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Nonsensing residues in S3-54 linker’s C terminus affect the voltage

sensor set point in K* channels

Joao L. Carvalho-de-Souza' and Francisco Bezanilla'?

"Department of Biochemistry and Molecular Biology and ?Institute for Biophysical Dynamics, The University of Chicago,
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Voltage sensitivity in ion channels is a function of highly conserved arginine residues in their voltage-sensing
domains (VSDs), but this conservation does not explain the diversity in voltage dependence among different K*
channels. Here we study the non-voltage-sensing residues 353 to 361 in Shaker K channels and find that resi-
dues 358 and 361 strongly modulate the voltage dependence of the channel. We mutate these two residues into
all possible remaining amino acids (AAs) and obtain Q-V and G-V curves. We introduced the nonconducting
WA434F mutation to record sensing currents in all mutants except L361R, which requires K* depletion because it
is affected by W434F. By fitting Q-Vs with a sequential three-state model for two voltage dependence-related
parameters (Vo, the voltage-dependent transition from the resting to intermediate state and V4, from the latter to
the active state) and G-Vs with a two-state model for the voltage dependence of the pore domain parameter
(Vi/2), Spearman’s coefficients denoting variable relationships with hydrophobicity, available area, length, width,
and volume of the AAs in 358 and 361 positions could be calculated. We find that mutations in residue 358 shift
Q-Vs and G-Vs along the voltage axis by affecting V,, V4, and Vi, according to the hydrophobicity of the AA.
Mutations in residue 361 also shift both curves, but V is affected by the hydrophobicity of the AA in position 361,
whereas V; and V;, are affected by size-related AA indices. Small-to-tiny AAs have opposite effects on V; and V4,
in position 358 compared with 361. We hypothesize possible coordination points in the protein that residues 358
and 361 would temporarily and differently interact with in an intermediate state of VSD activation. Our data con-
tribute to the accumulating knowledge of voltage-dependent ion channel activation by adding functional infor-

mation about the effects of so-called non-voltage-sensing residues on VSD dynamics.

INTRODUCTION

Voltage-gated ion channels are the molecular entities
responsible for voltage-activated ion-selective con-
ductances in cell membranes. Electrophysiological,
biochemical, and structural analysis indicate that volt-
age-gated K channels are tetramers of proteins contain-
ing six helical transmembrane (TM) segments. The first
four TM segments (S1-S4) constitute a voltage-sensing
domain (VSD) and the last two (S5-S6), the pore do-
main (PD). In a functional channel, four peripheral
VSDs confer voltage sensitivity to the open probability
of the channels’ pore, formed by a radially symmetric
ensemble of four PDs.

The basic mechanism whereby VSDs confer voltage
sensitivity to ion channels involves the movement of S4
inside the core of the protein. When the cell membrane
is hyperpolarized relative to the extracellular compart-
ment, S4 is pushed inward by the electric field acting
on the positively charged conserved residues of argi-
nine in S4 (sensing charges), and this conformation
of the VSD corresponds to a very low probability of an
open channel. Membrane depolarizations cause S4 to
be released and thus to this segment to move outward,
which increases the probability of the channel’s PD to
be found in the open state. During activation, the sens-
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ing charges are temporarily stabilized by negative resi-
dues of glutamate and aspartate in S2 and S3 segments
that are also conserved.

The S4 movement by itself allows intuitive physical
models sufficient to explain the VSD-to-PD mechanical
coupling. Upon depolarization, an outward movement
of S4 causes a parallel-to-the-membrane movement of
the S4-Sb linker that in turn releases Sb and lately S6,
the activation gate, to move and open the inner mouth
of the channel, allowing K' to flow down its electro-
chemical gradient. Nonetheless, the voltage depen-
dence of the channels, defined as the voltage range
where S4 movement occurs, cannot be fully explained
by the composition and relative position of S4. Virtually
all S4-based VSDs display an S4 with conserved arginine
residues every third position, and despite that, one can
find K* channels with their PD voltage dependencies,
a parameter defined here as the membrane voltage
that corresponds to the half-maximal macroscopic K
conductance, varying from negative values as low as
—50 mV in Ky4 (Shahidullah and Covarrubias, 2003) to
values as positive as +12 mV in Ky2 (Shi et al., 1994;
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Figure 1. Residues L358 and L361

53-54 54 in nonconducting Shaker modulates
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Fig. 1 A). Because VSDs are the actual voltage sensors, =~ modulates the VSD’s voltage dependence, defined here
it is reasonable to expect the disparity between those  as the voltage that relates to the movement of half of the
voltage values are due to amino acids (AAs) in the VSDs sensing charges, in Shaker K' channels (Shaker). Previ-
but not the ones in S4, given that this region is strongly ~ ous studies, however, were focused mostly on the length
conserved among K" channels. In the VSD, the extracel-  of the S3-S4 linker or in its modification as a block but
lular loop that connects S3 and S4 (S3-S4 linker) has  not on its AA primary sequence (Mathur et al., 1997;
been studied as one of those motifs in the protein that Gonzalez et al., 2000, 2001; Priest et al., 2013; Elinder
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3LUT

et al., 2016). Other studies have investigated single-AA
mutations in the S3-S4 linker in Shaker but only in a
few residues, leading to limited conclusions (Li-Smerin
et al.,, 2000; Yang et al., 2007). Therefore, a detailed
understanding of the contribution of each individual
AA in the S3-54 linker to the voltage dependence of
Shaker, as a prototype channel, is needed.

In this work we studied the nine AAs in the S3-S4
linker’s C terminus, closest to S4, in Shaker (AA residues
353 to 361). We recorded sensing charge movements as
sensing (or gating) currents at several voltages to build
charge-voltage (Q-V) curves and also K" conductance
activation by several voltages for conductance-voltage
(G-V) curves in all mutants, as readouts of VSD and
PD voltage dependences, respectively. Our results show
that single AA substitutions in residues L358 or L361
can change, sometimes drastically, the VSD voltage de-
pendence (seen in Q-V curve) and consequently the PD
voltage dependence (seen in G-V curve). The direction
of the change depends on the type of AA used as re-
placement for the WT leucine in those positions. Im-
pressively, none of those mutations showed any hint of
a charge induced effect as found before with a phospha-
tase-bound S4-based VSD (Villalba-Galea et al., 2013).
However, when the voltage dependences measured
here in Shaker are correlated to indices of various AA
scales, it is clear that mutations in residue 358 change
voltage dependences of the channel according to the
hydrophobicity of the new AA. On the other hand,
changes in the voltage dependence of the channel
when residue 361 is mutated correlate mostly with a pa-
rameter that denotes the size of the new AA side chain:
the available surface area length, width, and volume.
Finally, we hypothesize that these mutations are useful
tools for studying other S4-based voltage sensors, which
show different voltage dependences.

MATERIALS AND METHODS

Mutagenesis and expression in Xenopus oocytes

Shaker zH4 K' channels were cloned into a pBSTA ex-
pression vector, optimized for expression in Xenopus
oocytes by p-globin sequences flanking the Shaker-en-
coding region, proper Kozac sequence, and a poly-A at
the 3’ end, just before the linearizing unique restriction
site. Shaker cDNA was modified to eliminate fast inacti-
vation of the expressed channel, by a deletion of codons
for 41 residues in the N terminus, A4-46 (Hoshi et al.,
1990). When needed, the channel also carried a back-
ground mutation, W434F, intended to accelerate C-type
inactivation and thus avoid the K' current, enabling
easy recording of sensing currents (Perozo etal., 1993).
Additional mutations were made by PCR (QuikChange;
Agilent Technologies) by using mismatch mutagenesis
primers (Integrated DNA Technologies). PCR products
were used to transform XL-gold cells (Agilent Technol-

JGP Vol. 150, No. 2

ogies) and therefore produce a sufficient amount of
plasmid containing desired cDNA after purification. All
mutant plasmids were sequenced to confirm the pres-
ence of intended mutations. Plasmids were linearized
by a unique restriction site in the sequence, Notl, and
cRNA was then transcribed in vitro from a T7 promoter
that enhances Shaker encoding region’s transcription
in this expression vector (T7 RNA expression kit; Am-
bion Invitrogen). Usually 12-24 h after oocyte surgical
extraction from adult frogs, in accordance with animal
usage protocol 71475 of the University of Chicago In-
stitutional Animal Care and Use Committee, 10-50 ng
cRNA was injected into defolliculated oocytes in 50 nl
RNase-free water. Before and after being injected, oo-
cytes were sitting in glass Petri dishes containing stan-
dard oocyte solution with the following composition:
100 mM NaCl, 5 mM KCI, 2 mM CaCly, and 10 mM
HEPES, pH 7.5, supplemented with 50 pg/ml genta-
mycin. Injected oocytes were kept for 1-3 d from in-
jection, at 18°C.

Electrophysiology

Sensing and K' currents were recorded from oocytes by
using the cut-open voltage-clamp method (Stefani and
Bezanilla, 1998) at room temperature (22°C). The resis-
tance of a voltage-measuring micropipette placed inside
the oocyte for the virtual ground feedback was 0.3-0.8
MQ. Capacitive transient currents were supplied by a
dedicated circuit, and the remaining, uncompensated
currents plus the linear leak were subtracted online by
using the P/N method when possible (Bezanilla and
Armstrong, 1977). Current data were filtered online at
10-20 kHz by using a low-pass Bessel filter in the volt-
age-clamp amplifier (Dagan), digitized at 16-bits and
sampled at 50-100 kHz (Innovative integration). Data
were stored and analyzed by using in-house software. All
sensing current recordings were made with the back-
ground mutation W434F, except when indicated. The
internal gating current recording solution was 120 mM
N-methyl-p-glucamine (NMG) methylsulfonate (MES),
2 mM EGTA, and 10 mM HEPES, pH 7.5, and the ex-
ternal solution contained 120 mM NMG-MES, 2 mM
Ca-MES, and 10 mM HEPES, pH 7.5. All -V analysis
included four to six independent experiments. Q-V
curves were fitted with a three-state model as described
previously, yielding two VSD voltage-dependent param-
eters, Vj and V}, and their apparent charges Z; and Z,,
respectively (Lacroix et al., 2012). For ionic current
recordings, the internal solution contained 120 mM
K-MES, 2 mM EGTA, and 10 mM HEPES, pH 7.5, and
the external solution contained 12 mM K-MES, 108 mM
NMG-MES, 2 mM Ca-MES, and 10 mM HEPES, pH 7.5.
All ionic currents analysis also included four to six inde-
pendent experiments. G-V curves were obtained by plot-
ting the maximal K' conductance at each depolarizing
voltage step. G-V curves were fitted to a single two-state
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function, yielding a PD voltage-dependent parameter
V1,9, a value that denotes the voltage for half-maximal
macroscopic K" conductance activation. For all experi-
ments a standard holding potential of =80 mV was used,
and a conditioning period of time at hyperpolarized
voltage (value varied according to the mutant) was used
to ensure channels were closed before a depolarizing
voltage was applied.

Data analysis and statistics

In-house software was used to analyze the data, and
GraphPad Prism (GraphPad Software, Inc.) was used
to fit the data with adequate equations and to calculate
Spearman’s rank correlation coefficients (rs). Gating
currents activated by a depolarizing voltage step were
integrated in time for its total charge. Q-V curves were
built by plotting the total charge against voltage. Q-V
curves from WT Shaker cannot be fitted with a two-state
model. Instead, a three-state model was necessary to fit
the data, with at least one intermediate state between
resting and active states (Fig. 1 B). It is important to
note that the equation is derived from a model that
includes three VSD states in sequence. Therefore, the
fitted Q-V curves gave two voltage dependence-related
fitted parameters from VSD: V; and V), respectively,
from the voltage-dependent transition from resting
state to the intermediate state and from the latter to
active state. Normalized Q-V curves from at least four in-
dependent experiments were averaged and fitted with a
three-state model equation previously developed (Lac-
roix et al., 2012):

QV,) =

Z+ Z)<1 + ex[)(—Zl—F( V;z}\/l) ))

Nl * (ml’(—zlw» (1 + exp(—Z)—F(V’;{;,w’) ))’

where Q(V,,) is the charge moved at a given membrane
voltage V,,, N is the number of sensors, Z; and Vj are,
respectively, the charge and the voltage of the first tran-
sition, from resting to an intermediate state, Z; and V}
are the charge and voltage involved in the second tran-
sition, from the intermediate to active state, Ris the gas
constant, F is the faraday constant, and T is the abso-
lute temperature.

In some cases presented here, a split Q-V curve is obvi-
ous by simple inspection where there is a clear presence
of an intermediate state of the mutant VSD in question.
However, in most of the VSD mutants and in the WT
VSD, the intermediate state is not obvious.

K* conductance was computed from K' current peaks
following Hodgkin and Huxley (1952):

I
(- (i)

where G- is the K" conductance, I: is the K current
peak, and V,, is the membrane voltage. [K'],, and

Gy =

[K'];, are the potassium ion concentrations outside and
inside, respectively.

Normalized K" conductances at same voltage from
at least four independent experiments were averaged,
plotted against the membrane voltage, and fitted with
a two-state model (“single Boltzmann”) to obtain the
voltage dependence of the PD fitted parameter V} o.

G(Vo) = — =i
1+ ex[]('”Tm)
where G(V,) is the K" conductance at a given mem-
brane voltage V,,, Vi, is the membrane voltage corre-
sponding to half-maximal K conductance, and k is a
voltage sensitivity factor.

The energies involved in the VSD transitions, E; and

E, were calculated as follows:

E = W4,
E = WZ4.

The factor S, defined as the energy difference between
the two sequential voltage-dependent transitions of the
VSD during activation and proportional to the stabiliza-
tion of the intermediate state of the VSD, was calculated
by the following equation (Lacroix et al., 2012):

HE - 1)

S=""%r

RESULTS

Scan of the nine residue regions in the S3-54 linker’s

C terminus reveal two positions that strongly modulate
the voltage dependence of the VSD

Shaker channels, WT and mutants, were heterolo-
gously expressed in Xenopus oocytes and studied by
using cut-open voltage-clamp technique (Stefani and
Bezanilla, 1998). A nonconducting version of Shaker,
which includes the W434F mutation (Shaker W434F,
Perozo et al., 1993), was used to facilitate the record-
ings of sensing currents. We proceeded with arginine
(R), glutamate (E) or glutamine (Q) scanning in the
region of nine residues in the end of S3-54 linker
(353-NQAMSILAIL-361 in Shaker), except N353 and
Q354, which were not mutated by Q. R, E, and QQ were
chosen in order to introduce highly hydrophilic res-
idues, positive, negative, or neutral, respectively, in a
mostly hydrophobic region. It was possible to record
sensing currents in all these Shaker W434F mutants.
Gating charge data were fitted to a sequential three-
state model because a two-state model is not represen-
tative of the data, as shown for the Q-V curve fits and
residuals for data of the WT Shaker (Fig. 1 B). The
three-state model fitting gives the voltages for equal
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Figure 2. Q-V curves from both AA scans,
L358 and L361, in nonconducting Shaker.
(A-H) Averaged Q-V curves from L358X (A-D)
and L361X (E-H). For a better visual, in each
of the scans, charged AAs (D, E, R, H, and K)
mutants are shown in A and E, polar AAs (N,
Q, S, and T) mutants are shown in B and F,
hydrophobic including aromatic AAs (A, I, L,
M, V, F W, and Y) mutants are shown in C and
G, and special case AAs (C, G, and P) mutants
are shown in D and H. For reference, the Q-V
curves for WT channels are shown in black in
all graphs. In all plots, vertical bars from the
colored symbols representing each data point
denote the SEM. Continuous lines are the
best fit of the three-state model (see Materi-
als and methods).
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charge distributions V, and V; and apparent charges Z,
and Z, for the resting to intermediate and intermedi-
ate to active state transitions, respectively (see Materi-
als and methods for details). Scaled integrated sensing
currents—moved charges—were plotted against the
membrane voltage, yielding a Q-V curve for each mu-
tant (Fig. 1, C-E).

In all mutants, Vj was always shifted to more negative
voltages, except in only two mutants: N353R, not shifted
at all, and M356R, shifted positively by less than 2 mV
(Fig. 1 F). In contrast, V; was shifted according to the
mutated residue and the type of mutation (Fig. 1 G).
For instance, when mutated, the residues N353 and
A355 both seem to have a charge-dependent effect on
Vi, which is shifted positively with R and negatively with
E. All these hydrophilic substitutions, to R, Q, and E,
when performed in residues M356, A359, and 1360 shift
Vi to positive values relative to WT. The same substi-
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tutions in residues S357, 1358, or L.361, all shift V; to
more negative values.

All-AA scans in residues L358 and L361 reveal different
mechanisms of VSD voltage dependence modulation
We chose to investigate in further detail the changes
in Vj, Vj, and V9 of Shaker with substitutions in L1358
or L361 because they were the ones that showed con-
sistent left shifts in both V;, and V| when mutated into
the highly hydrophilic R, E, and Q. To that end, we
performed an all-AA scanning, one substitution at a
time at residue L.358 (L358X) or L.361 (LL361X). Sens-
ing currents were recorded in all 38 mutants (19 per
position), and the integrals of those currents were
plotted as moved charges with respect to voltage
(Fig. 2, A-F). With the parameters V,, Z,, Vj, and Z,
given by the three-states model fittings, we derived
other parameters, such as the energy involved in the
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first and second transitions of the VSD movement, E,
and E,, respectively.

Resting state of Shaker VSD is destabilized by
mutations in residues L358 and L361

As found by the three-state model fits, Vj; is shifted to
more negative voltages, relative to the WT value of —51
mYV, in L358X and L361X, with an overall relationship
with the hydrophobicity of the AA in each position
(Fig. 3 A). Hydrophilic substitutions are the ones that
produce the stronger negative shifts in V; in both scans,
with maxima at —180 mV with L358D and —149 mV
with L361R. Following that, AA with aromatic and ali-
phatic hydrophobic side chains, roughly in this order,
shift V to more negative voltages relative to WT. Our
data also show a charge-related component in V; neg-
ative shift, induced by charged AA, which is different
in L358X and L361X. In L358X, negatively charged
AAs (D and E) exert a stronger negative shift compared
with positively charged AAs (R and K) and, conversely
in L361X, positively charged AAs, compared with neg-
atively charged, are the ones that more strongly shift
Vi to more negative voltages. The distributions of V;
from L358X and L361X are more complex when com-
pared with V; distribution (Fig. 3 B). Basically, the only
similarities between the distributions of V;, and V] from
both scans are the charge-related effect and the overall
tendency of a negative shift when less hydrophilic AAs
are used to replace LL358 and 1361, but the differences
are many. Differently from V;, V; can also be shifted
positively, relative to WT, according to the AA replacing
the leucine in L358X and L361X. V; values from L358X
spans from —98 mV in L358D to —35 mV in L358W. In
361X, V; spans from —112 mV in L361R to +26 mV in
L361A, a much broader range of values compared with
Vi values from L358X. Furthermore, the residues that
shift V; positively are very different between the two
positions: aromatic in L358X and small side chains in
L361X. The apparent charge transferred during the
two sequential voltage-dependent transitions, Z, and

Z,, are distributed in a relatively wide range of values,
but no obvious correlation can be seen (see Fig. 9, A
and B). Nevertheless, in both LL.358X and L.361X scans,
Zy is mostly increased in its values, and Z; mostly de-
creased. The computation of the total charge Z7is also
shown (see Fig. 9 C). Attempts to constrain the sum Z,
+ Z; to be equal to the WT value or to the measured
total charge per sensor from Sigg et al. (1994) did not
yield converging fits. We attributed this failure to the
fact that the fitted Z values do not necessarily denote
the actual amount of gating charges per VSD sensor
when there are intermediate states, because as the num-
ber of states increase the apparent Z values decrease,
as demonstrated earlier (Bezanilla and Villalba-Galea,
2013). When Z, and Z,, together with V;, and V), respec-
tively, are used to compute the energy of each transition
(Ey and E;) and to calculate the factor S (Lacroix et al.,
2012), some patterns can be found. E,, the energy in-
volved in the transition between the resting state of the
VSD and its main intermediate state, can be increased
by about threefold relative to the WT value, and in both
positions more hydrophilic residues are more effective
in increasing E, (Fig. 4 A). Conversely, in both positions
E,, the energy involved in the transition between the
main intermediate state and active state of the VSD, can
be increased or decreased, according to nature of the
AA (Fig. 4 B). More specifically, in L358X, E; goes from
an increase of 60% to a decrease of 42% relative to the
WT value. In L361X, E, ranges from an increase of 74%
to a decrease of 120% (negative energy). Because the
same residue, in L358X and L361X scans, has differ-
ent effects in E; and E,, the total energy (Er= E, + E;)
comes as a good overall readout of the energy of the
system (Fig. 4 C). It turns out that, relative to WT, the
total energy involved in the full activation of the VSD
changes from an increase of 87% to a decrease of 15%
in L358X. In L361X, the change goes from a 150% in-
crease to a 120% decrease (negative energy). The factor
S, a dimensionless number that quantifies the existence
of an intermediate state in the VSD, between resting
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and active states, is always increased with respect to WT,
with the exception of L358P mutant (Fig. 4 D).

Mutations in the VSD causes changes in pore

activation accordingly

We next made the same all-AA scanning in conductive
Shaker. All mutants of the channel were functional,
and well resolved voltage-activated K' conductance was
measured. K" conductance at several voltages was scaled
by the maximal conductance of each experiment and
plotted against the voltage to produce a G-V curve for
each mutant (Fig. b, A-F). By fitting each curve with
a two-state model, we determined the parameter Vo,
being the voltage for half-maximal K' conductance ac-
tivation, represented the voltage dependence for the
pore activation in each mutant. Our data show that in
general hydrophilic residues at 1358 and L361 shift
the G-V curves to more negative voltages, although the
range that V), is changed by mutations in L1358 (—64
mV in L358S to —0.9 mV in L358W) is much smaller
than changes produced by mutations in L361 (=95 mV
in L361K to +40 mV in L361A; Fig. 5 G). In addition to
hydrophobicity, the aromaticity in residue 358 seems to
play a role on V), and in L361X, besides hydropho-
bicity, changes in V;,s were also influenced by the size
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of the residue 361. As expected, Vo correlates strongly
and positively with V;, but not with V;, in L358X (rsv =
0.70 and rgy; = 0.91) and L361X (rgyo = 0.580 and rgy; =
0.96) showing that the mutants at 1358 and L.361 tend
to keep the VSD-to-PD coupling (Fig. 6, A and B).

WA434F mutation causes major change in VSD
movements containing L361R mutation

Because VSD is required to move several steps until the
final step that activates the conductance in the PD, it is
reasonable to expect that the Q-V curve must be posi-
tioned at the left-hand side relative to the respective G-V
curve in the voltage axis. However, in one VSD mutant,
L361R, this rule was broken as shown in Fig. 7 A. We
suspected the cause was the mutation W434F, used to
record sensing currents to obtain the Q-V curve and not
present in conductive Shaker.

To address this problem, we conducted an experiment
consisting of depleting K" ions from inside the oocytes
expressing conductive Shaker, until K" conductance
became negligible and sensing currents could be mea-
sured. The Q-V curve recorded without the W434F mu-
tation was then positioned entirely at the left-hand side,
preceding the G-V (Fig. 7 B) curve. This observation
strongly suggested that, at least when VSD contains the
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Figure 5. G-V curves from all AA scans of L358
and L361. (A-H) Averaged G-V curves from
L.358X (A-D) and L361X (E-H). For a better view,
in each of the scans, mutations into charged AAs
(D, E, R, H, and K) are shown in A and E, polar
AAs (N, Q, S, and T) in B and F, hydrophobic AAs
including aromatic amino acids (A, I, L, M, V, F,
W, and Y) in C and G, and special cases AAs (C,
G, and P) in D and H. For comparison, the G-V
curves from WT channels is shown in all graphs.
Continuous lines are the best fit of a two-state
model to the data (see Materials and methods).
() The fitted voltage V4, from both scans are
shown with the color code in the plot is the same
as that used in Fig. 2. In all plots, vertical bars
from the colored symbols representing each data
point denote the SEM.

Determinants of K* channel voltage dependence | Carvalho-de-Souza and Bezanilla



>

x

==}

[T}

(3]

S

E

N

>

-80 ; v v
-200 -150 -100 -50
V0 or V1

B 50

X

©

8 o

S .50

E

100

> o V1

1504 . . v .
150 100  -50 0 50

V0 or V1

Figure 6. Vi, from G-Vs correlates with V; from respective
Q-Vs as expected for a VSD-to-PD coupling preservation. (A)
Vi/2 values from L358X scan were plotted with their respective
Vy and V. rs coefficients were 0.70 and 0.91 for V; and V;, re-
spectively. (B) V;/; values from L361X plotted with their respec-
tive Vp and V;, with rs of 0.58 and 0.96, respectively. Vertical and
horizontal bars represent the SEM of the parameter V;,, and V,
or V4, according to the legend, respectively.

L361R substitution, the W434F mutation affects the VSD
dynamics. We closely checked a possible crossing of Q-V
and G-V curves in the rest of our data. None of the mu-
tations in L358 or L361, except for L361R, showed curve
crossing. Therefore, we assumed that, even though it is
possible that the VSD dynamics could still be affected by
that mutation in the PD, that influence was not extensive
enough to jeopardize our voltage dependence analysis.
Consequently, except for the L361R case, all Q-V curves
in this work were recorded by using the W434F mutation.

Voltage dependencies of the VSD correlate with
physicochemical properties of residues 358 and 361
We characterized more quantitatively the changes in the
voltage dependence of Shaker’s VSDs by calculating the
Spearman correlation rho number (rs) between each
series of experimental parameters (V,, Vi, E,, E;, and
factor S) and a set of indices from AA scales for several
physicochemical aspects of the AAs, such as several hy-
drophobicity scales, accessible surface areas (ASAs) in
folded proteins, length and maximal width of the side
chain, and volume (Table 1; see Materials and methods).
Vo and E, behaved very similarly in both the L358X
and L361X scans. These two experimental parameters
correlated positively and strongly with most of the hy-
drophobicity AA scales considered in this study. V, and
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Figure 7. Mutation W434F in PD affects VSD voltage sensi-
tivity in L361R. The voltage dependence of the 361R mutant
VSD is affected W434F mutation in the PD. (A) Q-V and G-V
curves in channels containing the L361R mutation in the VSD,
unusually crossing each other. Q-V curves were calculated from
integrated sensing currents recorded by blocking K* conduc-
tance with the W434F mutation. (B) Q-V curves recorded with
W434F mutations and by depleting K* from inside the cells
evidencing the effect of the W434F mutation on 361R mutant
VSD. (C) Comparison between Q-V and G-V curves, in both
cases without the W434F mutation showing the expected rel-
ative voltage dependence. Vertical bars from the data points
denote the SEM of each respective data point.

E, also correlated negatively with ASA in both scans,
being clearly more strongly correlated with most of the
hydrophobicity AA scales in L358X but not in L361X
scan. V; from both scans was negatively and strongly
correlated with ASA, but only when taken from L361X
this experimental parameter correlated strongly with
size-related AA scales such as length, width, and volume.
E, from both scans correlated weakly with all scales but
size-related AA scales in L361X.

DISCUSSION

Voltage-dependent ion channels are the molecular
basis of cell excitability in neurons, muscle cells, and
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Table 1. Correlation coefficients between VSD and PD voltage dependence-related fitted and calculated parameters and

AA scales
Scale type and L358X L361X
code

Vo Vi Vi E, E, S Vo Vi Vi E, E, S
Hydrophobicity
scales
GES* 0.78 0.78 0.72 0.80 -0.19 -0.69 0.81 0.66 0.59 0.63 0.34 -0.22
HH" 0.73 0.81 0.74 0.71 -0.14 -0.63 0.78 0.59 0.56 0.66 0.32 -0.28
KD¢ 0.69 0.69 0.63 0.70 -0.25 -0.67 0.81 0.72 0.70 0.70 0.49 -0.07
MC! 0.73 0.81 0.74 0.74 -0.10 -0.63 0.77 0.57 0.53 0.54 0.27 -0.21
MF*¢ 0.66 0.71 0.76 0.75 -0.27 -0.76 0.94 0.63 0.53 0.70 0.41 -0.23
WHP! 0.73 0.54 0.44 0.63 -0.48 -0.75 0.79 0.85 0.80 0.62 0.62 0.04
Wwe 0.81 0.92 0.78 0.75 0.08 -0.55 0.63 0.41 0.34 0.45 0.09 -0.38
Size scales
ASA" -0.7 -0.67 -0.66 -0.70 0.29 0.71 -0.88 -0.76 -0.74 -0.65 -0.5 0.03
Length' -0.17 0.05 0.09 -0.10 0.36 0.32 -0.27 -0.80 -0.82 -0.25 -0.82 -0.65
Width/ 0.07 0.38 0.31 0.16 0.45 0.10 -0.05 -0.58 -0.71 -0.28 -0.78 -0.65
Volume® 0.15 0.46 0.37 0.20 0.36 0.05 0.02 -0.57 -0.67 -0.06 -0.75 -0.79

Spearman correlation coefficients (rs) were calculated between each set of 20 voltage-dependent parameters and the indicated AA scale. Values of rg >0.7 or <-0.7,

denoting very strong correlation, are shown in bold.

*Goldman-Engelman-Steitz transfer free energies water—oil for AA side chains in ahelical polypeptides (Engelman et al., 1986).
"Hessa-Hejne AG scale derived from H-segments with the indicated AA placed in the middle of the 19-residue hydrophobic stretch (Hessa et al., 2005).
“Kyte and Doolittle hydropathy index derived from water-vapor transfer AG and interior—exterior distribution of AA side chains previously determined (Kyte and

Doolittle, 1982).

“‘Miller-Chothya transfer AG between the protein surface and interior (Miller et al., 1987).

“Moon-Fleming water-to-bilayer transfer AG for the AA side chain (Moon and Fleming, 2011).

Wolfenden hydration potential: transfer AG of the AA side chain only from vapor to water (Wolfenden et al., 1981).
SWimley-White transfer AG of peptide AcWL-X-LL (X = AA) from bilayer interface to water (Wimley and White, 1996).
"Median values of total ASA, in angstroms squared, of whole residues in ahelical structures (Lins et al., 2003).

'STERIMOL length of the side chain (Fauchere et al., 1988).
ISTERIMOL width of the side chain (Fauchére et al., 1988).
¥Van de Waals volume of the residue (Nolting, 1999).

glands. The VSDs in these types of channels are known
to be the first four TM segments, of a total of six, with
the fourth (S4) containing a charged residue (mostly
R), every third position. These charged residues (sens-
ing charges) are inside a high-strength electric field,
enough to move the backbone of S4 perpendicularly
to the plane of the membrane upon membrane volt-
age changes. Excitable cells are invariably negative in-
side relative to the outside when not excited; therefore,
the electric field across the membrane favors arginines
in S4 to stay inside. Upon depolarization of the mem-
brane, the force that once kept S4 in the resting state
disappears, and this charged TM segment is released,
moving outward. The VSD charges moving across the
electric field are capacitive-like currents that can be re-
corded in special conditions, such as when the protein
is overexpressed in the membrane. Despite the fact that
the sensing currents can be directly recorded and stud-
ied, the voltage range where S4 movements take place
seems to be related to other regions in the VSD not nec-
essarily obviously related to the charged residues. Here
we show an all-AA scanning of two residues in the S3-5S4
loop, extracellularly located and classically considered
non-sensing residues: 358 and 361. By means of their
physicochemical properties, these residues modulate
the S4 movement and therefore the PD activation volt-
age dependences.

L358 and L361 residues control different movements of
the VSD by different mechanisms

Our data showed that the residues 358 and 361 in
Shaker K channels are strong modulators of the chan-
nels’ VSD voltage dependency. Because in WT chan-
nels both 358 and 361 residues are leucine, a highly
hydrophobic AA, it is reasonable to speculate that the
hydrophobicity of those residues controls the voltage
dependence of both processes in the VSD (V; and V)),
an idea previously suggested (Yang etal., 2007). Indeed,
the Q-V curves, which fitted parameters V;, and V;, are
remarkably shifted to more negative voltages when
highly hydrophilic AAs such as R, E, and Q were in those
positions. We were not satisfied that experiments with
only four different AAs, L (WT), R, E, and Q in each
position were enough to accept that hypothesis. There-
fore, we did an all-AA scan in both residue positions in
order to have the maximal number of points (20) in
the correlation plots. Then we determined the possi-
ble correlation of each of those sets of fit parameters
Vi and Vj, from both scans with classic hydrophobicity
AA scales (see Materials and methods) and AA size-
related scales representing the ASA of the residues and
their length, width, and volumes. As mentioned before,
the distribution of Vj is wide in both scans and shows
the sensitivity of this parameter to a change in the side
chains of two non-sensing residues. We also showed that
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the distributions of V, from L358X and L361X are cor-
related positively with hydrophobic scales considered
here and negatively correlated with ASA, showing that
these two residues tend to be buried at the resting state.
None of the size-related scales, length, width and vol-
ume, correlated meaningfully with the distributions of
Vo (Table 1). These findings are in agreement with the
prediction of the consensus model for the resting state
published by Vargas et al. (2011) because this model
predicts these two residues are in an extensive contact
with the side chains of the S3 segment residues such as
T326, Y324, 1321, and A320 (Fig. 8). The relative posi-
tion between these four residues from S3 and the two
residues L.358 and L361 from S4 can be inferred from
the putative closed structure. The interface between

A

Figure 8. Relative positions of L358 and L361
residues from Shaker in the resting and active
states as predicted by Ky1.2 models. (A and B)
Top view (A) and side view (B) of the resting state of
the VSD as predicted by a structural- and function-
al-data-based consensus resting model (Vargas et
al., 2011). The panels show S3 and S4 from the con-
sensus model and S5, P-loop, and S6 from a neigh-
bor channel subunit, from a crystallography-derived
model of Ky1.2 (PDB code 3LUT). Only pertinent res-
idues are shown with spheres representing the Van
der Waals volume of each atom. The color code is
the following—magenta: residues 1321, Y324, and
T326 from S3; green: L358; red, L361. (C and D)
Top view (C) and side view (D) of the active state of
the VSD as predicted by a crystallography-derived
model of Ky1.2. Highlighted residues are also shown
as spheres in the same way as in A and B, with resi-
dues L358 in green, L361 in red, and Y415 and F416,
both from S5, in blue.

S3 and S4 is formed by stacked-like or intercalated side
chains of the following residues (looking from the ex-
tracellular space) in the following order: T326, L358,
Y324, 1L.361, 1321, and A320. We speculate that in this
configuration of the VSD, the size of the side chains has
little or no effect on setting the resting state because the
both S3 and S4 segments would have flexibility to move
sideways in the plane of the membrane.

The analysis of the Q-V curves by using a three-state
model assumes the existence of an intermediate state
stable enough to produce two identifiable voltage-de-
pendent processes in the S4 trajectory. Although cur-
rently there are no available and consistent structural
data on an intermediate state in Shaker K channels,
our functional data may help define that state: an at-

C

45 0.8
3.5 1 A %M
4.0 - (‘; P
fe ] A% $r 0.7
& 3.0 = i G
= at | Ee] R o A
N N 20 1 ! | 0.6 - OE &s
3 25 g 3 bt e .
- - 1 - !
(1] © F © E§D |
c £ 2.54 { = 0.5 R P.
o o | N c oIk D
‘E 2.0 E 2.0 D} A\ N G &S
Q Q . R N J v
= = 0.4
© © 1 c ¥ T | w
Q =3 A v
o 1.5 o 1.5 A W
* < 1 w : 0.3 .
1.0 cadC §s ' I+ L
1.0 ] E 1 P
0.5 0.2
358X 361X 358X 361X 358X 361X

Figure 9. Apparent charges Z; and Z; and the ratio Z,/ZT, (ZT = Z, + Z;) from mutant voltage sensors in L358X and L361X
scans. (A and B) In A and B, respectively, Z, and Z; for all mutant voltage sensors, color coded as in Fig. 2, are shown along with
SEMs. (C) All mutations in both 358 and 361 positions increase Zy/Zrratio, except for L358P. The SEM is plotted from each respective

data point represented by the colored symbols.

JGP Vol. 150, No. 2

317


3LUT

vy

A
-50 B z oA
oI 0
g nam 5
x fe d Ao x is°F X of s
X 100 T8 = Cgl oF © T ¢
© N © .50 i %1 °
1 oD }Q c?_ o J:w ‘?N T i
> *K > .*E-N a ; b
150 r D3 -50 oE
4100 . N Yo
°r D :.Q
X3
-200 -150 - . L
200 150 100 60 450 100 50 000 =0 0 50
Vp-358X V;-358X V42-358X
D, E .
L 4 5
22 c T P 'gs E‘C
v I F e i«E
X “Ei’* 2 2
- _4 Q s YIE 5 p
© PHy, M g "‘%T’;‘F
' 'ﬁ{_‘ i 4 yppiD
w -6 ﬁ w OF TV
6 ®
38 L MR H
-8
-10
- -6 -4 -2 0 8 6 -4 -2
Eq-358X E,-358X
Fuo . G.
G
# {7
51 E k= A
x J}sf s N 06 S 4
: ° .-
™ v D H]
1 I e+ x F
o 01 TR BF RF}N © >—}!i [F N
Iy © 0.4 % R
IY +:[Q J MQ
sl 1o
-5 0 5 10 ) 0.4 0.6 0.8
S-358X 358X Zy/Zt

Figure 10. Comparisons between parameters from L358X and L361X show crucial differences between the scans. In all plots,
data points are labeled by the mutation they are representing. Vertical and horizontal lines are at the WT values in x and y axis,
splitting the plotting area into four quadrants. Data points in odd quadrants show the mutation has similar effects either in L358X
and L361X. Data points in the even quadrants include cases where the same mutation has opposite effects when in L358X or L361X.
(A) Vo. (B) V4. (C) Viya. (D) Ey. (E) E;. (F) Zo/Zr. (G) Factor S (see Materials and methods for details). Bars represent the SEM.

tempt to access the relative position of the intermediate
state by calculating the ratio between Z, and the total
apparent charge (Zy = Zy + Z,), Zy/Zr. That value for
WT channels is 0.28 and for all mutants, but for L358P
that value is higher, suggesting that the intermediate
state is always displaced outward relative to the WT in-
termediate state when 1.358 or L361 is mutated (Fig. 9).
In numbers, Z,/Z7 spanned from the WT value (0.28)
to 0.55 in L.358X and to 0.66 in L361X. It is important
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to emphasize that the ratio Z,/Zr may not represent ex-
actly the relative position level of the intermediate state
because the Z values estimated by the three-state model
data fits give only an apparent charge, being underesti-
mated (decreased values) when many subintermediate
states are present, as shown previously (Bezanilla and
Villalba-Galea, 2013). Also, because both L.358X and
L361X scans produced conductive channels with G-V
curves with reasonable voltage sensitivity, given by the
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maximal slope of the curves, we conclude, as suggested
by Gonzalez et al. (2000) that the relative position of
the S4 segment was not affected by the mutations stud-
ied here. Instead, what can be generating variations
in the Z value can be attributed by both the presence
of more intermediate states and the reshaping of the
extracellular cavity, mostly lined by the S3-S4 linker,
which was slightly changed in this case. Nevertheless,
it is noteworthy to note that Z, was always increased,
which may indicate a meaningful result. The stability
of the intermediate state was assessed by the factor S,
a dimensionless value previously derived by Lacroix et
al. (2012) that denotes the stability of the intermediary
state. In this analysis, relative to WT, L358X mutant in-
termediate state stability was increased up to 2.3 times
and in L361X up to 3.4 times (Fig. 4 D). In both scans,
none of the AA scales considered here showed a good
correlation with the stability of the intermediate state in
the mutants, and we attribute that to the fact that these
supposed intermediate states differ at each mutation,
and so they are not comparable. Yet, the Z,/Zr would
measure the relative position of the S4 at the most sta-
ble intermediate state, but it lacks information on their
voltage dependence.

The distributions of Vj, the voltage that moves S4 from
an intermediate to active state, correlate with the hydro-
phobicity index and ASA of the residue in both positions
L358X and L361X. But it is V; only from L361X, and
not from L358X, that correlates with the length, width,
and volume of the residue in position 361. The analy-
sis of V; values in L358X and L361X can give us some
hints on how that movement happens. It is known from
the Shaker like K' channel (Ky1.2) crystal structure (in
the active-relaxed state) that 1.358 side chain is far from
any other residue in the protein and it is pointing to a
region away from the top of the segment S5, the clos-
est residues outside of the VSD in this conformational
state of the sensor. Therefore, the inspection of the ac-
tive-state structure currently available is not enough to
explain the broad range of V; values obtained in L358X
scan. Still in the Kyl.2 crystal structure, L361 side chain
is also far from any other residue in the protein. Hence,
we hypothesize that during the activation movement
process, at an intermediate position different from the
resting or active states, the mutated residues L.358 or
L361 interact with other regions of the protein, never
seen in structural studies because they are not as stable
as the steady-states resting and active. In that hypothesis,
possible partners for L358 and LL361 in an intermediate
state of the VSD are likely to be in the top of S5 seg-
ment. We suggest the putatively important residues in
S5 in temporary partnership to be Y415 and F416, both
AAs bearing bulky side chains. One of these residues,
F416, along with A419, was found to make close contact
with R362 from S4 during VSD activation (Lainé et al.,
2003). Interestingly, when aromatic side chains are in
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L358X, such as F, Y, and W, the voltage necessary to fully
activate the VSD, Vi, is more depolarized than in WT.
These aromatic L358X mutants also show some degree
of splitting in the Q-V curve, suggesting they may coor-
dinate with those aromatic residues in S5, but we did
not address this question in the present work. In the
case of the L361X mutants, among the aromatic sub-
stitutions only in L361F, it is possible to detect a slight
split in the Q-V curve, an effect similar to L358F. The
other two aromatic mutants, 1.L361Y and L361W, do not
show any evident split in their Q-V curves. It is expected
that aromatic side chains in residue 358 have a different
path during VSD activation by voltage when compared
with the side chain in residue 361. In LL361X, not the ar-
omatic or bulky, but small side chains, in length, width,
and volume such as A, C, S, V, and P, produce a great
splitin the Q-V curves. We hypothesize this may happen
because those short side chains, or alternatively the lack
of medium-to-big side chains, are being trapped in a
low-energy intermediate state. This hypothesis was not
addressed in the present study.

The technique, named site-directed fluorimetry or
alternatively voltage-clamped fluorimetry, is normally
used to probe VSD movements by monitoring the flu-
orescence of a fluorophore attached to an engineered
cysteine in S3-S4 extracellular loop (Priest and Beza-
nilla, 2015). During VSD movements the fluorescence
signal may change because of quenching/unquenching
when the fluorophore senses different environments.
In Shaker, residues M356 and A359 in the S3—-S4 linker,
have been mutated to cysteine to attach a fluorophore
via disulfide bond (Mannuzzu et al., 1996; Cha and Be-
zanilla, 1997). The fluorescence signal from 356C- and
359C-Hlurophore track the transferred charges during
VSD activation, showing residues in the S3—-54 linker do
change their environment, exchanging their coordinat-
ing partners when S4 moves. Our data in this present
work show residues 358 and 361 change their envi-
ronment differently during activation after a compre-
hensive analysis including all possible side chains from
natural AAs. This result is consistent with environmen-
tal changes detected by site-directed fluorimetry.

Compearisons of the effects produced by

similar replacements for L358 and L361 show

distinct mechanisms despite the overall similar
hydrophobicity dependence

As shown in Fig. 1, VSD dynamics is affected similarly
by replacing the WT residues L358 or L361 into R,
Q, or E. However, when we distribute the whole set
of data from different scans (fit parameters Vj, Z,
Vi, Z;, and V,,9 and derived parameters E,, E;, fac-
tor S, and Z,/Zr), one can find AAs with very similar
effects in L358X and L361X but also AAs with oppo-
site effects when placed in different positions. In this
analysis, we simply considered the quadrants where
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the data points are located in the plotting areas that
were split in four quadrants by the WT data point
(Fig. 10). Data points in the first and third quadrants
are relative to mutations with similar effect in L358X
and L361X, shifting the parameter in the same direc-
tion in both scans. Data points plotted in the second
and fourth quadrants denote specific mutations that
have opposite effects in L358X compared with L361X
for that particular parameter plotted in the graph.
Following this classification, Vj, Ej, and factor S are
similarly affected by mutations in 358 and 361 resi-
dues, whereas V; and E; are mostly affected differently
when the replacement is done in L358 compared with
in L361. Differences in the modulation of the volt-
age dependence of the VSD by the residues LL358 and
L361 characteristics are consistent with the fact that,
despite being separated by only two other residues
in the a-helical structure, they do not share the same
partners in the protein environment during voltage
activation. Three residues apart (i; i+3) in an a-helical
structure place the a-carbons of the two residues 60°
separated and 3 A apart longitudinally, which might
be enough to explain that perturbations in these two
residues can produce such different outcomes. Be-
sides, one should consider that only 361, and not
L358, is in a complete hydrogen-bonded o-helical
structure region according to a model derived from
structural studies (Chen et al., 2010).

In summary, we found residues in the protein that
can greatly change VSD and PD voltage dependences of
the channel without altering the charges in the S4 seg-
ment. We believe that our data may prove useful in un-
derstanding VSD dynamics because it relates functional
data in non-sensing residues in specific positions. The
results emphasize the importance of the environment
that surrounds the noncharged moving parts of the
sensor in modulating its function while it is activated.
In addition, the modifications found here help define
intermediate states of the VSD that can be studied func-
tionally and even structurally.
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