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SUPPORTING MATERIAL
The PDs of different K-channels are similar, but VSDs may be different

Several x-ray structures of Kv channels are available. Jiang et al determined the
structure of the KvAP channel in its open conformation (1). The protein was crystallized
with monoclonal antibodies. The S3-S4 paddles are located near the intracellular
membrane surface, perpendicular to the pore axis. Lee et al. also determined the structure
of KVAP in its open conformation (2). In this structure the S3-S4 loop was determined to
be outside the membrane, because it was crystallized in a micelle. The protein was
crystallized with Fv fragments but the conformation was similar to the crystals without
Fv fragments in a lower resolution (2). Lee et al created a model structure of KvAP based
on the two previous KvAP structures (1, 2) as it would be in a lipid bilayer (2). Long et al
determined the structure of the Kv1.2 channel in its open/inactivated state (3). On one
hand, the location of the C-terminus of S6 helix is in the open state. On the other hand,
two of the S4 arginines are buried in the protein whereas the other two are exposed to the
lipid. This state of S4 helix refers to the inactive conformation. Some of the amino acid
positions in the loops between the helices of the VSD are missing. Furthermore, the

positions of specific residues in S2 and S3 are missing.

Yarov-Yarovoy et al. built a model structure of the Kv1.2 channel (4), based on
the X-ray crystal structure of reference (1) using the ROSETTA software package. We
used their model structure here. They also modeled the closed state using the
experimental evidence that E226 in S2 is positioned near R294 in the S4 helix in the
closed state (5). The group also modeled the open state of KvAP using the x-ray structure
(1) and the closed state of Kv1.2 as a template.

Laine et al. created a model structure of the open state of Shaker (6), using the PD
from the x-ray structure of MthK, which was determined in its open state (7). The model
for interaction between the domains was developed using molecular dynamics simulated
annealing procedure. In this model the charged S4 helix was predicted to be located
between the PDs from different subunits rather than in the periphery of the protein. Loops
between the helices of the sensor domain were not included in this model structure and

the helices of the sensor domain were all straight.



Pathak et al created a new ROSETTA model structure of Kv1.2 (8) which is
similar to the former model (4), but with different loops. The model was based on the

results of fluorescence scan.

Long et al determined the structure of a chimera protein composed of rat Kv1.2

with the S3b-S4 paddle from the rat Kv2.1 (9).

A comparison of these structures has shown that the PD is similar in all structures

and the differences are mainly in the sensor domain.

Dependence of the fluctuation modes on the structure

The majority of the calculations were conducted using the model structure of
Kv1.2 in its open state. Nevertheless, the hinges were observed also in other structures of
the channel. Various x-ray structures and model structures of voltage gated potassium
channels were published (2, 4, 6, 8-10). In all the structures analyzed here the three
slowest modes display similar contribution to the overall dynamics of the open model of
Kvl.2.

In the three slowest modes of the last KvAP structure ((2), PDB 2a0l) no hinge
between the S3 and S4 helices was detected. In the next five modes a hinge near L129 (in
the middle of the S4 helix) appeared, in addition to a hinge between the S3a and S3b
helices (P99). This implies that the S3b and S4 helices form a rigid element, as in Kv1.2.
The hinge in P99 is consistent with the Biotin-Avidin experiments (11). The three slowest
modes represent the opening of the pore with hinges in the selectivity filter, M217-G222
(the S6 helix) and T160-F184 (the S5 helix). In these modes, hinges in the end of the S1
helix (T47) and between the S3a and S3b helices (G101) were also detected. Overall, the
hinges are consistent with these observed in the Kv1.2 model structure. Other modeled
structures of KvAP (2, 4) showed the same motions. Papazian’s KvAP model (6) showed
different motions. In the three slowest modes of this model structure there are hinges in
the S2 helix (F279), the S4 helix (M356), the S5 helix (G406), the selectivity filter
(W434-D447) and the S6 helix (L468-T469). The hinges in the S5 and S6 helices are
located in the interface between these helices, similar to the hinges in Kv1.2. The hinge in
the S4 helix appears in its C-terminus rather than between the arginines as in Kv1.2.

Loops between the helices of the sensor are not included in this model and the four



helices of the VSD are all straight. Therefore, we cannot expect to have motions similar
to the other model structures.

The fluctuations of Yarov-Yarovoy’s closed model structure of Kv1.2 (4) were
identical to the three slowest modes of the open model structure, which was analyzed
here. The exception is that the C-terminus of the S6 helix was less mobile in the closed
model, which may be expected with the increase in the contacts between the termini of
the helices in the closed state. Reassuringly, the mean square fluctuations of the closed
model are also similar to those of the open model (Figure S10).

In the three slowest modes of Pathak’s Kv1.2 model structure (8) the hinge in the
S2 helix (S217) was missing. The fluctuations of the rest of the protein were identical to
Yarov-Yarovoy’s Kv1.2 model. This model differs from Yarov-Yarovoy’s model only in
the loops between the helices of the VSD.

In the three slowest modes of the Kv7.1 model structure (10), which was based on
Yarov-Yarovoy’s Kv1.2 as a template, hinges of the PD were identical to the hinges in
Kv1.2. The hinges in the VSD were different: a hinge between the S1 and S2 helices
appeared in the three slowest modes (Q147). In the next mode this hinge disappeared and
two hinges in the S1 and S2 helices appeared (L137-S140 and T153 respectively). The
hinge in the S3 helix appeared in the middle of the helix (I1204), next to the hinge in the
S4 helix (I1235), which appeared between the arginine residues. Still, the two helices
moved as a rigid unit.

In the three slowest modes of the chimera structure of Kv1.2 and Kv2.1 (9), there
was another hinge in the loop between helices S1 and S2. This structure differs from

Yarov-Yarovoy’s Kv1.2 model in the loops between the helices of the VSD.

Elastic Network Models

We analyzed the Kv1.2 model structure using the Gaussian Network Model
(GNM) (12, 13) and Anisotropic Network Model (ANM) (14, 15). GNM is known as
more robust in the mean-square fluctuations (16). Thus, it was used here to predict the
relative magnitudes of fluctuations of the amino acids to identify hinge regions. The
correlation between the fluctuations in the slowest modes of motion was used to predict

the cooperation between the rigid structural elements. The eight slowest modes, further



decomposed into the first three and the next five, were chosen for the analysis based on
the distribution of the eigenvalues (Fig. S2).

ANM was then used to predict the directions of motions and to generate the
conformations that describe the fluctuations in 3D in the corresponding modes. The
mean-square fluctuations by GNM and ANM were compared to find the corresponding
modes (15, 17). The calculations were conducted with distance cutoffs of 10 and 15A for
the GNM and ANM calculations, respectively. The HingeProt webserver ((15);
http://www.prc.boun.edu.tr/appserv/prc/HingeProt3/index.html) was utilized in the
calculations together with in house GNM/ANM programs.

GNM

The protein structure is simplified into alpha-carbon atoms and is treated as a
three-dimensional elastic network. The residues within a cutoff distance are connected by
Hookean springs with a uniform force constant y. Residues i and j are assumed to display
Gaussian fluctuations about their mean positions in the separation Rj; = |R; - Rj|, where
Ri and R; are the respective position vectors of the ith and jth C,-atoms.
The correlation between the fluctuations of residues i and j, AR; and AR; is calculated

(12, 13) as follows
< AR; AR> = (3kgT/y) [T = BksT/H) i [M u Uy 15 (1)

Here T is the connectivity matrix (or Kirchhoff) matrix. Ay is the k—th eigenvalue
of ' and is representative of the frequency of the k-th mode of motion. Uk is k-th
eigenvector, kg is the Boltzmann constant and T is the absolute temperature in degrees
Kelvin. This equation provides a way to decompose the dynamics into N-1 eigenmodes
for N interacting residues. The contribution of each motion is scaled with the inverse
frequency of that mode. The slowest modes thus contribute most to the predicted
fluctuations. A few slowest modes were shown to be collective and possibly relevant to

the functionality of the biomolecules (17).


http://www.prc.boun.edu.tr/appserv/prc/HingeProt3/index.html

The global and local minima points in the fluctuations profiles of each mode are
referred to hinge points. The structural segments which are connected by hinge points
form rigid parts.

The dynamic correlations are calculated by the cross-correlations between the
fluctuations of each pair of amino acids (12, 13). The correlation between AR; and AR; is
calculated using equation 1, with i#j. This analysis is used to identify cooperative
motions between different segments within the monomer and between the monomers.

Specific pairs of amino acids, in the interfaces between the monomers, were
excluded from the calculation to identify the region which affects the cooperation in

motion.

ANM

Here T is replaced by Hessian matrix H of the second derivative of the
intramolecular potential function in eq 1. H is 3Nx3N symmetric matrix. The correlation
between AR; and AR; decomposed into 3N-6 modes of motions is then calculated as

follows

<AR;. AR;>= (3kgT/Hy) tr [H'] = BksTl) Ty tr{As” upu'y 1
(2)

tr[H'l]ij is the trace of the ijth submatrix [H_l]ij of H'. It refers to the three
different components of AR; and AR;; whereas, when 1=, the self correlations between
the components AR; are obtained. Here the fluctuation vectors allows to construct and
explicitly view pairs of alternative conformations sampled by the individual modes,
simply by adding the fluctuation vectors +AR; to the equilibrium position vectors in the

respective modes.

Limitations of the method
In both GNM and ANM, a protein structure, simplified into C-alpha atoms, is
treated as an elastic network of residues connected by hookean springs within a cutoff

distance. The model has two main underlying simplifications; the absence of the



specificity in the inter-residue interactions and the inadequacy for describing the
nonlinear motions. The contribution of the specificity of a residue to the motion could be

only through its impact on the structure’s topology.

Evolutionary conservation

The degree of evolutionary conservation of each residue was calculated using the
ConSeq web-server ((18); http://conseq.tau.ac.il/). We used rat Kvl.2 as the input
sequence. A multiple sequence alignment of homologous proteins was built by MUSCLE
(19) using 125 homologous sequences from the SWISSPROT database (20). The
alignment, available in http://ibis.tau.ac.il/wiki/nir_bental/index.php/Adva, contains the
nine Kv channels sub-families as well as calcium activated K-channels and other voltage
gated cation channels. The conservation scores of the amino acid positions were
estimated using an empirical Bayesian inference method (21). The results were color-
coded on the sequence using the key in Fig. S1. The multiple sequence alignment was
also used to identify polymorphism between Kv channels within positions which are

located close to hinge points.

Residues near the PD hinges which were found to be important

The three slowest modes suggested two hinges in the PD, near the two gates of
the channel: The first (residues 1402-V410) is near the internal gate of the S6 helix, and
the second (T373-D379) is in the selectivity filter. These hinges allow the opening of the
pore. Several residues in these regions were found to be conserved and involved in
various syndromes, as elaborated here.

P382, located near the selectivity filter, is highly conserved (Fig. S1). A mutation
of the equivalent position in human Kv7.1, a homologous channel that is expressed
mainly in the heart and ear, from proline to alanine is associated with long QT syndrome
type 1 (LQTT1) (22). The side chain of this amino acid points toward G387 (of S6 helix)
which is also conserved as glycine.

Adjacent to this hinge region, M372 is also conserved (although a bit less than

P382 and G387). This position, which accommodates also leucine or valine, is in close



proximity to G338 of the S5 helix and G398 of the S6 helix. A mutation of the
corresponding position in Kv7.1 (V310I) also causes LQT1 (22).

Near the selectivity filer, S371 is highly conserved. The only other amino acid in
this position in potassium channels is threonine, which is very similar to serine. Na"
channels contain hydrophobic amino acids in this position (See the MSA in
http://ibis.tau.ac.il/wiki/nir_bental/index.php/Adva). S371 is in close proximity to Y377
of the near neighbor monomer. Y377 is part of the GYG motif of the selectivity filter and
is highly conserved. The corresponding position in human Kv7.1 is a threonine.
Substitution to arginine causes LQT1 in human (22). This mutation may perturb the

hydrogen-bond between S/T371 and Y377.

Residues near the hinge between the domains which were found to be important

The hinge appears between the S4-S5 linker and the S5 helix, around residues M325-
L328 (Fig. 1; marked as 4). The sequence analysis identified two conserved residues,
E327 and L328, in this region (Fig. S1). E327 of rat Kv1.2 corresponds to E261 in the
paralogous Kv7.1 in human. The E261D and E261K mutants of Kv7.1 are associated
with Jervell and Lange-Nielsen syndrome (JLNS) and Long QT syndrome type 1
(LQTT1), respectively (22, 23). Adjacent to this hinge region, S324 is also conserved (Fig.
S1). This position, which accommodates only serine, histidine or cysteine, is in the S5
helix, in close proximity to V408 and 1409 in the S6 helix. The later positions are also

conserved (Fig. S1) and the three residues appear to interact via hydrogen-bonds.

Hinges in the VSD

The three hinges in the VSD suggested by the first three GNM modes are around C181 of
the S1 helix, S217 of the S2 helix and V261 of the S3 helix (Fig. 1). In the next five
modes these hinges shift toward the middle of their respective helices (data not shown).
Moreover, in these modes, the same hinges appear to be effective in cooperative motion.
Thus, one may envision motion of the helices around the S4 helix. The hinge in the S3
helix is consistent with structural and Biotin-Avidin binding data in the KvAP

homologue. The data suggested that the S3 helix is made of two regions: S3a and S3b,


http://ibis.tau.ac.il/wiki/nir_bental/index.php/Adva

and that the S3a helix remains static whereas the S3b and S4 helices move together when
the channel gates (11, 24). The ANM results in the corresponding modes revealed that the
S1 and S2 helices move as a rigid unit, in a similar way to the S3-S4 paddle (Movie S1)

The VSD is autonomous

The calculations for the isolated VSD demonstrate the modularity of the Kv channels.
Approximately, the hinges that were found to govern the motion of the VSD in the whole
channel were also found in the isolated VSD. The hinges were found in the vicinity of
residues 1177 (helix S1), F180 (helix S1), E226 (helix S2), Y266 (helix S3) and R300
(helix S4). The motion of the isolated VSD might thus be sufficient to translate voltage
changes into gate closing.

ANM analysis of the isolated VSD revealed several interesting modes of motions.
In one mode the identified hinges are located in the middle of the helices. The outer part
of the VSD, near the extracellular region, moves clockwise (extracellular view), whereas
the inner part, near the intracellular region, moves counterclockwise. This motion
reminds the iris-like motion of the whole Kv1.2 tetramer. In another mode the loops
between helices S1-S2 and S3-S4 move in different directions. This motion is similar to
an opening of a funnel - the extracellular mouth of the VSD opens wider. Both types of
motions may help to visualize how the VSD acts as a proton channel. Nevertheless, these
motions might be limited in the whole channel due to the contacts between the VSDs and

the PDs.

Comparison between normal mode analysis and the Pathrover method

The Pathrover algorithm generates low-energy paths between two conformations using an
all-atom representation of the protein structures (25, 26). Both normal mode analysis and
Pathrover are fast and allow exploring the motions of a protein with a solved structure.
Both relay on a known protein structure. Normal mode analysis using GNM and ANM
give the fluctuations around the conformation and may give hints about more relevant

conformations. In contrast, Pathrover requires a second conformation, or at least partial



structural information about a second conformation. When used, Pathrover would extract

the most plausable way to get to the second conformation.

TABLES
Table S1: The rigid elements as identified by the first three GNM modes

Residues Location in 2a79

A162-C181 The N-terminus of the S1 helix

L182-S217 Loop S1-S2

F218-V261 The S2 helix and the S2-S3 loop

A262-S324 The S3, S4 helices and the S4-S5 linker

G329-M372 The S5 helix and part of the pore loop

M380-T401 The pore loop and the N-terminus of the S6 helix

S411-T421 The C-terminus of the S6 helix

The rigid elements are connected by the hinges which are presented in Table S2.

Table S2: The hinges as identified by first three GNM modes

Hinge index | Residues Location in 2a79

1 C181 The S1 helix

2 S217 The S2 helix

3 V261 The S3 helix

4 M325-1.328 The S5 helix

5 T373-D379 The selectivity filter
6 1402-V410 The S6 helix

Table S3: The hinges as identified by GNM modes 4-8

Hinge index | Residues Location in 2a79

1 L174-V178 The S1 helix

V225 The S2 helix

P265 The S3 helix

F302 The S4 helix

G338-F348 The S5 helix

T373-N379 The selectivity filter

G386-A395 The S6 helix

2
3
4
5
6 F365 The pore helix
7
8
9

E420 The S6 helix




Table S4: Matching GNM and ANM modes

Hinge | Third GNM | First ANM | Fifth ANM | Fourth GNM | Fifth GNM | Fourth ANM
index | mode mode mode mode mode mode
C181 C181 L182 V178 V172-L174 F180
2 S217 C229 T216 F223 W232-S234 | T227
3 V261 1254 1254-T269 | P265 1264-P265 T269
4 M325-L328 | R326 L321 V301 F302-R303 R300
5 T373-D379 T374-V375 | T373-G376 | L341-F348 S343-V346 | A345
6 1402-V410 1402 A403 V390 V381-1389 V390

The hinges in the slowest GNM modes and the corresponding ANM modes, identified by
the mean-square fluctuations’ profiles. It is evident that the third GNM mode (which is
also similar to the average over modes 1, 2 and 3) corresponds to the first and fifth ANM
modes. The second and third ANM modes are degenerate and together show the same
motion as the first ANM mode. The fourth ANM mode corresponds to the fourth and
fifth GNM mode.

Table S5: Evolutionarily correlated positions

KvAP[rKv1.2 [Location in 2a79
118 M171 [Helix S1

D20 |[173  [Helix S1

103 [T264 [Helix S3

H109 |A275 |Loop S3-S4
IA111 [K277  |[Loop S3-S4
V240 [H418 [Helix S6

E242 |E420  [Helix S6

Evolutionary correlated positions in KvAP (27), the homologous positions in rat Kv1.2

and the locations of these positions in the rat Kv1.2 structure (PDB 2a79).

FIGURE LEGENDS

Figure S1

ConSeq analysis of rat Kv1.2. The sequence is colored using the conservation scale at the
bottom: variable residues are in turquoise, conserved residues are in burgundy. The two

arrows near the N- and C- termini mark the boundaries of the structure, and the locations



of the S1-to-S6 helices are indicated. The S4 arginines and selectivity filter are marked
by asterisks. Important hinge points and regions of restricted mobility are marked by
colored rectangles: 302 in orange (the S4 helix), 325-328 in dark blue (the S5 helix), 373-
379 in green (the pore loop) and 402-410 in blue (the S6 helix). The transmembrane
segments S1-through-S6 are conserved and show a helical conservation pattern, as
anticipated. The loops between the helices of the VSD (S1-S4) are variable. Most of the

hinge regions are conserved.

Figure S2

The contribution of the first 50 GNM fluctuation modes to the overall motion of the
tetramer. The percentage of contribution was estimated as the weight of the frequency of
a specific mode, calculated considering the frequencies of all modes (100A; /A,.1). The
first three modes have the highest contribution to the overall motion. Their fraction
contributions add up to 14.6%. The next five modes (4-8) contribute 7.68% to the overall

motion.

Figure S3

Comparison of the dynamic correlations and mean square fluctuations of all 1040 modes
vs. the average of the eight slowest modes. (a) Intramolecular and intermolecular cross-
correlations of the tetramer (average over modes 1-1040). The locations of the four
monomers are marked on the axes. (b) Intramolecular and intermolecular cross-
correlations of the tetramer (average over modes 1-8). (c¢) Intramolecular cross-
correlations over modes 1-1040. (d) Intramolecular cross-correlations over modes 1-8.
The locations of the two domains are marked on the axes. The magnitude of the positive
and negative correlations between the fluctuations of the amino acids is color-coded
using the red-through-blue scale on the right of each panel. (¢) Mean-square fluctuations
of the Kv1.2 model-structure in the eight slowest modes (black) and in all modes (gray).
The helix locations are marked on the x-axis. Analysis of all modes of motion did not add

more information beyond the slowest eight modes.



Figure S4

The model structure of a Kv1.2 monomer colored by the cross-correlations between the
fluctuations of residues in the C-terminus of the S6 helix and the rest of the monomer, in
modes 4-8 (see Fig. 3 d). The color key is the same as in Fig. 3. The motions of the
internal gate and the selectivity filter are positively correlated. The figure was prepared

using Pymol (28).

Figure S5

Comparison of the correlated fluctuations of an isolated VSD to these of a VSD within
the context of the tetramer. (a) Intramolecular cross-correlations of the isolated VSD
(average over modes 1-2). (b) Intramolecular cross-correlations of the voltage sensor
within the context of the full tetramer (average over modes 4-12). The locations of the
S1-S4 helices are marked. The color key is the same as in Fig. 3. The correlations within
the VSD are very similar, indicating the independent motion of this domain even within

the context of the whole channel.

Figure S6

Comparison of the correlated fluctuations of an isolated monomer to these of the
monomer within the context of the tetramer. (a) Intramolecular cross-correlations of the
tetramer (average over modes 1-10). (b) Intramolecular cross-correlations of the isolated
monomer (average over modes 1-3). The correlation between the S6 and S4 helices are
marked by the brown rectangles. The correlations of the selectivity filter with the rest of
the protein are marked by the white rectangles. The color key is the same as in Fig. 3.
The locations of the domains are marked on the axes. The positive correlation between
the selectivity filter and the VSD, observed within the tetramer, disappears in the
monomer. The negative correlation between the S6 and S4 helices is higher in the

monomer.

Figure S7

A comparison of intra molecular correlated fluctuations in the whole tetramer to these of

the tetramer in the absence of contacts between S4 and S5 of the neighbor monomer. (a)



Intramolecular cross-correlations of the whole tetramer (average over modes 4-8). (b)
Intramolecular cross-correlations of the tetramer in the absence of contacts between S4
and S5 of the neighbor monomer (average over modes 4-8). Positive and negative
correlations between the fluctuations of the amino acids are colored red and blue,
respectively. The locations of the domains are marked on the axes. The correlations
between residues of the VSD in each monomer are the same even in the absence of
contacts between S4 and S5 of the neighbor monomer. However, the loss of this interface
affects the correlations between the VSD and PD and inside the PD. The voltage sensing
motion is unaffected but the coupling between the two domains and the coupling inside

the PD are different

Figure S8

The 3D structure of a monomeric Kv1.2 colored by the cross-correlations between the
fluctuations of residues in the N-terminus of the S1 helix and the rest of the monomer, in
modes 4-8 (see Figure 3 d). The colors key is the same as in Fig. 3. Residues of the S1
helix are positively correlated with other functional regions, including the S4 helix and

the internal gate in helix S6. The picture was prepared using Pymol (28).

Figure S9

Comparison of the correlated fluctuations of an isolated monomer to these of the
monomer within the context of the tetramer. (a) Intramolecular cross-correlations of the
tetramer (average over modes 1-10). (b) Intramolecular cross-correlations of the isolated
monomer (average over modes 1-3). The positive and negative correlations between the
fluctuations of the amino acids are marked in red and blue. The locations of the domains
are marked on the axes. The positive correlation between the selectivity filter and the
VSD, observed within the tetramer, disappears in the monomer. This correlation is

marked by a black rectangle.

Figure S10



Comparison between the mean square fluctuations of the open Kv1.2 model-structure
(black) and the closed Kv1.2 model-structure (red). (a) Mean-square fluctuations in the

three slowest modes. (b) Mean square fluctuations in modes 4-8.

Movie S1

Two movies of the motion, obtained using ANM, are available online at:
http://ibis.tau.ac.il/wiki/nir_bental/index.php/Adva

The motion toward the opening of the pore was inferred by the forth ANM mode. The
ANM fluctuations display motion of the cytoplasmic region (red) of the protein in a
clockwise direction (from the extracellular side), whereas the other region (blue) moves
counterclockwise. The hinges are located in positions F180, T227, T269, R300, A345,
V390. (a) A top view from the extracellular side. (b) A side view. The motion in this
mode shows the opening and closing of the pore together with the motion of the paddle.

The movies were generated using Pymol (28).
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