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Ion channels gate at membrane-embedded domains by
changing their conformation along the ion conduction pathway.
Inward rectifier K* (Kir) channels possess a unique extramem-
brane cytoplasmic domain that extends this pathway. However,
the relevance and contribution of this domain to ion permeation
remain unclear. By qualitative x-ray crystallographic analysis,
we found that the pore in the cytoplasmic domain of Kir3.2
binds cations in a valency-dependent manner and does not allow
the displacement of Mg>* by monovalent cations or spermine.
Electrophysiological analyses revealed that the cytoplasmic
pore of Kir3.2 selectively binds positively charged molecules and
has a higher affinity for Mg>* when it has a low probability of
being open. The selective blocking of chemical modification of
the side chain of pore-facing residues by Mg>* indicates that the
mode of binding of Mg?™ is likely to be similar to that observed
in the crystal structure. These results indicate that the Kir3.2
crystal structure has a closed conformation with a negative elec-
trostatic field potential at the cytoplasmic pore, the potential of
which may be controlled by conformational changes in the cyto-
plasmic domain to regulate ion diffusion along the pore.

Ion channel pores permit the passage of ions through cell
membranes. Their opening and closing (gating) process is con-
trolled by various physiological stimuli, such as the membrane
electric field and the extracellular or intracellular ligands. Thus,
gating is fundamental to the biological functions of ion chan-
nels. Structural analyses of K™ channels have revealed the pres-
ence of strong structural similarities in their membrane-em-
bedded domains, each of which contains an ion conduction
pathway at the center of an assembly of four individual subunits
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(1-4). These analyses have also confirmed the existence of
physical constraints on ion conduction at a bundle crossing
exerted by inner helices near the cytoplasm and a selectivity
filter near the extracellular vestibule (2—5). These constraints
are reported to function as an activation gating not only of
various K™ channels (6 —8), but also of cyclic nucleotide-gated
ion channels (9, 10). Changes in the conformation of structural
elements along the ion conduction pathway are therefore cru-
cial in terms of controlling the passage of ions.

Inward rectifier K™ (Kir)® channels possess an extensive
cytoplasmic domain (3, 11) that harbors binding sites for vari-
ous channel regulators (see Fig. 14) (12-14). Association with
activators shifts the conformational equilibrium in the domain,
leading to restructuring of the transmembrane domain to
achieve control of gating (13—15). At the four-fold symmetry
axis of the cytoplasmic domain, there is an ion conduction
pathway that can be as long as that of the transmembrane
domain (3, 11). Crystallographic studies have revealed that
although all the Kir channel structures have constraints on ion
diffusion through the pore in the transmembrane domain, the
cytoplasmic pores are filled with water, and some can accom-
modate hydrated cations (3, 16 —19). Furthermore, intracellular
chemical modifiers or cations can enter the central cavity of the
transmembrane domain of some Kir channels even when these
channels are in their closed states (20, 21). On the other hand,
structural analyses of the bacterial homologue Kir channel Kir-
Bac3.1 raised the possibility that the cytoplasmic pore might be
capable of changing its diameter (18, 22, 23). Clearly, the man-
ner in which the structure of the cytoplasmic pore affects the
conduction of ions is still a matter of debate.

Here, we report on our crystallographic and electrophysi-
ological analyses of the interactions of cations with the Kir
channel subunit Kir3.2. On the basis of our results, we propose
that the Kir3.2 cytoplasmic domain undergoes a conforma-
tional change that is potentially linked to the alteration of the
strength of the negative electrostatic field potential at its pore.
This potential change in conformation of the cytoplasmic
domain raises the possibility that the pore makes a critical con-
tribution to the regulation of ion diffusion, although it is located
outside the electric field of the membrane.

3 The abbreviations used are: Kir, inward rectifier K*; PIP,, phosphatidylinosi-
tol 4,5-bisphosphate; MTS, methanethiosulfonate; MTSES, (2-sulfonato-
ethyl) methanethiosulfonate; MTSET, [2-(trimethylammonium)ethyl] meth-
anethiosulfonate.
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FIGURE 1. The cytoplasmic pore of Kir3.2. A, domain topology of Kir channels. The Kir channel consists of transmembrane and cytoplasmic domains. The ion
conduction pathway is located at the center of a tetrameric assembly. The residues that are involved in interactions between the cytoplasmic domains and
cations are indicated. B, distribution of the electron density peaks in Kir3.2. A ribbon representation of the cytoplasmic domain of Kir3.2 is presented together
with the F, — F_ion omit map contoured at 5.0 ¢. The front subunit is omitted for clarity. C, an enlarged side view of the region around the strong electron
density peak. The model is shown as sticks with the composite 2F, — F, map contoured at 1.5 . The Mg®* ion is shown as a green sphere.

EXPERIMENTAL PROCEDURES

X-ray Diffraction Measurements and Structural Analyses—
The cytoplasmic domain of mouse Kir3.2 is a direct concatemer
of its N and C termini. The protein was purified and crystallized
in the absence of Na™, as reported previously (24, 25). After the
growth of the crystals was stopped, a solution containing the
test cation (2 ul) was mixed with the crystallization solution (2
wl), and then half the mixture was removed. These steps were
repeated more than 15 times until the original Mg>" concen-
tration was reduced to less than 10 um. The replacement solu-
tions contained 10 mm Tris-HCI, pH 8.0, 10% (w/v) sucrose, 5
mM 2-mercaptoethanol, 150 mm KCl, 10% (v/v) ethanol, and
25% (v/v) glycerol; to this we added 10 mm BaCl,, 10 mm BaCl,
plus 10 mm MgCl,, 10 mm BaCl, plus 10 mMm spermine, 10 mm
GdCl;, 10 mm GAClI,; plus 10 mm MgCl,, or 10 mm praseodym-
ium acetate (Pr(OAc),). In the case of cesium, we added 200 mm
CsCl instead of KCl and MgCl,. When the solution had been
replaced, the crystals were mounted on nylon pins and
immersed directly in liquefied nitrogen. All procedures were
carried out at 4 °C.

The main data were collected at the BL44XU beam line at the
SPring-8 synchrotron radiation facility (Hyogo Prefecture,
Japan), whereas preliminary data were collected at the 13B1
beam line at the National Synchrotron Radiation Research
Center in Taiwan. The data were indexed and scaled by using
the HKL2000 suite (26). The initial phase was determined by
molecular replacement using the coordinates of the cytoplas-
mic domain of Kir3.2 (Protein Data Bank (PDB) code: 3AGW)
(25). Model refinement was carried out with programs in the
CCP4i suite (27) and the graphics program Coot (28). The loca-
tion of the replacement cations was defined by using their
anomalous Fourier maps. The F, — F, ion omit maps were
calculated from the refined Kir3.2 structures without cations.
The statistics of the crystallographic analyses are presented in
Table 1. The illustrations of the structures were prepared by
using PyMOL (53).

Electrophysiological Analyses—The cDNA of mouse Kir3.2d
(29) was subcloned into the expression vector pcDNA3 (Invit-
rogen) and transfected with porcine m,-muscarinic receptor
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into HEK293T cells by using Lipofectamine reagent (Invitro-
gen). Point mutations were introduced by using a QuikChange
site-directed mutagenesis kit (Stratagene; La Jolla, CA), and
their presence was confirmed by direct DNA sequencing. In the
cysteine-free mutant (C1234), cysteine residues at positions 65,
190, 221, and 321 were replaced by valine, serine, threonine,
and valine residues, respectively (30). Inward Kir currents were
recorded at a holding potential of —100 mV in excised inside-
out patches by using a patch clamp amplifier (Axopatch 2004,
Axon Instruments; Grand Terrace, CA). The current was sub-
jected to low pass filtering at 1 kHz and digitized at 10 kHz.
Glass pipettes had resistances of 2.5-3.5 megaohms when filled
with the pipette solution. The pipette solution contained 135
mwm KCl, 1 mm CaCl,, 1.6 mm MgCl,, 5 mm HEPES, and 5 um
acetylcholine. The bath solution consisted of 135 mm KCl, 5 mm
EGTA, 2 mm MgCl,, and 5 mm HEPES (pH 7.35 adjusted by
KOH). ATP was added to the bath solution to produce phos-
phatidylinositol 4,5-bisphosphate (PIP,) at the inner leaflet of
the patch membrane. N,N,N-Trimethylethanaminium meth-
anesulfonothioate (MTSET) and 2-sulfonatoethyl methanesul-
fonothioate (MTSES) (Anatrace Inc.; Maumee, OH) were dis-
solved in water at 0.1 M and stored at —20 °C until use. Solutions
containing 2 mM K,ATP were freshly prepared each day. The
pH of each of the solutions was adjusted to 7.35 with KOH
before the experiments. Because the perfusion of NaCl did not
shift the zero current level in the presence of 10 um CdCl, (30),
NaCl was added to the bath solution without compensating for
changes in osmolarity and ionic strength. All experiments were
performed at ambient temperature (23-25 °C). The data are
expressed as mean values * S.E. Statistical analyses were per-
formed by using Student’s  test.

RESULTS

In the crystal structure of the cytoplasmic domain of Kir3.2
prepared in the absence of Na* (PDB ID 3AGW) (25), we found
a strong positive peak in the electron density map in the cyto-
plasmic pore that could not be accounted for by protein (Fig.
1B). The electron density peak is caged by the side chains of
Glu-236 and Met-313 that project into the cytoplasmic pore
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TABLE 1
Summary of x-ray diffraction data for the cytoplasmic domain of Kir3.2 soaked in solutions containing various cations
10 mm Ba?*
10 mm Ba?* plus 10 mm 10 mm Gd>*
Cations 10 mm Ba?* plus 10 mm Mg?* spermine 10 mm Gd>* plus 10 mm Mg>* 10 mm Pr3* 200 mm Cs™
Data collection statistics
Space group 1422 1422 1422 1422 1422 1422 1422
Unit cell dimensions a=b=81833A, a=b=81771A, a=b=81691A, a=b=82373A, a=b=82166A, a=b=82775A, a=b=8L7324A,
c=172.463 A c=172274 A c=172429 A c=172.810 A ¢ =172.045 A c=172.894 A c=172.125A
No. per a.u.” 1 1 1 1 1 1 1
Lambda (A) 1.6000 1.6000 1.6000 1.46 1.46 1.6 1.5
d min (A) 3.3 33 35 35 3.0 3.2 2.95
Total observations 108,575 114,340 104,396 104,372 176,319 137.769 338,695
Unique observations 4,084 4,009 3,436 3,241 5,600 4,575 5,985
Rmerge (%)b" 17.2 (61.4) 18.1 (60.4) 16.3 (56.4) 17.2 (84.6) 17.0 (71.0) 15.0 (60.3) 11.8 (55.8)
Completeness® 99.0 (91.1) 99.2 (93.0) 100 (99.7) 99.9 (99.0) 99.4.(95.6) 99.6 (96.0) 99.9 (99.5)
I/o)F 17.7 (2.2) 18.4(2.5) 23.5(5.3) 23.0(3.1) 22.8 (2,6) 21.2 (3.0) 48.4 (5.9)
Redundancy® 23.2 (8.1) 24.5 (10.5) 26.1(17.9) 26.0 (16.2) 28.4(10.1) 26.3 (10.7) 52.3(31.1)
Refinement statistics

Resolution (A) 30.0-3.3 30.0-3.3 30.0-3.5 30.0-3.5 30.0-3.0 30.0-3.2 30.0-2.95
Riyonic (%)% 24.2 23.1 22.1 304 25.3 26.7 223
Riyee (%)° 28.6 26.9 28.0 34.6 28.3 324 28.1
No. of protein atoms 1,574 1,574 1,574 1,574 1,574 1,574 1,552
No. of cations/EtOH/waters 1/0/0 1/0/0 1/0/0 2/0/0 1/0/0 3/0/0 3/2/13
Average B value

Overall 81.8 74.0 83.5 43.5 74.4 69.0 44.7

Main 81.4 73.9 83.2 41.7 74.0 68.6 44.3

Side chain/ion/EtOH/water ~ 82.1 74.1 83.8 43.8 74.9 69.4 45.2
r.m.s/ deviation

Bonds (A) 0.010 0.010 0.011 0.012 0.012 0.012 0.012

Angles (°) 1.20 1.19 1.22 1.22 1.35 1.27 1.31
Ramachandran plot® 84.0/16.0/0/0 84.0/16.0/0/0 84.6/15.4/0/0 85.1/14.9/0/0 86.9/13.1/0/0 87.4/12.0/0.6/0 84.9/15.1/0/0

“ Number of protein molecules per asymmetric unit (a.u.).
b Rierge = ShSH(|F(h)| — [(I(h))|)/=" = I(h), where I'(h) is the observed intensity and (I (h)) is the mean intensity observed from multiple measurements.

¢ Values in parentheses define the resolution range at the highest shell of data.

4 Ryork = 2 ||IF,| = |FJ/Z |F,|, where F, and F, denote observed and calculated structure factors, respectively.

¢ Over 500 reflections were set aside for the calculation of the R, value.

/r.m.s., root mean square.

¢ The percentage of amino acids distributed in most favored/allowed/generous/disallowed regions of Ramachandran plot.

from each of the four subunits (Fig. 1C). The position of the
peak is similar to that of one of the Na™-binding sites in the
Kir3.1/S225E mutant cytoplasmic domain (31), and it is close to
that of the binding site for various cations in the full-length
chicken Kir2.2 channel (17). These results suggest that the elec-
tron density peak corresponds to a cation. The cation is 4.4 A
from the carboxyl oxygen of Glu-236 and 4.5 A from the sulfur
atom of Met-313. Because these distances are much greater
than the ionic radius of any cation, the interaction appears to be
mediated by water molecules. To identify the cation that is
responsible for the electron density peak, we steeped the crys-
tals in crystallization solutions containing various cations, and
then we detected the positions of the cations in the crystal
structure by means of their anomalous difference signals. No
anomalous signal could be observed at this position in the
native crystals at wavelengths of 0.815, 0.900, 1.000, 1.500, or
1.600 A. Therefore, anomalous signals from the crystals are
likely to have arisen from cations in the replacement solution
and not from trace heavy atom contamination during expres-
sion, purification, or crystallization of the protein. The crystal
structures of the Kir3.2 cytoplasmic domain with various
bound cations are similar to that of the native form; the root
mean square deviations of the overall backbone Ca positions
are less than 0.32 A, and those of the Ca positions of Glu-236
and Met-313 in diagonal subunits are less than 0.7 A. These
values are within limits of error of structural models built on
the basis of electron density maps of modest resolution. The
data collection and refinement statistics are summarized in
Table 1.

asEve
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Interactions between Divalent and Trivalent Cations and the
Cytoplasmic Pore—Ba®" can block the outward flow of K*
from the intracellular side, as does Mg2+ (20, 32). When crys-
tals were steeped in a Mg>" -free 10 mm solution of Ba*>*, a peak
for the Ba>*-derived anomalous difference signal and a positive
peak in the F, — F,ion omit map were detected in the cytoplas-
mic pore (Fig. 24). The position of Ba®>* is equivalent to that of
the electron density peak in the native crystal form, strongly
suggesting that the electron density peak in the cytoplasmic
pore in the native form corresponds to a cation. The calculated
density of the peak of the Ba*>*-derived anomalous signal was
6.62 X 102 electrons/A> (e/A®), but this value decreased to
3.83 X 10~ %e/A®in the presence of an equimolar concentration
of Mg>" (Fig. 2B). In addition to decreasing the strength of the
anomalous signal peak for Ba>", Mg>* also reduced the area
and the peak height in the F, — F, ion omit map. Because Ba>"
has a greater x-ray scattering power than does Mg>", binding of
Ba”>™ to the cytoplasmic pore appears to compete with binding
of Mg®". The distribution of Ba>* in the cytoplasmic pore
extends to the area surrounded by the carboxyl groups of the
Glu-236 moieties in each of the four subunits. Two Ba®>* ions
cannot be present at this site because the distance between
them would be about 1 A, a distance that is too small to accom-
modate the electrical repulsion between the ions. Therefore,
Ba>" appears to position itself over a greater proportion of the
cytoplasmic pore than does Mg>™".

Spermine (N,N’-bis(3-aminopropyl)butane-1,4-diamine) is
an endogenous substance that also causes inward rectification
by Kir channels (33). We tested the effects of spermine on bind-
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FIGURE 2. Interactions of Ba>* with the cytoplasmic domain of Kir3.2. A, the crystal of the Kir3.2 cytoplasmic domain was steeped in a Mg?* -free solution
that contained 10 mm Ba™. B and C, other crystals were soaked in the same solution with the addition of either 10 mm Mg?" (B) or 10 mm spermine (C). The
anomalous signals of Ba>* (purple mesh contoured at 4.0 o) and the F, — F.ion omit map (green mesh contoured at 5.0 ) at the cation-binding site are shown
with ribbons representing two diagonally symmetric subunits and sticks representing Glu-236 and Met-313.
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FIGURE 3. Interaction of trivalent cations with the Kir3.2 cytoplasmic domain. A-C, these anomalous difference maps (purple) and F, — F_ion omit maps
(green) were obtained from crystals soaked in solutions containing 10 mm Gd** (A), 10 mm Gd®** and 10 mm Mg?" (B), or 10 mm Pr3* (C). The anomalous maps
are contoured at 7.5 o for A and B and at 9.0 o for C. The contour level for the F, — F_ion omit maps is 9.0 o.
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FIGURE 4. Interaction of the monovalent cation Cs™ with the cytoplasmic
domain of Kir3.2. The anomalous difference map (purple mesh contoured at
6.0 o) and the F, — F_ion omit map (green mesh contoured at 5.0 o) were
obtained from a crystal soaked in a solution free of Mg?* and K* that con-
tained 200 mm Cs*. The two diagonally symmetric subunits (A and C) of Glu-
236, Tyr-266, and Met-313 are shown as ribbons, and the side chains are
shown as sticks. See also supplemental Fig. S1.

ing of Ba>" to the cytoplasmic pore (Fig. 2C). In the presence of
spermine, the density of the Ba>"-derived anomalous signal
was 6.44 X 1072 e/A%, a value that is comparable with that
found in the absence of competitors. This shows that spermine
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does not compete with Ba®". Although spermine has a valency
of +4 at physiological pH values, each charge has a monovalent
character, suggesting that binding of cations to the cytoplasmic
domain may depend on the valency of the positively charged
moiety.

Next, we examined the binding of the trivalent cations Gd**
and Pr’* to the cytoplasmic pore. Both cations were found near
the positive electron density peak seen in the native form (Fig. 3,
A and C). However, their position was shifted by 0.9 A toward
the cytoplasm, although it remained within the extended area
that can be occupied by Ba®>" (Fig. 24). The inclusion of Mg>"
reduced the heights of both the F, — F, positive and the Gd** -
derived anomalous signal peaks, indicating the presence of
competitive binding (Fig. 3B). These results suggest that multi-
valent cations interact with a site in the cytoplasmic pore of
Kir3.2 and that their physical properties lead to minute differ-
ences in their localization within the pore.

Interaction of Monovalent Cations with the Cytoplasmic Pore—
We tested whether monovalent cations associate with the cat-
ion-binding site in the Kir3.2 cytoplasmic pore. When crystals
were soaked in a 200 muM solution of Cs™ that was free of Mg>*
and K™, two obvious anomalous signal peaks were observed in
the cytoplasmic pore (Fig. 4). The first Cs™* was located near the
multivalent cation-binding site described above; at this site,
Cs™ is docked in an anionic environment that is surrounded by
the carboxyl oxygen atoms of Glu-236 and Glu-311, the
hydroxy oxygen atom of Ser-238, and the carboxyl oxygen atom
of Glu-236 in the adjacent subunit (supplemental Fig. S1C). The
second Cs™ was located at the cytoplasmic entrance of the pore
and was surrounded by Tyr-266 (supplemental Fig. S1D). Tyr-
266 interacted extensively with Cs™, and the distance between
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the Cs* ion and the phenyl ring was 3.8 A. The distance
between the two Cs* ions was 3.9 A. In contrast to the obvious
anomalous signal of Cs™, the temperature factors of the first
and second Cs™ ions were 143.3 and 159.7, respectively, and the
average temperature factors of atoms involved in the interac-
tion with the first and second Cs* ions were 39.5 and 44.5,
respectively, suggesting low occupancies. Because Cs™ has a
lower hydration energy (—71 kcal mol™') and a larger ionic
radius (1.69 A) than does K™ (=105 kcal mol™" and 1.33 A,
respectively), we tested the distribution of Rb ™, which can per-
meate through Kir channels (supplemental Fig. S1A). The
occupancy of Rb™ was also low, but its anomalous signal was
detectable at the first Cs*-binding site. Therefore, the position
of monovalent cations in the cytoplasmic pore is dependent on
the valency of the cation but independent of its physical
characteristics.

Although a positive electron density peak in the F, — F, ion
omit map was detected at the cation-binding site, anomalous
signals for only Cs™ (Fig. 4) or Rb* (supplemental Fig. S14)
were observed at this site. As a consequence of the serial
replacement of solutions, the concentrations of Mg>* and K™
were expected to be below 10 um. The monovalent cation (Cs™
or Rb™; 200 mm) was therefore the dominant cation in the cor-
responding crystal. Because Mg®" competes with multivalent
cations in binding to the cation-binding site in the presence
of 150 mm K™ (Figs. 2 and 3), it is likely that the affinity of
monovalent cations for the site is less than that of Mg®" and
that the strong electron density peak at the cytoplasmic pore
in the native Kir3.2 crystal can be considered to arise from
Mg>™" (Fig. 1). This is consistent with the observation that
the tetraamine spermine has no effect on binding of Ba>"
to the cation-binding site (Fig. 2C), thereby strongly sup-
porting the idea that binding is dependent on the valency of
the charged moiety of the cation.

Chemical Modification of the Side Chain of Amino Acids Fac-
ing the Cytoplasmic Pore—Next we tried to determine how the
mode of Mg>* binding couples with functional states of the G
protein-gated Kir channels. We generated a cysteine-free
mutant (C1234) in which the four cysteine residues that are
potentially exposed to the cytoplasm were replaced (30). These
residues were as follows: Cys-65 in the N-terminal portion of
the cytoplasmic domain, Cys-190 in the second transmem-
brane helix, and Cys-221 and Cys-321 in the BC and Bl strands,
respectively, of the C-terminal portion of the cytoplasmic
domain. We then introduced a cysteine at either Glu-236 or
Met-313 (designated E236C/C1234 and M313C/C1234,
respectively) to test the accessibility of this position to solvent
from the intracellular side by means of covalent modification
with two differently charged thiol reagents: positively charged
MTSET or negatively charged MTSES (Fig. 54).

In the presence of Na™* (100 mm), which leads to activation of
the channel, sulfthydryl modifiers applied to the internal surface
of excised inside-out patches rapidly inhibited Kir3.2 wild-type
(WT) activity, as shown in Fig. 54, where the Kir3.2 channel
activity was irreversibly blocked by MTSET (Fig. 54, panel a) or
by MTSES (Fig. 54, panel b) at a concentration of 0.5 mm (30,
34, 35). The similar time courses of inhibition by these MTS
reagents implied that the modification was apparently insensi-
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tive to the charge on the compound. The C1234 mutant was
functional and apparently insensitive to internal MTSET and
MTSES (0.5 mm) (Fig. 5B). However, the perfusion of these thiol
modifiers slightly, but reversibly, reduced the activity of the
C1234 mutant, suggesting that they caused nonspecific and
noncovalent modifications. Introduction of an additional cys-
teine residue rendered the resulting E236C/C1234 and M313C/
C1234 mutants sensitive to MTSET (Fig. 5, C, panels a and b).
However, negatively charged MTSES (0.5 mm) had almost no
effects on the activity of the E236C/C1234 mutant (Fig. 5C,
panel a) and slowly decreased the activity of the M313C/C1234
mutant (Fig. 5C, panel b). Although it is not clear why MTSES
can access the side chain at position 313, which is located
deeper from the cytoplasm than that at position 236, this result
suggested that the cytoplasmic pore could be a selective barrier
for charged molecules, through preferential binding of posi-
tively charged molecules to negatively charged ones. The
decrease in current amplitude resulting from modification by
the MTS reagents is presumably a direct result of physical con-
straints on ionic flow in the cytoplasmic pore and/or an indirect
result of perturbational conformational changes that lead to
channel opening. In these two channels, inhibition by MTSET
occurred with a monoexponential time course. MTSET atten-
uated E236C/C1234 mutant currents (time constant: 33 = 4 s,
n = 10) and M313C/C1234 mutant channel currents (36 = 2s,
n = 9) with comparable time constants.

Because the bath solution contained 2 mm Mg2+, we tried
to chelate Mg>" in the solution by adding EDTA (10 mm) to
reduce the effect of Mg2+ on the thiol modification (Fig. 6, A,
panel a and B, panel a). Chelation of Mg>" enhanced the
activity of E236C/C1234 and M313C/C1234 mutants, and a
high concentration of Mg>* (10 mm) tended to attenuate the
activity of both mutants (Fig. 6, A, panel b and B, panel b).
Because not only these mutants, but also Kir3.2 WT and
other mutants, showed a similar sensitivity to Mg®* in the
presence and the absence of channel activator (Figs. 6 and 7),
Mg>™ appears to modulate Kir3.2 activity at millimolar con-
centrations. At a low concentration of Mg>* (0.6 um) (Fig. 6,
A, panel a and B, panel a), MTSET blocked the currents of
the E236C/C1234 mutant (35 * 3 s, # = 4) and the M313C/
C1234 mutant (33 = 1 s, n = 3). Because these time courses
of channel blocking by MTSET were similar to those without
the Mg? chelation, it appeared that the functional Kir3.2
channel may possess a reduced sensitivity to Mg®" at the
cytoplasmic pore.

Next, we tested the effect of Mg”" at 10 mm on the MTSET
modification by supplementing the bath solution with 8 mm
Mg>" (Fig. 6, A, panel b and B, panel b). Although the modifi-
cation rate for the E236C/C1234 mutant (35 * 2 s, # = 4) was
similar to that in a low concentration of Mg>", the rate for the
M313C/C1234 mutant (57 = 7 s, n = 3) was slower in the
presence of Mg”>" than that of the control (p = 0.04). This
suggested that the chemical modification of the side chain from
the intracellular side at position 313, but not at 236, could be
prevented by Mg®" at 10 mm.

Mg®" Interacts with Kir3.2 Cytoplasmic Domain in a Closed
State—Because homomeric Kir3.2 produces a spiky channel
with short open times (<0.5 ms) (13), it is unclear whether
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FIGURE 5. Internal accessibility of the sulfhydryl modifiers to residues facing the cytoplasmic pore of Kir3.2 channels in the presence of channel
activator. Inside-out membrane patches (//0) were obtained from HEK293T cells expressing either Kir3.2 WT or mutant channels. Experiments were conducted
in symmetric 135 mmK™ solutions with a holding potential of —100 mV. The protocol of perfusion of substances to the intracellular side of the patch membrane
is indicated by bars above the current traces. A, the WT channel activated by ATP and Na™ was irreversibly blocked by positively charged MTSET (panel a) or
negatively charged MTSES (panel b) at concentrations of 0.5 mm. B, the C1234 mutant with substitution of cysteines at positions 65, 190, 221, and 321 by valine,
serine, threonine, and valine, respectively, was apparently insensitive to MTSET and MTSES in the presence of Na™. C, the introduction of cysteine into the
C1234 mutants at either Glu-236 (E236C/C1234) or Met-313 (M313C/C1234) restored sensitivity to MTSET. However, the E236C/C1234 mutant was almost
insensitive to MTSES (0.5 mm), and the M313C/C1234 mutant was less sensitive to it. In the patch current records, the arrowheads indicate the zero current
levels, and arrows (I/0) indicate when the patch was excised.

Mg>" protection of the side chain at position 313 by MTSET
modification is dependent on the existence of an open or closed
state. To address this point, we tried to assess the effect of the
modification on the closed state by comparing the current
amplitudes elicited by Na™ before and after the application of
MTSET. The replacement of four cysteine residues gave a
mutant whose current amplitude ran down with a variable rate
and to a variable extent. However, the mutant channels in some
patches did not exhibit a decline in the current. This made it
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difficult to assess the state dependence of the modification by
using the mutants.

The activation of G-protein-gated Kir channels is triggered
by the associations of GBy and Na™, leading to an increase in
affinity to PIP, (36-38). The WT channel can, therefore, be
slightly activated by the perfusion of PIP, or by ATP, which
generates PIP, at the inner leaflet of the excised patch mem-
brane. The current amplitude would be less than 0.1% of that
produced by 100 mm Na™ (Fig. 5A4) (25). The activation of the
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FIGURE 6. The effect of Mg>* on MTSET modification of Kir3.2 channel mutants in the presence of channel activator. A and B, to examine the effects of
Mg?* on MTSET modification (0.5 mm) for E236C/C1234 (A, panel a) and M313C/C1234 mutants (B, panel a), EDTA (10 mm) was perfused to reduce the Mg>"
concentration to about 0.6 um. By adding Mg?™ to the bath solution, the effect of high concentration of Mg?* (10 mm) was also tested for E236C/C1234 (A, panel
b) and M313C/C1234 mutants (B, panel b). I/0, inside-out membrane patches. C, quantitative comparison of current modification by MTSET. Averaged current
modification time constants for MTSET with two mutants in two different concentrations of Mg?* are shown. The time constant (in seconds) was calculated
by the following equation: /(t) = /..., X (1 — exp(—t/7))+A, where I(t) and /,,,., are the respective relative and maximal current amplitudes (pA), tis the time (in

seconds), and A is a constant value (pA). Error bars are S.E.

channels is thought to be based on an increase in the probability
of the channel being open, and it has no effect on single-channel
conductance (39, 40). This shows that although the introduc-
tion of mutations at cysteine and at the pore residues resulted in
an increase in the basal current amplitudes (Figs. 5-7), we
might expect that when a WT or mutant channel conducts K™
ions, the shape of the ion conduction pathway is functionally
equivalent in both the basal and the activated states and that the
major difference between these states is in the population of the

DECEMBER 2,2011+VOLUME 286+NUMBER 48

channel or, in other words, whether it is open or closed. The
rates for modification recorded in the absence and the presence
of Na™ should therefore reflect a measure of the exposure of
cysteine in the closed and open channel conformations, respec-
tively. We therefore examined the effects of MTSET (0.5 mm)
on the basal current of mutants after we had confirmed that
we had achieved an inside-out patch configuration by acti-
vating the channels with 100 mm Na ™" (Fig. 7 and supplemen-
tal Fig. S2).
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FIGURE 7. Accessibility of MTSET along the cytoplasmic pore of Kir3.2 mutants in the absence of channel activator. A, following activation of the
M313C/C1234 mutant channel by 100 mm Na*, MTSET (0.5 mm) was perfused at low (0.6 um; panel a) or high concentrations of Mg?* (10 mm; panel b). I/0,
inside-out membrane patches. B, the current trace for the M313C/C1234 mutant during the application of MTSET in A, panel a (highlighted by a rectangle) is
enlarged in B, panel a, and that in A, panel b is correspondingly enlarged in B, panel b. Similar experiments were performed with the E236C/C1234 mutant
(supplemental Fig. S2), and the effects of MTSET on the basal currents at low and high concentrations of Mg?* are enlarged in B, panels c and d, respectively.
The time points when the patch was exposed to the solution containing MTSET are indicated by arrowheads in B. C, the time constants for apparent MTSET
modification. Data shown represent means = S.E. See also supplemental Fig. S2.

MTSET attenuated the basal currents in the E236C/C1234
and M313C/C1234 mutant channels faster in the absence of
Na™ than in its presence (Figs. 6 and 7 and supplemental Fig.
S2). The rapid modification in the absence of Na™ suggests that
internal MTSET has easy access to the side chains at positions
236 and 313 when Kir3.2 is in its closed state. In the presence of
EDTA (10 mwm), internal MTSET rapidly attenuated the basal
current in the M313C/C1234 mutant (2.6 = 0.6 s, n = 10),
whereas in the presence of Mg®" (10 mm), the mutant showed a
significant delay in the basal current on MTSET modification
(15 £ 35, n = 11; p = 0.0004) (Fig. 7). This obviously showed
that Mg®" inhibits the modification of the side chain at position
313, probably through interference with access by MTSET.
Furthermore, in this basal condition, Mg>" slowed MTSET
modification at position 313 by a factor of six (Fig. 7), whereas in
the presence of Na*, Mg®" slowed the modification by a factor
of 1.6 (Fig. 6). This indicates that the channel has a higher sen-
sitivity to Mg ™" at a low probability of being open and implies
that although the affinity between Mg>* and the open confor-
mation remains to be clarified, Kir3.2 in a closed state has a high
affinity for Mg>*. On the other hand, the time constant of the
MTSET modification for the E236C/C1234 mutant channel
was unaffected by the presence (6.1 = 1.0's, n = 7) or absence
(7.3 £ 1.5s,n = 7) of Mg>". The selective blocking by Mg>" of
this modification suggests that the channel in its closed state
tends to bind Mg>" at a site between the side chains of Glu-236
and Met-313 and that the mode of binding is likely to be similar
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to that observed in the crystal structure of the Kir3.2 cytoplas-
mic domain (Fig. 1). Therefore, the crystal structure of the
Kir3.2 cytoplasmic domain appears to be linked to the closed
state of the functional channel.

DISCUSSION

Crystal Structures of the Kir3.2 Cytoplasmic Pore Represent
the Closed Conformation—Conformational changes along the
ion conduction pathways in the membrane-embedded
domains of ion channels are closely coupled to the action of
gating of ion diffusion. In this study, we focused on the ion
conduction pathway in the cytoplasmic domain of the Kir chan-
nel, which is located outside the electric field of the membrane.
In the crystals of the cytoplasmic domain of Kir3.2, the cation-
binding site at the pore binds Mg>*, which can be replaced by
multivalent cations (Figs. 2 and 3), but not by monovalent cat-
ions (Fig. 4 and supplemental Fig. S1). Functional analysis
showed the existence of selective binding of cations at the cyto-
plasmic pore (Fig. 6), acceleration of the modification on low-
ering the probability of the pore being open (Figs. 6 and 7), and
selective blocking by Mg”>* of MTSET modification of a side
chain at position 313 (Fig. 7). We therefore propose that the
water-filled pore in the Kir3.2 cytoplasmic domain adopts a
closed conformation and is nonconductive when it binds Mg>™"
(Fig. 8). This idea is supported by the observations that the
crystal structures of the isolated cytoplasmic domain of Kir
channels (11, 24, 31, 41) are comparable with those in full-
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FIGURE 8. Schematic representation of conformational changes coupled
to gating. Although the membrane-embedded domain of the Kir channel
probably gates at the bundle crossing formed by the inner helices near the
cytoplasm and the selectivity filter near the extracellular vestibule, the cyto-
plasmic domain of the channel changes its conformation to alter the electro-
static field potential at the cytoplasmic pore. The pore, in its closed state,
tends to bind Mg® ™", which prevents diffusion of K ions. When the channel is
open, expansion of the cytoplasmic pore lowers the potential and liberates
bound Mg?" to permit movement of K*.

length channels with physical constraints for ion conduction at
their transmembrane domains (3, 16 —-18).

There is a clear discrepancy between the affinity toward
Mg>" of the cytoplasmic pore in the crystals (Figs. 2—4) and
that in the functional channel (Figs. 6 and 7). There are at least
two possible explanations for this discrepancy. The first is that
the functional channel has a low probability of being in the
conformation observed in the crystal structures. It has recently
been reported that the crystal structure of Kir2.2 in a complex
with PIP, has a narrow opening at the helix bundle crossing of
the transmembrane domain (19). Because the crystal structure
is known to be a stable conformation of a protein, it is reason-
able to postulate that the gating of Kir channels is supported by
multiple conformational states. The second possibility is that
the electrostatic field potential at the cytoplasmic pore in the
crystal structures has been overestimated. In comparison with
the condition for recording of channel activity, the domain in
the crystals was outside the influence of the transmembrane
domain and the cell membranes. Furthermore, although the
crystal packing did not perturb the displacement of bound
Mg>" by multivalent cations (Figs. 2 and 3), the crystal contacts
obviously constrained the possible conformational changes
within the domain. The present study, therefore, has a clear
limitation in terms of addressing these possibilities. Neverthe-
less, neither of the cases excludes the possibility that the cyto-
plasmic pore is electrostatically associated with Mg?* when it is
in a closed state.

Molecular Basis of Cation Recognition by the Cytoplasmic
Pore—Mutational analysis showed that the cytoplasmic pore of
Kir3.2 is much more sensitive to positively charged MTSET
than to negatively charged MTSES and that the side chains of
both Glu-236 and Met-313 are not principally responsible for
this selectivity (Fig. 5). This observation is consistent with the
report that according to calculations, many positively charged
and noncharged residues in the cytoplasmic domain of mam-
malian Kir channels might contribute to the formation of a
favorable environment for stabilizing cations at the pore (42).

Because each Kir3.2 mutant can be assumed to have a unique
channel property (Figs. 5 and 6), it is difficult to compare the
rates of MTS modification between mutants. However, the
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existence of comparable time constants for E236C/C1234 and
M313C/C1234 mutants in the presence of Na™ (Figs. 5 and 6)
led us to speculate that MTS modification of the side chain at
position 313 is accelerated by lowering the Mg>* concentration
(Fig. 7). The glutamate at position 236 is retained in the
M313C/C1234 mutant, but not in E236C/C1234 mutant. Thus,
the carboxyl group of Glu-236 appears to be involved in the
binding of Mg>" by localizing Mg>* at the cation-binding site
and/or augmenting the negative electrostatic field potential at
the cation-binding site. This agrees with the effect of the car-
boxyl group of Glu-236 on the local position of the cation (Figs.
2 and 3). Conversely, to these global and local electrostatic
effects, the Met-313 side chain showed a low occupancy in all
Kir3.2 crystal structures (Figs. 1—4). Furthermore, although the
E236C/C1234 mutant retained a methionine residue at posi-
tion 313, the mutant was insensitive to Mg>" (Fig. 7 and sup-
plemental Fig. S2). Because the electrostatic force cannot act as
a basis for specific binding without any geometrical constraints,
the structural flexibility around the cation-binding site (e.g. the
Met-313 side chain) may influence the positioning of the water
molecules that hydrate Mg>" bound at the site. By the present
study, the role of this residue in the binding of cations remained
to be clarified.

Glu-236 and Met-313 are well conserved within the strong
inward rectifiers. Glutamate residues equivalent to Glu-236 in
other strong inward rectifiers are known to play a role in the
attraction of positive charges and to affect the conduction of K™
and pore blocking by Mg®" and polyamines; they therefore
make an essential contribution to the open channel character-
istics of ion conduction (43— 46). Both the negative electrostatic
field potential and the localized charges on side chains, which
play key roles in binding of cations in the cytoplasmic pore,
contribute to the broad specificity toward cationic molecules or
ions when the channel is in its open state.

Mg>* and polyamines are endogenous substances that block
the outward flow of K™ ions (33, 47, 48). Because polyamines
cause a stronger inward rectification of Kir channels than does
Mg?>", the magnitude of the outward current should be regu-
lated by competitive binding of these substances (49, 50). Mg "
bound at the cation-binding site prevented not only the binding
of monovalent cations (Fig. 4), but also the binding of spermine
(Fig. 2). Therefore, preferential binding of Mg>" to the cyto-
plasmic pore in the closed state may be involved in the control
of the outward, physiologically relevant, flow of K*.

Potential Conformational Changes in the Cytoplasmic
Domain of Kir Channels—The evidence that multivalent cat-
ions replace Mg>" without any disruption of the crystal lattice
(Figs. 2 and 3) indicates that no large conformational change is
required for access to the cation-binding site by cations from
outside the pore. This agrees with the observation that in the
absence of Mg>*, chemical compounds or cations can pass
through the cytoplasmic pore, thereby gaining access to the
central cavity of the closed channel (20, 21). These results sug-
gest that the cytoplasmic pore is capable of allowing passage by
cations even in its closed state, which obviously contradicts the
idea that the crystal structures of the Kir3.2 cytoplasmic
domain are associated with their nonconductive closed state, as
discussed above. However, the valency-dependent interaction
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is the mechanism responsible for the association between cat-
ions and the pore. Because the electrostatic field potential that
governs the binding is sensitive to distance, the change in
strength of the potential can be controlled by a change in the
inner diameter of the cytoplasmic pore (Fig. 8). KirBac3.1
appears to be capable of changing the diameter of its cytoplas-
mic pore (18, 22, 23). Calculations made by using the Poisson-
Boltzmann equation suggest that the electrostatic field poten-
tial of the cytoplasmic pore in homology models of eukaryotic
Kir channels is too negative to permit the conduction of even
K™ ions (42). Therefore, an expansion of the inner diameter of
the pore is probably the most relevant occurrence that leads to
liberation of bound Mg>" to permit movement of K™ when the
channel is open (Fig. 8).

At present, the open conformations of both the transmem-
brane and the cytoplasmic domains of Kir channels are not
known at the atomic level. It has been proposed that the G loop
following the BH strand in which the Met-313 residue is located
is a structural element in the control of gating by mammalian
Kir channels (16, 41). The G loop and an adjacent CD loop are
known to be flexible (11, 15, 24, 41, 51), and the Glu-236 on the
CD loop faces the cytoplasmic pore in Kir3.2 (Fig. 1). These two
loops are reported to change their accessibility to the solvent
(52), and the N terminus next to the CD loop probably changes
its conformation during KirBac3.1 gating (18). Furthermore,
the ionic bond between the N terminus and the CD loop
appears to stabilize the closed conformation of G protein-gated
Kir channels (25), and the tethering of these elements is respon-
sible for the high affinity blocking of Kir3.2 by internal Cd**
(30). These local changes in the conformation of each subunit,
as well as a rearrangement of the subunit interface (18) and a
displacement of the cytoplasmic domain (17, 19), may control
the dilation of the cytoplasmic pore.

We have shown that the pore configuration in the crystal
structure of the cytoplasmic domain of Kir3.2 corresponds to
the closed conformation of the ion channel. The conforma-
tional changes in the domain might be expected to regulate the
strength of the electrostatic field potential along the cytoplas-
mic pore. Therefore, not only might the cytoplasmic domain
function as a hub for various channel regulators that control the
gate in the transmembrane domain, but it might also partici-
pate intimately in rectification and permeation, although the
domain is located outside the electric field of the membrane.
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