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STRUCTURAL BIOLOGY

Structural basis for C-type inactivation in a Shaker

family voltage-gated K* channel

Ravikumar Reddi’, Kimberly Matulef', Erika A. Riederer’,
Matthew R. Whorton?, Francis I. Valiyaveetil'*

C-type inactivation is a process by which ion flux through a voltage-gated K* (K,) channel is regulated at the selectivity
filter. While prior studies have indicated that C-type inactivation involves structural changes at the selectivity
filter, the nature of the changes has not been resolved. Here, we report the crystal structure of the K, 1.2 channel
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in a C-type inactivated state. The structure shows that C-type inactivation involves changes in the selectivity filter
that disrupt the outer two ion binding sites in the filter. The changes at the selectivity filter propagate to the ex-
tracellular mouth and the turret regions of the channel pore. The structural changes observed are consistent with
the functional hallmarks of C-type inactivation. This study highlights the intricate interplay between K* occupancy
at the ion binding sites and the interactions of the selectivity filter in determining the balance between the con-

ductive and the inactivated conformations of the filter.

INTRODUCTION

Voltage-gated K channels (K,) are essential for the generation and
conduction of electrical signals by neurons, muscle, and endocrine
cells (1). Ky channels are tetrameric proteins that contain a central
pore domain and peripheral voltage sensor domains (VSDs; Fig. 1A)
(2, 3). The pore domain houses the pathway for K* ions across the
membrane (Fig. 1B). The activation of a K, channel takes place upon
membrane depolarization and involves an outward movement of
the VSDs (4). This movement of the VSD is coupled to the opening
of the pore domain to turn on the K" flux across the membrane. On
sustained activation, the flux of K* through the K, channel is turned
off through mechanisms that are referred to as inactivation (5).

In the Shaker family of K, channels, there are two types of
inactivation, N-type and C-type (6, 7). In N-type inactivation, the
N terminus of the channel binds to the open pore domain and oc-
cludes the ion pathway (6, 8, 9). Shaker channels with the N terminus
deleted do not undergo N-type inactivation but inactivate through
a different mechanism called C-type inactivation (7). This mecha-
nism is also referred to as slow inactivation as the time scale is gen-
erally slower, on the order of seconds, compared to the millisecond
time scale observed for N-type inactivation (10). C-type inactiva-
tion is a physiologically important process that can regulate cell ex-
citability by determining channel availability (11, 12).

The mechanism of C-type inactivation has been investigated
using functional, spectroscopic, structural, and computational ap-
proaches (5). All these approaches suggest that C-type inactivation
involves changes at the selectivity filter. The selectivity filter refers
to the narrow region of the ion pathway in the pore domain, where
selection for K" takes place (Fig. 1C) (13). The selectivity filter con-
sists of a row of K* binding sites (called S1 to S4, extracellular to
intracellular) that are constructed from the main-chain carbonyl
atoms and the threonine side chain from the protein sequence T-V-
G-Y-G (14). The structures of the selectivity filter of K" channels are
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highly conserved. The structures determined mainly show the se-
lectivity filter in a conductive state, the state of the selectivity filter
that supports the flux of K through the channel. During C-type
inactivation, there are structural changes at the selectivity filter that
convert the selectivity filter from a conductive to a nonconductive
conformation (5, 10).

Understanding the mechanism of C-type inactivation requires
the structure of the selectivity filter in the C-type inactivated state.
The structure of a nonconducting mutant of the K,1.2 channel has
been proposed to show the selectivity filter in the C-type inactivated
state (15). However, the structural changes observed were minimal,
which raises a question on whether this structure truly represents
the C-type inactivated state (16). Other structural studies on C-type
inactivation have used the K* channel KcsA. KcsA does not belong
to the K, family but undergoes an inactivation process that bears
some functional similarity to C-type inactivation in K, channels
(17). Structural studies on the KcsA channel under conditions that
favor inactivation show a constriction of the selectivity filter (18, 19).
However, the relevance of this constricted conformation to C-type
inactivation in K, channels has been debated (20).

Here, we report the crystal structure of the K,1.2 channel in the
C-type inactivated state. We carry out structural studies on a mu-
tant of the K,1.2 channel that shows a vastly increased rate of C-type
inactivation. We observe that C-type inactivation involves a dilation
of the outer ion binding sites of the selectivity filter along with
changes in the extracellular mouth and the turret regions of the
pore domain. Our studies highlight the selectivity filter interactions
that are important for C-type inactivation and suggest a molecular
pathway for this process.

RESULTS

C-type inactivation in the K,1.2-2.1 channel

A feature of C-type inactivation is that it is enhanced at low K*
(21, 22). To elucidate the structural changes in the K, 1.2 channel during
C-type inactivation, we initially attempted structural studies of the
K,1.2 channel at low K*. These attempts were unsuccessful as the
Ky1.2 channel was recalcitrant to crystallization at low K*. We there-
fore pursued a strategy of using mutants of the channel that show an
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Fig. 1. C-type inactivation in the K,1.2-2.1 channel. (A) Gating mechanisms in K, channels. The gating processes in a K, channel of activation (1), deactivation (2), C-type
inactivation (3), and recovery from inactivation (4) are depicted. TM4 in the VSD is colored red. Voltage gating involves the movement of the TM4 helix, while C-type inac-
tivation involves structural changes at the selectivity filter. (B) The pore domain of the K,1.2-2.1 channel (pdb: 2r9r). Two opposite subunits are shown, with the selectivi-
ty filter colored red and the K™ ions bound at the selectivity filter depicted as purple spheres. (C) Close-up view of the selectivity filter of the K,1.2-2.1 channel. Two
opposite subunits are shown in stick representation. The ion binding sites in the selectivity filter (ST to S4) and the 0’ to 4’ carbonyl bonds are labeled. (D) C-type inactiva-
tion in the K,1.2-2.1, K, 1.2-2.1-W362F, and K, 1.2-2.1-3m channels. Time course of current elicited by stepping the voltage from —80 mV holding potential to 40 mV with 100 mM
external K. Initial spikes observed are the capacitance transients. Currents are presented without leak subtraction, and the zero current level is indicated by a dashed line.
The inactivation time constants determined were 11,890 + 1666 ms (+SEM, n=4) for K,1.2-2.1,22.4+ 7.2 ms (n=9) for the K,1.2-2.1-W362F, and 5.5+ 0.7 ms (n = 10) for

the K,1.2-2.1-3m channels. (E) Size exclusion chromatography profiles of the purified K,1.2-2.1, K,1.2-2.1-W362F, and the K, 1.2-2.1-3m channel. abs., absorbance.

enhanced rate of inactivation with the expectation that these mu-
tants will trap the selectivity filter in the C-type inactivated state. In
the Shaker channel, the W434F substitution markedly increases the
rate of inactivation, and this substitution has been extensively used
in functional studies to mimic the C-type inactivated state (23). The
corresponding mutation, W366F in the K 1.2 channel, has been
shown to have an increased rate of inactivation (fig. S1) (24, 25). For
our studies, we used a variant of the K,1.2 channel referred to as
the K,1.2-2.1 chimera (referred henceforth as K,1.2-2.1) as this con-
struct affords crystals that diffract to a higher resolution (3). In the
Ky1.2-2.1 channel, residues 267 to 302 in the $3-S4 loop in the VSD
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are substituted by residues 274 to 305 of the K,2.1 channel. The
K,1.2-2.1 channel shows similar functional properties to the K,1.2
channel, and the W362F (equivalent to W366F in K,1.2) substitu-
tion in the K,1.2-2.1 channel shows a similar enhancement in the
rate of inactivation (Fig. 1D) (26).

Our attempts at structural studies of the K,1.2-2.1-W362F channel
were stymied as the channel showed poor expression and subopti-
mal biochemistry (Fig. 1E). We therefore screened for additional
amino acid substitutions that improved protein expression and bio-
chemical behavior while maintaining an enhanced rate of C-type
inactivation. These efforts identified a construct with two additional
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substitutions, $367T and V377T, which exhibited good biochemi-
cal behavior and an enhanced rate of inactivation (Fig. 1, D and E).
Previous studies on the K,1.2 channel have indicated that the
equivalent substitution S371T (S367T in K,1.2-2.1) enhances cell
surface expression, while V381T (V377T in K,1.2-2.1) markedly en-
hances the rate of C-type inactivation in the W366F-K,1.2 channel
(25, 27, 28). We refer to the K,1.2-2.1 channel with the W362F, S367T,
and V377T substitutions as the K,1.2-2.1-3m channel. At high
(100 mM) K%, the K,1.2-2.1-3m channel showed a ~2000-fold
increase in the rate of C-type inactivation, while at low (1 mM) ex-
ternal K*, the rate of C-type inactivation was very fast and could not
be accurately determined (Fig. 1D and fig. S2). On the basis of the
rapid rate of inactivation, we anticipated that the crystal structure of
the K,1.2-2.1-3m channel would reveal the selectivity filter in the
C-type inactivated state.

Structure of the K, 1.2-2.1-3m channel

For structural studies, the K,1.2-2.1-3m channel was coexpressed
with the B subunit, and the channel-B complex was crystallized
in the presence of 150 mM K'. We obtained crystals of the same
space group (P4 2, 2) as reported for the K,1.2-2.1 channel but with
slightly altered unit cell parameters (3). Data from multiple crys-
tals were combined to obtain a complete dataset to 3.35-A resolu-
tion, and the structure was determined by molecular replacement
using the K, 1.2-2.1 [Protein Data Bank (PDB): 2r9r] channel structure
as the model (table S1). There are two copies (molecules I and IT) of
the channel-beta complex in the asymmetric unit. The B subunit
and the T1 domain in both molecules were well resolved, while the
transmembrane (TM) region in molecule I was better resolved than
in molecule II. For the TM region, we observed stronger electron den-
sity for the pore domain compared to the VSD. Within the pore
domain, the electron density for Y373-D375 was weaker compared
to the neighboring residues, and electron density for the carbonyl
group for the G374 residue was not observed. Electron density
corresponding to the pore helix and the selectivity filter are shown
in Fig. 2 (A and B) and in fig. S3. In the VSD, the electron density
was sufficient for modeling the TM segments (fig. S4), while elec-
tron density for the loops connecting the TM segments and the
linker connecting the T1 domain to the first TM segment was not
observed, and these regions were therefore not modeled. A super-
position of the various domains in the K,1.2-2.1-3m channel to
K1.2-2.1 channel shows that the structural changes observed are mainly
in the pore domain (fig. S5). Changes are observed in the orientation
of the VSD with respect to the pore domain (fig. S5). Within the pore
domain, the structural changes are mainly in the selectivity filter
region and in the extracellular mouth of the pore (figs. S5 and S6).

The selectivity filter in the K,1.2-2.1-3m channel
A comparison of the selectivity filter in K,1.2-2.1-3m to the wild-
type channel shows substantial changes in the side-chain and back-
bone conformations (Fig. 2, C and D). A major change observed is
a reorientation of the Tyr side chain (Fig. 2, E and F, and fig. S3A).
In the K,1.2-2.1 channel, the Tyr side chain interacts with the Trp363
and Ser’®’ of the adjacent subunit, while in the K,1.2-2.1-3m chan-
nel, these H-bond interactions are broken, the Tyr side chain un-
dergoes a 77° rotation, and the hydroxyl group in the Tyr side chain
is now oriented toward the extracellular surface.

Another major change observed in the K,1.2-2.1-3m channel is
a flip of the Asp>”” side chain (Fig. 2, G and H, and fig. S3B). In the
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Fig. 2. Changes in the selectivity filter on C-type inactivation. (A) The pore helix
of the K,1.2-2.1-3m channel. The 2Fyps-Fcaic €lectron density map contoured at 1.46
is shown with residues 361 to 367 as sticks. The W362F and S367T substitutions
present in the K,1.2-2.1-3m channel are indicated. (B) The selectivity filter of the
Ky1.2-2.1-3m channel. The 2F,ps-Fcalc €lectron density map contoured at 0.9¢ is
shown with residues 368 to 375 as sticks, K" ions as purple spheres, and water molecule
as ared sphere. (Cand D) Comparison of the selectivity filter of the K,1.2-2.1-3m (C)
and the K,1.2-2.1 channel (D). Residues 370 to 375 are shown as sticks. The distance
(in angstroms) between the carbonyl oxygens and the Thr*’° side-chain hydroxyl
group in the opposite subunits is indicated by dotted lines. (E to H) Close-up of the
selectivity filter and the pore helix showing the Y373 side chain in the K,1.2-2.1-3m
(E) and K,1.2-2.1 channel (F) and the D375 side chain in the K,1.2-2.1-3m (G) and
Ky1.2-2.1 channel (H).

K,1.2-2.1 structure, Asp>”> forms a H bond with Trp** in the pore
helix. This H bond is disrupted in the K,1.2-2.1-3m channel be-
cause of the W362F substitution. The Asp®” side chain is now ori-
ented toward the extracellular solution and forms a H bond with
Thr’”” in the adjacent subunit (distance of 3.2 A). The K,1.2-2.1
channel has a Val at this position, which is substituted by Thr in the
Ky1.2-2.1-3m channel. The flip of the Asp side chain as observed
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changes the side chain from being oriented toward the channel in-
terior (in K,1.2-2.1) to facing the extracellular solution.

The changes in the Tyr*’> and Asp®” side-chain conformations
cause a widening of the selectivity filter toward the extracellular
side. Because of this widening, the S1 and S2 ion binding sites are
disrupted and instead form a vestibule (Fig. 2, C and D). In K,1.2-
2.1, K" binding is observed at the S1 and the S2 sites, while in the
K,1.2-2.1-3m channel, only a weak electron density is observed in
this vestibule region (Fig. 2B and fig. S7). The electron density in
vestibule region can correspond to either a low-occupancy K* ion
or a water molecule. The distances between the carbonyl oxygens in
the vestibule region are, however, too large to tightly coordinate ei-
ther a water or a K" ion. In contrast to the changes seen at the S1 and
the S2 sites, the S3 and the S4 sites in the K,1.2-2.1-3m filter are well
superimposed on the corresponding sites in the K,1.2-2.1 filter, and
electron density corresponding to ion binding at these sites is ob-
served. Previous studies have implicated the outer sites in the selec-
tivity filter in C-type inactivation (29, 30), and the K1.2-2.1-3m
structure indicates that inactivation involves a disruption of the S1
and the S2 sites in the selectivity filter. Occupancy of the S1 and the
S2 sites will increase with K* concentration. If the S1 or the S2 sites
are occupied by K*, then the presence of the ion will slow structural
changes at these sites and thereby affect C-type inactivation. The
structure therefore provides a potential mechanism for the effect of
extracellular K™ on C-type inactivation (21, 22).

Changes in the extracellular mouth of the K,1.2-2.1-3m pore

The changes in the selectivity filter in the K,1.2-2.1-3m structure
are propagated to the loop region linking the selectivity filter to
TMS6 (Fig. 3A). The changes observed in this region are mainly due
to the repositioning of the Asp*” side chain (Fig. 3, B and C). Stud-
ies on the Shaker K* channel have shown that Cys substitutions at
positions 448 to 450, equivalent to positions 376 to 378 in the
K,1.2-2.1-3m channel, show different rates of modification by thiol
reagents in the conductive versus the inactivated state (31). Studies
on Shaker have also shown that a Cys substitution at 448 (376 in
Ky1.2-2.1-3m) exhibits an enhanced rate of formation of a disulfide
bond, while a Cys substitution at 449 (377 in K1.2-2.1-3m) can form
a high-affinity metal (Cd*" or Zn**)-binding site in the inactivated
state (31, 32). Comparison of the 376 to 378 region in the K,1.2-2.1-
3m to the K,1.2-2.1 shows an increase in surface exposure of these
residues (fig. S8), which may underlie the changes in modification
observed (for Cys substitutions at these sites) on C-type inactiva-
tion. In the K,1.2-2.1-3m structure, the Co-Ca distance between the
376 side chains in the adjacent subunits is similar to the distance
observed in the K1.2-2.1 structure (Fig. 3, B and C). The K,1.2-2.1-
3m structure therefore does not account for the enhanced rate of
disulfide bond formation by Cys>’® in the C-type inactivated state.
Similarly, the change in the Ca-Co distance of the 377 side chains in
these structures is 0.51 A (14.06 to 13.55 A), and this distance is still
longer than expected for the formation of a metal coordination site
by the Cys”” side chains from adjacent subunits (33). The K,1.2-2.1-3m
channel structure therefore does not directly account for some of
the changes in the extracellular mouth of the pore on C-type inacti-
vation as inferred from the functional studies. One possibility is that
the full extent of changes in the extracellular mouth of the pore on
C-type inactivation is not revealed in the K,1.2-2.1-3m structure.
Another possibility is that these experimental findings reflect great-
er flexibility in the extracellular mouth of the channel in the C-type

Reddi et al., Sci. Adv. 8, eabm8804 (2022) 22 April 2022

347

345

345

Fig. 3. The outer pore region in the C-type inactivated channel. (A) Superposi-
tion of the outer pore region of the K,1.2-2.1-3m (yellow) and the K, 1.2-2.1 channel
(cyan). Two opposite subunits are shown. Some of the positions at which fluores-
cence probes introduced detected structural changes on C-type inactivation are
indicated (green spheres in K,1.2-2.1-3m and magenta spheres in K,1.2-2.1). (B and
C) Top view of the extracellular mouth of the pore in the K,1.2-2.1-3m (B) and the
Ky1.2-2.1 channel (C) shows changes in conformation of D375 and M376. The
H-bond interaction between D375 and T377 in adjacent subunits of the K,1.2-2.1-
3m channel is shown. (D and E) H-bond interactions of E346in K,1.2-2.1-3m (D)
and K,1.2-2.1 channel (E) are shown.

inactivated state. An increased flexibility in the extracellular mouth
on C-type inactivation could explain the weaker electron density
observed in the Y373-D375 region in the K,1.2-2.1-3m channel.

Binding of Tetraethylammonium (TEA) to the extracellular
mouth of the pore slows C-type inactivation in the Shaker channel,
and a similar effect has been demonstrated in the K,1.2 channel
(25, 34). We anticipate that TEA binding will hinder the confor-
mational change observed in the extracellular mouth of the pore
and thereby affect C-type inactivation.

C-type inactivation also involves changes in the turret region
present between TM5 and the pore helix. Fluorescent probes
introduced into the turret region show a change in fluorescence on
C-type inactivation (35-37). We see structural changes in the turret
region of the K,1.2-2.1-3m corresponding to the sites of introduc-
tion of the fluorescence probes (Fig. 3A and fig. S9A). A key inter-
action that is altered in the K,1.2-2.1-3m channel is that of the E346
residue, which is toward the top of TM5 (Fig. 3, D and E, and fig.
S9B). Mutations at this Glu (E418 in the Shaker channel) increase
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the rate of inactivation (37, 38). In the K,1.2-2.1 channel, E346 in-
teracts with the pore-S6 loop region of the channel through H-bond
interactions with the protein backbone of Thr*”® and the side chain
of Thr*®", In the K,1.2-2.1-3m structure, we observe a change in the
E346 side-chain conformation with the H-bond interactions to the
protein backbone of Thr’”® and the side chain of Thr*® broken, and

a new H bond formed with the protein backbone of Thr*”°.

Structure of the K,1.2-2.1-W362F and $367T channel

To test the importance of the interaction between Asp®”> and Thr*”’
for C-type inactivation, we investigated the functional properties of
a Ky1.2-2.1 channel with the native Val at 377 along with the W362F
and S367T substitution (referred to as K,1.2-2.1-2m). We observed
that the inactivation in this mutant was slow compared to the very
rapid inactivation observed in the K,1.2-2.1-3m channel. Inactiva-
tion in the K,1.2-2.1-2m channel was similar to the inactivation
observed in the K1.2-2.1 channel (Fig. 4A). We crystallized and
determined the structure of the K,1.2-2.1-2m channel at 150 mM
K" (Fig. 4B and table S1). In the K,1.2-2.1-2m structure, we ob-
served the selectivity filter in a conductive conformation as antici-
pated on the basis of the similarity of the inactivation properties of
the Ky1.2-2.1-2m to the K;1.2-2.1 channel (Fig. 4C). These findings
suggest a role for the intersubunit Asp®”>-Thr*”’ interaction in
stabilizing the selectivity filter in the C-type inactivated state. The
equivalent position in the Shaker channel (Thr**®) is an important
locus for C-type inactivation, and substitution of T449 in the Shaker
channel with Val results in a noninactivating phenotype (21). Our
studies suggest that substitutions at this site affect C-type inactiva-
tion through an effect on the interaction with the Asp residue.

DISCUSSION

Here, we report the structure of the K,1.2 channel in the C-type
inactivated state (Fig. 5A). The structure shows that the C-type in-
activation involves a dilation of the selectivity filter at the S1 and S2
ion binding sites, which is caused by structural changes at the con-
served Tyr and Asp side chains (movie S1). The disruption of the S1
and the S2 ion binding sites of the filter perturbs K" flux through the
channel. The structure shows that the changes in the selectivity fil-
ter on C-type inactivation are propagated to the extracellular mouth
and the turret region of the pore domain of the channel (movie S2).
The structure of the selectivity filter in the C-type inactivated
state is consistent with the dilation model for inactivation previ-
ously proposed by Hoshi and Armstrong (10). Multiple amino acid

A

substitutions were necessary to stabilize the C-type inactivated state
and to improve the biochemical behavior for structure determination.
While we anticipate that the structural changes observed corre-
spond to the changes in the K,1.2 channel during C-type inactiva-
tion, it is feasible that the nature and magnitude of the structural
changes observed are influenced by the amino acid substitutions
present in the crystallized construct.

A structure of the K,1.2-2.1-V406W channel has been reported
as presenting the selectivity filter in the C-type inactivated state (fig.
S10) (15). The structural change observed in the selectivity filter,
compared to the conductive state, is a small distortion of the S1 site
(16). This is in contrast to the abrogation of the S1 and S2 sites
observed in the K,1.2-2.1-3m structure. The proposed inactivated
state in the KcsA channel shows a distortion of the S2 and the S3
sites of the selectivity filter and is distinct from the structure of the
selectivity filter in the K,1.2-2.1-3m channel (fig. S10). Gating of K*
flux through two-pore K™ (K2P) channels takes place at the selec-
tivity filter by a mechanism that shares a functional resemblance
to C-type inactivation in Ky channels (39). A recent structural study
on the TREK-1 K2P channel suggested that the gating process in-
volves a loss of the S1 and the S2 ion binding sites in the selectivity
filter, while a structure of the TASK 2-P K* channel indicated a loss
of the S1 (and potentially the SO) binding site in the inactivated state
(40, 41). These structures suggest that K* channels, which have es-
sentially identical selectivity filters, can have distinct mechanisms of
inactivation or gating at the selectivity filter.

A structure of the W434F mutant of the Shaker K* channel was
recently reported (Fig. 5B) (42). The selectivity filter in the W434F
Shaker channel shows a dilation of the S1 and S2 sites and a flip of
the Tyr residue, similar to the changes observed in the K1.2-2.1-3m
channel (Fig. 5C). There are differences between these structures in
the conformation of the Asp residue and in the loop region with a
different conformation observed for the Met and Thr side chains
(Fig. 5D). Furthermore, the interaction between Asp and Thr in the
neighboring subunits seen in Ky1.2-2.1-3m is not observed in the
W434F Shaker structure, and the Asp residue potentially interacts
with the Thr side chain in the same subunit. These changes in the
inactivated state structures are modest but may be responsible for
the reported differences in the inactivation properties of the K,1.2
and the Shaker channel (25).

C-type inactivation is widespread in the K, channel family with
the inactivation properties that are tuned for the specific physio-
logical roles of these channels (43). Structural studies of these
other K, family members will be necessary to determine whether

Fig. 4. Structure of the selectivity filter in the K,1.2-2.1-2m channel. (A) C-type inactivation in the K,1.2-2.1-2m (W362F and S367T) channel. Time course of the current
elicited by stepping the voltage from —80 mV holding potential to 40 mV in 100 mM external K*. (B) Electron density of the selectivity filter of K,1.2-2.1-2m. The 2F,-F.
electron density map contoured at 1.3c is shown with residues 367 to 375 as sticks, and the K* ions in the selectivity filter shown as purple spheres. (C) Superposition of
the pore helix and filter region (residues 362 to 375) of the K,1.2-2.1-2m and the K,1.2-2.1 channel.

Reddi et al., Sci. Adv. 8, eabm8804 (2022) 22 April 2022

50f9



SCIENCE ADVANCES | RESEARCH ARTICLE

A

Conductive

Inactivated

Fig. 5. C-type inactivation in a K, channel. (A) A model for the selectivity filter in the conductive and the C-type inactivated state. The conductive state of the selectivity
filter is observed in the K,1.2-2.1 channel (pdb: 2r9r), while the C-type inactivated state is based on the structure of the selectivity filter in the K,1.2-2.1-3m channel. Two
opposite subunits are shown. (B) Structure of the selectivity filter of the Shaker W434F channel (pdb: 7sj1). Residues T441 to D447 from two opposite subunits are shown
in stick representation. (C) Superposition of the protein backbone of the selectivity filter of the K,1.2-2.1-3m (residues 369 to 375, yellow) and the Shaker W434F channels
(residues 441 to 447, green) in shown. (D) Superposition of residues 369 to 391 of the K, 1.2-2.1-3m channel (yellow) with residues 441 to 463 of the Shaker W434F channel
(green). Residues D375/447, M376/448, and T377/449 are shown as sticks with the K ions in the selectivity filter shown as purple spheres. Residues numbering in italics

correspond to the Shaker channel.

conformational changes similar to that observed in the K,1.2-2.1-
3m and the Shaker W434F channel structure underlie inactivation
or gating at the selectivity filter in diverse K, channels.

MATERIALS AND METHODS

Molecular biology

The K1.2-2.1 and the K2.1 genes were a gift from R. MacKinnon
(The Rockefeller University) (3). K,1.2-2.1 gene was cloned into
PAMYV vector (provided by M. Zhou, Baylor College of Medicine)
for electrophysiology experiments and into the pPicZ-C vector
(Thermo Fisher Scientific) for protein expression in Pichia pastoris.
Site-directed mutagenesis was carried out by polymerase chain
reaction-based mutagenesis and confirmed through DNA sequencing.
Complementary RNA (cRNA) was transcribed using the mMessage
mMachine kit (Thermo Fisher Scientific) and purified using the
RNeasy kit (Qiagen).

Electrophysiology

Xenopus laevis oocytes were provided by M. Danilchik (Oregon
Health & Science University, protocol no. IP00000214) or pur-
chased from Ecocyte Biosciences. Oocytes were injected with 50 nl
(50 to 600 ng) of cRNA, and ionic currents were measured 1 to 4 days
after injection using a two-electrode voltage clamp on an OC-725
amplifier (Warner). Recordings were carried out either in 100 mM
K* [96 mM KCl, 2 mM NaCl, 5 mM Hepes-KOH, and 2 mM MgCl,
(pH 7.5)] orin 1 mM K" solution [1 mM KCI, 117 mM NacCl,
0.3 mM CaCl,, 1 mM MgCl,, and 5 mM Hepes-NaOH (pH 7.5)].
Glass electrodes used were filled with 3 M KCl and had a resistance
of 1 to 3 megaohms. Data were sampled at 10 kHz and filtered at
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1 kHz. The time constants for inactivation were determined by fit-
ting the decay in current to a single exponential. All data reported
were collected from 5 to 10 oocytes and from at least three separate
batches of oocytes.

Protein expression, purification, and crystallization

The K{1.2-2.1-3m and K,1.2-2.1-2m construct in the pPicZ plas-
mids carried an N-terminal His'® tag and a thrombin protease
cleavage site. The K,1.2-2.1-3m and K,1.2-2.1-2m pPicZ plasmids
were linearized with Bgl IT and ligated with the K, 2 gene (36 to
367 residues on a Bgl II/Bam HI DNA fragment). Plasmids with
both the channel and the beta subunit were linearized with Pme I
and transformed into P. pastoris strain (SMD1163) by electropora-
tion. Transformants were selected on YPDS (yeast extract, peptone,
dextrose, and sorbitol) (44) plates containing Zeocin (800 pg/ml).
The transformants were grown in liquid culture and tested for
expression using anti-His Western blotting (Proteintech). Trans-
formants showing good expression were selected and stored as glyc-
erol stocks at —80°C.

For protein expression, 10 ml of an overnight culture grown in
YPD (44) medium with Zeocin (200 pug/ml) was used to inoculate
1 liter of BMGY [yeast nitrogen base, KPO4 (pH 6.5), and glycerol]
(44) medium with Zeocin (50 pg/ml) and grown at 30°C for 24 hours.
The cells were then pelleted by centrifugation (1500g, 10 min) and
transferred to BMMY medium [yeast nitrogen base, KPO, (pH 6.5),
and methanol] (44) with Zeocin (25 pg/ml). After 24 hours, 0.5%
(v/v) methanol was added to the culture to induce protein expres-
sion, and growth was continued for an additional 24 hours. The
cells were then pelleted by centrifugation (4500g, 20 min) and fro-
zen in liquid N, until use.
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For purification, the frozen cells were lysed by milling (MM400,
Retsch Inc.). Six cycles of milling at 25 Hz for 3 min were carried
out. The cells were kept at low temperatures between milling cycles
by cooling in liquid nitrogen. The cell powder obtained after milling
was solubilized (1 g/5 ml) in 50 mM tris-HCI (pH 7.5), 150 mM KCl,
2 mM TCEP [tris(2-carboxyethyl)-phosphine hydrochloride], 10 mM
B-mercaptoethanol (Bme), deoxyribonuclease I (0.05 mg/ml), 1 mM
MgCl,, 1 mM phenylmethylsulfonyl fluoride, leupeptin (1 ug/ml),
pepstatin (0.1 pg/ml), aprotinin (1 pg/ml), and soy trypsin inhib-
itor (0.1 mg/ml). The pH of the suspension was adjusted to 7.5
with KOH, and the membranes were solubilized with 1.5% (w/v)
n-dodecyl-B-p-maltopyranoside (DDM) for 3 hours at room tempera-
ture. The unsolubilized material was separated by ultracentrifugation
(100,000g, 50 min). The supernatant following ultracentrifugation
was added to cobalt beads (1.5 ml of cobalt resin/40 ml) preequilibrated
with column buffer [50 mM tris-HCl (pH 7.5), 150 mM KCl, 2 mM TCEP,
10 mM Bme, and 5 mM DDM]. The bead slurry was overlaid with
argon gas and incubated overnight at 4°C with gentle rotation. After
incubation, the beads were collected on a column and washed with
20 volumes of column buffer containing lipids (0.1 mg/ml) [3:1:1 of
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine):POPE
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine):POPG
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol)] and 20 mM
imidazole, and the bound protein was then eluted with 400 mM
imidazole. The eluted protein was supplemented with 10 mM dithio-
threitol (DTT), concentrated using a Millipore Amicon Ultra 100 K
device, and further purified on a Superdex S200 column in 20 mM
tris-HCI (pH 7.5), 150 mM KCl, 2 mM TCEP, 10 mM DTT, 1 mM
EDTA, lipids (0.1 mg/ml) (3:1:1 of POPC:POPE:POPG), 3 mM Cymal-6,
and 3 mM Cymal-7. The fractions containing both the channel and
the beta subunits were pooled and concentrated to 15 mg/ml.

For crystallization, 8 mM CHAPS detergent (Anatrace) was add-
ed to the protein sample and incubated at room temperature for
45 min. Crystallization was carried out by the hanging drop vapor
diffusion method using a crystallization solution of 100 mM tris-
HCI (pH 8.2 to 8.8) and 26 to 36% polyethylene glycol 400 (PEG400)
and set up using a Mosquito Crystal system (TTP Labtech). A 1:1
ratio of protein to crystallization solution was used for growing
the K,1.2-2.1-3m crystals, while a ratio of 2:1 was used for K,1.2-
2.1-2m. The rod-shaped crystals generally appeared after 4 to
5 days. For cryoprotection, the PEG400 concentration in the well solu-
tion was increased to 35% (if necessary) and incubated for an addi-
tional 24 hours. The crystals were harvested and frozen in liquid N,.

Solving the K,1.2-2.1-3m crystal structure
Diffraction data for the K,1.2-2.1-3m crystals were collected at
Advanced Photon Source (beamlines 23ID-B and 23ID-D). The
crystals were sensitive to radiation damage. Multiple datasets were
collected, processed using X-ray Detector Software (XDS) (45), and
analyzed using Pointless (46) and Aimless (47). Sectors from the data-
sets that contained high-resolution diffraction data were merged
using BLEND (48) to obtain a complete dataset of 3.35 A. This data-
set had a completeness of 100% in the outer shell (3.51 to 3.35) with an
I/c 0f 0.8 and a CC,; of 0.55 along with minimal anisotropy (3.42 A
in h and k planes and 3.35 A in I planes). The K,1.2-2.1-3m crystal-
lized in the same P4 2, 2 space group as the K,1.2-2.1 channel but
with slightly smaller unit cell parameters (129.59, 129.59, and 278.48).
The Ry flag from the dataset for the K, 1.2-2.1 structure (pdb: 2r9r)
(3) was transferred to the K,1.2-2.1-3m dataset before molecular
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replacement. For molecular replacement, the K,1.2-2.1 structure with
the selectivity filter (residues 370 to 376), cofactors, lipids, and
water molecules deleted was used as the search model. Molecular
replacement was carried out using Phaser (49). The asymmetric unit
consists of two copies of the channel and the beta subunits. The chan-
nel subunit consists of the TM and the T1 domains. The best molec-
ular replacement solution obtained consisted of the TM domain of
one channel subunit along with two T1 domains and two beta sub-
units. Attempts to place the TM region of the second channel sub-
unit were not successful.

We refined the molecular replacement solution by Jellybody
refinement in Refmac (50) followed by multiple cycles of manual
structure adjustments using COOT (51) and refinement using
Phenix (52). The electron density in the T1 domains and the beta
subunits was very clear and allowed unambiguous placement of
the protein chain into the electron density. Similarly, the TM5, pore
helix, and the TM6 helices were easily modeled into the electron
density. The electron density in the selectivity filter residues Y373 to
D375 was weak, and so, these residues were not modeled at this
stage. The electron density for the VSD was weak compared to the
TM segments in the pore domain but was sufficient for the unam-
biguous placement of the TM1 to TM4 segments in the electron
density. The electron density for the loops between the TM helices
in the VSD was very poor, and so, these loops were not modeled.
For the Y373-G374-D375 region of the selectivity filter, we calculat-
ed Polder (53) omit maps using Phenix, which allowed us to model
the amino acid side chains for Y373 and D375. Electron density for
the CO of G374 was not observed, and so, the placement is specula-
tive. An omit map calculated at this stage showed clear density for
the TM regions in the second channel molecule. We placed TM do-
main from the first channel molecule into this density and refined
the structure by Jellybody refinement in Refmac followed by manu-
al adjustments in COOT and further refinement in Phenix. The
cofactor NAP (Nicotinamide-adenine-dinucleotide-phosphate) and
ions/water in the selectivity filter were added. The final model includes
residues 36 to 361 of the beta subunits (chains A and C). In the
channel subunits (chains B and D), the model includes all the resi-
dues in the TM segments, while residues in the linker region con-
necting T1 domain and VSD (133 to 142 in B and 134 to 147 in D), the
TM1-TM2 loop (192 to 217 in B and 191 to 218 in D), and the TM3-
TM4 loop (273 to 286 in chains B and D) were not modeled. Figures were
prepared using PyMOL (54) or Chimera (55). The solvent-accessible
area for K,1.2-2.1 and K,1.2-2.1-3m was calculated using the Qt-PISA
program in CCP4 (56). Annotation of the various regions of the pore
domain in fig. S6 was carried out using DOG2.0 (57). Videos showing
the morph between the conductive and the inactivated confirmation
of the selectivity filter were recorded using UCSF Chimera (55).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8804

View/request a protocol for this paper from Bio-protocol.
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