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Inventory of Supplemental Information 
Figure S1, related to Figure 1, displays the evolutionary conservation profile of KCNE1 in 
complex with the channel according to the Kang et al. model (Kang et al., 2008). 
Figure S2, related Figure 1, maps the conservation grades on the KCNE1 sequence. 
Figure S6, related to Figure 1, displays the evolutionary conservation profile of the Kv7.1 
model-structure. 
Figure S7, related to Figure 1, shows the multiple sequence alignment of KCNE1 homologs 
used to calculate the conservation profile of KCNE1. 
Table S1, related to Figure 2, shows the Cβ-Cβ distances between KCNE1-KCNQ1 residue 
pairs in the final model of the complex. 
Movie S1, related to Figure 3, displays the motion depicted in panel A. 
Movie S2, related to Figure 3, displays shows the motion depicted in panel B. 
Table S2, related to Figures 3 and 4, contains the Kv7.1 hinge regions in motion I-III, in 
comparison to the Kv1.2 hinge regions. 
Movie S3, related to Figure 4, displays the motion depicted in panel A. 
Figure S9, related to Figure 5, shows the location of residues G272, L273, V310, T311 and 
F340 in the Kv7.1 model structure. 
Movie S4, related to Figure 5, shows the motion depicted in panel A. 
Figure S8, related to Figure 7, shows the hinges controlling motion II mapped on the 
model-structure of the complex. 
Movie S5, related to Figure 8, shows the motion depicted in panel A. 
Movie S6, related to Figure 8, shows the motion depicted in panel B. 
Figure S3, related to Table 1, shows the contribution of the 30 slowest GNM modes to the 
overall motion of the Kv7.1 tetramer. 
Figure S4, related to Table 1, displays mean-square fluctuations of the Kv7.1 tetramer in 
the three slowest GNM modes. 
Figure S5, related to Table 1, shows mean-square displacement of the channel alone and in 
complex with four KCNE1 subunits according to the GNM and ANM modes. 
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Supplementary Information Tables 
 
TABLE S1, related to Figure 2. The Cβ-Cβ distances between KCNE1-
KCNQ1 residue pairs in the final model of the complex (presented in Å). In 
the case of G40 the distances were measured from the Cα. These pairs were 
verified against data from disulfide mapping studies, and the residues in each 
pair are separated by a distance of less than 15Å in the final model. The last 
column details the location of the interacting pairs, either in a loop, a TM 
segment (TM) or at the end of a TM segment (TM end).  

Pair The final model Location  

G40/T144 12.7 Loop/TM end 

G40/I145 9 Loop/TM end 

G40/Q147 13 Loop/Loop 

K41/T144 13.9 TM end/TM end 

K41/I145 9.3 TM end/TM end 

K41/Q147 14.6 TM end/loop 

L42/V324 7 TM end/TM end 

E43/W323 5.7 TM end/TM end 

A44/V141 6.2 TM/TM 



 

 

TABLE S2, related to Figures 3 and 4. Matching GNM modes of the Kv7.1 channel with the 
corresponding modes of Kv1.2 (Yeheskel et al., 2010) that share similar hinges. The first column 
shows hinges in Kv7.1, and the second column shows hinges in the Kv1.2 channel (Yeheskel et 
al., 2010). The third column shows the Kv7.1 positions corresponding to the Kv1.2 hinges of the 
second column; if the hinges are the same in Kv7.1 and Kv1.2, the same position appears in 
columns 1 and 3. The last column describes the involvement of each Kv7.1 hinge (first column) 
in diseases. LQTS1 - long QT syndrome 1; JLNS - Jervell and Lange-Nielsen syndrome; AF - 
atrial fibrillation.   

Kv7.1 
GNM1,2+3 

Kv1.2 GNM3 
Corresponding 

position in Kv7.1 
Disease association 

Q147 C181 V141  

A208 V261 I204 
R192P is involved in 

LQTS1(Napolitano et al., 2005) 

I235 R297 R231 
I235N is involved in LQTS1(Choi et 

al., 2004; Tester et al., 2005) 

Q260-262 M325-L328 R259-L262 

E261D is involved in JLNS(Tester et 
al., 2005); E261K(Donger et al., 1997), 

L262V(Napolitano et al., 2005) are 
involved in LQTS1 

T312-G316 T373-D379 T311-D317 

T312I(Tester et al., 2005), 
I313M(Tanaka et al., 1997), 

G314S(Chouabe et al., 1997)/C(Chen 
et al., 2003)/D(Tester et al., 

2005)/A(Shimizu et al., 2004), 
Y315S(Donger et al., 1997)/C(Tester 

et al., 2005), G316R(Tester et al., 
2005) are involved in LQTS1 

F340-A346 I402-V410 F340-G348 

A341E(Wang et al., 1996)/V(Tester et 
al., 2005), L342F(Chouabe et al., 1997; 

Donger et al., 1997), 
P343S(Napolitano et al., 2005), 
A344E/V(Tester et al., 2005), 

G345E(Tester et al., 2005)/R(van den 
Berg et al., 1997) are involved in 

LQTS1 

 



Kv7.1 GNM4 Kv1.2 GNM4 
Corresponding 

position in Kv7.1 
Disease association 

L137 V178 I138 L137P is involved in LQTS1 

A152-T153 F223 F157  

F232-M238 P265 A208 
I235N is involved in LQTS1(Chouabe 

et al., 1997; Donger et al., 1997) 

I282 V301 I235  

Y299 L341-F348 F275-I282  

W323-G325 V390 I328 
G325R is involved in LQTS1(Tanaka 

et al., 1997) 

Kv7.1 
GNM5,6+7 

Kv1.2 GNM5 
Corresponding 

position in Kv7.1 
Disease association 

V129 L182 L142  

F167-G168 T216 - 
G168R is involved in LQTS1(Tester et 

al., 2005) 

I204-V206 I254-T269 P197-V212 
I204M(Napolitano et al., 

2005)/F(Tester et al., 2005) is involved 
in LQTS1 

R249-V262 L321 V255 

L250H(Itoh et al., 1998), 
L251P(Deschenes et al., 2003), 

V254M(Tester et al., 2005) 
E261K(Donger et al., 1997), 

L262V(Napolitano et al., 2005) are 
involved in LQTS1; E261D is involved 

in JLNS(Tester et al., 2005) 

I313-G316 T373-G376 T311-G314 

I313M(Tanaka et al., 1997), 
G314S(Chouabe et al., 1997)/C(Chen 

et al., 2003)/D(Tester et al., 
2005)/A(Shimizu et al., 2004), 

Y315S(Donger et al., 1997)/C(Tester 
et al., 2005), G316R(Tester et al., 

2005) are involved in LQTS1 

G345 A403 A341 
G345E(Tester et al., 2005)/R(van den 

Berg et al., 1997) is involved in 
LQTS1 



Supplementary Information Figures 

 

 

Figure S1, related to Figure 1. Extracellular (A) and side (B) views of the evolutionary 

conservation profile of KCNE1 in complex with the channel according to the Kang et al. model 

(Kang et al., 2008).  The channel tetramer is in grey, and the KCNE1 model is colored by 

conservation grades according to the color-coding bar, with variable-through-conserved 

corresponding to turquoise-through-maroon. The most variable residues (score 2 – none of the 

residues in this region was assigned a score of 1), namely L59, and the most conserved residues 

(score 9), namely Y46, I61, L63, R67 and S68, are displayed as space-filled atoms. It is evident 

that variable residues of KCNE1 are located at the interaction interface with the channel, a 

conformation that is in conflict with the typical conservation pattern. KCNE1 residues Y46 and 

L63, mutations in which are described here, are labeled. 

 

 



 

Figure S2, related to Figure 1. Mapping of the ConSurf conservation grades of Figures 1 and 

S1 on the KCNE1 sequence. Conservation is shown using the color-coding bar, i.e. the highly 

variable and highly conserved residues are shown in turquoise and maroon, respectively. The 

brown rectangle represents the location of the TM helical segment in the model-structure. The 

residues marked by asterisks are more variable than the rest. All these residues face the lipids in 

our model-structure of the Kv7.1-KCNE1 complex, but three of them, namely L45, F56 and L59, 

are in direct contact with Kv7.1 in the Kang et al. model (Kang et al., 2008). 

 

 

Figure S3, related to Table 1. The contribution of the 30 slowest GNM modes to the overall 

motion of the Kv7.1 tetramer. The percentage of contribution was estimated as the weight of the 

frequency of a specific mode n, calculated considering the frequencies of all N modes (100λn/λN-

1). Modes 1 and 2 share the same eigenvalue, as do modes 5 and 6. We studied here the 8 slowest 

modes, each of which contributes over 1%. 

 



 

 

Figure S4, related to Table 1. Mean-square fluctuations of the Kv7.1 tetramer in the three 

slowest GNM modes. The shape of the third mode (blue) fits the profile of the average of modes 

1 and 2 (green). 

 

 



Figure S5, related to Table 1. Mean-square displacement of the channel alone (black curves) 

and in complex with four KCNE1 subunits (blue curves) according to the GNM and ANM 

modes. The modes of motion are grouped as described in Table 1: (A) Motion I; (B) Motion II; 

(C) Motion III; (D) Motion IV. The locations of the TM helices and the selectivity filter (SF) are 

marked on the x-axis. The fluctuations of one chain of the homotetrameric channel are presented, 

since the fluctuations of all four Kv7.1 chains are identical. The overall shape of the fluctuations 

is mostly preserved upon KCNE1 binding in both elastic models.  

 

 

 

Figure S6, related to Figure 1. ConSurf (Ashkenazy et al., 2010) analysis of the Kv7.1 

homology model of Smith and colleagues (Smith et al., 2007) supports the accuracy of the 

model. An extracellular view of the channel is colored by conservation grades according to the 

color-coding bar, with variable-through-conserved corresponding to turquoise-through-maroon. 



Variable residues face lipids or are located in the loops, whereas conserved residues are located 

in the channel core, as expected.  

 

  

 



 

Figure S7, related to Figure 1. The multiple sequence alignment of KCNE1 homologs used to 

calculate the conservation profile of KCNE1. The homologs were collected from the NR 

database (Sayers et al., 2011) using PSI-BLAST (Altschul et al., 1997). Redundant sequences 

(>99% sequence identity) were discarded, and the resultant 76 sequences, all from the KCNE 



family,  were aligned using MUSCLE (Edgar, 2004). Only the modeled segment of KCNE1, i.e., 

residues 36-75, and the corresponding sequences of the homologous proteins are shown. 

Positions Y46 and L63, which we mutated, are highlighted.  

 

 

Figure S8, related to Figure 7. Hinges controlling motion II mapped on the model-structure of 

the complex: (A) extracellular view, (B) side view. The channel is green and KCNE1 is blue. 

The hinge residues of motion II are shown as yellow space-filled atoms. KCNE1 Y46 is shown 

as orange space-filled atoms. Clearly, the hinge residues are in close proximity to each other, 

creating a cluster, and KCNE1 Y46 is a part of this cluster. 

 



 

Figure S9, related to Figure 5. The location of residues G272 (red), L273 (orange), V310 

(blue), T311 (green) and F340 (yellow) in the Kv7.1 model structure. Segments S5 and S6 of 

two diagonally-opposite chains are presented. Residues G272, L273, V310, T311 and F340 are 

shown as space-filled atoms. These five residues are in close proximity to each other, creating a 

cluster.



Supplementary Information Movies legends 

Movie S1, related to Figure 3. Motion I - conformations predicted by ANM mode 4, 

corresponding to GNM modes 1,2 and 3 (Table 1). The model-structure is shown in ribbon 

representation and viewed from an extracellular perspective. The mode depicts alternate slanting 

of VSD pairs from diagonally-opposite monomers towards the pore. 

Movie S2, related to Figure 3. Motion III - conformations predicted by ANM mode 8, 

corresponding to GNM modes 5,6 and 7 (Table 1). The model-structure is shown in ribbon 

representation and viewed from an extracellular perspective. The mode depicts alternate slanting 

of VSD pairs from diagonally-opposite monomers towards the pore. 

Movie S3, related to Figure 4. Motion II - conformations predicted by ANM mode 1, 

corresponding to GNM mode 4 (Table 1). The model-structure is shown in ribbon representation 

and viewed from an extracellular perspective. The mode depicts swinging of VSDs, while the 

pore domain appears to be essentially stationary. 

Movie S4, related to Figure 5. Motion IV - conformations predicted by ANM mode 5, 

corresponding to GNM mode 8 (Table 1). The model-structure is shown in ribbon representation 

and viewed from an extracellular perspective. In this mode the channel is divided into two 

dynamic domains, connected by hinges located approximately along the membrane mid-plane. 

The mode depicts rotation of the two dynamic domains in opposite directions.  

Movie S5, related to Figure 8. Inactivation of KcsA. ANM-predicted motion, related to KcsA 

inactivation, is presented. The ANM calculation was performed using HingeProt (Emekli et al., 

2008). The structure is shown in ribbon representation and viewed from the side. For clarity, 

only two diagonally-opposite chains are presented. The α-carbons of E71 and D80 are shown as 

red space-filled atoms. 

Movie S6, related to Figure 8. Inactivation of Kv7.1. Motion predicted by ANM mode 8 and 

related to voltage-gated slow inactivation of Kv7.1 is shown. The model structure is shown in 

ribbon representation and viewed from the side. For clarity, only two diagonally-opposite chains 

are presented. The α-carbons of E295 and D317 are shown as red space-filled atoms. 

 



Elastic network models 

In the GNM calculations the protein structure was simplified into α-carbon atoms and treated as 

an elastic network of nodes connected by hookean springs of uniform force constant γ. Two 

nodes i and j were assumed to display Gaussian fluctuations around their equilibrium position if 

the distance between them was below the (commonly used) cutoff of 10 Å. The inter-node 

contacts were then defined by an N × N Kirchoff matrix Γ, where N is the number of amino acids 

in the protein. The correlation between the fluctuations of two nodes i and j, ΔRi and ΔRj, 

respectively, was calculated as follows: 

 

<ΔRiΔRj> = (3kBT/γ)[Γ-1]ij = (3kBT/γ)∑k[λk
-1ukuk

T]ij  (1) 

 

where uk and λk are, respectively, the k-th eigenvector and k-th eigenvalue of Γ, kB is the 

Boltzmann constant, and T is the absolute temperature; kBT/γ was taken as 1 Å2. Overall, Eq. 1 

predicts the mean-square displacement of each residue (node) when i = j, and when i ≠ j it 

predicts the correlations between the fluctuations of residues i and j as a superimposition of N-1 

eigenmodes.. λk is proportional to the k-th mode frequency, the inverse of which gives the relative 

contribution of this mode to the protein’s overall structural motion. The minima in the obtained 

fluctuation profile for a given mode suggest possible hinge points that coordinate the cooperative 

motions between structural elements in this mode.  

In contrast to isotropic GNM, ANM determines the direction of fluctuations. Here Γ is 

replaced by the 3N × 3N Hessian matrix H, the elements of which are the second derivatives of 

the inter-node potential described by Eq. 1, with a cutoff of 15 Å. The correlation between ΔRi 

and ΔRj was decomposed into 3N-6 modes and calculated as follows: 



 

<ΔRiΔRj>= (3kBT/γ)tr[H-1]ij = (3kBT/γ)∑ktr[λk
-1ukuk

T]ij  (2) 

 

where tr[H-1]ij is the trace of the ij-th submatrix [H-1]ij of H-1. The eigenvectors allowed us to 

identify alternative conformations sampled by the individual modes, simply by 

adding/subtracting the eigenvectors to/from the equilibrium position in the respective modes. 

Thus, being an anisotropic model, ANM provides information on the directions of the motions in 

3D, while GNM is more realistic with respect to the mean-square fluctuations and the correlation 

between fluctuations (Bahar et al., 2010). 

 
Several studies have demonstrated that the first few slowest GNM modes, assigned the lowest 

frequencies, are implicated in protein function (Bahar et al., 2010; Bahar and Rader, 2005). The 

least mobile residues suggested by these modes play key mechanical roles, such as being hinge 

centers or controlling the cooperative movements of domains. Therefore, we focused on the eight 

GNM modes identified as slowest on the basis of the distribution of eigenvalues; these modes 

were responsible for approximately 22% of the overall motion (Figure S3). The superimposition 

of the residues’ mean square displacement predicted by GNM and ANM revealed the 

correspondence between the two elastic network models. Thus, using ANM, we were able to 

determine the direction of fluctuations characterized by GNM. 

 

Experimental procedures  

The mutations of human KCNE1 were constructed using standard PCR techniques, using the Pfu 

DNA polymerase (Promega). The mutants were entirely sequenced using a DNA automatic 

sequencer. Human KCNE1 DNA (wt and mutants) were linearized by BamH1 enzyme 



(Promega); human KCNQ1 DNA (wt) were linearized by Not1 enzyme (Promega). Capped 

complementary RNAs (cRNAs) were transcribed from linearized human KCNE1 by T3 RNA 

polymerases and from linearized human KCNQ1 with T7 RNA polymerases (mMessage 

mMachine, Ambion). The cRNAs were quantified by UV spectroscopy (Nanodrop), and its 

integrity and concentration were verified by running an aliquot on a formaldehyde agarose gel. 

Channel expression into Xenopus oocytes and electrophysiology were performed as previously 

described (Gibor et al., 2007). Current signals were filtered at 0.2 kHz and digitized at 1 kHz. 

The holding potential was - 80mV. The reversal potential of the membrane, according to the 

Nernst-equation, was calculated to be Vrev = -81.4mV. 

   

 (3) 

 

Where R = gas constant, T = temperature, Z = valence, F = Faraday’s constant and [K+]o = 4mM, 

[K+]i = 100mM. In order to subtract the leak off line from the currents obtained in the I-V 

protocol, we changed the resistance at the - 80mV step pulse of the trace obtained (which is 

about the Erev) in order to zero the current. Then, the other voltage-step currents were leak-

subtracted accordingly, using the Ohm’s law. Data analysis was performed using the Clampfit 

program (pCLAMP 10.2, Molecular Devices), Microsoft Excel (Microsoft), Prism (Graphpad). 

For a measure of deactivation kinetics, a single exponential fit was applied to the tail currents 

and measured from + 40mV prepulse at -60 mV tail potential according to:  

 

 (4) 



 

Because of the complex activation kinetics of the currents, including a sigmoidal delay, a 

rough estimate of the activation kinetics, T1/2 act was calculated from the macroscopic current 

and measured at + 40mV. T1/2 act is the time at which the current amplitude is half-activated. To 

analyze the voltage dependence of IKS channel activation, a single exponential fit was applied to 

the tail currents (-60 mV tail potential) and extrapolated to the beginning of the repolarizing step. 

Chord conductance (G) was calculated by using the following equation:  

 

G = I/(V- Vrev ) (5) 

 

Where I corresponds to the current, and Vrev corresponds to the calculated reversal potential. G 

was estimated at various test voltages V and, then, normalized to a maximal conductance value, 

Gmax, calculated at + 40 mV.   

Voltage-dependent activation curves were fitted by the Boltzmann equation: 

 

 (6) 

Where V50 is the voltage at which the current is half-activated, and s is the slope factor. To 

analyze the voltage dependence of IKS channel activation, G was deduced from tail currents as 

above. All data were expressed as mean ± SEM. Statistically significant differences between the 

wt and the mutants were assessed by Student’s t-test.   
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