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BIOPHYSICS

The nonconducting W434F mutant adopts upon
membrane depolarization an inactivated-like state that
differs from wild-type Shaker-IR potassium channels

Laura Coonen’, Evelyn Martinez-Morales', Dieter V. Van De Sande’, Dirk J. Snyders1,

D. Marien Cortes?, Luis G. Cuello?*, Alain J. Labro'3*

Voltage-gated K* (Kv) channels mediate the flow of K* across the cell membrane by regulating the conductive
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state of their activation gate (AG). Several Kv channels display slow C-type inactivation, a process whereby their
selectivity filter (SF) becomes less or nonconductive. It has been proposed that, in the fast inactivation-removed
Shaker-IR channel, the W434F mutation epitomizes the C-type inactivated state because it functionally accelerates
this process. By introducing another pore mutation that prevents AG closure, P475D, we found a way to record
ionic currents of the Shaker-IR-W434F-P475D mutant at hyperpolarized membrane potentials as the W434F-
mutant SF recovers from its inactivated state. This W434F conductive state lost its high K" over Na* selectivity, and
even NMDG" can permeate, features not observed in a wild-type SF. This indicates that, at least during recovery
from inactivation, the W434F-mutant SF transitions to a widened and noncationic specific conformation.

INTRODUCTION

Voltage-gated potassium K* channels (Kv channels) form trans-
membrane K' permeation pathways that are regulated by changes
in the cell membrane potential (1). The molecular basis of the gating
mechanisms underlying these voltage-dependent changes in ion
conductivity have been extensively studied in the Shaker and Shaker-
type Kv channels (2). The Shaker channel has the typical Kv channel
membrane topology existing in the cell membrane as a tetramer of
a subunits, each consisting of six membrane-spanning helices (S1 to S6)
(3, 4). The S5 and S6 segments assemble into the K™ permeation
pathway with a voltage-controlled activation gate (AG) at the intra-
cellular bundle crossing point of the S6 segments (5, 6). The chan-
nel’s voltage-sensing domains (VSDs), which are composed of
the S1 to S4 segments, detect changes in the cell membrane potential
that triggers a conformational change in the VSDs, which is trans-
lated into the opening or closure of the AG (also known as electro-
mechanical coupling) (7-9). The bottom parts of the S6 segments
have at the vicinity of the bundle crossing point, a double proline
(PVP) motif that is conserved in the Shaker-type Kv channels. It has
been hypothesized that these prolines introduce flexibility in the S6
by destabilizing its a-helical structure (10-12), hence forming a
hinge point that allows the conformational changes associated with
AG opening and closure (6, 13, 14).

The selectivity filter (SF) within the channel’s K selective pore
domain is formed by a stretch of amino acid residues between the
S5 and S6 segments known as the pore loop (the P-loop), which is
located at the extracellular side of the K" permeation pathway (1, 4).
Besides dictating ion selectivity, the SF serves as an additional gate
that can abolish ion conduction by a process termed slow or C-type
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inactivation (7, 15). C-type inactivation is a rearrangement of the SF
that occurs upon prolonged membrane depolarization, triggered by
the opening of the AG (16-20). During hyperpolarization, as the
AG closes, channels recover from their C-type inactivated state, i.e.,
the SF readopts its conductive conformation (21, 22). Thus, at rest-
ing negative cell membrane potentials, the Shaker channels have
their AG closed and presumably their SF in the conductive state
(23, 24). Then, upon membrane depolarization, the VSDs reorient
and initiate a sequence of conformational changes that, after pass-
ing several intermediate closed states, lead to the opening of the AG
(7-9). When depolarization is sustained, the channels slowly enter
the C-type inactivated state, which results in a gradual decrease
of the K* current (15). Initiation of C-type inactivation has been
reported to involve different regions of a K™ channel that are al-
losterically coupled: a coupling between the AG and the SF (25-32)
and/or a direct communication between the VSD and the SF (33).
In a wild-type (WT) Shaker channel, the dimensions of the outer
pore region and the four K" binding sites within the SF are well
maintained by several aromatic amino acids that create a so-called
aromatic cuff (4, 5, 34). The W434 is one of these aromatic amino
acids and interacts with Y445 of the TTVGYG K" selective signature
sequence, thereby contributing to the coordination of K" (35, 36).
Substituting W434 in the fast inactivation-removed Shaker channel
(Shaker-IR) by a phenylalanine (W434F) accelerates and deepens
substantially the C-type inactivation process such that the SF be-
comes nonconductive immediately upon AG opening, ceasing ion
conduction (22, 37). In K*-free conditions, Na*-currents could be
recorded from the Shaker-IR-W434F channel, similar to WT Shaker-
IR channels that are C-type inactivated (38, 39). This strengthened
the hypothesis that, in a K*-free condition, the Shaker channel’s SF
C-type inactivated state adopts a conformation similar to the W434F
mutation, which are not physiologically relevant conformations. Here,
we investigated the conductance of the W434F mutant channel when
it recovers from inactivation at hyperpolarized membrane potentials
in physiologically relevant ionic conditions (22). Whereas hyperpo-
larization relieves C-type inactivation, it also promotes AG closure,
which represented a methodological challenge as both the SF and
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the AG need to be conductive to record ion channel currents. It has
been reported that hydrophilic mutations at the second proline of
the PVP motif (P475) destabilize the closed conformation of the AG,
facilitating ion conduction in the otherwise closed state (40, 41).
Addition of the P475D mutation in Shaker-IR-W434F yielded
channels that were conductive at hyperpolarizing potentials when
the AG closes and the W434F-mutant SF recovers from inactiva-
tion. The recorded current was not cation selective, indicating that
the Shaker-IR-W434F-P475D SF adopted a conformation that is not
K* over Na* selective. This was not observed in Shaker-IR-P475D
channels, suggesting that the inactivated conformation of the
W434F-mutant SF does not reflect on the naturally occurring
C-type inactivated state of the Shaker-IR WT SF.

RESULTS

Shaker-IR-P475D mutant channels produce large, inward
currents during hyperpolarization

The P475D mutant in the Shaker-IR channel (the second proline of
the PVP motif was substituted for an aspartate) has been previously
characterized in Xenopus oocytes as an expression system, but in
this work, we have characterized this mutant (Shaker-IR-P475D)
expressed in human embryonic kidney (HEK) 293 cells. In accor-
dance with previous reports, HEK293 cells expressing the Shaker-
IR-P475D should display both a voltage-dependent and a constitutive
K" current component as the AG does not close completely (40, 41).
Applying depolarizing voltage steps after a 5-s prepulse of ~100 mV
elicited voltage-dependent current activations (Fig. 1A). The analysis
of the instantaneous current amplitude at the different voltage steps
indicated the presence of a constitutive K* selective current, which
originated from an incompletely closed AG (Fig. 1B). Compared to
Xenopus oocytes, human HEK293 cells do not tolerate well long-
lasting negative membrane potentials. This technical limitation
precluded the use of very negative holding potentials (i.e., -110 mV),
as it was used in the original characterization of the Shaker-IR-P475D
mutant (40). When voltage steps more negative than —100 mV were
applied, a time-dependent increase in current amplitude was ob-
served (Fig. 1A). We reasoned that Shaker-IR-P475D channels most
likely should undergo C-type inactivation; therefore, this current
increase at negative membrane potentials should originate from

channels recovering from C-type inactivation (fig. S1). To charac-
terize the voltage dependency of this time-dependent current at
negative membrane potentials, from a holding potential of =70 mV,
voltage steps ranging from —140 to +60 mV were applied followed
by a voltage step to —20 mV to elicit tail currents (Fig. 2A). Analyzing
these tail currents yielded the current-voltage relation (I-V curve)
that reported on the voltage dependency of Shaker-IR-P475D chan-
nels recovering from their inactivated state (Fig. 2B).

Introducing the W434F mutation in Shaker-IR yielded noncon-
ducting channels (fig. S2) (42). It is generally accepted that Shaker-
IR-W434F’s nonconductivity originates from ultrafast channel
inactivation. To study the recovery of this mutant from its noncon-
ductive inactivated-like state, we aimed to record ionic currents
during hyperpolarization, when the AG closes and drives the SF to
recover from its inactivated state (22). Here, the P475D mutation
was introduced, and the resulting Shaker-IR-W434F-P475D mu-
tant channel displayed large, voltage- and time-dependent inward
currents upon membrane hyperpolarization (Fig. 2A). At depolarizing
membrane potentials, on the other hand, these channels did not dis-
play currents when using an interpulse holding level of =70 mV. Most
likely, this happens because the channels are completely inactivated
at this holding potential. To validate this assumption and to exclude
the possibility that the absence of outward current originates from
intracellular Mg”" block, as the P475D mutation introduces an in-
tracellular Mg”™ binding site (43), similar experiments were per-
formed in solutions without divalent cations. Using intracellular
solutions (ICS) without Mg?*, the current recordings of Shaker-IR-
W434F-P475D were comparable, yielding large inward currents at
hyperpolarized membrane potentials with the absence of current
activation at depolarizing potentials (fig. S3). Thus, the time- and
voltage-dependent currents of Shaker-IR-W434F-P475D at hyper-
polarizing negative membrane potentials likely originated from
channels recovering from their inactivated state, as was the case for
Shaker-IR-P475D channels. Generating the I-V curve for Shaker-
IR-W434F-P475D displayed a Ving of —=113.7 £ 0.4 mV (N =9),
compared to a Vip;g of —=99.1 + 3.9 mV (N = 5) for Shaker-IR-P475D
(Fig. 2B). Fitting the current increase at hyperpolarization resulted
in similar time constants for both Shaker-IR-P475D and Shaker-IR-
W434F-P475D (Fig. 2C). Noticeably, during prolonged hyperpo-
larization, the current amplitude decreased slightly in both P475D
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Fig. 1. Shaker-IR-P475D is constitutively conductive. (A) Representative whole-cell current recordings from Shaker-IR-P475D expressed in HEK293 cells (left) and
HEK293 cells transfected only with the peGFP-n1 marker (right) using the pulse protocols shown on top. For Shaker-IR-P475D, a 5-s prepulse of —100 mV was applied,
thereby revealing outward currents upon subsequent depolarization. Interpulse time was 15 s, with a holding potential of =70 mV for both experiments. The horizontal
bar at the start of the current traces indicates the zero-current level. (B) Current-voltage curve of the instantaneous currents in the Shaker-IR-P475D—-expressing HEK293
cells and the peGFP-n1-transfected HEK293 cells. Vi, is around —50 mV for Shaker-IR-P475D (gray circles; N=5) and around 0 mV for the peGFP-n1-transfected HEK293
cells (white circles; N=3).
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Fig. 2. Activation of the channel mutants Shaker-IR-P475D and Shaker-IR-
W434F-P475D. (A) Representative whole-cell current recordings in Shaker-IR-
P475D and Shaker-IR-W434F-P475D, acquired with the pulse protocols shown on
top. Inward currents upon hyperpolarization were observed in both Shaker-IR-
P475D and Shaker-IR-W434F-P475D. The horizontal bar at the start of the current
traces indicates the zero-current level. (B) The normalized conducting current as a
function of membrane potential obtained by analyzing the tail current amplitudes
of Shaker-IR-P475D (gray circles; N=5) and Shaker-IR-W434F-P475D (black circles;
N=09). Vinia was —99.1 + 3.9 mV for Shaker-IR-P475D and —113.7 + 0.4 mV for Shaker-
IR-W434F-P475D. The solid lines represent the average fit with a Boltzmann charge-
voltage function. (C) Time constants of elicited currents of Shaker-IR-P475D (gray
circles; N=5) and Shaker-IR-W434F-P475D (black circles; N =9) shown in (A), obtained
by fitting the onset of inward current with a single exponential function.

mutant channels, indicative of channels adopting a different par-
tially closed state after the channels recover from their inactivated
state (figs. S4 and S5).

The Shaker-IR-W434F-P475D is non-K" selective

K" selectivity of the mutant channels was verified by applying a
strong hyperpolarizing pulse, to recover the channels from their in-
activated state, followed by stepping the membrane potential to a
range of different voltages (Fig. 3A). The peak tail current was
plotted as a function of the applied membrane potential, which
showed that Shaker-IR-P475D remained largely K* selective with a
reversal potential (Vie,) of ~60.8 = 4.9 mV (N = 4) (Fig. 3B). K"
selectivity was completely abolished in Shaker-IR-W434F-P475D,
displaying a Vi, of approximately 0 mV (N = 6). To exclude that an
alternative ion permeation pathway was created as is described for
“omega” and “sigma” currents (44, 45), well-established pore blockers
were applied to prove that the currents recorded from Shaker-IR-
W434F-P475D originated from ions flowing through the ion per-
meation pathway and the SF. Extracellular tetraethylammonium
(TEA) is known to block ion permeation by binding to the pore
mouth, and 100 mM TEA resulted in 62 + 10% (N = 6) current re-
duction at —120 mV (Fig. 4). On the basis of the percentage current
block, Shaker-IR-W434F-P475D displayed a TEA sensitivity that
was slightly lower than what has been reported for WT Shaker-IR
(46). Application of 500 pM flecainide, which is an intracellular

Coonen etal., Sci. Adv. 8, eabn1731 (2022) 16 September 2022

pore blocker (47), resulted in 73 + 13% (N = 3) current blockade,
thereby providing further evidence that the recorded current was
passing through the channel pore (Fig. 4). In addition, the gating
modifier drug 4-aminopyridine (4-AP) that operates from the in-
tracellular side of the pore (48, 49) also blocked the inward current
of Shaker-IR-W434F-P475D, whereby 10 mM resulted in 50 + 6%
(N = 6) current reduction (Fig. 4).

Current decay at depolarized membrane potentials has
kinetics similar to those of C-type inactivation

After accumulating the ion channels in their conductive state, by
applying either a strong depolarizing pulse (Shaker-IR) or a strong
hyperpolarizing pulse (Shaker-IR-P475D and Shaker-IR-W434F-
P475D), the kinetics of the subsequent decaying tail currents were
analyzed. For WT Shaker-IR, deactivation is voltage dependent
and accelerates with stronger repolarizing membrane potentials
(Fig. 3C). For both mutant channels, however, largely voltage-
independent time constants were obtained. The kinetics of Shaker-
IR-P475D appeared to correspond to the inactivation kinetics of
WT Shaker-IR channels displayed in fig. S6. The time constants for
Shaker-IR-W434F-P475D were faster, which agrees with the notion
that the W434F mutation accelerates the inactivation process. These
data indicated that the decay of the tail currents for both Shaker-IR-
P475D and Shaker-IR-W434F-P475D reflected on channels that
inactivate. Because it is reported that the kinetics of inactivation
slow down when the extracellular K* concentration increases, we
tested whether this feature is preserved in the Shaker-IR-W434F-
P475D mutant that lost its high K* selectivity (Fig. 3B). Increasing
the extracellular K concentration from 4 to 145 mM resulted in
similar kinetics (fig. S7). This experimental result strongly sup-
ports the idea that the K" occupancy in the SF of Shaker-IR-
W434F-P475D channels that recovered from their inactivated
state notably differs from that of a WT SF that undergoes C-type
inactivation.

Shaker-IR-W434F-P475D conducts NMDG*

To capture the extent to which the SF is affected in Shaker-IR-
W434F-P475D at negative membrane potentials, its ability to con-
duct ions larger than K* was tested by substituting monovalent
cations in divalent cation free ICS and extracellular solutions (ECS)
with N-methyl-p-glucamine ions (NMDG"). Unexpectedly, macro-
scopic voltage- and time-dependent inward currents were observed
at hyperpolarization (Fig. 5A). In addition, the kinetics of the
hyperpolarization-induced currents were slowed (Fig. 5C). As these
currents originate from channels recovering from inactivation
upon AG reorganization at hyperpolarizing membrane potentials
that normally close the AG, this slowing agrees with the presence of
NMDG that interferes with the conformational changes of the AG
(50). In addition, to prove that the observed currents were carried
by permeant NMDG" instead of protons, which cannot be excluded
from the ICS and ECS, the pH of the ECS was varied to change the
concentration gradient of H'. When the intracellular NMDG" solution
had a pH of 7.32 and the pH of the ECS was set at 6.52, 7.35, and
8.07, the equilibrium potential for H" shifts from —47.9 to —1.6 mV
and 42.1 mV, respectively. However, V., was not influenced by dif-
ferent pH levels and remained at a value of around 0 mV in all three
different ECS (fig. S8). This excludes the possibility that H* was the
current carrier and strengthens the notion that Shaker-IR-W434F-
P475D can conduct NMDG".

30f11

€202 ‘ST |1dy Uo U89S 1B1SBAIUN Te 610°30US 105" MAMM//:SdNY W) pepeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A Shaker-IR P475D W434F-P475D
10 mv tomv
-80 mv -100 mvV
100 ms
: 1nA
i P— _
B O Shaker-IR OP475D @ W434F-P475D O Shaker-IR O P475D @ W434F-P475D
14 o .® 1000 5 o
o0 500 a Qoo®
o * (o]
~  ]-100 SooT e ? ot%o
g 01 — 100 . TP
= 80 -60 -40 _® 0 20 40 g g £ X PN
S Il Vm (mV) © 40 o030
g : o
= _2 i a G
] E aQ jos
£ } 1117
2 37 E -80 -40 0 40
Vm (mV)

Fig. 3. Full activation of WT Shaker-IR and the mutant channels Shaker-IR-W434F-P475D and Shaker-IR-P475D. (A) Representative whole-cell current recordings
in Shaker-IR, Shaker-IR-P475D, and Shaker-IR-W434F-P475D, elicited with a full-activation pulse protocol shown on top, to determine the ion selectivity of the channel.
A horizontal bar at the beginning of the current traces indicates the zero-current level. The square inset displays the tail currents of Shaker-IR-W434F-P475D in more detail,
from 20 to —20 mV, with the tail current elicited at 0 mV in red. (B) The normalized conducting current as a function of membrane potential obtained by analyzing the tail
current amplitudes of Shaker-IR (white circles; N=5), Shaker-IR-P475D (gray circles; N =4), and Shaker-IR-W434F-P475D (black circles; N=6). A similar Ve, was found for
Shaker-IR (-76.5 + 2.3 mV) and Shaker-IR-P475D (-60.8 + 4.9 mV), while the Ve, of Shaker-IR-W434F-P475D displayed a large positive shift toward 0 mV. (C) Time constants
of the decaying tail currents of Shaker-IR (white circles; N =5), Shaker-IR-P475D (gray circles; N =4), and Shaker-IR-W434F-P475D (black circles; N = 6), obtained by fitting
the decaying tail currents elicited with the pulse protocols shown in (A).

Wash in 100 mM TEA
+40 mV

Wash in 10 mM 4-AP Wash in 500 pM flecainide

omv
-40 mV -40 mV
-70 mV -70 mV
1 1 1
-120 mv \ -140 mv -140 mv
” 100 mM TEA 10 MM 4-AP 500 uM flecainide v"‘;"'"

Control Control

Control

Fig. 4. Established pore blockers and 4-AP inhibit the Shaker-IR-W434F-P475D currents. TEA, 4-AP, and flecainide were used to prove that the observed nonselective
currents recorded in standard ICS and extracellular solutions (ECS) pass through the ion-conducting pathway of the Shaker-IR-W434F-P475D channel. The black trace was
recorded in control conditions, and the red trace displays steady-state inhibition (from left to right) by 100 mM TEA, 10 mM 4-AP, and 500 uM flecainide. The horizontal
bar at the beginning of the whole-cell current recordings indicates the zero-current level. Currents were elicited using the pulse protocols shown on top.

T449V slows inactivation in Shaker-IR-W434F channels,
revealing K* selective ionic currents

To evaluate whether the altered ion selectivity in Shaker-IR-W434F-
P475D is due to the combination of a SF containing the W434F
mutation and a channel’s AG that did not fully close (P475D), the
ion selectivity of a Shaker-IR-W434F variant that closes normally
but displays slowed onset of inactivation was determined. To this
end, the T449V mutation was introduced as it has been shown to
reduce the speed of C-type inactivation (51). The Shaker-IR-T449V

Coonen etal., Sci. Adv. 8, eabn1731 (2022) 16 September 2022

mutant yielded functional, voltage-gated ion channels that displayed
a significant reduction of C-type inactivation (Fig. 6A). When com-
bining the W434F mutation with T449V in Shaker-IR-W434F-T449V,
ionic currents could be observed (Fig. 6A), albeit small and rapidly
inactivating (fig. S9). Although there was no significant difference
in the voltage dependency of channel activation between WT and
Shaker-IR-T449V channels, the voltage dependency of Shaker-IR-
W434F-T449V displayed a positive shift of approximately 11 mV
(Fig. 6B). The voltage-dependent activation curve had a Vg of
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Fig. 5. Shaker-IR-W434F-P475D conducts NMDG". (A) Representative whole-cell current recordings in Shaker-IR-W434F-P475D, elicited with the pulse protocol
on top, using ICS and ECS that contained no divalent cations and with the monovalent cations replaced by NMDG™. The square inset displays the tail currents in more
detail. (B) Conductance versus voltage relation obtained in NMDG" solutions (N =5). The solid line represents the average fit with a Boltzmann charge-voltage function.
(€) Time constants of hyperpolarization-induced current increases in standard solutions (white circles; N =6) and NMDG" solutions (black circles; N = 5). Note that NMDG*

slowed down the time constants.
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Fig. 6. Activation of WT Shaker-IR and the mutant channels Shaker-IR-T449V
and Shaker-IR-W434F-T449V. (A) Representative whole-cell current recordings
from Shaker-IR, Shaker-IR-T449V, and Shaker-IR-W434F-T449V, acquired with the
activation protocol shown on top. A horizontal bar at the beginning of the current
traces indicates the zero-current level. (B) The normalized conducting current as a
function of membrane potential obtained by analyzing the tail current amplitudes
of Shaker-IR (white circles; N = 4), Shaker-IR-T449V (gray circles; N = 10), and Shaker-
IR-T449V-W434F (black circles; N = 3). Vinig was —25.2 + 1.5 mV for WT Shaker-IR,
—27.8+ 1.4 mV for Shaker-IR-T449V, and —15.3 + 3.1 mV for Shaker-IR-W434F-
T449V. (C) Time constants of activation, obtained by fitting the onset of activation
with a single exponential function, of Shaker-IR (white circles; N =4), Shaker-IR-
T449V (gray circles; N=5), and Shaker-IR-T449V-W434F (black circles; N=10).

—15.3 + 3.1 mV (N = 3), while for Shaker-IR and Shaker-IR-T449V,
Vmid equaled to —25.2 + 1.5 (N = 4) and -27.8 £+ 1.4 mV (N = 10),
respectively. The kinetics of channel activation and deactivation were
slowed down in both Shaker-IR-T449V and Shaker-IR-W434F-T449V
(Figs. 6C and 7C). The K" selectivity was largely preserved in the

Coonen etal., Sci. Adv. 8, eabn1731 (2022) 16 September 2022

Shaker-IR-W434F-T449V channel, displaying a Viey of ~64.0 £ 2.4 mV
(N =7) compared to a Ve, of —76.5 £ 2.3 mV in Shaker-IR (N = 5)
and -76.8 £ 1.7 mV (N = 7) in Shaker-IR-T449V (Fig. 7B). This
result indicates that, when the AG closes completely, the W434F-
containing SF adopts a K" selective conformation. To exclude that
the T449V mutation rescued the W434F-mutant SF and restored it
to the WT phenotype, the triple-mutant Shaker-IR-W434F-T449V-
P474D channel was evaluated. This triple mutant behaved similarly
to Shaker-IR-W434F-P474D, and upon recovery from inactivation,
the K" selectivity was lost (fig. S10). This indicates that the T449V
mutant does not rescue the inactivated state of the W434F-mutant
SF in a Shaker-IR-P474D background.

Three-dimensional structure of W67F KcsA mutant

with a closed AG

Consequently, when the AG can close completely, the W434F
mutant’s SF adopts a K* selective conformation that most likely
resembles a conductive SF in WT Shaker-IR channels. To gain struc-
tural insights into the conformation of the W434F mutant channel’s
SF, when its AG is in the closed conformation, we took a backdoor
strategy and crystallized the equivalent mutation in the bacterial
KcsA (K channel of Streptomyces A) K™ channel, namely, the W67F
KcsA mutant channel. We turned to the voltage-independent K*
channel KcsA because, at 0 mV, the Shaker-IR channel’s AG is open
(Fig. 6B), and its structure cannot be solved with a closed AG. The
KcsA-W67F mutant with the AG closed was crystallized as a com-
plex with an antibody fragment that facilitates crystal formation.
The KcsA-Fab complex crystallized in the I4 space group and dif-
fracted x-rays to 3.2 A (table S1). At this resolution, the overall archi-
tecture of the channel remained similar to WT KcsA (Fig. 8). A
structural alignment of the W67F and the WT KcsA pore helices
and SFs (with their AGs in the closed state) showed that their over-
all structure is similar (root mean square deviation of 0.33 A for the
SE atoms), with few structural changes. The most noticeable changes
detected in the W67F mutant structure involve the following: (i) a
change in atomic position of the aromatic cuff residues, (ii) a pre-
sumably increase in the disorder of the E71 side chain that precluded
its modeling in the final structural model, and (iii) a change in
the position of the G77 carbonyl group that turns it away from the
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Fig. 7. lon selectivity and deactivation kinetics of WT Shaker-IR and the mutant
channels Shaker-IR-W434F-P475D and Shaker-IR-P475D. (A) Representative
whole-cell current recordings in Shaker-IR, Shaker-IR-T449V, and Shaker-IR-W434F-
T449V, acquired using the full activation protocol shown on top. The zero-current
level is indicated by a horizontal bar at the beginning of the current traces. (B) The
normalized conducting current as a function of membrane potential obtained by
analyzing the tail current amplitudes of Shaker-IR (white circles; N=5), Shaker-IR-
T449V (gray circles; N=7), and Shaker-IR-W434F-T449V (black circles; N=7). This
shows that all three channels have a similar degree of K* selectivity with a Ve, of
—76.5+2.3 mV for Shaker-IR, —=76.8 + 1.7 mV, for Shaker-IR-T449V and —64.0 + 2.4 mV
for Shaker-IR-W434F-T449V. (C) Time constants of deactivation of Shaker-IR (white
circles; N=5), Shaker-IR-T449V (gray circles; N=7), and Shaker-IR-W434F-T449V
(black circles; N=7), obtained by fitting the deactivating tail currents with a single
exponential function.

central axis of symmetry. Focusing on the K™ occupancy in the SF,
an aggregate of three bound K" were observed (Fig. 9). Ions at the
first, third, and fourth binding sites were observed with reduced ion
occupancy or a vacancy at the second ion binding site. This reduced
ion occupancy seems the consequence of changes at the G77 carbonyl
group. Nevertheless, a SF with three bound K* has been shown to be
highly K" selective (5, 18, 27, 30, 52, 53). Given the high structural
similarities between the SF of Kv channels and KcsA, the SF struc-
ture of the KcsA-W67F mutant channel presented here supports the
idea that, in the closed conformation, after recovering from C-type
inactivation, the Shaker-IR channel harboring the W434F mutant with
a closed AG adopts a conductive and K" selective SF conformation.
However, the W434F-mutant SF in the open and inactivated con-
formation, contrary to the Shaker-IR WT SF, adopts a wider and
non-K" selective conformation.

DISCUSSION

C-type inactivation in Kv channels develops upon prolonged channel
activation and is modulated by external K*, where elevated concentra-
tions slow down C-type inactivation (51, 54). In addition, extracellular
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Fig. 8. Crystal structure of the KcsA-W67F mutant and WT KcsA pore helix and
SF. A structural alignment superimposing the WT KcsA (light blue sticks) and the
KesA-W67F mutant (yellow sticks) pore helix and SF is shown. The amino acid side
chains of the Tyr®? and the phenylalanine substitution at the position 67 are indi-
cated with black arrows to highlight the structural changes at the aromatic cuff
caused by the W67F mutant. On the left, an inset zooming at the G77 carbonyl
group highlights its structural changes, which underlies the ion vacancy at the
second ion binding site.

TEA also slows down C-type inactivation (55, 56). These observations
imply that C-type inactivation is associated with rearrangements in
the outer pore region, typically interpreted as a constriction of the
permeation pathway that prevents ion conduction (16-18, 57, 58).
Some C-type inactivated channels are able to conduct Na™ in the ab-
sence of K (in nonphysiologically relevant conditions) (38), which
demonstrates that conformational changes take place in the SF. Sim-
ilarly, Na* currents in the absence of K" have been observed in the
Shaker-IR-W434F mutant channel (39). Moreover, in recent years,
it has also been implied that the abolished or reduced ion conduc-
tion of C-type inactivated channels results from a small dilation of
the SF rather than a constriction (59). Here, we further investigated the
ion selectivity of W434F-containing Shaker-IR channels when the SF
recovers from its inactivated state at hyperpolarized cell membrane
potentials that normally will cause AG closure.

The P475 residue in Shaker is the second proline of the PVP motif,
aregion that has been proposed to form a gating hinge in Kv chan-
nels (12). Substituting this residue with an aspartate (P475D) con-
verted Shaker-IR into a constitutive conductive channel (Fig. 1), as
reported previously (40, 41). Compared to previous reports of the
Shaker-IR-P475D mutant, we were interested in studying recovery
from inactivation, and the main difference with those reports is the
use of a more positive holding potential that promotes channel in-
activation during the interpulse time. Subsequently, time- and voltage-
dependent currents were recorded at hyperpolarizing negative
potentials when the channels recover from a lower or nonconductive
(inactivated) state. Next, we set out to record ionic currents in Shaker-
IR-W434F-P475D during hyperpolarization, when the SF recovers
from inactivation while the AG is deactivating but unable to close
completely. As expected, time- and voltage-dependent currents were
observed at negative membrane potentials in Shaker-IR-W434F-
P475D (Fig. 2A). Oppositely, the decay of the tail currents, elicited
during depolarizing voltage steps upon a negative prepulse (Fig. 3A),
reflects the onset of channel inactivation (fig. S1). Accordingly, the
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Fig. 9. lon occupancy in the SF of the KcsA-W67F mutant with its AG closed.
The SF of the KcsA-W67F mutant in the closed conformation displaying only two
diagonal subunits for clarity. The Fo-Fc electron density map is displayed in light
blue mesh (contoured at 70), validating the ions bound to the channel’s SF. lons
were bound at the first, third, and fourth K* binding sites. The W67F’s SF remains
conductive and adopted a WT-like structure, albeit with no or reduced K* occupan-
cy at the second binding site.

obtained time constants were largely voltage independent, a typical
hallmark of C-type inactivation in WT channels (Fig. 3C). In con-
trast to Shaker-IR-W434F that does not display ionic currents, the in-
activation of the Shaker-IR-W434F-P475D is not ultrafast, and ionic
tail currents could be observed. A possible explanation is that the
W434F inactivates from a SF filter that is stabilized in an intermediate
recovering state due to the P475D mutation, as depicted in fig. SI.
Nevertheless, compared to Shaker-IR-P475D, the obtained time
constants were 10-fold faster in the Shaker-IR-W434F-P475D, in
agreement with the W434F mutation accelerating inactivation (37).
Comparing the inactivation time constants of Shaker-IR-P475D with
those of Shaker-IR (fig. S6), the P475D mutation on its own appeared
to accelerate the inactivation process slightly, which is expected if
the AG and SF are allosterically coupled and the SF is stabilized in
an intermediate state because of the incomplete AG closure (fig. S1)
(25-29). However, caution is advised because the P475D mutant
could cause extra conformational changes to the channel protein
that prevents the full closure of the AG. Nevertheless, by making the
closed state conductive, we recorded currents through both a WT SF
(Shaker-IR-P475D) and a W434F-containing SF (Shaker-IR-W434F-
P475D) when the SF was recovering from the inactivated state.
Apparently, during this recovery process, the W434F-containing SF
adopted a conductive conformation that lost its characteristic high K*
selectivity (Fig. 3B). Moreover, the Shaker-IR-W434F-P475D mutant
was conductive to the large and normally impermeable NMDG"
(Fig. 5). This was not the case for Shaker-IR-P475D, indicating that
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the altered ion selectivity was brought about by the introduction
of the W434F mutation. Although we cannot exclude that this loss
in K* selectivity is brought about by conformational changes of the
P475D mutant that exacerbate the W434F mutation, our data show
that, within the same channel background, a W434F-containing SF
adopts a different C-type inactivated state.

As C-type inactivation is associated with rearrangements in the
outer pore region, mutations at the extracellularly located pore resi-
due T449 in Shaker-IR can accelerate (T449E, T449K, and T449A)
and decelerate (T449H, T449Y, and T449V) this process (51). Addi-
tion of the T449V mutation in Shaker-IR-W434F slowed down
C-type inactivation such that ionic currents could be recorded from
a W434F-containing SF when the AG gate was closed completely
and opens upon membrane depolarization (Fig. 6). This Shaker-IR-
W434F-T449V channel displayed small and rapidly inactivating
currents, which agrees with a filter that is prone to inactivate (Fig. 6
and fig. S8). The activation kinetics were similar to those of WT
Shaker-IR and Shaker-IR-T449V channels, but the voltage depen-
dence of channel activation was slightly shifted toward more posi-
tive potentials. However, in contrast to the ion selectivity of the
conducting Shaker-IR-W434F-P475D channels, the currents of the
Shaker-TR-W434F-T449V were K" selective. This strongly suggests
that, when the AG closes completely, the W434F-containing SF adopts
a highly K" selective conformation that most likely resembles a con-
ductive SF in the WT Shaker-IR channels. Because the Shaker-IR
channel at 0 mV will have an open AG, we turned to the KcsA K*
channel to gain structural insights into the closed W434F mutant chan-
nel’s SF by crystallizing the equivalent KcsA W67F mutant with a
closed AG. A plausible technical limitation of using KcsA in this
study is the lack of a VSD. It has been shown that a direct commu-
nication between the VSD and the pore domain (including the SF)
is known to regulate the C-type inactivation process in Kv channels
(33). However, the onset of C-type inactivation occurs when the
VSDs are activated, which is the case for Shaker-IR at 0 mV. In con-
trast, upon hyperpolarization, the VSDs are in the down or deacti-
vated state, which triggers AG closure, and consequently, the SF is
presumably in the conductive conformation. For these reasons, we
reasoned that the closed KcsA-W67F structure represents a good
structural surrogate for a K" channel pore domain with its AG
closed and the SF in the conductive state. The structure of the W67F
mutant showed a WT-like SF with three bound K" at the first, third,
and fourth binding sites (Fig. 9). We and others have demonstrated
that, in KcsA and other K* channels, a SF with three bound K" re-
mains fully K* selective (5, 18, 27, 30, 52, 53). Resolving the struc-
ture of KcsA-W67F in the closed conformation but in the presence
of 10 mM TBA (Tetrabutylammonium) showed a conductive SF
but an aggregate of four bound K* (60). We attribute the reason for
this incongruence with our structure to the presence of TBA. Where-
as TBA does not seem to affect the ion occupancy of the KcsA WT
SF (61), an effect on the W67F-mutant SF cannot be ruled out (60).
Regardless of this difference, both structures display a conductive
SF, which agrees with the notion that a Shaker-IR-W434F channel
with its AG closed contains a conductive and K* selective filter.

NMDG" conduction has been reported previously in open Kv3.1
and Kv3.2b channels and in mutant Kv1.5 channels, demonstrating
the flexibility of the SF (62). A key residue in introducing this flexi-
bility in Kv3.1 channels appeared the tyrosine residue Y407 (Kv3.1
numbering), which is the equivalent to T449 in Shaker-IR channels
(51). Similarly, mutating only one conserved glycine residue (G347)

7 of 11

€202 ‘ST |1dy Uo U89S 1B1SBAIUN Te 610°30US 105" MAMM//:SdNY W) pepeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

in the neuronal P2X4 resulted in the same flexibility, allowing
NMDG" conduction (63). In the absence of K* ions, Loboda et al.
(64) reported that the Shaker-IR and the W434F mutant displayed
permeability to large cations as they transition to a dilated state,
which is reminiscent of the increased NMDG" permeability shown
by the Shaker-IR-W434F-P475D mutant (Fig. 5). However, the
Shaker-IR-P475D did not show increased NMDG" permeability,
which reinforces the idea that the SF structure of the W434F mutant
represents a nonphysiological C-type inactivated state with altered
ion selectivity. It seems that this nonphysiologically relevant “inac-
tive state” of the Shaker channels can be achieved by dekalifying the
channel or by introducing the W434F mutant.

The recently reported cryo—electron microscopy (cryo-EM) struc-
ture of the Shaker-IR-W434F channel shows a clear widening of the
outermost K* binding sites (34), which strongly suggests that a
widening or dilation of W434F’s SF underlies the nonconductive
phenotype of this mutant channel. This structure of the Shaker-IR-
W434F SF can be reconciled with the lack of K" over Na" selectivity
and can explain the NMDG" conductance displayed by our Shaker-
IR-W434F-P475D mutant when recovering from inactivation. On
the other hand, the Shaker-IR-P475D channels harboring a WT SF
remained highly K* selective and impermeable to NMDG" when re-
covering from their C-type inactivated state. Therefore, the W434F-
mutant SF most likely does not resemble a Shaker-IR WT C-type
inactivated SF. Possibly, by accelerating the inactivation process,
the W434F mutation promotes a nonphysiologically relevant deep in-
activated state. The cryo-EM structures of the Shaker-IR and the
Shaker-IR-W434F channels, both obtained at 0 mV and under sim-
ilar conditions (34), displayed significantly different SF structures,
in which the activated Shaker-IR SF shows an aggregate of four
bound K" ions and no discernible widening of the SF. This agrees with
our experimental findings and our conclusion of a nonequivalence be-
tween an inactivated WT and an inactivated W434F-mutant SF.

In conclusion, combining the W434F with the P475D mutation
converts the depolarization-activated and K" selective Shaker-IR chan-
nel into a nonselective, hyperpolarization conductive cation chan-
nel. Most unexpectedly, this Shaker-IR-W434F-P475D mutant
channel allowed permeation of the large NMDG" ions, suggesting a
widening or dilation of the W434F-containing SF during recovery of
inactivation. When the AG can close normally, such as in Shaker-
IR-W434F-T449V, K" selectivity is restored. The structure of the
KcsA-W67F mutant channel with the AG closed, which is the equiv-
alent to the W434F Shaker mutant channel, showed that, in the closed
state, the W434F’s SF resembles a K" selective conformation. Because
the Shaker-TR-P475D remains highly K* selective, the SF conformations
during recovery from the C-type inactivated state differs between
the W434F-containing mutant and WT Shaker-IR channels. Thus,
our experimental results strongly suggest that the naturally occur-
ring Shaker-IR C-type inactivated state and the W434F-mutant
inactivated state are not functional and likely structural equivalents.

MATERIALS AND METHODS

Creating the Shaker-IR W434F, T449V, and P475D

channel mutants

Shaker-IR complementary DNA (cDNA) was cloned in the GW1-
CMV vector for expression in mammalian cells. W434F, T449V,
and P475D mutations were introduced through site-directed muta-
genesis using the QuikChange site-directed mutagenesis kit (Agilent,
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CA, USA) and custom-designed primers that contain the desired
mutation (Integrated DNA technologies, IA, USA). Plasmid DNA
was amplified in XL2-blue ultracompetent Escherichia coli (Agilent
Technologies, CA, USA) and purified using the NucleoBond Xtra
Maxi kit (Machery-Nagel, Diiren, Germany). Sanger sequencing of
the constructs, performed by the VIB genetic sequencing facility
(VIB Genomics Core, Antwerp, Belgium), confirmed successful
mutagenesis.

Cell culture, transfection, and electrophysiology

WT Shaker-IR, Shaker-IR-P475D, and Shaker-IR-W434F-P475D
channels were transiently expressed in HEK293 cells by transfecting
subconfluent cell culture dishes of 35 mm with 20 ng and 5 ug of
plasmid cDNA, respectively, using Lipofectamine 2000 (Thermo
Fisher Scientific, MA, USA). A similar approach was used for Shaker-
IR-T449V and Shaker-IR-W434F-T449V, but Ltk™ cells were used.
Cells were incubated at 37°C under 5% CO, and collected 24 hours
after transfection using Gibco 0.05% trypsin-EDTA (Thermo Fish-
er Scientific). Cells transfected with Shaker-IR-W434F-T449V were
incubated for 48 hours followed by a 3-hour incubation at 25°C be-
fore collection to increase ion channel expression. Whole-cell ionic
current experiments were performed at room temperature (20°C)
using an Axopatch 200b amplifier, and recordings were digitized
with the Digidata 1440 data acquisition system (Molecular Devices,
CA, USA). Recordings were sampled at 2 to 10 kHz after passing a
1- to 5-kHz low-pass filter. Voltage errors were minimized using
series resistance compensation of up to 80%. If the voltage error
estimate exceeded 5 mV after series resistance compensation, then
the experiments were excluded from analysis. Capacitive currents
were minimized using capacitance compensation of up to 80%.
Recordings were not corrected for leak and capacitance using an
opposite pulse protocol (-P/4 subtraction).

Cells were continuously superfused with standard ECS: 130 mM
NaCl, 4 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, and
10 mM glucose, adjusted to pH 7.35 with NaOH. ECS with pH 8.07
and 6.52 were obtained by titration using NaOH or HCl, respectively.
Patch pipettes were pulled from 1.2-mm borosilicate glass (World
Precision Instruments, FL, USA) with a P-2000 puller (Sutter
Instruments, CA, USA) and afterward heat-polished, resulting in
pipette resistances of 1 to 2 megohm. The pipettes were filled with
standard ICS: 110 mM KCl, 1 mM NaCl, 5 mM K,BAPTA, 5 mM
K,ATP, 1 mM MgCl,, and 10 mM Hepes and adjusted to pH 7.2
with KOH. To replace the monovalent cations in the solutions, NMDG"
was used. The ECS contained 140 mM NMDG", 10 mM Hepes, and
10 mM glucose, titrated to pH 7.35 with HCL. The ICS contained
140 mM NMDG?", 10 mM Hepes, and 10 mM EGTA, titrated to
pH 7.2 with HCL. The compounds, 4-AP, flecainide, and TEA, were
dissolved in the ECS. Switching of ECS and application of compound
solutions in the vicinity of the patched cell were achieved using a
pressurized fast perfusion system (custom built with electrofluidic
valves purchased from Lee Products Ltd., Buckinghamshire, UK) and
a quartz micromanifold (ALA Scientific, Farmingdale, NY, USA), allow-
ing rapid exchange of the external solutions. Before the sealing pro-
cess, the junction potentials were zeroed with the filled pipette in
the bath solution. Applied pulse protocols are shown in the figures.

Data analysis
Data were excluded from analysis when the voltage error estimate
exceeded 5 mV after series resistance compensation. Data analysis
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was performed with pCLAMP 10 software (Molecular Devices) and
Microsoft Excel (Microsoft, NM, USA), and figures were constructed
in SigmaPlot 11 (Systat Software, CA, USA). The voltage dependency
of channel activation and inactivation was analyzed by plotting the
normalized peak tail currents in function of the preceding mem-
brane potential. The I-V curves from the decaying tail current data,
which reveals the reversal membrane potential, were obtained by
plotting the normalized peak tail current in function of the applied
potential. Note that only 3 of 13 cells expressing Shaker-IR-W434F-
T449V displayed large enough tail currents at —40 mV following
activation to include for the analysis of the voltage dependency of
activation. All I-V curves were fitted with a single Boltzmann equa-
tion: y = 1/(1 + exp[—(V — Vi2)/k]), with V as the applied voltage,
V112 as the voltage at which half of the channels are opened or inac-
tivated, and k as the slope factor. Time constants of activation for
Shaker-IR and Shaker-IR-W434F-T449V were obtained by fitting
the increase in current amplitude after the sigmoidal delay with a
single exponential function. Time constants for recovery from inactiva-
tion for the P475D mutants were obtained by fitting the hyperpolarized-
induced current increase with a single exponential function. The
time constants of inactivation and deactivation were obtained by
fitting the decay of tail current recordings with a single-exponential
function. Each current trace was fitted individually, and the good-
ness of the fit was evaluated on the basis of the difference plots. All
data are represented as mean values + SEM, with N as the number
of cells analyzed.

KcsA-W67T protein expression and purification

The KcsA-closed W67F cloned in the expression plasmid pQE70
was transformed in the E. coli XL10-Gold (Agilent, CA, USA) and
grown overnight in LB medium with the following additive compo-
sition: 1% glucose and 0.4 mg/ml ampicillin at 37°C. The next day,
10 ml of the overnight culture was added to a fresh 1 liter of LB
medium complemented with 0.2% glucose, ampicillin (0.4 mg/ml),
0.5% glycerol, and 5 mM MgCl, (65) and cultured at 37°C at
250 rpm until it reached ~0.6 optical density at 600 nm. Next, the
temperature of the cultures was dropped to 29°C under continuous
shaking for 60 min. At this moment, protein expression was started
by adding 0.1 mM isopropyl-B-p-thiogalactopyranoside, and the
medium was supplemented with 10 mM BaCl, (a known blocker of
potassium channels) and ampicillin (0.4 mg/ml) to maintain the ex-
pression vector selection. The protein expression took place over-
night at 29°C. Twenty-four hours later, the cells were harvested by
centrifugation at 4600 rpm at 4°C. The collected cells expressing
the W67F mutant were resuspended in solubilization [TKS buffer:
50 mM tris-HCI and 150 mM KCI (pH 8.0)] supplemented with
protease inhibitors and treated with egg lysozyme (1 mg/ml) and
rotated at room temperature for 1 hour. The cell suspension was
broken by passing it through a microfluidizer and then spun down
at 100,000¢ for 1 hour to pellet the cell membranes. The cell mem-
branes were resuspended in TKS buffer supplemented with prote-
ase inhibitors, and aliquots were stored at —80°C until further use.
KcsA was extracted from the E. coli membrane by adding 20 mM
dodecyl maltoside (DDM), 10% glycerol, asolectin (0.1 mg/ml), and
protease inhibitors for 2 hours at 4°C. The solubilized W67F
mutant channels were fractionated from the insoluble material by
centrifugation at 100,000g. Next, the supernatant was applied to a
TALON resin column (Clontech, CA, USA), which was washed
with TKS buffer supplemented with 15 mM imidazole and 2 mM
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DDM, 5% glycerol, and asolectin (0.1 mg/ml). The protein was eluted
by applying TKS buffer supplemented with 400 mM imidazole
and 2 mM DDM, 5% glycerol, and asolectin (0.1 mg/ml). The pure
protein was concentrated, incubated with chymotrypsin (1:50) for
2 hours at room temperature, and applied to a size exclusion chro-
matography column ENrich SEC 650 10 x 300 column (Bio-Rad,
CA, USA) for final purification and to determine whether the puri-
fied channel was properly folded.

Macromolecular crystallography

C-terminal truncated KcsA W67F mutants in TKS buffer supple-
mented with 2 mM DDM, asolectin (0.1 mg/ml), and 2% glycerol
were mixed with an antibody fragment needed for the crystalliza-
tion process. The channel-Fab complex was purified by passing it
through a size exclusion chromatography column ENrich SEC 650
10 x 300 column (Bio-Rad) preloaded with TKS buffer + 0.5 mM
DDM + asolectin (0.1 mg/ml). Crystallization was performed by the
sitting drop method in 22 to 26% PEG-400 (polyethylene glycol,
molecular weight 400) (v/v), 50 mM magnesium acetate, and 50 mM
sodium acetate (pH 4.8. to pH 5.4) at 19°C. Crystals appeared with-
in a week, and they were immediately cryo-protected by increasing
the concentration of PEG-400 to 40%. A dataset was acquired from
a single crystal for the W67F mutant at the beamline 14-1, at the
Stanford Synchrotron Radiation Laboratory. Image processing and
data reduction were performed with HKL-2000 (66).

Crystal structure determination

The structures of the closed state of the KcsA-W67F in 300 mM KCI
[Protein Data Bank (PDB), 7SQW] were solved by molecular re-
placement using the atomic model of the antibody fragment from a
KcsA-Fab complex structure at 2-A resolution (PDB, 1K4C) (67) as
the search model. The three-dimensional model for the W67F mutant
channels were made by using Coot (68) and were refined with Phenix
(69). The protocol for refining these structures included 2 to 5 cycles
of rigid body, energy minimization, simulated annealing, and indi-
vidual B-factor refinements. Table S1 contains the statistics of the
crystallographic W67F data analysis. The crystal structural figures
of the W67F used here were made using PyMOL (https://pymol.org).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1731

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