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ABSTRACT: The dysfunction and defects of ion channels are associated with many human diseases, especially for loss-of-function
mutations in ion channels such as cystic fibrosis transmembrane conductance regulator mutations in cystic fibrosis. Understanding
ion channels is of great current importance for both medical and fundamental purposes. Such an understanding should include the
ability to predict mutational effects and describe functional and mechanistic effects. In this work, we introduce an approach to
predict mutational effects based on kinetic information (including reaction barriers and transition state locations) obtained by
studying the working mechanism of target proteins. Specifically, we take the Ca*"-activated chloride channel TMEMI16A as an
example and utilize the computational biology model to predict the mutational effects of key residues. Encouragingly, we verified our
predictions through electrophysiological experiments, demonstrating a 94% prediction accuracy regarding mutational directions. The
mutational strength assessed by Pearson’s correlation coefficient is —0.80 between our calculations and the experimental results.
These findings suggest that the proposed methodology is reliable and can provide valuable guidance for revealing functional
mechanisms and identifying key residues of the TMEMI16A channel. The proposed approach can be extended to a broad scope of
biophysical systems.

1. INTRODUCTION features, e.g., the side chain length and aromaticity of amino
acids.” These methods can be divided into machine learning

Proteins are vital biomacromolecules that function in most 10 12
(ML) " and molecular simulations (MS) algorithms.” "~ ML

biological processes. The proper functioning of proteins is

significant for human health. Mutations can influence protein algorithms integrate properties of the original and mutant
folding," stability,” expression,” function,” interactions with residues, such as charge, polarity, and hydrophobicity,
other biomolecules,” subcellular localization,’ and even lead to structural information, and evolutionary conservation. The
severe diseases, such as cancers’ or neurodegenerative ML model is then trained on the available data to distinguish
diseases,® etc. Investigating mutational effects could help the functional mutations (that have obvious effects on
reveal the protein’s functional mechanism, understand the biological function) and neutral mutations (that have little

biological process, and shed light on disease treatments and
drug development. Therefore, identifying mutational effects
quickly and accurately has vital scientific significance.
Experimental studies can determine mutational effects, but
they are usually expensive and time-consuming. Thus, it is of
broad interest to predict mutational effects in a short time with
sufficient accuracy. Over the years, multiple methods have
been developed for predictions and understanding of muta-
tional effects by analyzing physicochemical properties, e.g.,
charge, polarity, and hydrophobicity, as well as structural

influence on biological function)."> ML is less dependent on
the 3D protein structures than MS algorithms.'* However,
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Figure 1. TMEMI16A structures and Ca**-activated chloride conduction pathway. (A) Dimer structure of the TMEM16A channel (PDB ID:7BSC,
fully active state). Two subunits of the dimer are colored green and orange, while pink spheres show Ca®* ions. The blue mesh represents the Cl”
ion entry path through the vestibule region. (B) Ion conduction pore of the TMEM16A channel (fully active state). (C) Schematic representation
of the Ca**-activated chloride conduction across the membrane. The binding of two Ca®" ions induces the movement of the inner half of the a6
helix. The movement propagates to the neck region and opens the channel pore to allow the transduction of chloride ions.

some performance evaluation of ML algorithms failed to
reproduce high accuracies,'*'® and none of the predicted
mutations is experimentally verified in a blind prospective
validation."® Unlike ML algorithms, MS algorithms rely on 3D
protein structures and perform better in experimental
validations."” However, MS algorithms also have limitations
since the simulation protein functions require specialized
approaches and involve convergence problems. For example, in
processes that involve large conformational changes, it is
important to evaluate the corresponding activation path and
the relevant activation barrier. Thus, it is challenging to
accurately model the activation processes of large biophysical
systems and predict their mutational effects.

A challenging system is the family of ion channels, which is
relevant to regulating transmembrane electrical potentials and
important in multiple physiological functions.'®™*' The
dysfunctional ion channels can cause diseases in many tissues.
For example, mutations in the Piezol ion channel are related
to dehydrated hereditary xerocytosis, congenital lymphatic
dysplasia, and pancreatitis.”> R117H in the cystic fibrosis
transmembrane conductance regulator chloride channel is
common in cystic fibrosis patients worldwide.” Investigating
mutational effects considerably fosters our understanding of
physiological and pathophysiological processes. An excellent
example in this family is the prominent Ca**-activated chloride
channel, TMEMI16A, a proven significant and reliable tumor
marker, especially for gastrointestinal stromal tumors and head
and neck squamous cell carcinoma.”*** The TMEMI16A
channel is also considered as a novel target for cancer
treatment.”®”” This system is a member of the TMEMI16
family, including 10 eukaryotic transmembrane proteins
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(TMEM16A-K). Despite the highly similar sequences,
TMEMI6 proteins present significantly different functions.”>*
For instance, TMEMI16A and TMEMI16B are Ca>*-activated
chloride channels that enable chloride ions to conduct across
the plasma membrane.*”*" On the other hand, TMEM16C, D,
G, J, and K belong to Ca**-activated lipid scramblases with a
nonselective ion channel activity.”””” According to the
structures captured by cryo-electron microscopy (cryo-EM),
the difference between TMEM16 channels and scramblases is
the different conformations of a-helices in the subunit
cavity ##35

TMEM16A is a transmembrane homodimer activated by the
increase of Ca®" concentration (Figure 1).30’36 Each monomer
contains one pore formed by the a3—a7 helix (Figure 1B),
which transfers chloride ions across the membrane during the
activation.”>*”*® The pore in each monomer is independent of
the activation and ion conduction.’”*’ Unlike TMEM16
scramblases, the a4 helix of TMEMI16A rearranges to contact
with the a6 helix on the opposite edge and construct the ion
conduction pore shielded from the membrane.”” The pore is
hourglass-shaped with two wide vestibules and a narrow neck
region (Figure 1B).”” Chloride ions can pass through the
narrow neck, where charge neutrality is compensated by the
positively char%ed residues in the extracellular or intracellular
vestibule.”>*"** The anion conduction of TMEMI6A is
associated with various important physiological functions,
such as the secretion of various types of the exocrine gland,
contraction and myogenic tone of vascular smooth muscle
cells, rhythmic movements of the gastrointestinal system,
airway and exocrine gland secretion, sensory transduction, and
neuronal signaling.*’~* The dysfunction of TMEMIG6A is

https://doi.org/10.1021/jacs.3c11940
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Figure 2. (A) Activation free energy profile of the TMEM16A channel. Point A is the inactive state, while point B is the transition state with a small
barrier. I, T, and P, respectively, represent the intermediate, transition, and product states. The free energy of the initial state (point A) is corrected
to 0. Error bars are colored blue. Conformational changes in the X-axis are the ones used directly from targeted MD as described by equation S6 in
the Supporting Information and based on the RMSD values. There are equally spaced structural changes for the X-axis. (B) Superimposed
structures of the TMEM16A channel, where the orientation of the a6 helix in the I (light orange), T (pink), and P (light blue) states is indicated.
Two subunits of TMEMI16A are separately colored green and orange.

related to hypertension, gastrointestinal dysfunction, cystic
fibrosis, neuropathic pain, and various cancers.**” Therefore,
TMEMLI6A is considered as a potential therapeutic target for a
large group of diseases.””** Hence, for drug design and the
treatment of these diseases, it is significant to further
understand the mechanism of Ca**-activated chloride con-
duction of the TMEMI16A channel.

Experimental studies revealed that TMEMI16A is activated
by the binding of two Ca’* ions to the conserved site close to
the anion conduction path.*”*’ The binding of two Ca®" ions
to a site, surrounded by five acidic residues (E654, E702, E70S,
E734, and D738), alters the electrostatic distributions of the
intracellular vestibule and triggers the conformational rear-
rangement of the inner half of the a6 helix.”**" As is depicted
in Figure 1C, the binding of Ca®" initiates the conformational
changes of the a6 helix and its movement toward a7—a8
helices.”” The movement of a6 is coupled to the gate
expansion in the neck region, thereby opening the gate to allow
chloride conduction.>** However, some details are still
lacking for the activation and chloride conduction processes.
For example, how does the conformational change couple to
chloride conduction and when does the Cl-ion pass through
the neck region are two important questions. On the other
hand, some residues show strong mutational effects in
moderating the activity of TMEMI16A. For instance, experi-
ments using site-directed mutagenesis revealed that some
residues (a4 helix: 1550 and 1551, a5 helix: K588, a6 helix:
1641, G644, K64S, and E654) play an important role in the
activation process (Figure Sl).34’37’41’50 However, the struc-
tural and energetic basis for these mutations is poorly
understood. Moreover, there are other potential mutational
sites that were not investigated but could show important
impacts on the behavior of TMEMI16A.

Another difficulty in investigating large biophysical systems
is associated with computational cost. The size and complexity
of large systems (usually containing thousands of amino acids)
lead to serious computational limitations of the all-atom
model. Thus, it is beneficial to use a consistent coarse-grained
(CG) model’’ ™ to obtain the transition state and reaction
barrier. The CG model has been successfully applied to various
types of systems, for instance, /AR, ATPase,™ myosin,‘%
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and Hvl channels.”” Note that with the CG model, we

successfully predicted that the N501 mutant of the SARS-Cov2
spike protein increased the binding affinity to the ACE2
receptor in June 2020.>® The mutant was found to contain the
UK mutant (SARS-CoV-2 VOC 202012/01) and South Africa
variant (501Y.V2) in December 2020. In particular, our CG
model can properly describe the electrostatic term that usually
contributes the most to biophysical systems.”**> The electro-
static-based CG model is also effective for investigating
functional mechanisms in other systems.”*~>°

In this work, we combine our CG model with other
techniques to investigate the functional mechanism of the
TMEMI16A channel. Specifically, we obtained the free energy
landscape of the overall Ca**-activated chloride conduction
process and located the minimal energy path and the exact
time point of the chloride conduction. Furthermore, the
landscape identified the critical kinetic information, including
the transition state structure, reaction barrier, free energy
change, and rate-determining step. Then, this information is
utilized to calculate the barrier changes by mutating 57
residues of the two vestibules, the Ca®* binding site, and the
neck region. Finally, we explain the energy basis for the
experimental mutational effects and predict 18 new mutational
sites that affect the Ca**-activated chloride conduction process.
Our predictions are further validated through electrophysio-
logical experiments and proved to have superior performance.
Overall, this work validates a methodology that could be
applied to other biophysical systems and will contribute to the
better insights on functional mechanisms of ion channels.

2. RESULTS AND DISCUSSION

2.1. Mechanism of Ca®*-Activated Chloride Conduc-
tion of the TMEM16A Channel. 2.1.1. CG Free Energy
Profile for Conformational Change. The Cryo-EM structures
of the TMEM16A channel (PDB ID: 5OYG and 7B5C)***’
provide structural details of the two end points: inactive and
fully active states (Figure 1). In this study, we utilized the two
structures to model the end point states and rebuild missing
residues of the structure by Modeler.*™®" Subsequently, a
series of intermediate structures between the end point states
were generated using targeted molecular dynamics (TMD).®>

https://doi.org/10.1021/jacs.3c11940
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Figure 3. (A) Coupled free energy landscape of the protein conformational change and chloride conduction. The possible minimal energy path is
shown by a black dashed line. The barrier along the route I;,—T) is 29.72 kcal/mol, while along I,—T),, it is 10.92 kcal/mol. Conformational changes
in the X-axis are the ones used directly from targeted MD as described by eq S6 in the Supporting Information and based on the RMSD values.
There are equally spaced structural changes for the X-axis. (B) Free energy profile along the minimal energy path in panel (A). (C) Comparison of
the four structures in the I; (yellow), T, (cyan), I, (magenta), and T, (blue) states. Two Ca®* ions are shown by pink spheres. (D) Schematic of
the channel pore in the I; (yellow), T; (cyan), I, (magenta), and T, (blue) states. The blue mesh represents the Cl~ ion entry path through the
vestibule region. (E) Pore radius of the channel along the z-axis. Two dashed lines indicate the range of the chloride ion radius (1.7—1.8 A). The
gray part represents the neck region of the channel. (F) Schematic depiction of the coupling of conformational change and chloride conduction in

different steps.

For the conformational transition from the inactive to the
active state, 25 intermediate structures at equal intervals were
generated to calculate the free energy profiles illustrated in
Figure 2 (more details are shown in the Supporting
Information).

A small barrier (6.83 kcal/mol) exists from point A to B.
Comparing the structures of the two points and calculating the
contribution of each residue to the overall barrier (Figure S2)
reveal that the residues R373 and R399 that make significant
positive contributions to the A—B barrier are located in the
loop connecting helixes al and a2 embedded in the
membrane environment. This finding indicates that the A—B
barrier may be induced by the early stage conformational
change that could lead to further structural conversion.

From state B, the free energy curve goes down until the I
state. The highest barrier occurs from state I to state T (29.24
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kcal/mol), which is the rate-determining step of the conforma-
tional change process. Figure 2B depicts the conformational
differences of the a6 helix between the I, T, and P states. From
Ito T to P, the inner half of the a6 helix undergoes the most
pronounced conformational changes. It moves toward a7 and
a8 while away from a4. The movement proceeds with the
transition of the a6 helix into a straightened helix
conformation, during which the narrow neck of the channel
gradually opens. Additionally, from an energetic perspective,
we also found that R461 (located in the short helix between
the @2 and a3 helixes) and D554 (located in the a4 helix)
make the most positive contributions to the I-T barrier
(Figure S3A,C). From state T to state P, the free energy
decreases (Figure 2A). R461 and K583 make the most positive
contributions to state T and state P (Figure S3B,D). We could
suggest that these residues, especially D554 and K583 (located

https://doi.org/10.1021/jacs.3c11940
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Figure 4. (A) Representation of the electrostatic potential surface in the Ty, I,, and T, states. The positively charged region is colored blue, and the
negatively charged region is colored red. The Cl~ ion is shown as a green sphere. (B) Top view of the distances between the center of the channel
pore and the important pore-lining residues in the neck region of the T; (cyan) and I, (magenta) states (left and middle panels); distances between
1551 and Q649 of the T, (cyan) and I, (magenta) states (right panel). The gray sphere represents the center of mass (COM) of Ca atoms of the
four pore-lining residues. Here, we separately calculated the distances between the ND2 atom of N546, CD1 atom of 1550, CD1 atom of I551, OG
atom of $592, C4 atom of P595, CD1 atom of 1596, CD1 atom of 1641, NZ atom of K643, and the center of the pore, which is defined by the COM
of Ca atoms of the four pore-lining residues (N546, PS9S, 1596, and 1641 in the left panel, 1550, 1551, $592, and K645 in the middle panel). The
cyan and magenta dashed lines represent the distance between the COM (Ca atoms of the four pore-lining residues N546, P59, 1596, and 1641 in
the left panel, 1550, 1551, S592, and K645 in the middle panel) and the residues of the T, and I, states, respectively. Distances in the I, state
(magenta) are larger than those in the T state (cyan). The main chain and hydrogen atoms of the residues are hidden for clarity. (C) Comparison
of the conformations of the a6 helix in the I, (yellow), T, (cyan), I, (magenta), and T, (blue) states. The spheres in the helix represent the Ca
atoms of 1641, G644, Q646, Q649, and E654. Two Ca®* ions are shown by pink spheres. (D) Formation of a 7-helix during the conformational
changes of the a6 helix. The dashed lines show the calculated distance between important residues, including the O atom of 1641, N atom of Q646
(colored magenta), O atom of G644, N atom of Q649 (colored green), or residue-Ca?*, including the OE1 atom of E654-Ca** (colored red), OE2
atom of E654, and Ca** (colored cyan) and OEI atom of Q646 and Ca** (colored blue).

in helix a$) located in the CI~ channel pore, contribute most vestibule to the extracellular vestibule of the channel. The
to the conformational transition from state I to T to P. minimal energy path was identified and depicted by the black
2.1.2. Coupling between the Conformational Change dashed line. We also noted that once the system reached point
and Chloride Conduction. An important issue that we try to I, the narrow pore of the channel can allow chloride
resolve is the nature of the state where the CI” ion can be conduction from the intracellular vestibule to the extracellular
transduced through the channel. Experimental studies indicate vestibule (Figure 3A, Movies 1 and 2). There are two barriers
that jon conduction should happen during channel pore to this path (Figure 3B). From I, to Ty, the barrier is 29.72
opening, but the exact time point along the reaction coordinate kcal/mol, which is mainly related to conformational changes
is still unclear.>**” To explore the details of the whole process (Tables S1,52). This high barrier is the rate-determining step
of Ca’-activated chloride conduction, we generated the of the whole process of Ca**-activated chloride conduction in
chloride conduction vs conformational change free energy this work. The binding of Ca®* is a key factor, which leads to
landscape by docking a CI” ion at the different positions in the channel activation, pore opening, and chloride conduction.
channel pore of each protein conformation of Figure 2A. For This process was not considered explicitly in this work and
each combination of the intermediate conformation obtained may lead to the overestimated activation free energy barrier. In
by TMD and the CI” ion, we first performed extensive MD addition, other factors, such as the ENZYMIX force field, CG
relaxation and utilized PDLD/S-LRA/f method to calculate model, and implicit solvent used in our calculations, might be
the binding free energy of the ion. The same approach has also related to the overestimated energy barrier. The energy
been used before in related studies of ion channels® (more barriers in other ion channels, such as TRPV4 and BEST1, are
details are shown in Methods Section). significant, of ~18 and ~24 kcal/mol.**® Qur simulation
As shown in Figure 3A, the free energy landscape couples results provides the upper limit of the barrier. From the
the conformational change and chloride conduction, the structural perspective, the channel undergoes pronounced
process that corresponds to Figure 1C. The X-axis is the conformational transitions, especially for the @6 helix. From I,
conformational change (reaction coordinate), while the Y-axis to T, the electrostatic interactions make the major
represents the position of chloride ions from the intracellular contributions to the energy barrier by ~37 kcal/mol (Table
4669 https://doi.org/10.1021/jacs.3¢11940
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S1), which indicates that the electrostatic interactions decrease
a lot in the transition state T), thus decreasing the stability of
the channel. These intrinsic changes may cause a higher energy
barrier. Another barrier occurs from I, to T,, 10.92 kcal/mol.
The corresponding energy analysis reveals that the binding free
energy of the CI™ ion makes the major contribution to this
small barrier (Table S2). It is noted that states I;, T}, and T,
for combined conformational transitions and CI~ conduction
in Figure 3 are related to states I, T, and P for conformational
transitions in Figure 2.

As depicted in Figure 3C, the four structures of points I}, T,
I,, and T, are superimposed. From I, (yellow) to I, (magenta),
we observed a pronounced conformational difference at the
intracellular half of the a6 helix, where it has moved toward the
a7 and a8 helixes (the Ca** binding sites) but away from the
a4 helix. However, from I, (magenta) to T, (blue), there was
no significant conformational change of the a6 helix. The free
energy analysis (Figure 3A, Tables S1,52) indicates that the
movement of ClI” ions makes the major contribution, instead
of the conformational changes, during the process from I,
(magenta) to T, (blue).

To further investigate the details of channel pore opening,
we measured the pore radius of the I}, T, I,, and T, states by
the HOLE program® (Figure 3D,E). The pore radius of the
neck region of I; and T is less than the Cl™ radius (~1.7—1.8
A), which blocks the chloride conduction pathway. The radius
of the narrowest part is ~1 A, which is consistent with the
simulation results of An’s work.%” For the I, (magenta) and T,
(blue) states, the radius of the narrowest part is over 1.8 A.
These findings highlight that the neck region of the I, and T,
states is open and allows for chloride conduction through the
pore.

Paulino et al. revealed that the electrostatic environment at
the intracellular vestibule provides the barrier for anion
conduction.”” Our findings on the electrostatic potential
distribution also support this point. Besides, we found that
the ClI” ion in the T, state is in a strongly negatively charged
environment formed by Ca?* binding sites®”*"*® (Figure 4A).
The electrostatic repulsion of the CI” ion and the negatively
charged environment hinder the movement of anions. This
corresponds to the reaction barrier of 29.72 kcal/mol from I,
to T, which is the rate-determining step of the whole process
of Ca**-activated chloride conduction in Figure 3A,B. From T,
to open state I,, we observed that the CI” ion moves close to
the positively charged region of the intracellular vestibule,
which can stabilize the CI™ ion by electrostatic attraction. As
the crystallographic experiments indicate, the intracellular
vestibule confers the positively electrostatic environment and
lowers the energy barrier for anion conduction.”” Our results
also found that the free energy reduces from T to the open
state I, (Figure 3B), which suggests that I, is a stable state.
When the CI” ion reaches T,, the anion is surrounded by a
local negatively electrostatic environment that is mainly
induced by pore-lining E624 (located in the loop connecting
a5 and a6 helixes) and E633 (located in the a6 helix) in the
extracellular vestibule (Figure S4), despite the extracellular
vestibule mainly providing a positively electrostatic environ-
ment that makes favorable contributions to chloride con-
duction.””*® The changes in electrostatic environments for
chloride conduction from I, to T, account for the small barrier
of I,—T, in Figure 3B.

In order to further investigate the conformational changes of
the neck region, we focused on the pore-lining residues (a4
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helix: N546, 1550, and 1551, aS helix: $592, P59S, and 1596,
a6 helix: 1641, K645, and Q649) around the neck region
(Figure SS) of T; (cyan) and I, (magenta). We measured the
distance between the center of the channel pore and the pore-
lining residues (Figure 4B). Our findings indicate that the
distances of the I, state (magenta) are larger than those of the
T, state (cyan) (Figure 4B and Table S3). Overall, the pore
formed by the key residues lining the channel of the neck
region in the I, state (magenta) is larger than that in the T,
state (cyan). It also suggests that from T; (cyan) to I,
(magenta), the neck region is opening. The opened gate
allows CI™ ions to pass through the neck region (Figure 3F,
Movies 1 and 2). Specifically, we monitored the distance
between ISS1 and Q649, and the interaction was argued to
have the capability to stabilize the open pore.*’ According to
our result, from T, to I,, the distance of I551—Q649 reduced
from 4.5 to 3.5 A (Figure 4B), which validates the stabilizing
effect.

The experimental results suggest that activation and pore
opening can proceed with the transition of the inner half of the
a6 helix from loose conformation (a6 helix either mobile and
disengaged as found in the Ca**-free structure of the channel)
to a strained 7-helix (rigid a6 helix in contact with the binding
site as displayed in the Ca?*-bound structure).’”*’ We
monitored the movements of the inner half of a6 to reveal
more details of the 7-helix formation (Figure 4C,D) and found
that accompanied by the conformational transition in the
process of channel activation, the distances of 1641—Q646,
G644—Q649, and E654—Ca*" gradually decrease. Conversely,
the distance of Q646—Ca®" increases. These results indicate
that during activation, the inner half of helix a6 moves toward
Ca’" (Movie 2). The negatively charged E654 in the terminal
of helix a6 gets close to the two Ca** ions due to electrostatic
attraction. The movement can propagate upward and promote
the movement of Q646 toward 1641, away from Ca** and
induce the distance changes of G644—Q649. These motions
generate the straightened conformation of the a6 helix,
accompanied by the formation of the z-helix (Movie 2).

2.2. Predicting Mutational Effects Based on Barrier
Analysis. According to the above analysis, we have elucidated
the mechanism of Ca**-activated chloride conduction of the
TMEMI16A channel and obtained the kinetic information,
especially the reaction barrier and the transition state structure.
The information was utilized to evaluate the mutational effects
on the barrier change in this work, which determines the speed
and effectiveness of the activation process according to the rate
theory (see the computational details in the Methods Section).
Moreover, we focused on the directions (inhibiting or
facilitating the function of Ca**-activated chloride conduction)
and the strength of the mutational effects.

Experimental studies indicate that the binding of two Ca**
ions triggered the activation of TMEMI16A.”” Two highly
hydrophilic vestibules confer a positive electrostatic environ-
ment throughout the pore and facilitate chloride conduction.’”
Besides, Lam et al. found that a hydrophobic gate at the
intracellular entrance of the channel neck affected chloride
conduction and determined that three residues (1550, 1551,
and 1641) formed the key hydrophobic gate, which stabilized
the gate in the closed channel pore by mutagenesis.’"*’

Our initial effort was aimed at investigating whether other
residues on the two vestibules, Ca** binding sites, or the neck
region could affect Ca**-activated chloride conduction by
mutating to Ala. The corresponding results of the mutational
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Figure 6. Explanation of mutational effects of 1SS0A, ISS1A, 16414, and Q649A. (A—C) Top view of the distances between the center of the
channel pore and the important pore-lining residues in the neck region. The gray sphere represents the COM of the Ca atoms of the four pore-
lining residues. The salmon dashed lines represent the distance between COM and the pore-lining residues. The main chain and hydrogen atoms of

the residues are hidden for clarity.

effects are illustrated in Figure 5. Moreover, we calculated the
change of energy barrier between each mutant and wild type
(ABarrier = Barrier,,,, — Barriery, more details are shown
in the Methods Section). ABarrier > 0 indicates that the
mutation leads to a higher energy barrier and inhibits chloride
conduction. ABarrier < 0 indicates that the mutation reduces
the barrier and facilitates chloride conduction. Additionally,
ISS0A and I641A show an obvious decrease in the energy
barrier, facilitating chloride conduction. I551A and Q649A
show a slight increase in the energy barrier, inhibiting chloride
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conduction. These calculations are encouragingly consistent
with the results of the electrophysiological experiments by Lam
et al.>***’ Indeed, the authors observed that ISSOA and 1641A
increase the single-channel conductance, while ISSIA and
Q649A decrease the single-channel conductance.*’

According to the structural analysis of the mutations (ISSOA,
IS51A, 1641A, and Q649A) in the transition state (Figures 6
and S6), we found that for ISSOA, the sum of distances
between the center of the channel pore and the four pore-
lining residues (ISS0A, IS51, $592, and K64S) of the neck
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region is about 16 A (Figure 6A and Table S4). Before
mutation, the sum of the distances is about 15.1 A (distances
of COM-1550/1551/8592/K64S in Figure 4B and Table S4).
Thus, ISS0A expands the channel pore in the neck region and
may explain the facilitating effects on the chloride con-
ductance. Similarly, 1641A also induces the dilation of the
channel pore with higher total distances of 16 A (Figure 6C
and Table SS) than 13.2 A in the wild type (distances of
COM-NS546/P595/1596/1641 in Figure 4B and Table SS).
This result is for a different set of distances, which had a sum
of 15.1 A in the WT channel (distances of COM-1550/1551/
$592/K64S in Table S4). The dilated pore promotes the
passing of Cl™ ions and increases the conductance.
Oppositely, for ISS1A, the sum of the distances is 10.2 A
(Figure 6B and Table S4), obviously smaller than 15.1 A in the

4672

wild type (Figure 4B and Table S4). This suggests that this
mutant constricts the narrow pore and impedes chloride
conduction. This may account for the decrease in the single-
channel conductance for 1551A.*° For Q649A, we calculated
the distance between the CI™ ion and Q649(A). Excluding the
length difference of the side chain between Q649 and Q649A
(Figure S6A), the mutation increases the distance of the CI~
ion and Q649(A) from 9.6 to 13.0 A (Figure S6B,C). We
speculated that the mutation from the polar glutamine to the
nonpolar alanine breaks the local polar interactions, which is
important for anion conduction. Thus, Q649A leads to an
adverse effect on chloride conduction. Besides, the interaction
between 1551 and Q649 can stabilize the open pore®” and
promote chloride conduction (Figure 4B). The mutation
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Figure 9. Electrophysiological verifications. (A) Steady-state currents for the wild type, RS79A, KS88A, and P701A recorded by the whole-cell
currents using patch-clamp experiments after activation with 0.5 uM Ca** at a given V,, = =100 mV, —60 mV, —20 mV, +20 mV, +60 mV, +100
mV, +140 mV. The dashed horizontal lines represent the zero-current level. (B) Whole-cell current density versus V,, (I-V) relationships. The
number of experiments was S in each case. (C,D) Rectification index (II,140/I_100l, I, 100/I_100!) for the wild type and each mutation. All data are

expressed as means + SEM. The red dashed line represents RI = 1.

Q649A disrupts the interaction, which is unable to stabilize the
open pore and impedes chloride conduction.

Additionally, based on our current analysis, we can further
predict other residues that might have facilitating/inhibiting
mutational effects on Ca**-activated chloride conduction other
than the reported residues 1550, 1551, 1641, and Q649. From
the barrier change analysis presented in Figure S, we found that
I544A, NS546A, and KS66A of the a4 helix, R579A, KS83A,
K588A, and P595A of the a5 helix, K645A, 1648A, and F653A
of the a6 helix, P701A, E702A, and M706A of the a7 helix,
E734A, L737A, D738A, K740A, and K741A of the a8 helix
might also inhibit Ca®*-activated chloride conduction, like
ISS1A and Q649A. However, E633A, G656A, and P658A
might facilitate Ca*"-activated chloride conduction, like IS50A
and 1641A.
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For the positively charged residues K566, RS579, K583,
K588, K645, K740, and K741, the mutation to Ala breaks the
positively charged electrostatic environment (Figure S7A—D).
Thus, they impede the negatively charged chloride conduction
through the pore. The negatively charged residues E702, E734,
and D738 are in the Ca’'-binding site. The electrostatic
attractions between them stabilize the binding of Ca** and the
rearrangement of a6 helix conformation, which helps the
channel pore to remain open and allow CI™ ions to pass
through.””*" These mutations break the stable binding of Ca**
and inhibit pore opening and chloride conduction. For E633,
its mutation also breaks the electrostatic interactions in the
extracellular vestibule (Figure S4). After mutation, the
repulsion between E633 and chloride ions
which facilitates chloride conduction. I544A,

electrostatic
disappeared,
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NS46A, and PS95A in the neck region also reduce the pore
size and impede the conduction of Cl™ ions (Figure S7TE—G
and Table S5). P701A, M706A, and L737A stabilize the
binding of Ca”* ions due to the steric hindrance from the side
chains. 1648 forms the interaction with G644, which plays an
important role in the formation of the 7-helix (Figure S7H,I).
The mutation at 1648 decreases the interaction and impedes
the formation of the 7-helix. It also affects the movement of the
a6 helix, which is essential for chloride conduction. Similarly,
F653A increases the distance between E654 of the a6 helix and
the two Ca?* ions compared to the T, state of the wild type
(Figures 4D and S7J). It reduces the electrostatic interaction
between E654 and Ca** ions and hinders the movement of the
a6 helix and the formation of the z-helix. G656 and P658 are
in the flexible loop of the inner terminal of the a6 helix. After
mutating to Ala, the backbone of the inner half of helix a6 is
closer to the Ca’**-binding site (Figure S7K—L). It suggests
that the mutant channel pore is more open and facilitates ion
conduction.

2.3. Experimental Validation of the Computational
Predicted Mutational Effects. To verify our predictions, we
performed experimental studies of the effect of mutations of
residues with ABarrier > [2| kcal/mol. These verifications were
performed using the patch-clamp technique. We established
the cell lines for the wild type and 21 predicted mutations. To
examine whether the predicted mutations of TMEMI16A were
expressed in cells, we tested for the expression of these proteins
by Western blotting and found that these mutant proteins were
expressed successfully in HEK293T cells except for F653A,
G6S56A, and P658A (Figure 7). Moreover, the immunostaining
assay observed obvious red fluorescence signals in HEK293T
cells expressing TMEMI16A or its mutant forms (Figure 8).
These data suggest that TMEMI16A or its mutant forms can be
expressed successfully in HEK293T cells. However, the failure
of the cell culture for F653A, G656A, and P658A makes it
impossible to perform functional experimental verifications for
those mutants. Finally, we carried out the patch-clamp
experimental verifications for the wild type and 18 mutations.

The steady-state currents were recorded by the whole-cell
currents by patch-clamp experiments after activation with 0.5
UM Ca** at a given V,, = —100 mV, —60 mV, —20 mV, +20
mV, +60 mV, +100 mV, +140 mV** (Figures 9A and S8).
Note that the current in the wild type is stronger than that in
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all mutations. The mutational effects can be reflected by the
current density. Besides, we obtained the current density for all
cell lines according to the current and cell capacitance at
different V,,. As shown in Figures 9B and S9, we compare the
I-V relations for each mutant and wild type. The curves
indicate that overall, the current density of 18 mutants is
weaker than that of the wild type at different V. This finding
suggests that these mutants impede chloride conduction in the
channel pore, which is consistent with our predicted
mutational directions except for E633A (Figure 5). Hence,
the accuracy of our predictions on the mutational effects on
the directions is about 94%. We speculated that for E633, its
mutation breaks the electrostatic repulsion between E633 and
chloride ions (Figure S4). The electrostatic repulsion facilitates
the release of Cl°. Thus, the E633A mutant reduced
experimental Cl~ current density as other mutants tested.

To evaluate the magnitude of the I-V curve rectification, the
index of rectification (RI) is quantified as the ratio of the
absolute current density measured at +140 mV (I,,4,) and
—100 mV (I_,40) (RI =1L, 140/1_100l) in the presence of 0.5 uM
Ca?". Therefore, RI of the linear I-V is close to 1. RI > 1
represents outwardly rectified I-V curves, while RI < 1
represents inwardly rectified I-V curves. The extent of inward
or outward rectification is indicated by the deviation of RI
from 1. For the wild type and all mutants, the values of RI are
more than 1 (Figure 9C), which indicates the outwardly
rectifying relationship between the steady-state current density
and the V.. For all mutants, RI is lower than for the wild type,
which has an RI of 5.0. It shows that the rectification degree of
the wild type is larger than that of the mutants. We also
measured the rectification index at +100 and —100 mV (Figure
9D). Similarly, for the wild type and all mutants, the values of
Ry, 100/1-1000 are all more than 1, indicating the outwardly
rectifying relationship of the I-V curves. Additionally, due to
the highest Rl ;90111000 in the wild type, the rectification
degree of the wild type is larger than that of the mutants.

Figure 10A depicts the current density of the wild type and
the mutants at a given V, = +20 mV, +60 mV, +100 mV, +140
mV. Our findings indicate that the current density of each
mutation reduces much more than the wild type. This suggests
that the anion conductance function of the TMEMI6A
channel is inhibited for these mutants. When the given V
increases, the current density of the wild type and all mutants
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has the same increasing tendency. Additionally, Figure 10A
also describes the curve of the computed free energy barriers
for chloride conduction. In principle, a higher barrier
represents a stronger inhibition of chloride conduction of the
channel and corresponds to a weaker current density. In other
words, a higher computed barrier should correspond to a lower
current density. In this study, the trend between the current
density and the barrier is as expected except for E633A. For
instance, when V,, > 0, the current density of the wild type is
the largest. The wild-type channel’s barrier is the lowest in our
calculations for the mutants tested experimentally. For R$79A
and P701A, the current density is lower. The corresponding
barriers of the two mutants are higher, as expected.

To assess the predicted mutational effect strength, we
performed a correlation analysis by linear fitting the
normalized barriers of our calculations and the normalized
current density at a given V,; = +140 mV. In this work, we
normalized barriers and current densities according to the
(X = Xrninimum)
-X
10B, the barrier and current density are negatively correlated.
The Pearson’s correlation coeflicient is —0.80, presenting a
strong negative correlation between our predictions and
electrophysiological results. It indicates that our predictions
of mutational effect strength are relatively reliable. We also
compared computed free energy barriers with experimental
current densities recorded at +20, +60, +100 mV (Figure S10).
The barrier and current density are negatively correlated, and
the Pearson’s correlation coefficients are —0.59, —0.65, and
—0.7, respectively. The results present a moderately negative
correlation between our predictions and electrophysiological
results. The moderate negative correlation may be due to lower
current values. Moreover, the addition of E633A mutant causes
the Pearson’s correlation coefficient to drop to —0.4 (Figure
S11). It seems that a weak correlation maybe due to using the
minimum barrier of E633A mutant in the normalization.

formula X . As depicted in Figure

normalized — (x

‘maximum mimmum)

3. CONCLUSIONS

Herein, we utilize a general approach based on the analysis of
free energy barrier changes between the mutants and the wild
type to predict the mutational effects on Ca**-activated
chloride conduction of TMEMI16A. Specifically, we focus on
the change in the free energy barriers upon mutation. The
approach has prominent advantages over static structural
analysis that depends on the interaction distance and angle of
the residues in the stable state. Additionally, the structural
analysis ignores the transition state and reaction barriers, which
play critical roles in the reaction process. Moreover, the
mutational effect is affected by the overall change in energy
associated with the substitution.

By studying the underlying mechanism, this work predicts
the mutational effects of Ca**-activated chloride conduction of
the TMEMI16A channel. Crystallographic experiments cap-
tured the structures of TMEMI16A channel at the inactive and
the fully active states,”™” which paves the way for computa-
tional modeling. Our findings suggest that the channel
activation of TMEMI6A induces conformational changes
and subsequent anion conduction. By utilizing the two end
point structures (inactive and active state), we construct the
transition details of the activation process, calculate the free
energy profiles, and identify the transition state and the rate-
determining step. Furthermore, to identify the exact time point
of chloride conduction, the conformational changes are
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coupled with chloride conduction to generate the free energy
landscape. The landscape map shows the minimal energy path,
with an energy barrier of 29.72 kcal/mol.

According to the transition state and energy barrier, we
assessed the mutational effects based on the change in barrier
height. Previous discussions**®” on mutational effects rely on
structural analysis, such as changes in key interactions, which
mainly reflects on the changes in the distance of the key
interacting residues while ignoring the role of the transition
state and reaction barrier. However, sometimes the mutation
may affect the overall electrostatic distribution near the site,
unlike a single interaction. Hence, we establish a general
approach for predicting mutational effects based on the
mechanism study and barrier analysis. For IS50A, ISSIA,
1641A, and Q649A mutants, our predictions are consistent
with the previous experimental results.***’ Nevertheless, for
newly predicted residues, we validated their behavior by patch
clamp experiments. Encouragingly, the high accuracy (about
94%) of mutation effect directions (inhibiting/facilitating
chloride conduction) and the Pearson’s correlation coefficient
(about —0.8) for mutation effect strength prove the reliability
of our prediction.

Although our predictions appeared to be consistent with the
patch clamp experiments, the free energy barrier seems to be
overestimated in our calculations. The overestimation may be
related to the unconsidered Ca®" binding process and the
limitation of the CG energy calculations used. At any rate, the
predictions are quite reasonable. In terms of computational
speed in our CG method, we can quickly predict possible
mutational effects.

Overall, this work elucidates the mechanism of Ca**-
activated chloride conduction of TMEMI16A and emphasizes
a general approach for predicting mutational effects by barrier
analysis (free energy barrier changes between the mutants and
wild type). The methodology is constructive to our under-
standing of physiological and pathophysiological processes in
ion channels and useful to treat ion channel diseases caused by
pathogenic mutations. Besides, the approach could be
expanded to other biophysical systems.

4. METHODS

4.1. Model Preparation. We obtained the Cryo-EM structures of
the Ca?*-free TMEMI6A (inactive state, PDB ID:50YG>”) and Ca*'-
bound TMEMI16A (fully active state, PDB ID:7B5C>*) at the 4.06
and 3.7 A resolution from the Protein Data Bank, respectively. The
two structures generated the two end point states and missin§
residues of the structure were rebuilt by Modeler.**~®' Then, TMD®
was performed on the all-atom structures of the complete homodimer
to generate a series of intermediate structures and connected the two
end points. After that, conformational changes from the inactive to a
fully active state were constructed. Our simulations are performed by
Molaris-XG package version 9.15.°7° The system was solvated by a
surface constraint all-atom solvent’' sphere with a radius of 40 A.
Water molecules are represented by Langevin dipoles. The surface-
constrained water sphere region was surrounded by a 2 A Langevin
dipole surface. The ENZYMIX force field*>”® was used. The long-
range electrostatic effect was treated by the local reaction field
method.”” A gird of unified atoms was used to represent membrane
particles and were added to the system by Molaris-XG.*>”® Each
system is composed of about 31000 atoms. For each system, energy
minimization was applied, including 10000 steps of the steepest
descent algorithm and 10000 steps of the conjugate gradient
algorithm. Then, each system was relaxed by MD runs at 300 K,
until the energy reached convergence (energy basically stops falling).
The relaxation time is about 0.5 ns. Time step is 1 fs. The simulations
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were performed in the NVT ensemble at 300 K maintained by a
Langevin thermostat. After that, these structures were trimmed into
CG models (~21000 atoms in each model), the protonation states of
each residue are determined by Monte Carlo proton transfer (MCPT)
algorithm;*> another relaxation run is performed (time step 1 fs,
simulation time 1 ns) before evaluating the CG free energy profiles of
the conformational changes in the activation process.

For chloride conduction coordinates, we utilized Molaris-XG®”7°
to build the all-atom model by docking chloride ions at the different
positions of the channel pore for each intermediate structure. From
the intracellular vestibule to the extracellular vestibule, chloride ions
were positioned every 2 A in the z direction along the channel pore.
In total, for each intermediate structure, a chloride ion was positioned
at 16 different z values along the channel pore to represent its
conduction. Due to independence of the activation and ion
conduction in each subunit,>”* the ion conduction process was
only studied for the right subunit in this work. Subsequently, extensive
MD relaxation was implemented using Molaris-XG for 0.5 ns at 300 K
maintained by the Langevin thermostat, until the energy reached
convergence (the energy basically stops falling). We calculated the
binding free energies of these structures and combined the data with
the CG free energy profiles to obtain the free energy landscape of the
Ca®*-activated chloride conduction.

4.2. Free Energy Profiles by CG Simulations. Our developed
CG model®"** evaluated the free energy profiles. The model
emphasizes an accurate description of the electrostatic interactions
in proteins and the solvation of the ionizable residues. Specifically, we
converted the all-atom structures (the intermediate structures
generated by TMD) into CG models, where the side chain of the
residue is trimmed into a simplified united atom. Next, we performed
extensive MD relaxation at 300 K, until the energy reached
convergence (energy basically stops falling). The relaxation time is
about 0.5 ns. Time step is 1 fs. We determined the protonation state
of the ionizable residues by the MCPT algorithm.>> MCPT was
implemented in the proton transfer between the ionizable residues
until the electrostatic free energy of the folded protein converged. The
convergence criterion for the electrostatic free energy of the folded
protein is that the energy basically stops falling. Besides, the proton
acceptance probability was evaluated by the standard Metropolis
criterion. Based on the obtained charge distribution, we calculated the
free energy of each model by CG simulations. All calculations were
implemented into Molaris-XG.**"°

The total free energy of our CG model includes the following terms

AGfold = AGmain + AGsicle + AGmainfside (1)

= o AGY + ,AGSE + ,AGSS + AGES + AGEY™ + AGH!
1 dw
+ AG;x:icnfside + AGr‘n’minfside (2)

Each term in eq 1, respectively, represents the main-chain
interaction energy, side-chain interaction energy, and interaction
energy between the main chain and side chain. The terms in eq 2 are
the side-chain van der Waals energy, main-chain solvation energy,
main-chain hydrogen bond energy, side-chain electrostatic energy,
side-chain polar energy, side-chain hydrophobic energy, electrostatic
energy between the main chain and side chain, and van der Waals
energy between the main chain and side chain. ¢, ¢,, and c; represent
the scaling coefficients set to 0.1, 0.25, and 0.5 adopted from the
previous study.>">

4.3. Binding Free Energy of Chloride Conduction by
Atomistic Simulations. We calculated the binding free energy for
the chloride conduction models by atomistic simulations using the
PDLD/s-LRA/f method.”>~”* Additionally, the scaled protein dipole
Langevin dipole (PDLD/S) is the method that evaluates the
electrostatic energy of the system at a semimicroscopic level and
maintains the advantages of the microscopic and macroscopic levels.
In PDLD/S, considering the solvent average polarization, the grid of
Langevin dipoles (LD) represents the solvent molecules. Linear
response approximation (LRA) is applied to average polarization, and
the linear interaction method (LIE) approximates the nonelectric
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binding contribution by a scaled vdW term. Therefore, the overall
method was named PDLD/S-LRA/f, where f represents the scaling
of the vdW term.

In this study, the PDLD/S-LRA/f calculates the binding free
energy between the ion CI” and the TMEMIGA channel. The
calculations were performed using the POLARIS module in the
Molaris-XG software.”® The binding free energy is computed using
the following equation

AG&E&D/S-LRA//} = AG elec

bind T ﬂ((deW,)l - <U'::I:1W,t>l) (3)

1 W 1 ’ w ’
AGlire)fi = E(<U5ec,l>l - <Uelec,l>l) + E((Ue};ew)l - <Uelec,t>l)

(4)
where AG;,™* is the electrostatic term of the binding energy, U is
the specific effective potential, and sign ( ) represents the average
value. The contribution of van der Waals is scaled with = 0.2S. The
superscripts p and w are the protein and water environment.  and 1’
represent the ligand with the actual charged form and the nonpolar
ligand with O residual charge, respectively.

4.4. Mutational Effects. We evaluated the mutational effects by
barrier changes between the mutants and the wild type TMEMI16A
channel.

For the wild type

. _ PDLD/S-LRA/f3
Barrieryyr = (AGgyq + AGyng [)Ti

PDLD/S-LRA/f}
= (AGgq + AGypg /)11

(5)

For the mutants

: _ PDLD/S-LRA/f
Barriery;p = (AGgq + AGyng )Tl

PDLD/S-LRA/f
— (MG + AGyng /)11

(6)
The barrier changes

ABarrier = Barriery; — Barrieryyp (7)
where T and I, are the same channel states as in Figure 3.

4.5. Cell Culture and Cell Line Established. The HEK293T
cells were purchased from the American Type Culture Collection
(ATCC). The cell lines were identified by short tandem repeat
analysis and were guaranteed to be used within 6 months. The most
recent testing was performed 3 months ago. All cell lines were
maintained in DMEM (Invitrogen) supplemented with 1 X 107 U/L
penicillin (HyClone), 10 mg/L streptomycin (HyClone), and 10%
fetal bovine serum (Invitrogen) in a humidified incubator at 37 °C
under 5% CO, atm, following cell culture guidelines.

To generate cells that stably expressed TMEM16A (also known as
Anoctamin 1), HEK293T cells were infected with lentivirus at 37 °C.
After 48 h, the medium was replaced, and puromycin selection (1
mg/mL) was applied to select positive clones for 2 weeks.

4.6. Electrophysiology. We utilized the patch-clamp technique
to record TMEMI16A currents in whole-cell patches. All patch-clamp
experiments were performed at room temperature, 25 °C. Patch
pipettes were pulled from borosilicate glass capillaries (BF150-80-10,
1.5 mm X 0.86 mm). The tip of the patch pipet induces a resistance of
2—4 MQ when filled with the recording solutions. Voltage-clamp
recordings were made using a HEKA Epcl0 (Germany). The cell
capacitance was evaluated by the cell capacitance compensation
circuit of the patch-clamp technique when the cell membrane was
punctured, and whole-cell recordings formed. Currents were sampled
at 20 kHz.

The intracellular solution included 140 mM CsCl, § mM EGTA,
2.6 mM CaCl,-2H,0, 10 mM HEPES, and 1 mM MgCl,. CsOH was
used to adjust the pH to 7.2. The extracellular solution included140
mM NaCl, 4 mM KCI, 1.8 mM CaCl,, 1 mM MgCI2, 10 mM
Glucose, and 10 mM HEPES. NaOH was used to adjust the pH to
7.4. The free Ca®* concentration of the extracellular solution was 300
nM.
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Regarding the stimulation protocols, the holding V,, = 0 mV. First,
1.5 s V,, steps depolarized from 0 to 70 mV (prepulse). Then, the
current —V,, (I-V) data were constructed by measuring the currents
in response to 1 s V, steps from —100 to +140 mV at an increase of
40 mV (test pulses). For each mutant/wild type, the number of
experiments was S.
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