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Introduction

Azobenzene (AB) derivatives (Scheme 1) are the most common

Deciphering the shape selective conformational
equilibrium of E- and Z-locked azobenzene-
tetraethylammonium ion in regulating photo-
switchable K™ -ion channel blockingf

@ and Susmita De (2 *®

Rinsha Cholasseri
The search for photo-switchable optopharmacological agents that can block ion channels has been a
prevalent area owing to its prime advantages of reversibility and specificity over the traditional blockers.
However, the quest for a higher blocking ability shown by a less stable photo-isomer to perfectly suit the
requirement of the optopharmacological agents is still ongoing. To date, only a marginal improvement in
terms of blocking ability is observed by the less stable E-isomer of para-substituted locked azobenzene with
TEA (LAB-TEA) for the K*-ion channel. Thus, rationalization of the limitation for achieving high activity by
the E-isomer is rather essential to aid the improvement of the efficiency of photoswitchable blocker drugs.
Herein, we report a molecular-level analysis on the mechanism of blocking by E- and Z-LAB-TEA with the
bacterial KcsA K*-ion channel using Molecular Dynamics (MD) simulation and Quantum Mechanical (QM)
calculations. The positively charged TEA fragment engages in stronger electrostatic interactions, while the
neutral LAB fragment engages in weaker dispersive interactions. The binding free energy calculated by
Molecular Mechanics Poisson—Boltzmann Surface Area (MMPBSA) for E-LAB-TEA (—22.3 kcal mol™) shows
less thermodynamic preference for binding with K*-ion channels than Z-LAB-TEA (—21.6 kcal mol™?) corro-
borating the experimental observation. The correlation between the structure and the binding ability of E-
and Z-isomers of LAB-TEA indicates that the channel gate is narrow and acts as a bottleneck for the entry
of the binder molecule inside the large cavity. Upon irradiation, the Z-isomer converts into a less stable but
long and planar E-isomer (AE of photoisomerism = 7.0 kcal mol™, at SA2-CASPT2(6,4)/6-31+G(d)//
CASSCEF(6,4)/6-31+G(d)), which is structurally more suitable to fit into the narrow channel gate rather than
the curved and non-planar Z-LAB-TEA. Thus, a reduction in the ionic current is observed owing to the pre-
ferential entry and subsequent blocking by E-LAB-TEA. Discontinuing the irradiation leads to conversion to
the Z-isomer, the curved nature of which hinders its spontaneous release outside the cavity, thereby
contributing only a small increase in the ionic current.

UV activated azobenzene derivatives are very popular as mole-
cular photoswitches,"* their use is limited in biological
systems,"”>° where exposure to UV light can cause severe

molecular photoswitches in photo-pharmacology,’”” due to
their notable difference in the size, geometry, and dipole
moment between the thermodynamically stable linear trans
(E) form and the less stable bent cis (Z) form.*™" The photo-
conversion can be achieved via ultraviolet (UV)/visible (VIS)
light (Scheme 1) with low photochemical fatigue.*'*'* While
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damage'® to living cells. Furthermore, most reports>*®>'2
indicate that the most stable linear ¢rans (E) form is biologically
active, whereas the less stable cis (Z) form is biologically
inactive. Therefore, the direction of photoswitching activity
(trans — cis) is counterintuitive from the pharmacological
perspective. A possible solution has been suggested by introdu-
cing a -CH,—-CH,- bridge between the ortho positions of the two
aromatic rings'>*® (Locked AB or LAB, Scheme 1), which has
not only changed the relative thermodynamic stability of the
two isomers but also caused red-shift>*** to the wavelength
required for the photoswitching.

Recently, there has been significant interest in photoswitch-
able channel blockers, exemplified by the azobenzene-containing
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Scheme 1 Schematic representation of cis(Z)/trans(E) photoisomerization of (a) azobenzene (AB)** and (b) locked azobenzene (LAB)'® and their relative
energies with respect to the most stable isomer calculated at SA2-CASPT2(14,12)/6-31G(d)//CASSCF(14,12)/6-31G(d) for AB®*® and at MS-SA2-

CASPT2(6,4)/6-31G(d)//SA2-CASSCF(6,4)/6-31G(d) for LAB>® are given.

quaternary ammonijum compounds DENAQ (diethylamine-azo-
benzene-quaternary ammonium) and DMNAQ (dimethylamine-
azobenzene-quaternary ammonium),”” which exhibit the ability
to block or modulate the function of NMDA (N-methyl-D-
aspartate) receptors in the brain (anti-NMDA activity). Impor-
tantly, the efficacy of these compounds and their responsiveness
to illumination are strongly influenced by their structural char-
acteristics. Even minor modifications in structure can lead to
significant alterations in activity and sensitivity to light. Further-
more, the development of photochromic ligands, such as azobu-
pivacaine 2 (AB2), has opened up new possibilities for light-
mediated controlled modulation of cardiac electrophysiology.*®
By reversibly blocking both voltage-gated Na" and K" channels,
AB2 enables modulation of the ventricular effective refractory
period and conduction velocity. Hence, the increasing demand
for photoswitchable channel blockers emphasizes their impor-
tance in practical applications, driven by their ability to offer
precise control over cellular function with spatiotemporal specifi-
city. One of the vital drug targets for AB coupled quaternary
ammonium ions (QAs) is potassium ion channels (Scheme 2),
and they can be used as photo-switchable ion channel blocker
drugs.***! The resulting para-substituted AB-QAs are reported to
be excellent blockers, which reduces the prolonged blocking and
adverse side effects*” of traditional QA blockers by improving the
reversibility and specificity. However, AB-QA is not very effective in
terms of its operating wavelength and thermodynamic stability
(Scheme 1).">2° In 2019, Trads et al* introduced the para-
substituted locked AB-QAs as a significant improvement over
para-substituted AB-QAs, where the operating wavelength was
red-shifted and reversal of thermodynamic stability was attained.
Their report highlighted the ‘“pharmacological sign-inversion”
concept with CAL (Cyclic Azobenzene version of Lidocaine, a
locked AB-QA)* and CLOGO (cyclic azobenzene light operated
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GIRK channel opener, a LAB derivative),"® which are a photo-

switchable blocker and opener for voltage-gated potassium ion
channels and G protein-coupled inwardly rectifying potassium
(GIRK) channels, respectively. This expanded the plausible inclu-
sion of diazocine (LAB) into photo-pharmacology to convert the
dark-active molecules into dark-inactive molecules. The first study
of the para-substituted LAB-tetraecthylammonium ion (LAB-TEA)
in living cells for controlling the signalling was reported by
Thapaliya et al™ It revealed the biological application of the
LAB-TEA molecule as an intracellular blocker for the open potas-
sium ion channel. However, measurement of potassium current
(nA) through the channel depicted a similar blocking efficiency for
the trans-(E) and cis-(Z) LAB-TEA counterpart, which is still far from
the ideal goal of optopharmacological applications.

Thus, rationalization of the limitation for achieving high
activity by the E-isomer is rather essential to aid the improve-
ment of the efficiency of photoswitchable blocker drugs. It is
critical to comprehend why there is a marginal difference in the
blocking efficiency in terms of ionic current between the two
isomers (0.3 £ 0.1 nA) and why residual blockade persists in the
absence of light. The improvement of the understanding of the
blocking action at the molecular level is indeed a stepping
stone to enable design of a better photoswitchable blocker. In
this paper, we report a molecular-level study of the blocking
action of E- and Z-isomers of para-substituted locked azoben-
zene-tetraethylammonium (TEA) with the bacterial KcsA K'-ion
channel. Furthermore, the significant role of amino acid resi-
dues situated in the selectivity filter (SF), channel cavity (CC),
and channel gate (CG) in the blocking action of both E- and Z-
isomers has been discussed in detail using Molecular
Dynamics (MD) simulation and Quantum Mechanical (QM)
calculation. Our study provides insights into the structural
modifications that can significantly enhance the difference in
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Scheme 2 Schematic representation of the open potassium ion channel, KcsA (PDB ID: 3F5W), showing only two diagonally opposite subunits. The
cavity amino acids (in one subunit) pointing inward are labelled. The protein is represented in the new cartoon model and amino acid residues are shown
in the ball and stick model. The horizontal distances are the distances from the similar residues located in diagonally opposite arms of KcsA and the
vertical line, 15.5, represents the distance between the o-C of THR-75 at the top and THR-107 at the bottom of the same monomer chain in the CC. All

the distances are given in Angstrom.

blocking efficiency between the isomers and in future could
guide the complete reversibility of the blocking process. These
compounds present promising opportunities for advancing
research in neuroscience, pharmacology, and cardiology, with
potential implications for therapeutic interventions across a
range of diseases and disorders. However, further research is
needed to optimize their properties and enhance their efficacy
and safety for clinical applications.

Computational methodology

The optimized geometry of LAB-TEA at the B3LYP/6-31+G(d)***”
level of theory using the Gaussian 09 program package*® is used
as the starting geometry for generating parameters for the LAB-
TEA molecule using the antechamber module of AMBER20"
with the generalized AMBER force field (GAFF)*>*! and RESP
charge model with the Hartree-Fock (HF) method and the 6-
31G(d)** basis set to provide a better description of charge
distribution. The undesirable torsional changes of the LAB
moiety are restricted by modifying the torsional parameters for
the same as that of standard azobenzene, as reported by Bock-
mann et al.>® The crystal structure of KcsA, with PDB ID: 3F5W,>*
represents the open state. The amino acid residues viz. three
ARG, one ASP, and one GLU residue per monomer of KcsA are
protonated at pH = 4, and charge neutrality was achieved by

This journal is © the Owner Societies 2024

adding eight chloride ions using the LEaP program in AMBER20.*°
We have placed 30 water molecules inside the channel cavity at an
intermolecular distance of van der Waals radius.”®*>*

Modeling of starting structures for the simulations

The blocker molecules can enter into the KcsA-K'-ion channel
when the channel is in its open state.>® Since LAB-TEA contains
only two functional groups, one being TEA and the other LAB,
there is a possibility that LAB-TEA may enter via the TEA part, as
free TEA does, or through the LAB moiety. Hence, we considered
two possible orientations as the starting structure for performing
MD simulations for each isomer of LAB-TEA in the intracellular
region with one K'-ion inside the channel (Scheme 3). Moreover,
simulation with LAB-TEA inside the channel without K'-ion is
also considered (Scheme S1, ESIf). These KcsA(-K')-LAB-TEA
systems were solvated by truncated octahedron TIP3PBOX at a
12 A distance from the edge of the octahedron and HMass-
Repartition® is used so that 5t of 4 fs can be afforded during
simulation. The solvated KcsA-(K')-LAB-TEA systems were then
relaxed by minimization.®* The non-bonded interactions were
restricted to 9.0 A, and long-range electrostatic interactions were
treated using the particle mesh Ewald method.®’"*® The systems
were then gradually heated to 300 K with positional restraint on
KcsA and LAB-TEA. Each orientation of Z- and E-isomers of the
KcsA-K'-LAB-TEA systems is then subjected to eight different

Phys. Chem. Chem. Phys., 2024, 26,19161-19175 | 19163
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Scheme 3 Schematic representation of KcsA—LAB-TEA starting conformations used for the simulation with K*-ions. The open KcsA (PDB ID: 3F5W)
shows only two diagonally opposite subunits, and is represented as a new cartoon. The TEA and amino acids are represented by ball and stick model (red
= threonine (THR-75 and THR-107), purple = glycine (GLY-99), blue = isoleucine (ILE-100), green = phenylalanine (PHE-103), ochre = valine (VAL-106
and VAL-115), grey = leucine (LEU-110)). The azo-nitrogens and TEA nitrogen are shown in blue colour. The purple ball represents the potassium ion. The
d represents the distance between the center of a-C of THR-75 and the nitrogen of TEA.

equilibrations and results in eight different starting structures.
The equilibration started with a positional restraint of
6.0 keal mol~* A~? on the whole KesA-K'-LAB-TEA system; then
the restraint weight is gradually reduced such that at the end of
equilibration only a restraint weight of 0.5 kcal mol™* A=2 is on
the KcsA but zero on the LAB-TEA. However, one simulation of
each Z- and E-isomer positional restraint similar to that on
KcsA is kept on the K'-ion during the simulation to understand
the effect of K'-ion on the binding of LAB-TEA inside the
channel cavity. Similarly, for KcsA-LAB-TEA systems, five differ-
ent equilibrations are performed following the same simulation
conditions. The above equilibrations result in five starting
structures for the following production run. Furthermore, simu-
lations were performed by placing a K*-ion and LAB-TEA inside
the channel cavity without any restraint weight, which revealed
the existence of either LAB-TEA or a K'-ion inside the channel
cavity.

Molecular dynamics simulations

During all the production runs, a positional restraint of
0.5 keal mol™* A™2 is kept on the a-C atom of KcsA to mimic
the stabilizing effect of the lipid bilayer on the tetrameric ion
channel. Since the binding of blocker molecules hardly affects
the overall stability of the K™-ion channels and the interactions
are barely affected by the membrane,®”° the lipid bilayer is not
incorporated to reduce the computational time. Also, previous
simulation studies on the binding of blocker molecules with
the K'-ion channels without a membrane have agreed well with
the experimental data.”*””*

For the KcsA-K'-LAB-TEA system, simulation of a total 2.2 us
was performed on each isomer of LAB-TEA (Fig. S1, ESI{). On
the other hand, for the KcsA-LAB-TEA system (Fig. S21, ESIT),
2.4 ps simulation was achieved for each isomer with the
protein, KesA. All the MD simulations® were performed with
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the NPT’® ensemble in pmemd.cuda. The SHAKE®® algorithm
and constant pressure periodic boundary conditions were applied
in all directions. The resulting MD trajectories were examined
visually using VMD software.”” The MD trajectories were analyzed
using CPPTRA]’® and the Qt version of xmgrace.”” The simula-
tions are further clustered into different groups to represent the
binding site in terms of the centroid. For that, the average-linkage
hierarchical clustering algorithm® provided in AMBER is used
since it is reported to be an authentic approach for analyzing MD
trajectories.®’ The binding free energy calculations were carried
out on the KcsA-(K')-LAB-TEA systems using Molecular Mecha-
nics Poisson Boltzmann Surface Area (MMPBSA).*>** However, due
to the heavy computational cost, changes in the conformational
entropy are neglected as the relative binding free energies of
the same ligand and protein sets are only calculated, where the
large conformational changes are not expected.®* The nab
program in AMBER20 was used to estimate the conformational
entropy contributions to the binding free energy using the
Kongsted Ryde entropy method® on the selected trajectories.
This calculation discloses the high entropy contribution for the
binding conformations. Moreover, to highlight the critical
residues involved in stabilizing the LAB-TEA, the native con-
tacts for the residues within a 4 A distance from the LAB-TEA
during the simulation are analyzed.

To obtain the potential of mean force (PMF) of the LAB-TEA
entry, the umbrella sampling (US) method®® was employed, under
similar MD simulation conditions. In US simulations, the dis-
tance between the center of o-C of THR-75 and TEA was harmo-
nically restrained with a force constant of 10.0 kcal mol™* A™2,
PMF was calculated starting from the intracellular region into the
channel cavity by the weighted histogram analysis method
(WHAM) method®” using a histogram of 21 bins spanning from
10 to 30 A. In this calculation, each window was run for 10.1 ns,
with the first 0.1 ns considered as equilibration.
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Quantitative analysis of KcsA-LAB-TEA interactions

Furthermore, the interaction energies between the LAB-TEA and
amino acid residues in the selected conformations were quanti-
fied by the lower order symmetry adapted-perturbation theory
calculation (SAPTO0),%*®° using the quantum chemistry package
PSI4,%° with jun-cc-pVDZ basis, density fitting and core electron
freezing. The SAPTO energy was reported to have good error
cancellation with the jun-cc-pVDZ basis.”* Due to resource limita-
tions, we were unable to incorporate all of the residues respon-
sible for stabilization simultaneously. Instead, we performed
SAPTO on the LAB-TEA with one specific residue at a time.

Results and discussion

The important geometrical parameters of Z- and E-LAB-TEA as
well as the relative energy difference between them are given in
Fig. 1. The Z — E isomerization energies for the LAB-TEA (7.0
keal mol ") and LAB (8.9 kcal mol™")°* at the SA2-CASPT2(6,4)/
6-31+G(d)//CASSCF(6,4)/6-31+G(d) level are similar; implying
that the stability order of the isomer remains unaffected upon
the para substitution.

By comparing the molecular electrostatic potential (MESP)
plots of TEA,”® LAB, Z-LAB-TEA, and E-LAB-TEA qualitatively,
we can understand that the electronic characteristics of the
binder, TEA, hardly change upon coupling with LAB at the para
position (Fig. 2). Thus, possible alkyl-alkyl and electrostatic
interactions of these ethyl chains of LAB-TEA with the hydro-
phobic and hydrophilic amino acid residues of the ion channel
can be expected similar to TEA.”® However, a significant shift in
electrostatic potential is observed for the LAB moiety due to the
substitution of positively charged TEA, resulting in an electron-
withdrawing effect. After visual inspection of the MESP values
of the LAB moiety of both Z- and E-LAB-TEA, we see that the
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minima are observed near the azo-nitrogens, followed by the
phenyl rings, and maxima are observed near the hydrogens of
the phenyl rings and ethyl bridges. These functional groups can
thus direct the interactions that are responsible for the binding
of LAB-TEA with the KcsA.

A schematic representation of the ion channel, KcsA, in a
state which allows the entry of incoming ions and molecules
(open state)** is shown in Scheme 2. The channel has three key
regions viz., selectivity filter (SF), channel cavity (CC), and
channel gate (CG). Internal channel blockers have been
reported to enter the channel through the open channel gate
(CG) and bind to the channel cavity (CC).”%%*"°” As a result,
these gate and cavity residues are involved in the passage and
binding of internal blockers via significant interaction with
them. The channel cavity consists of ten amino acid residues
with the polar hydroxyl side chain of threonine at the top (THR-
75) and the bottom (THR-107) of the central cavity. At the
center, the non-polar side chains sec-butyl of isoleucine (ILE-
100), benzyl of phenylalanine (PHE-103), isobutyl of leucine
(LEU-105), and isopropyl of valine (VAL-106), as well as hydro-
gen of glycine (GLY-99 and GLY-104), are observed, which point
towards the cavity. In addition to these non-polar side chains,
polar side chain residues, viz., hydroxyl of threonine (THR-101)
and hydroxymethyl of serine (SER-102) are observed to point
away from the cavity. The channel gate is comprised of nine
residues from THR-107 to VAL-115, incorporating polar hydro-
xyl of threonine (THR-107 and THR-112), non-polar methyl of
alanine (ALA-108, ALA-109, and ALA-111), isobutyl of leucine
(LEU-110), indole of tryptophan (TRP-113), benzyl of phenyla-
lanine (PHE-114), and isopropyl of valine (VAL-115).

To rationalize the binding and internal blocking mechanism
of Z- and E-isomers of LAB-TEA, we followed the progress of Z-
and E-isomers from the intracellular region into CC in the
presence of the K'-ion inside the channel. We have considered

ZN1-N2-C1-C2 = 114.5°
ZN2-N1-C3-C4 =-111.7°
ZC1-N2-N1-C3 =-4.8°
ZC5-C6-C7-C8 =-30.2°

Z-LAB-TEA
E = 0.0 kcal/mol

ZN1-N2-C1-C2 =-121.5°
ZN2-N1-C3-C4 =-121.5°
ZC1-N2-N1-C3 =-147.5°
ZC5-C6-C7-C8 = -95.2°

E-LAB-TEA
E= 7.0 kcal/mol

Fig. 1 Optimized structures®® of Z- and E-isomers of LAB-TEA at the SA2-CASPT2(6,4)/6-31+G(d)//CASSCF(6,4)/6-31+G(d) level of theory. The key
dihedral angles and the relative energies are given in degrees and kcal mol™, respectively.
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Fig. 2 Plots of the molecular electrostatic potential (MESP) on the van der Waals surface of the atoms in the TEA (QA), Z-LAB-TEA, and E-LAB-TEA at
the B3LYP/6-31+G(d) level of theory. The MESP values are indicated in kcal mol™. Blue indicates lower potential, and red indicates higher potential.

two possible orientations of the Z- and E-isomers of LAB-TEA
with respect to the ion channel; one with the TEA pointing up
(namely Z1 and E1) and one with the TEA pointing down
(namely Z2 and E2) (Scheme 3). Each of them is then subjected
to eight distinct equilibrations, resulting in eight starting
structures (a-h) (Fig. S1, ESI{), which were then subjected to
MD simulations giving a total of 1.1 ps simulations.

Visual inspection of the trajectories in almost all the simula-
tions shows movement of LAB-TEA from the intracellular
region to the channel cavity (CC) and movement of K'-ion from
the CC to the selectivity filter (SF) (Fig. S4-S7, ESI{), which is
according to the concentration gradient of the cell. In some
simulations, it was visualized that Z-LAB-TEA approaches the
CC through the positively charged TEA-end (Z1) rather than
through the neutral LAB-end (Z2). However, the curved nature
of the LAB restricts Z-LAB-TEA movement into the CC. Conse-
quently, the TEA moiety binds to the CG residues and even-
tually detaches from the CG and moves to the intracellular
region (Movie S1, ESIt).”* The above binding and unbinding
process keeps repeating during the simulation. Only in one of
the simulations it does move into the CC. However, a few
scenarios have been observed, where the Z-isomer tries to enter
through the neutral curved LAB-end (Z2). Among those, in one
case, the Z-isomer moved to CC. The Z-isomer is observed
inside the channel cavity for only 14.5% of the simulation time.
The movements mentioned above are analyzed from the varia-
tion in the tgAN-C,rur.ss distance along the trajectory

19166 | Phys. Chem. Chem. Phys., 2024, 26, 19161-19175

(Scheme 3 and Fig. S8, S9, ESIT). These findings point out that
the binding of Z-LAB-TEA inside the CC is less likely. Similar to
the free TEA binding sites inside the cavity, the TEA moieties in
Z1 and Z2 are either near the selectivity filter (SF) or the
channel gate (CG), indicating the preference for TEA to selec-
tively bind in these positions.’®>°* Thus, one can interpret that
the binding of Z-LAB-TEA is mainly governed by the binding
preference of TEA.

The hierarchical clustering analyses (Fig. 3) indicate that for
the Z-LAB-TEA, the major conformer that binds inside the
channel cavity is Z1, with a binding energy of —21.6 kcal mol .
In contrast, the binding energy outside the channel cavity is
only —14.2 keal mol ™, which is substantially low. On the other
hand, no such preferential binding is seen for Z2 in terms of
percentage population. It is found that for Z2, the binding
energy inside (—17.0 kcal mol™") the cavity is slightly higher
than that in the outside (—13.0 kcal mol™") of the channel
cavity (Fig. 3). Thus, despite having higher binding energy for
the Z-isomer inside the channel cavity, the experimental'®
finding of lower blocking efficiency of the Z-isomer can be
attributed to the curved structure of Z-LAB-TEA (Fig. 1), which
might make the entry intrinsically difficult (Fig. 4 and Movie S1,
ESIt). Additional simulations with LAB-TEA inside the cavity
without the K'-ion also support the previous inference, in
which most of the Z2 inside the cavity eventually converted to
Z1 (Fig. S26 and Movie S2, ESIT). The binding energy of Z1 was
calculated to be —22.9 keal mol ™", which is close to the binding

This journal is © the Owner Societies 2024
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Fig. 3 Summary of hierarchical average-linkage clustering performed on trajectories of Z-LAB-TEA with one K*-ion showing binding of the Z-isomer in
the channel cavity, when LAB-TEA placed in the cytoplasmic region. Each column represents different clusters. The centroid of each cluster is also
shown, indicating the location of LAB—TEA relative to the ion channel. Z1 and Z2 are the conformations for Z-LAB-TEA inside the CC. The percentage
population of clusters is given on the Y-axis. The corresponding binding energy (B.E.) is given in kcal mol™ on the X-axis. Protein is represented as a
ribbon with K*-ions (purple ball), and Z-LAB-TEA is shown in stick model (magenta colour). Enlarged versions of the figures are provided as separate
images (Supplementary Data 1, ESI).

energy (—21.6 keal mol ") calculated from the simulations with  and the nature of binding of Z-LAB-TEA. Also, the contra-
K'-ions. The above observations indicate that the presence of dicting factors such as adequate binding energy of the Z-
K'-ions does not have a decisive role in guiding the orientation isomer and the experimental finding of moderately low
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blocking efficiency of the Z-isomer indicate that the blocking
ability is not thermodynamically guided; rather, it is more
related to the intrinsic curved structure of the LAB moiety.

The major contacts of Z1 were identified with THR-75, ILE-
100, THR-107, VAL-106, and PHE-103 (Fig. 4 and 5). The nature of
interaction and corresponding interaction energies of these
amino acid residues were further evaluated with SAPTO (Fig. 4).
The TEA moiety of Z-LAB-TEA interacts electrostatically with
THR-75 by non-classical hydrogen bonding between the hydroxyl
oxygen of THR-75 and the ethyl hydrogen of TEA. The ethyl chain
of TEA also shows dispersive interaction with the methyl group of
THR-75 (Fig. 5). These two interactions with THR-75 are found to
be the major contributor for stabilizing the Z1-isomer inside the
channel cavity. In addition to that, TEA further interacts with ILE-
100 and PHE-103 via alkyl-alkyl dispersive interactions. Alterna-
tively, the LAB moiety in Z1 participates in the weak alkyl-alkyl
dispersive interactions with the channel cavity and gate residues
(Fig. 4 and 5). As the interaction energy of the TEA moiety with the
cavity is higher than that of the LAB moiety of the blocker, we can
say that the binding of Z inside the cavity is mainly directed by the
positively charged TEA-end rather than the LAB-end. The binding
nature of TEA in Z1 corroborates with the reported binding of free
TEA in the cavity,”® highlighting the crucial role of the selectivity
filter residue THR-75 in stabilizing free QAs.**

Contrary to the Z-isomer, the LAB moiety of the E-isomer is
longer and planar, which is structurally suited to enter the channel
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cavity (CC) through the narrow channel gate (CG) (Scheme 3). The
visual inspection of the trajectories reveals that the E-isomer enters
CC through both the positively charged TEA-end (E1) and the LAB-
end (E2). Moreover, the E-isomer was detected inside the channel
cavity for 59.2% of the simulation time contrary to 14.5% for
the Z-isomer. The movement is analyzed by calculating the
change in the 1pAN-Cyrprys distance during the simulation
(Fig. S10 and S11, ESIf). These observations suggest that the
E-LAB-TEA (E1 and E2) is more likely to enter the CC than the
Z-isomer and thus might block the ion channel as well, which can
be correlated to the reported greater blocking ability of the E-
isomer."® Inside the CC, the TEA moiety is close to SF and CG in
the £1 and E2 conformations, respectively.

The analysis of E-LAB-TEA clustering data (Fig. 6) shows a
higher percentage of cavity binding for the E-LAB-TEA with high
binding energy (average binding energy for E1: —19.0 kcal mol *
and E2: —18.0 kcal mol '), as compared to the binding outside
the channel cavity (average binding energy: —11.6 kcal mol ™).
This indicates that both E1 and E2 have a similar thermo-
dynamic preference for binding inside the channel cavity. Note
that the E-isomer shows a higher likelihood of entering the
channel cavity (13 out of 16 trajectories) as opposed to the
Z-isomer (2 out of 16 trajectories) (Fig. 6). However, the highest
binding energy that we have observed for both E- and Z-isomers
are similar. Thus, it can be projected that the reported margin-
ally higher blocking ability of the E-isomer over Z- is not
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Fig. 5 Interaction of the Z1 conformation with individual channel residues in the KcsA K*-ion channel cavity, when simulation was performed with one
K*-ion (purple ball model) inside the channel and Z-LAB-TEA in the cytoplasmic region. The protein and Z1 are represented as ribbon and stick (magenta)
respectively, and the interacting residues THR-75 (red), ILE-100 (blue), PHE-103 (green), VAL-106 (ochre), and THR-107 (red) from the extracellular to the
intracellular region in the ball and stick model. The distances are given in Angstrom. Residue numbers are given in the upper left corner of each box.

19168 | Phys. Chem. Chem. Phys., 2024, 26, 19161-19175

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp01604a

Published on 21 June 2024. Downloaded on 11/7/2025 12:03:37 AM.

PCCP

View Article Online

Paper

E1 £ E1 E1
2 100 3
‘-100 3 e & 1o
] 90 3 bt £ %
% 80 % 80 % 80
3 S £
S 70 S 70 S 70 ad 3
B 60 G 60 5 60 3 %
H c % h2g
o 50 o 50 S so0 xx %
5 40 B0 = 40 2
2 30 330 3 * 2 S 30
a s R a . 2 s
& 2 5 : =~ &0 ¥ e L S L E AR
® 10 E X 10 % 3 o i < 10 f
o [ [ — o N e— f : e
-19.2 -16.6 -19.6 -15.2 -15.0 -22.3 -19.0 -17.0 -16.2 -184 -206 -204 -16.2 -209 -18.1
o E1 E1 . F1
100 ¥ 100 100 :;
£ 90 £ 90 £ 90 3
Q L @
% 80 % 80 % 80
= = & -3
S 70 S 70 o S 70
S 60 G 60 ¥ " s 60
§ 0 § 50 bis ¥ § 50
5 40 B 40 } s 40
20 : 4 3 30 : 3 30 2
S 2 S 2 % g 2 Vad : §
$ w0 PR A % 10 B g 10 . Vet
e i e ~ e t W) - < ¥ -~ "
p = 0 R . [ ] e
-189 -133 -11.9 -8.5 -10.5 -189 -19.7 -17.3 -12.7 -15.0 -214 -171 -181 -12.7 -121
E2 % 2} 73
100 100 f 100
£ 90 £ 9 £ o0
G 80 G 8 G 80
< 70 _ < 70 < 70
G 60 % S 60 S 60
50 Y HE S0 : :
B 40 & & 4 £ a0 3 5 E
3 30 3 30 < 3 30 3 ¥
S 20 ™ S 20 S S 20 e
X 10 i E E il
-15.5 -18.6 -7.6 -4.4 -4.3 -18.1 -143 0.0 0.7 -0.1 -15.2 -19.0 -15.1 -14.1 0.1
E2 X E2 E2

% Population of clustrs
g

% Population of clusters
@
8

¥ 90 .

?ﬁ 80

-4 70
60 60
40 : = a0 ’
30 30 . ;

' d %

20 o o A 20 5 \ =
10 5 10 52 T 4 PEo
; C 1 ; ——

g

% Population of clusters
I
o

&
60
40 B
30 i :
20 b " :
10 4 -
£ K
0 EEE——

-19.0 -13.5 -145 -113 -4.8 -185 -11.1  -14.9 -11.0 -83 -153  -131 -198 -49 0.2

& E2

EY

80

70

60

0

30 5 ;
10 S R ;
o —_—

-19.8 -19.6 -186 -18.0 -13.1

% Population of clusters
@
o

Fig. 6 Summary of hierarchical average-linkage clustering performed on trajectories of E-LAB-TEA with one K*-ion (purple ball) showing binding of the
E-isomer inside the channel cavity, when LAB-TEA is placed in the cytoplasmic region. Each column represents different clusters. The centroid of each
cluster is also shown, indicating the location of LAB-TEA relative to the ion channel. E1 and E2 are the conformation of E-LAB-TEA inside the CC. The
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a ribbon with K*-ion (purple ball) and E-LAB-TEA is shown in stick model (green colour). Enlarged versions of the figures are provided as separate images

(Supplementary Data 1, ESI¥).

thermodynamically driven, instead, the long and planar struc-
ture of the E-LAB-TEA might play a crucial role in the prefer-
ential entry to the channel cavity."®

Moreover, the comparable size of the E-isomer (15.9 A,
Fig. 1) and the channel cavity (15.5 A, Scheme 2) restrict the
free rotation of E-LAB-TEA inside the cavity throughout the
simulation trajectories, as it may induce steric hindrance.
However, once outside the cavity free rotation for the E-
isomer is feasible. Hence simulations show entry through the

This journal is © the Owner Societies 2024

LAB moiety (E2) to minimize the electrostatic repulsion with
the K'-ion if present inside the cavity. Thus, it is possible for E1
to rotate outside the cavity and enter in the E2 conformation
(Movie S3 and S4, ESIt).

Simulations were also performed with E-LAB-TEA inside
the cavity without the K'-ion, where similar cavity binding
probability for E1 and E2 with comparable binding energies
(average: E1: —19.6 kcal mol™ " and E2: —18.5 kcal mol™"), is
observed (Fig. S29 and S31, ESIt). This once again confirms
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that the K'-ion has no direct influence on the binding of E-LAB-
TEA; however, it influences the direction of the TEA moiety
pertaining to the entry of the E-isomer.

From Fig. 4 the residues that are involved in binding and
stabilizing both E1 and E2 were identified; interestingly, they
are the same viz., THR-75, ILE-100, PHE-103, GLY-104, VAL-106,
THR-107, and LEU-110. However, the relative frequency of
contact and the primary stabilization energy contributions
coming from these residues, as calculated with SAPTO, are
different (Fig. 4). For E1 the major contact is observed with
THR-75, followed by ILE-100, THR-107, LEU-110, and VAL-106.
Whereas, for E2, major contact is from THR-107, followed by
ILE-100, VAL-106, PHE-103, GLY-104, and LEU-110. This varia-
tion can be correlated with the orientation of free TEA binding
with the K™-ion channel as reported in our previous study.”?
The ethyl hydrogens of positively charged TEA (Fig. 2) are
involved in strong electrostatic interaction with the hydroxyl
oxygen of THR-75 by non-classical hydrogen bonding as well as
alkyl-alkyl dispersive interactions with the methyl side-chain of
THR-75. These are the major contributors towards the stability
of the E1 conformer. The TEA moiety is also involved in weak
alkyl-alkyl interaction with the ILE-100 residue (Fig. 7). Thus,
the interaction of TEA in E1 is similar to that of TEA in Z1 and
free TEA.”® Conversely, the stabilizations from the remaining
residues are identified as prominently weak dispersive in
nature, resulting from their interaction with the LAB moiety.
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With THR-107, both alkyl-alkyl as well as alkyl-n interactions
were observed followed by VAL-106, which shows alkyl-n inter-
actions. Unlike the Z-isomer, alkyl-alkyl interaction with LEU-
110 is possible for E1, which can be attributed to its planar and
longer structure (Fig. 8). From this interaction analysis, we can
confirm that the positively charged TEA fragment is responsible
for the electrostatic interactions, while the neutral LAB frag-
ment engages in dispersive interactions.

On the other hand, E2 is expected to have stabilized by non-
classical hydrogen bonding between the positively charged TEA
moiety and THR-107 and attain stability by dispersive inter-
action with GLY-104, similar to the free TEA binding near the
channel gate.”®> However, the electrostatic contribution from
the THR-107 was calculated to be very low (—2.8 kcal mol ™),
and no interaction of GLY-104 with TEA is observed. This result
can be attributed to the long E-isomer, which forces the TEA
moiety in E2 to reside slightly below the THR-107 residue (Fig. 8).
Consequently, TEA shows only dispersive interactions with THR-
107 (Fig. 9). Thus, enforced by the longer and planar structure of
LAB, the TEA binding in E2 differs from the previously reported
free TEA binding.”® The THR-107 also participates in the alkyl-r
interactions with the LAB moiety of E2; and contributes majorly to
the E2 stabilization (—10.8 kcal mol ). The rest of the stabilizing
interactions for E2 result from the LAB moiety. Similar to THR-
107, ILE-100 also shows alkyl-alkyl and alkyl-r interactions. The
VAL-106 is involved in alkyl-alkyl interactions only. With PHE-103,
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Y | .
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Fig. 7 Interaction of the E1 conformation with individual channel residues in the KcsA K*-ion channel cavity, when simulation is performed with one K*-
ion (purple ball model) inside the channel and E-LAB-TEA in the cytoplasmic region. The protein and E1 are represented as ribbon and stick (green)
respectively, and the interacting residues THR-75 (red), ILE-100 (blue), VAL-106 (ochre), THR-107 (red), and LEU-110 (grey) from the extracellular to the
intracellular region in ball and stick model. The distances are given in Angstroms. Residue numbers are given in the upper left corner of each box.
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Fig. 8 (a) Most probable binding conformations of LAB-TEA inside the KcsA channel cavity and (b) showing the benefits of the longer and planar
structure of the E-isomer to have interactions with channel gate residue LEU-110. The protein is represented as a ribbon, LAB-TEA in licorice (Z: magenta
and E: green), and channel gate residues THR-107 (red) and LEU-110 (grey) in the ball and stick model.

CH-n (T-stacking) stabilization is observed. The GLY-104 has
significant contact with E2; however, the energy contribution is
less (Fig. 9). Thus, for E1, primary stabilization is from the TEA
moiety, whereas for E2, the LAB moiety is the principal contri-
butor towards stabilization.

In order to illustrate the mechanism for the entry of Z1, E1,
and E2 from the intracellular region (left) into the channel

cavity (right) the potential of mean force (PMF) was plotted
(Fig. 10). The major changes are observed when the LAB-TEA
comes in contact with the residues near and around the
channel gate (from 24 to 14 A). The channel gate residues
THR-107 are known to be involved in the H-bonding interaction
with the positively charged incoming group like TEA,”>%*%°
which is the governing factor for the entry to the channel cavity.

PHE-103
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CH-HC,,,: 2.56

GLY-104
CH-HC, 1 2,59,
CH-HC, ¢ 2.98

VAL-106 » 5

.
CH-HC,5: 2.47
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CH-HC,,,:3.31
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Fig. 9 Interaction of the E2 conformation with individual channel residues in the KcsA K*-ion channel cavity, when simulation is performed with one K*-
ion (purple ball model) inside the channel and E-LAB-TEA in the cytoplasmic region. The protein and E2 are represented as ribbon and stick (green),
respectively, and the interacting residues ILE-100 (blue), PHE-103 (green), GLY-104 (purple), VAL-106 (ochre), and THR-107 (red) from the extracellular to
the intracellular region in the ball and stick model. The distances are given in Angstrom. Residue numbers are given in the upper left corner of each box.
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Thus, the Z1 and E1 moiety that enters through the TEA group
facing the channel gate shows higher stabilization (23 to 22 A)
than E2, where the neutral hydrophobic LAB moiety shows an
energy barrier of 5.2 kcal mol " (Fig. 10 and Fig. S34, ESIt). In
the next step, the blocker molecules enter the channel cavity
with a low overall energy barrier for Z1 (3.6 kcal mol™'), E1
(3.3 kecal mol™ "), and E2 (4.7 kcal mol ') (Fig. 10). Interestingly,
Z1 demonstrates stabilizing interactions with the channel arms
through its curved LAB moiety (Fig. S35, ESIt), which aligns
perfectly with the channel arms, resulting in a ‘dip’ in the plot
(18 A). Conversely, such stabilization is not observed for E1 and
E2, attributed to its linear and planar LAB moiety. Finally, when
LAB-TEA binds inside the channel cavity, E1 exhibits higher
stabilization as compared to Z1 and E2, as observed in the
MMPBSA binding energy. Hence, the results reveal a difference,
though small,"® in the binding energy and barrier height for the
entry of the isomers into the cavity attributed to the shape of
the molecules.

When administrated to the ion channel, LAB-TEA will exist
in the thermodynamically most stable Z-isomeric inactive form
in the dark. Owing to the disadvantage of having a short and
curved structure, it is not fit to enter the narrow bottleneck of
the channel gate as observed in the simulations in terms of less
probability and slightly higher energy barrier. This result
corroborates well with the fact that no significant reduction
in ionic current is observed in the dark. Upon irradiation, with
violet light (405 nm), the Z-isomer converts into the thermo-
dynamically less stable E-isomer. Our theoretical study suggests
that the planar and longer structure of E-LAB-TEA facilitates
the entry, which is supported by lower energy barrier and, in

Energy (kcal/mol)
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turn, cavity binding, which is indicated by slightly higher
stabilization energy, thereby reducing the ionic current. The
longer and planar E-isomer can engage in CH- - -HC dispersive
interaction with LEU-110, which is absent in the short and
curved Z-isomer. Furthermore, photo-reversion using green
light (530 nm) converts the E-isomer present inside the channel
cavity back to the Z-isomer. However, due to the curved nature
of the short Z-isomer, it probably remains inside the cavity.
Thus, only a slight increase (0.3 & 0.1 nA) in the ionic current is
observed under green light. Therefore, a structural modifica-
tion that can facilitate the release of the Z-isomer from the
cavity under green light would be more effective in terms of
practical use of a photoswitchable channel blocker.

Conclusions

The short and curved Z-LAB-TEA (E = 0.0 kcal mol™, 12.4 A)
is thermodynamically more stable than the long and planar
E-LAB-TEA (E = 7.0 kcal mol™?, 15.9 A). The molecular-level
analysis of the interaction of the LAB-TEA with the bacterial
KcsA K'-ion channel using Molecular Dynamics (MD) simulation
and Quantum Mechanical (QM) calculations identified preferable
binding conformations for Z- (14.9%) and E-LAB-TEA (52.9%)
inside the K'™-ion channel. Simulations with a K™-ion inside the
channel cavity and LAB-TEA in the cytoplasmic region show no
direct influence of the K'-ion on the binding nature of the Z- and
E-isomer; however, it guides the direction of the TEA moiety
pertaining to the entry of the E-isomer to minimize the possible
electrostatic repulsion between the positively charged TEA moiety

-1. T — T T T T T T T
030 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10

Distance (A)

Intracellular region

Channel cavity

Fig. 10 Energy profile of Z1, E1, and E2 entry pathways: potential of mean force (PMF) from the intracellular region to the channel cavity obtained from
umbrella sampling. The structures corresponding to the plateau of E1, the 'dip’ in the plot for E2 and Z1, and the highest peaks for all isomers are given.
The protein and LAB-TEA are represented as ribbon (grey) and stick, respectively.
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and K'-ion inside the cavity. The binding energies for E-isomers
(—22.3 keal mol ") are slightly higher than those of the Z-isomers
(—21.6 kcal mol ') inside the channel cavity. However, the
structural difference in the isomers plays a crucial role in facil-
itating their entry/exit into and from the cavity. The E-isomer has a
longer and planar LAB moiety, which facilitates the entry to the
channel cavity through the narrow channel gate and in turn
facilitates the blocking. On the contrary, the short and curved
structure of LAB in the Z-isomer makes the entry a little challen-
ging compared to the E-isomer. A local minimum is observed for
the Z1 isomer near the channel gate residue, which is absent in
E1, leading to a slightly higher energy barrier for the entry of Z1 as
compared to E1. In both the E- and Z-isomers, the positively
charged TEA moiety engages in strong electrostatic interactions by
non-classical hydrogen bonding and dispersive interactions with
the ion channel residues, while the neutral LAB moiety engages in
weak dispersive hydrophobic interaction. Thus, the binding of
LAB-TEA inside the cavity is mainly governed by the TEA interac-
tions, which is in accordance with the preference observed in free
TEA binding inside the cavity. In addition, the longer and planar
E-isomer can engage in CH- - -HC dispersive interaction with LEU-
110, which is absent in the short and curved Z-isomer. Thus, our
results indicate that accelerated release of the inactive, Z-LAB-TEA
from the cavity is essential for an efficient LAB-TEA-based photo-
switchable potassium ion channel blocker. The release might be
directed by introducing substituents on the LAB moiety that
interact favourably with the hydrophobic residues at the channel
gate. Hence, this work could aid future research to improve the
rational design of photoswitchable blockers.
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