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ABSTRACT: Many drug molecules inhibit the conduction of several families of cation channels by binding to a small cavity just
below the selectivity filter of the channel protein. The exact mechanisms governing drug—channel binding and the subsequent
inhibition of conduction are not well understood. Here the inhibition of two K* channel isoforms, Kv1.2 and K¢,3.1, by two drug
molecules, lidocaine and TRAM-34, is examined in atomic detail using molecular dynamics simulations. A conserved valine-
alanine-valine motif in the inner cavity is found to be crucial for drug binding in both channels, consistent with previous studies
of similar systems. Potential of mean force calculations show that lidocaine in its charged form creates an energy barrier of ~6 kT
for a permeating K* ion when the ion is crossing over the drug, while the neutral form of lidocaine has no significant effect on the
energetics of ion permeation. On the other hand, TRAM-34 in the neutral form is able to create a large energy barrier of ~10 kT
by causing the permeating ion to dehydrate. Our results suggest that TRAM-34 analogues that remain neutral and permeable to
membranes under acidic conditions common to inflammation may act as possible drug scaffolds for combating local anesthetic

failure in inflammation.

M any small drug molecules and short peptides are known
to inhibit the conduction of biological ion channels,
which are important therapeutic targets for certain diseases.
The ionic pathway of several families of cation channels such as
K' and Na® channels comprises three segments: a narrow
selectivity filter, an inner cavity, and a hydrophobic conduit
leading to the intracellular space. Some polypeptides isolated
from animal venoms inhibit cation channels by binding to the
outer vestibular wall while inserting the side chain of a lysine
residue into the selectivity filter.”” In contrast, small drug
molecules such as local anesthetics and antifungal agents (e.g.,
clotrimazole) permeate through the cell membrane and enter
the inner cavity of ion channels through the intracellular gate.**
The inner cavity is a common receptor site for a variety of

drugs,* highlighting its pharmacological significance.
Clotrimazole is a potent inhibitor of the Ca*-activated K*
channel of intermediate conductance, Kc,3.1,°> which is a
promising target for immunosuppressant agents.6’7 However,
clotrimazole also potently inhibits the cytochrome P450
reductase, a membrane-bound enzyme.® Analogues of clotri-
mazole with a reduced affinity for P450 reductase have been
developed as drug candidates for the treatment of autoimmune
diseases.” Substitution of the imidazole ring in clotrimazole
required for P450 inhibition with a pyrazole ring leads to the
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analogue TRAM-34 (Figure 1A), which inhibits K,3.1
potently (Kyg = 20 nM) but is ineffective for certain isoforms
of P450 enzymes.”'® Thus, the potential to develop novel
antifungal and immunosuppressant agents from clotrimazole
analogues is enormous.

The receptor sites of both clotrimazole and TRAM-34 in
Kc,3.1 are in the inner cavity. A charged and membrane-
impermeable analogue of clotrimazole is effective in blocking
Kc,3.1 only when introduced into the cytoplasm,'"'*
suggesting that the receptor site is accessible from the
intracellular side. Clotrimazole thus is believed to permeate
through the membrane and act on the inner cavity of the
channel upon being applied from the extracellular side.'" This
mechanism resembles that of local anesthetics, which primarily
act on Na* channels but also inhibit K" and Ca** channels by
binding to the inner cavity.” Both clotrimazole and local
anesthetics are small molecules carrying one or more aromatic
rings, which confer the solubility of the drugs in lipids required
for the drugs to penetrate through cell membranes. However, a
notable difference is that clotrimazole is predominantly neutral
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Figure 1. (A) Chemical structures of TRAM-34, clotrimazole, and
lidocaine showing their expected protonation states at biological pH.
The calculated pK, values of their conjugate bases are 0.64, 6.01, and
10.08, respectively (vide infra). (B) Sequence alignment of Kvl.2,
Kc,3.1, and Nayl.2 in the inner cavity region near the intracellular
gate. Key residues in Nay1.2 likely to be involved in local anesthetic
binding (ref 49) are underlined.

while lidocaine carries a positive charge at a neutral pH (Figure
1A). The positive charge of lidocaine is believed to be
important for its inhibitory action on ion channels through
electrostatic repulsion to permeating cations.'> The question of
how TRAM-34 and other neutral drug molecules would inhibit
ion channel conduction arises. The modes of binding of various
neutral molecules to the inner cavity of K" and Na* channels
have been examined extensively using computational meth-
0ds."*”"7 These studies have provided insights into the possible
interactions involved in drug—channel binding, but the link
between drug binding and subsequent channel inhibition
remains to be fully established. For example, the drug can
either phgfsically occlude the conduction pathway of an open
channel'® or stabilize the channel in a nonconducting
state." ! Understanding how the energetics of ion permeation
is altered by drug binding would help discriminate between
alternative mechanisms of action.

Here the mechanism by which lidocaine and TRAM-34
inhibit two potassium channels, Kv1.2 and K¢,3.1, in the open
state is examined using molecular dynamics (MD) simulations
with explicit solvents. The key residues in Kv1.2 and K:,3.1
that are responsible for the binding of the two drug molecules
are identified, and the effect of drug binding on the energetics
of ion permeation is derived. Lidocaine binds to the inner cavity
of Kv1.2 with a micromolar affinity and must be charged to
inhibit the conduction of the open channel. In contrast, the
presence of one neutral TRAM-34 molecule is sufficient to
inhibit conduction by creating a large energy barrier for
permeating ions that have to shed one or two water molecules
in its hydration shell to move through the inner cavity that is
partially occluded by the drug. These results have broad
implications for the development of drugs targeting the inner
cavity of ion channels.

B METHODS

Molecular Dynamics Simulations. Structures of Kvl.2
and K,3.1 in the open state embedded in 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosghocholine lipid bilayers were taken from
previous studies.””>> While several crystal structures of the
bacterial Ca?*-activated K* channel MthK are available, the
sequence similarity between MthK and K¢,3.1 is poor especially
in the S6 region, which is important for drug binding (Figure
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S1A of the Supporting Information). The structure of K,3.1 is
modeled on the crystal structure of Kv1.2 in the open state,
which is highly structurally similar with MthK (Figure S1B of
the Supporting Information). With this homology model of
Kc.3.1, we have accurately reproduced the current—voltage
relationship of the channel, and the binding affinities of two
scorpion toxins for the channel have been determined
experimentally.”® Lidocaine and TRAM-34 are placed in the
inner cavity of the channels. The resulting systems are then
equilibrated for 30 ns each without restraints, allowing the drug
molecules to evolve to the most favorable position and
orientation in the binding site.

All MD simulations are performed under periodic boundary
conditions using NAMD 2.9.>* The CHARMM36 force fields
for lipids*® and proteins®® and the TIP3P model for water®” are
used. Topologies of benzocaine, lidocaine, and TRAM-34 are
generated using the ParamChem server (https://www.
paramchem.org).”®*® The penalty score is less than 50 for
90% of atoms and less than 10 for 60% of atoms of lidocaine
and TRAM-34, and less than 10 for all the atoms of benzocaine,
indicating that the analogy between the drugs and existing
molecules in the force field is reasonable. The CHARMM
general force field is used to describe the drug molecules.’® The
switch and cutoff distances for short-range interactions are set
to 8.0 and 12.0 A, respectively. Using the particle mesh Ewald
method with a maximal grid spacing of 1.0 A accounts for the
long-range electrostatic interactions. Bond len§ths are main-
tained rigid with the SHAKE®" and SETTLE* algorithms. A
time step of 2 fs is used. The temperature and pressure are
maintained constant at 300 K on average by using the Langevin
dynamics (damping coefficient of 1 ps™') and 1 atm on average
by using the Nosé—Hoover Langevin Piston method.*® The
barostat oscillation and damping time scales are set to 200 and
100 ps, respectively. The pressure coupling is semiisotropic.
Trajectories are saved every 20 ps for analysis.

Umbrella Sampling. The potential of mean force (PMF)
profiles for the binding of drug molecules and a permeating K*
ion to the inner cavity of Kvl.2 and K,3.1 are constructed
using the umbrella sampling method. The Ky values for drug
binding are derived according to the following equation:>*>*

8,

K,™' = 10007R’N, / " exp[-W(2)/kT] dz

z,

(1)

where R is the radius of the cylinder (S A), N, is Avogadro’s
number, z;, and z, are the boundaries of the binding site
along the channel axis (z), and W(z) is the PMF.

The starting structures of the umbrella windows spaced at 0.5
A intervals are generated by moving the drug molecule or ion
along the reaction coordinate (z) followed by energy
minimization. The biasing potential of each umbrella window
is 30 kcal mol™ A™2. The center of mass (COM) of the channel
backbone is at z = 0 A. A flat-bottom harmonic restraint is
applied to maintain the COM of the drug or ion within a
cylinder with a radius of 5 A centered on the channel axis. The
radius of the cylinder ensures that the restraining potential is
always zero when the drug or ion is inside the channel. Each
umbrella window is simulated for at least S ns to ensure good
convergence. The first 1 ns of each window is removed from
data analysis. The z coordinate of the toxin COM is saved every
picosecond for analysis.

Quantum-Chemical Calculations. Standard ab initio and
density functional theory calculations have been performed
using Gaussian 09* and Molpro 2012.1.>” Accurate gas-phase

‘min
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Figure 2. Modes of binding of lidocaine and TRAM-34 to Kv1.2 (A—D) and TRAM-34 to K,3.1 (E and F). Two of the four subunits of the
channels (shown as pink and gray ribbons), viewed perpendicular to the channel axis, together with two K* ions (green) in the selectivity filter, and
the drug molecules in the inner cavity are displayed in the top row (A, C, and E). The positions of lidocaine and TRAM-34 relative to the inner
cavity of the channels are shown in the bottom row (B, D, and F). All four subunits forming the inner cavity are viewed here from periplasmic side of
the channel axis. The positions of key hydrophobic residues lining the cavity are indicated. In panel D, the arrow indicates the least rigid benzene

ring.

Gibbs free energies of all species at 25 °C were calculated using
the G3(MP2,CC)(+) method®® in conjunction with MO06-
2X*/6-31+G(d) geometries and frequencies and corrected for
the effects of aqueous solvation using the UAKS-CPCM/
B3LYP/6-31+G(d) method.*’ pK, values were calculated using
the proton exchange method. These procedures were
previously shown to reproduce experimental data within
chemical accuracy.*'™ A complete description of the
computational procedures can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Binding of Lidocaine to Kv1.2. Local anesthetics block K*
channels effectively at clinically relevant concentrations,
although the analgesic effect of these drugs is primarily due
to their inhibition of Na* channels involved in pain path-
ways.** The selectivity of lidocaine for Na* channels over K*
channels is only ~5-fold** To understand the general
principles governing the inhibition of cation channels by local
anesthetics, the binding of lidocaine to the crystal structure of
Kv1.2 in the open state*®*” is examined using MD simulations.

Figure 2A shows the position of lidocaine relative to the
selectivity filter of Kv1.2 after 30 ns of an unbiased MD
simulation. A benzene ring of the drug is in the proximity of the
K" ion at the S4 site of the filter. The distance between the ion
and the COM of the benzene ring is 6 + 1 A, and the ion lies at
an oblique angle to the benzene ring, indicating that the
cation—7 interactions are weak.*® The drug molecule also
interacts with a number of hydrophobic residues lining the
inner cavity of the channel (Figure 2B). Residues Val399,
Ile402, Ala403, and Val406, which correspond closely to the
key residues of Na® channels for etidocaine uncovered
experimentally (Figure 1B),* are in close contact with the
drug.

Binding of TRAM-34 to Kv1.2 and K¢,3.1. In contrast to

lidocaine, which is nonselective for a wide range of cation
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channels, TRAM-34 is ~200-fold selective for Kc,3.1 over
Kv1.2.° Understanding the selectivity mechanism of TRAM-34
may facilitate the design of specific drugs targeting the inner
cavity of ion channels. With this aim in mind, we examine the
modes of binding of TRAM-34 to Kv1.2 and K¢,3.1.

Figure 2C shows the position of TRAM-34 relative to the
selectivity filter of Kv1.2 after an equilibrium simulation of 30
ns. Unlike lidocaine, whose benzene ring forms weak cation—7
interactions with a filter ion, TRAM-34 is not observed to
interact significantly with the K ion at the S4 site of the filter.
The distance between the K* ion and the COM of the nearest
benzene ring in TRAM-34 is 7 + 1 A. The drug is also
surrounded by a hydrophobic ring formed by the side chains of
residues Val399, 1le402, Ala403, and Val406 (Figure 2D).

The position of TRAM-34 in the inner cavity of K,3.1, also
predicted from an unbiased simulation of 30 ns, is shown in
Figure 2E. The mode of binding of TRAM-34 to K¢,3.1 is
similar to that of TRAM-34 to Kv1.2. The heterocyclic moiety
of TRAM-34 does not protrude into the filter of the channel.
The key residues in K¢,3.1 involved in the binding of TRAM-
34 include V275, Thr278, Ala279, and V282, which form a
VAV motif (Figure 2F), which is also found in the region of
Kvl.2 involved in binding the drugs (Figure 2A—D). This is in
agreement with previous studies in which an equivalent VAV
motif was shown to be involved in the binding of various small
molecules to Kv1.5."**° In addition to the VAV motif, Thr250
at the inner end of the filter of K,3.1 also interacts intimately
with TRAM-34 (Figure S2 of the Supporting Information),
consistent with mutagenesis experiments in which the V275A
and T250S mutations of K¢,3.1 reduced the affinity of TRAM-
34 by more than 1000-fold."*

Energetics of Drug Binding. To understand the
energetics of the binding of lidocaine and TRAM-34 to Kv1.2
and K¢,3.1 in the open state, we construct PMF profiles under
various conditions. On the basis of the PMF profiles of drug—
channel dissociation, it is possible to derive the dissociation
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constant (Kj) or half-maximal inhibitory concentration (ICs),
which is measurable experimentally, using eq 1 derived
previously.>*** The convergence of the PMF profiles is
demonstrated in Figure S3 of the Supporting Information.
The calculated Ky values closely mirror those determined
experimentally, suggesting that the modes of binding between
the drugs and channels predicted from MD simulations (Figure
2) are realistic.

Figure 3 shows that the well depth of the PMF profile for
lidocaine-Kv1.2 is ~13 kT, corresponding to a Ky value of 20
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Figure 3. PMF profiles for the dissociation of lidocaine and TRAM-34
from Kv1.2 and K,3.1. The inset shows the radius of the channel
along the channel axis (z). The positions of two filter ions are
indicated with two green spheres.

uM. Although the K value of lidocaine for Kv1.2 in the open
state has not been determined experimentally, it is known that
lidocaine inhibits K* currents effectively at a concentration of 1
mM.** The K, value of lidocaine for Kv1.3, whose primary
structure is identical to that of Kv1.2 in the inner cavity region,
has been estimated to be 0.6 mM,>" which is only 30-fold lower
than the value we predicted for Kv1.2. Thus, the Ky value we
predicted is in broad agreement with experiment.

TRAM-34 is ~40-fold more potent than lidocaine in binding
Kv1.2. The PMF profile of TRAM-34—Kvl.2 binding shows a
well depth of 16.5 kT (Figure 3), corresponding to a K value of
540 nM, within 1 order of magnitude to the value of 4.5 uM
determined experimentally.® The well depth of the profile for
TRAM-34—K,3.1 binding is 20.3 kT, which would predict a K4
value of 10 nM,, in the proximity of the experimental value of 20
nM.® To further verify models of TRAM-34 in complex with
Kc,3.1, we derive the PMF profiles for the binding of the drug
to two mutant channels (T250S and V275A). The well depth
of the PMF profiles for the mutant channels is 8—10 kT
shallower than that of the wide type (Figure S4 of the
Supporting Information), indicating that the drug binds the
mutant channels 3000—20000-fold weaker, in line with
experiment.'” Thus, the affinities of TRAM-34 for Kc,3.1 and
Kv1.2 observed experimentally are reproduced.

Mechanism of TRAM-34 Selectivity. TRAM-34 is ~200-
fold selective for Kc,3.1 over Kv1.2, as shown experimentally®
and in our PMF calculations (Figure 3). The difference in the
PMF profiles of binding of TRAM-34 to the two channels is
partially due to TRAM-34 being more rigid on binding to
K,3.1 than Kvl.2.

The motion of TRAM-34, when it is bound to the inner
cavity of Kc,3.1, is highly restricted. In contrast, it can tumble
more freely in the binding cavity of Kv1.2. As shown in Figure

6789

S5 of the Supporting Information, the root-mean-square
fluctuation of the 25 heavy atoms of TRAM-34 ranges from
0.5 to 1.4 A, substantially lower than the equivalent value
obtained when it is bound to Kvl.2. Thus, the binding of
TRAM-34 to K¢ 3.1 leads to a greater entropic loss, which is
offset by a more favorable enthalpy of binding.

The interaction between the drug and the channel is largely
determined by the residues from the binding pocket in the
inner cavity of the channels. The binding pocket of TRAM-34
contains a polar threonine at position 278 in K,3.1, as opposed
to an apolar isoleucine at the equivalent position (402) in
Kv1.2. Thus, the pyrazole ring of TRAM-34 would interact
more favorably with Thr278 of K,3.1 (interaction energy of
—10.4 = 0.1 kT) than with Ile402 of Kv1.2 (interaction energy
of —6.4 + 0.1 kT).

The binding of TRAM-34 also causes the inner cavity to be
dehydrated in both channels. We define the Ca atoms of
residues Kv1.2-Thr374 (or Kc,3.1-Thr250) and Kv1.2-Val410
(or K¢,3.1-Ala286) as the upper and lower boundary of the
inner cavity and calculate the number of water molecules in this
region over the last 10 ns of the simulation. In the absence of
TRAM-34, approximately 39 water molecules (39 + S) are
present in the cavity of Kvl.2. Once TRAM-34 is bound,
however, this number is reduced to only 28 =+ 3, suggesting that
the binding of TRAM-34 causes the inner cavity of Kv1.2 to be
dehydrated by 11 water molecules. Similarly, we find that 11
water molecules (37 + 3 vs 26 + 3) are also ejected from the
inner cavity of K¢ 3.1 after the binding of TRAM-34.

Role of Charge and Dehydration. To investigate the
effect of lidocaine and TRAM-34 on the energetics of ion
permeation, we construct the PMF profile of a K" ion as it
permeates through the Kv1.2 channel from the intracellular side
in the presence and absence of a drug molecule. We show that
lidocaine in its charged form induces an energy barrier of
approximately 6 kT for a permeating K* ion, consistent with a
previous study.'®> However, the neutral form of lidocaine has no
significant effect on the energetics of ion permeation. In
contrast, the neutral TRAM-34 is able to create an energy
barrier of ~10 kT by causing the permeating ion to dehydrate
by more than one water molecule.

Figure 4A shows the PMF experienced by a K* ion as it
permeates from the intracellular gate to the inner cavity of
Kv1.2, in the presence or absence of a drug molecule bound to
the inner cavity. In the absence of a drug molecule, the energy
barrier is ~2 kT. In the presence of lidocaine, the barrier
increases to 8 kT. Deprotonating lidocaine and removing the
positive charge it carries reduce the energy barrier to only ~2
kT, comparable to the energy barrier in the absence of any
drugs. This indicates that the positive charge carried by the
terminal amine group of lidocaine is critical for the inhibitory
effect of the drug.

TRAM-34 is even stronger than lidocaine in inhibiting the
conduction of Kv1.2 despite its neutral charge and is observed
to induce an energy barrier of more than 10 kT for the
permeating K* ion (Figure 4A). This high energy barrier arises
from the energy cost of dehydrating the ion when it attempts to
pass around TRAM-34. Figure 4B shows the number of water
molecules within the first hydration shell of the K* ion as the
ion is passing through the inner cavity of Kv1.2 occupied by
lidocaine or TRAM-34. In the case of lidocaine, the number of
water molecules in the hydration shell of the K* ion remains
constant along the reaction coordinate. In contrast, the
hydration number of the ion is reduced from 4.8 to 3.4 when
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Figure 4. (A) PMF profiles of a permeating K* ion along the channel
axis of Kv1.2 in the absence (control) and presence of lidocaine and
TRAM-34. In the inset, green spheres indicate the two K" jons in the
filter and the permeating ion. (B) Average number of water molecules
within 3 A of the permeating K* ion (green sphere) as a function of
the position of the ion along z.

the ion is crossing over TRAM-34, suggesting that the presence
of TRAM-34 causes the permeating ion to be dehydrated by
approximately 1.4 water molecules. This is consistent with the
high energy barrier for the ion generated by TRAM-34
observed in PMF calculations (Figure 4A).

Implications for the Design of Novel Anesthetics.
Available local anesthetics consist of three principle compo-
nents: an aromatic ring, an intermediate ester or amide linkage,
and a terminal amine group.** The amine group generally has a
pK, of 7.6—8.9 and thus has a high probability of being
protonated and hence charged at neutral pH. Without an amine
group, the drug would be neutral and thus, according to the
conventional charge-repulsion mechanism demonstrated pre-
viously and here for lidocaine, unable to inhibit ion channel
conduction (Figure 4A). This would explain the fact that a
terminal amine group is found in virtually all available local
anesthetics, except for benzocaine, which in any case has a very
low affinity (K; = 1 mM) for sodium channels.”>>* However,
our findings suggest that suitable neutral molecules, such as
TRAM-34, can function as effective ion channel blockers by
instead causing incoming ions to be dehydrated. In the case of
benzocaine, which is smaller than TRAM-34, one molecule
would not be able to cause ions to be dehydrated; however,
multiple benzocaine molecules may act in concert.’* Two or
three benzocaine molecules readily occupy the inner cavity of
Kvl.2 after 20 ns of an unbiased simulation (Figure S). In both
cases, the negatively charged nitrogen atom of the amine group
of benzocaine is closely coupled with the K* ion at the S4 site
(average distance of 3.5 A over the last S ns), thereby physically
occluding the conduction pathway. Also, permeating ions
would have to be dehydrated when crossing over benzocaine
multimers. Employing the mechanism of TRAM-34 uncovered
here, additional aliphatic and aromatic groups may be
introduced into benzocaine to enhance its potency.

6790

Figure 5. Positions of (A) two and (B) three benzocaine molecules
relative to the inner cavity of Kvl.2 viewed perpendicular to the
channel axis.

In further support of our mechanism, we note that, despite
their terminal amine groups, a good proportion (10—40%) of
local anesthetics are neutral at physiological pH.>> The drug
must move across the membrane in its neutral form and then
become positively charged in the cytoplasm to block Na*
currents. Acidification can diminish local anesthetic potency,®
possibly by reducing the number of drug molecules in the
membrane-permeable neutral form. Thus, under certain
conditions, such as inflammation, where the pH is acidic, the
efficacy of local anesthetics can be compromised. A hypothesis
for explaining this failure is that the drug becomes largely
protonated and impermeable to cell membranes,*® although
other mechanisms may also be involved.*”*® Our finding that
suitably designed neutral molecules can act as effective ion
channel blockers through a dehydration mechanism frees drug
design from the necessity of designing local anesthetics that are
positively charged. TRAM-34 analogues that are neutral and
thus highly permeable to membranes at acidic pH may be
designed. In Figure S6 of the Supporting Information, we show
several examples of TRAM-34 analogues that, according to our
calculations, are more resistant to protonation than classic local
anesthetics such as lidocaine. These analogues are similar to the
various TRAM-34 derivatives designed as connexin channel
blockers previously.”” TRAM-34 is known to inhibit sodium
channel Nay1.4 potently with a Ky of 8 #M.” By suitably tuning
the polarity and size of the four rings that TRAM-34 carries, we
might be able to design more specific and potent inhibitors for
sodium channels involved in pain pathways as novel analgesics.

B CONCLUSIONS

In this work, the key molecular determinants and energetics of
the binding of lidocaine and TRAM-34 to Kv1.2 and K,3.1 are
examined in atomic detail using MD simulations with explicit
solvents. In both channels in addition to a threonine at the
inner end of the filter, a VAV motif in the inner cavity is
involved in drug binding, consistent with previous studies
performed on this drug molecule and other drug mole-
cules.'>'*% Lidocaine must first cross the membrane
deprotonated and then become protonated in the inner cavity
to inhibit the ion conduction of a channel. On the other hand,
TRAM-34 inhibits ion conduction effectively by forcing
permeating ions to dehydrate and is thus effective in its neutral
form. The advantage of this novel mode of blocking is that
these drugs can be designed to remain effective under acidic
conditions that are typical of inflammation. These results thus
have broad implications for the development of drugs targeting
the inner cavity of ion channels.
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