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Methods and results - Molecular modeling and standard

MD simulations of the WT human Kv7.2 system

Choice of the templates. We built and tested five distinct homology models of the human
Kv7.2 (hKv7.2) VSD (hereafter named M1 to M5), using four different templates as described

in the following:

1. The first template is the depolarized state of the mammalian Kv1.2 VSD that was
previously equilibrated and refined using MD simulation with explicit solvent and lipid
membrane.! The atomic structure of this VSD is obtained from the open/active channel
structure that was first generated by Pathak et al.? from the X-ray coordinates of the
rat Kv1.2 (rKv1.2) (PDB ID: 2A793), after completing missing structural information.
This structure, which has a low sequence identity of ~ 22 % with Kv7 channels, was
used to build two hKv7.2 VSD models with different homology algorithms (denoted in

the following as M1 and M2, respectively).

2. The second template is a refined model of an activated VSD from a human Kv7.1
(hKv7.1) channel published by Smith et al.,* obtained using as template the refined
version of the rKv1.2 structure described above. The sequence identity between hKv7.1
and hKv7.2 is 60 %, and the hKv7.1 model was already used as a template to build a

Kv7.2 tetramer in Ref. 5. We named M3 our model obtained from the hKv7.1 template.

3. The third template comes from the chimeric K* channel in which the voltage-sensor
paddle (corresponding to the S3b-S4 region) of the Kv2.1 VSD was transferred into
the Kv1.2 subunit (Kv1.2/Kv2.1 chimera, PDB ID: 2R9R,% with a 2.4 A resolution) to
overcome the limitations of the PDB 2A79 structure, thus obtaining a full experimen-
tal structure of an open channel configuration with activated VSDs. The Kv1.2/Kv2.1
VSD was used to model Kv7 structures in various other works.”® The chimeric struc-

ture also has low sequence identity with Kv7 channels. We used the chimera to design
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the hKv7.2 VSD model M4.

4. The fourth template is the recently solved cryo-EM structure of the Xenopus laevis
Kv7.1 channel (xKv7.1, PDB ID: 5VMS,'® 3.7 A resolution). The structure corre-
sponds to the so-called decoupled state at depolarized potential, with a closed pore
and the VSDs in an activated conformation. The HHPRED webserver 12 identified
this structure as the most promising candidate for modeling a Kv7.2 channel, thanks
to its high sequence similarity with hKv7.2. Because of its incomplete structure and
low resolution, before using it as a template we refined the xKv7.1 conformation by
modeling ab initio the missing residues in the S3-S4 extracellular loop via the RCD+
webserver. 3% We then used the refined structure to design the hKv7.2 VSD model
M5. Recently, a cryo-EM structure of the human Kv7.1 with activated VSDs was
published, with PDB ID: 6UZZ.® Since the structural differences between the VSDs
of xKv7.1 and of the new hKv7.1 (residues 109 to 235) are quite small (the backbone
RMSD is about 1 A), we believe using this new hKv7.1 as a template should not change

significantly our model M5.

Sequence alignments and preparation of the Kv7.2 models. Sequence alignments
were used to identify protein regions of similarity and guide the structural modeling. A
multiple sequence alignment between Kv7 sequences and the templates was generated with
Clustal Omega ! and pairwise sequence alignments between the templates and the targets
were generated using the SWISS server. !’

SWISS-MODEL!'" pipelines, based on a rigid fragment assembly approach, were used to
build all the models, except M2 that was designed with MODELLER. *! Unlike SWISS-
MODEL, MODELLER implements a method, named satisfaction of spatial restraints, by
which a set of geometrical criteria are used to guide the location of each atom of the model.

The structures of the five models were refined with FG-MD? producing five final config-

urations which we indicate as S)'~*5 (Structure at ¢t = 0 for models 1 to 5). FG-MD is
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a molecular dynamics (MD)-based algorithm to refine atomic-level models of protein struc-
tures by identifying analogous fragments from the PDB and improve the local geometry, the

torsion angles and the hydrogen-binding networks.

System setup for preliminary MD simulations and selection of the representative
model. After modeling, all the hKv7.2 VSD structures were further refined using MD simu-
lations. Each model was embedded in an explicit heterogeneous membrane and solvated by
explicit water molecules using the CHARMM-GUI server.?!?2 The MD ensemble, algorithms

and parameters were those described in Main text for all simulations.

Each system was equilibrated using a multi-step equilibration protocol. First, the CHARMM-
GUI equilibration procedure was performed, which consists in performing runs using re-
straints to gradually release the system to facilitate stable simulation. Then, the system
was equilibrated for additional 30 ns (10 ns with protein heavy atom restraints, 10 ns with
protein backbone restraints, and 10 ns with Ca restraints only). Finally, for each model, we

performed an unrestrained MD run of 10 ns.

We checked for the presence of the following VSD stabilizing salt bridges: 610:23:24

e R207% - E130%2;
e R210% - E1405%;
e R213% - D172%3;
e R210%* - D172%3;
where the superscript indicates the helix in which residue is located.

The structures M1 to M3 were excluded from the pool of models because they do not include,
in the starting S)''~*3 configuration and/or during the entire test simulation, one or more

of the last three salt bridges.

To choose between the M4 and M) structures we evaluated the persistence of the first salt
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bridge of the list, between residues R207 (R4) and E130. This interaction is an important
feature of the active VSD configuration at depolarized potentials, and it is responsible for
the focused electric field in the membrane environment. We thus calculated along the short
unrestrained MD simulations of M4 and M5 the values of the distance (named d1) between
the most external carbon atoms of the interacting side chains, i.e. R207CZ5* and E130CD%2,
and we observed larger fluctuations in M4. In particular, we obtained average d1 values of
5.65+0.90 A and 4.00 +0.10 A, for M4 and M5, respectively. Based on this analysis, we
finally chose M5 as our best hKv7.2 VSD model, and employed it in all the MD simulations

described in this work.

Methods and results - M D simulations of the WT model

A representative snapshot of the optimal system in its membrane environment is shown in

Figure S1.

As described in Main text, we generated an heterogeneous (HET) and an homogeneous
(HOM) membrane system. To exclude differences in the leaflet /water interfaces induced by
the different membrane composition, we calculated the number of water molecules within
10 A from each lipid layer or from the protein during the unrestrained MD simulations in
the HET and HOM systems. Results are shown in Figure S2 and confirm that there are
no appreciable differences between the two water layers in the HET system, and that the
extent of the fluctuations do not differ from what observed in the homogeneous membrane

setup.

To check the structural stability of our model in both membrane environments, as well as
its reliability as a representative of the active VSD state, we calculated root mean squared
deviation (RMSD) values, distances between facing, interacting side chains, cross distances
between backbones of residues from different TM helices, and water occupancy inside the

VSD. Results are reported in the following.
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Figure S1: Snapshot of the equilibrated VSD domain (green ribbons) in the cell. Explicit
membrane is introduced using brown wires and orange phosphorus atoms. Ions are shown
as yellow (sodium) and grey (chloride) spheres. Water molecules are not included for clarity.
The coordinate z is orthogonal to the membrane plane.
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Figure S2: Number of water molecules within 10 A from each lipid layer and the protein
in the unrestrained MD simulations in the HET (left) and HOM (right) systems.

RMSD analysis. RMSD values of the VSD helices backbone atoms with respect to the

starting S}’5 configuration were calculated along the unrestrained, 210 ns-long trajectories,
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Figure S3: Backbone RMSD values of the TM a-helices for the HOM system.

and are reported in Figure S3. They show a plateau at ~ 2.25 A revealing a stable VSD

structure.

Salt bridges analysis. We monitored the persistence in time of a set of interactions, in-
cluding the salt bridges (SBs) known to characterize the Kv7.2 VSD state at depolarized

potentials, 610,234

As a measure, we used the distance between the most external carbon atoms on the side
chains of interacting residues. In Kv7 channels, a glutamine (Q204 in Kv7.2) is found at the
position corresponding to one of the SB-forming S4 arginine residues of other Kv channels.
For this reason, we included in the list also the distance between Q204 and K130, even if

they do not form a SB:
e R207CZ% - E130CD®?, named d1;
e Q204CD®* - E130CD%2, named d2;
e R210CZ% - E140CD%?, named d3;
e R213CZ% - D172CG™3, named d4.

When the VSD is in the active conformation, the residues involved in d1 and d2 are located in
the upper water vestibule, while all the other residues are located in the lower vestibule. The

presence of the SBs described by d1, d3 and d4 is assumed to characterize the active Kv7.2
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VSD state, and in particular the SB R207CZ5* - E130CD"? (described by d1) is considered
pivotal for the stability of the VSD active conformation.?® The described distances were
calculated along the unrestrained trajectories of both HOM and HET WT systems, using
frames extracted every 10 ps. The time evolution of the most relevant d1-d4 distances is
shown in the Main text and in Figure S4 for HET and HOM systems, respectively, and the
corresponding mean values are reported in Table S1. This analysis reveals a stable active
VSD structure along the unrestrained trajectories, with minor differences between the two
membrane environments that do not affect the most important interactions (in particular
those represented by d1, d3 and d4).
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Figure S4: Time evolution of the d1-d4 for the HOM system.
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Table S1: Analysis of the d1-d4 distances during the unrestrained simulations. For each
distance we report the starting values measured for the S)'® structure and the average + the
standard deviation along the HET and the HOM MD runs. The distances are also calculated
for the recent human Kv7.2 structure® (PDB ID: 7TCRO).

System di (A) d2 (A) d3 (A) d4 (A)
ST 4.00 4.73 4.33 4.04
HET 4404039 4.9940.64 4.0840.20 4.15+0.35
HOM 4.06+£0.18 6.174+0.66 4.0240.27 4.12+0.40
PDB ID: 7CRO 5.62 4.42 6.48 5.71
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VSD hydration analysis. VSDs are characterized by a hydrophobic constriction site (HCS)
at their core, that separates an upper and a lower hydrated vestibule. We monitored the
water occupancy within the VSD by using two criteria of increasing precision.

First, we calculated the number of water molecules with axial coordinate within the interval
—5 A< z—2zy < 5 A, where z is the z coordinate of the center of mass (COM) of the group of
atoms formed by the backbone of residues V103 - F137 - V175 - R207. Since water molecules
do not diffuse in the membrane, this number counts water molecules that are in the upper
and lower water vestibule of the VSD, and an increase in its value would imply structural
instability of the domain. Then, we also calculated the number of water molecules inside
a restricted region around the HCS, defined as a sphere of radius 5 A and centered at the
COM of the group of atoms described above. In a stable, active VSD structure the number
of water molecules in this region should be very small and stationary over time. The time-
evolution of the water occupancy calculated in the two ways is shown in Figure 4 (Main
text) and Figure S5 for the HET and HOM trajectories, respectively. In both simulations,
the number of water molecules is always quite small and stationary, in particular when the
restricted sphere is used (black lines in Figure S5), confirming again the structural stability
of our model. In particular, the values of the water counting in the sphere fits with the

results described for the hydration of the HCS in another WT VSD type (3.9 £0.8).%

Cross distances analysis. To further evaluate the stability of the VSD model structure, we
monitored a set of cross distances, i.e. distances between Ca atoms of residues on facing

helices. These distances are defined as:
o V99CAS! - D172CAS3, named cdl;
e V103CAS! - V175CAS3, named cd2;
e S110CAS! - V182CAS3, named cd3;

o Y141CAS? - M211CA®*, named cd4;
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Figure S5: Water occupancy analysis for the MD simulations of the HOM WT VSD. Black
curves describe the hydration of the HCS spherical core, while the red curve describes the
hydration of the more extended interval (see text).

o 1134CAS? - 1.203CAS*, named cdb;

The time-evolution of the cross distances is shown in main text and Figure S6 for HET and
HOM systems, respectively, and the corresponding mean values are reported in Table S2.
The stationarity of these measures over time further confirms the stability of our model.

Table S2: Analysis of the CDs introduced in the text (cdl-cd5). The first row describes
the cd value for the starting configuration of the model (S} configuration). The second
and third columns show the average + the standard deviation for these quantities during the
last 190 ns of simulations for the system in the heterogenous (HET) and the homogeneous
(HOM) membrane, respectively.

System cdl cd2 cd3 cd4 cdb
5845 13.80 12.58 14.91 13.12 10.55
HET 13.474+0.46 13.23+£043 15.36+0.70 14.204+0.55 11.71+£0.56
HOM 13.19+0.83 13.93+£0.80 15.69+£1.03 13.244+0.76 12.56 4 0.60

Methods and results - MD simulations of the additional
mutants

We then introduced a set of additional Kv7.2 mutations affecting charged residues located in

the more distal portion towards the cytosolic space (R213W, R213Q, D212G, and E140Q).
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Figure S6: Cross distances in the HOM system.

23,27

All these mutants have clinical importance. 30 Previous experimental data?®* demon-

strated that Kv mutations affecting the R6 and the D1 residues (R213W, R213Q and D212G
in our Kv7.2 system) decrease the stability of the active voltage-sensing domain configura-
tion, but do not generate an w-current. In another recent work,3? the E140Q Kv7.2 mutation

was shown to be involved in the destabilization of the active VSD configuration.

System setup and RMSD calculations. All the systems were prepared for MD, following the
procedure used for the R207Q model (heterogenous membrane). Before production, each
system was further relaxed in the membrane environment with an additional 10 ns restrained
equilibration. Finally, unrestrained 500 ns MD trajectories were produced for each system

using the same MD setup of the unrestrained simulation of the WT system.

The RMSD versus time for the VSD backbone (TM a-helices) are reported in Figure S7
for the four mutants. The E140Q) system shows the greater structural instability during the

unrestrained MD, without reaching a stable plateau in the time window considered.

VSD hydration and cross distance analysis. Water hydration was evaluated, following the
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Figure S7: RMSD values for the VSD backbone of the TM a-helices for the four mutants
affecting charged residues in the lower portion of the transmembrane domain.

same criteria introduced for the previous systems (Figure S8). In all mutants, we observe
an increase of the hydration within the VSD with respect to the WT system, with more
pronounced fluctuations for R213Q and E140Q. Analysis of the cross distances between the
TM a-helices (Figures S9 - S12) demonstrates that, particularly for E140Q, the VSD
cavity gets larger, and can host a higher number of water molecules. Since the mutations
do not affect the SB described by the d1 distance, we monitored d1 along the trajectories

(Figure S13), revealing a stable interaction between R207 (R4) and E130.
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Figure S8: Water occupancy for the four mutants located in the more distal portion of the
VSD towards the cytosolic space. Black curves describe the hydration for the HCS spherical
core only, and the red ones the hydration of the whole HCS.
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Figure S9: Cross distance interactions of the R213W model.
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Figure S10: Cross distance interactions of the R213Q model.
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Figure S11: Cross distance interactions of the D212G model.
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Figure S12: Cross distance interactions of the K140Q model.
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Figure S13: Time evolution of the d1 distance for the additional four mutants.
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Methods for exploring the ionic pathway

Temperature Accelerated Molecular Dynamics (TAMD). In this work, we used
TAMD?3! to generate multiple configurations of the Na* ion inside the mutated VSD cavity,
as starting points for VI'MM-MD simulations. For a system with n degrees of freedom,

whose position in configuration space 2 C R™ will be denoted by 7, we consider a set of N

—

collective variables (CVs) 0(r) = (61(7), ..., On (7).

In a TAMD run, the system is extended to include Z variables that also act as anchor points
for CVs via a potential energy U, (7, 2) = V(7) + %/@\5(77) — Z|?, where V() is the CHARMM
Force Field (FF) in our case, and x > 0 is an adjustable spring-constant-like parameter. The

extended system evolves according to the following dynamic equations:

N
mr = —VV(F) — k Z(@a(r_’) — 24)V04(7) + thermostat at 3
a=1

77 = Kk(0(F) — 2) + /2957 1j(t)

where m is the mass, 77(¢) is a Gaussian process with mean 0 and covariance (1, (¢)n. (t')) =
Saad(t — 1), 7 is a friction coefficient and 1/3 is an artificial temperature with 1/3 > 1/3,
where 1/ is the inverse of the temperature k7. As shown in Ref. 31, by choosing the
parameter  so that Z(t) ~ 0(7(t)) and the friction coefficient 7 so that 2 moves slower than
7, one can generate a trajectory Z(t) that evolves at the artificial temperature 1/3 on the
PMF surface calculated at the physical 1/3. By setting 1/8 > 1/3, the Z(t) trajectory will
be able to cross PMF barriers unaccessible at the physical temperature and thus visit hidden

metastable states.

Steered Molecular Dynamics (SMD). We also used SMD??33 to generate multiple con-
figurations of the Na™ ion inside the mutated VSD cavity, as starting points for VTMM-MD
simulations. The cation is pulled towards the cytoplasmic side of the membrane at a con-

stant velocity, using as CV the projection of the Na™ ion on the VSD axis, z, normal to the
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membrane plane. In SMD simulations the system is steered by applying an external force
from an equilibrium state characterized by an initial CV value, z = zg, to a new equilibrated
state at z = z1, following a non-equilibrium transition. The energy potential Ui (7, z) in-

cludes, in addition to the physical energy V() described by the CHARMM FF, a further

harmonic forcing potential such that:

where v is the pulling speed.

Simulations setup. A series of TAMD and SMD simulations were used to induce the
passage of a single Na™ ion through the VSD cavity, starting from two snapshots of the
WT and the R207Q mutant extracted from the standard MD simulations (heterogeneous
membrane). To limit the lateral movements of the ion in the zy plane, an additional flat-

bottom cylindrical restraint for the Na™ ion was added.

Multiple TAMD simulations of different length were performed starting with the sodium ion
in the extracellular space, close to the VSD. We used a time step of 2 fs, a fictitious friction 4
of 50 ps~! on the collective variable (the position of the ion along the pore axis), a fictitious
thermal energy of f~' = 7 — 10 kecal/mol and a spring constant s of 200 kcal/(mol - A?)
(following the notation in Eq. 1). The user defined forces functionality in NAMD and the
COLVAR module were used to perform TAMD simulations.

For SMD runs (Eq. 2) we chose v = 10 A /ns and # = 5 kecal/(mol - A?) and used Langevin
dynamics and a time step of 1 fs. The SMD module of NAMD was used for these simu-
lations.3* To avoid any rigid body rotational or translational displacement of the protein,
we used the same set of soft harmonic restraints on the Ca atoms introduce above already

introduced for the production run.
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Comparison between the WT Kv7.2 VSD model and cryo-EM struc-

tures

We compare here our model of the hKv7.2 VSD structure (active state) with the sensor
from the recent cryo-EM hKv7.2 channel (PDB ID: 7CR0,% Figure S14), before and after
unrestrained MD simulation of the latter. To run the simulation, the structure in the PDB
file was first completed by modeling the missing S3-S4 extracellular loop via the RCD+
webserver. 314 The protein was then embedded into a heterogeneous lipid patch like the one
used for the other systems and solvated with explicit TIP3P water molecules. The total
charge was neutralized with a 150 mM NaCl solution. The CHARMM-GUI default equili-
bration procedure was performed, followed by 200 ns of unrestrained MD simulation in the
NPT ensemble (same parameters of the previously described unrestrained simulations). The
backbone RMSD of TM helices between our model and the simulated cryo-EM VSD calcu-
lated after optimal alignment, is 1.3 A (residues 93 to 185 and 198 to 213 were considered,

i.e. excluding only the reconstructed S3-S4 loop and the S4-S5 linker).

Finally, we show the comparison of our model with the sensor from Xenopus laevis Kv7.1
(our template, PDB ID: 5VMS, ! Figure S15) and the human Kv7.1 (PDB ID: 6UZZ'

Figure S16).

To facilitate the comparison between conserved residues in different amino-acid sequences,

we will use here the general notation introduced in the Main text.
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Figure S14: A) Superposition of our hKv7.2 VSD structural model (brown ribbons) and
the VSD from the hKv7.2 cryo-EM structure (PDB ID: 7CRO, cyan). Side chains of arginine
residues R2-R6 and glutamine Q3 are shown as sticks. B-C) Enlarged views illustrating the
residues that define the d1-d4 distances in the upper and lower vestibule, respectively. D)
Superposition of our model (brown) and the VSD from cryo-EM (orange) after unrestrained
MD simulation.
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Figure S15: A) Superposition of our hKv7.2 VSD structural model (brown ribbons) and
the VSD from the cryo-EM structure of the Xenopus laevis Kv7.1 channel (PDB ID: 5VMS,
cyan). Side chains of arginine residues R2-R6 and glutamine Q3 are shown as sticks. B-C)
Enlarged views illustrating the residues that define the d1-d4 distances in the upper and
lower vestibule, respectively.
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Figure S16: A) Superposition of our hKv7.2 VSD structural model (brown ribbons) and
the VSD from the cryo-EM structure of hKv7.1 (PDB ID: 6UZZ, cyan). Side chains of
arginines R2-R6 and glutamine Q3 are shown as sticks. B-C) Enlarged views illustrating
the superposition between the residues that define the d1-d4 distances in the upper and
lower vestibule, respectively.
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