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Interaction of local anesthetics with the K*
channel pore domain
KcsA as a model for drug-dependent tetramer stability
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Abbreviations: hERG (Kv11.1), human ether-a-go-go related channel; Kv, voltage-gated K* channel; LA, local anesthetic;

Nav, voltage-gated Na* channel; TBA*, tetrabutylammonium; TEA®, tetracthylammonium

Local anesthetics and related drugs block ionic currents of Na*, K* and Ca*" conducted across the cell membrane by
voltage-dependent ion channels. Many of these drugs bind in the permeation pathway, occlude the pore and stop ion
movement. However channel-blocking drugs have also been associated with decreased membrane stability of certain
tetrameric K* channels, similar to the destabilization of channel function observed at low extracellular K* concentration.
Such drug-dependent stability may result from electrostatic repulsion of K* from the selectivity filter by a cationic drug
molecule bound in the central cavity of the channel. In this study, we used the pore domain of the KcsA K* channel protein
to test this hypothesis experimentally with a biochemical assay of tetramer stability and theoretically by computational
simulation of local anesthetic docking to the central cavity. We find that two common local anesthetics, lidocaine and
tetracaine, promote thermal dissociation of the KcsA tetramer in a K*-dependent fashion. Docking simulations of these
drugs with open, open-inactivated and closed crystal structures of KcsA yield many energetically favorable drug-channel
complexes characterized by nonbonded attraction to pore-lining residues and electrostatic repulsion of K*. The results

suggest that binding of cationic drugs to the inner cavity can reduce tetramer stability of K* channels.

Introduction

Voltage-gated Na* channels (Nav channels) are recognized as the
primary target of a large number of diverse local anesthetic (LA)
drugs including tertiary amines such as lidocaine and tetracaine
that suppress firing of action potentials.' Likewise, LA drugs are
important anti-arthythmic, anti-epileptic and anti-myotonic
agents used to stabilize abnormal conditions of hyperexcitability
by blocking particular protein products(s) of the nine gene iso-
forms of human Nav channels.>® Many tetrameric K* channels
are also blocked by hydrophobic organic cations such as alkyl
derivatives of tetraethylammonium (TEA*) and amine deriva-
tives with LA activity.*® Block of certain drug-sensitive K* chan-
nels may induce or suppress abnormal symptoms of electrical
excitability. For example, a form of potentially fatal ventricular
fibrillation known as acquired long-QT syndrome is triggered by
promiscuous drug block of the human hERG (Kvl1.1) cardiac
channel that mediates repolarization of the ventricular action
potential.”® In contrast, drugs that block the human Kv1.5 chan-
nel may be useful in suppressing atrial fibrillation.”*
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In addition to acute channel block by simple occlusion of the
ion conduction pathway, drug molecules also affect long-term
stability of certain K* channels in the cell membrane. For exam-
ple, some blockers, including TEA* and anti-arrthythmic drugs
(e.g., quinidine), destabilize certain K* channels, such as the
squid axon delayed rectifier, the Drosophila Shab channel and
the human Kv1.5 channel, by promoting irreversible loss of K*
conductance.'”!? In contrast, other drugs (e.g., quinidine, hydro-
phobic TEA* derivatives and astemizole) stabilize the activity of
certain K* channels such as naturally occurring hRERG mutants
associated with long-QT Syndrome Type-2 (LQT2)."> Over 290
human genetic defects in the hERG channel are linked to LQT?2,
a condition characterized by susceptibility to cardiac arrhythmia,
ventricular fibrillation and sudden death. These mutations may
alter hRERG gating; however, most LQT2 mutations affect bio-
genesis of the channel protein due to structural instability, effects

on protein folding and disruption of membrane trafficking.®'*"

The related phenomenon of drug-acquired LQT-syndrome”®¢ is
due to intrinsic susceptibility of hERG current to blockade by
many clinically useful drugs (e.g., antihistamine terfenadine/

Seldane and antidepressant fluoxetine/Prozac). Promiscuous
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drug-sensitivity of hRERG has been attributed to high affinity of
the hydrophobic inner cavity of the channel for diverse drugs,
partly determined by two aromatic residues (Y652, F656) of the
S6 inner-pore helix that enhance drug-binding affinity.”"2
Insight to the mechanism of hERG channel instability is
revealed by results showing that low extracellular K* results in
rapid conversion of the native channel to a non-conducting state
followed by a decline in surface membrane density of the channel
protein.”! Permeant inorganic cations (e.g., Rb* and Cs*) preserve
hERG expression and function in the absence of K*, whereas
weakly permeant Na* and Li* are ineffective.?! Studies of hRERG
pore mutations support the conclusion that K* occupancy of the
hERG channel is required to maintain function and membrane
stability.?! Correspondingly, low-K* diet and serum hypoka-
lemia (< 3.5 mM K*) promote long-QT cardiac arrthythmia by
decreasing hERG surface density in ventricular myocytes.?>*
Interestingly, some hERG-blocking drugs such as astemizole
act as chemical chaperones to enhance trafficking of misfolded
LQT2 hERG mutants to the cell membrane.’*?* The chaperone
mechanism appears to involve stabilizing drug interactions with
the inner pore of hERG, since TEA* derivatives such as C10-TEA
(decyl-triethylammonium) rescue trafficking of mutant hERG
with an efficacy correlated with their blocking affinity.?
Attention has been drawn to the possibility of using specific
blockers of Kvl.5 to control symptoms of atrial fibrillation, the
most common form of cardiac arrhythmia, since this K* channel
gene is selectively expressed in human atria.”®% Kvl.5 is also
a candidate for rational drug design by virtue of high sequence
identity to Kvl.2, a voltage-gated K* channel of known crys-
tal structure.®3° Block of Kv1.5 by LAs and related drugs has
been studied extensively by traditional electrophysiological
approaches;*?%% however, recent work revealed a new mode of
action of the anti-arrhythmic drug, quinidine. Block of Kv1.5 by
quinidine with a half-inhibition constant, K ;= 1 uM, in atrial
myocytes induces rapid internalization (~10 min) of the channel
protein.’® Quinidine-induced internalization of Kv1.5 is stereo-
specific and sensitive to mutations of the channel pore."” Drug-
induced internalization of Kvl.5 and drug- and K*-dependent
stability of hERG described above suggests that chronic treat-
ment with certain drugs is likely to result in long-term changes in
cellular expression of functional K* channels. Remodeling of K*
channel expression linked to drug-induced membrane instabil-
ity may be more important than acute block of ionic current in
determining long-term effects of therapeutic drug treatment and
may be relevant to the failure of new drugs due to cardiotoxicity.?
Effects of LA drugs on long-term functional activity of K*
channels described above are likely to be related to a general phe-
nomenon involving loss of channel function in the absence of K.
First described by Almers and Armstrong in squid axons,* loss of
K* current upon exposure to zero or low K* concentration on one
or both sides of the membrane has been observed for the Ca*-
activated channel (K_3.1) in human erythrocytes,” the BK_
(K, 1.1) channel,’ the Drosophila Shaker (Kv1) and Shab (Kv2)
voltage-gated K* channels’? and the human hERG K* chan-
nel.?*" We have pursued the structural basis for this phenom-
enon in thermal stability studies of KcsA, a membrane protein
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of Streptomyces lividans that is a good experimental model for the
K* channel pore domain.”“> These studies showed that perme-
ant inorganic ions (e.g., K, Rb*, TI*, NH,*) and blockers (Cs-,
Ba**) that bind in the selectivity filter®®** protect KesA tetramer
from thermal dissociation. In contrast, thermal stability of KcsA
tetramer is much weaker in the presence of impermeant cations,
such as Na*, Li* and choline*.*! These results confirm that K*
channel quaternary structure is K*-dependent and presumably
linked to structural deformation of the selectivity filter observed
in low K% In support of this interpretation, mutations of the
innermost K* site (S4) of the KcsA selectivity filter formed by
four Thr75 residues perturb inorganic cation binding and also
affect tetramer stability.? Such evidence for KcsA and other K

channels?-#

suggests that destabilization of tetrameric structure
may be an important aspect of K*-dependent regulation of K
channel expression and drug-dependent changes in expression of
human Kv1.5 and hERG.5 channels described above.

To pursue this hypothesis in the present work, we investigated
the effect of two well-known LA drugs, lidocaine and tetracaine,
on tetramer stability of KcsA. Since KesA is amenable to struc-
tural analysis by X-ray crystallography, it may be a useful model
for investigating the interaction of LAs with K* channels such
as Kvl.5 and hERG (Kv11.1). We also explored this possibility
by in silico docking simulations of lidocaine and tetracaine to
various conformations (closed, open, inactivated) of KcsA using
the Monte Carlo energy minimization method. Our results from
these two approaches show that LA drugs diminish tetramer sta-
bility of KecsA in a K*-dependent fashion, likely by binding to
residues that line the inner pore and repelling K*from the selec-
tivity filter.

Results

Effects of local anesthetics on tetramer stability of KcsA.
Classical electrophysiological studies of neuronal preparations
suggested that Kv channels are less sensitive to block by LA
drugs than Nav channels. For example, Taylor* found that 0.1%
(w/v) procaine (4.2 mM) blocked the peak Na* conductance of
voltage-clamped squid axon by 60%; whereas outward K* con-
ductance (delayed rectifier current) was only blocked by 20%.
Assuming a one-site model for the concentration dependence of
procaine block, these data correspond to IC, | values of -3 and
~17 mM for procaine block of squid Nav and Kv current respec-
tively. However, various other K* channels have since been found
to exhibit higher affinity for LA drugs. For example, mammalian
Kvl.5 and Kv11.1 (hERG) are blocked by the LA drug, bupiva-
caine, with IC, values of 9 and 20 uM, respectively.® To investi-
gate whether LA drugs may generally affect tetramer stability of
the K* channel pore domain, we studied the effect of lidocaine
and tetracaine using our previously described assay of thermal
stability of the KcsA tetramer as monitored by SDS-PAGE. %4>
The results indicate that 20 mM lidocaine has a significant
effect on thermal stability as indicated by loss of KcsA tetramer
content upon 10-min exposure to temperatures above 80°C in
the presence of 5 mM KCl (Fig. 1A). As previously described,
KcsA tetramer is completely stable in the presence of 5 mM KCl,
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and absence of LA drug for the temperature range tested up to
99°C (Fig. 1A). In the absence of K* the mid-point temperature
for KesA tetramer dissociation is lowered significantly to ~46°C
(Fig. 1B). However, under these latter conditions of zero K,
20 mM lidocaine did not significantly affect the temperature
dependence of tetramer stability (Fig. 1B).

In contrast to lidocaine, 5 mM tetracaine decreases the
mid-point temperature of tetramer dissociation to ~76°C in the
presence of 5 mM KCl (Fig. 1A) and promotes the complete disso-
ciation of tetramer at 22°C or above in the absence of K* (Fig. 1B).
These results show that KcsA tetramer is sensitive to destabili-
zation by LA drugs, and the effect is highly dependent on the
particular LA drug molecule and the presence or absence of K.

The dependence of tetramer content on LA concentration
was characterized for both drugs in the presence of 5 mM KCl
and a 10-min exposure to 90°C. Under these conditions, the
native KcsA tetramer is completely stable in the absence of drug
(Fig. 1A); however, the tetramer dissociates as a function of
drug concentration with IC, values of 25 mM for lidocaine and
4.2 mM for tetracaine (Fig. 2). For sake of comparison, these lat-
ter values are similar to the range of LA concentration observed
for acute block of Na* and K* conductance by procaine in the
squid giant axon.’® In the absence of K* and at room temperature
(22°C), the dependence of tetramer content on the concentration
of tetracaine is shifted to a lower range of LA concentration with
an IC,; value of 1.2 mM (Fig. 2). These results are consistent
with the hypothesis that both lidocaine and tetracaine promote
ligand-dependent dissociation of KcsA tetramer at elevated
temperature.

If the higher apparent affinity of KcsA for tetracaine observed
in the absence of K* is due to an antagonistic interaction between
the LA molecule and K*, the K*-concentration dependence of tet-
ramer stability would be expected to shift to higher K* concentra-
tion in the presence of LA. As shown in Figure 3, this appears
to be the case. In the absence of LA, K* promotes the stability
of KscA tetramer with a concentration dependence characterized
by midpoint value (K ) of 1.48 + 0.04 mM K* and an apparent
slope factor of n = 3.19 + 0.26. In the presence of 5 mM tetra-
caine this relationship is shifted to higher K* with K | = 5.03 +
0.90 mM K* and smaller slope factor of n = 1.04 + 0.19. A similar
shift to higher K* concentration is also observed in the presence
of 20 mM lidocaine (Fig. 3).

Molecular simulations of lidocaine and tetracaine binding
within the inner cavity of KcsA. The preceding results suggest
that the KcsA tetramer, which is a structural homolog of the
pore domain of different K* channel proteins, binds two differ-
ent prototypical LA drugs. LA binding to KcsA appears to be
accompanied by destabilization of the structural integrity of the
tetramer in a temperature- and K*-dependent fashion; i.e., K*
occupancy of the selectivity filter inhibits LA binding and vice
versa. However, the different behavior of lidocaine and tetracaine
implies that the relative efficacy of various LAs in tetramer desta-
bilization is likely to be quite dependent on the structure of the
drug molecule.

To investigate this hypothesis from a theoretical perspec-
tive, we performed computational simulations of the binding of
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Figure 1. Effect of LAs on temperature dependence of KcsA tetramer
stability in the presence and absence of K*. KcsA tetramer was mea-
sured by SDS-PAGE analysis of a series of identical samples incubated

at various temperatures for 10 min before addition of SDS-PAGE sample
buffer. The sample assay mixture contained 10 mM Hepes-Tris, pH 7.4,
100 mM cholineCl, either 5 mM KCl (A) or no added KCl (B) and either no
LA (O), 20 mM lidocaine (®) or 5 mM tetracaine (2). Solid lines indicate
nonlinear regression fits to a logistic function of temperature described
in Materials and Methods. Fit parameters: (A) 20 mM lidocaine (®):

To_5 =98.0+£2.1°C,n = 14.1 £4.8; (A) 5 mM tetracaine (A): TO_5 =759+
1.7°C,n=10.7 £2.3; (B)no LA (O): T,, =45.7 £ 0.9°C, n = 6.4 £ 0.7; (B) 20
mM lidocaine (®): T . =41.9+0.7°C,n=6.4+ 0.6.

lidocaine and tetracaine to available crystal structures of KcsA.
Lidocaine and tetracaine were docked to models built using
X-ray structures of KcsA in the open, closed and inactivated
states. In the open KcsA structure (3P]S),” the large cytoplasmic
C-terminal portion was removed. We imported crystallographic
coordinates of atoms to the ZMM program and the model was
Monte Carlo-minimized. The selectivity filter was populated
with two K* ions and two water molecules® in two different two-
ion occupancy configurations of the selectivity filter. In the 1/3
configuration (Fig. 4), K* ions were placed in sites S, and S,, and
water molecules were placed in sites S, and S,. In the 2/4 configu-
ration (Fig. 5), K* ions were placed in sites S, and S,, and water
molecules were placed in sites S| and S,. In the open-inactivated
KcsA conformation (Fig. 6) with the distance of ~32 A between
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Figure 2. Destabilization of KcsA tetramer as function of LA concentra-
tion. KcsA tetramer was measured by SDS-PAGE analysis of samples
titrated with increasing concentrations of lidocaine (®) or tetracaine
(2, O). The sample assay mixture contained 10 mM Hepes-Tris, pH 7.5,
100 mM cholineCl and either 5 mM KCI (®, A) or no added KCI (OJ).
Samples were incubated either at 90°C (®, A) or 22°C (OJ) for 10 min be-
fore addition of SDS-PAGE sample buffer. Solid lines indicate nonlinear
regression fits to a logistic function of LA concentration as described in
Materials and Methods. Fit parameters: lidocaine, 5 mM KCl, 90°C (®): IC, |
=25.1+2.6 mM, n=1.14 + 0.13; tetracaine, 5 mM KCl, 90°C (A): IC50 =4.2
+ 0.6 mM, n = 1.43 + 0.33; tetracaine, 0 KCl, 22°C (0d): 1.2 £ 0.2 mM,
n=0.98+0.22.

Ca atoms of diagonally opposed Thrll2 residues (3F5W),*
we removed the Fab antibody, used the symmetry module of
ZMM program™ to generate and optimize the symmetric struc-
ture and used it to dock ligands. In the X-ray structure of this
crystal form, the selectivity filter is populated with two K* ions
at sites S, and S,. Since this configuration is proposed to be an
important feature of the open-inactivated state, we did not test
other configurations. In this structure two water molecules are
seen at the inner pore axis. One molecule is located at site S, of
the central pore cavity, at the focus of the pore helices. Another
water molecule is present at 8.8 A from site S, in the cytoplas-
mic direction. We removed both water molecules. In the closed
KcsA-tetrabutylammonium complex (1J95),>* we removed tetra-
butylammonium (TBA*) from the inner cavity and K* ions from
sites S, and S, and retained K* ions in sites S, and S, (Fig. 7).
Intensive Monte Carlo minimizations yielded many low-energy
binding modes for each ligand-channel complex. Representative
low-energy complexes of both LAs docked into the models of the
open, open-inactivated, and closed KcsA are shown in Figures 4-7
and their calculated energy components are given in Table 1.

In the open-KcsA model, configuration 1/3 is most favor-
able for both lidocaine and tetracaine (Table 1). Lidocaine fits
neatly in the central cavity. Its ammonium group binds close to
site S, at the focus of P-helices (Fig. 4A). Such a location of the
ammonium group was proposed for LAs in the Na*-deficient
models of the Navl.4 Na* channel in the open® and closed*®
states. Lidocaine adopts a “horizontal” binding mode with the
aromatic ring directed toward the subunit interface. The lido-
caine carbonyl group approaches the selectivity filter where it

www.landesbioscience.com

has favorable dipole-dipole interactions with the water mol-
ecule at site S, and hydroxyl groups of Thr75. Phenylalanines
Phel03 provide the largest contributions to lidocaine-channel
energy, in part due to cation-pi interactions, which are sensed
by the AMBER force field.*® Other strong contributors to lido-
caine binding energy are 1le100 and Thr74. The K* ion at site
S, experiences a weak repulsion from lidocaine. While “verti-
cal” orientation of tetracaine, which was proposed for the open
Nav channel® was found among low-energy binding modes (not
shown), in the energetically most preferable binding mode the
ligand extends its “tail” in the subunit interface (Fig. 4B). The
ammonium group of tetracaine binds closer to the selectivity
filter than that of lidocaine. Due to this latter interaction tet-
racaine repels the S, K* ion twice as strong as lidocaine. The
top contributors to tetracaine-KcsA energy are Phel03, Thr75,
11e100, as well as Ser102 and Leu36.

In the 2/4 configuration of the open KcsA, the binding ener-
gies for both LAs are substantially weaker than in the 1/3 con-
figuration (Table 1). In the lowest-energy complex (Fig. 5A),
lidocaine and a K* ion in site S, electrostatically repel each other.
Despite this repulsion, the ammonium group of lidocaine remains
close to site S at the cavity center due to favorable interactions
with threonine Thr75 and interaction of the aromatic moiety of
the LA with the side chains of Phel03 and Ile100. Low-energy
tetracaine-KcsA complexes are diverse. In some complexes, tet-
racaine extends along the cytoplasmic part of the open pore, far
below the selectivity filter (e.g., Fig. 5B). In other complexes, it
also extends along the pore but approaches the selectivity filter
(Fig. 5C). The tetracaine-channel energies in both complexes
only differ by < 0.5 kcal/mol. Our computations are not precise
enough to favor a particular docked tetracaine complex. In the
latter complex, a strong electrostatic repulsion between a K* ion
at site S, and the ammonium group is compensated by attraction
of the drug to Phel03 and Thr75.

In the open-inactivated KcsA, the lowest-energy binding mode
shows lidocaine positioned with its ammonium group 8.6 A away
from the K* ion at site S, (Fig. 6A). The complex is stabilized
by two H-bonds between the amide nitrogen of lidocaine and
the hydroxyl side chains of Thr75 residues. The carbonyl group
of tetracaine approaches the K* ion (Fig. 6B), which contributes
a small favorable energy to ligand-channel energy. When com-
pared with the open KcsA in configuration 2/4, the ligands in the
open-inactivated KcsA experience weaker attraction to Phel03,
much stronger attractions to Thr75 residues and weaker repul-
sion from the K* ion. The latter is explained by the fact that the
inner pore of the open-inactivated channel is wider than that in
the open channel, and drug ligands have more room for maneu-
ver to avoid electrostatic repulsion with the K* ion.

The closed KcsA conformation can readily accommodate
lidocaine or tetracaine in the central cavity (Fig. 7). Ligand
interactions with the closed KcsA conformation are at least as
strong as those predicted for the open-inactivated channel due
to favorable interactions with Phel03, Thr75 and Ile100. This
suggests the possibility of trapping LA in the central cavity upon
channel closure as previously suggested by crystal structures of
complexes of KesA and TBA*>**7’ Both LA ligands experience
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electrostatic repulsion with the K* ion in site S, of the
closed channel.

N
o

Discussion

o
(e

The purpose of this work was to explore whether the
well-studied and readily manipulated KesA K* chan-
nel protein might provide structural insights into

©
[}

complex interactions of LAs and other drug molecules

©
N

with voltage-gated ion channels. In terms of function,

Fraction of Tetramer

o
N

KcsA can replace the pore domain of a eukaryotic Kv
channel with conservation of normal gating activity.*’
It is also blocked by organic cations, TEA* and TBA",
from the intracellular side of membrane in a fashion
similar to other K* channels.’®*®" The fact that drug
sensitivity of K* channels can be modified by mutation

of residues of the M2/S6 transmembrane helix that

o
o

Log [K'] (M)

lines the inner cavity of the channel”?*® implies that

LA pharmacology of KcsA is amenable to molecular
engineering. Thus, KcsA may be useful per se or in
chimera strategies for pursuing the structural basis of
drug interactions with the K* channel pore domain.
In particular, effects of LAs and similar drugs on tet-
ramer stability of KcsA may involve molecular events
analogous to those that play a role in long-term drug
effects at the cellular level; i.e., drug-dependent loss
of functional Kv1.5 channels from the cell mem-
brane'® or drug-dependent rescue of membrane traf-

Figure 3. Stabilization of KcsA tetramer as a function of K* concentration in the
absence and presence of LA. KcsA tetramer was measured by SDS-PAGE analysis of
samples titrated with increasing K* concentration in the absence of LA (O) or in the
presence of 20 mM lidocaine (®) or 5 mM tetracaine (A). The sample assay mixture
contained ~500 ng KcsA, 10 mM Hepes-Tris, pH 7.4, 100 mM choline Cl, indicated
concentrations of KCl and either no LA, 20 mM lidocaine or 5 mM tetracaine. All
samples were incubated at 90°C for 10 min before addition of SDS-PAGE sample buf-
fer. Solid lines indicate nonlinear regression fits to a logistic function of K* concen-
tration as described in Materials and Methods. Fit parameters: no LA (O): K, =1.48 +
0.04 mM, n =3.19 + 0.26; 20 mM lidocaine (®):K . =6.65 + 0.8 mM, n = 1.05 + 0.13;

5 mM tetracaine (2): K, =5.03 £ 0.90, n = 1.04 + 0.19.

ficking defects of dysfunctional LQT2 mutants of the
hERG"? as discussed in the Introduction.

Our results generally support this possibility based on effects
of two generic tertiary amine LA drugs on thermal stability of the
KcsA tetramer and computational results from docking simula-
tions. Lidocaine has a weak but reproducible effect on thermal
stability of the KcsA tetramer observed as enhanced tetramer dis-
sociation in the presence of K* at high temperature (Fig. 1A), an
effect corresponding to a K | value of 25 mM lidocaine for tetra-
mer dissociation at 90°C (Fig. 2). The effect of the ester-linked
tetracaine molecule is considerably more pronounced than that
of amide-linked lidocaine with K . values of 4.2 and 1.2 mM
tetracaine in the presence and absence of 5 mM K, respectively
(Fig. 2). The low affinity of lidocaine (K , = 25 mM) in the
KcsA tetramer stability assay may be reasonably compared with
the low affinity of procaine (IC, ~17 mM) in blocking delayed
rectifier K* current of squid giant axon.® The 5.9-fold higher
apparent affinity of tetracaine vs. lidocaine in the present tetra-
mer stability assay in the presence of 5 mM K* is comparable to
the 6.7-fold higher potency of tetracaine vs. lidocaine observed
for in vivo animal studies of local anesthesia.®* The relative anes-
thetic potency of a series of different LA molecules is known to be
highly correlated with the bulk hydrophobicity of the molecule
as measured by the octanol/water partition coefficient (Q,,) of
the drug.®* Values of Q,, based on total drug concentrations at
equilibrium in octanol/water at 25°C and pH 7.4 are reported as
221 for tetracaine and 43 for lidocaine corresponding to a hydro-
phobicity ratio of 5.1 for tetracaine/lidocaine.®® It is important to
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recognize that such comparisons may be purely coincidental but
warrant further investigation.

Additional insight to the mechanism of LA-induced destabili-
zation of KcsA tetramer may be found in the mutually antagonis-
tic interaction between LAs and K*. Approximately 4-fold higher
concentrations of tetracaine are required to destabilize KcsA tetra-
mer in the presence of 5 mM K* than in the absence of K* (Fig. 2).
Similarly, a ~4-fold increase in the concentration range of K*
needed to promote stabilization of KcsA tetramer is observed in
the presence of LAs as compared with K* titration in the absence
of drug (Fig. 3). These results obtained with the KcsA channel
are reminiscent of many electrophysiological observations on the
K*-dependence of K* current stability in cellular assays and antag-
onistic interactions between K* and organic cations that block
diverse K* channels. For example, the Drosophila Shab channel, a
homolog of the mammalian Kv2 subfamily, is reversibly blocked
by the anti-arrhythmic drug quinidine with a K of 11 WM in
the presence of K*.'* However, Shab K*-current is irreversibly lost
when quinidine blocker is added in the absence of external K*."2
These latter studies support the conclusion that occupancy of a
pore-blocking site in the channel by quinidine cation antagonizes
K* binding to the selectivity filter, which leads to structural col-
lapse of the channel to a non-conducting conformation. A pos-
sible scenario for such a mechanism is that drug occupancy first
induces a non-conducting tetramer that subsequently irreversibly
dissociates to non-functional monomers in the cell membrane or
at a later stage of intracellular protein turnover. Such dissociation
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closed and open KcsA crystal structures, only two
K* ions bind simultaneously in the outer pore.”*' In
both the non-conducting C-type inactivated state™
and closed state at low K* concentration,® only two
K* ions are observed in the selectivity filter, and one
of them binds at site S,. To address the question of
state-dependent binding, the low-energy binding
modes and major ligand energy contributions to LA
binding were compared for all states of the channel
(Table 1).

For the open channel, the predicted interac-
tion energy of both lidocaine and tetracaine is

7-8 kcal/mol lower (higher affinity) for the S /S,

Tetracaine in the open KcsAwith K* in sites S, and S;

state vs. the S/S, K* occupancy state. The lower
affinity of the drugs for the S,/S, ion configuration
is partially due to the higher repulsive interaction
between K and the LA drug in the S,/S, vs. the
S,/S, state as expected for closer proximity of the
S, K ion to the protonated amine group of the LA
located in the central cavity. Differences in K* repul-
sion between tetracaine vs. lidocaine are similarly
due to closer proximity of the ammonium group of
docked tetracaine vs. lidocaine to the K*-binding fil-
ter. The wider central cavity of the open-inactivated
channel lowers the K* repulsion energy by allowing
the LA molecules to move farther away from the filter
resulting in a larger distance of separation between
the S, K* and the drug ammonium group. In the

shown as yellow spheres.

Figure 4. Example of energy-minimized structure simulation of lidocaine (A) and
tetracaine (B) docked in the open KcsA structure (PDB entry 3PJS) with S,/S, K* oc-
cupancy of the selectivity filter. Front subunit is removed for clarity. Right panel is
an enlargement of the docked LA molecule zoomed from the left panel. In this and
subsequent structure figures, the side chains of Thr75, [1e100 and Phe103 residues as
well as the backbone carbonyls of Thr75 are shown as thin sticks. LA molecules and
water molecules in the selectivity filter are shown as thick sticks. Potassium ions are

S,/S, state of the closed channel a weaker K* repul-
sion is observed for lidocaine vs. tetracaine due to the
particular favored orientations of the drug molecules
in which the ammonium group of lidocaine is posi-
tioned farther away from the S, K.

Our calculations are consistent with the proposal
that electrostatic repulsion occurs between K* ions
in the selectivity filter and the positively charged

of K* channel tetramers to monomers may accompany the loss
of hERG channels from the cell membrane under conditions
of serum hypokalemia® and similar membrane disappearance
and internalization of Kvl.5 channels triggered by quinidine.’
Tetramer stability of KcsA is considered to be unusually robust in
comparison to quaternary subunit interactions of many oligomeric
proteins, which readily dissociate under conditions of SDS-PAGE
and elevated temperature. The fact that KesA tetramer exhibits
K*-dependent destabilization in the presence of two generic low-
affinity LA drugs such as lidocaine and tetracaine implies that
similar phenomena are likely to occur for other K* channels of
weaker tetramer stability and for drug blockers of higher affinity.

We investigated the hypothesis of electrostatic repulsion
between LA drugs and K* from a theoretical standpoint in molec-
ular docking simulations of lidocaine and tetracaine for four
models of KcsA: open state with K* ions bound to the selectiv-
ity filter in either the S,/S, or §,/S, configurations,”" the open-
inactivated state with K ions in the S /S, configuration’ and
the closed state with K* ions in the S /S, configuration.’* In the

www.landesbioscience.com

ammonium group of an LA molecule or other drug
that binds in the inner pore, below the selectivity filter. The com-
putational results also show that the bound LA molecules have
strong attractive interactions to certain residues in the inner cav-
ity such as Thr75, Ilel00 and Phel03. Theoretical calculations
of the absolute interaction energy of K* ions with cation binding
sites of the K* channel selectivity filter are subject to considerable
uncertainty; however estimates suggest that the free energy of
K* binding is weaker than LA interactions with the cavity resi-
dues.®*® Under such circumstances LA-K* repulsion would tend
to favor displacement of K* ions from the selectivity filter. In the
absence of K, the carbonyl groups that line the filter repel each
other and destabilize inter-subunit interactions.® Such displace-
ment of K* from the S, site by the LA molecule would account
for destabilization of the tetrameric KcsA structure observed in
our experiments. Interaction of cationic drug ligands with perme-
ant cations has previously been proposed to contribute to state-
dependent action of certain drugs (e.g., ref. 55).
The simulated docking of lidocaine and tetracaine into the
open, C-type inactivated, and closed states of KcsA described
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here is an attempt to address the atomistic basis of
state-dependent drug binding to a potassium chan-
nel. This problem is relevant to the use-dependent
action of LAs proposed in the classic “modulated
receptor hypothesis,” which proposes that higher-
affinity drug binding to open and inactivated states
vs. closed, resting states of the Nav channel gives
rise to enhanced block of current with repetitive
depolarization.¢366:67

Regarding the computational results, some words
of caution are appropriate for proper perspective on
the molecular simulations. Energy characteristics of
the representative structures shown in Table 1 and
Figures 4-7 are obtained using the AMBER force

field, with the distance- and environment-dependent
dielectric permittivity function developed to maxi-
mize the success rate of correct predictions of water-
soluble ligand-protein complexes of known X-ray
structures.®® The absolute values of the KcsA-LA
energies should be treated with caution because the
entropy was not calculated and electrostatic interac-
tions within the ion channel may differ from those in
water-soluble proteins. The structures shown are the
lowest-energy representatives of many possible bind-
ing modes, which may differ from the representa-
tive structure up to few kcal/mol. Visual inspection
shows that in many, but not all structures accumu-
lated in respective Monte Carlo-minimization tra-

Tetracaine in the open KesAwith K* in sites S, and S,

jectories, the LA binding modes are rather similar to

those shown in Figure 4.
It is interesting to compare our docking simula-
tions of LA molecules in KcsA with previous results

Figure 5. Examples of energy minimized complexes of lidocaine (A) and tetracaine
(B and C) with the open KcsA (PDB entry 3PJS) and S,/S, K* occupancy of the selectiv-
ity filter. Two different docked locations of tetracaine are shown in (B and C).

of mutational analysis of drug block of the Kv1.5
and hERG K* channels. The sequence alignment
of Figure 8 illustrates considerable amino acid conservation of
K* channel pore structure from the N-terminal pore helix to the
C-terminal inner helix that lines the inner cavity which forms a
binding site for TBA** and organic molecules similar to LA
drugs. Such a sequence alignment has previously been used to
construct molecular models of the drug binding sites of Kvl.5
and hERG based on known crystal structures of K* channel pro-
teins such as KesA and Kv1.2.171252830 Mutational scanning of
this region conducted to identify potential drug-binding resi-
dues of Kv1.5 found the greatest loss in drug blocking affinity
for mutation of the following residues: Thr479, Thr480, Ile 502,
Val505, Leu 506, 11e508 and Val512.1%%53 Similarly, mutation
of the following residues of hERG produced the greatest loss in
drug blocking affinity: Thr623, Ser624, Val625, Gly648, Tyr652
and Phe656."72° These latter residues of Kv1.5 and hERG high-
lighted in Figure 8 coincide well with KcsA residue locations that
contribute the greatest interaction energy with docked lidocaine
and tetracaine as identified in our simulations: Thr74, Thr75,
11e100, Phel03 and Thrl07 (Table 1). Detailed examination of
the LA docking results shows that such residue correlations vary
for the particular drug and the particular binding mode of the
drug. However, this comparison further supports the notion that
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K* channel residues whose side chains face the inner pore are
available for favorable chemical interactions with drugs bound
within the inner conduction pathway.

The absolute blocking affinity of different K* channels for
LA molecules and other clinical drugs varies considerably. For
example, various drugs block the hERG K* channel with sub-

micromolar affinity">?

in comparison to millimolar affinity for
block of squid K* current by procaine.”® In this regard, apparent
millimolar affinity of KcsA for lidocaine and tetracaine is likely
to reflect the chemical structure of these drugs and the polarity
of side chain residues lining the inner cavity, such as Thrl07 of
KcsA vs. Phe565 of hRERG. Mutational analysis may provide fur-
ther insight to this hypothesis and allow construction of a chime-
ric version of KesA, which exhibits hRERG-like drug sensitivity.
Figure 8 also shows the location of residues that form the
monomer-monomer contact regions in both closed (1K4C) and
open (3FB7) conformations of KcsA crystal structures as identi-
fied by the PISA analysis program.®”® The fact that the majority
of all residues (~-70%) in this region contribute to the interfacial
contact regions of the tetramer is consistent with the finding that
that LA binding to the central cavity formed by this domain per-
turbs tetramer stability. In regard to findings that some drugs such
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eluted from a Ni-NTA column (BioRad) in phos-
phate buffer [10 mM KCI, 95 mM NaH,PO,,
400 mM imidazole, pH 7.0 and 1 mM dodecyl-
maltoside (C,,M)] was concentrated to ~100 pl in
an Amicon Ultra-4 (10 kDa filter cutoff) centrifugal
concentration device (Millipore). The concentrate
was diluted to 4 ml with choline buffer (100 mM
cholineCl, 10 mM Hepes-Tris, pH 7.4, 0.75 mM
C,M) and concentrated again to -100 wl. This
dilution/concentration procedure was repeated an
additional four times and the final concentrate was
diluted to 500 pl using choline buffer minus C ;M

Tetracaine in the open-inactivated KcsAwith K* in sites S;and S,

for all steps. The latter filtration-exchange procedure
is expected to reduce residual contaminant con-
centration of K* and Na* to less than 1 pM in the
final KcsA preparation by simple dilution-exchange
into buffer containing 100 mM cholineCl, 10 mM
Hepes-Tris, pH 7.4 and approximately 8 mM C M.
KcsA protein concentration was determined by the
BCA assay (Pierce Chemical Co.)

Assay of KcsA tetramer stability. Assay samples
in a final volume of 10 pl in PCR tubes were pre-
pared to contain ~500 ng KcsA, 100 mM cholineCl,
10 mM Hepes-Tris, pH 7.4, -6 mM C M and vari-

able concentrations of KCl, lidocaine or tetracaine.

Individual Samples were equilibrated for 1 h at

chosen for an optimal display of the LA molecule.

Figure 6. Examples of energy-minimized complexes of lidocaine (A) and tetracaine
(B) with the open-inactivated KcsA (PDB entry 3F5W) and S./S, K" occupancy of the
selectivity filter. Note that the apparently different crossing angles of inner helices in
the right panels of (A) vs. (B) are due to different views of the ligand-channel complex

22°C and transferred to individual wells of a ther-
mal cycler machine set to a constant temperature
in the range of 25-98°C. Samples were incubated
at elevated temperature for 10 min, placed on ice

for 1 min and briefly spun in a mini-centrifuge.

as alkyl derivatives of TEA* actually stabilize trafficking mutants
of hERG,">?* we have observed that TBA* exhibits a tetramer
stabilizing effect similar to K* when tested in our SDS-PAGE
assay of KcsA exposed to high temperature in the absence of K*
(unpublished results). More work is clearly needed to understand
such structure-dependent differences in tetramer stability that
depend on the particular drug and K* channel isoform. As seen in
some of our simulations, certain drugs may partially insert into
the tetramer interface and weaken inter-subunit contacts while
other drugs may form bridging interactions between subunits
that help to hold the tetramer together. In summary, we have
shown that KcsA can be used to investigate the phenomenon
of drug-dependent tetramer stability of K* channels in a simple
experimental assay of the purified protein and in computational
experiments performed by molecular simulation techniques.

Materials and Methods

Expression and purification of KcsA. A synthetic gene for
native KcsA with a (His)  sequence inserted after Met, cloned
into the pASK90 plasmid was used to express the His-tagged
KscA protein in E. coli strain BL21.”" Expression and purifi-
cation of KcsA for use in tetramer stability assays were per-
formed essentially as described."*> One milliliter of pure KscA

www.landesbioscience.com

Concentrated 6X SDS-PAGE sample buffer (2 pl)

was added to each 10 wl sample to yield final con-
centrations of 10% glycerol, 62.5 mM TRIS-HCI, pH 6.8, 2%
SDS and 0.01% bromphenol blue. Ten milliliters of each sample
was pipetted into wells of precast 12% acrylamide TRIS-HCI
ready SDS-PAGE Gels (Bio-Rad) and subjected to electropho-
resis at 200 V for ~35 min in running buffer (25 mM Tris base,
192 mM glycine, pH 8.3, 0.1% SDS). The gel was rinsed in
deionized H,O for 7 min and stained with GelCode Blue Stain
Reagent for 1 h, rinsed for 1 h and destained overnight in deion-
ized H,O. Stock solutions of 250 mM lidocaine or tetracaine
were prepared by dissolving the HCI salt of each compound
(purchased from Sigma) in water adjusted to pH ~6.5 with
Tris base. Tetracaine solutions were freshly prepared before each
use.

Data analysis. Images of scanned gels were analyzed for rela-
tive amount of KcsA tetramer using Image] software to measure
the relative area of the stained band as described previously.!
Measured peak area of the tetramer band was normalized to that
of unheated control samples for each experiment. Summary data
for the fraction of tetramer relative to control are plotted as the
mean + SE (n = 3 to 5). For experiments (Fig. 1) where the frac-
tion of tetramer (F) decreases as a function of temperature (T),
data points were fit to the following logistic function using the
nonlinear regression wizard of Sigma-Plot 11 software (SysStat):
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F =T}/ (T, +T")

where T, is the temperature at f = 0.5 and n is an
integer. For experiments where F decreases as a func-
tion of [LA] (Fig. 2), data points were fit to

F =1—{[LA]" / ([LAI" + K )}

where K . is the concentration of LA at 50% inhibi-
tion. For experiments (Fig. 3) where F increases as a

function of [K*], data points were fit to

F=[K"1"/(K']"+K}s)

where K  is the concentration of K* at 50% of maxi-
mal tetramer.

Energy calculations and computational proto-
col for docking lidocaine and tetracaine to vari-
ous conformations of KcsA. Energy was calculated
using the AMBER force field.”>”® Atomic charges
at ligands were calculated using the MOPAC pro-
gram.”* Electrostatic energy was calculated using
the environment- and distance-dependent dielectric
without desolvation energy.®® All calculations were

Tetracaine in the closed KcsAwith K* in sites S, and S, (15)

performed using the ZMM program, which opti-

mizes the energy in the space of internal (general-
ized) coordinates.”””® Bond angles were kept rigid in
the protein but were allowed to vary in the ligands.
Thr107.

The energy optimization was performed by the

Figure 7. Example of energy-minimized complexes of lidocaine (A) and tetracaine
(B) with the closed KcsA (PDB entry 1J95) and K* ions at sites S, and S,. Right panel of
(B) shows detailed enlargement of tetracaine, which forms H-bonds with Thr75 and

Monte Carlo-minimization (MCM) protocol.”
Docking of each ligand was performed in two

stages. At the first stage, 2048 MCM trajectories were submit-
ted with random ligand starting torsional angles, positions and
orientation within the inner pore. Each energy minimization
was 20 iterations long, and each trajectory was terminated
when 20 consecutive energy minimizations did not decrease the
energy of the apparent global minimum found in the trajec-
tory. The KcsA backbone was fixed. The ligand torsion angles
and KcsA sidechains that had at least one atom within 6 A
from the ligand were randomly sampled. The lowest energy
structures were accumulated in a stack. A new structure was
added in the stack if the ligand generalized coordinates did
not have an approximate match there. If a match was found,
the new structure replaced it only if it had a lower energy. At
the second stage, a hundred of the top structures in the stack
were refined in longer MCM trajectories. The backbone tor-
sions of KcsA were allowed to vary. To prevent large devia-
tions of the backbone from the X-ray template, a carbons were
constrained to the template by pins. A pin is a flacbottom
parabolic energy function that allows atoms to deviate pen-
alty-free up to 1 A from the template and imposes a penalty of
10 kcal mol'A-! for larger deviations. Each energy minimiza-
tion was 200 iterations long, and each trajectory was terminated

190 Channels

when 2,000 consecutive energy minimizations did not decrease
the energy of the apparent global minimum found in the
trajectory.
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Table 1. Ligand-channel energy (E, kcal/mol) and top contributions to it?

State Ligand Kions
Open Lidocaine S/S,
S/S,
Tetracaine S,/S,
S,/S,
Open- Lidocaine S/S,
inactivated Tetracaine S/S,
Closed Lidocaine S,/S,
Tetracaine S,/S,

E K+ F103
-23.4 0.37 -8.20
-15.1 242 -6.25
-20.6° 0.74 -2.02
-13.4¢ 6.72 -9.17
-17.5 0.58 -1.38
-20.2 -0.38 -1.97
-19.4¢ 0.62 -2.3
-23.1¢ 3.51 -2.45

L ™ e
-4.5 -0.73 A5
-1.61 -0 212
-1.36 -0.72 -1.09
-2.03 017 -0.75
-6.64 -0.22 217
-2.99 -0.01 -2.57
-3.64 0.04 -3.79
-3.54 -0.16 -2.86

2Summed contributions from the sidechains of the four same-number residues and from both K ions. Contributions from backbones may be large,

especially for Thr74 and Gly99, which may be tested by synthetic replacement with unnatural amino acids. *Other top contributors are Ser102 (-0.67),
Leu36 (-0.86), Val97 (-0.61), Thr33 (-0.35), H,0 at site S, (-0.57), Val106 (-0.36) and Met96 (-0.50). “Another top contributor is Thr107 (-0.68). “Other top
contributors are Val106 (-0.93) and Thr107 (-0.37). *Another top contributor is Thr107 (-3.53).

LYPVTL WGRLVAVVVMVAGITSFGLVTAALATWEV
MVPTTI GGKIVGSLCAIAGVLTIALPVPVIVSNEN
MRPITV GGKIVGSLCAIAGVLTIALPVPVIVSNEN
VSPNTN SEKIFSICVMLIGSLMYASIFGNVSAIIQ

==Pore Helig— —Fillfer “Lebp- ———————=
*k*x *kkx K*kxkx *kkkhkkkhkkk Kkk*k *
KcsA (61-115) TYPRALWWSVETA TTVGYGD
Kv1.2(360-414) SIPDAFWWAVVSM TTVGYGD
Kv1.5(466-520) SIPDAFWWAVVTIM TTVGYGD
hERG (610-664) KYVTALYFTFSSL TSVGFGN

* % *k hhkhkhkhkhkkhkkhkkhkkkk

Figure 8. Sequence alignment of residues corresponding to the inner core pore domain of KcsA and related K* channels. Range of residue numbers
listed for aligned sequences corresponds to NCBI protein database entries for KcsA (Acc. POA334), human Kv1.2 (Acc. NP_004965), human Kv1.5 (Acc.
NP_002225) and hERG/Kv11.1 (Acc. Q12809). Residues identical to KcsA are colored red. Asterisks (*) correspond to residues of KcsA located at mono-
mer-monomer interfaces of closed (PDB entry 1K4C) or open (PDB entry 3FB7) conformations of KcsA crystal structures as determined by the EMBL-EBI
PISA (Protein Interfaces, Surfaces and Assemblies) analysis program (www.ebi.ac.uk/msd-srv/prot_int/pistart.ntml).”"”2 Drug-binding residues of
Kv1.5'°2>33 and hERG'"'*? identified by mutational analysis are highlighted in yellow. Residues of KcsA found to exhibit the highest interaction energy
with lidocaine and tetracaine in docking simulations performed in this study are also highlighted in yellow.
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