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lon channel proteins control ionic flux across biological mem-
branes through conformational changes in their transmembrane
pores. An exponentially increasing number of channel structures
captured in different conformational states are now being de-
termined; however, these newly resolved structures are commonly
classified as either open or closed based solely on the physical
dimensions of their pore, and it is now known that more accurate
annotation of their conductive state requires additional assess-
ment of the effect of pore hydrophobicity. A narrow hydrophobic
gate region may disfavor liquid-phase water, leading to local
dewetting, which will form an energetic barrier to water and ion
permeation without steric occlusion of the pore. Here we quantify
the combined influence of radius and hydrophobicity on pore
dewetting by applying molecular dynamics simulations and ma-
chine learning to nearly 200 ion channel structures. This allows us
to propose a simple simulation-free heuristic model that rapidly
and accurately predicts the presence of hydrophobic gates. This
not only enables the functional annotation of new channel struc-
tures as soon as they are determined, but also may facilitate the
design of novel nanopores controlled by hydrophobic gates.

jon channel annotation | water | hydrophobic gating | molecular
dynamics | machine learning

Ion channel proteins are water-filled, ion-conducting pores that
are key components of biological membranes (1). In a resting
or inactivated state, the flow of ions through the pore may be
interrupted at 1 or more positions along the channel, known as
“gates.” On activation, for example in response to ligand binding
or a change in the membrane potential, conformational changes
generally lead to expansion of the channel pore at its gate re-
gion(s), thereby switching it from a closed (i.e., nonconducting)
to an open (conductive) conformation. Ion channels represent
attractive therapeutic targets, and there is considerable interest
in elucidating the mechanisms underlying this process in many
different ion channel families. In most cases, the determination
of channel structures in various different conformational states
provides the key molecular basis for understanding how this
“gating” is regulated, often supported by insights from electro-
physiological and other biophysical approaches.

For a newly determined ion channel structure, its conductive
state is most frequently inferred by measuring the physical di-
mensions of its transmembrane pore, displayed as a profile of
pore radius along the central axis along with an image of the
pore-lining surface. Of the several available methods for doing
this, one of the most widely used is the HOLE program (2). Such
pore radius profiles provide an indication of the maximum size of
ions that might be accommodated within a transmembrane pore,
with steric constrictions narrower than the radius of a water
molecule (~0.15 nm) considered potential gates.

The permeation of ions and water through a given region in a
subnanometer pore is influenced not only by its radius, but also
by the local hydrophobicity of the pore lining. Ion permeation
may readily occur through polar regions only slightly larger than
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the radius of the permeating species, but a hydrophobic pore
segment of comparable dimensions may undergo spontaneous
dewetting to form a local nanoscale region devoid of water and
ions (3-5). Therefore, a particular channel conformation may
present an energetic barrier to permeation (i.e., be gated closed)
in a hydrophobic region of the pore without requiring full steric
occlusion. This is referred to as a hydrophobic gate (3, 6-8), or
sometimes as a vapor lock (9). In such cases, the widening and
consequent wetting (i.e., hydration) of the hydrophobic gate
region enables the passage of ions through the channel (Fig. 14).

The concept of hydrophobic gating in members of the Cys-
loop family of ligand-gated ion channels, including the nicotinic
acetylcholine receptor (10), GLIC (7, 11), and the 5-HT; re-
ceptor (12-14) is now well established. However, experimental
and computational evidence of hydrophobic gates and barriers
within other ion channels has also emerged, including those for
the TWIK-1 K2P channel (15), BK channels (16), the CorA
magnesium channel (17), the CRAC channel Orai (18), and
members of the transient receptor potential (TRP) channel
family (19-22). Hydrophobic gating has also been demonstrated
in synthetic nanopores (23, 24).

Computationally, molecular dynamics (MD) simulations of
channel structures embedded within a lipid bilayer have aided
the functional interpretation of new structures. Such simulations
may range in complexity from characterization of free energy
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Fig. 1. (A) Schematic of a hydrophobic gate in an ion channel. A hydro-
phobic gate region (dashed line) can spontaneously dewet to form a dry (i.e.,
vapor) state and functionally close the channel. Widening of the gate leads
to wetting (i.e., hydration) of the region and a functionally open state.
Water is represented by the pale blue background shading; ions, by red and
blue spheres. (B) Pie chart summarizing the ~200 channel dataset that forms
the basis of the present study. The channels are grouped into 9 broad
families: cys-loop receptors, ionotropic glutamate receptors, purinergic re-
ceptors, TRP channels, K* channels (2TM, 4TM, and 6TM), other members of
the voltage-gated ion channel (VGIC) superfamily, other cation channels,
and other anion channels. (C) Representation of a typical simulation system
used in this study. Shown is the TRPV4 channel in a phospholipid (gray) bi-
layer. Water molecules and ions are present but omitted for clarity.

landscapes of ion permeation and/or the conformational transi-
tions associated with gating (6, 11) to simpler simulations of
water behavior within channel pores (12).

The influence of pore radius and hydrophobicity on the wet-
ting/dewetting (i.e., nanoscale liquid-vapor transition of water
inside) of channels has previously been examined by simulation
of model nanopores (3, 4, 25). For a uniformly hydrophobic
constriction, the dewetted (vapor) state appears stable below a
critical pore radius of ~0.5 nm, but this threshold radius de-
creases if the hydrophobicity of the pore lining is reduced (26).
While channel structures containing hydrophobic regions with
radii of ~0.3 nm have been reported to represent dewetted
nonconductive conformations (e.g., ref. 16), our ability to predict
this based on structure alone is hampered by a lack of detailed
understanding of how pore dewetting depends on the local ra-
dius and hydrophobicity, especially in complex biological struc-
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tures such as ion channels, where a wide range of hydrophobicity
profiles are possible via different combinations of pore-lining
side chains.

Fortunately, such analysis is now possible due to the recent
explosion in structural data available for ion channels. This has arisen
mostly from advances in structural biology, especially cryo-electron
microscopy (27) and there are now 900 structures of >100 unique ion
channel proteins deposited in the Protein Data Bank. Furthermore,
improved software (e.g., CHAP; www.channotation.org) is now
available for the analysis of channel pore dimensions, hydrophobicity
profiles, and simulations of pore wetting/dewetting (28). Thus, the
ion channel structural proteome can now be subjected to a sys-
tematic examination of hydrophobic gating.

Here we used these improved approaches to quantify the in-
fluence of local pore radius and hydrophobicity on channel
dewetting via MD simulations of water behavior in nearly
200 ion channel structures (Fig. 1B). The results of this system-
atic analysis provide a structure-based simulation-free heuristic
model that allows rapid prediction of the conductive state of new
channel structures as soon as they are determined. This method
can also facilitate the design of novel nanopores (29) that con-
tain hydrophobic gates (30, 31).

Results

Protocol for Channel Simulation and Analysis. Each selected ion
channel structure was embedded within a phospholipid bilayer,
solvated on either side with 0.15 M NacCl (Fig. 1C), and subjected
to 3 replicate 30-ns atomistic MD simulations to determine the
behavior of water within the transbilayer pore. Using our re-
cently described channel annotation software (CHAP) (28), side
chains that line the pore during simulations were identified and
time-averaged profiles were calculated for the pore radius, local
hydrophobicity, and free energy of water as a function of position
along the length of the pore (Fig. 2 and SI Appendix, Fig. S1).
Therefore, each point along the permeation pathway of a
channel structure was associated with corresponding values for
3 variables of interest: pore radius, pore hydrophobicity, and free
energy of water at that region of the pore. This enables the de-
pendency of water free energy (and hence pore wetting/dewet-
ting) on local radius and hydrophobicity to be established and
averaged across all the channel structures analyzed.

During the simulations of water behavior, positional restraints
were applied to backbone atoms of the protein. This was done to
preserve the experimentally determined conformational state of
the protein while allowing for local side chain flexibility. This is
an important consideration, as we are aiming to analyze water
behavior within known conformational states of ion channels,
not to explore possible conformational changes of those channels
by simulation, which would require much longer simulations.
Nevertheless, we have previously shown that the presence/absence
of such restraints does not significantly alter the free energy
profile for water within a given simulation (32). Furthermore, we
have also run more extended simulations to establish that 3 X
30 ns provides a robust estimate of the free energy landscape for
water within an ion channel, even in the presence of a hydro-
phobic gate (SI Appendix, Fig. S2). Indeed, tracking individual
water molecules within a hydrophobic gate region that we hy-
drate at the start of the simulation reveals that dewetting occurs
within the first few nanoseconds (SI Appendix, Fig. S3), as we
have previously seen for model nanopores with hydrophobic
gates (30, 33). Thus, for any individual channel, our simulation
protocol enables us to establish whether or not a hydrophobic
gate is present and to determine the free energy profile for water
within any such gate. Furthermore, the relative simplicity of the
process allows us to perform simulation analysis across a dataset
of nearly 200 channel structures that are representative of the
ion channel structural proteome (SI Appendix, Table S1).

Rao et al.
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Fig. 2. Annotation of an ion channel structure via MD simulations of water
within the pore, (A) illustrated for the TRPV4 ion channel (PDB ID code 6BBJ)
(47). (B) Pore radius profile derived from 1 of 3 x 30-ns simulations of the
protein embedded in a phospholipid bilayer. The mean radius, calculated
using the final 20 ns of the trajectory with a sampling interval of 0.5 ns, is
shown as a black line (with the gray band representing the SD over time) as a
function of position, s, along the pore axis. The pore-lining surface and the
pore-lining residues of the channel (hydrophobic in orange; polar in blue)
are shown at the top. (C) Hydrophobicity profile for the pore-lining side
chains as a function of position along the pore axis s. The hydrophobicity
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lon Channel Dataset. To fully sample the range of radius-hydrophobicity
combinations present within the 900 ion channel structures in the
Protein Data Bank (PDB), a reduced dataset was manually curated
on the basis of structure quality (primarily resolution) and structural
redundancy. Structures with a resolution of 5 A or worse were ex-
cluded (ST Appendix, Fig. S4), as were those with an incomplete
backbone trace in their pore-lining segments. When multiple struc-
tures of the same ion channel species and of similar pore confor-
mation (judged on root-mean-square-deviations and pore radius
profiles along with visual inspection) were available, only the higher-
resolution structures of the wild-type protein were chosen. This
yielded a reduced dataset of ~200 structures (SI Appendix, Table S1).
The MD trajectory dataset (3 x 30 ns for each structure) formed
the basis for the subsequent analysis of pore dewetting behavior.

Analysis of the Main Energetic Barrier in Each Channel Structure.
Water free energy profiles derived from equilibrium simula-
tions of wetting/dewetting within a channel structure can serve as
the basis for functional annotation (12). Any dewetted region
presenting an energetic barrier to water is likely to form a barrier
to permeation (26), and thus water permeability may serve as a
proxy for ion permeability. Based on our simulation dataset,
channel structures containing 1 or more functionally closed gates
were identified. These corresponded to ~70% of the ~200 struc-
tures analyzed (SI Appendix, Table S1). Fig. 34 shows a point for
each barrier to water permeability in the (hydrophobicity, radius)
plane, colored by the height of the water free energy barrier (G).
Significant barriers (G >2.6 kJ mol™") were frequently associated
with hydrophobic regions. The distribution of water free energy
values on the pore hydrophobicity-radius landscape were also in
qualitative agreement with predictions from simplified models of
hydrophobic gating (4, 26), and in regions with elevated water free
energies, hydrophobic aliphatic side chains (leucine, isoleucine,
and valine) were most prevalent (Fig. 3B).

Analysis of Residues Lining lon Channel Pores. The relationship
between local pore dimensions, hydrophobicity, and free energy
of water at any given position along the channel axis also became
clearer when all pore-lining residues in the ~200 structures were
surveyed, rather than just those present at barriers in the water
free energy profiles. Examination of the distribution of water
density values associated with all pore-lining residues revealed a
substantive tail in the distribution corresponding to dewetted
regions, that is, those with reduced water density relative to that
of bulk water (SI Appendix, Fig. S5). When a water free energy
landscape in the local pore hydrophobicity-radius plane was
constructed, a clear pattern emerged, with the landscape clearly
divided into 2 regions, corresponding to wetted and dewetted
pores (Fig. 4). In the hydrophobic region of the landscape, an
energetic barrier can be encountered in channel regions with
radii up to ~0.4 nm (the radius of a water molecule is ~0.15 nm;
Fig. 4). Conversely, hydrophilic regions of the landscape include
pores that become hydrated at much smaller radii (i.e., <0.2 nm).
We note that the water free energy landscape is very similar even
when alternative hydrophobicity scales are used (SI Appendix,
Fig. S6). The water free energy landscape was also evaluated
using subsets for the dataset from which structures with poorer
resolution than 4.5 A (6 structures) and 4.0 A (a further 19 struc-
tures) were excluded. These exclusions of lower-resolution struc-
tures did not significantly change the resultant water free energy
landscapes (SI Appendix, Fig. S7).

values are evaluated using a normalized version of the Wimley-White scale
(48). (D) Free energy for water as a function of position along the pore axis s.
The free energy profile is obtained from the density of water within the
pore as estimated from the MD simulation (details in Methods).
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Fig. 3. (A) Analysis of the main energetic barrier to water permeation in
each ion channel structure. Each point corresponds to a single channel
structure (details in S/ Appendix, Table S1), indicating the hydrophobicity
and pore radius at the highest barrier in the water free energy profile
(averaged across the 3 repeat simulations). The height of the barrier is given by
the color scale. Points with energy values outside the range are shown in the
same color as the lower or upper boundary. For structures containing a
narrow pore-loop selectivity filter (e.g., K channels), the section on their
water free energy profile corresponding to the filter region is excluded
when locating the maximum energy point to represent the structure. (B)
Frequency of the different pore-lining side chains at an energetic barrier in
these ion channel structures, that is, where the water free energy is >1.5 RT
(3.9 k) mol™") at the mean position of the residue along the pore axis s.
Multiple amino acids may occur at each energetic barrier.

By training a support vector machine (SVM) classifier with a
polynomial kernel (34), we found that the hydrophobicity-radius
landscape could be divided into 2 regions, corresponding to the
likelihood of pore wetting vs. dewetting. These 2 regions are
indicated by the dotted line in Fig. 4.

Heuristic for Predicting the Conductive State. The water free energy
landscape derived from the dataset of channel structures and
simulations allows us to devise a simple simulation-free heuristic
technique for predicting the functional state of ion channel
structures, based on the correlation with pore dimensions and
hydrophobicity alone (Fig. 5). Having used CHAP to identify
pore-lining residues and to estimate pore radius and hydropho-
bicity profiles, the (hydrophobicity, radius) values for the pore-
lining residues of a given channel are then mapped onto the
landscape described above. By identifying the number of resi-
dues for which the corresponding (hydrophobicity, radius) points
fall below the SVM classification line (i.e., in the dewetted re-
gion of the landscape), the likelihood of a channel structure
corresponding to a dewetted and thus functionally closed state
can be predicted. The sum of shortest distances (2d) for residue
points falling below the SVM open vs. closed classification line
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(corresponding to the dotted line in Fig. 4) provides a score in-
dicating whether the channel structure is likely to contain a closed
gate. As this machine learning-based predictive approach can be
performed using automated analysis of a single set of coordinates
(28) and does not require MD simulation of the structure, it can
also be performed within a few seconds on a standard desktop; for
example, the total CPU time was <15 min for CHAP and heuristic
prediction for the dataset of ~200 channel structures (Dataset S1).

To evaluate the heuristic prediction, we performed receiver
operating characteristic (ROC) curve analysis (35) for the poly-
nomial kernel SVM and also for a linear kernel. For the polynomial
kernel the area under the curve (AUC) was 0.91, compared with
0.83 for the linear kernel (SI Appendix, Fig. S8), demonstrating the
advantage of using the polynormal kernel SVM. We also used
ROC curve analysis to compare the current heuristic prediction
model with simpler models based on the minimum pore radius as
evaluated using HOLE or on the minimum pore radius evaluated
using HOLE alongside manual exclusion of those pores with K*
channel selectivity filters. As shown in Fig. 6, the AUC values for
the heuristic model, for HOLE, and for HOLE with manual ex-
clusion of K* channel filters were 0.91, 0.59, and 0.81 respectively.
Therefore, we suggest that our heuristic model is a significant ad-
vancement from HOLE-based methods.

We illustrate the effectiveness of this heuristic approach using
2 recent structures (Fig. 7): a structure of the TRPV3 channel in
a putative sensitized (but nonconductive) conformation (PDB ID
code 6MHS) and a structure of the CRAC channel (Orai) in an
open conformation (PDB ID code 6BBF) (36). For the open-
state Orai channel, none of the (hydrophobicity, radius) points fall
below the SVM classification line, and so the structure is predicted
to be fully wetted and correspond to a functionally open state of
the channel. In marked contrast, for the TRPV3 structure, 12
points were below the SVM line, and the sum of shortest distances
for residue points falling below this line was Xd = 1.4, leading to
clear prediction of a closed hydrophobic gate for this particular

Local free energy

G (kJ mol ™)
Hydrated 10,0

7.5

5.0

Radius (nm)

-0.4 -0.2 0.0 0.2
Hydrophobicity

Fig. 4. Analysis of all pore-lining residues for a training set of simulated ion
channel structures in terms of the local water free energy. From each sim-
ulation, mean measurements are noted at the mean position (s) along the
pore axis (Fig. 2) of any side chain oriented toward the pore for at least 50%
of the simulation. The local water free energy is shown as a function of
hydrophobicity and pore radius for all occurrences of pore-lining side chains
in the simulated structures. Hydrophobicity values are based on the Wimley—
White scale, linearly normalized to [-1, 0.34], in relative units. The
hydrophobicity-radius grid is colored by mean energy. Regions with energy
values outside the color scale range are shown in the same color as the lower
or upper bound. The white dashed contour line indicates the 1 RT (2.6 kJ mol™")
position as given by a polynomial support vector machine classifier.
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Fig. 5. Schematic of a heuristic prediction approach for the permeation
state of an ion channel structure based on analysis of hydrophobicity and
pore radius profiles, both of which can be derived from a static structure
using the CHAP analysis tool (28).

channel conformation. Consistent with these predictions, when
these 2 structures were subjected to the complete MD simulation
and analysis protocols described above, the resulting water free
energy profiles (SI Appendix, Fig. S9) confirmed the predictions
made by this heuristic model.

As a further test of the ability of the simulation protocol to
provide an estimate of the free energy landscape for water within
an ion channel, we ran more extended (0.5 ps) simulations of the
water in 3 channels (Slol, PDB ID code 5TJI; GLIC, PDB ID
code 3EHZ; and MscS, PDB ID code 20AU; SI Appendix, Fig.
$10), 2 of which lay close to the dividing line from the SVM
classifier. In each case, the extended (0.5 ps) simulation did not
change the free energy profile for water within the channel from
the profile calculated from the 3 X 30 ns simulations of the
same channel.

Discussion

We have used MD simulations of pore water density to deter-
mine the wetting/dewetting properties of nearly 200 ion channel
structures that are representative of the currently available ion
channel structural proteome. A systematic analysis of the be-
havior of pore dewetting within these structures as a function of
local radius and hydrophobicity revealed an almost linear de-
pendence of the critical radius for wetting on the local hydro-
phobicity. Therefore, because pore radius and hydrophobicity
profiles can now be readily estimated from any known structure,
this analysis enables us to propose a simple simulation-free
heuristic model for identifying closed gates in newly determined
structures of ion channels or other forms of transmembrane
pores (Fig. 8). This model is based on an underlying energy
landscape derived from ~600 simulations of water behavior in
ion channels, with a combined duration of ~18 ps.

It should be noted that pore wetting of a hydrophobic gate is
necessary but not always sufficient for ion conduction. However,
our method provides a rapid and robust exploratory approach to
the functional annotation of novel channel structures. Importantly,
this analysis can be performed in a matter of seconds before more

Rao et al.
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Illustration of the heuristic prediction approach using 2 recent structures of the TRPV3 channel in a nonconductive sensitized conformation (PDB ID

code 6MHS) (A) and the CRAC channel Orai in an open conformation (PDB ID code 6BBF) (B). Pore radius and hydrophobicity surfaces (with the pale-brown
color corresponding to maximum hydrophobicity) are shown for the transmembrane domains of both structures. In the 2 graphs, for each pore-lining side
chain, the channel pore radius at the residue is plotted against the corresponding local hydrophobicity value. The sum of shortest distances between the
dashed (1 RT) contour line and all points falling below it (colored red) is then used as a score for identifying closed gates. A structure is predicted to be in a

nonconductive state if it has a value of =d > 0.55.

detailed simulations and/or experimental studies of the relationship
between ion channel structure and function. Furthermore, this
method may also facilitate the design and engineering of novel
nanopores (29) that contain switchable hydrophobic gates.

Methods

The WHAT IF server (https:/swift.cmbi.umcn.nl/whatif/) (37) was used to
model incomplete side chains in the selected channel structures. Channel
structures were inserted in a POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) bilayer using a multiscale protocol (38) for generating
and equilibrating protein-membrane simulation systems. MD simulations
were performed with GROMACS (http://www.gromacs.org/) version 5.1 (39),
using the OPLS all-atom protein force field with united-atom lipids (40) and
the TIP4P water model (41). The integration time step was 2 fs. A Verlet cutoff
scheme was applied, and the particle mesh Ewald method (42) was used to
calculate long-range electrostatic interactions. Temperature and pressure were
maintained at 37 °C and 1 bar, respectively, using the velocity-rescale ther-
mostat (43) in combination with a semi-isotropic Parrinello and Rahman
barostat (44), with coupling constants of t+ = 0.1 ps and tp = 1 ps. Bonds
were constrained using the LINCS algorithm (45). A harmonic restraint
with a force constant of 1,000 kJ mol~" nm~2 was placed on the protein
backbone atoms during simulations. CHAP (www.channotation.org) (28)
was used to analyze trajectory frames, with bandwidths of 0.14 nm and
0.45 nm applied for estimating water density and hydrophobicity, respectively,
along each channel axis.

SVM classification was conducted using the Caret package (46) in R version
3.4.4 (www.r-project.org). To calculate the ROC curves, the dataset of ~200
channel structures was randomly partitioned into training:validation:testing
sets at a ratio of 64%:16%:20%. The SVM model was trained using repeated
10-fold cross-validation. The resultant SVM classification lines were used to
predict simulation outcomes (i.e., whether or not a channel structure is hy-
drated or contains energetic barrier to water) for the testing set of ~40
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Fig. 8. Schematic of hydrophobic gating as a function of (hydrophobicity,
radius) of the transmembrane pore. The surface shows the free energy of
water within a channel as a function of (hydrophobicity, radius) corre-
sponding to the data in Fig. 5. Schematic depictions of dewetted (closed) and
hydrated (open) channels are shown for the 2 main regions of the data.
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structures via calculation of sum of shortest distances (Zd; Fig. 7) scores.
Further documentation of the heuristic method can be found on the CHAP
website: https://www.channotation.org/docs/heuristic_method/.
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Table S1. Ion channel structures analysed. Any auxiliary subunits, Fab fragments, ligands, ions,
and/or water molecules present in a PDB entry were removed prior to molecular dynamics
simulations. Large structures that were truncated to include only the transmembrane or pore domain
for analysis are indicated by an asterisk (*) next to their PDB ID. Where available, the likely
functional state of a channel structure as suggested upon its publication is noted. The height of the
main energetic barrier to water (Gwater) 18 recorded for each structure, with values coloured red (> 1
RT) or blue (< 1 RT).

. Resolution Proposed Gwater
Protein PDB Method (A) functiopnal state | (kJ mol™)
Cys-loop receptors
SHT3R, M. musculus 4PIR X-ray 3.5 42
SHT3R, M. musculus 6BE1 cryo-EM 4.31 closed 44
ELIC, E. chrysanthemi 2VLO0 X-ray 33 closed 90
ELIC, E. chrysanthemi | 3RQW X-ray 291 closed 79
GABAAR, H. sapiens 4COF X-ray 2.97 desensitised 1
GABAAR, H. sapiens 6A96 cryo-EM 3.51 open 0
GABAAR, H. sapiens 6D6T | cryo-EM 3.86 desensitised 2
GABAAR, H. sapiens 6D6U | cryo-EM 3.92 desensitised 28
GLIC, G. violaceus 2XQ7 X-ray 34 open 1
GLIC, G. violaceus 3EHZ X-ray 3.1 open 0
GLIC, G. violaceus 4F8H X-ray 2.99 0
GLIC, G. violaceus 4HFI X-ray 24 open 0
GLIC, G. violaceus 4NPP X-ray 3.35 open 1
GLIC, G. violaceus 4QHS X-ray 3 open 0
GLIC, G. violaceus 5]J0Z X-ray 3.25 desensitised 1
GLIC, G. violaceus 5L47 X-ray 33 closed 48

GluCl, C. elegans 3RHW X-ray 3.26 open 1

GluCl, C. elegans 3RIF X-ray 3.35 open 1

GluCl, C. elegans 4TNV X-ray 3.6 closed 12

GlyR, D. rerio 3JAD cryo-EM 3.9 closed 4.6

GlyR, D. rerio 3JAE cryo-EM 3.9 open 0

GlyR, D. rerio 3JAF | cryo-EM | 338 desensitised/ !
intermediate

GlyR, H. sapiens 5CFB X-ray 3.04 closed 23

. desensitised/

GlyR, H. sapiens 5VDH X-ray 2.85 intermediate 24
nAChR, T. marmorata 10ED EM 4 closed 10
nAChR, T. marmorata 2BG9 EM 4 closed 3.6

nAChR, H. sapiens SKXI X-ray 3.94 desensitised 0
Ionotropic glutamate receptors
GluA, R. norvegicus SWEK* | cryo-EM 4.6 closed 4
GluA, R. norvegicus SWEL* | cryo-EM 4.4 closed 7
GluA, R. norvegicus SWEO* | cryo-EM 4.2 open 1
GluN, X. laevis SUOW* | cryo-EM 4.5 open 1
Purinergic receptors

P2X3, H. sapiens 5SVIJ X-ray 2.98 closed 26

P2X3, H. sapiens S5SVK X-ray 2.77 open 0

P2X3, H. sapiens S5SVL X-ray 2.9 desensitised 23

P2X4, D. rerio 3H9V X-ray 3.1 closed 39
P2X4, D. rerio 315D X-ray 3.46 closed 43
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P2X4, D. rerio 4DWO0 X-ray 2.9 closed 36
P2X4, D. rerio 4DW1 X-ray 2.8 open 0
P2X7, G. gallus 5XW6 X-ray 3.1 closed 56
Transient receptor potential (TRP) channels
D. nlje(l);\:(}))gccz’s tor S5VKQ* | cryo-EM 3.55 closed 11
PKD2, H. sapiens 5K47 cryo-EM 4.22 closed 10
PKD2, H. sapiens SMKE | cryo-EM 4.3 open 1
PKD2, H. sapiens SMKF | cryo-EM 4.2 closed 13
PKD2, H. sapiens 5T4D | cryo-EM 3 closed 32
PKD2, H. sapiens 6DIW | cryo-EM 3.54 open 15
PKD2L1, M. musculus 5Z1W | cryo-EM 3.38 open 29
TRPAI, H. sapiens 3J9P cryo-EM 4.24 closed 76
TRPM2, N. vectensis 6CO7 cryo-EM 3.07 closed 44
TRMP4, M. musculus 6BCL | cryo-EM 3.54 closed 9
TRMP4, M. musculus 6BCQ | cryo-EM 3.25 closed 10
TRMP4, H. sapiens 6BQR | cryo-EM 3.2 closed 8
TRPMLI, H. sapiens 5WJ5 | cryo-EM 3.72 closed 27
TRPMLI1, H. sapiens SWI9 cryo-EM 3.49 open 1
TRPMLI1, M. musculus | SWPV | cryo-EM 3.59 closed 9
TRPML3, C. jacchus SW3S | cryo-EM 2.94 closed 7
TRPML3, H. sapiens 6AYE | cryo-EM 4.06 closed 16
TRPML3, H. sapiens 6AYF | cryo-EM 3.62 open 0
TRPML3, H. sapiens 6AYG | cryo-EM 4.65 closed 10
TRPV1, R. norvegicus 3J5P cryo-EM 3.28 closed 9
TRPV1, R. norvegicus 3J5Q cryo-EM 3.8 open 4.9
TRPV1, R. norvegicus 3J5R cryo-EM 4.2 closed 52
TRPV1, R. norvegicus SIRX cryo-EM 2.95 open 1
TRPV1, R. norvegicus 5IRZ cryo-EM 3.28 closed 8
TRPV1, R. norvegicus SISO cryo-EM 3.43 closed 9
TRPV2, O. cuniculus 5AN8 | cryo-EM 3.8 desensitised 67
TRPV2, O. cuniculus 6BWJ X-ray 3.1 closed 73
TRPV2, R. norvegicus SHI9 cryo-EM 4.4 open 38
TRPV4, X. tropicalis 6BBJ | cryo-EM 3.8 closed 40
TRPVS, O. cuniculus 6B5V | cryo-EM 4.8 closed 21
TRPV6, R. norvegicus SIWK X-ray 3.25 closed 32
TRPV6, R. norvegicus SIWP X-ray 3.65 closed 21
TRPV6, R. norvegicus SWO6 X-ray 3.31 20
TRPV6, H. sapiens 6B0O8 cryo-EM 3.6 open 1
TRPV6, H. sapiens 6BOB | cryo-EM 3.9 closed 37
2TM family K* channels
GsuK, G. sulfurreducens | 4GXS X-ray 3.7 closed 12
K2P1.1, H. sapiens 3UKM X-ray 3.4 open 0
K2P2.1, M. musculus SVKP X-ray 2.8 0
K2P4.1, H. sapiens 4WFE X-ray 2.5 open 0
K2P10.1, H. sapiens 4BWS5 X-ray 3.2 open 1
K2P10.1, H. sapiens 4XDL X-ray 3.5 open 1
KcsA, S. lividans 1K4C X-ray 2 34
KcsA, S. lividans 2ITD X-ray 2.7 44
KcsA, S. lividans 3EFF X-ray 3.8 closed 49
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KcsA, S. lividans 3FBS5 X-ray 2.8 partially open 0
KcsA, S. lividans 3PJS X-ray 3.8 open 0
KcsA, S. lividans 4UUJ X-ray 24 closed 24
Kir2.2, G. gallus 3JYC X-ray 3.11 closed 20
Kir2.2, G. gallus 3SPC X-ray 245 closed 28
Kir2.2, G. gallus 3SPI X-ray 3.31 closed 37
Kir3.2, M. musculus 3SYA X-ray 2.98 closed 3.1
Kir3.2, M. musculus 3SYO X-ray 3.54 closed 0
Kir6.2, R. norvegicus 6BAA | cryo-EM 3.63 closed 29
Kir6.2, H. sapiens 6C30 | cryo-EM 3.9 37
2 5;25221111.(11}161' 2WLL | X-ray 3.65 closed 14
KirBacL3/Kir3. 1 M. 1 5opg | X ray 2.2 closed 27
musculus/B. xenovornas
KirBac3.1,
M. magnetotacticum 2WLH X-ray 3.28 closed 45
KirBac3.1,
M. magnetotacticum 2WLI X-ray 3.09 closed 10
KirBac3.1,
M. magnetotacticum 2WLJ X-ray 2.6 closed 7
MthK,

M. thermautotrophicus ILNQ X-ray 33 open 0
Nak, B. cereus 2AHY X-ray 24 closed 20
NakK, B. cereus 3E86 X-ray 1.6 open 0
NaK/NavSulP,

B. mycoides/S. pontiacus 3VOU X-ray 3.2 closed >9

4TM or 6TM K* channels

KCNQI1, X laevis SVMS | cryo-EM 3.7 closed 89
Kv1.2, R. norvegicus 2A79 X-ray 2.9 open 0
Kvl.2, R. norvegicus 2R9R X-ray 2.4 open 0
Kv1.2, R. norvegicus 3LUT X-ray 2.9 open 0
Kv10.1, R. norvegicus | SK7L* | cryo-EM 3.78 closed 17
Kvll.1, H. sapiens SVA1* | cryo-EM 3.7 open 0
KvAp, A. pernix 10RQ X-ray 3.2 open 0
Svlm, 4H33 | X-ray 3.1 closed 14

L. monocytogenes
Svlm, 4H37 | X-ray 3.35 closed 11

L. monocytogenes
MloK1, M. loti 3BEH X-ray 3.1 closed 22
MIoK1, M. loti 6EO1 cryo-EM 4.5 open 0
Slo1, A. californica 5TI6 cryo-EM 3.5 open 0
Slo1, A. californica STII cryo-EM 3.8 0
Slo2.2, G. gallus 5U70 cryo-EM 3.76 open 0
Slo2.2, G. gallus 5U76 cryo-EM 3.76 closed 0

Other members of the voltage-gated ion channel (VGIC) superfamily

Cavl.l, O. cuniculus 5GJV | cryo-EM 3.6 closed 80
CavAb, A. butzleri AMVM X-ray 3.20 7
CavAb, 4. butzleri SKLB X-ray 2.7 27
T’Ag(:l(ggcgqf)’ SH30 cryo-EM 3.5 open 1
LIiK (CNQG), 5V4S cryo-EM 4.2 closed 33
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L. licerasiae

HCNI, A. sapiens 5U60 | cryo-EM 3.5 closed 28
Hvl, M. musculus 3WKV X-ray 3.45 closed 32
InsP3R1, R. norvegicus | 3JAV* | cryo-EM 4.7 closed 47
Navl.4, E. electricus 5XSY | cryo-EM 4 open 28
NavAb, 4. butzleri 4EKW X-ray 3.21 closed 19
NavAb, 4. butzleri 4AMW8 X-ray 3.26 2.5
NavAb, A. butzleri SEKO X-ray 3.53 closed 90
NavAb, 4. butzleri 5VB2 X-ray 3.2 closed 119
NavAb, 4. butzleri 5VB8 X-ray 2.85 open 6
NavAel, A. ehrlichii 4LTO X-ray 3.46 closed 85
NavMm, M. marinus 4CBC X-ray 2.66 open 25
NavMm, M. marinus 40XS X-ray 2.8 open 28
NavPaS, P. americana 5XOM | cryo-EM 3.8 closed 41
NavRh, R. HIMB114 4DXW X-ray 3.05 closed 58
RyR1, O. cuniculus 3J8H* | cryo-EM 3.8 closed 11
RyR1, O. cuniculus 5TB0* | cryo-EM 4.4 closed 8
RyR2, S. scrofa 5GO9* | cryo-EM 4.4 closed 12
RyR2, S. scrofa SGOA* | cryo-EM 4.2 open 0
TPC1, A. thaliana 5DQQ X-ray 2.87 closed 39
TPC1, M. musculus 6C9A cryo-EM 3.2 open 2
TPC1, M. musculus 6C96 cryo-EM 34 closed 56
Other cation channels
ASICI, G. gallus 2QTS | Xeray 1.9 desensitised 23
(-like)
ASIC1, G. gallus 3S3W | Xeray 2.6 des(frllisl’(f)sed 21
ASICI, G. gallus ANTW X-ray 2.07 open 1
ASIC1, G. gallus ANTY X-ray 2.65 open 0
ASICI, G. gallus ANYK X-ray 3 desensitised 17
ASICI, G. gallus SWKU X-ray 2.95 closed 38
ExbB/ExbD, E. coli 5SV0 X-ray 2.6 0
ExbB/ExbD, E. coli 5SV1 X-ray 3.5 0
M2, Influenza A 3BKD X-ray 2.05 closed 4.6
M2, Influenza A 4QKC X-ray 1.1 6
M2, Influenza A 5J00 X-ray 1.41 59
M2, Influenza A STTC X-ray 1.4 5.9
M2, Influenza A S5SUM1 X-ray 1.45 6
M2, Influenza B 2KIX ag NMR (NMR) closed 5.4
MCU, C. elegans 5ID3 aq NMR (NMR) closed 87
MgtE, T. thermophilus 27Y9 X-ray 2.94 closed 69
MgtE, T. thermophilus 4U9N X-ray 2.2 closed 56
MscL, M. tuberculosis 20AR X-ray 3.5 closed 46
closed/
MscL, S. aureus 3HZQ X-ray 3.82 intermediate 0
MscL, M. acetivorans | 4Y7] | X-ray 4.1  closed/ 0
intermediate
MscL, M. acetivorans 4Y7K X-ray 3.5 closed 81
MscS, E. coli 20AU X-ray 3.7 open 15
MscS, E. coli 2VV5 X-ray 3.45 open 0
NNT, 7. thermophilus SUNI X-ray 2.2 71
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Orai, D. melanogaster 4HKR X-ray 3.35 closed 8

Piezol, M. musculus 6BPZ cryo-EM 3.8 closed 37

TMEMI175, C. minutus SVRE X-ray 3.30 45

TRIC, C. elegans SEGI X-ray 3.3 7

TRIC, C. elegans SEIK X-ray 23 12
TRIC,

S acidocaldarius SWUC X-ray 1.6 closed 71
TRIC,

S. acidocaldarius SWUE X-ray 24 open 0
TRIC,

C. psychrerythraea SWUF X-ray 2.40 2.4
Yetl, B. subtilis 4PGR X-ray 1.95 closed 29
Yetl, B. subtilis 4PGS X-ray 2.5 open 4.3
Yetl, B. subtilis 4PGU X-ray 3.40 closed 58

Other anion channels
BESTI1, G. gallus 4RDQ X-ray 2.85 open 76
KpBest, K. pneumoniae | 4WDS§ X-ray 23 closed 71

CFTR, H. sapiens SUAK | cryo-EM 3.87 closed 15
CFTR, D. rerio SUAR | cryo-EM 3.73 closed 58
CFTR, D. rerio SWSI cryo-EM 3.37 closed 38

CLC-K, B. taurus STQQ | cryo-EM 3.76 43

TehA, H. influenzae 3M71 X-ray 1.2 closed 52

TehA, H. influenzae 4YCR X-ray 2.3 29

TMEMI6A, 50YB | cryo-EM 3.75 closed 9
M. musculus
TMEMI6A, 50YG | cryo-EM 4.06 closed 32
M. musculus
TMEMI6A, 6BGI cryo-EM 3.8 closed 26
M. musculus
TMEMI6A, 6BGJ cryo-EM 3.8 closed 6
M. musculus
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Figure S1. Average pore radius, hydrophobicity, and water free energy profiles derived from 3 x 30
ns MD simulations of water in the TRPV4 ion channel (PDB ID 6BBJ). The one-standard-deviation
range is represented by the lighter-coloured band.
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Figure S2. Water free energy profiles derived from different intervals of one 90 ns MD simulation
of water in the TRPV4 ion channel (PDB ID 6BBJ), sampling every 0.5 ns. The one-standard-
deviation range is represented by the lighter-coloured band.

S7



iE Coordinates of water in the transmembrane domain

40
35
30
Eas
N 20
1.5
1.0
05

0 5 10 15 20 25 30
Simulation time (ns)

Figure S3. De-wetting of the hydrophobic gate region of the TRPV4 ion channel (PDB ID 6BBJ) in

a 30 ns MD simulation. Water molecules are shown as blue spheres, with the protein in a surface
representation.
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Figure S4. Distribution of resolution of ~860 ion channel structures determined by X-ray
crystallography or cryo-electron microscopy in the PDB. ~20 NMR structures have been excluded
from this analysis.
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Figure S5. Distribution of local water density values for the dataset of all channel simulation,
where the arrow indicates the density of bulk liquid water, at 33 water molecules nm™.
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Figure S6. Local free energy as a function of hydrophobicity and pore radius, averaged over all
occurrences of pore-lining side chains in the simulated channel structures. Alternative
hydrophobicity scales are employed, each linearly normalized such that their respective positions of
0 hydrophobicity are unshifted and the largest absolute value amongst amino acids is equal to 1

(relative) unit, with more positive values indicating greater hydrophobicity. The scales compared
are from: (1), (2), (3), (4), (5), and (6).
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Figure S7. Local free energy as a function of hydrophobicity and pore radius, averaged over all

occurrences of pore-lining side chains in (A) all simulated channel structures or subsets of
simulated structures with resolution better than (B) 4.5 A or (C) 4.0 A.
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Figure S8. SVM classification of all pore-lining residues in a training set of simulated ion channel
structures, using (A) a polynomial kernel or (B) a linear kernel. Both SVM models were trained
using repeated 10-fold cross-validation. The resultant classification lines were used to predict
simulation outcomes for a testing set of ~40 structures via calculation of sum-of-shortest-distances
scores, with the respective ROC (receiver operating characteristics) curves shown on the right.
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Figure S9. Water free energy profiles derived from triplicate 30 ns MD simulations of water of two
recent structures of (A) the TRPV3 channel in a non-conductive (sensitized) conformation (PDB ID:
6MHS) and (B) the CRAC channel Orai in an open conformation (due to a H206A gain-of-function

mutation; PDB ID: 6BBF).
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Figure S10. (A) Local radius, hydrophobicity, and water free energy at the main energy barrier or
putative hydrophobic gate region of three selected ion channel structures, and (B) their water free
energy profiles derived from 30 ns and 500 ns MD simulations, during which positional restraints
were applied to each protein backbone whilst allowing for side chain flexibility.
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