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Voltage sensor domains (VSDs) are structurally and functionally
conserved protein modules that consist of four transmembrane
segments (51-54) and confer voltage sensitivity to many ion channels.
Depolarization is sensed by VSD-charged residues residing in the
membrane field, inducing VSD activation that facilitates channel gat-
ing. $4 is typically thought to be the principal functional component of
the VSD because it carries, in most channels, a large portion of the VSD
gating charge. The VSDs of large-conductance, voltage- and Ca®*-
activated K* channels are peculiar in that more gating charge is carried
by transmembrane segments other than S4. Considering its “decen-
tralized"” distribution of voltage-sensing residues, we probed the BKc,
VSD for evidence of cooperativity between charge-carrying segments
S2 and S4. We achieved this by optically tracking their activation by
using voltage clamp fluorometry, in channels with intact voltage sen-
sors and charge-neutralized mutants. The results from these experi-
ments indicate that S2 and S4 possess distinct voltage dependence,
but functionally interact, such that the effective valence of one seg-
ment is affected by charge neutralization in the other. Statistical-
mechanical modeling of the experimental findings using allosteric
interactions demonstrates two mechanisms (mechanical coupling
and dynamic focusing of the membrane electric field) that are compat-
ible with the observed cross-segment effects of charge neutralization.
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Kca channels (also known as MaxiK) are membrane proteins

expressed in most mammalian cells (1). Their activation, by
membrane potential depolarization or intracellular [Ca’*]
increase (1-9) results in an exceptionally high conductance for
K*. As such, they are potent regulators of diverse cellular pro-
cesses, including smooth muscle tone, neuronal excitability, and
neurotransmitter release (8). Four pore-forming o« subunits (10),
encoded by KCNMAL1 (ASlo!) in humans (11), are required to
assemble into a functional channel. Each a subunit possesses an
extracellular N terminus (12), seven transmembrane segments
(S0-S6), and a large intracellular C-terminal region organized
into domains RCK1 and RCK2 (Regulator of Conductance for
K*, Fig. 14) that confer sensitivity to Ca®* and other intra-
cellular ligands (8, 9, 13-20). Segments S1-S6 are structurally
and functionally homologous to those of other voltage-gated ion
channels (21), with S1-S4 comprising the VSD, whereas S5 and
S6 contribute to the K*-selective pore.

Our understanding of VSD structure and function has been
achieved thus far through analysis of crystal structures (22-24) as
well as accessibility, electrophysiological, and optical inves-
tigations in functional proteins (reviewed in ref. 25). VSDs pos-
sess a high density of charged residues (Fig. 1C). Upon membrane
potential depolarization, a subset of these residues may traverse
the field partially or entirely, initiating conformational rear-
rangements that propagate to the channel gate, facilitating ionic
conductance (26-28). S4 is thought to be the principal voltage-
sensing segment because, in most VSD-gated channels, it con-
tributes the greatest portion of gating charge movement (29-31).
S2 usually carries less charge, but it can influence VSD activation
by forming state-specific electrostatic interactions with S4 (32—
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36). Another important feature for VSD operation is the focusing
of the electric field by water-filled crevices that can extend into
the VSD core from either side of the cell membrane (37-43),
effectively increasing gating charge movement and resulting in
improved voltage sensitivity.

Recently, extensive electrophysiological analysis of the role of
charged VSD residues in BK, voltage-dependent activation (44)
revealed that only one residue in the BKc, S4 senses voltage
(R213) and that a greater portion of the total gating charge
movement is contributed by residues outside this segment: one in
S3 (D186) and two in S2 (D153, R167) (Fig. 1B). In light of this
information, we optically tracked the voltage-dependent tran-
sitions of S2 and S4 in the human BK,, by combining the cut-open
oocyte Vaseline gap (COVG) voltage clamp technique (45) with
site-specific tetra-methyl-rhodamine maleimide (TMRM) label-
ing and fluorometry (46-50). To probe for interactions between S2
and S4, we introduced charge-neutralizing mutations in either
segment and tracked the activation of the other. We discovered
that gating charge neutralization in one segment impaired the
voltage dependence of the other and vice versa, demonstrating
that S2 and S4 are functionally coupled. Based on the statistical-
mechanical analysis of voltage-dependent BK, activation, we
propose two different, but not mutually exclusive, mechanistic
interpretations of the cooperative coupling between S2 and S4: a
special manifestation of mechanical coupling and dynamic
(activation-dependent) focusing of the membrane electric field.

Results

Voltage-Dependent Conformational Changes Reported from the S2
BKc, Domain. Having characterized the voltage-dependent rear-
rangements of S4 (51, 52), we sought to resolve those of S2, which
contains residues that make a significant contribution to BKc,
gating charge displacement (44). Fig. 2.4 and B shows K* currents
and TMRM fluorescence deflections (AF/F), implying con-
formational rearrangements, simultaneously recorded from BKc,
channels labeled at the extracellular tip of S2 (position 145).

The fitting of ionic conductance and AF/F isotherms with a
Boltzmann distribution (see SI Text) for S2- and S4-labeled
channels (Fig. 2 C and F) provides information on the voltage
dependence of ionic conductance and VSD segment motions.
The voltage-dependent movements of S2 exhibited a half-acti-
vation potential (Vya) of approximately —58 mV and effective
charge (z) of 0.57 €0. The conformational rearrangements of S4
(Fig. 2E) had a Vi of =79 mV and a z of 0.79 ¢" (Fig. 2F),
similar to previously published measurements (51). The meas-
ured time-course of their activation was 5-6 ms (Fig. 2E), an
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Fig. 1. BKc, asubunit topology and voltage-sensing residues. (A) BK¢, channel
« subunit membrane topology (12) and putative structure (intracellular Ca%*
sensing RCK1 and RCK2 by homology to a bacterial RCK domain (19). (B) Close-up
of the BK¢, voltage sensor domain (VSD) segments S2-5S4, indicating the
approximate positions of voltage-sensing residues D153 (52) and D186 (S3) in red
and R167 (S2) and R213 (54) in blue (44).

order of magnitude slower than those of S2 AF/F (130-300 ps, Fig.
2B). The difference in the voltage dependence of S2 and S4—also
encountered in channels with neutralized voltage-sensing charges
—and kinetics strongly supports that the reported TMRM fluo-
rescence deflections were segment-specific.

Neutralizing Voltage-Sensing Residues Impairs the Voltage-Dependent
Transitions of Their Segment. As the neutralization of charged res-
idues D153 (S2) and R213 (S4) significantly decreased BKc,
gating charge movement (44), neutralizing these residues should
perturb the voltage dependence of the transmembrane segments
bearing them. D153 was mutated to the uncharged residue glu-
tamine in a BK¢, clone with a TMRM label at the extracellular tip
of S2. Macroscopic K* currents from these channels were only
observed at extremely depolarized potentials, typically above
180 mV (Fig. 34). Brief (10 ms) depolarizations up to 300 mV
elicited outward K* current up to 200 pA, unlike in mock-injected
oocytes (~6 pA at 300 mV). The resolved AF/F (Fig. 3B) had
extremely shallow voltage dependence, barely exhibiting satu-
ration within the range of testable membrane potential (=300 mV,
Fig. 3C). The maximum effective charge this data could be fitted
with was 0.16 ¢”. This marked loss of valence (>78%) is compat-
ible with the prominent role of D153 in the voltage dependence of
BKc, channel activation. The residual voltage dependence likely
arose from another gating charge in S2, R167 (44).

Channels with a neutralized voltage-sensing charge in S4
(R213G) also required extremely depolarized potentials to exhibit
macroscopic K* conductance (Fig. 3D). The voltage dependence
of AF/F observed from position 202, at the short extracellular S3—
S4 linker, differed from those of channels with an intact S4 in two
ways: (i) it exhibited a reduction in effective charge by 70% and
(ii) was shifted by 160 mV toward depolarized potentials (Fig. 3 E
and F). Sequence homology (Fig. 1C), hydropathy analysis (12),
and NMR spectroscopy (53) suggest that the extracellular linker
between S3 and S4 in BK(, is only three residues long. Thus, the
voltage-evoked movements of S3, which bears the voltage-sensing
D186 (44), could contribute to the fluorescence deflections
reported from position 202.

Charge Neutralization in S4 Impairs the Voltage Dependence of the
Motion of S2 and Vice Versa. Although intrasubunit interactions
between S2 and S4 have been reported in other voltage-gated
channels (32-36), they have not been investigated using a seg-
ment-specific optical technique. To probe for such interactions
within the BKc, VSD, we engineered channels with voltage-
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Fig. 2. Voltage-dependent structural transitions and ionic conductance
from S2- and S4-labeled channels. (A) Voltage pulses and characteristic
evoked K* currents from BKc, channels labeled with TMRM at position
145 (outside S2). (B) TMRM fluorescence traces recorded during the volt-
age pulses in A. Fitted activation exponentials (black) are T = 0.130 ps for
the 40 mV pulse, 220 ps for 0 mV, 300 ps for —40 mV. (C) Normalized K*
conductance (G, black circles) and AF/F (red squares) plotted against
membrane potential and fitted with Boltzmann distributions (black and
red curves, respectively; see S/ Text). Boltzmann parameters: G-V Vj, 5 =
9.9+22mV;z=0.86+0.1€°% F-V V4= -58 + 9.3 mV; z= 0.57 + 0.05 e°.
n = 8 cells. (D-F) As in A-C, for channels labeled with TMRM at position
202, in the short extracellular linker between S3 and S4. Fitted activation
exponentials in E (black) are T = 5.2 ms for the 40 mV pulse, 6.1 ms for
0 mV, 6.0 ms for —40 mV. Boltzmann parameters in F: G-V (black) Vhais =
-1.0+9.0mV; z=1.0 + 0.053 €°. F-V (red) Vjais = -79 + 4.2 mV; z=0.79 +
0.055 €% n=7.

sensing charge neutralization in one segment and optically
tracked the activation of the other. We first tracked the acti-
vation of S2 in channels bearing a charge-neutralizing mutation
in S4, R213G. As in S4-labeled R213G clones (Fig. 3D), these
channels required extremely depolarized potential to produce
significant macroscopic K* current (Fig. 44). S2 conforma-
tional transitions were reported by TMRM labeling position
145 (Fig. 4B). Their voltage dependence (Fig. 4C) was distinctly
shallower than that from S2-labeled channels with an intact S4
(a reduction by 0.33 ¢). Similarly, a loss of 0.56 ¢” was exhibited
by the AF/F of S4-labeled, S2-neutralized (D153Q) channels
(Fig. 4 D-F). These experiments directly demonstrate that when
one voltage-sensing segment is impaired (S2 or S4), the func-
tion of the neighboring segment is reciprocally affected sup-
porting the hypothesis that the two voltage-sensing segments
are functionally coupled.

The BKc, VSD Is Not a Rigid Structure. To explore the nature of the
interaction between S2 and S4, we constructed statistical-
mechanical models of voltage-dependent BKc, activation. The
complete expressions for the energetic terms underlying these
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Fig. 3. Voltage-sensing charge neutralization impairs the voltage depend-
ence of its segment. (A) Voltage pulses and characteristic evoked K* currents
from BKc, channels labeled with TMRM at position 145 (outside S2) with
mutation D153Q, to neutralize the voltage-sensing Aspartate of S2 (44). (B)
TMRM fluorescence traces recorded during the voltage pulses in A. (C)
Normalized K* conductance (G, black circles) and AF/F (red squares) plotted
against membrane potential and fitted with Boltzmann distributions (black
and red curves, respectively; see S/ Text). Boltzmann parameters: G-V Vj,5is =
285+ 15mV; z=0.50 + 0.03 €. F-V V=3 + 0.4mV; z=0.16 + 0.001 °. n =
4 cells. G-V and F-V curves of the same clone without charge mutation are
also included (dashed black and red curves, respectively). (D-F) As in A-C, for
channels labeled with TMRM at position 202 (outside S4) with mutation
R213G, to neutralize the single voltage-sensing residue of 54 (44). Boltzmann
parameters in F are G-V V¢ = 260 + 5.7 mV; z = 0.89 + 0.077 €°. F-V Vj 4 =
80+22mV;z=024+001e’n=7.

models, and the fitting regime, are in S/ Text. The first tested
premise is that the voltage sensor operates as a single functional
unit, whereby transmembrane segments comprise a rigid struc-
ture possessing uniform voltage dependence. In this context,
neutralization of a voltage-sensing residue anywhere in the VSD
would produce a global reduction in effective charge. This model
possesses four voltage-sensing domains energetically linked to
the pore (Fig. S14, scheme I). As this model produces the same
voltage dependence of activation for S2 and S4, it is unable to
reproduce the experimental data, whereby S2 and S4 exhibit
distinct voltage dependence (Fig. S1 B-D). This result confirmed
that the AF/F reported from S2 and S4 did not reflect the same
voltage-dependent process, supporting our premise that the
resolved conformational rearrangements are segment-specific.

A State-Dependent Interaction Alone Is Unable to Account for S2-54
Cooperativity. To account for the difference in the voltage
dependence of activation exhibited by S2 and S4, the VSD was
separated into two subdomains, S2 and S4, with distinct voltage
dependence (Fig. 54, scheme II). Their activation is mutually
facilitated by cooperative energetic interaction H,4, which low-
ers the free energy of the doubly activated VSD state. Hyy is
compatible with an electrostatic coupling between S2 and S4,
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Fig. 4. Probing for evidence of S2-S4 interaction in the BK¢, voltage sensor. (A)
Voltage pulses and characteristic evoked K* currents from BK¢, channels labeled
with TMRM at position 145 (outside S2) with mutation R213G, to neutralize the
single voltage-sensing residue of S4 (44). (B) TMRM fluorescence traces recorded
during the voltage pulses in A. (C) Normalized K* conductance (G, black circles)
and AF/F (red squares) plotted against membrane potential and fitted with
Boltzmann distributions (black and red curves, respectively; see S/ Text). Boltz-
mann parameters: G-V V=277 £ 6 mV; z=0.84 + 0.01 €% F-V Vs = —28 + 2
mV; z=0.24 +0.01 €% n =5 cells. G-V and F-V curves of the same clone without
charge mutation are also included (dashed black and red curves, respectively).
(D-F) As in A-C, for channels labeled with TMRM at position 202 (outside S4)
with mutation D153Q, to neutralize the voltage-sensing Aspartate of S2 (44).
Boltzmann parameters in Fare: G-V V, 5= 260 + 5.6 mV; z=0.74 + 0.041 €% F-v
Vhaif= —130+ 1.8 mV; z=0.23 + 0.018 e®. n = 5.

such as was demonstrated in Shaker (32-34) and HERG (35, 36)
K™ channels, but could also represent steric, hydrophobic, or
other state-specific interactions. This model can produce dis-
tinct activation curves for S2 and S4 and predicts data from
channels without charge mutations well (Fig. 5B). However, it
cannot account for the reduction in the effective charge of
labeled segments when a charge in the neighboring segment is
neutralized, instead producing steep activation curves (Fig. 5 C
and D). This result indicates that a different basis of interaction,
more directly related to segment valence, is required. Because
of the extremely shallow S2 F-V curve from S2-neutralized
(D153Q) channels (lacking evident saturation within the tested
membrane potential range of +300 mV, Fig. 3B), the exper-
imental data (Fig. 5C, blue diamonds) were normalized to the
prediction of the models but were not included in the simulta-
neous curve fitting.

A Model of Reciprocal Mechanical Coupling Between S2 and S4 Can
Account for Their Activation. A central assumption of the (unsuc-
cessful) scheme II (Fig. 5 A-E) is that S2 and S4 activate with
effective charge gs; and gs4, respectively, without perturbing each
other’s charge movement during activation. However, the two
segments could mechanically interact, or “nudge” each other,
during their activation pathway through the membrane field. To

PNAS | March2,2010 | vol. 107 | no.9 | 4461

PHYSIOLOGY


http://www.pnas.org/cgi/data/0911959107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0911959107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0911959107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0911959107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0911959107/DCSupplemental/Supplemental_PDF#nameddest=STXT

Normalized G, S2 AF/F or S4 AF/F

Scheme ll
Energetic Interaction

Scheme il
Mechanical Coupling

K

Scheme IV
Dynamic Field Focusing

No charge mutations

119 G 170 G 1
0.51m gi QEF 3|8 gi REE 0819 gi ﬁg,’;
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0

-250 150 -50 0 50 150

S$2 charge mutants (D153Q)

—400 200 0 200 400

-250 -150 -50 0 50 150

$2 charge mutants (D153Q)

-400  -200 0 200 400

No charge mutations

-250 -150 -50 0 50 150

$2 charge mutants (D153Q)

G 11® G 1 G
B 34 AR S 2L $2 AFIF
0.8 0.818 S4 AF/F 0.81@ 54 AF/
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0

-400  -200 0 200 400

S4 charge mutants (R213G) S4 charge mutants (R213G) N S4 charge mutants (R213G)
1: Sz FIF ) : S ‘lo ¢
A S2 AF/F & S2 AFIF
0.8]W S4 AFIF 0.8{H 54 AF/F 08|m 54 AFF
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
—400 -200 1] 200 400 —-400 -200 0 200 400 -400  -200 0 200 400
Membrane Potential (mV) Membrane Potential (mV) Membrane Potential (mV)
Parameters Charge mutation Parameters Charge mutation O Parameters Charge mutation
Domain or Interaction | none |D153Q | R213G Domain or Interaction | none |D153Q | R213G Domain or Interaction | none |D1563Q | R213G
q (e%) 049 |049* |0.49* q (e%) 0.46 |0.46* |0.46* q (e°) 049 |0.49* |0.49
Pore Pore Pore
Vo (mV) |810 |810* |810* Vi (MV)  |810 |810* |810* Vi (MV)  [820 |820° |820*
q (e%) 032 |0 0.32* - q (e%) 035 |0 0.35 - q (e°) 020 |0 0.20*
Vo (mV) |36 320 36" Vi (MV) |86 320 |86 Vie (MV) |99 320 99"
q (e%) 050 [0.50* [0.10 - q (e%) 030 |[0.30* |0 - q (e°) 032 [0.32* |0.11
Voe(mVv) |-39 [-39* |[540 Vo (MV)  |-7.0 |-7.0* |600 Vi (MV)  [-12 |-12* | 550
S4-Pore |H, (meV) |-100 |-67 |-72 S4-Pore |H,,(meV) |-99 |[-63 [-65 S4-Pore |H,, (meV) |-100 |-68 |-71
52-54 |H, (meV) |-48 |-61 |-54 H,,(meV) [-61 |-46 |-100 so.sq  |fa(meV) |81 |-52 |67
$284 |a 021 |0.21* |0.21* Gapo (€9) 021 |001 |0
B 0.45 |0.45* |0.45*

Fig. 5. Allosteric models of voltage-dependent BK, activation. (A) scheme II: Each BK¢, VSD (dashed line) is separated into subdomains S2 and S4 with distinct
voltage dependence, linked by activation-dependent, intrasubunit interaction H,4. The Pore domain can assume the closed (C) or open (O) state, whereas S2 and
S4 can be either resting (R) or active (A). S4 activation stabilizes Pore opening via interaction Hap. (B) Normalized K* conductance (G, black circles), S2 AF/F (blue
diamonds), and S4 AF/F (red squares) from channels without charge neutralization (Fig. 2). scheme Il predictions for conductance, S2 and S4 activation are shown
as black, blue, and red curves, respectively. (C) As in B for channels with mutation D153Q in S2 (Figs. 3 A-C and 4 D-F). The highly linear S2 AF/F data (see Fig. 3B)
were renormalized to conform to the model prediction, instead of constraining it. (D) As in B, for channels with mutation R213G in S4 (Figs. 3 D-F and 4 A-C). (E)
scheme Il fitted parameters. Parameters of charge-neutralized channels with an asterisk were constrained to be equal to their pseudo-WT channel equivalent. (F)
scheme III. This model is similar to I, but predicts that a segment displaces its neighbor during activation, producing a fractional movement of its charge through
the membrane field (see Fig. 6A). (G-J) As in B-E, for scheme IlI. (K) scheme IV is based on scheme Il, with the addition of a voltage- and activation-dependent
interaction g.pp (see Fig. 6B). (L-0) As in B-E, for scheme IV.
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test this condition, we constructed scheme I1I (Fig. 5 F-=/J), whereby
activation of S2 causes a fractional charge movement in S4, while
itself experiencing a reactionary force that limits the full extent of
charge movement in its own segment. Thus, the charge moved by
S2 activation is (1 — B)gs» + ags4, Where ags4 and fgs; are frac-
tional charges of S4 and S2, respectively. Similarly, S4 activation
displaces charge (1 — a)gss + Pgso. According to the best fitting
(Fig 5J), the fraction of S4 charge movement during S2 activation
(o) is 0.21, whereas the equivalent value for S2 (B) is 0.45. S4
activation in the WT effectlvely moves 0.39 ¢, in S2-neutralized
channels (D135Q) 0.24 ¢°, and in S4- neutralized channels
(R213G) 0.16 ", S2 activation in the WT effectively moves 0.26 ¢°,
in S2- neutrahzed channels 0.06 ¢°, and in S4 neutralized channels
0.19 €°. As in scheme I, the total charge moved by S2 and S4
activation isgs, + gs4. However, this model allows for the apparent
reduction of charge in a segment when its neighbor is neutralized,
so it can predict the data satisfactorily (Fig. 5 G-I), making a
reciprocal mechanical perturbation during S2/S4 activation a
plausible explanation.

An Alternative Model Involving a Voltage-Dependent Mode of
Cooperativity. A different mechanism (Fig. 5K, scheme IV) can
account for the experimental findings, in which additional charge
ismoved in the S2/S4 doubly activated state (gpp), resultingin a de
facto voltage-dependent cooperative interaction. This model
predicts a steeper voltage dependence experienced by S2 or S4
upon activation of the other sensor (Fig. 5 L-N) and is consistent
with a dynamic field focusing interpretation discussed further on.
The voltage-independent term H,, is of considerable magnitude
(=61 meV, equivalent to 2.4 kT or coupling factor 11) and is little
affected by charge neutralization. Conversely, charge neutraliza-
tion in a segment not only decreases its own charge but also
reduces gapp from 0.21 ¢ to almost zero, resulting in the reduced
voltage dependence of the neighboring, intact segment (Fig. 5 M
and N), as observed experimentally (Fig. 4). When direct com-
parison of parameters can be made, the fitting of scheme IV is in
congruence with the findings of a previous model of BK¢, acti-
vation (44). Specifically, the Pore Domain voltage dependence (L
equivalent to Ve = 818 mV at25°C,z;. = 0.49¢% scheme IV: Vi
=820 mV, g = 0.49 ¢°) and the VSD-Pore 1nteract10n (factor D
equivalent to —80 meV at 25 °C; scheme IV Hyp: —100 meV).

Because g, lowers the free energy of the doubly activated VSD, it
is a cooperative element.

Discussion

We used voltage-clamp fluorometry to optically track the acti-
vation of gating-charge-bearing transmembrane domains S2 and
S4 in the human BK¢, VSD. These experiments showed that S2
and S4 possess distinct voltage dependence but also revealed that
charge neutralization in one voltage-sensing segment recip-
rocally reduced the voltage dependence of its neighbor. This
clearly indicated that S2 and S4 are functionally coupled, influ-
encing each other’s voltage-sensing ability. The possibility that
activation of S2 could somewhat influence the fluorescence sig-
nal of S4 and vice versa (a condition referred to as signal cross-
talk) has been investigated extensively both at the macroscopic
domain and the microscopic level. The results of this analysis
show that signal cross-talk cannot account for the experimental
findings and, if cross-talk does occur, it does not significantly
affect on our results and conclusions. The analysis can be found
in ST Text, “Investigating signal cross-talk,” and Figs. S2-S4.

To understand the nature of the intrasubunit interactions
between S2 and S4, we formulated and tested statistical-mechanical
models of voltage-dependent BK(, activation based on different
premises. Models assuming that the BK, VSD operates as a single
unit with uniform voltage dependence (Fig. S1 4-E, scheme I) or on
the basis of an energetic S2-S4 interaction alone (Fig. 5 A-E,
scheme II) could not account for the data. One model that pro-
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Fig. 6. The mechanical coupling and dynamic field focusing theories. S2
(green helix) and 54 (red helix) of a wild-type BK¢, VSD undergo hypothetical
motions during activation. Only segments from one subunit are shown for
clarity, possessing voltage-sensing residues: D153 (52, red), R167 (52, blue) and
R213 (54, blue) (44). The membrane voltage dropisillustrated by equipotential
lines (in black, except the portion traversed by R213 in S4, in red lines). (4)
According to the mechanical coupling theory (Fig. 5 F-J, scheme Ill), segment
activation causes the displacement, or nudging, of its neighbor, producing a
fractional movement of its charge through the membrane field. (B) According
to the dynamic field focusing theory, segment activation causes aqueous
crevices to form, focusing the field. As a result, in the S2/54 doubly activated
state, these segments have traversed a large portion of the membrane
potential, giving rise to qapy, fitted in scheme IV (Fig. 5 K-0).

duced a satisfactory fit (Fig. 5 F-J, scheme III) was similar to
scheme II, with the additional condition that S2 and S4 mechan-
ically perturb each other during activation (Fig. 64), such that
when one segment is neutralized, the charge moved when its intact
partner activates is reduced. A similar mechanism has been pro-
posed to account for the weak voltage dependence of pore opening
transitions in BKc,, whereby activating pore structures could
displace VSD segments (4).

Scheme IV also provides a plausible mechanism for the S2-S4
interaction while successfully predicting the data (Fig. 5 K-O). In
this model, activation of S2 or S4 when the other segment has
activated produces more charge movement than transitions to a
single-activated state. This “non-additivity” of charge movement
during activation is consistent with the dynamic (activation-
dependent) electric field focusing illustrated in Fig. 6B, inspired
by previous postulation in Shaker K* channels (43, 47): Activa-
tion of a voltage-sensing segment could modify aqueous crevices,
focusing the field over a shorter dielectric distance. A charged,
neighboring segment would then traverse a larger portion of the
voltage drop across the membrane, so an observer would measure
increased charge movement. Likewise, failure of a segment to
focus the field results in loss of effective charge by its neighbor.
Consequently, aqueous crevices could be a dynamic, activation-
dependent element of the BK, VSD, rather than a passive mor-
phological feature. We find this interpretation more conceptually
satisfying, because it is based on significant evidence supporting
the existence of VSD crevices (37-43), including in BK¢, (54).

Schemes II-1V assume that pore opening is facilitated by S4
activation via energetic interaction Hp. Including a similar
interaction between S2 and the pore (H,p) mainly decreased the
magnitude of Hyp without significantly affecting the rest of the
parameters or the goodness of the fits (Fig. S1 F-J). A recent
model of BK¢, includes S2 as the most distal segment to pore
structures (55), although investigations on KvAP channels sug-
gest otherwise (42). Because we cannot distinguish between
these alternative models, we can neither ascertain nor refute
direct S2-dependent gating in BKc,.

We have demonstrated that transmembrane domains S2 and S4
in the human BK¢, VSD possess distinct voltage dependence but
also interact during activation. An interesting finding is that charge
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movement in one segment is perturbed by charge neutralization in
its neighbor. We propose two interpretations to account for the
apparent S2-S4 interaction, which are not mutually exclusive:
mechanical coupling (Fig. 64) and dynamic field focusing (Fig. 6B).
The VSD of human BKc, channels has been an ideal system to
study such interactions because of its “decentralized” distribution
of voltage-sensing residues throughout the VSD (Fig. 1B and S5)
(44). Nevertheless, the charged residues neutralized in this inves-
tigation and VSD topology are highly conserved (Fig. S5), so it
would be of prime interest to pursue the demonstration of similar
interactions in other members of the voltage-activated protein
superfamily.
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