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SI Materials and Methods

Data Analysis. Data were analyzed with a customized program
developed in our Division. Membrane K* conductance (G) was
calculated with the formula G = I/(V,,—Ek), where I is steady-
state recorded K* current, V;, the clamped membrane potential
and Ex the equilibrium potential of K* with the solutions used
(-62 mV). G-V and F-V curves were fitted to a Boltzmann dis-
tribution of the form: G-V= Gpax/(1+exp(z(Vhaie—Vm)(F/RT))
and F-V= ((Fmax_Fmin)/(l +exp(Z(Vhalt_Vm)(F/RD))_Fmin where
Gmax and Fi,, are the maximum G and F, respectively; Fy, is the
minimum F; z is the effective valence; V4, is the half-activating
membrane potential; V;, is the clamped membrane potential; F, R
and T are the usual thermodynamic values. F-V curves were nor-
malized between minimum and maximum fluorescence levels. All
errors are +1 SEM.

SI Model Description and Methodology. As in the actual BKc,
channel, the model consists of four subunits, each of which
contains two regulatory domains (S2 and S4) whose occupancies
of resting (R) versus active (A) states depend on the activation
energies H, = qo(V — V) and Hy = q4(V — V4), where H,, =
H,(A) — Hy(R), and g, and V, are gating charge and half-
activation voltages, respectively. A single pore unit also possesses
independent voltage dependent activation with Hp = gp(V — Vp).
Cooperativity arising from combined activation of two regulatory
domains is described by interaction energies such as Hyp, and
W,4. The opening of the pore is accompanied by a change in the
global energy of jH,p, where j (value: 0—4) is equal to the number
of activated S4 domains. For most models, H,p was set to zero
(Discussion). Combined activation of S2 and S4 domains results
in the addition of an interaction energy H,4 if the two domains
reside on the same subunit. W, is unusual in that it is a voltage-
dependent interaction term, a consequence of the excess gating
charge q.pp, that arises through the proposal that mutual tran-
sition of S2 and S4 charges generates a shift in equipotential
lines. Thus, Was = qapp(V = V24), where Voy = —Hou/qapp, and
Hy, is a voltage-independent interaction. g, was set to zero for
fittings of scheme II (Fig. 5 A/ and Fig. S1 F-0).

In a single subunit, the four possible configurations of S2 and S4
are as follows: RR = {R,,R;}, AR = {A,,R4}, RA = {Ry,A4},
and AA = {A,,A,}. The total number of states possible in a
closed-pore channel with four subunits is 30, which can be ob-
tained by considering how many ways one can distribute four
objects (subunits) among four slots (subunit configurations). For
example, the state C;;¢, describes the closed state in which one
subunit is in configuration RR, one is in AR, zero are in RA, and
two are in AA. An additional 35 open state channels are sim-
ilarly described, leading to a total number of 70 states. We em-
ploy the configurational notation C,s.s and Opcq, Where C and
O are closed and open states, respectively, a is the number of
subunits in configuration RR, b is the number of subunits in
configuration AR, c is the number of subunits in configuration
RA, d is the number of subunits in configuration AA. A valid
state configuration must satisfy: a + b + ¢ + d = 4.

The energies of these states are tabulated as follows: Hp,ypcq =
pHp + b(Hz) + C(H4 +pH4p) + d(H2 + H4 + pH4p + H24),
where the pore index p is 0 or 1 depending on whether the pore
is closed or open. The partition function Z of the channel is
given by the following expression:
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—Hpaped
Z = Qubed€X] ¢>,
pagcd ‘abcd P( kT
where the state degeneracy Q. = 4!/alb!c!d! and kT has its
usual thermodynamic significance.

Computing isotherms requires evaluating the expectation value
of the observable in question as a function of voltage using the
following expression:

<X(V)> = 271 Z XpabchabcdeXp (%) .
pabcd
The state values for normalized conductance and fluorescence
change were assumed to be the following: G, = p; F2,;, = (b +
d)/4; and F4.; = (c + d)/4. Inserting these expressions for X,,zpcq
in the preceding equation yields normalized isotherms that range
from 0 to 1 on the voltage axis.

Model Fitting Regime. Berkeley Madonna was used to run model
simulations and fit them to the data. Three “sub-models” as
described above were loaded: one for pseudo-WT, one for S2-
neutralized (D153Q), and one for S4-neutralized (R213G)
channels. Although each submodel had its own parameter set
(all listed in Fig. 5 E, J, and O and Fig. S1 E and J), some were
fixed to be the same as the WT parameter values (marked with
an asterisk in Fig. 5 and Fig. S1). Mean, normalized G-V, S2 F-
V, and S4 F-V experimental datasets were loaded for WT and
charge-neutralized channels, whereas the fourth-order Runge-
Kutta integration algorithm was used to solve the model’s dif-
ferential equations and predict G-V and F-V curves according to
the parameters. The three submodels were simultaneously fit,
each to its respective G-V and F-V experimental dataset by using
Berkeley Madonna’s Curve Fitting routine with an error toler-
ance of 107,

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
experimental data (Fig. 5 C, H, and M and Fig. S1C blue dia-
monds) were normalized to the prediction of the models (Fig. 5
C, H, and M and Fig. S1C, blue curve) but were not included in
the simultaneous curve fitting.

Investigating Signal Cross-Talk

I. $2-54 Signal Cross-Talk at the Macroscopic Domain. A possibility is
that the fluorescence signal reported from S2 received a fractional
contribution from S4 motions, and vice versa—a condition we
refer to as “signal cross-talk.” A consequence of this could be
that neutralization of a segment would affect the TMRM fluo-
rescence deflections observed from its intact neighbor and ap-
parently impair their voltage dependence, without there being a
functional interaction between the two segments. To investigate
whether this is applicable to our data, we defined the fluo-
rescence from S2 and S4 as the weighted sum of the underlying
activation probability of S2 and S4 (Ps, and Ps,4), such that:

S4 signal = APs; + (1 —A)Ps4 [1]

S2 signal = (1 — B)Ps; + BPsy, 21

where 4 and B are fractional cross-talk factors between zero and
one, while Ps; and Ps, are voltage-dependent segment activation
probabilities, expressed as Boltzmann distributions. The free
fittings of conditions [1] and [2] to the mean, normalized AF/F
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data are shown in Fig. S2, whereas the fitting parameters are
shown in Table S1, below:

Table S1. Parameters for the fittings in Fig. S2

Fig. 52

plots  Clone Vhait sz MV Zsy, € Vit sa MV zss, €° A B
A D WT -57 0.52 -83 0.78 0.066 0

B E D153Q 50 0.16 —-150 0.25 0.13 0.20
CF R213G —-140 0.42 130 032 0.22 044

The best fit of the WT data demonstrates a low value for4 and B
(4 = 0.066, and B = 0). However, because there is significant
overlap between the two curves, visually acceptable fits are pos-
sible with 4 and B values as high as 0.5, so that an upper limit for
the cross-talk variables cannot be estimated based on this fit
alone. We will use additional methods to attempt to place a limit
on these variables, but first a critically important point must be
made regarding the hypothesis of whether cross-talk alone can
explain the data, by evaluating the results for the mutant channels.

To fit the mutant data to Eq. 1 and 2, it was absolutely nec-
essary to change the shape of the Boltzmann curves Ps; and Psgy,
even when the segment in question had not been neutralized.
Therefore, although acceptable fits of the data were obtained
from linear combinations Ps, and Pg4 (see Table S1), this does
not change the fact that neutralization of charge in one segment
necessarily perturbs the voltage dependence of its neighbor (e.g.,
see Table S1 parameters in bold). Therefore, even with the
possibility of cross-talk, the main finding of this paper, that there
is mutual interaction between S2 and S4, does not change. Note
that, at the same time, it does not offer a significantly better fit of
the data: The sum of squared errors for single-Boltzmann fittings
(which do not benefit from the six additional cross-talk param-
eters) is 0.0647 (cross-talk fit: 0.0490).

To reinforce the point that no degree of cross-talk can be used to
avoid the conclusion of a real interaction between voltage sensors,
we offer the following scenario (Fig. S3), where we constrained the
fit to not allow a changes in voltage dependence of the non-
neutralized segment (i.e., Ps; wr = Psy r2136 and Pgy wr =
Ps4 pi1s30)- Under this condition, which enforces the absence of
any meaningful interaction between voltage sensors, the fits are
extremely poor, both visually and quantitatively (Sum Sq =
0.440), despite the fact that this condition has two additional free
parameters compared to the single-Boltzmann fittings (Sum Sq =
0.0647). The fitting parameters are listed in Table S2 below.

Table S2. Fitted parameters for the constrained Boltzmann
fitting described in Fig. S3

Fig. 3

plots  Clone Vhair sz MV Zsy, €% Vhairsa, MV Zzss, €° A B
A D WT -59 0.48 -97 0.67 030 0

B E D153Q -9.3 0.17 —97* 0.67* 0.45 0.014
C F R213G —59* 0.48* 79 0.21 0 0.45

Parameters of mutant channels marked with an asterisk (*) were con-
strained to be equal to their wild-type equivalent.

Investigating cross-talk at the macroscopic domain demon-
strates that signal cross-talk alone (without S2-S4 interaction)
cannot account for the observed experimental data. However,
the fitting of Boltzmann distributions provides very little mech-
anistic information and it oversimplifies the underlying com-
plexities of a microscopic model. To better understand whether
cross-talk is sufficient to account for the apparent interactions
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between S2 and S4, we implemented cross-talk factors in our
allosteric model framework, as follows.

1. $2-54 Signal Cross-Talk at the Microscopic Level. In Fig. S4 A-D,
we globally fit the data with a variant of our allosteric model in
which S2 and S4 activation are not linked by energetic, me-
chanical, or any other kind of interaction, although S4 is still
allosterically linked to the pore domain. The cross-talk mecha-
nism was implemented as follows: Activation of a segment pro-
duces a change in its fluorescence, represented by values F,. s>
and F,._g4 for S2 and S4 signal, respectively. These values were
fixed to 1. In addition, activation of S2 induces a fractional
change in the fluorescence of the S4 signal (value Fy_gp).
Likewise, activation of S4 perturbs S2 fluorescence signal by the
term F,. s4. The cross-talk terms F,. s, and F,. g4 were fit freely
for each BK, channel clone.

These microscopic terms can be roughly related to the mac-
roscopic variables (4 and B) through the relations: A = Fy_g,/
(Facs2 + Facss), and B = Fo suf/(Faesa + Faors)).

The fits are visibly poor, demonstrating that cross-talk alone
cannot account for the data. This is in agreement with the
analogous macroscopic Boltzmann fittings (Fig. S3). As an aside,
inclusion of an S2-Pore interaction (H,p) did not improve the
goodness of the fit.

Finally, to estimate a reasonable value for an upper limit of the
cross-talk values, we attempted to improve the fits of the dynamic
field and mechanical interaction models used in the main paper by
adding F,_s4 and F4_g; to the fitted variables. The inclusion of
cross-talk in the mechanical interaction model (Fig. 5 F-J,
scheme III) is included in Fig. S4 E-H, whereas the same for the
dynamic field focusing model (Fig. 5 K-O, scheme IV) is in-
cluded in Fig. S4 I-L. For an easier comparison between models
with and without cross-talk, please see Tables S3 and S4 below

Table S3. Mechanical interaction or nudging mechanism
(Scheme IIl)

Zero cross-talk

(Fig. 5 F-J) With cross-talk (Fig. S4 E-H)
Parameter: AB «a B A B o p
WT channels 0 0 0.21 0.45 0.18 0.0076 0.28 0.46

D153Q (S2 neutralized) 0 0 0.21* 0.45* 0.039 2.1 x 107° 0.28* 0.46*
R213G (S4 neutralized) 0 0 0.21* 0.45* 0 0.16 0.28* 0.46*

Parameters of mutant channels marked with an asterisk (*) were con-
strained to be equal to their wild-type equivalent.

Table S4. Dynamic field focusing mechanism (Scheme IV)

Zero cross-talk

(Fig. 5 K-0) With cross-talk (Fig. S4 /-L)
Parameter: A B Qapp €° A B Gapp (€°)
WT 0 0 021 2.2x107® 0.0076 0.24
channels
D153Q 0 0 0.0063 0.058 0 1.8%x 107
(S2 neutralized)
R213G 0 0 0.0027 0.0065 1.8 x 1077 0.0058

(S4 neutralized)

Where A and B are defined in terms of the microscopic cross-
talk variables as above, o and p are the fractions of S2 and S4
nudged during activation according to the interpretation of
scheme III and g,y is the apparent additional charge caused by
field focusing (scheme IV). The fitted values of 4 and B repre-
sent a reasonable upper limit of cross-talk in the context of two
possible models that explain our data. In no case do they exceed
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20% of the observed signal. It should also be noted that fits did
not improve markedly, and the model-specific parameters (a, B,
qapp) did not change substantially—if anything, there appears to
be a slightly greater extent of mechanical interaction or field
focusing.

In conclusion, the introduction of cross-talk factors does not
relieve the necessity of some type of mutual interaction between
S2 and S4 as a means of explaining our data. If cross-talk does
occur, it is likely a minor effect, as estimated by only limited
improvements in our ability to fit data with reasonable models.
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Fig. S1. Alternative models. (A) Scheme I: the BKc, VSD is a superunit with uniform voltage dependence, so the activations of S2 and S4 are indistinguishable.
The Pore domain can assume the closed (C) or open (O) state, whereas each VSD (from each o subunit) can be either resting (R) or active (A). VSD activation
stabilizes Pore opening via interaction H. (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 | predictions for conductance and VSD activation are shown as black and blue/red curves, respectively. (C) As in B
for channels with mutation D153Q in S2 (Figs. 3 A-C and 4 D-F). (D) As in B, for channels with mutation R213G in S4 (Figs. 3 D-F and 4 A-C). (E) Scheme | fitted
parameters. Parameters of charge-neutralized channels with an asterisk were constrained to be equal to their pseudo-WT channel equivalent. (F) Scheme I
(Fig. 5A) with the addition of an S2-Pore interaction H,p. (G-J) As in B-E, for scheme Il + H,p. Model predictions of S2 and 5S4 activations are blue and red curves,
respectively. In H, the highly linear S2 AF/F data (blue diamonds; also see Fig. 3B) were renormalized to conform to the model prediction (blue curve), instead of
constraining it.

Pantazis et al. www.pnas.org/cgi/content/short/0911959107 30f7


www.pnas.org/cgi/content/short/0911959107

A

L T

z

AFIF Data & Weighted
Sums of Pg, & P,

0.8 1

0.6 9

0.4 4

0.2 1

0
-250

-250

Wildtype Channels

® F2WT Data

——Sum_F2_WT

® F4WTData

—Sum_F4_WT

-200

-150 -100

-50

0

50

100

150

-200

-150 -100

-50

0

50

100

150

S2-Neutralized (D153Q)

0.8 1

0.6 1

0.4 4

® F2D153QData
——Sum_F2_D153Q

® F4D153QData
——Sum_F4_D153Q

0.2 4

o T T T T T v
-300 200 -100 0 100 200 300

1
03
0.6
0.4 4
® F2D153Q Data
—P_S2D153Q
02 4 @ F4D153QData
——P_S4D153Q
0 T T T r r "

-300 -200 -100 0 100 200 300

Membrane Potential (mV)

S4-Neutralized (R213G)

0.8 1

0.6 4

0.4 1

0.2 9

® F2R213GData

—Sum_F2_R213G
@® F4R213GData
——Sum_F4_R213G |

]

-300  -200 -100 0 100 200 300

0.8 1

06 1

0.4 1

0.2 1

@ F2R213GData
——P_S2R213G

® F4R213GData
——P_S4R213G

L]

-300 -200 -100 0 100 200 300

Fig. S2. Cross-talk at the macroscopic domain I: Free parameter fitting. (A-C) To investigate the possibility of cross-talk accounting for the experimental data,
the normalized, mean AF/F data from S2 (blue circles) and S4 (red circles) from channels without charge neutralization mutation (4), channels with a neu-
tralized voltage-sensing charge in S2 (D153Q, B), and channels with a neutralized S4 (R213G, C) were fitted with the weighted sums (linear combinations) of
two Boltzmann distributions (Ps, and Ps,), reflecting the underlying voltage dependence of S2 and S4 activation, respectively. The blue and red curves rep-
resent these weighted sums fit to S2 and S4 fluorescence data, respectively. The cumulative sum of squared errors is 0.0490. The fitting parameters are listed in
Table S1 and discussed in S/ Text, “Investigating Signal Cross-Talk.” (D-F) Fluorescence data are shown as in A-C for the corresponding BK¢, clones used.
Instead of the weighted sums, the individual constituent Boltzmann distributions (Ps, and Ps,) are shown as blue and red curves, respectively.
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Fig. $3. Cross-talk at the macroscopic domain II: Cross-talk cannot exclude S2-5S4 interactions. The data and curves shown are as in Fig. S2. In these fits, in-
teractions between S2 and S4 are excluded, by introducing the constraint that the voltage dependence of segment activation is not perturbed by charge
neutralization in the opposite segment. In this case, Ps; wr = Ps> r2136 @and Psg wr = Psa_p1s3q- The cumulative sum of squared errors is 0.440. The fitting
parameters are listed in Table S2 and discussed in S/ Text, “Investigating Signal Cross-Talk,” section I.

BN AS  PNASN P
AFIF Data, P, & P,
O
m
m

Pantazis et al. www.pnas.org/cgi/content/short/0911959107 50f7


http://www.pnas.org/cgi/data/0911959107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/cgi/data/0911959107/DCSupplemental/Supplemental_PDF#nameddest=st02
http://www.pnas.org/cgi/data/0911959107/DCSupplemental/Supplemental_PDF#nameddest=STXT
www.pnas.org/cgi/content/short/0911959107

L T

\

BN AS  DNAS P

Signal Cross-talk
(No S2-S4 interaction)

No charge mutations

Mechanical Interaction

(Scheme Ill) + Cross-talk

No charge mutations

Dynamic Field Focusing

(Scheme IV) + Cross-talk

No charge mutations

110 G 110 G 110 G
@ S2 AFIF € S2 AFIF ¢ S2 AFIF
0.81 W S4AFIF ] 0.81® S4AFIF 0.81® S4 AFIF
0.6 0.6 0.6
L 04 0.4 0.4
o
0.2 0.2 0.2
<]
= 0 0 0
7p] -250 -150 -50 0 50 150 -250 -150 -50 0 50 150 -250 -150 -50 0 50 150
Y
(o]
[T S2 charge mutants (D153Q) S$2 charge mutants (D153Q) S2 charge mutants (D153Q)
IL 1® 6 1® G 1ne G
<] & S2AFF € S2AFIF & S2AFF
o~ 0.8{H S4 AF/F 0.8{H S4 AFIF 0.8/ S4 AFIF
o) 06 0.6 0.6
(.‘5 0.4 0.4 0.4
- 02 0.2 0.2
g o 0 0
% —400 -200 0 200 400 —400 200 0 200 400 —400 -200 0 200 400
s 84 charge mutants (R213G) 84 charge mutants (R213G) $4 charge mutants (R213G)
Z 1.0 6 1,0 G 1,0 G
& S2AFIF & S2AFIF @ S2 AFIF
0.8{® S4 AFIF 0.8{W S4 AFIF 0.8{W S4 AFIF

0.6
0.4
0.2

0

—400  -200 0 200 400

Membrane Potential (mV)

0.6
0.4
0.2
0
—400 -200 0 200 400
Membrane Potential (mV)

0.6
0.4
0.2
0
-400  -200 0 200 400
Membrane Potential (mV)

Parameters Charge mutation Parameters Charge mutation Parameters Charge mutation
Domain or Interaction | none | D153Q | R213G Domain or Interaction | none | D153Q | R213G Domain or Interaction | none |D153Q| R213G
q (e%) 0.45 |0.45* |0.45* q (e 047 | 047 |047* q(e%) 0.49 0.49* |0.49*
Pore Pore Pore
Vit (MV) 800 800*  [800* Vi, (MV) 800 800* | 800* Ve (MV) | 820 820" |820*
52 q(e?) 060 |0 0.60* s2 q(e9) 032 |0 0.32* s2 q(e%) 0.18 0 0.18*
Vi (MV) -53 0 -53* Vi (MV) 93 320 93* Ve (MV) |98 320 98*
sS4 q (e 0.24 |0.24* |0.042 en q (e 0.28 |0.28* |0.044 o q (e 0.32 0.32* |0.11
Vi (MV) -47 -47*  [620 Viar (MV) 13 13* 620 Vi (MV) 14 14* 590
S4-Pore |H,,(meV) |-100 |-61 -84 S4-Pore |H, (meV) |-100 |-63 -65 S4-Pore | H,, (meV) |-100 -68 -71
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Fig. S4. Investigating cross-talk at the microscopic level. (A-D) Fitting of a statistical-mechanical model (as in Fig. 5 and Fig. S1) without any interaction
between S2 and S4. Instead, activation of S4 contributes to the fluorescent signal from S2, as expressed by cross-talk term F,_s,4. Likewise, S2 activation
contributes to S4 fluorescence by factor F4_s,. (A) Normalized mean K* conductance (G, black circles), S2 AF/F (blue diamonds) and S4 AF/F (red squares) from
channels without charge neutralization (“pseudo-WT", Fig. 2). Predictions of this model for conductance and S2 and 54 fluorescence signals are shown as black,
blue, and red curves, respectively. (B) As in A, for channels with a charge neutralization mutation in S2 (D153Q). (C) As in A, for channels with a charge
neutralization mutation in S4 (R213G). (D) The fitting parameters of the model. Parameters of charge-neutralized channels with an asterisk were constrained
to be equal to their pseudo-WT channel equivalent. (E-H) As in A-D. This time, a model similar to scheme IlI (Fig. 5F) was fit, with the addition of signal cross-
talk parameters Fs,._s4 and Fs4_s5. In F, the highly-linear S2 AF/F data (blue diamonds; also see Fig. 3B) were renormalized to conform to the model prediction
(blue curve), instead of constraining it. (I-L) As in E-H. This time, a model similar to scheme IV (Fig. 5K) was fit, including cross-talk parameters Fs;._sq and Fsgs>.
See S/ Text, "Investigating Signal Cross-Talk,” section Il, for a discussion of the fittings.
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Fig. S5. Voltage sensor domain homology. Alignment of the VSDs of hSlo1, encoding the human BKc, a subunit; Shaker, encoding a Drosophila voltage-gated
K* channel; the human Ether-a-go-go related gene, encoding HERG; and the Ky1.2-2.1 chimera, used to produce the most recent crystal structure of a VSD to
date (1). Positions of the transmembrane domains S1-S4 are shown (colored bars) as resolved from Ky/1.2-2.1. Conserved charged residues are boxed. Voltage-
sensing residues in BKc, (2), Shaker (3,4) and HERG (5) channels are in red type. BKc, residues substituted to cysteine for TMRM labeling are highlighted in
orange; neutralized voltage-sensing residues in blue.
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