Biophysical Chemistry 171 (2013) 76-83

Contents lists available at SciVerse ScienceDirect

BIOPHYSICAL
CHEMISTRY

Biophysical Chemistry

journal homepage: http://www.elsevier.com/locate/biophyschem

Parametrisation of the free energy of ATP binding to wild-type and mutant Kir6.2
potassium channels

Oscar Moran **, Alessandro Grottesi , Andrew J. Chadburn €, Paolo Tammaro “**

@ Istituto di Biofisica, CNR, Genova, Italy
b Computational Medicine and Biology Group, CASPUR, Roma, Italy
€ Faculty of Life Sciences, University of Manchester, UK

HIGHLIGHTS GRAPHICAL ABSTRACT

» Structural homology models of wild-
type and mutant Kir6.2 channels were
developed.

» ATP binding free-energies were esti-
mated with Linear Interaction Energy
(LIE) method.

» Theoretically and experimentally deter-
mined ATP binding free energies were
compared.

» This analysis leads to the identification j_g:

of the conformation of ATP bound to E

Kir6.2. €
» LIE parametrisation allows prediction §

of effects of Kir6.2 mutations on ATP <9

affinity. .

AG,,, (Kcal/mol)

ARTICLE INFO ABSTRACT
ArtiC{e history: ATP-sensitive K™ (Karp) channels, comprised of pore-forming Kir6.x and regulatory SURX subunits, play important
Received 5 October 2012 roles in many cellular functions; because of their sensitivity to inhibition by intracellular ATP, Kxrp channels provide

Received in revised form 30 October 2012
Accepted 30 October 2012
Available online 16 November 2012

a link between cell metabolism and membrane electrical activity. We constructed structural homology models of
Kir6.2 and a series of Kir6.2 channels carrying mutations within the putative ATP-binding site. Computational
docking was carried out to determine the conformation of ATP in its binding site. The Linear Interaction Energy
(LIE) method was used to estimate the free-energy of ATP binding to wild-type and mutant Kir6.2 channels.

ﬁ%ﬁiﬁij{tive potassium channel Comparisons of the theoretical binding free energies for ATP with those determined from mutational experiments
Kir6.2 enabled the identification of the most probable conformation of ATP bound to the Kir6.2 channel. A set of LIE param-
Molecular dynamics eters was defined that may enable prediction of the effects of additional Kir6.2 mutations within the ATP binding site
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feature of Karp channels is their sensitivity to inhibition by intracellular
ATP with the half-maximal effect occurring in the micromolar range.
Thus, Karp channels provide a varying hyperpolarising force that forms
a link between cellular metabolism and membrane electrical activity
[1-4]. The quaternary structure of the Karp channel involves four in-
wardly rectifying K™ (Kir6.x) subunits assembled into a tetrameric
pore and four sulphonylurea receptor (SURX) subunits surrounding the
central pore structure [5-7]. Two isoforms of Kir6.x have been identified
in mammals (Kir6.1 and Kir6.2) [8-11] with an additional isoform
(Kir6.3) discovered in zebra fish [12]. Two SURx isoforms exist (SUR1
and SUR2) and further differentiation arises from alternative splicing of
SUR2 into SUR2A and SUR2B [11,13-15]. Both Kir6.x and SURx are
involved in metabolic regulation of the channel. Binding of ATP (or
ADP) to Kir6.x inhibits the channel [16,17], while interaction of MgATP
or MgADP with SURx enhances channel activity [18-20]. Thus, the Karp
channel represents a unique case of a ligand-gated channel that is both
inhibited and activated by the same type of ligands. Overall, the inhibito-
ry effects of nucleotides on channel activity prevail over their activating
effects: an increase in the intracellular concentration of MgATP results in
a decrease in channel activity. An indication of the physiological rele-
vance of the Kir6.2 inhibitory site is the fact that mutations in this
region result in human diseases such as neonatal diabetes (reviewed in
[21]).

Homology modelling has been invaluable for the identification of
residues forming the inhibitory ATP-binding site. Structural models
of the isolated C-terminal domain [22,23] or transmembrane domains
[24,25] of Kir6.2 as well as a model of the full-length Kir6.2 [26] have
been previously generated. The ATP binding-site identified by Antcliff
and collaborators [26] via molecular docking methods appeared to
involve residues from both the N- and C-terminal domains of Kir6.2.
The proposed location of the ATP-binding site was consistent with
all previous mutational experiments that identified residues involved
in ATP binding [16,22,27-30].

The study presented here aims to further our understanding of the
mechanism of nucleotide binding to Kir6.2 channels. An approach sim-
ilar to the one adopted by Antcliff and co-workers [26] was utilised to
derive a homology model of Kir6.2 involving new structural templates
that have become available during the intervening period. These new
templates present higher structural resolution and have greater se-
quence homology with Kir6.2 compared to those that were previously
available. Computational docking was used to define the ATP binding
site in this model. Additionally, models were constructed for a series
of Kir6.2 mutants with a known degree of ATP-sensitivity. Comparisons
of the theoretical binding free energies (AG) for ATP with the AG calcu-
lated from mutational experiments enabled the identification of the
most probable conformation of ATP docked to the Kir6.2 inhibitory
site. A set of parameters were obtained that may allow prediction
of the effects of additional Kir6.2 mutations on the binding of ATP (or
of other nucleotides) and may help in understanding the differential
ATP-sensitivity presented by the various Kir6.x isoforms.

2. Methods
2.1. Homology modelling of wild-type and mutant Kir6.2 channels

Templates for Kir6.2 (UniProtKB P70673) were selected based
on sequence homology with channels of known structure. Templates
used include: the intracellular domain of mouse Kir3.1 (PDB 1N9P),
chicken Kir2.2 (PDB 3JYC) and chimeric mouse Kir3.1/KirBac1.3
(PDB 2QKS). The program Modeler 9.8 [31] was used to generate 50
models with an overall root mean square deviation (RMSD)<4.0 A.
Models presenting more than 10% of residues outside the allowed
region of the Ramachandran plot were discarded. Among the remaining
models, the one associated with the highest Modeller scoring function
and the lowest average RMSD of alpha carbons (Ca) relative to the

templates was selected for further study. The complete Kir6.2 channel
was modelled as a tetramer.

2.2. Energy minimisation and molecular dynamics

Energy minimisation and molecular dynamics (MD) were performed
with the program NAMD [32] using the Charmm27 force field. A first en-
ergy minimisation was performed to remove the gross molecule errors.
Subsequently, the model was inserted into a lipid membrane and hy-
drated using the routines available in VMD [33]. A 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer of 130x 130 A was
used while the two sides of the bilayer were solvated with standard
TIP3 water molecules. Sodium and chloride ions corresponding to a
concentration of 100 mM were included in the water phase to neutralise
the charges of the system. The system was extensively minimised by
restraining protein heavy atoms and allowing water molecules to equil-
ibrate the protein-solvent interactions. The system was heated to 300 K
in a stepwise manner at a constant pressure of 1 atm. A MD simulation at
300 K was run for 10 ns to equilibrate the system. The calculation inter-
val for the equations of motion was 2 fs. Long-range electrostatic inter-
actions were calculated using the Ewald approximation using periodic
boxes. The box side was at least at 20 A apart from the protein atoms.
The SHAKE [34] procedure was employed to constrain all bonds
connecting hydrogen atoms. Non-bonded energy terms were calculated
with smoothing cut-off functions to both the electrostatics and van der
Waals forces, starting at 10 A, to a complete cut-off at 12 A. The Ewald
sum was computed using the Particle-Mesh Ewald (PME) method as
implemented in the NAMD program [32]. This implementation is a fast
numerical method to compute the Ewald sum that uses the smooth
PME (SPME) [35] method for full electrostatic computations. The maxi-
mum space between grid points was 1 A. The cost of PME is proportional
to N log N and the time reduction is significant even for a small system of
several hundred atoms.

All analyses were performed using Gromacs [36], VMD and self-
written software.

Kir6.2 mutants were generated by using the routine Mutator
implemented in the VMD program. Eleven mutations, for which the ex-
perimentally determined concentration of ATP causing half-maximal
inhibition (ICsg) was known, were considered. Each mutation was
introduced, one at a time, in each subunit of the Kir6.2 tetramer, with
the ATP molecules bound as described below. An additional model in
which UDP, instead of ATP, was bound to Kir6.2 was also constructed.
For each mutant channel, energy minimisation, insertion into a POPC
bilayer, hydration and addition of sodium and chloride to neutralise
the charges were conducted as described above.

2.3. Docking of ATP

Preparation of the data, including addition of hydrogens to the
ligand and the receptor, determination of the rotatable bonds, partial
charge distribution (via the Gasteiger method), definition of the re-
gion of Kir6.2 in which to execute the docking and the grid calculation
for the docking algorithms were done with the AutoDockTools 1.5.4
program [37]. The receptor molecule was the Kir6.2 model, minimised
and equilibrated as indicated above.

The docking of ATP to Kir6.2 was guided by experimental data that
highlighted a set of residues that participate in the ATP binding site.
These residues include: K38 [28], K39 [28,29,38], R50 [28,29,38],
1182 [16,22,23,39], K185 [29], R201 [30,38], and F333 [40]. The active
site radius was set at 6.5 A from these residues.

Docking of ATP was done using the Lamarckian Genetic Algorithm
protocol implemented in Autodock 4.2 [37]. A total of 200 runs were
carried out to obtain 200 different configurations of ATP bound to the
Kir6.2 binding site. To obtain a large number of different conforma-
tions of bound ATP, only runs that resulted in an RMS difference>2 A
were considered. During the docking procedure, all rotatable bonds in
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the ATP molecule were allowed to rotate. ATP conformations that
were >6.5 A away from the residues forming the putative binding
site were rejected. Finally, the four ATP-binding conformations with
the highest docking score, one for each of the four putative binding
sites, were selected. These conformations were called site 1, site 2,
site 3 and site 4.

2.4. Binding free energy calculations

The free energy of binding, AGping, Was evaluated for each of the
four ATP (or UDP) molecules bound to Kir6.2 using the linear integra-
tion of energy method (LIE; [41-44]). LIE is based on evaluation of
ligand interaction energetics in the bound and free states. Therefore,
two MD simulations were carried out, one with ATP free in solution
and one where ATP was bound to the solvated receptor, and averages
of the interaction energies between the ligand and its surroundings
were evaluated. The binding free energy was obtained from these
averages as:

AGbdeAG(nonpolur) +AG(polur)

- a<<vﬁ‘;v>bound_<v§v7£ls‘/v) >free> + B<<Vl(il§)>bound_ <V;il? >free> Y
(1)

where () denotes MD averages of the non-bonded van der Waals
(vdw) and electrostatic (ele) interactions between the ligand (ATP)
and its surrounding environment (I-s), i.e. either the solvated recep-
tor binding site (bound) or just the solvent (free). The parameters of
this equation are the weight coefficients o and (3 for the non-polar
and polar binding energy contributions, respectively, and an addi-
tional constant .

Energy terms for the binding free energy calculations were obtained
from the MD simulations applied on a restricted region of the system. A
free (non-restrained) MD was carried out in a sphere of 18 A radius
around each of the four ATP molecules bound to the protein. A buffer
shell of 5 A, with a harmonic restraint of 5 kcal/mol A, was defined
around the active region. This shell was further surrounded by an addi-
tional 5 A shell with a harmonic restraint of 50 kcal/mol A. All atoms
outside this external shell were tightly restrained throughout the entire
simulation. All simulations were carried out using NAMD and with the
Charmm?27 parameter forcefield. Data were sampled from MD simula-
tions of >5 ns that were run for each model after the initial 10 ns equil-
ibration. In this region of the trajectory the simulation is already stable,
as observed from the RMSD. The average RMSD obtained after the initial
10 ns equilibration for all simulations was between 0.62 and 0.67 A,
with a fluctuation of about 3% in the sampling window of the trajectory.

3. Results
3.1. Homology modelling

Three templates were used for the construction of the model. The
sequence of Kir6.2, from residue 29 to residue 356, has 50% and 43%
identity to mouse Kir3.1/KirBac1.3 (2QKS) and chicken Kir2.2 (3]JYC),
respectively. These structures were used to construct the proximal
N- and C-terminal domains as well as the transmembrane domains
of Kir6.2. The sequence of the intracellular domains of mouse
Kir3.1 (1N9P) has 55% identity between residues 30 and 49 and
50% between residues 177 and 351 of Kir6.2 and it was therefore
used to model the distal N- and C-termini of the channel. Fig. 1A
shows a sequence alignment of the template structures described
above and Kir6.2.

The complete, assembled and energy minimised Kir6.2 tetrameric
model had a total length of ~122 A along the axis perpendicular to
the membrane and a maximal width of 80 A. The four Kir6.2 subunits,

each composed of 2 transmembrane (TM) domains, co-assembled to
form a central pore that hosts the selectivity filter region (Fig. 1B).
The pore was 5.6 A at the widest part and 1.7 A within the selectivity
filter. A large (~86 Ax 87 A) cytoplasmic domain was also modelled,
harbouring the ATP-binding site. The stability of the model was eval-
uated by running a short MD simulation in the presence of a POPC
membrane and explicit water molecules. The root mean square devi-
ation (RMSD), after 5 ns, of the Caw atoms with respect to the original
template structure was 0.29 nm, suggesting that the overall folding of
Kir6.2 was stable.

3.2. Docking of ATP and free energy calculations

The four ATP-binding conformations with the highest docking score
are shown in Fig. 2. We estimated AGy;,q for ATP for each of the four
docking conformations. Calculations were carried out for wild-type as
well as for mutant channels. Also, AGy;,q Was calculated for UDP (rather
than ATP) bound to wild-type Kir6.2. The van der Waals and electro-
static energies of the interaction between the nucleotide and its sur-
roundings were expressed as the average of data calculated during a
>5 ns trajectory (> 2500 data points). Only data that were homoge-
neous, i.e. for which the distribution followed a single normal distri-
bution, and for which the standard deviation of each energy term
along the trajectory varied by less than 5%, were averaged. Table 1
shows the van der Waals ( Avgﬂdsw)) and electrostatic ( AVl(e_li)) terms
of the energy difference between the free and bound ATP calculated
for wild-type and mutant Kir6.2 channels.

The AGyping Was calculated using Eq. (1). Note that the parameters
a, 3and vy in Eq. (1) depend on the physical-chemical characteristics
of the ligand and the binding site, as well as the forcefield used to
evaluate the energy terms [41-50]. Therefore, to establish the numer-
ical values for these parameters, experimental data obtained for dif-
ferent Kir6.2 mutants and from the substitution of ATP with UDP
were considered. A set of Kir6.2 mutants for which the measured sen-
sitivity to ATP spans approximately three orders of magnitude were
used.

An approximation of the Gibbs free energy of binding calculated
for these Kir6.2 mutants (AG,y,) was defined as [51,52]:

AG ey = RTIn <'1Cﬁ) )

where ICsq is the dose causing half-maximal inhibition of the Karp
current, R is the gas constant and T is the absolute temperature.

The parameters «, 3 and y were obtained by fitting AG., with a
multiparametric expression obtained substituting AGp;,q in Eq. (1) as:

AG oy = QAV™ + BAVT®, + . 3)

This procedure was applied to the data calculated for each of the
four binding sites in the model. This analysis yielded values of ¢, B
and vy of 0.500, 1.0387 and 4.173, with y? of 11.01 for site 1; 0.355,
0.424 and —1.422 with y? of 52.10 for site 2; 0.470, —0.756 and
3.348, with y? of 87.52 for site 3; and 0.486, 0.060 and 0.306, with
2 of 28.26 for site 4.

Table 2 includes the theoretical free energy of binding, AGeor
calculated using the parameters obtained above. These data were
plotted versus AGy, for each conformation of ATP in site 1 to site 4
(Fig. 3). The continuous lines in Fig. 3 represent linear regression
fits of the data with correlation coefficients of 0.757, 0.055, 0.082
and 0.317 for sites 1, 2, 3 and 4, respectively (see Table 2). Notice
that for sites 2 and 3 the slope is very low (0.06 and 0.12, respective-
ly) and not statistically different from zero. In contrast, the slope of
the regression of theoretical and experimental data for site 1 was pos-
itive and had a correlation coefficient higher than those of the other
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Fig. 1. A: Sequence alignment of template structures used for building the homology model of Kir6.2. Fully conserved residues are indicated with an asterisk; amino acids are
coloured according to their type (ClustalX standard colors). B: Homology model of Kir6.2, represented as ribbons and coloured according to chain ID; POPC membrane is shown

as lines. Water is omitted.

sites. This analysis indicates that the most probable conformation of
ATP bound to Kir6.2 is the one assumed in site 1.

3.3. Residues interacting with ATP

In the model, residues that make close contacts with ATP in site 1,
i.e. those presenting the centre of mass of their side chain within
4.5 A of ATP, include: R50, R54, Q179, 1182, F183, and K185 in one
subunit and K38 and K39 in the adjacent subunit. Non-bonded
intermolecular interactions (hydrogen bonding and salt bridges me-
diated by ion-pairs) between the ATP and surrounding residues in
the binding pocket were analysed. We considered that a hydrogen
bond between ATP and the channel residues occurred when the
donor-acceptor distance was less than 3.5 A and its occurrence during
a 5 ns MD simulation lasted for at least 66% of the simulation time. A

salt bridge was defined when two oxygen-nitrogen ion-pairs were
within 3.2 A for at least 66% of the simulation. Residues K39, R50 and
R54 formed H-bonds with the phosphoryl moiety of ATP. Residues
K38, K39, R50 and K185 were found to form salt bridges with the ATP
phosphate moieties (Fig. 4). No oxygen-oxygen ion pairs were detected
during the simulation.

4. Discussion

The aim of this work was to generate a structural model of ATP bound
to its binding site in wild-type and mutant Kir6.2 channels that was
quantitatively consistent with the experimentally determined degree
of sensitivity to ATP observed for those channels. The first step to define
the potential geometry of ATP in its binding pocket was therefore to
develop a model of the Kir6.2 channel. To generate a complete model
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Kir6.2

Fig. 2. Solid solvent accessible surface representation (centre) of Kir6.2 homology model with differently coloured monomers. Docked ATP molecules are represented as Van der
Waals spheres. Close-up views of the individual binding sites for the four ATP (site 1 to site 4) are also shown. In the close-ups, only residues within 4.5 A of the ATP molecule

are shown and coloured according to different monomers.

of Kir6.2 we took an approach similar to the one used in Antcliff and col-
laborators [26]. The homology model obtained by Antcliff and collabora-
tors [26] was based on the X-ray crystal structures of KirBac1.1 [53] and
the intracellular domains of Kir3.1 [54]. The templates in the current
study, in addition to the intracellular domains of Kir3.1 [54], were: chick-
en Kir2.2 [55] and chimeric mouse Kir3.1/KirBac1.3 [56]. These struc-
tures have a higher resolution (3.11 A and 2.2 A, respectively) than
KirBac1.1 (3.65 A). The sequence identity between Kir6.2 and KirBac1.1
is lower (~28%) than that between Kir6.2 and the sequence of the tem-
plates used here (~43-50%). Nevertheless, the similarity of the general
topology of the previously generated model [26] with the model
presented here is striking. Particularly, many residues that we identified
to be involved in ATP binding are also in close proximity to ATP in the

Table 1

previous model. These include residues R50, 1182, R201 and F333,
which are mutated in permanent neonatal diabetes [21].

Molecular docking of ATP was executed by using a geometric
matching/shape complementarity method implemented in AutoDock.
This method accounts for the complementarity between the surfaces
of the ligand and the receptor [37,57,58]. The main limitation of this
method is that it cannot fully account for the fluctuations in the ligand
or protein conformations, even when the rotatable bonds of the ligand
were allowed to rotate. Therefore, the results of this docking are not
deterministic and are subject to a high false-positive rate. To obtain a
plausible conformation of the docked ATP in its binding site, the four
best docking conformations, based on the scoring function used by the
AutoDock program, were selected. Two other criteria were then used

Hydrophobic (AV/® — <V,Vf‘;”>buund—<v)’f‘§“>ﬁee) and electrostatic energy (AV¢®, = <Vf'_es>bau"d—<vffs>ﬁ_ee) terms for the four proposed ATP binding conformations (see text for

details). Data were obtained for the wild type (WT) Kir6.2 channel, for 11 point mutations of Kir6.2 channels and for a Kir6.2 channel where ATP was substituted by UDP. Values

represent the difference of the averages 4 the standard deviation of the difference.

Site 1 Site 2 Site 3 Site 4

avyy AvEE, avyy AvEE, avyy AvEE, avy AvEE,

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
WT —23.1+£3.1 15+1.1 —1324+34 22412 —19.24+32 20+£1.2 —16.7+3.2 1.8+1.1
K38A —203+3.2 —154+14 —43433 —32411 —14.6+33 —0.14+1.2 —89432 —2.0+12
K39C —16.8+3.2 —03412 —4.1433 —25412 —16.5+33 —024+1.1 —9.1432 —094+13
R50D —19.6+£3.2 00+1.1 —5.0+£33 —32+1.1 —86+34 —01+£1.2 —8.0+3.2 03+1.3
R50P —15.1+£32 —04+1.1 03433 —08+13 —113+3.2 04+13 —82433 —124+13
1182Q —169+3.2 06+1.2 —7.043.2 —284+1.1 —1794+33 —044+1.2 —10.14+3.2 —32411
1182L —185+3.2 00+1.1 —45+33 —23+1.2 —144+33 —05+1.1 —105+3.3 —224+12
K185E —164+3.2 06+13 —6.24+33 —3.0+1.1 —182+33 —0.6+1.1 —86+3.2 —16+13
K185R —169+34 —044+12 —6.54+3.2 —364+1.1 —202432 02+1.2 —11.5432 —2.84+13
R201A —194+3.1 09+1.2 —6.5+3.2 —33£1.1 —139+33 —04+1.1 —11.7+£33 —18+£1.2
F333I —159+33 —1.1+£1.2 —1.0+£33 —15+13 —17.0+£3.2 —09+1.2 —89+32 —26+1.1
F333L —162+3.2 —02412 —3.74£33 —1.14£12 —17.9+33 —-13+£1.1 —854+33 —23+£12
WT/UDP —20.0£3.5 14+£12 —153+3.2 —22+1.0 —26.0+£3.2 —05+1.0 —114+33 —06+1.6
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Table 2

Theoretical free energy of binding, AGpeor, obtained after the parametrisation of data in Table 1 using Eq. (1). Values of experimental free energy of binding, AGy,, were calculated
from the ICs values according to Eq. (2). The results of the linear regression of AGneor Vs AGey, for each putative site, as shown in Fig. 3, are shown below, where a represents the

intercept, b is the slope, and r is the correlation coefficient.

Site 1 Site 2 Site 3 Site 4

AGtheor AGrheor AGtheor AGthear ICSO AGexp

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (M) (kcal/mol)
WT —5.88 —5.19 —7.21 —7.71 9.4 —6.90 @
K38A —7.56 —4.34 —345 —4.14 15 —6.62 [28]
K39C —4.54 —3.96 —4.28 —4.15 30 —6.21 [30]
R50D —5.66 —4.55 —0.62 —3.58 67 —5.73 [29]
R50P —3.78 —1.67 —2.26 —3.73 12,000 —2.64 [29]
1182Q —3.68 —5.11 —4.76 —4.80 12,250 —2.62 [16,39]
[182L —5.08 —4.00 —3.07 —4.92 620 —4.40 [23,39]
K185E —3.46 —4.92 —4.78 —3.98 2600 —3.55 [29]
K185R —4.70 —5.28 —6.35 —5.45 275 —6.26 [29]
R201A —4.60 —5.17 —2.92 —5.51 820 —4.25 [30,60]
F333I —491 —241 —3.94 —4.17 208 —5.05 [40]
F333L —4.09 —3.23 —4.10 —3.99 510 —4.51 B
WT/UDP —4.39 —7.80 —8.46 —5.28 2500 —3.57 4
a —2.07 —4.16 —3.76 —3.57
b 0.57 0.06 0.12 0.24
r 0.76 0.05 0.08 0.32

2 Chadburn and Tammaro, unpublished results.

to identify, among these four conformations, the one that may more
closely reflect the true conformation assumed by ATP in its binding site
in Kir6.2. The first was to assume that residues known to be involved
in determining the sensitivity of Kir6.2 channels to ATP, based on pub-
lished electrophysiological data, are in close proximity to the docked
ATP molecule. Residues that were taken into account were K38, K39,
R50, 1182, K185, R201 and F333. Mutations in these residues give rise to
channels with impaired sensitivity to ATP while maintaining unaltered,
ligand-independent channel gating suggesting that they form part of

Site 1

AG,.., (Kcal/mal)

-9 T T T T T T T 1
9 % 7 6 5 4 3 2 -
AG,,, (Keal/mol)
i
2 Site 3 R50P
-
~ -3 K38A 11g2L ™ R201A
5] - F331
£ 4 kasc " JFasaL
©
n L ]
§ 54 K185E1182Q
£ .6 K185R
O"’ -
< 74 W
-8 WT/UDP
-
-9 -

T T T T T T T T 1
9 8 7 6 5 4 3 2 -

AG,,, (Kcal/mol)

the binding site [59] and that their effect on the channel's ATP-
sensitivity is not secondary to a change in channel gating. Other residues
have been shown to alter ATP sensitivity but their mechanisms of action
appear to be indirect i.e. secondary to an increase in the open probability
of the channel rather than affecting ATP binding [4,21]. The second selec-
tion criteria were based on AG calculations. Thus, AG from the electrostat-
ic and van der Waals energy contributions were calculated from
molecular dynamics trajectories for different Kir6.2 mutants using the
LIE method. The correlation between the theoretical AG calculated in
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Fig. 3. AGheor Versus AGey, for the wild-type and mutant Kir6.2 channels. Straight lines represent the best fits to the data using equation 3.
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Fig. 4. A, Close-up view of “site 1" binding pocket of Kir6.2 with ATP bound. Residues forming hydrogen bonds with ATP are represented as sticks. B, Residues forming ions-pairs
with ATP are shown as sticks. In both A and B channel atoms not involved in interactions are shown as ribbons.

this way and the AG estimated from measured ICsq values was best for the
ATP conformation assumed in site 1. Therefore, this conformation was
considered the most plausible image of the ATP bound to Kir6.2.

Importantly, determination of the numerical values for the constants
a, 3and y of Eq. (1) could be used to make predictions of the functional
effects of new mutations at the ATP-binding site on the ATP-sensitivity of
Kir6.2 or to understand the mechanism of ATP-sensitivity of other Kir6.x
channels. For example, Kir6.1 shares ~70% sequence homology with
Kir6.2 but it is about 20-fold less sensitive to ATP inhibition [38]. The se-
quences of the putative ATP-binding sites of Kir6.1 and Kir6.2 are con-
served with the exception of K39 (S40 in Kir6.1) and K185 (R195 in
Kir6.1). It will be interesting to determine if these substitutions in the
model predict a change in ATP affinity and if experimentally these sub-
stitutions alter the sensitivity of Kir6.2 channel to ATP.
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