for correction of protein CD spectra as described.
39 The mean residue ellipticity ([θ], expressed as deg cm2 dmol−1) was calculated as (mdeg ×
MRW)/(10lc), where mdeg is the observed ellipticity in millidegrees; MRW, the mean residue
weight set at 115;41 l, the optical path in cm; and c, concentration in mg/mL. On the basis of
UV circular dichroism data, the secondary structure composition of NBDs was analyzed using
the neural network algorithm SOMCD method
(http://geneura.ugr.es/cgi-bin/somcd/index.cgi).

Atomic Force Microscopy
To investigate the dynamic forms of protein interactions,42–45 atomic force microscopy in
liquid tapping mode was performed using a Nanoscope IV PicoForce Multimode AFM
equipped with an E-scanner and V shaped silicon cantilevers with a 0.06 N/m spring constant
(Veeco Instruments). NBD1 (4–7 μg/mL) and/or NBD2 (4–7 μg/mL) were injected into the
fluid cell of the atomic force microscope and allowed to adsorb onto freshly cleaved mica discs.
Images (512 × 512 pixels) were taken 5 min after each injection. Separately, NBD1 and NBD2
(0.4–0.7 mg/mL) were coincubated at 37 °C for 10 min and injected into the fluid cell after a
100× dilution prior to imaging. Data were collected in both height and phase modes. Analysis
was performed using the Nano-scope Version 6.13 software.46 Height images were used for
measurement of lateral dimensions of the NBD1 and NBD2 proteins.

Electron Microscopy
Five microliters of NBDs (0.1 mg/mL protein in 25 mM HEPES, 300 mM NaCl, and 1 mM
CHAPS; pH 7.4) was placed onto carbon-coated grids and allowed to dry. Each grid was
washed three times with distilled water and negatively stained with 1% phosphotungstic acid
(pH 7.2). Samples were viewed on an FEI Tecnai 12 transmission electron microscope at 80
kV.47

Molecular Modeling of NBDs
SUR2A NBDs sequences were aligned with hemolysin B (HlyB)48 using ClustalX
(http://www.ebi.ac.uk/clustalw). A three-dimensional model of the SUR2A NBD1 and NBD2
dimer was generated using the homology modeling program MODELLER 649 and a crystal
structure of the HlyB-NBD dimer, a prototypic ABC transporter, used as a template (PDB
code:1XEF) identified by the FASTA search.
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Statistics
Data are expressed as mean ± SE; P-values were calculated using the unpaired Student’s t-test.
P < 0.05 was predetermined.

Results
Nanoscale Resolution of SUR2A NBD1 and NBD2 Structures

Recombinant nucleotide binding domains, NBD1 and NBD2, of the mammalian KATP channel
SUR2A ABC protein were individually expressed in the E. coli C41(DE3) strain, using a
solubility enhancing NusA tag (Figure 1A). NusA fusion protein (pI/MW = 4.6/66 kDa)
increased protein solubility and stability, enabling reliable protein expression,50,51 while
removal of the tag protein reinstated a high aggregation pattern (not illustrated). Binding to a
Ni2+-NTA column was targeted by histidine tags, with imidazole-elution and additional size-
exclusion purification yielding oligomeric NBD1 and NBD2 products at >94 ± 3% purity,
detected at corresponding molecular weights on SDS-PAGE (n = 4; Figure 1A). Purified NBD1
and NBD2 displayed a monodisperse size distribution of dynamic light scattering intensity
bars, excluding aggregation and indicating a homogeneous profile of purified proteins (Figure
1B). On average, dynamic light scattering revealed a diameter of 52.7 ± 1.0 nm (n = 16) and
32.8 ± 0.9 nm (n = 11) for NBD1 and NBD2, respectively, significantly different from 15.1 ±
3.5 nm (n = 10) recorded for NusA (P < 0.05; Figure 1C). Structural properties of NBD1 and
NBD2 were validated by mapping the microarchitecture of purified proteins using atomic force
microscopy which generates three-dimensional topographic maps of sample surface. At
nanoscale resolution in solution, NBD1 and NBD2 demonstrated island-like, table-mountain
topographies (Figure 1D,E). On average, NBD1 was 56.8 ± 3.7 nm long and 19.7 ± 2.2 nm
wide (n = 43), dimensions distinct from the long and short axis of NBD2, 33.9 ± 2.3 nm and
13.4 ± 2.2 nm (n = 22), respectively (P < 0.05; Figure 1C–E). Thus, complementary analysis
demonstrates the monodisperse and homogeneous properties of ABCC9-encoded SUR2A
NBD1 and NBD2.

Assembly of NBD1/NBD2 Heterodomains
Recombinant NBD1 and NBD2 displayed contour depressions, or troughs, in far-UV circular
dichroism spectroscopy spectra at 209 and 220 nm (Figure 2A), indicative of the distinctive
α-helix structural profile.41,52 The conformational preference of NBD1 and NBD2 for the
rigorous α-helix configuration, in the absence of a detectable random coil profile, demonstrated
a well-folded structure for both recombinant proteins (Figure 2A). Coincubation of NBD1 with
NBD2 produced a significant change in α-helicity (Figure 2A). Measured by circular
dichroism, the experimentally determined conformational change was characteristic of an
intimate protein–protein interaction,52,53 and the readout differed significantly from the
theoretical sum of individual NBD (Σ(NBD1 + NBD2)) spectra (n = 4, P < 0.05), suggesting
direct physical interaction between NBD1 and NBD2 (Figure 2A). In contrast to NBD1/NBD2
coincubation, NusA coincubation with NBD2 did not produce detectable change in α-helicity
indicating lack of direct physical interaction with the solubility enhancing tag (Figure 2A,
inset).

Heterodomain interaction of NBDs was verified by topography mapping using atomic force
microscopy (Figure 2B).54,55 Once NBD1 and NBD2 were free to interact, the ensuing
microarchitecture revealed paired nanostructures, referred to as hetero-oligomers, with larger/
smaller island sets corresponding to the larger NBD1 and smaller NBD2 doublet components
(Figure 2B). Alone, neither NBD1 nor NBD2 displayed a significant probability for paired
structures even following increase in the concentration of the added protein (Figure 2C).
Indeed, the limited occurrence of NBD1 or NBD2 self-pairing (<10%) was in sharp contrast
to massive pairing when NBD1 freely interacted with NBD2, in particular at physiological
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temperature (Figure 2C). In doublets, NBD1 was 53.8 ± 4.3 nm long and 20.1 ± 2.0 nm wide
(n = 22), recognizable from the long and short axis of NBD2 at 37.9 ± 2.1 nm and 13.9 ± 1.8
nm (n = 22), respectively (P < 0.05; Figure 2B). These dimensions displayed significant, albeit
small, changes compared to the topography of individual proteins (P < 0.05), establishing a
change in secondary structure upon NBD1/NBD2 heterodomain formation.

The change of molecular architecture upon assembly was independently validated by
transmission electron microscopy (Figure 3). Electron micrographs of NBD1 or NBD2
revealed individual spherical particles (Figure 3A,B), whereas the NBD1/NBD2 mixture
displayed paired particles with larger and smaller components (Figure 3C), corresponding to
the larger NBD1 and smaller NBD2 doublets similarly observed by atomic force microscopy
(Figure 2B). Because of a drying procedure, the observed dimensions of NBD1, NBD2, or
paired NBDs in electron micrographs were slightly smaller than those obtained in atomic force
microscopy operation in fluid, yet overall molecular architectures were comparable.

NBD1/NBD2 Heterodomain Interaction Promotes ATPase Activity
Purified recombinant NBD1 and NBD2 proteins generated a specific ATPase activity of 5.6 ±
0.7 nmol Pi/(min mg) (n = 7) and 13.7 ± 0.8 nmol Pi/(min mg) (n = 7), respectively, values
significantly higher than the background Vmax activity of 1.2 ± 0.3 nmol Pi/(min mg) (n = 5)
measured in samples containing the NusA tag protein alone (P < 0.05; Figure 4A). The catalytic
function of NBD1 and NBD2 was sensitive to treatment with the γ-phosphate analogue,
beryllium fluoride, which reduced ATPase activity to 48 ± 3% (n = 4) and 93 ± 2% (n = 4) of
control, respectively (not illustrated). Site-directed mutagenesis of the NBD2 Walker A motif
(K1349A) reduced ATPase activity by 32 ± 12% (n = 4), which was further diminished by 60
± 8% (n = 4) in the double NBD2 mutant where the Walker A lysine residue was mutated along
the aspartate residue (D1470A) in the Walker B motif, which by itself has only a marginal
effect, suggesting the importance of tandem residue-based coordination on regulation of ATP
catalysis. Notably, the ATPase activity was markedly enhanced when NBD1 was allowed to
interact with NBD2 (Figure 4A). The Vmax of 26.1 ± 1.6 nmol Pi/(min mg) (n = 7) measured
in the NBD1/NBD2 complex was significantly higher than the individual catalytic activity of
either NBD1 or NBD2, or their arithmetic sum (Figure 4A). The functional consequence of
NBD1/NBD2 interaction was further verified by site-directed mutagenesis at the distal residue
of the Walker B motifs (D/E), which serves as a catalytic base critical in defining ATPase
properties in prokaryotic ABC proteins.56 Here, the corresponding SUR2A NBD1 D834 was
mutated into a glutamate residue normally present at the equivalent Walker B position (E1471)
in NBD2 (Figure 4B). The engineered NBD1(D834E) mutant exhibited a specific activity of
13.1 ± 0.7 nmol Pi/(min mg) (n = 4), significantly higher than native NBD1 but similar to
wildtype NBD2 (Figure 4A, inset). Mutant NBD1 (D834E) in the presence of wildtype NBD2
generated an ATPase activity of 24.9 ± 0.8 nmol Pi/(min mg) (n = 3). This value was not
significantly different from the arithmetic sum of their respective catalytic activities (Figure
4A, inset), suggesting that although the individual ATPase activity can be altered within an
NBD it is the complementarity of native NBD1 and NBD2 that secure enhanced intrinsic
ATPase activity. Taken together, these data indicate that the interaction of asymmetric NBD1
and NBD2 heterodomains has a direct functional implication on the catalytic behavior of the
SUR2A protein.

Favorable Structural Environment for Catalysis at the Interface of NBD1 and NBD2
Supported by present nanoscale protein mapping and enzymatic analysis, atomic structural
modeling predicted the residues at the NBD1/NBD2 interface, in the presence of the molecular
substrate ATP, using a “head to tail” orientation with respective amino termini diagonally
positioned reflecting crystallographic findings in ABC proteins.48,57–61 The generated
heterodimer SUR2A NBD1/NBD2 model revealed that discrete domains of the NBDs
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sandwiched ATP molecules, facilitating protein–protein interaction in the nucleotide-bound
state (Figure 4B). The ATP-binding pocket in the “head” location was composed of the NBD2
Walker A (GRTGSGKS) and Walker B (ILIMDE) motifs in conjunction with the signature
LSGGQ motif provided by NBD1 (Figure 4B,C). Conversely, the ATP-binding site at the “tail”
was delineated by NBD1 Walker A (GQVGCGKS) and B (IVFLDD) and the NBD2 signature
FSVGQ motif (Figure 4B,D). The asymmetric ATPase activity of ABCC9 NBDs
experimentally measured in recombinant proteins (Figure 4A) would suggest that a limited
ATPase activity is generated at the “tail” site (Figure 4C), indicating that a primary site for
ATP hydrolysis is associated with the active catalytic pocket at the “head” delineated by NBD2
Walker motifs and the accompanying NBD1 LSGGQ amino acid residues (Figure 4C), in line
with the role of the LSGGQ motif in accelerating ATP hydrolysis.62 Thus, physical assembly
of ABCC9-encoded NBD1 with NBD2 proteins creates a favorable structural environment for
nucleotide docking, and aligns nucleotide binding domains into a conformational state that
secures optimal ATP hydrolysis within the heterodimer.

Discussion
Cardiac KATP channels harness energetic decoding capabilities, harbored in the ABCC9-
encoded SUR2A regulatory protein, and provide a high-fidelity feedback mechanism that
adjusts membrane excitability to match fluctuating demands of cellular homeostasis.24,26 The
operation of KATP channels requires functional SUR2A nucleotide binding domains, NBD1
and NBD2.8,34,63,64 Applying a panel of proteomic methods, we here provide direct evidence
for physical interaction between asymmetric NBD1 and NBD2 SUR2A domains, establishing
a conformational platform for tandem function in this unconventional ABC protein of the
KATP channel.

Interdomain interaction of NBD1 with NBD2 produced a conformational change in the
secondary protein structure, validated by nanoscale resolution imaging of the paired structure.
The cooperative interaction, further delineated by in silico modeling, translated into enhanced
maximal velocity of catalysis, implying favorable structural rearrangements at the interface of
coupled NBD1 and NBD2 proteins. The identified molecular substrate for optimal catalysis in
the SUR2A NBD1/NBD2 complex sets a basis for a structure–function relationship within the
ABCC9-encoded protein. Although the mechanistic foundation coupling structural adaptation
with catalytic activity has not been previously reported for a non-transporter ABC protein, the
recently resolved crystal structure of the ABC transporter HlyB NBD implicates enhanced
structural asymmetry within the dimer interface,65 underscoring molecular NBD
complementarity during the ATP hydrolysis cycle.

Expression of mammalian ABCC proteins is challenging as these membrane-associated
proteins display significant predisposition for generation of inclusion bodies and aggregation,
limiting solubility and purification.66,67 Application of the NusA solubility enhancing tag50

reduced the propensity for aggregation in recombinant ABCC9 NBD1 and NBD2. On
purification, fusion proteins demonstrated distinct α-helices, indicating a well-folded structure
for both NBD1 and NBD2.41,52 The size distribution of purified NBD1 and NBD2 was typical
of a monodisperse distribution profile consistent with the mapped monolithic microarchitecture
of the proteins, and clearly distinct from NusA. Although purification of monomeric SUR
NBDs has not been attained,68,69 purified oligomeric NBD1 and NBD2 retained catalytic
activity, while homogeneity was demonstrated by dynamic light scattering and atomic force
microscopy. Moreover, point mutations introduced in the conserved Walker motifs of SUR2A
NBD affected ATPase activity ruling out possible contamination. In this way, the uniform
nature of the soluble, nonaggregated, and stable ABCC9 NBD1 and NBD2 proteins secured
molecules amenable for structural probing.
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Hydrodynamic dimensions determined by dynamic light scattering, a method for sizing
proteins in solution based on extracting diffusion coefficients from the autocorrelation
function,40 were validated by the topographic nanoscale approach of atomic force microscopy.
42,44,45 Protein–protein interaction predicted by measuring the secondary structural change in
circular dichroism52,53 was further captured on atomic force microscopy scans and electron
micrographs.42,44,45,70 Assembly of SUR2A NBD1 and NBD2 was accelerated at
physiological temperature, a condition reported to favor protein–protein interaction.71

Combined biophysical and spectroscopic methods, along with nanoimaging, thereby provided
the first opportunity to resolve the physical properties of ABC protein domains.

Interdomain interactions of isolated recombinant ABCC9-encoded SUR2A NBD1/NBD2
protein translated into enhanced catalytic activity, exceeding the sum of individual NBDs
ATPase activities. Enhanced ATPase activity is in line with reports from related ABC proteins,
such as the cystic fibrosis transmembrane conductance regulator (CFTR),72–74 although the
outcome of NBD interaction on intrinsic catalytic activity may differ between members of the
ABC protein family.67,69,75 Site-directed mutagenesis in the predicted catalytic base here
altered ATPase activity, and disrupted the potentiation in catalytic behavior. This is of
significance as the overall state of the catalytic function within the SUR2A regulatory module
critically determines the behavior of the KATP channel complex with ATPase-driven
conformations linked to channel pore gating.7,8,34 Indeed, the cooperative interaction of
SUR2A NBD1 and NBD2 implies a favorable structural rearrangement at the NBD1/NBD2
interface conferring optimal operation of the regulatory KATP channel subunit. This dynamic
structural paradigm of catalytic regulation establishes a molecular substrate with functional
consequences for the ABCC proteome.
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Abreviations
ABC  

ATP-binding cassette

KATP channel 
ATP-sensitive potassium channel

NBD(s)  
nucleotide binding domain(s)

SUR  
sulfonylurea receptor

TMD  
transmembrane domain
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Figure 1.
Structure of SUR2A NBD1 and NBD2 proteins. Recombinant nucleotide binding domains,
NBD1 and NBD2, were expressed using a solubility enhancing NusA tag, and purified from
Ni-affinity and size exclusion chromatography. (A) SDS-PAGE of Coomassie blue-stained
NBD1 (86 kDa) and NBD2 (89 kDa) fusion constructs or NusA (66 kDa) alone, loaded 5 μg/
protein samples, migrating at corresponding molecular weights. (B) Homogeneous NBD1 and
NBD2 display monodisperse size distribution profile on dynamic light scattering, distinct from
the size of NusA. (C) NBD1 and NBD2 protein size independently determined by dynamic
light scattering and atomic force microscopy. Structures of NBD1 (D) and NBD2 (E) mapped
at nanoscale resolution by atomic force microscopy.
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Figure 2.
Interaction of NBD1 and NBD2. (A) Circular dichroism spectra reveal the distinctive α-helix
profile of NBD1, NBD2, and NBD1 + NBD2. Of note, the circular dichroism spectrum
measured from coincubated NBD1 and NBD2 demonstrated a profile distinct from the
theoretically predicted sum Σ(NBD1 + NBD2), indicating structural change upon protein–
protein interaction. Inset: Coincubation of NusA with an NBD did not produce a significant
change in α-helicity beyond the predicted sum of the two coincubated proteins. Units of the
x and y axis are identical as in panel A. (B) Paired nanostructures of NBD1/NBD2 complexes,
after incubation at 37 °C for 10 min, resolved by atomic force microscopy. (C) The probability
for NBD1 and NBD2 to assemble exceeded the likelihood of NBD1 or NBD2, when incubated
alone, to form nonspecific aggregates even with increase in protein concentration as determined
by atomic force microscopy. Enhanced formation of NBD1/NBD2 complexes at physiological
temperature. + and − indicate presence or absence of an NBD; ++ indicates presence of an
NBD at a concentration >2-fold higher than in +.
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Figure 3.
Electron micrographs of negatively stained isolated NBD1 (A) or NBD2 (B) versus the NBD1
+ NBD2 mixture (C). Note that pairing occurs only when NBD1 and NBD2 are free to interact
forming heterodomain complexes as shown in (C). All bars = 25 nm.
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Figure 4.
NBD1/NBD2 assembly promotes intrinsic ATPase activity. (A) The ATPase activity of NBD1
or NBD2 was significantly higher than background ascribed to the NusA tag. Upon NBD1/
NBD2 interaction, ATPase activity significantly increased, exceeding the sum of individual
NBD1 + NBD2 catalytic activities. *, #, and & indicate significantly greater (P < 0.05) than
NusA, than NusA or NBD1, and NusA, NBD1, or NBD2, respectively. Inset: The D834E
mutation increased NBD1 ATPase activity approximating wildtype NBD2 catalysis. NBD1
(D834E) and NBD2, free to interact, produced a total ATPase that did not exceed the arithmetic
sum of individual catalytic activities. (B) Homology structural model of the NBD1/NBD2
heterodimer, developed in the “head to tail” orientation, indicated that Walker A (WA) and
Walker B (WB) motifs along with a signature motif delineate nucleotide docking sites. NBD1
in yellow, NBD2 in purple, and the ATPase cofactor Mg2+ in white. Hydrogen bonds shown
as dotted lines. N- and C-termini of individual NBDs are labeled. Close-up view of ATP-
binding sites at the “head” (C) and “tail” (D) of the heterodimer.
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