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Abstract

Voltage sensors trigger the closed—open transitions in the pore of voltage-gated ion channels. To
probe the transmission of voltage sensor signalling to the channel pore of Cay/1.2, we investigated
how elimination of positive charges in the S4 segments (charged residues were replaced by neutral
glutamine) modulates gating perturbations induced by mutations in pore-lining S6 segments.
Neutralisation of all positively charged residues in 11S4 produced a functional channel (11S4y),
while replacement of the charged residues in 1S4, 111S4 and 1VVS4 segments resulted in
nonfunctional channels. The 11S4y channel displayed activation kinetics similar to wild type.
Mutations in a highly conserved structure motif on S6 segments (“GAGA ring”: G432W in 1S6,
AT780T in 11S6, G1193T in 111S6 and A1503G in 1VS6) induce strong left-shifted activation curves
and decelerated channel deactivation kinetics. When 11S4y was combined with these mutations,
the activation curves were shifted back towards wild type and current kinetics were accelerated. In
contrast, 12 other mutations adjacent to the GAGA ring in 1S6-1VS6, which also affect activation
gating, were not rescued by 11S4y. Thus, the rescue of gating distortions in segments 1S6-1VS6 by
11S4y is highly position-specific. Thermodynamic cycle analysis supports the hypothesis that 11S4
is energetically coupled with the distantly located GAGA residues. We speculate that
conformational changes caused by neutralisation of 11S4 are not restricted to domain Il (11S6) but
are transmitted to gating structures in domains I, 111 and 1V via the GAGA ring.
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Introduction

The entry of Ca2* through voltage-gated Ca2* channels has direct effects on muscle
contraction, release of hormones and neurotransmitters, hearing, vision, gene expression and
other important physiological functions [8]. L-type Ca2* channel dysfunction can result
from structural aberrations within their pore-forming a-subunits causing hypokalemic
periodic paralysis and malignant hyperthermia sensitivity (Cay/1.1), Timothy syndrome
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(Cay1.2), sinoatrial node function and hearing (Cay/1.3) and incomplete congenital
stationary night blindness (Cay/1.4) [46].

The pore-forming ay-subunits of voltage-gated Ca2* channels are composed of four
homologous domains formed by six transmembrane segments (S1-S6) that are linked
together on a single polypeptide [6]. The voltage-sensing machinery is formed by multiple
charged amino acids located in segment S4 and adjacent structures of each domain.
Segments S6 of each domain form the conducting pore of the channel.

Hodgkin and Huxley [19] hypothesised that activation of voltage-gated ion channels is
initiated by movement of charged particles across the membrane. This charge movement
(called “gating current™) was later directly measured for sodium channels [1]. Crystal
structures of ion channels revealed that four domains in Nay or in Ky, comprise six
transmembrane segments (S1-S6) that are assembled in such a way that S1-S4 form the
voltage-sensing module and the remaining S5 and S6 segments form the ion-conducting
pore [26, 29]. In principle, the voltage-sensing and ion-conducting modules can function
independently of one another [26]: voltage sensors can exist without ion pores [27, 32, 36]
and two-transmembrane-segment channels (two TM) function without voltage sensors [7].

Gating-sensitive positions in the pore of Cay, have been identified through extensive site-
directed mutagenesis studies [20, 24, 34, 35, 50, 57]. Changes in stability of the open and/or
closed states induced by pore mutations [29, 55, 56] or e.g. Zn?* bridges constraining the S4
movement [31] are manifested in shifts of the activation curve and accompanying
deceleration of deactivation kinetics. Interestingly, such gating distortions are characteristic
of a CACNALF mutation identified in an X-linked retinal disorder [16] and the Timothy
syndrome [10, 42, 43].

Biophysical models describe voltage sensor movements and pore opening in Ky, as separate
transitions [4, 21, 25, 39, 51]. Based on these assumptions, the kinetic properties of mutants
with gating disturbances in pore-forming S6 segments of Nay (e.g. NaChBac [55, 56]) and
Cay [2] have successfully been quantified.

The opening of the Shaker Ky, channel involves multiple activation steps as the S4 segments
move from the resting state towards the activated state, which is followed by a concerted
opening transition of the S6 gate. This concept of Ledwell and Aldrich [25] is supported by
biophysical studies in Shaker Ky, [5, 9, 14, 22, 25, 28, 37-41, 45, 47, 52, 53].

Surprisingly, in a concatenated Shaker Ky, a single voltage sensor is sufficient to open and
close the channel [13]. Furthermore, a recent molecular dynamics simulation of a potassium
channel revealed that the downward movement of a single S4 segment can initiate channel
closure [23]. Thus, if channel closure is a concerted movement of all four S6 gates then one
S4 segment either directly or allosterically controls gating structures in all four domains.

Previously, a number of strong activation determinants were identified in pore-forming
segments S6 of Cay1.2 [10, 20, 24]. In order to get insights into the link between the
voltage-sensing S4 segments and pore residues of Cay1.2, we combined these pore
mutations in all four S6 segments with a voltage-sensing S4 segment where the charged
residues were replaced by neutral glutamines. Our results suggest that conformational
changes in a single S4 segment (11S4) are transmitted to specific residues (GAGA ring [10])
in all four pore-forming S6 segments.

Pflugers Arch. Author manuscript; available in PMC 2013 October 04.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Beyl et al.

Page 3

Materials and methods

Mutagenesis

Substitutions in S4 and S6 segments of the Cay/1.2 a-subunit (GenBank™ X15539) were
introduced using the QuikChange® Lightning Site-Directed Mutagenesis Kit (Stratagene)
with mutagenic primers according to the manufacturer’s instructions. All constructs were
checked by restriction site mapping and sequencing.

Cell culture and transient transfection

Human embryonic kidney tsA-201 cells were grown at 5 % CO, and 37 °C to 80 %
confluence in Dulbecco’s modified Eagle’s/F-12 medium supplemented with 10 % (/1)
foetal calf serum and 100 units/ml penicillin/streptomycin. Cells were split with trypsin/
EDTA and plated on 35 mm Petri dishes (Falcon) at 30-50 % confluence ~16 h before
transfection. Subsequently, tsA-201 cells were co-transfected with cDNAs encoding wild
type or mutant Cay/1.2 aq-subunits with auxiliary B,, [30] as well as a»-61 [11] subunits and
GFP to identify transfected cells.

The transfection of tsA-201 cells was performed using the FUGENEG Transfection Reagent
(Roche) following standard protocols. tsA-201 cells were used until passage number 15. No
variation in channel gating related to different cell passage numbers was observed.

lonic current recordings and data acquisition

Barium currents (/g,) through voltage-gated CaZ* channels were recorded at 22—25 °C by
patch-clamping [15] using an Axopatch 200A patch clamp amplifier (Axon Instruments,
Foster City) 36-48 h after transfection. The extracellular bath solution (in millimolars:
BaCl, 5, MgCl, 1, HEPES 10 and choline-Cl 140) was titrated to pH7.4 with
methanesulphonic acid. Patch pipettes with resistances of 1 to 4 MQ were made from
borosilicate glass (Clark Electro-medical Instruments, UK) and filled with pipette solution
(in millimolars: CsCl 145, MgCl, 3, HEPES 10 and EGTA 10), titrated to pH7.25 with
CsOH. All data were digitised using a DIGIDATA 1200 interface (Axon Instruments, Foster
City), smoothed by means of a four-pole Bessel filter and saved to disc. One hundred-
millisecond current traces were sampled at 10 kHz and filtered at 5 kHz; tail currents were
sampled at 50 kHz and filtered at 10 kHz. Leak currents were subtracted digitally using
average values of scaled leakage currents elicited by a 10-mV hyperpolarizing pulse or
electronically by means of an Axopatch 200 amplifier (Axon Instruments, Foster City).
Series resistance and offset voltage were routinely compensated for. The pClamp software
package (Version 7.0 Axon Instruments, Inc.) was used for data acquisition and preliminary
analysis. Microcal Origin 7.0 was used for analysis and curve fitting.

The voltage dependence of activation was determined from | to V curves and fitted to

1

Vo.5,act =V

Mepg=———————
1+exp -

The time courses of current activation and deactivation were fitted to a mono-exponential
function:

t
I(t)=A-exp (;) +C' where /(4 is current at time £ A is the amplitude coefficient, Tis
the time constant, and C the steady-state current. Data are given as mean+S.E. Time
constants were plotted versus voltage (e.g. Fig. 1c). The left branch of the bell-shaped curve
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of the time constants corresponds to channel deactivation and the right branch to the
activation (see [19]). At voltages where channel activation and deactivation overlap (peak of
the bell-shaped dependence), the data are given as averaged values of both time constants.

Structural changes (point mutations) in Ca* channels may influence activation and
inactivation properties (e.g. [10, 20, 24, 49]). To minimise effects of inactivation on the
estimation of the rate of channel activation and deactivation, the a4 subunit of Cay/1.2 was
co-expressed with the auxiliary po, subunit known to substantially slow the inactivation
kinetics [17]. Furthermore, in order to remove Ca?*-dependent inactivation, the experiments
were performed with Ba2* as charge carrier.

The homology model of Cay/1.2 is based on the Nay/Ab crystal structure [29] (protein
databank identifier: 3RVY). Modeller 9v7 [12] was used to generate the model. Modelling
criteria have been published previously [44].

Charge neutralisation in 11S4 induces only small gating disturbances in Cayl.2

The location of the arginine and lysine residues (which we refer to as R1-R5) in the S4
segments is shown in Fig. 1a, b. We will use the designation S4y for a mutant with a
“charge-neutralised” S4 segment in which all the positions R1-R5 are replaced by
glutamines. Currents were measurable only through construct 11S4y (Table 1), while
mutants 1S4y, 111S4y and 1S4y did not result in expression of channels that conducted
barium currents. This finding can either be explained by insufficient trafficking of the
constructs to the membrane or by an impaired function of the channels. Applying a more
negative holding potential (—-140 mV) had no effect suggesting that these constructs are not
in an inactivated state.

Channel gating of 11S4y was quite similar to the wild type (wt); no significant shift in the
activation curve was observed (A V=1.2+1.2 mV, Fig. 1). At first glance, these results
suggest that one or more of the other segments (1S4, 111S4 and 1VVS4) play a role in voltage-
dependent gating, while 11S4 has only a minor impact. However, combining 11S4y with
mutations in S6 segments revealed that it had a significant impact on channel activation.

Charge neutralisation in segment IS4 rescues gating disturbances in the GAGA ring in
segments IS6-1VS6

First, we combined 11S4y with perturbing pore mutations in a highly conserved structure
motif (“GAGA ring” [10]) of small residues in homologous positions of all four domains
(Gly-432 (1S6), Ala-780 (11S6), Gly-1193 (111S6) and Ala-1503 (1\VVS6)). All of these
mutations have been shown to shift the activation curve to the left and to decelerate
deactivation (see also [2, 20, 24, 35, 48]). For example, mutant G432W activates and
deactivates (Fig. 2a, c, d) with the slowest activation/deactivation time constant of about 18
ms observed at =50 mV (Fig. 2d). However, gating disturbances induced by G432W in I1S6
were “rescued” by combination with 11S4y. In G432W/11S4y, the shift of the activation
curve compared to wild type (A V=V 5 mut— V0.5 wt) Was eliminated (A 1=-0.5+1.1 mV
(G432W/11S4y) vs. —14.9+1.0 mV (G432W), Fig. 2) and current Kinetics were
correspondingly faster with a maximal activation/deactivation time constant of about 5 ms at
-20 mV (Fig. 2a, c, d). A similar result was obtained with G432N, shifting the activation
curve to the left. Combining G432N with 1S4y, reversed this shift (A V=-3.3£1.1 mV
(G432N/11S4y) vs. by 17.9+1.1 mV (G432N)) and also accelerated deactivation (see
Supplemental Fig. 1). Comparable rescue effects on gating disturbances were observed for
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constructs G1193T/11S4y and A1503G/11S4y. Substantial shifts in channel activation (A V=
-31.0£1.3 mV in G1193T and —22.6x1.2 mV in A1503G) were reduced to —2.0£1.1 mV
and -1.0£1.1 mV in G1193T/11S4y and A1503G/11S4y,, respectively (coloured bars in Fig.
3b, Table 1). Current kinetics were also considerably faster; the maximal (slowest) time
constants of current activation and deactivation for these constructs are given as coloured
columns in Fig. 3c.

Interestingly, combining 11S4y with the gating disturbing A780T in 11S6 (a pore mutation in
its “own” domain Il) shifted the activation curve only partially towards wild type (A V=
-25.2+1.1 mV (A780T) vs. AV=-13.2+1.1 mV in A780T/11S4y), without inducing
significant changes in current kinetics (see shifts of the voltage dependence in Fig. 4c, d).

Charge neutralisation in 11S4 does not affect gating disturbances in positions
neighbouring to GAGA

Mutations of residues upstream and downstream of the GAGA positions in segments 1S6,
I11S6 and 1VS6 (G432, G1193 and A1503, see alignment in Fig. 3a) resulted in a wide
spectrum of gating phenotypes. Gating disturbances induced either leftward or rightward
shifts of the activation curve (ranging from -28.3+1.2 mV (1781T) to +26.9+1.2 mV
(L431P)). None of these mutants was, however, sensitive to combination with 11S4y. This is
evident from Fig. 3 illustrating the steady-state activation (Fig. 3b) and the maximal time
constants (Fig. 3c). Neither the shifts of the activation curves nor the maximal time
constants of the activation/deactivation were reversed towards wild type Kinetics.

Charge neutralisation in segment 11S4 modulates kinetics of 11IS6 pore mutants

That 1154y only partially rescued gating disturbances induced by A780T is not unexpected.

If a hyperpolarisation-driven downward movement of 1154 initiates pore closure by moving
11S6 towards its closed position, then replacement of the charged arginines would inevitably
decelerate the gate movement (channel closure) in domain I1.

In line with such a scenario, constructs 1781T/11S4y and A782P/11S4y displayed additional
shifts of the activation curves compared to 1781T and A782P. In 1781T, A Vamounted
-28.3+1.2 mV while charge neutralisation (1781T/11S4y) further increased A V/to —36.0£1.1
mV (Fig. 4a, ¢ middle column). Likewise, the shift of the activation curve in A782P/11S4y
(AV=-31.4£1.2 mV) was also not rescued but increased compared to A782P ( —24.2+ 1.2
mV, Fig. 4a, c right column).

Interestingly, charge neutralisation in 11S4 decelerated deactivation of both constructs at
negative voltages (from —60 to —100 mV), with little effect on kinetics of channel activation
(from —40 to +30 mV). In L779P/11S4y, the leftward shift of the activation curve was less
affected by charge neutralisation compared to the L779P (A V=-13.3+1.7 mV (L779P/11S4y)
vs. —12.4+1.2 mV (L779P), Table 1) suggesting that this residue does not interact with 11S4.

Mutant cycle analysis reveals energetic coupling between 11S4 and residues of the GAGA

ring

The position-specific effects of S4 neutralisation in domain Il on gating perturbations in
distant S6 segments were investigated by means of mutant cycle analysis. This approach
enables the estimation of interaction energies between the mutated pore residues in segments
IS6-1VS6 and the voltage sensor in domain 1l (11S4) on the basis of the free energy changes
[18, 33, 51, 54]. The interaction energies were estimated by calculating the free energies as

Vos,mut  Voswt
described in Kudrnac et al. [24] according to AGuu=RT ( - >

kmut kwt
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AG T 05184  V0.5,wt AG —RT 0.5,mut/11s4  V0.5,wt
IIS4 R ( ]’qlg4 kwt mut /1184 R TISe Wt and AAG -
AGmutnisa — AGmut — AGjisa, With Vg 5 representing the vo(tage of steady-state (equilibrium)

half-activation and & the slope factor (Table 1).

If the residues in segments 1S6-1VS6 do not interact with the 11S4y segment, then the
change in free energy (A Gmutiisa) of the combined construct should be equal to the sum of
the changes in free energy (A Gyt and AGyjsa). If the residues are energetically coupled,
then the change in free energy for the combination mutant would be significantly different
from the sum of the two separate mutations.

Our data show that mutations in positions G432 (1S6), G1193 (111S6) and A1503 (V1S6) are
energetically coupled with segment 11S4. This is evident from the non-additive shifts of the
activation curves of the combined constructs (S6m,,t/11S4y), which strongly suggest
interdependence of the gating perturbations in 11S4 and the S6 residues (e.g. AAG=3.68+0.90
kcal/mol for G1193T/I1S4y, see also Table 1). Analysis of the other combined constructs
shows that mutations in 11S4 do not interact with a series of other mutations in 1S6, 111S6 or
IVS6 (GAGA-1, GAGA+1 or GAGA+2), with AAG ~0 kcal/mol. We therefore conclude
that the conformational changes in the voltage sensor 11S4 and the S6 residues outside the
GAGA ring are energetically independent. While AAG of construct A780T/11S4y was not
significantly different from 0 (AA G=0.96+0.99 kcal/mol), the next residue downstream
1781T was found to be energetically coupled to 11S4y (AAG of 1781T/11S4n= —1.44+0.74
kcal/mol, Table 1).

Discussion

If we translate the Hodgkin—Huxley model for potassium currents into current terminology,
we can say that all four gating units (S4 segments) must be in an activated position before
the channel can open [19]. This hypothesis was supported by Horn et al. [21] showing that
immobilisation of only one S4 segment in its down position prevents Shaker activation.
Interestingly, potassium channel closure (deactivation) seems to require only one S4 in its
resting position [13, see also 23]. Here we demonstrate that a single voltage sensor (11S4) in
an asymmetric Cay/1.2 interacts with a ring of conserved small residues (GAGA ring) in all
four S6 segments.

Figure 1 illustrates that charge neutralisation of 11S4 (replacing residues R1-R5 by
glutamines, 11S4y) has no detectable effects on channel kinetics. In order to resolve potential
1154y effects on current kinetics, we combined these mutations with S6 gating perturbations
inducing pronounced shifts of the activation curve. In part, we utilised previously studied
Cay mutations (see [3, 10, 20, 24, 35, 48]) inducing A >10 mV regardless of the
physicochemical properties of the substituent (see marks and subscripts to Table 1). The
resulting S6m,/11S4y constructs emerged as tools to analyse voltage sensor/S6 interactions.

[1IS4 interactions with segments IS6-IVS6

As shown in Figs. 2, 3 and 4, combining 11S4y with mutations in the gating-sensitive
regions of pore-forming S6 segments produced three kinetic phenotypes. First, four of the
S6 mutants (G432W (1S6), G1193T (I11S6), A1503G (VIS6) and partially A780T (11S6))
were rescued by 11S4y (coloured bars on Figs. 3 and 4, Supplemental Fig. 1). This is evident
from the unexpected backwards shifts of the activation curves towards wild type (Fig. 3b)
and accompanying acceleration of channel kinetics (Fig. 3c). Thermodynamic cycle analysis
supports the hypothesis that 11S4 interacts with GAGA residues (e.g. AAG(G432W/
11S4y)=1.84+0.72 kcal/mol, AAG(G432N/11S4y)=1.43+0.65 kcal/mol, AAG(G1193T/
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11S4,)=3.68+0.90 kcal/mol and AAG (A1503G/11S4y)=2.22+0.70 kcal/mol, see Table 1).
Interestingly, the rightward shift of the activation curve in A780T/l1S4y was less
pronounced (Fig. 4a, left column) and AAG not significantly different from zero (Table 1).
We speculate that these peculiarities are caused by domain-specific interactions between
11S4 and 11S6 (see detailed discussion below).

Second, pore mutants in segments 1S6, 111S6 and 1VVS6 upstream and downstream of the
GAGA ring (see Fig. 3a) were not significantly affected by charge neutralisation in 1154
(Fig. 3b, c; Supplemental Fig. 1). The effect of 11S4y in these constructs was comparable to
the one observed for wild type (11S4y, Fig. 1). Additional experiments were carried out to
analyse a potential “mutation dependence” of the position-specific rescue effect. As
illustrated in Fig. 1 (in Supplemental Material), only substitution G432N in segment 1S6 was
rescued (G432N/11S4y;, green bars, Supplemental Fig. 1) while alternative mutations of
neighbouring residues (L431V, V433L and L434V) were not sensitive to 1S4y (compare
with similar findings in Fig. 3b, c).

Third, combining 11S4y with 1781T and 1782P augmented the gating disturbances as evident
from the additional shift of the activation curve to the left (Fig. 4a) and deceleration of
deactivation kinetics (Fig. 4c). If we envisage the voltage sensor predominantly “pushing”
the gating structures of Cay/1.2 into the closed conformation [2], then charge neutralisation
of 11S4 would decelerate channel closure at negative voltages (i.e. slow deactivation). Such
“expected gating changes” were observed only for constructs 1781T/I11S4y and A782P/11S4y

(Fig. 4).

Dual role of A7807?

Interestingly, the activation curve of A780T/11S4y was shifted towards the wild type
position, but only half way (Fig. 4a, left column). This distinguishes A780T from the other
GAGA mutants. We speculate that 11S4y would potentially shift the activation curve of
AT80T/11S4y to the right (Fig. 3b). A780 is, however, also part of the 11S6 gating structure
where combinations with 11S4y induce leftward shifts (compare with other 11S6 mutants
I781T and A782P, Fig. 4). Such opposing effects could explain an incomplete backward
shift of the activation curve of A780T/11S4y (Fig. 4a).

Conclusions and outlook

The principal finding of our study is that segment 11S4 interacts with a ring of conserved
small residues in segments 1S6-1VVS6 (GAGA ring [10]). In general, the interaction of a
single voltage sensor with all four S6 (and associated gate structures) suggests either
interactions of 11S4 with each of them (Scheme 1) or, alternatively, interactions with the gate
structures in domain 11 that are cooperatively linked to other domains (Scheme 2).

The distances between the GAGA residues (corresponding to AAAA in the crystal structure
of a homologous bacterial sodium channel NayAb [29]) and the voltage sensor segments are
illustrated in Fig. 5b. Such long range interactions between segment 11S4 and S6 residues in
domains I, 111 and IV cannot be excluded but would have to occur via different distances
(11S4-1S6, 21 A; 11S4-111S6, 40 A and 11S4-1VS6, 36 A) and different pathways in a highly
specific manner.

We favour a “cooperative gating model” illustrated in Scheme 2. Cooperative interactions
between individual amino acids of pore-forming S6 segments of Cay,1.2 were previously
identified [24]. Moreover, in the closed state, the small residues of the GAGA ring are
apparently in tight contact with neighbouring bulky amino acids which may stabilise the
closed channel state [10]. Channel closure is initiated by downward movement of an S4
segment and subsequent translocation of the corresponding S6 towards the resting position
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via the S4-S5 linkers (Fig. 5a). In its closing position, a single S6 segment is stabilised by
cooperative interactions (e.g. hydrophobic) with gate structures of neighbouring domains
(see [3])- In other words, a single S6 segment in its closing position increases the probability
of closed state formation by all four S6 segments. The effect that only conformational
changes in the GAGA positions are reversed by charge neutralisation in 11S4 warrants
further research.

We speculate that in Cay/1.2 (in analogy to Ky/) any single S4 segment may initiate channel
closure under hyperpolarizing voltage [13]. To enable channel opening, however, all four S4
segments must be activated [21]. Phillips and Swartz [31] have shown that Ky, opens while
S4 segments are still moving (i.e. they do not reach their fully activated position). We
therefore further speculate that opening of Cay,1.2 occurs when all four S4 segment left the
resting state.

In wild type Cay/1.2, S6 segments form a tight closed conformation, with the GAGA ring
playing a key role. Hence, substitution of any of the GAGA residues by a bulky tryptophan
(G432W), polar threonine (A780T) or a helix-bending proline (A780P) disturbs the fine-
tuned closure mechanism, as is evident from the slow deactivation. Such a slowing of S6
gating would affect the corresponding S4 transitions to the resting state. Correspondingly,
translocation of all S4 segments in their resting position interferes with the pore closure of
the mutants. In such a scenario, removal of a “disturbing 11S4 interaction” with the
cooperative GAGA ring might relieve spatial constraints thereby providing more flexibility
for pore-closing interactions [3]. Cooperative interactions are not restricted to interactions
within the GAGA ring. Contributions of residues in segments 1S6 and 11S6 to activation
gating in Cay/1.2 have previously been demonstrated for Ser-435 (1S6) and lle-781 (11S6)
[24], suggesting that paired interactions between additional S6 gating structures may
stabilise the closed state.

Replacing charged residues in segments 1S4—1\VVS4 with neutral glutamines resulted in only
one functional construct (11S4y, Table 1) which warrants further research. Interestingly,
Gagnon and Bezanilla [13] observed substantial reduction of the current amplitudes if the
charged residues of S4 segments in a symetric potassium channel concatamer were
subsequently substituted by glutamine or asparagine, suggesting that neutralisation of
charged residues in S4 segments my affect expression density, membrane targeting or the
functionality of these constructs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Charge neutralisation in segment 11S4 of Cay/1.2 has minor effects on activation gating: a
alignment of S4 segments of Nay/Ab (protein databank identifier, 3RVY), KyAP (protein
data bank identifier, 10RS), Ky/1.2/2.1 (protein data bank identifier, 2R9R) and Cay/1.2
(accession number, P15381). Charged residues are shown in blue. b Left panel shows
representative families of /g, through wild type channel and through the channel with the
“charge-neutralised” 11S4 segment (11S4y)). Barium currents were evoked during
depolarization starting from —40 with 10 mV increments from a holding potential of =100
mV. Right panel shows representative tail currents. Currents were activated during a 20-ms
conditioning depolarization to 0 mV. Deactivation was recorded during subsequent
repolarisations with 10 mV increments starting from —100 mV. c Left panel, averaged
activation curves of wild type (7=9) and 11S4y (r=11) channels. Right panel, voltage-
dependent time constants of channel activation/deactivation
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Steady-state activation
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40

Charge neutralisation in 11S4 rescues a gating disturbances induced by G432W in segment
IS6. a, ¢ Representative activation (&) and tail currents (c) traces through G432W and
G432W/11S4y mutant channels. b, d Averaged activation curves (b) and voltage dependence
of the activation/deactivation time constants (d) of WT, G432W, 11S4y and G432W/11S4N
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Fig. 3.
Charge neutralisation in domain Il (11S4) rescues gating disturbances in GAGA positions of
domains I, 11 and 1V. a Alignment of S6 segments of Cay1.2 (accession number, P15381).

The “GAGA” ring of small conserved residues in 1S6-1VS6 is highlighted in green. Mutated
residues are boxed. b, c Shift of activation curve (b) and peak activation/deactivation time
constants (c) of the studied pore mutations in segments 1S6 (/ef?), 111S6 (middle) and 1VS6
(right either alone or in combination with 11S4y,. Statistically significantly different (#test)
values are marked with asterisks. Error bars indicate SEM
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Interaction of 11S4 with 11S6. a Averaged activation curves of WT (7=9), 11S4y (7=11) and
mutations A780T (/ef?), 1781T (middle) and A782P (right) in domain Il (7=5-10). b Shifts
of the activation curves induced by 11S6 mutation (/ight bars) and in combination with 11S4y
(dark bars). Statistically significant differences (unpaired #test) are marked with asterisks. c
Voltage dependence of the activation/deactivation time constants for indicated constructs. d
Maximal activation/deactivation time constants of 11S6 mutations alone (/ight bars) and in
combination with 1S4y (dark bars). e Selected tail currents through WT, A780T and
AT780T/11S4p mutant channels at the indicated voltages
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Cay1.2 homology model based on NayAb crystal structure [29] illustrates the location of
the GAGA ring with respect to S4. a Blue spheres represent the arginine (R650, R653, R656
and R662) and lysine (K659) positions in segment 11S4. A previously identified gating-
sensitive motif (LAIA [20]) in 11S6 is shown as green spheres. The linker helix is coloured
orange. Figures generated with Pymol (The PyMOL Molecular Graphics System, Version
1.2r3pre, Schrodinger, LLC). In analogy to Ky, and Nay crystal structures, we speculate that
in the closed conformation, LAIA residues [20] in the bundle crossing region of S6 interact
with the voltage sensor domain via the S4-S5 linker (e.g. 1781 is in direct contact with the
linker which would enable to force the 11S6 segment towards its closed position; see details
in Discussion section on 11S4-11S6 interaction). b, c Bottom view of the pore domain and S4
segments of NayAb crystal structure and Cay/1.2 homology model coloured as in panel A.
The GAGA ring [10] (corresponding to AAAA ring in NayAb) is shown as green spheres.
The distances between the AAAA ring in the NayAb crystal structure (corresponding to
GAGA in Cay1.2) with respect to the voltage-sensing domains are indicated
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Scheme 1.
Hypothetical long range interactions of segment 11S4 with all four S6 segments
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Scheme 2.
Cooperative gating model: A single voltage sensor (11S4) interacts with an S6 segment
which facilitates the stabilisation of closed state formation by all four S6 segments
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Page 19

Midpoints and slope factors (4) of the activation curves and free energy changes during channel opening
(AG, AAG=AGmyyiisan—L Giisan—L Gmut)

Mutant Vos MV k,mV  AG, kcal/mol  AAG, kcal/mol
wt -18.8+0.9 (7=9) 5.7+0.9
R1Q/R2Q/R3Q/RAQ/R5Q (11S4y)2  -17.5+0.8 (11)  6.7+0.7 0.39+0.36
GAGA mutations
G4a32wh -33.740.6(8)  4.7:04  -2.25+0.48
G432N -36.7+0.6 (6) 6.1+0.5 -1.58+0.43
A780TY -44.0+06(5) 5.1+0.6  -3.10:0.67
G1193T¢ -49.8%1.0 (7) 5.1+0.6 -3.76+0.74
A1503G? -414+08 (5 5805  -2.23+0.48
G432W/11S4y -19.340.7 (8) 5.8+0.7 -0.01+0.40 1.84+0.72°
G432N/11S4y —-22.1+0.7 (6) 7.7£0.5 0.24+0.33 1.43+0.65
AT80T/I1S4y —-32.0£0.7 (10) 5.1+0.7 -1.73+0.64 0.96+0.99
G1193T/11S4y -20.8+0.7 (5) 7.5+0.6 0.32+0.35 3.68+0.90 ™
A1503G/11S4y -19.8+0.7 (6) 7.5+0.7 0.38+0.35 2.22+0.70"
GAGA-1 mutations
L431P 8.1+0.7 (5) 7.4+1.0 2.56+0.33
L431V -8.4%1.3 (4) 6.7+0.8 1.19+0.34
L779P -31.240.8 (6) 6.1+0.6 -1.02+0.45
V1192P -13.8+0.7 (5) 6.6+1.0 0.70+0.37
V1502P -3.6+0.7 (6) 5.4+0.6 1.52+0.32
L431P/11S4y No measurable currents observed
L431V/I1S4y -10.1+0.9 (4) 7.7£0.6 1.15+0.33 —-0.43+0.60
L779P/11S4y -32.1+1.5 (5) 5.4+1.6 -1.50+1.06 -0.87+1.21
V1192P/11S4y —-13.0£1.0 (5) 55+1.1 0.56+0.42 —-0.53+0.67
V1502P/11S4y -5.4+1.0 (7) 6.6+1.0 1.44+0.33 —0.48+0.59
GAGA+1 mutations
V433C -8.2+0.8 (5) 5.0+0.6 0.96+0.35
V433L -30.1+0.6 (5) 6.1+0.5 -0.95+0.39
1781T —-47.1£0.9 (5) 7.4+0.7 -1.75+0.48
F1194C -6.8+0.9 (5) 4.4+0.6 1.02+0.36
V1504T -11.6+0.7 (7) 4.9+0.6 0.55+0.36
V433C/11S4y -12.4+0.7 (7) 5.7+0.6 0.65+0.35 —0.70+0.62
V433L/11S4y -31.1+1.0 (4) 5.7 +0.6 -1.25+0.47 —-0.70£0.71
1781T/11S4y -54.8+0.6 (9) 6.7+0.4 -2.79+0.42 —1.44+0.74
F1194C/11S4y -5.7£0.9 (5) 5.6+0.6 1.33+0.33 —-0.09+0.61
V1504T/11S4y —-14.0£0.9 (5) 5.4+0.6 0.41+0.38 —0.54+0.64

GAGA+2 mutations
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Mutant Vos mV k,mV  AG, kcal/mol  AAG, kcal/mol
L434T -27.6%0.8 (6) 6.1+0.7 -0.71+0.44
L434V -30.240.7 (6) 6.3+0.6 -0.87+0.41
AT82P -43.0£0.9 (6) 6.7+0.8 -1.81+0.55
V1195TC -28.9+0.7 (7)  5.1%0.7 -1.37+0.55
11505P -8.7£0.8 (5) 5.5+0.6 0.99+0.34
L434T/11S4y —27.4+0.8 (6) 6.4+0.7 -0.57+0.42 -0.25+0.71
L434V/11S4y -30.6+0.8 (6) 6.8+0.6 -0.69+0.39 —-0.22+0.68
AT82P/11S4y -50.2+0.8 (5) 7.4+0.6 -2.00+0.45 —-0.58+0.80
V1195T/11S4y -25.3+1.0 (6) 4.5+0.8 -1.28+0.66 —-0.30+0.94
11505P/11S4y -7.5£0.9 (5) 5.1+0.8 1.06+0.36 -0.32+£0.61

Numbers of experiments are indicated in parentheses

*
p<0.05, statistically significantly different from 0

aNo currents could be measured if the charges in segments 1S4 (IS4N), 111S4 (111S4N) and 1VS4 (IVVS4N) were replaced by glutamines

bData from Depil et al. [10]

“Data from Beyl etal. [2]
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