














Ligand Transduction Mechanism of Kir Channels

FIGURE 5. ATP sensitivity of Kir6. 2 slide helix mutant channels. A, continuous inside-out patch clamp recordings at —50mV for CosM6 cells expressing
Kir6.2[F168E] and exemplar Kir6.2[F168E] slide helix mutants (all coexpressed with SURT). Internal pH and ATP concentrations were switched as indicated with
a rapid solution exchange device. B, IC,, for ATP inhibition of slide helix mutants on the Kir6.2[F168E] background. ATP inhibition was recorded at internal pH
8.0 (n = 8/construct). The broken bars for 149A and D58A indicate IC5, concentrations considerably higher than the largest ATP concentration (10 mm) tested.
The gray filled bars highlight mutants that exhibited loss of function in Rb™ efflux assays (Fig. 2). One-way ANOVA followed by a post hoc Dunnett’s test for
comparisons to the Kir6.2[F168E] control were used. *, p < 0.05 relative to Kir6.2[F168E].

FIGURE 6. Slide helix effects on the unique kinetic features of Kir6.2[F168E] channels. A, inside-out patch recordings from CosM6 cells expressing
Kir6.2[F168E] and various exemplar Kir6.2[F168E] slide helix mutants (all coexpressed with SUR1). Patches were pulsed between —150 mV and +50 mV (0 mV
holding potential) in 10-mV steps. B, activating components of current after voltage steps to — 150 mV were fit with a single exponential equation to extract the
time constant 7., at pH 8.0 (n = 8/construct). The broken bar indicates that the time constant of channel opening was too rapid to accurately measure. The
gray filled bars indicate mutants that exhibited loss of function in Rb™ efflux assays and required the F168E rescue approach to detect ionic currents. One-way
ANOVA followed by a post hoc Dunnett’s test for comparisons to the Kir6.2[F168E] control were used. ¥, p < 0.05 relative to Kir6.2[F168E].
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Ligand Transduction Mechanism of Kir Channels

The voltage-dependent kinetic features of Kir6.2[F168E]
offered a unique additional assay to compare the effects of slide
helix mutants on channel function.

Most mutants had little or no effect on gating kinetics, with
hyperpolarization-dependent channel opening remaining sim-
ilar to Kir6.2[F168E] channels (Fig. 6A4). Only two slide helix
mutations near the helix Sa-Sb kink (D58A, T61A) markedly
altered the kinetics of voltage-dependent channel opening (Fig.
6B). The Asp-58 position stood out in this comparison of slide
helix positions because kinetics in Kir6.2[F168E][D58A]
mutant channels were too rapid to resolve (Fig. 6, A and B). We
estimate that in well formed inside-out patches, we can confi-
dently resolve time constants of ~0.5 ms, and so 2 ms is indi-
cated as a lower limit for 1/7, of D58A channels. It is note-
worthy that the ATP binding site mutations (I49A, R50A) did
not alter the gating kinetics (Fig. 6A), suggesting that D58A
changes ATDP sensitivity by a distinct mechanism that does not
involve disruption of the ATP binding site.

Effects of Asp-58 Mutations Are Independent of Intracellular
pH—A well understood property of K, +p channels is that ATP
sensitivity is a variable channel parameter that changes with
channel open probability. Manipulations that increase the open
probability (P; e.g mutations or increased membrane phos-
phatidylinositol bisphosphate content) typically weaken ATP
sensitivity (44). The F168E background channel has a unique
property of pH-dependent P,, enabling rapid and reversible
changes of channel P, by changing intracellular pH (14). We
exploited this to ensure that the loss of ATP sensitivity in
Asp-58 mutants did not result from a significant enhancement
of channel P, relative to the F168E background channel. We
tested inhibition of Kir6.2[D58A][F168E] by 10 mMm ATP over a
wide pH range, from pH 7.3 (where few channels are open) to
pH 8.8 (often yielding 10- to 20-fold larger currents than pH
7.3) and found that channels remained highly insensitive to
ATP over this broad range of channel activity (Fig. 7, A and B).
These experiments indicate that the loss of ATP sensitivity in
Kir6.2 D58A mutant channels does not arise from saturation of
channel open probability.

Stringent Requirement for Slide Helix Residue Asp-58—Al-
though multiple Kir6.2 slide helix mutations abolish functional
expression (25, 45— 48), systematic comparisons enabled by our
rescue approach highlight a distinct role for Asp-58 among
these functionally essential residues. In particular, Asp-58
appears to make essential contributions both to formation of
conductive channels and to appropriate transduction of ATP
binding to the channel gate. We further investigated residue
Asp-58 by introducing numerous mutations at this position.
Notably, Asp-58 exhibits an extremely stringent amino acid
tolerance because even the most conservative mutations exam-
ined (D58E and D58N) were unable to generate functional
channels by Rb* efflux (Fig. 84). To confirm that Asp-58
mutants were not affecting Rb* permeability, we also tested
whether Rb™ efflux of different Asp-58 mutants could be res-
cued with the F168E background (Fig. 84). We also repeatedly
tested the conservative D58E and D58N mutations (on a WT
background) with patch clamp experiments but failed to detect
any functional expression (data not shown). On the basis of the
presence of an upper band on SDS-PAGE (with caveats as dis-

23044 JOURNAL OF BIOLOGICAL CHEMISTRY

A Kir6.2[D58A][F168E]
7.3 8.0 8.3 7.3
pH P
10
ar o | LT 1]
iy e i e S
200 pA[

-

Inhibition in 10 mM ATP @
o o o o
o N N O o
= -
&
£,
67
“ |-
/s,
“ |-
/s,
“"@—

FIGURE 7. ATP insensitivity of Asp-58 mutants is not pH-dependent. A,
continuous inside-out patch clamp recordings at —50mV for CosM6 cells
expressing Kir6.2[D58A][F168E] (coexpressed with SUR1). Internal pH and
ATP concentrations were switched as indicated with a rapid solution
exchange device. B, ATP inhibition in 10 mm was determined with internal pH
between 7.3 and 8.8 (n = 5/pH). No statistically significant difference of ATP
inhibition was observed at different pH despite dramatic changes in current
magnitude. Kir6.2[D58A][F168E] channels remained extremely insensitive to
ATP over the entire pH range tested.

cussed previously with Figs. 2 and 3), Asp-58 mutants appeared
to reach the plasma membrane (Fig. 8B), and this was also
directly confirmed for D58A channels by surface biotinylation
(Fig. 3). Furthermore, all Asp-58 mutants characterized by
patch clamp were functionally rescued by F168E (demonstrat-
ing robust surface expression) and exhibited extremely severe
disruption of ATP sensitivity and gating kinetics (Fig. 84 inset,
C,and D).

Residue Asp-58 as an Important Coupling Element between
the CTD and TMD—W e propose that ATP sensitivity of Kir6.2
channels requires both an appropriate ATP binding site and an
intact interface between the CTD and TMD (Fig. 9A4). Our find-
ings indicate that this interface depends significantly on Asp-
58, a residue we refer to as the “aspartate anchor.” A model to
explain our findings is that when the Asp-58 TMD-CTD
anchor is in place, gating kinetics are slow, possibly because
conformational changes of the TMD and CTD are coupled (16,
17, 49), resulting in an energetic barrier to opening. Mutations
in the vicinity of the ATP binding site (i.e. [49A or R50A) atten-
uate ATP sensitivity but preserve slow gating kinetics similar to
the F168E background channel (Fig. 9B) because this Asp-58
“coupling element” is still intact. This interpretation is gener-
ally consistent with previous reports describing Kir6.2 149 and
Arg-50 mutants, which alter ATP sensitivity but do not affect
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FIGURE 8. Stringent aspartate requirement at position Asp-58. Numerous amino acid substations at position Asp-58 were tested for functionality by Rb™*
efflux assays (n = 4/construct) (A) and generation of a mature higher molecular weight band by Western blot analysis (B). Similar Western blot analyses were
observed in three repeated experiments. C and D, inside-out patch recordings of Kir6.2[F168E][D58E] channels measuring ATP sensitivity and gating kinetics
in response to a series of voltage steps. The conservative D58E mutation renders channels ATP-insensitive and abolishes voltage-dependent gating kinetics. A,
the inset depicts mean data for ATP IC5, (n = 8/construct) and gating kinetics (1/7,,, n = 8/construct) for conservative substitutions at position Asp-58.In each
panel, ANOVA followed by a Dunnett’s post hoc test were used for comparisons to WT Kir6.2 or Kir6.2[F168E] channels (A, inset). *, p < 0.05 relative to control.

gating properties of the channel in ATP-free conditions (42,
50). In contrast, disruption of the TMD-CTD interface by muta-
tion of Asp-58 abolishes both ATP inhibition and slow gating
kinetics (Fig. 9C). We describe the effects of these mutants as
uncoupling the TMD and CTD so that conformational changes of
the CTD are no longer linked to the TMD (Fig. 9C).

Complexity of Contacts between Residue Asp-58 and the CTD—
Kir6.2 position Asp-58 stands out as a functionally important
element that lies at the interface of the CTD and TMD of Kir
channels. We also investigated residues within the complimen-
tary CTD in the vicinity of Asp-58. Inspection of recent eukary-
otic Kir channel structures reveals that the Asp-58 side chain is
positioned especially close to residue Arg-206, a highly con-
served residue among Kir channels (Fig. 10A4). However, the
organization of the CTD-TMD interfacial region varies consid-
erably between different published structures, and contacts
may change in different channel states. In addition to Arg-206,
Asp-58 is located in a dense region of positively charged side
chains that might also form important interactions (namely,
Arg-206 and Lys-207 in the CTD and His-175, Arg-176, and
Arg-177 in the C-linker extension of the M2 helix) (Fig. 104).
We investigated this interfacial region by mutating these posi-
tive charges and examining their functional effects. We first
neutralized each cluster of positive charge (R206A/R207A dou-
ble mutant and H175A/R176A/R177A triple mutant). Both of
these compound mutants ablate channel function in Rb™ efflux
assays (Fig. 10B), consistent with previous reports that the
R206A and R177A mutations abolish Kir6.2 function (37). This
was also consistent with Rb* efflux assays for individual

S
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mutants. R177A and R206A had no detectable activity, H175A
and R176A exhibited ~20% efflux relative to WT Kir6.2, and
K207A exhibited efflux comparable with WT Kir6.2 (Fig. 10B).

We exploited the F168E background to rescue activity and char-
acterize non-functional CTD mutants. Surprisingly, despite the
predicted close proximity of Asp-58 and Arg-206, neutralization
of Arg-206 (and/or Lys-207) does not reproduce features of
Asp-58 mutants. Notably, Kir6.2[F168E][R206A][K207A]
channels exhibit only slightly perturbed ATP sensitivity (Fig.
10, C and D). We also examined positions Arg-206 and Lys-207
individually with more disruptive mutations. Of these, only a
highly disruptive charge reversal mutation at R206D altered
ATP inhibition significantly to a degree comparable with
Asp-58 mutations (Fig. 10D). However, severe mutations at
position 207 (e.g. K207D) did not alter ATP sensitivity. All Arg-
206 mutations exhibited accelerated gating kinetics relative to
F168E alone, but they were nevertheless slower than the Asp-58
mutants (Figs. 84, inset, and 10E). Kinetics in Lys-207 mutant
channels were indistinguishable from the F168E background (Fig.
10E). These findings suggest that a salt bridge between
Asp-58 and Arg-206, apparent in recent crystal structures,
does not contribute significantly to the mechanism of ATP
inhibition.

The Kir6.2[H175A][R176A][R177A] triple mutant (on the
F168E background) exhibited dramatically reduced ATP inhi-
bition (Fig. 10, C and D). This finding indicates that this charge
cluster in the C-linker plays a more important functional role in
ATP inhibition compared with Arg-206. We also analyzed these
effects with individual point mutations on the F168E background.
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FIGURE 9. Schematic illustrating ATP binding and gating kinetics of Kir6.
2[F168E] channels with slide helix mutations. A, Kir6.2[F168E] channels
have an intact ATP binding site and coupling mechanism between the CTD
and TMD, enabling ATP-dependent inhibition and slow voltage-dependent
kinetics. B, 149A or R50A mutations disrupt the ATP binding site without
affecting the coupling mechanism between CTD and TMD domains, resulting
in loss of ATP insensitivity but persistence of slow voltage-dependent kinet-
ics. C, the D58A mutation disrupts the aspartate anchor coupling element
between the CTD and TMD. This prevents transduction of ATP binding to the
channel gate (resulting in ATP insensitivity) together with fast voltage-de-
pendent gating.

On the basis of these assays, we attributed the loss of ATP sensi-
tivity of the triple mutant almost entirely to the R177A mutation
because both H175A and R176A channels were well inhibited
by ATP (Fig. 10D). Kir6.2[F168E][H175A][R176A][R177A]
channels exhibited accelerated gating kinetics, although again
not as rapid as the Asp-58 mutants (Fig. 10E). Both R176A and
R177A individual mutations (on the F168E background) exhib-
ited accelerated gating kinetics, whereas H175A had minimal
effects (Fig. 10E).

Opverall, these findings indicate that the effects of mutating
the essential Asp-58 position cannot be replicated by a single
structurally rationalized CTD/C-linker residue, suggesting that
Asp-58 interactions with the CTD may be more complex than a
salt bridge interaction with a single residue (see “Discussion”).
Nevertheless, within the cluster of positively charged residues
at the domain interface, Arg-177 stands out as an important
determinant of ATP sensitivity.

DISCUSSION

Inwardly rectifying potassium channels translate metabolic
and signaling pathways into changes in membrane voltage. This
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function relies on transduction of ligand binding from the cyto-
plasmic domain to changes in the stability of the channel gate in
the transmembrane domain. Despite diversity in the signaling
molecules that regulate various Kir channels (52), conservation
of domain architecture and primary sequence suggests that
aspects of channel gating will be similar among different Kirs.
Thus, we hope that our findings will provide insights that trans-
late to ligand-dependent gating mechanisms in other Kir chan-
nels, such as GBvy regulation of G protein-coupled inwardly
rectifying potassium channels.

In this study, we developed a novel forced gating approach to
systematically evaluate the functional importance of each
Kir6.2 slide helix residue and other residues in the TMD-CTD
interface. In considering this forced gating approach, we high-
light several important features of F168E relative to WT Kir6.2
(14). Firstly, the F168E mutation imparts pH sensitivity and
enables forced opening of channels (allowing rescue of loss-of-
function mutants). Secondly, Kir6.2[F168E] channels exhibit an
intrinsic voltage dependence by a mechanism that remains
unclear. Most importantly, the Kir6.2[F168E] ATP IC, is quite
close to WT Kir6.2 (Fig. 4D), unlike rescue mechanisms
described previously that employ Cys-166 mutations (with an
IC,, of 5-10 mm) (39). In this regard, it is clear that a robust
mechanism for ATP inhibition persists in Kir6.2[F168E] chan-
nels. Consistent with this conservation of the ATP inhibition
mechanism in Kir6.2[F168E] channels, mutations of numerous
residues known to affect ATP sensitivity in WT channels (e.g.
Ile-49, Arg-50, GIn-52, Gly-53, Val-59, Phe-60, and Tyr-62)
(9,10) also diminish ATP sensitivity on the F168E background.

Non-equivalence of Loss Of Function Mutations—Our find-
ings highlight positions that are highly intolerant of mutation
and would be impossible to characterize without a functional
rescue approach. From the perspective of a genetic disease
mechanism, loss-of-function K, ., mutants are expected to
cause similar phenotypes (12). However, when considering
detailed mechanisms of channel function, these data highlight
previously untestable features because they distinguish func-
tional differences between loss-of-function mutations, particu-
larly in terms of contributions to ligand-dependent gating. For
instance, although residue Asp-58 is essential and intimately
involved in the CTD-TMD transduction of ATP binding, other
positions (despite being essential for functional expression),
appear to be less involved in interdomain communication (e.g.
Phe-55, Tyr-61, and Asp-65 mutants all retain significant ATP
sensitivity, Fig. 5). We were also surprised to observe large
effects on ATP sensitivity clustered to a very small subset of
slide helix residues. Mutations that perturb ATP sensitivity
have been identified at numerous slide helix positions in
patients with neonatal diabetes (10). However, our rescue and
functional screen highlight that many of these disease-causing
mutations (although clearly severe from a physiological per-
spective) are not especially severe perturbations of interdomain
communication relative to mutations of Asp-58.

Paradoxical Effects of Asp-58 Mutations—It is noteworthy
that Asp-58 mutations exhibit complete loss of function (P, of
zero) despite being essentially insensitive to ATP. This might be
considered paradoxical because ATP insensitivity is normally
associated with channel gain of function (high P,) (9, 53). How-
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FIGURE 10. Functional assessment of potential Asp-58 interaction partners. A, structural model of the TMD-CTD interacting surface in Kir6.2 channels
based on the Kir3.2 structure. B, multiple potential interface residues (His-175, Arg-176, Arg-177, Arg-206, and Lys-207) near Asp-58 were assessed in combi-
nation or individually by Rb* efflux. C, continuous inside-out patch clamp recordings at —50mV for CosM6 cells expressing Kir6.2[F168E] with mutations of
cytoplasmic domain residues as indicated (all coexpressed with SUR1). D, IC,, for ATP inhibition of mutant channels was determined using the F168E mutation
to rescue loss-of-function mutations. The R177A mutation dramatically weakens ATP inhibition. E, gating kinetics of multiple interface residues expressed on
the Kir6.2[F168E] background. In each panel, ANOVA followed by a Dunnett’s post hoc test were used for comparisons to WT Kir6.2 or Kir6.2[F168E] channels

(A, inset). *, p < 0.05 relative to control.

ever, in the case of position Asp-58, we suspect that this appar-
ent paradox relates to its essential function at the domain inter-
face for both ATP sensitivity and functional expression.
Consistent with this essential role for Asp-58 in channel func-
tional expression, a previous study has demonstrated interac-
tions between slide helix residues and the CTD in Kir2.1 and
their disruption by certain Andersen syndrome (loss of Kir2.1
function) mutations (51). These findings highlight a generally
important role for CTD-TMD interactions in functional chan-
nel expression (including an essential role for Kir2.1 residue
Asp-71, equivalent to Kir6.2 Asp-58). However, these experi-
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ments could not distinguish relative contributions of different
slide helix residues to the channel gating mechanism because
no functional recordings were possible from loss-of-function
mutant channels. Our study overcomes this experimental dif-
ficulty and identifies a subset of residues at the Kir channel
domain interface that are essential for both channel activity and
appropriate transduction of ligand-dependent gating.
Stringency and Sensitivity of the TMD-CTD Interface—The
demonstration of the essential role for the Asp-58 position adds
important functional context to recently reported structures of
Kir2.2 and Kir3.2 (15, 16). These structures suggest that the
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Asp-58 equivalent residue closely approaches a nearby arginine
in the BC-BD loop (Kir6.2 residue Arg-206), possibly forming a
salt bridge. However, our functional results indicate that this is
likely not the only important interaction in this vicinity because
neutralization of Arg-206 (and/or its neighbor Lys-207) has lit-
tle effect on ATP sensitivity, except for the severe charge
reversing R206D mutation. In addition, neutralization of Arg-
177 had the most significant effect on ATP sensitivity of the
charged CTD residues tested, although no crystal structures to
date have suggested a salt bridge between Asp-58 and Arg-177.
In recent G protein-coupled inwardly rectifying potassium
channel structures, the Arg-177 equivalent side chain closely
approaches residue Asp-204, suggesting an additional interac-
tion in this interfacial region by which Arg-177 mutations could
exert their effects. Lastly, residue Asp-58 lies at a slide helix kink
that was not apparent in prokaryotic Kir channel structures but
has emerged in the most recent Kir2.2 and Kir3.2 structures.
The functional significance of this kink is not yet known, nor
have we been able assess whether Asp-58 mutations disrupt the
kink. Overall, our approach highlights a subset of mutation-
intolerant residues (particularly Asp-58 and Arg-177) as previ-
ously unrecognized contributors to ATP-dependent inhibition.
However, their specific interactions with nearby charged resi-
dues remain undefined.

As described above, recent Kir structures suggest numerous
close contacts of charged side chains, raising many possibilities
for functionally relevant salt bridge interactions. However,
we must clarify that these hypothetical contacts have been
difficult to convincingly demonstrate experimentally. Mul-
tiple approaches, including targeted metal bridges and com-
plimentary charge reversal mutations (e.g. [D58R][R206D]
and [D58R][R177D]), have been attempted in our laboratory.
However, none of these manipulations regenerate W'T channel
function (data not shown). We suspect that this may be due in
large part to the extreme stringency of position Asp-58. Recall
that even a highly conservative D58E mutation could not reca-
pitulate WT channel function (Fig. 8). Thus, it is perhaps not
surprising that other manipulations of this region also severely
perturb channel function and ATP sensitivity. At present, our
approach enables characterization of functional contributions
of individual residues in the TMD-CTD interface. However,
further investigation of potential state-dependent contacts
between residues in this region will be required to identify
dynamic changes that underlie interdomain communication of
ATP binding.

Conclusions—A forced gating approach has yielded novel
insights into the ATP-dependent gating mechanism of Kir6.2
by identifying unique functional contributions of residues that
are highly sensitive to mutation. Our findings reveal that a
highly conserved slide helix aspartate plays a central role in the
transmission of ligand binding to the channel gate. Addition-
ally, Arg-177 in the TMD-CTD interface is highlighted as an
essential residue for ATP-dependent gating. Lastly, the F168E
forced gating rescue mechanism has worked very efficiently,
enabling rescue of every loss-of-function mutation we tested.
We anticipate that this will be a useful tool to probe other chan-
nel motifs that are particularly sensitive to mutation, such as the
cytoplasmic “G loop.”
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