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Abstract Rundown is a generally encountered problem
while recording Karp channel activity with inside-out
patches. No assigned structural fragment related to this
mechanism has yet been derived from any of the func-
tional analyses performed. Therefore, based on a com-
bined sequence and secondary structure alignment
against known crystal structure of segments from closely
related proteins, we propose here the three-dimensional
structural model of an intracellular C-terminal domain of
the Kir6.2 subunit in K,rp channels. An E. coli CMP-
kinase was suggested as template for the model building.
The subdomain arrangement of this novel kinase domain
and the structural correlation for UDP-docking are de-
scribed. With structural-functional interpretation, we
conclude that the reactivation of K rp channel rundown
by MgATP or UDP is very possibly regulated by thisin-
tracellular kinase domain at the C-terminus of Kir6.2
subunit in K 5rp channels.

Keywords Channel gating - 3D homology modeling -
Kinase domain - Kir6.2 - Rundown reactivation

Introduction

ATP-sensitive K*-channels (K,rp channels or K-ATP
channels) are distributed in a wide variety of tissues,
including brain nerve cells, cardiac and skeletal mus-
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cles, and pancreatic B-cells [1, 2, 3]. They play a pivot-
a role in coupling membrane excitation to cellular me-
tabolism. The molecular architecture of K,rp channels
is an octameric complex of two structurally unrelated
subunits that assemble with 4: 4 stoichiometry [4, 5, 6].
The ion-pore subunits are members of the inwardly rec-
tifying potassium channel family (Kir), which have two
membrane-spanning domains (M1 and M2) flanking
the K+-selective ion-pore region (H5) and cytoplasmic
amino (N-) and carboxyl (C-) termini [7]. The regulato-
ry subunits are sulfonylurea receptors (SUR), members
of the ATP-binding cassette superfamily which have
two intracellular nucleotide binding folds, NBF1 and
NBF2[8].

The regulation of K,rp channel activity by cytosolic
constituents is extremely complex and is still not fully
understood. In addition to the ATP-dependent channel
closure under physiological conditions, some cytosolic
agents are required to maintain the ability of the channel
to enter the open state, because after formation of an in-
side-out patch the activity of the channel declines with
time. This phenomenon has been described as rundown
for Karp Channels [9, 10, 11, 12, 13]. Providing that
channel activity has not completely vanished, it can be
partially restored by brief exposure of the patch to
MQATP or UDP [10, 11, 12, 13, 14, 15, 16, 17]. It has
been proposed that this reactivation might involve pro-
tein phosphorylation on residues other than serine/threo-
nine in Kir6.2 and that the hydrolysis energy of MgATP
seems to be utilized for such reactivation [9, 10, 18, 19,
20]. However, the ability of MgATP to reactivate the
channel activity is variable, declines with time and isin-
effective after complete rundown; it is, therefore, also
suggested that an endogenous kinase responsible for
phosphorylation might exist and is gradually inactivated
or lost from the patch membrane with time [11]. More-
over, trypsin digestion of Kir6.2 leads to the prevention
of rundown, indicating an exposed binding fold responsi-
ble for the deduced conformational change and the run-
down mechanism [11, 21]. On the other hand, UDP can
aso reactivate the K 5p channel rundown, which is pre-
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CKE: 3 AIAPVITIDGE - -- SGAGKGTLCKAMAEALQWHLLDSGAIYRVLALAALHHHVDY 54
Kir6.2: 229 EVVPLHQVDI PMENGVGGNGI F-LVAPLI1Y H VI DSNSPLYDLA PSDLHHHQDL 281

CRE: 62 PLASHLDVRFV STNGNLEVILEGEDVSGEIRTQEVANAA SQVAAFPRYREAL 113
Kir6.2: 338 PLCT - - - ARQLDEDRSLLDALTLASSRGPLRKRSVAVAKAK -PKFS 1 SPDSL RS

sented in different kinetic styles between Kir6.1 and
Kir6.2 [13]. Whether a common structural motif or a
similar pathway and/or mechanism is involved in the re-
activation by MgATP and UDP remains controver-
sial [13]. Currently, however, no direct structural evi-
dence is available to indicate the reactivation mechanism
of Karp channel rundown. Therefore, based on a com-
bined sequence and secondary structure alignment
against known crystal structure of segments from closely
related proteins, we propose here a three-dimensional
(3D) structural model of the intracellular part of the
Kir6.2 subunit of Karp channels. A kinase domain was
suggested for the C-terminal residue region. For further
investigation of the molecular catalytic behavior of this
kinase domain, nucleotide-docking simulation was ac-
complished. The residues required for binding contacts
with nucleotides in our structural model are also de-
scribed in this paper.

Methods

Search for templates. The BLAST agorithm was employed to
search in PDB for protein segments whose sequences are similar
to that of mouse Kir6.2 (Genbank accession number S68403) and
whose structures can serve as viable structural templates. The
crystal structures of E coli CMP-kinase (CKE, 6137462) (free and
in complexed forms) [22, 23] were chosen for the determination of
structurally conserved regions (SCRs). The Kir6.2 residues used
for model building are according to their paired sequence (see be-
low) compared to the CKE sequence. In addition, immediately af-
ter the primary sequence comparison with BLAST, residues before
228 were eliminated according to the results.

Paired sequence alignment. The GCG program was used to deter-
mine the equivalent residues. Residue regions of CKE represented
as continuous lines dominantly observed were employed as appro-
priate template regions and the corresponding fragments in Kir6.2
were chosen for alignment. The amino acid sequences of these
Kir6.2 fragments were then included in the multiple sequence
alignment of the appropriate CKE regions to specify the residue
numbers for model building [24].

Model building and docking simulation for nucleotides. Modeling
by homology was performed essentially by following the proce-
dures described by Siezen [24]. Briefly, the residue fragments of
Kir6.2 were chosen according to the results from GCG paired se-
quence alignment. They were then superimposed on to the crystal
coordinates of the Ca atoms of the corresponding SCRs from the
CKE structure. This generated the secondary structure and relative
position of the definite secondary structural elementsin the chosen
residue fragments of Kir6.2. Junctions between the secondary
structural elements were individually regularized by energy mini-
mization to give reasonable geometries.

The UDP and CDP molecules were created from small mole-
cule units in a databank via modification with the cvff force field.
Upon docking, the total energy and van der Waals' contacts be-
tween the complexes of CDP- and UDP-binding to Kir6.2 model

Fig. 1 Sequence alignment of Kir6.2 and CKE. The residues of
Kir6.2 (Genbank accession number S68403) identical to those of
template E coli CMP-kinase (CKE, 6137462) are in red, whereas
the conservative substitutions are in green. Two corresponding
residue fragments chosen according to the results of paired se-
quence alignment are compared. The residue identity for each
fragment: (upper part) 33.96% for residues 229 to 281; (lower
part) 27.08% for residues 338 to 385 (rmsd=0.349 and 0.354, re-
spectively). All amino acid residues are represented with single-
letter abbreviation

were compared. Distribution of surface charges via electrostatic
potentials was performed by exhibiting the Connolly surfaces for
the binding residues from the kinase domain on Kir6.2.

All the calculations and structure manipulations described
above were performed with the Discover/Insight || molecular sim-
ulation and modeling program (Molecular Simulation, San Diego,
CA, USA; 950 release) on a Silicon Graphics Octane/SSE work-
station.

Results and discussion
Paired sequence and structural alignment

From the BLAST results, the crystal structures of E cali
CMP-kinase (CKE, 6137462) (free and in complexed
forms) [22, 23] were chosen as template protein and for
the determination of structural conserved regions
(SCRs). Sequence comparison and the residue identities
between Kir6.2 and CKE are shown in Fig. 1. Two resi-
due fragments of Kir6.2 were chosen according to the re-
sults from GCG paired sequence alignment, and then
used for structural aignment. These are residues
229-281 and 338-385 (from N- to C-termini of Kir6.2),
for which residues 3-54 and 62-113, respectively, of
CKE are applied to create coordinates (Figs 1 and 2).
This modeled part of the molecule is located on the in-
tracellular C-terminus of Kir6.2.

Overal structural features and comparison
with the template

Structural information from our model suggests a novel ki-
nase domain at the intracellular C-terminus of the Kir6.2
subunit with the subdomain arrangement that is very simi-
lar to those observed in the crystal structure of E. coli
CMP-kinase (CKE) and of other NMP kinases [22, 23].
Fig. 2 shows a comparison of the folding patterns of CKE
and this novel kinase domain of Kir6.2 C-terminus. A
binding cleft for nucleotides can be observed in the upper
middle part of the structure in both molecules (Fig. 2).
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Fig. 2 Comparison of Ca-tracing between CKE crystal structure
(left) and the structural model of Kir6.2 intracellular kinase do-
main (right). The residue numbers indicated in the kinase domain
structure are to distinguish the connections for the two separate
residue fragments. Both diagrams are viewed with the binding
cleft facing upside. Drawings in al the figures (Fig. 2, Fig. 3,
Fig. 4, Fig. 5) were made with Insight |1 software package

Fig. 3 3-D structural model of the intracellular kinase domain of
Kir6.2 in docking with the UDP molecule. The kinase domain is
drawn as yellow ribbons and the N- and C-termini are indicated.
The UDP molecule is drawn with CPK spheres in different colors
according to the type of atoms. Viewing is directly towards the
binding cleft

Nucleotide binding

For further investigation of the molecular catalytic behav-
ior of this kinase domain, or, to confirm the role this nov-
el deduced kinase domain may play in Kir6.2, the nucleo-
tide-docking simulation was accomplished. Energy mini-
mization gave a very stable conformation for both UDP
and CDP molecules upon binding to this kinase domain

Glu-241

UDP

Fig. 4 Close view of the binding cleft with the UDP molecule.
The Kir6.2 kinase domain is drawn as the yellow ribbon, whereas
UDP molecule is depicted as ball-and-stick models in various col-
ors according to the atom types. Side-chains of the Kir6.2 residues
that might interact or form putative hydrogen bonds with the UDP
molecule are shown as sticks in colors according to the types of
atoms, with residue number indicated

(CDP-form/UDP-form: —625.77/-621.45 (kcal mol-1) for
total energy; 253.42/253.28 for van der Waals contact;
rmsd=0.110/0.103). Fig. 3 illustrates the binding of UDP
with our structural model. The UDP molecule is located
and properly oriented in the binding cleft flanked by sev-
era a-helices of which the residue side-chains protrude
towards UDP to form binding contacts. The details of the
side-chain contacts are shown in Fig. 4.

Because such structural models do not give sufficient
detail to enable us to measure the hydrogen-bonding dis-
tances, we can merely depict here what we have ob-
served from the structure in Fig. 4 regarding the interac-
tion between the corresponding atoms from residue side-
chains of Kir6.2 and from the UDP molecule. These resi-
dues of Kir6.2 are: Arg-365, Arg-367, Lys-373 on one
side of UDP and Glu-241 on the other side. They form
putative hydrogen-bonds between UDP and Kir6.2 in the
appropriate orientation and in a reasonable range of spa-



Fig. 5 Electrostatic potential surfaces for the UDP-binding pocket
of Kir6.2. Red corresponds to an electrostatic potential of
<-5 kgT/e, white an electrostatic potential 0 kgT/e and blue an
electrostatic potential of 2+5 kgT/e. The UDP molecule is drawn
as sticks in color according to the types of atoms. The orientation
of molecules is almost the same as observed in Fig. 4.

tial distance. This might imply and emphasize the utili-
zation of UDP by this kinase domain on Kir6.2.

To describe further the binding ability and the resi-
due contacts, the electrostatic potential surfaces for the
binding pocket on Kir6.2 are depicted in Fig. 5. This
confirms again the appropriate and reasonable binding
contacts between the Kir6.2 cleft and UDP upon dock-
ing.

It isinteresting to note that:

1. the two parts of Kir6.2 residues forming H-bonds
with UDP come from the two separate residue frag-
ments mentioned previously in the structural align-
ment section; and

2. they are al charged residues.

Such facts or observations indicate that they are indeed
appropriate to contribute to the construction of the bind-
ing moiety and form H-bonds with nucleotides upon
docking. Such information might, therefore, enable us to
make decisions on selecting reasonable candidates for
site-directed mutagenesis and then further to verify the
role of this kinase domain in the reactivation of Kpmp
channel rundown for investigation in the future.

Structural—functional interpretation

The most important structural-functional interpretation
provided by this 3-D structural model is with respect to
the reactivation of K,rp channel rundown. As has been
described in the introduction, providing the channel ac-
tivity has not completely vanished, it can be partially re-
stored by brief exposure of the patch to MgATP and
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UDP [10, 11, 13, 19]. Such reactivation might involve
protein phosphorylation on residues other than ser-
ine/threonine in Kir6.2 and the hydrolysis energy of
MgATP seems to be utilized. In addition, the ability of
MQATP to reactivate the channel activity declines with
time and is ineffective after complete rundown. All this
suggested that an endogenous kinase responsible for sub-
sequent phosphorylation should exist and is gradually in-
activated or lost from the patch membrane with
time [11].

One explanation of these results is that the K xrp chan-
nel complex can exist in an active, phosphorylated state
and an inactivated, dephosphorylated state. Dephosphor-
ylation by membrane-associated phosphatases causes the
channel to enter a closed (or, here, inactivated) state
from which it can only exit on phosphorylation by an en-
dogenous kinase. Thus in the absence of MgATP, chan-
nel activity will slowly run down as more channels enter
the dephosphorylated closed state.

We propose that such phosphorylation should occur
viathis novel kinase domain at the C-terminus of Kir6.2.
The following statements might clarify and support such
a hypothesis. One should not forget that the rundown of
K atp channels can be also reactivated by exposure of the
patch to UDP. This kinase domain provides an obvious
link between the MgATP- and UDP-reactivation of chan-
nel rundown. The template protein, CMP-kinase, was
proposed to be CMP-specific in prokaryotes and
CMP/UMP-dispensable in eukaryotes [22]. If we look
into the reversible reaction of this kinase, a spectrum of
agents required for channel gating could be observed.
This kinase uses MgATP to produce UDP and MgADP
when UMP is present. Vice versa, when UDP is applied,
MgADP can be used to generate MgATP. This explains
at least in part why MgATP and UDP can both reactivate
the channel rundown, and, as a consequence, describes
the utilization of the hydrolysis energy of MgATP for
channel phosphorylation through an endogenous path-
way. Some aspects still should be clarified, however. For
example:

1. the exact phosphorylation site(s) which can alow
channels to enter the activatable state via MgATP hy-
drolysis and subsequent phosphorylation; and

2. the involvement of other membrane-associated or
non-associated components contributing to phosphor-
ylation/dephosphorylation, e.g. PIP,, Ca* and PKC,
instead of this kinase domain alone, in the rundown
and in its reactivation.

The second aspect will bring the emphasis to the mutu-
al interactions among those components, i.e., the sig-
naling pathway and the mechanism evoking the slow-
phase rundown via Kir6.2 [25]. In addition, it is also
very important to identify the structural requirement
that serves as the rest part of the nucleotide-binding
moiety. Regarding this part, the N-terminal residues of
Kir6.2 seem to satisfy such purpose upon considering
the tetrameric assembling structural characteristics of
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these K-channel family members [26, 27], and, there-
fore, an interaction involving both N- and C-termini of
Kir6.2 with respect to the complexity of gating can be
expected.

Recently, studies by several groups [17, 25] have
successfully demonstrated that both fast-phase (short-
term) and slow-phase (long-term) types of rundown
may exist. The former is induced by interaction with
SUR subunit and can be recovered by the regulation of
MgADP/MgATP [28]. The latter is supposed to result
from either subunit uncoupling [29, 30] or direct de-
phosphorylation on Kir6.2 via, for instance, Ca2*, and
can be reactivated by addition of PIP, and MgATP
through pathways involving kinases [25, 31]. Before
the patch excision or channel rundown, the K orp chan-
nel activity can be maintained by the regulation of
SUR via subunit coupling [25, 29] or the deletion of
26 C-terminal residues [30] in the absence of physio-
logical concentrations of ATP, which binds to the chan-
nels to induce the inhibition. Meanwhile, the phosphor-
ylation on Kir6.2 by endogenous kinases maintains the
channels in the activatable state. Excision of the patch
results in the time-dependent loss of endogenous mem-
brane-associated kinases and the activatable state for
channels cannot be maintained. The channels become
gradually dephosphorylated by phosphatases. Once
K-ATP channels enter the long-term rundown phase,
such dephosphorylated, inactivated state of Kir6.2 can
be reactivated only by those pathways inducing kinase
phosphorylation, for instance, the addition of specif-
ic/non-specific kinases in patch solution, upon utiliza-
tion of MgATP, then back to phosphorylated and activa-
table state [25]. It is, therefore, quite obvious that
MgATP has its own dual effects, either inhibits through
SUR regulation or direct binding on Kir6.2, or reacti-
vates the channels in the rundown events. In addition,
the direct binding of MgATP to Kir6.2 can be prevent-
ed by PKC through electrostatic effect (unpublished da-
ta). However, the existence of a kinase domain at
Kir6.2 C-terminus, in all cases, confirms the possibility
for and provides an alternative for or assists the utiliza-
tion of ATP. Furthermore, our results supplemented the
information required to explain the findings by Noma's
group [17] in which the long-term rundown phase can
be recovered more efficiently in the presence of UDP.
All this provides indeed a very fresh insight into the
K srp Channel rundown phenomenon. However, whether
it is economic for Kir6.2 to include an intrinsic kinase
domain, instead of using another coupling molecule, re-
mains to be clarified.

Conclusion

Our model has for the first time described three-dimen-
sional structural information for subdomain arrangement
of the residues at the intracellular C-terminus of Kir6.2
and the structural correlation for nucleotide-binding, as
well as the functional implication of such a putative ki-

nase domain. Because of the limitation of predictive
structural model, only the structural correlation derived
from the reported functional results related to rundown
reactivation was discussed in this paper. Nevertheless,
such information provides directions for further func-
tional assays and choices of the appropriate candidate for
site-directed mutagenesis before the crystal structure of
Kir6.2 is determined.
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