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Inward Rectifier K Channels
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Radiolytic Footprinting Reveals Conformational Changes During
Potassium Channel Gating

Sayan Guptal, Rhijuta D’Mello!, Mark R. Chance!, Vassiliy N. BavroZ2,
Catherine Venien-Bryan?, Stephen J. Tucker2.

!Case Western Reserve University, Cleveland, OH, USA, 2University of
Oxford, Oxford, United Kingdom.

Potassium channels are dynamic proteins that undergo large conformational
changes as they make transitions between their open and closed conformations
to regulate cellular electrical activity. Understanding the gating mechanism of
these channels therefore requires methods for probing channel structure in both
their open and closed conformations. In order to address this we used radiolytic
footprinting and mass spectrometry to study the gating mechanism of the in-
wardly-rectifying potassium channel KirBac3.1. By subjecting the purified pro-
tein in defined states to focused synchrotron X-ray beams with millisecond
timescale exposures we modified solvent accessible amino acid aide chains
in the membrane pore as well as in the intercellular domain. These modifica-
tions were quantified and identified using high-resolution mass spectrometry.
The differences in the extent of such modifications on specific side chains be-
tween the closed and open state are used as probes to reveal local conforma-
tional changes that occur during channel gating. The data indicate that TM2,
the slide-helix, G-loop and outer mouth of the pore undergo large conforma-
tional changes during channel gating. These results provide validation of a pro-
posed gating mechanism of the Kir channel and demonstrate a novel method of
probing the dynamic gating mechanism of integral membrane proteins and ion
channels.
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We assessed the accessibility of fluorescent probes in purified KirBac1.1 pro-
teins in detergent (DM) solution, to probe channel structure. Introduced cyste-
ines at pore-lining positions in the inner cavity (A109C, T110C and 1138C)
were inaccessible to Alexa-Fluor-488-C5 maleimide (monitored by fluores-
cence incorporation). However, G-loop residues (A150C, T264C, G249C),
and A180C at the external wall of the cytosolic domain, were readily modified.
PIP2 activates eukaryotic channels, but inhibits KirBacl.1. Addition of C8-
PIP2, reduced modification rate (~15%) at A150C, T264C and G249C, as
well as A180C (~30%). The data indicate a major bar-
rier to fluorophore at the inner cavity entrance, but no
barrier at the G-loop. Moreover, they suggest that dur-
ing PIP2-induced closure, the cytosolic vestibule
‘narrows’, and there is reduced accessibility of resi-
dues at the outside face (A180C) of the cytosolic do-
main. To explore conformational changes during gat-
ing, we co-labeled residues with Alexa-Fluor 488 and
Alexa-Fluor 568, and examined FRET in channels re-
constituted into liposomes (POPE:POPG, 3:1). In 1%
PIP2, FRET efficiency was unchanged at N217C and
A180C, increased at A150C, and decreased at
G249C, suggesting that, during closure, there is nar-
rowing at the bundle crossing, and widening in the cy-
tosolic vestibule.
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Novel Insights Into the Outer Pore Domain Structure in Inward Rectifier
Channels Kir 2.3

Oana N. Ureche!, Ravshan Baltaev!, Liviu Ureche!,

Nathalie Strutz-Seebohm?, Florian Lang!, Guiscard Seebohm?.

'Uniklink Tuebingen, Tuebingen, Germany, “Ruhr University Bochum,
Bochum, Germany.

The Kir2 channels belong to a family of potassium selective channels with
characteristic strong inward rectification but they differ substantially in their
pH sensitivity. The extracellular histidine Kir2.3(H117) contributes to the pH
dependence of K-channels containing Kir2.3. Here, we study the possibility
of intramolecular interactions of the residue Kir2.3(H117) with conserved cys-
teines in close proximity to the selectivity filter. We engineered a cobalt coor-
dination site and reduction/oxidation sensitivity in Kir2.3 by introduction of
a cysteine into the putatively hydrogen bonding residue (Kir2.3(H117C))
confirming that this residue is in proximity to Kir2.3(C141). Using SCAM

we determined the location of the Kir2.3(H117) and Kir2.1(E125) in the outer
pore mouth and incorporated these data into a 3D model. We conclude that for-
mation of a hydrogen bond at low pH may stabilize the outer pore domain to
favour the selectivity filter in a slightly distorted conformation thus reducing
ion permeation. The data presented provide molecular insight into the unique
pH regulation of inward rectifier channels.
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A Conserved Arginine Near the Selectivity Filter of Kirl.1 Controls Rb/K
Selectivity
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ROMK (Kirl.1) channels are important for K secretion and recycling in the col-
lecting duct, connecting tubule and thick ascending limb of the mammalian
nephron. We have identified a highly conserved Arg in the P loop of the channel
near the selectivity filter that controls Rb/K selectivity. Mutation of this Arg to
a Tyr (R128Y-Kirl.1b, R147Y-Kirl.la) increased Rb/K selectivity by 11 =+ 1
fold, NH4/K selectivity by 6 +1 fold, and Cs/K selectivity by 32 + 5 fold over
wild-type (wt), with no significant change in K/Na selectivity. R128Y remained
susceptible to block by both external Ba and the honey bee toxin, TPNQ, al-
though it had a 100 fold lower affinity for TPNQ than wild-type. Single-channel
R128Y-Kirl.1b conductance averaged 12 + 0.5 pS in 100mM RbCl, 0 Mg,
0 Ca solutions, compared to 18 + 2 pS for wt-Kirl.1b in the same Rb solutions.
In excised, inside-out patches (polyamine-free, 0 Mg solutions), R128Y-
Kirl.1b had a non-rectifying Rb conductance of 10 + 0.6 pS, but no visible
K current, consistent with its low K selectivity. The kinetics of Rb permeation
through R128Y were similar to the kinetics of K permeation through wt-
Kirl.1b, but with a longer open time (245 ms vs. 19ms for wt); and two closed
states (2.8ms, 25ms) yielding an average open probability (Po) of 0.7 at
—100mV, compared to a Po > 0.9 for wt-Kirl.1, which has a single closed state
of 1.3ms. The observed 11 fold increase in Rb/K selectivity with no change in
K/Na selectivity or rectification is consistent with R128Y-Kirl.1b causing
a subtle change in the selectivity filter, perhaps by disruption of an intra-subunit
salt bridge (R128-E118) near the filter.
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Characterization of the Liposomal Rubidium Uptake Assay
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The liposomal uptake assay is a useful technique in the study of the ensemble
behavior of ion channels. For the study of potassium channels, purified channel
protein is reconstituted into liposomes, in which an intra- to extra- liposomal K
gradient is created. Uptake of radioactive 86Rb, added to the extra-liposomal
solution, is concentrated into liposomes that have K selective channels, and
is measured as a surrogate of channel activity. The assay allows one to define
experimental conditions that are often difficult to control in other techniques
used to study ion channels, such as membrane composition. Baseline character-
istics of the assay, such as liposome integrity and K gradient stability, can in-
fluence results, and is the main focus of this presentation. Liposomes compris-
ing a 9:1 ratio of POPE:POPG are stable over several hours, and 50% uptake
capacity remained for liposomes stored at room temperature for ~48 hours.
The rate of 86 Rb uptake in the presence of valinomycin, a K ionophore
used in the measure of maximal uptake, was near maximal at ~0.1 mcg/ml/
mg lipid, with higher concentrations resulting in liposome fragility and lower
maximal uptake. The time course of uptake in the presence of valinomycin
(0.1 mecg/ml/mg lipid) was on the order of minutes, with a time constant ~3
minutes. Lipid membrane composition influenced rate of uptake due to valino-
mycin. Liposomes formed from 100% PE had ~3 fold decreased rate of uptake
compared with 9:1 POPE:POPG liposomes. Further characterizations are ongo-
ing and will be presented.
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Changes in T-Tubular Potassium Revealed by Inward Rectifier I,; Tail
Currents in Mouse Ventricular Myocytes

Lufeng Cheng, Fuzhen Wang, Tiffany Yang, Anatoli N. Lopatin.
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Cardiac ventricular myocytes possess an extensive t-tubule system which
plays a number of important roles including facilitation of membrane potential
propagation across the cell body. It has been shown that ion fluxes at a highly
restricted t-tubular space may lead to significant accumulation/depletion of
specific ions which in turn may affect t-tubular, as well as whole-cell, mem-
brane potential. The extent of ion accumulation/depletion depends on the cur-
rent densities and the volume/structure of t-tubules. In this study we used the
whole-cell patch-clamp technique to monitor t-tubular accumulation of potas-
sium (caused by outward potassium currents in response to 400 ms voltage
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step to +50 mV) by measuring inward rectifier Ix; tail currents (I,;;) at —75
mV. At room temperatures of ~21-23 °C the amplitude of I,; current mea-
sured 9-10 minutes after the establishment of whole-cell configuration was
essentially unchanged (93.6% of initial value), but declined to 53.5% upon ap-
plication (within 2-5 minutes after the beginning of cell dialysis ) of 1 mM
cyanide, a blocker of oxidative phosphorylation (n=9 and 6, respectively;
p<0.01). At 35-37 °C the I,; was essentially preserved in intact cells, but
its amplitude declined to ~30% within 4-5 minutes after the establishment
of whole-cell configuration. In all cases no significant changes in either out-
ward potassium currents or Ix; were observed, strongly suggesting that
changes in t-tubular volume/structure are responsible for the observed effects.
Detubulation of myocytes using formamide-induced osmotic stress nearly
completely removed Ip,; currents as well as decline of inward Iy, caused
by Ik;j-dependent depletion of t-tubular potassium. Overall, the data provide
strong evidence that changes in t-tubular volume/structure may occur on
a short time scale and suggest mitochondrial dysfunction as one of the under-
lying causes.
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A Structural Model of a Kir Channel in the Open State Derived from
Mutagenic Scanning of the Pore Gating Energetics
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Specific stimuli (e.g. intracellular pH, PIP2) cause Kir channels to undergo a re-
versible transition between the closed and open state. The precise rearrange-
ment of the pore structure (e.g. the TM regions) during these gating transitions
is currently unknown in Kir channels owning to the lack of an open state crystal
structure and validating functional data. We employed systematic alanine scan-
ning mutagenesis on the entire Kirl.1 pore structure (residues 51 - 192) and de-
termined the IC50 values for pH inhibition for each mutant. We reasoned that
a shift in the IC50 value should represent a change in the free energy of the open
state relative to the closed state assuming that the mutations did not affect the
cytoplasmatic pH sensor directly. We identified 26 mutations that produced
a marked shift in the pH sensitivity, intriguingly, 24 of these mutations in-
creased the pH sensitivity suggesting that the open state is structurally more op-
timised than the closed state. Specifically, we expected that in the open state the
IC50 shifting residues would interact with each other explaining why the ala-
nine substitution would preferentially destabilise this state. We used this expec-
tation as conceptual basis to develop scoring methods to evaluate structural
models of Kirl.l in the open state that we generated from existing crystallo-
graphic open state structures of other K+ channels (KvAP, NaK, KirBac3.1)
using homology modelling and MD simulations. This analysis revealed an ex-
cellent agreement of our functional data with one particular open state model of
Kirl.1. In this model more than 80% of the IC50 shifting residues are part of
a tightly packed network of interacting residues that largely disintegrates
upon channel closure.
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pH-Dependent Gating Mechanism of Kir2.1 Inward Rectifier K™ Channel
Independent of Polyamine and Magnesium Block

Keiko Ishihara, Ding-Hong Yan, Tsuguhisa Ehara.
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Kir2.1 inward rectifier K channel shows a strong inward rectification due to
a voltage-dependent block of the channel pore by intracellular cations, such
as polyamines and Mg®". In this study, we conducted experiments using in-
side-out patch membranes and found that Kir2.1 channel exhibits an ex-
tremely slow, voltage-dependent gating that depends on the cytoplasmic
pH in the acidic range. This gating seemed to be unrelated to the block in-
duced by polyamines that remained trapped near the cytoplasmic pore or by
Mg?" or impurities of EDTA contaminated in the cytoplasmic solution.
Acidification of the cytoplasmic solution did not markedly affect the poly-
amine block of the wild-type Kir2.1 channel, indicating that the acidic res-
idues lining the Kir2.1 pore (e.g. D172, E224 and E299), whose negative
charges are known to contribute to polyamine binding sites, were not neu-
tralized at acidic pHs. Thus, these negative charges did not seem to confer
the pH sensitivity of the gating. However, when Kir2.1 channels bearing
a mutation at these residues were tested, neutralization of D172 in the trans-
membrane region abolished the pH-dependent gating. The findings suggest
that the gating may be caused by a pore block by an unknown molecule,
bearing a positive charge at acidic pHs.
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The Site for Docking Cations in Cytoplasmic Domain of Inward Rectifier
K" Channels
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Inward rectifier K* (Kir) channels participate in various cellular phenomena by
regulating the membrane potentials. The Kir channel is a tetrameric assembly,
consisting of two discrete domains, transmembrane and cytoplasmic domains.
The channel possesses a long pore at the center of the assembly for the ion con-
duction. A number of studies have been reported to analyze how amino acids
along the pore contribute to the ion conduction and inward rectification. How-
ever, it is still unclear how permeable cations interact with the residues at the
cytoplasmic domain. In the crystal structure of cyoplasmic domain of Kir3.2,
we observed a strong electron density at the cytoplasmic pore. When the crystals
were soaked into Ba?*-containing solution, an anomalous signal derived from
Ba®" was detected at the position corresponding to the electron density. This in-
dicates that the strong electron density is accounted for by Mger in the crystal-
lization solution. The Mg>" was surrounded by Glu236 and Met313 from four
subunits. The pair of the residues is conserved among strong inward rectifiers,
suggesting that the pair creates the site specific for the strong inward rectifica-
tion. Branched and neutral amino acids substituted for Met313 conferred the
weak rectification on the mutants and the mutation at Glu236 modulated the rec-
tification property. Thus, the properties of the side chains at positions 236 and
313 are crucial for the conduction. On the other hand, the introduction of the
pair of residues to weak inward rectifier Kir4.1 did not affect on the rectification
property. The cytoplasmic pore is reported to provide an electrostatic environ-
ment for the accumulation of cations. The Mg®"-docking site at the cytoplasmic
pore of Kir3.2, therefore, seems to create the local environment for the stabili-
zation of cations specific for the strong inward rectifiers.
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Voltage Dependence of Kir2.1 Block by Intracellular Spermine
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Strong voltage sensitivity of inward-rectifier K+ (Kir) channels, such as Kir2.1,
has been hypothesized to arise primarily from an intracellular spermine mole-
cule displacing K+ ions from the wide, intracellular part of the ion conduction
pore outwardly across the narrow ion selectivity filter. This hypothesis antici-
pates: 1) that mutations intracellular to the ion selectivity filter can abolish any
high-affinity spermine block, and ii) that the blocker can force essentially uni-
directional K+ movement in a pore region generally wider than the combined
dimensions of the blocker plus a K+ ion. We find that simultaneous mutation of
five residues, all located internal to the selectivity filter, abolishes specific sper-
mine block. Thus, the selectivity filter itself evidently must have little inherent
affinity for spermine. We also find that a constriction near the intracellular end
of the pore, acting as a gasket, prevents K+ ions from bypassing the blocker.
This heretofore unrecognized gasket ensures that the blocker can effectively
displace K+ ions across the selectivity filter to generate exceedingly strong
voltage sensitivity.
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A Multicistronic 2a-Peptide-Based Vector Encoding for Ci-VSP and a Pair
of FRET Sensors to Study Effects of PIP,-Depletion on Receptor-Activated
GIRK Current

Fabian Hertel, Agathe Switalski, Kirsten Bender, Marie-Cecile Kienitz,
Lutz Pott.

Institute of Physiology, Bochum, Germany.

Ci-VSP, a voltage-activated phosphatase, which dephosphorylates PI-(4,5)-bi-
sphosphate (PIP,) to PI(4)P combined with fluorescent (FRET) probes for op-
tical monitoring of changes in plasma membrane PIP, is an emerging tool to
study regulation of ion channels and transporters by PIP, (Murata et al., Nature
43, 2004). In the present study we used HEK239 cells to express GIRK1/
GIRK4 channels by means of a conventional bi-cistronic vector containing
an IRES sequence. The channel could be activated by a co-expressed A, recep-
tor. For expression of Ci-VSP and a pair of FRET-generating PIP, binding
probes (PH-PLC31-CFP and PH-PLC31-YFP) a multicistronic vector was con-
structed. This vector contained the cDNAs for the phosphatase and the fluores-
cent PH-domains separated by viral 2A-peptide sequences in a single ORF. The
2A-sequences result in cotranslational dissociation of the polyprotein while al-
lowing translation to continue (de Felipe et al. JBC 278, 2003). Depolarizations
to + 60 mV of variable duration (1 to 10 s) resulted in reductions in FRET ratio,
indicating depletion of PIP,. Concomitantly, adenosine-activated GIRK current
was reduced. The onset of current inhibition was faster than the onset of
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