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ABSTRACT

Voltage-gated potassium, sodium, and calcium channels play fundamental roles in
cell physiology. They are targets for numerous drugs that are used to treat pain,
cardiovascular, autoimmune, and other disorders. Atomic-resolution structures of ion
channels and their complexes with ligands are necessary to understand the mechanisms of
drug action of ligands. Electrophysiological and crystallographic studies have advanced
our understanding of ion channels, but the binding sites, access pathways, and the
mechanism of state-dependent action of medically important drugs remain unclear.
During my graduate studies, I investigated the structure-function relationships of voltage-
gated ion channels and their complexes with drugs by using energy calculations with
experimental constraints. My work has helped resolve controversial interpretations of
experiments addressing structural similarity between prokaryotic and eukaryotic K
channels. Our model of the open Shaker K* channel was confirmed by the later published
X-ray structure of K,1.2. Our Ca,2.1 model reinterprets substituted-cysteine accessibility
experiments, validates the proposed alignment between K and Ca®* channels, and
suggests a similar folding of voltage-gated K* and Ca®* channels. These results allowed
me to model eukaryotic K" and Na" channels in the resting and open/slow-inactivated
states, and to predict the binding sites of local anaesthetics, correolide, and chromanol
293B. In these studies, we proposed the involvement of metal ions in the binding of
nucleophilic drugs and suggested that the deficiency of permeating ion(s) in the outer
pore of the slow-inactivated channels stabilizes the ligands. Simultaneous studies of K,
Na*, and Ca®* channels were advantageous because the information acquired from one
family of ion channels was relevant to other families. My studies contributed to the
growing knowledge about ion channels by offering structural information and suggesting
mechanisms for the action of drugs.
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CHAPTER ONE

INTRODUCTION
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Ion channels are membrane proteins that regulate the flow of ions through a pore
across the lipid bilayer. The channels form a large superfamily with different structural,
functional, and pharmacological properties. Ion channels are classified based on their
primary permeating ion, such as K*, Na', Ca>* and CI" channels, or group of permeating
ions, such as cation channels. Depending on the type of activation stimulus, ion channels
are categorized as voltage-gated or ligand-gated (Hille, 2001). Structurally, ion channels
are composed of multiple domains forming hetero- or homo-multimers with numerous
transmembrane helices. In this thesis, I will focus on voltage-gated K*, Na', Ca™
channels, which are structurally similar tetrameric ion channels containing six
transmembrane helices per monomer.

Voltage-gated K*, Na*, and Ca’" channels are found in excitable cells, such as
neuron, heart, muscle, and endocrine cells (Hille, 2001). These channels work in concert
to control the electrical activity of excitable cells. They are responsible for the
maintenance of the resting membrane potential, the generation and propagation of action
potentials, and the regulation of intracellular concentration of Ca®", which play an
important role as a second messenger. Voltage-gated Na" channels are responsible for the
rapid upstroke and propagation of the action potential. Voltage-gated K* channels shape
the action potential, return the membrane voltage to its negative resting value after an
action potential, and set the action potential firing rate. Voltage-gated Ca®* channels
shape action potentials in heart cells and help translate electrical signals into chemical
signals by controlling the concentration of intracellular Ca®>". Thus, voltage-gated ion
channels are involved in muscle contraction, flow of information in the nervous system,
the pace of the heart, the secretion of hormones and neurotransmitters and other
physiological functions (Hille, 2001). Non-surprisingly, these channels are targets for
natural toxins and chemically diverse drugs used for the treatment of pain, cardiovascular
diseases, epilepsy, migraines, and other disorders (Zhorov and Tikhonov, 2004).

In the past, ion channels have been given various names corresponding to their
gene products causing confusing nomenclatures. Currently, a unified nomenclature is
used for mammalian K* (Chandy and Gutman, 1993), Na" (Goldin et al., 2000), and Ca**
(Ertel et al., 2000) channels. lon channels are named using the chemical symbol of the
primary permeating ion (K, Na, or Ca) with the principal physiological regulator (voltage
or ligand) indicated as a subscript (K,, Kca). A numerical identifier follows, which
corresponds to the subfamily and the order of discovery within that subfamily (K,1.3,
Ca,2.1).

GENERAL STRUCTURE OF VOLTAGE-GATED 10N CHANNELS

Structural determinants of major physiological characteristics, namely ion
selectivity, gating, and ligand binding are localized in the o subunit (Striessnig et al.,
1998; Kaczorowski and Garcia, 1999; Catterall, 2000a). The pore-forming a subunit is
sufficient for functional expression, but auxiliary subunits can modify the kinetics and
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voltage dependence of channel gating (Isom et al., 1994). Most K channels are
homotetramers consisting of four identical o subunits symmetrically folded around a
central pore (Figure 1.1). In some cases, four related, but not identical subunits associate
to form a heterotetrameric K* channel. Na* and Ca®" channels are composed of one
polypeptide chain with four homologous but diverse repeats, which fold similarly as K*
channels (Sato et al., 2001). Each K" channel subunit and each Na’ and Ca** channel
repeat contain six transmembrane helices (S1-S6). Ion permeation and selectivity is
controlled by the pore-forming domain, whereas gating is controlled by the voltage-
sensor domain. The pore-forming domain consists of four structural motifs, each
comprising of two transmembrane helices, an outer (S5) and inner (S6) helix, which are
separated by a membrane re-entrant loop (P-loop) (Figure 1.1). Due to this common
structural motif, K, Na*, and Ca** channels, along with glutamate receptors and cyclic
nucleotide-gated channels are referred to as P-loop ion channels. The P-loop forms the
selectivity filter to allow selective passage of ions. In K* channels, the selectivity filter is
formed by the backbone of a conserved TVGYGD sequence from four subunits
(Heginbotham et al., 1994) (Table 1.1). The selectivity region of Ca** channels contains a
highly conserved pattern of four glutamates, the EEEE locus, while in the Na' channels it
is the DEKA locus (Heinemann et al., 1992; Yang et al., 1993; Stea et al., 1994). The
voltage-sensor domain is composed of four transmembrane helices (S1-S4), which
control the gating of the pore-forming domain through the S4-S5 linker. Of particular
importance is the S4 segment, which moves upon membrane depolarization due to several
positively charged residues (Tombola et al., 2006). All the members of the voltage-gated
superfamily have voltage-dependent gates that open in response to membrane
depolarization. The gates shut rapidly after repolarization. Ion channels exist in different
states: closed (resting), open (activated), fast-inactivated (C-type inactivated), and slow-
inactivated (N-type inactivated). Only in the open state can ions pass through the channel.

X-RAY STRUCTURES OF ION CHANNELS

The X-ray structures of K™ channels explained a large body of experimental data,
such as K" ion selectivity, channel gating, and channel block. The first K* channel X-ray
structure, the proton-gated KcsA channel, provided important insights into K selectivity
and the ion conduction process (Doyle et al., 1998). In K" channels, K" is at least 10,000
times more permeable than Na* despite the atomic radius of Na* (0.95 A) is smaller than
K" (1.33 A). The X-ray structure of the K* channel revealed that the selectivity filter is a
hydrophilic tunnel created by the main chain carbonyls of four highly conserved amino
residues (GYGD), see Figure 1.2. This tunnel has a diameter exactly matching that of a
dehydrated K" ion. It is energetically unfavourable for a Na* ion to dehydrate in order to
pass through a tunnel wider than its diameter (Doyle et al, 1998). Further
crystallographic studies with KcsA assisted in explaining the mechanism of fast
inactivation and suggested structural rearrangement upon slow inactivation of K"
channels (Zhou et al., 2001a; Cordero-Morales et al., 2007).



Ph.D. Thesis - Iva Bruhova McMaster - Biochemistry and Biomedical Sciences

In the closed KcsA channel, the inner helices are straight with their C-ends sloped
into a hydrophobic bundle, which functions as a gate. A water-filled cavity (referred to as
the inner pore) is located between the gate and the selectivity filter, where organic
compounds bind as seen in the X-ray structure of KcsA with tetrabutylammonium (Zhou
et al., 2001a). The X-ray structures show that the inner helices obstruct the cytoplasmic
entrance in the closed channel KcsA, but diverge in widely open channels as seen in the
X-ray structures of Ca**-gated K* channel MthK (Jiang et al., 2002b; Jiang et al., 2002a)
and voltage-gated K* channel KvAP (Jiang et al., 2003a; Jiang et al., 2003b) (Figure 1.2).
The open-state X-ray structures explain the gating of bacterial K* channels by suggesting
a gating-hinge role for a conserved glycine in the inner helix (Jiang et al., 2002b). The
inner helices bend opening the inner pore to the cytoplasm. This open pore is the target
for a variety of drugs, which enter the inner pore from the cytoplasm and block ion
permeation.

Voltage-gated K channels, KvAP and K,1.2, were crystallized in the open state,
which included both the pore-forming domain and the voltage-sensor domain (Jiang et al.,
2003b; Long et al., 2005b). Doubts were raised with the first X-ray structure of KvAP,
because its S4 helices were in a horizontal orientation relative to the pore and located
outside the membrane (Jiang et al., 2003a). Subsequent crystallization of KvAP
demonstrated that the voltage-sensor domain was in a non-native conformation, possibly
because the voltage sensors do not adhere tightly to the pore-forming domain and thus
would require an intact lipid membrane for stability (Lee et al., 2005). K 1.2 was
crystallized with a cytoplasmic T1 multimerization domain that helps maintain a native
conformation of the voltage sensor (Long et al., 2005a). The full-length structure revealed
that the voltage sensors (S1-S4) are independent domains inside the membrane with
minimal contact with the pore-forming domain. S4 contains four arginines, two of which
are lipid-facing, whereas the other two are buried in the protein forming salt-bridges with
negatively charged residues in S1 and S2 (Long et al., 2005b). Upon membrane
depolarization the arginines cause the S4 helix to move and/or rotate influencing the pore
to open through the S4-S5 linker. Several models have been proposed for the mechanism
of voltage-dependent gating (Guy and Seetharamulu, 1986; Jiang et al., 2003b; Chanda et
al., 2005; Ruta et al., 2005; Tombola et al., 2006), but without the X-ray structure of a
closed K, channel, the gating mechanism is still unclear.

The prokaryotic non-selective sodium-potassium channel NaK (Shi et al., 2006,
Alam and Jiang, 2009a; Alam and Jiang, 2009b) has been crystallized in both the
conducting (open) and non-conducting (closed) states. However, this channel functions
and behaves differently than eukaryotic Na* and Ca** channels. An ideal candidate for
crystallizing a voltage-gated Na' channel is the NaChBac channel, mainly due to its high
expression in bacteria and identical four-fold symmetry. NaChBac is the first functionally
characterized bacterial voltage-gated sodium-selective channel cloned from Bacillus
halodurans (Ren et al., 2001). Unlike mammalian voltage-gated Na" channels, NaChBac
contains a single polypeptide with six transmembrane helices, which self-assembles to



Ph.D. Thesis - Iva Bruhova McMaster - Biochemistry and Biomedical Sciences

Voltage-gated K* channek — homotetramers, 4 identical peptides

Pore-forming
Extracelhilar |_—Domain (S5-P-36)

Intracelhalar

Voltage-gated Na* and Ca?* channek — heterotetramers, 1 peptide with 4 homologous repeats

Pore-forming

Extracelllar Domain (S5-P-586)

Repeat III Repeail;_\'

Coy

Figure 1.1. General membrane topology of voltage-gated ion channels. Channels are
tetramers, composed of four monomers symmetrically folded around a central pore. Each
monomer consists of six transmembrane helices (S1-S6) and a pore-forming region (P).
The P-region, located between the S5 and S6 helices, forms the ion selectivity filter.
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Table 1.1. Sequence alignment between voltage-gated K, Na*, and Ca®* channels®

McMaster - Biochemistry and Biomedical Sciences

Channel Segment’ # 1 11 21°
K,1.2 S5 o 322 KASMRELGLL IFFLFIGVIL FSSAVYFAEA
Cay1.2 IS5 lo 292 IKAMVPLLHI ALLVLFVIII YAIIGLELFM
IS5 20 675 LNSVRSIASL LLLLFLFIII FSLLGMQLFG
IS5 30 1053 FVAIRTIGNI VIVTTLLQFM FACIGVQLFK
IVS5 40 1384 IKSFQALPYV ALLIVMLFFI YAVIGMQVFG
Na,1.4 IS5 lo 244 IQSVKKLSDV MILTVFCLSV FALVGLQLFM
IS5 20 688 GNSVGALGNL TLVLAIIVFI FAVVGMQLFG
IS5 30 1147 LGAIPSIMNV LLVCLIFWLI FSIMGVNLFA
IVS5 40 1469 MMSLPALFNI GLLLFLVMFI YSIFGMSNFA
33 41 51°
Ky1.2 P p 358  FPSIPDAF WWAVVSMTTV GYGDMVPT
Cay1.2 IP 1p 376  FDNFAFAM LTVFQCITME GWTDVLYW
IIP 2p 719  FDNFPQSL LTVFQILTGE DWNSVMYD
IIIP 3p 1128  FDNVLAAM MALFTVSTFE GWPELLYR
IVP 4p 1429  FQTFPQAV LLLFRCATGE AWQDIMLA
Nay1.4 IP 1p 383  YDTFSWAF LALFRLMTQD YWENLFQL
IIP 2p 738  MNDFFHSF LIVFRILCGE WIETMWDC
IIIP 3p 1220  YDNVGLGY LSLLQVATFK GWMDIMYA
IVP 4p 1512  FETFGNSI ICLFEITTSA GWDGLLNP
1 11 21°
K,1.2 S6 i 385 IGGKIVGSLC AIAJVLTIAL PVPVIVSNEN
Cay1.2 I1S6 i 409 ELPWVYFVSL VIFGSFFVLN LVLGVLSGEF
11S6  2i 757 MLVCIYFIIL FISPNYILLN LFLAIAVDNL
IIS6 3i 1170 VEISIFFIIY IIIIAFFMMN IFVGFVIVTF
IVS6 4i 1480 SFAVFYFISF YMLCAFLIIN LFVAVIMDNF
Na,1.4 1S6 i 415 KTYMIFFVVI IFLGSFYLIN LILAVVAMAY
11S6  2i 770 AMCLTVFLMV MVIGNLVVLN LFLALLLSSF
[IS6 3i 1262 LYMYLYFVIF IIFGSFFTLN LFIGVIIDNF
IVS6 4i 1565 SIGICFFCSY IIISFLIVVN MYIAIILENF

* The outer and inner helices were aligned according to Huber et al. (2000) and Zhorov et
al. (2001), respectively. Selectivity filter residues are highlighted yellow. The
prokaryotic gating hinge (Gly) is highlighted green. The Asn residues conserved in all
four repeats of Na" and Ca”" channels are highlighted grey. Bold-typed are residues
affecting the binding of correolide in K1 channels (Hanner et al., 2001), DHPs in Cay1
channels (Bodi et al., 1997; Peterson et al., 1997), and LAs in Na’ channels (Wang et
al., 2001; Yarov-Yarovoy et al., 2001).

The standard segment name includes the repeat number (I-IV) and symbols S5, S6, or P.
An alternative segment name is used for labelling residues, which includes the repeat
number (1-4) and symbols o, i, and p for the outer helices, inner helices, and P-loops,
respectively. Absolute numbers (#) of the first residue in each segment.

¢ Relative numbers of residues (see text).
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Figure 1.2. The pore-forming domains of prokaryotic K’ channel X-ray structures.
A and B, The cytoplasmic and side views of the closed-state KcsA X-ray structure. C and
D, The cytoplasmic and side views of the open-state KvAP X-ray structure. The
following colouring scheme is used: outer helices (S5) - grey strands; inner helices (S6) -
violet ribbons; pore helices (P) - green ribbons; the selectivity-filter region and
extracellular segments - green strings; K™ ions - yellow spheres. For clarity, only the
opposing domains are shown in the side views. E, A closer view of the K channel
selectivity filter. The selectivity filter is formed by four backbone carbonyls and one side
chain oxygen per domain.
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form a homotetramic channel. Currently the X-ray structures of Na* and Ca®* channels
are unavailable.

MOLECULAR MODELLING OF ION CHANNELS

Electrophysiological and crystallographic studies have provided valuable
information about the structure-function relationship of ion channels. However, currently
there are only a few published X-ray structures of ligand-channel complexes and no X-
ray structures of Na* and Ca®" channels. Atomic-resolution structures of ion channels and
their complexes with ligands are necessary to understand the mechanisms of the action of
ligands, an important step towards developing new potent and selective drugs. In the
absence of experimental data on three-dimensional structures of ion channels, molecular
modelling is a valuable tool to predict the atomic-level structures of ion channels with
drugs.

Molecular modelling has been used for many years to predict low energy
conformations of small molecules and peptides. Early modelling was limited to small
systems. The advances in molecular modelling algorithms and computer technology
enabled the simulation of larger systems, including ion channels.

Only a few three-dimensional structures of the pore-forming domain of ion
channels have been solved. Using an approach called homology modelling, we can build
an atomic-resolution model of a target ion channel using the X-ray structure of a related
homologous ion channel as a template. The energy of the homology model is calculated
using a force field, in particular we use AMBER, which includes energy functions for
both bonded and non-bonded interactions (Weiner et al., 1984; Weiner et al., 1986). We
and several other groups use Monte Carlo (MC) energy minimization to find energetically
optimal conformations of a model (Li and Scheraga, 1987), an effective methodology for
ligand docking. Many other groups use molecular dynamics simulations. To maintain the
folding of the template protein, during MC-minimization the backbone C* atoms of the
model are allowed to move up to 1 A from their corresponding positions in the template
and for further deviations an energy penalty is applied. Dehydration energy is calculated
using an implicit solvent method (Lazaridis and Karplus, 1999a), a valuable alternative to
using explicit water molecules. Without imposing any bias, the optimal positions and
orientations of ligands are searched from thousands of random starting points. The area of
the random search usually covers the entire pore-forming domain. The energetically most
favourable conformations are collected and further MC-minimized with both the ligand
and protein flexible. The above methodology is integrated in the ZMM program
(http://www.zmmsoft.com), which I have used for all my molecular simulations. Other
molecular modelling programs, ICM (http://www.molsoft.com) and Rosetta
(http://www.rosettacommons.org), use a similar approach.


http:http://www.rosettacommons.org
http:http://www.molsoft.com
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The most common source of error in homology modelling is an incorrect sequence
alignment between the target and the template. The inner helices of K channels align at a
conversed Gly residue, which was proposed to be the gating hinge for prokaryotic K*
channels (Jiang et al., 2002a). The inner helices of Na" and Ca®" channels align at an Asn
residue, which is conserved among all four repeats (Table 1.1). Sequence analysis
suggests that Na* and Ca®* channels have evolved from K* channels by the processes of
successive gene duplication, mutation, and selection from common ancestral channels
(Anderson and Greenberg, 2001). However, the alignment between K', Na', and Ca*"
channels is not obvious. Automatic alignment algonthms do not work instead a
knowledge-based approach is used, in which sequences of K, Na*, and Ca®* channels are
manually aligned taking into consideration various expenmental data Several different
alignments have been proposed for the inner helices. We use the alignment, which was
previously proposed for inner (Zhorov et al., 2001) and outer (Huber et al., 2000) helices
(Table 1.1). Using this alignment, homology models of Na" and Ca*>* channels were built
from the X-ray structures of K channels. The models explained the drug action of
benzothiazepines (Tikhonov and Zhorov, 2008), batrachotoxin (Wang et al., 2006), local
anaesthetics (Tikhonov et al., 2006), and tetrodoxin and saxotoxin (Tikhonov and Zhorov,
2005a). In comparison to the inner helix alignment in Table 1.1 (Zhorov et al., 2001),
other research groups propose a shifted alignment position (Huber et al., 2000 Lipkind
and Fozzard, 2000; Lipkind and Fozzard, 2003) or suggest an insertion in Ca** channels
(Stary et al., 2008). Assuming that all ligand-sensitive residues should face the pore,
Lipkind and Fozzard aligned Na" and Ca®" channels with the conversed Asn residues of
different domains not appearing in matching positions (Lipkind and Fozzard, 2000;
Lipkind and Fozzard, 2001 Lipkind and Fozzard, 2003). Currently, the alignment
between K*, Na*, and Ca** channels is still disputed.

STRUCTURE, FUNCTION, AND PHARMACOLOGY OF VOLTAGE-GATED
CHANNELS

In the followmg sections I review the structure, function, and pharmacology of
voltage-gated K*, Ca®*, and Na* channels and how molecular modelling has advanced our
knowledge of ion channels and the action of ligands. A universal residue-labelling
scheme is used (Zhorov and Tikhonov, 2004), since a variety of ion channels are
discussed in this thesis, each having different residue numbering. A residue label includes
the domain (repeat) number (1-4), segment type (o, the outer helix, p, P-loop; i, the inner
helix), and relative number of the residue in the segment (see Table 1.1). For the
transmembrane segments, the relative numbers are counted from the beginnings of the
respective KcsA helices as seen in the X-ray structure (Doyle et al., 1998). Relative
numbers of residues in P-loop are counted from the EEEE- and DEKA-locus, whose
residues are assigned number 50 to avoid negative numbers for residues in P-helices.
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Voltage-gated K' channels

Potassium channels are considered the largest and the most ancient group of ion
channels, which allow the selective passage of K* ions across the cell membrane. K*
channels regulate neuronal and cardiac electrical patterns, release of neurotransmitters,
muscle contraction, and hormone secretion. K channels can be gated by voltage, the
binding of intracellular ligand, or by both types of stimulus. The a subunit of K" channels
is associated with a variety of accessory proteins, including § subunits, calmodulin, and
MinK (Gutman et al., 2005). Voltage-gated and Ca**-activated channels contain six
transmembrane segments, while inward rectifiers, Karp channels, and the G protein-
coupled channels possess two transmembrane segments (Doupnik et al., 1995). Voltage-
gated K" channels (K,) are the most diverse consisting of twelve families, K 1 — K12
(Gutman et al., 2005). The best studied are voltage-gated K channels derived from the
Drosophila gene, K,1, K2, K\3, and K4, also referred to as Shaker, Shab, Shaw, and
Shal, respectively.

Crystallographic studies of prokaryotic K* channels have significantly advanced
our understanding of ion channels; however, upon starting my graduate studies, there
were no X-ray structures of eukaryotic channels. Structural similarity between
prokaryotic and eukaryotic voltage-gated K™ channels was questioned by controversial
interpretations of experiments. On one hand, substituting the prokaryotic pore into the
eukaryotic Shaker K* channel suggests the conservation of the pore domain between the
channels (MacKinnon et al., 1998; Lu et al., 2001). On the other hand, experiments on
Cd* action to the Shaker channel with engineered cysteines (Holmgren et al., 1998; del
Camino et al., 2000) imply structural differences between prokaryotic and eukaryotic K*
channels. Webster et al. (2004) introduced Cys at or near the Pro-Val-Pro (PVP) motif on
the S6 helices. They demonstrated that Cys mutant channel gets locked in the open state
by a Cd** bridge between the engineered Cys and a native His residue. A double Cys
mutant was able to lock open and then blocked by Cd** ions. They proposed that
eukaryotic K channels have a different gating mechanism than prokaryotic channels,
suggesting that the PVP motif of the eukaryotic Shaker K channel is a gating swivel that
causes a kink at the inner helix (Webster et al., 2004). The authors proposed that the open
pore size of the eukaryotic potassium Shaker channels is narrower (approximately 8 A
wide) compared to the prokaryotic X-ray structures, which are 10-12 A wide. Webster et
al. (2004) suggested that the structure of eukaryotic K* channels is significantly different
from the X-ray structures of prokaryotic K* channels. This suggests that the available
X-ray structures of prokaryotic K* channels could not be used as a template to molecular
model eukaryotic K*, Na*, nor Ca®* channels.

The above controversy is addressed in Chapter 2, where we modelled the wild
type Shaker channel and its mutants with Cd*" ions (Bruhova and Zhorov, 2005). Our
study showed that the open Shaker channel should be as wide as in the X-ray structure of
KvAP to accommodate correolide, a large open Shaker channel blocker (Felix et al.,
1999). Simulating Cd** experiments of Webster et al. (2004), we found that the Cd**
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bridge between the engineered Cys and native His residues can be formed in the KvAP-
based model of the Shaker channel. The locked-open KvAP-based model was easily
blocked by two Cd** jons coordinated by two pairs of Cys residues, which caused the
system to be electrically balanced and did not involve large conformational changes. This
study infers the suitability of the KvAP structure for modelling eukaryotic K* channels.
Upon publishing our KvAP-based locked-open model of the Shaker channel, months later
the first eukaryotic K™ channel X-ray structure was released of the open voltage-gated
Ky1.2 Shaker channel (Long et al., 2005a; Long et al., 2005b). This structure confirmed
our predictions and finally resolved the dispute to show that prokaryotic and eukaryotic
K" channels are indeed structurally similar.

A variety of K, channel inhibitors have been characterized (Kaczorowski and
Garcia, 1999). Peptides from the venom of scorpions, spiders, snakes, and sea snails
inhibit K, channels. These neurotoxic peptides have been used as probes to understand
the structure and function of K, channels. The outer pore was probed using
charybdotoxin, a 37 amino acid peptide blocker isolated from scorpion venom, which
blocks XK,1 channels with nanomolar affinity (MacKinnon et al., 1990).
Tetraethylammonium and 4-aminopyridine are small-molecule inhibitors of K, channels,
however, they lack subtype selectivity, and thus are less effective for pharmacological
studies. In order to develop effective drugs, selective low-molecular-weight inhibitors are
necessary. Thus, several K, channels, particularly ones that are pharmacologically
important drug targets, have been screened for small-molecule blockers. Correolide was
the first natural product found to selectively inhibit K,1.3 channels, a target for the
development of novel immunosuppressants (Goetz et al., 1998; Felix et al., 1999; Chandy
et al., 2001). Mutational studies were performed with [*H]dihydrocorreolide to locate its
binding site (Hanner et al., 1999; Hanner et al., 2001), nevertheless, structural aspects of
correolide binding to K,1.3 channels remain unclear. Another drug found through drug
screening was chromanol 293B, which could potentially treat cardiac arrhythmia by
selectively inhibiting cardiac K,7.1 (also known as KCNQI1) channels (Gerlach et al.,
2001). Dr. Seebohm’s group identified two inner helix residues to be involved in
chromanol binding and when mutated dramatically lowered the potency of chromanol
block (Lerche et al., 2007). Both correolide and chromanol possess several nucleophilic
groups, but the inner pore of the K, channel is predominantly lined with hydrophobic
residues, which raises questions regarding the nature of ligand-channel interactions.

Binding of correolide and chromanol 293B to eukaryotic K, channels was
simulated in Chapter 3. Thousands of orientations of correolide and chromanol were
randomly sampled in the closed and open models of K,1.3 and K,7.1, respectively. Both,
correolide and chromanol bind favourably inside the open channel but experience steric
clashes or ligand strain in the closed channel. In the most energetically favourable
orientation of correolide and chromanol, two of their oxygen atoms coordinate the K* ion
in the selectivity filter. The electrostatic interaction between the ligand and the K' jon
contributes to the stronger binding energy. Residues identified from mutational analysis
to effect correolide (Hanner et al., 2001) and chromanol (Lerche et al., 2007) binding,
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where explained in our models to either directly contact the ligand or affect the pore
geometry. Our study suggests that a K” ion at the selectivity filter is a critical determinant
for correolide and chromanol binding and possibly other nucleophilic blockers.

Voltage-gated Ca** channels

Voltage-gated Ca** channels are activated by membrane depolarization and
mediate the selective entry of Ca”" ions into excitable cells. Ca®" channels are formed of
complexes consisting of the pore-forming domain a; subunit, transmembrane a0 subunit,
intracellular § subunit, and transmembrane y subunit (Catterall, 2000b). Ca®* channels are
categorized as L-type, P/Q-type, N-type, R-type, and T-type, reviewed in (Catterall et al
2005). Of all the channel types, one of the most intensely studied are L-type Ca*
channels (Cay1.1-Cay1.4), which are expressed broadly in neurons, muscles (skeletal and
cardiac), and glands. These channels mediate contraction in smooth and cardiac muscles,
hormone secretion, and transcriptional events supporting learning and memory. L-type
Ca®" channels are selectively sensitive to 1,4-dihydropyridines (DHPs), phenyl-
alkylamines (PAAs), and benzothiazepines (BTZs), reviewed in (Striessnig et al., 1998).
Members of these classes of drugs, particularly, verapamil, diltiazem, and nifedipine, are
clinically used to treat hypertension and cardiac arrhythmia. P/Q-type, N-type, and R-type
Ca®" channels (Ca,2.1-Ca,2.3) are expressed in neurons, where they initiate
neurotransmission at synapses and mediate calcium entry. They are insensitive to L-type
Ca2+ channel blockers, but are specifically blocked with high affinity by peptide toxins
from spiders and marine snails, such as m-agatoxin and ®-conotoxin, reviewed in
(Doering and Zamponi, 2003). T-type Ca®" channels (Ca,3.1-Ca,3.3) are insensitive to
both blockers of the Ca,1 and Ca,2 subfamily. They are located in a variety of cell types,
such as the neurons, heart and muscle, where they are involved in shaping the action
potential and controlling repetitive firing.

Mutational studies of the Ca,1 channels revealed residues in helices IIISS, I11S6,
and IVS6 are involved in the binding of all three classes of drugs (Hockerman et al.,
1997). DHPs, PAAs, and BTZs are believed to bind at three separate receptor sites,
however located in close proximity to each other by binding to different faces of the inner
helices in domains III and IV. PAAs and BTZs are protonated at physiological pH and are
believed to block LCC by occluding the inner pore. However, DHPs are generally neutral
at physiological pH and interestingly can act as antagonist and agonist depending on its
chemical substituents and geometry (Hockerman et al., 1997). Experiments with
quaternary derivatives show that PAAs block the channel from the intracellular side,
whereas DHPs and BTZs block from the extracellular side (Kass et al., 1991; Hering et
al., 1993; Seydl et al., 1993; Kwan et al., 1995). Homology models of Ca®* channels have
been built to explain the action of DHPs (Huber et al., 2000; Zhorov et al., 2001; Lipkind
and Fozzard, 2003; Tikhonov and Zhorov, 2009), PAAs (Lipkind and Fozzard, 2003 2)
and BTZs (Tikhonov and Zhorov, 2008), however ambiguous alignments between Ca*"
and K" channels shed doubts on these models.
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The substituted-cysteine accessibility method (SCAM) is a valuable technique to
identify pore-lining residues in ion channels, which could potentially aid in resolving the
disputed alignment between K* and Ca®" channels. Zhen et al. (2005) used SCAM to
identify pore-lining residues in Ca,2.1; however, paradoxically, the SCAM data of Ca,2.1
did not agree with the pore-lining residues of K™ channels. Methanethiosulfonate reagents
(e.g. MTSET) did not block Ca,2.1 with cysteine substitutions at positions critical for
PAA and local anaesthetic binding, which were presumed to be pore-lining residues. The
Ca,2.1 inner pore is asymmetric, because identical positions from different repeats
experience various degrees of MTSET modification. Unexpectedly, MTSET blocked
Ca,2.1 with cysteine substitutions at seemingly distant outer helix positions (Zhen et al.,
2005). Zhen et al. (2005) concluded that their results are inconsistent with published
sequence alignments between Ca®* and K" channels. This conclusion casts doubts on
homology models of Ca’* channels.

In Chapter 4, we modelled MTSET-substituted cysteine mutants of Ca,2.1 based
on K,1.2 using the alignment proposed by Huber et al. (2000) and Zhorov et al. (2001)
for outer and inner helices, respectively. We demonstrated that certain pore-facing
residues of Ca,2.1 are surrounded by large hydrophobic residues, which would prevent
cysteine ionization and hence reaction with MTSET. Using Monte-Carlo minimization,
we searched for energetically favourable orientations of MTSET-modified cysteines,
which can be considered as long flexible tethered ligands that can adopt a variety of
orientations in the channel. MTSET-modified cysteines at pore-facing positions can
occlude the inner pore or protrude into the domain interface. Depending on the
surrounding residues, MTSET-modified cysteines can adopt distinct binding modes even
when located at the same relative position in the inner helix of different repeats. MTSET-
modified cysteines at outer helix positions can extend its ammonium group toward the
periphery of the inner pore. Our calculations rationalize the SCAM data of Ca,2.1
obtained in a meticulous experimental study by Zhen et al. (2005), validate the reported
alignment between Ca’* and K channels, and suggest similar dispositions of
transmembrane helices in these channel types.

Voltage-gated Na* channels

Na' channels play an essential role in initiating and propagating action potentials
in excitable cells. Unlike voltage-gated K™ and Ca®* channels, the family of Na* channels
is less diverse, likely appearing relatively recently in evolution, and share similar
functional properties (Catterall, 2000a). The o subunit of Na™ channels is associated with
auxiliary B subunits which have been found to be involved in channel localization
(Catterall et al., 2005). Nine isoforms of mammalian Na" channels (Na,1.1-Na,1.9) have
been identified, which have a sequence identity greater than 60% (Catterall et al., 2005).
The most closely related group with sequence similarity over 80% are Na,1.1, Na,1.2,
Nay1.3, and Na,1.7, which are primarily expressed in neurons. These four channels along
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with the skeletal muscle Nay1.4 and central nervous system Na,1.6 isoforms are highly
sensitive to tetrodotoxin (TTX, affinities ranging ~1-12nM). A single amino acid change
from a Phe or Tyr side chain to Cys in domain I cause Na,1.5, Na,1.8, and Na,1.9
channels to be resistant to TTX (affinities ranging ~1-40mM) (Backx et al., 1992; Satin et
al., 1992). The latter channels are highly expressed in the heart and dorsal root ganglion
neurons. Na,1.1-Na,1.3 are potential targets for anti-epileptic drugs, while Na,1.6-Na,1.9
are targets for analgesic drugs (Catterall et al., 2005). Point mutations in Na,1.4 cause
hyperkalemic periodic paralysis and paramyotonia congenita (Cannon, 1997). In Na,1.5,
point mutations and deletions cause long QT syndrome and idiopathic ventricular
fibrillation (Keating and Sanguinetti, 2001).

Before X-ray structures of K channels were available, two groups (Guy and
Seetharamulu, 1986; Oiki et al., 1990) modelled the Na" channel and correctly predicted
the transmembrane folding pattern. The model predicted six transmembrane a-helices and
a re-entrant loop between segments S5 and S6 that dipped into the transmembrane region
of the protein. After the first K* channel X-ray structure was released, Lipkind and
Fozzard (2000) modelled the closed-state Na' channel with the S5 and S6 helices
arranged exactly as in the KcsA X-ray structure. The selectivity filter DEKA locus of the
Na' channel was modelled with side-chains facing the pore, unlike the main-chain
carbonyls that face the pore in K channels.

Tetrodotoxin and saxitoxin are highly potent Na™ channels blockers, which are
known to plug the outer pore by forming multiple contacts with the Na' channel
selectivity-filter region (Kirsch et al., 1994; Penzotti et al., 2001; Choudhary et al., 2003).
Tikhonov and Zhorov (2005a) modelled the P-loop domain of Na,1.4 having the pore
helices arranged as in the MthK K' channel X-ray structure. The conformation of the
selectivity-filter region was shaped around TTX and saxitoxin using experimentally
known data contacts between the toxins and Na' channel outer pore (Tikhonov and
Zhorov, 2005a). The docking of another class of peptide Na' channels blockers, such as
p-conotoxin (u-CTX) (Olivera et al., 1987), into this Na" channel model, was consistent
with experimentally known data (Stephan et al., 1994; Li et al., 1997).

Another group of neurotoxins cause the activation of Na* channels. The group
includes batrachotoxin, veratridine, aconitine, and grayanotoxin, which have been
isolated from frog or plant species. Ligand-binding residues are found in the pore-lining
inner helices of all four repeats suggesting that the activators could bind inside the pore
(Wang et al., 2001). Paradoxically, these activators share similar structure, size, and
receptor site as Na' channel blockers. The comparison of their three-dimensional
structures reveals that activators have polar groups lined on one side of the molecule and
hydrophobic groups on the opposite side, whereas in blockers the hydrophilic groups are
sparse (Tikhonov and Zhorov, 2005b). Activators can fit in the inner pore of the Na'
channel model and interact with all four inner helices as in agreement with mutational
experiments. Activators bind near the channel gate stabilizing the open state, thus
explaining the easier and longer opening of activator-modified channels. Ions are able to
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permeate through a narrow hydrophilic pathway shaped by the polar groups of the
activator inside the channel (Tikhonov and Zhorov, 2005b).

Local anaesthetics (LAs) block Na' channels and are clinically used to reduce
pain. The receptor for both toxin activators and LA blockers is in the inner pore (Ragsdale
et al., 1994; Wright et al., 1998). LAs can bind to the closed, open and inactivated states
of the channel, but generally have a stronger potency to open or inactivated channels
compared to closed channels (Hille, 1977; Ragsdale et al., 1994; Wright et al., 1997).
Inner helix residues in repeat IV were found to be critical for the use-dependent block by
LAs (Ragsdale et al., 1994; O'Leary and Chahine, 2002). Interestingly, the mutation of
residues critical for use-dependent block by LAs had different affects on the closed
channel block (Wright et al., 1998; Li et al., 1999). Thus, the mechanisms of LA action
on the closed and open channels are still unresolved.

Quaternary analogs of LAs, such as QX-222 and QX-314, cannot cross the
membrane and therefore are used as probes for exploring the access pathways into the
channels. When applied intracellularly, the quaternary LAs can only block the open Na"
channels (Hille, 1977). In the open channel, LAs can reach their binding site through the
open intracellular gate along the ion conduction pathway. In the closed state, the straight
inner helices converge at the cytoplasmic side and obstruct ion permeation (Doyle et al.,
1998). Interestingly, closed cardiac Nay1.5 channels, but not Nay1.2 and Na,1.4, are
sensitive to externally applied quaternary LAs (Alpert et al., 1989; Qu et al., 1995)
suggesting an extracellular access pathway for LAs. TTX-binding studies and mutations
at the selectivity filter suggest that extracellular LAs can reach their binding site through
the outer pore (Qu et al., 1995; Sunami et al., 2000; Sasaki et al., 2004). On the other
hand, p-CTX-binding studies and inner helices mutations in domain IV suggest the
involvement of the inner helices in the extracellular pathway of LAs (Wang et al., 1998;
Sunami et al., 2001).

In Chapter 5, I docked three structurally different LAs into the closed Na,1.5
model and explored various hypothetical extracellular access pathways for LAs into the
closed channel (Bruhova et al., 2008). Our study predicts that the LA molecules can
favourably adopt two binding modes in the closed state: a vertical and horizontal binding
mode. The horizontal binding mode is consistent with the closed channel block, whereas
the vertical mode is consistent with open channel block. The energetically most
favourable pathway for the LA molecule to and from the closed channel is the interface
between domains III and IV, whereas the selectivity filter and the closed activation gate
impose large energy barriers for LAs. Finally, we propose that the occupancy of the pore
with a Na' ion affects both access and binding of LAs.
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OVERVIEW

During my graduate studies, the focus of my research was the geometry of the
pore-forming domain of voltage-gated ion channels and their complexes with metal ions
and small molecules. I used experimental data as constraints in my models to resolve the
controversy regarding the dimensions of the open pore in eukaryotic and prokaryotic K"
channels (Chapter 2). The prediction that the pore dimensions are similar between these
channels allowed us to model eukaryotic K* channels based on the X-ray structures of
prokaryotic K channels. We predicted that metal ions in the selectivity filter are
important determinants for the binding of nucleophilic K™ channel blockers, such as
correolide and chromanol (Chapter 3). The next problem was to model Ca®" and Na
channels using the X-ray structures of their distant K channel relatives. Our model of
Ca,2.1 based on the X-ray structure of K,1.2 explained SCAM observations, thus
validating a previously proposed alignment between K', Na', and Ca®" channels
(Chapter 4). This is an important justification that homology models of Na" and Ca**
channels can be based on the X-ray structures of K* channels. We predicted a binding site
and access route of local anaesthetics in the closed cardiac Na' channel. This model
helped clarify a large body of experimental data. We proposed that Na" deficiency in the
outer pore of the slow-inactivated Na' channels stabilizes the binding and facilitates
access of local anaesthetics (Chapter 5). I hope my studies have contributed to the
expanding literature on the structure of eukaryotic voltage-gated ion channels and their
complexes with drugs.
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CHAPTER TWO

PREDICTING THE OPEN-STATE GEOMETRY OF EUKARYOTIC K" CHANNELS
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CHAPTER TWO PREFACE

The work presented in this chapter was previously published in:

Bruhova 1 and Zhorov BS (2005) KvAP-based model of the pore region of Shaker
potassium channel is consistent with cadmium- and ligand-binding experiments.
Biophysical Journal 89:1020-9.

Permission has been granted from the publisher to reproduce the material here.

I conducted all of the experiments described in this chapter.
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ABSTRACT

Potassium channels play fundamental roles in excitable cells. X-ray structures of
bacterial potassium channels show that the pore-lining inner helices obstruct the
cytoplasmic entrance to the closed channel KcsA, but diverge in widely open channels
MthK and KvAP, suggesting a gating-hinge role for a conserved Gly in the inner helix. A
different location of the gating hinge and a narrower open pore were proposed for
voltage-gated Shaker potassium channels that have the Pro'zl-Val—Pro (PVP) motif. Two
major observations back the proposal: cadmium ions lock mutant V**C in the open state
by bridging C* and H* in adjacent helices, and cadmium blocks the locked-open double
mutant V#C/V#C by binding to C"? residues. Here we used molecular modeling to
show that the open Shaker should be as wide as KvAP to accommodate an open-channel
blocker, correolide. We further built KvAP-, MthK-, and KcsA-based models of the
Shaker mutants and Monte Carlo-minimized them with constraints C**---Cd**---H®*. The
latter were consistent with the KvAP-based model causing a small bend N-terminal to the
PVP motif. The constraints significantly distorted the MthK-based structure, making it
similar to KvAP. The KcsA structure resisted the constraints. Two Cd** ions easily block
the locked-open KvAP-based model at C™ residues, while constraining a single cadmium
ion to four C™* caused large conformational changes and electrostatic imbalance. While
mutual disposition of the voltage-sensor and pore domains in the KvAP X-ray structure is
currently disputed, our results suggest that the pore-region domain retains a native-like
conformation in the crystal.

INTRODUCTION

Voltage-gated K* channels (K, channels) are involved in the electrical impulse
generation in nerve, muscle, endocrine, and other excitable cells. The landmark
crystallographic structures of bacterial K channels show that the pore-lining inner helices
obstruct the cytoplasmic entrance to the closed channel KcsA (Doyle et al., 1998), but
diverge in widely open channels MthK (Jiang et al., 2002b) and KvAP (Jiang et al.,
2003a), suggesting a gating-hinge role for conserved glycine in the inner helix (Jiang et
al., 2002a). The X-ray structures of bacterial channels helped to explain a large body of
experimental data on eukaryotic channels and have been used as templates to build
homology models of pharmacologically important voltage-gated potassium (Laine et al.,
2003; Luzhkov et al., 2003; Durell et al., 2004), sodium (Lipkind and Fozzard, 2000;
Tikhonov and Zhorov, 2005b), and calcium (Lipkind and Fozzard, 2001; Zhorov et al.,
2001) channels, as well as channels gated by glutamate (Tikhonov et al., 2002) and cyclic
nucleotides (Flynn and Zagotta, 2003). However, the reliability of the homology models
is questioned by controversial interpretations of experiments addressing structural
similarity between prokaryotic and eukaryotic K* channels.

In the absence of high-resolution structures of eukaryotic channels, information on
their geometry is deduced from experiments such as chemical cross-linking, metal
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binding, ligand binding, and cysteine scanning. These experiments do not provide direct
data on the channel geometry, but determine distance constraints between individual
atoms and residues. The emerging picture of the pore architecture of K, channels
generally agrees with the structure of bacterial K* channels. However, K, channels have
important structural peculiarities within the pore domain. The inner helices of K,
channels include a highly conserved Pro-X-Pro motif between the conserved glycine,
which is N-terminal to the motif, and C-terminal residues whose crossover forms the
activation gate in bacterial channels. In Shaker channels, the Pro-X-Pro motif includes
residues P*!, V22 and P referred to as the PVP motif. Lu et al. (2001) substituted the
pore of a prokaryotic channel into an eukaryotic voltage-gated channel and showed that
the resulting chimera retained the hallmark functional properties of eukaryotic channels,
indicating that the ion conduction pore is conserved among K" channels.

A different conclusion regarding the similarity between prokaryotic and
eukaryotic K* channels has been proposed by Yellen and coworkers. In particular, del
Camino et al. (2000) demonstrated that intracellularly applied blockers prevent chemical
modification of engineered cysteines in the inner helices C-terminal to the PVP motif, but
not at the positions N-terminal to it. To explain this fact, the authors hypothesized that,
unlike prokaryotic channels, the Shaker channels have a sharp bend at the PVP motif.
This hypothesis is supported by the similar studies of Cd** action on Shaker mutants
(Holmgren et al., 1998; Webster et al., 2004), which provided valuable distance
constraints between certain residues in the inner helices of the open Shaker channel. The
authors found that (i) Cd** ions lock mutant V2*C in the open state by bridgin% c and
H"* in adjacent helices and (if) Cd*" blocks the locked-open double mutant V**C/V*>*C
by coordinating C'** residues. Current structural interpretation of these constraints is
visualized in a conceptual model, in which the N-terminal halves of the inner helices are
disposed as in KcsA, whereas the C-terminal halves kink significantly at the PVP motif to
form a rather narrow open pore (Swartz, 2004; Webster et al., 2004).

The consistency of the constraints by Webster et al. (2004) with the available X-
ray structures has not yet been tested in a molecular modeling study. Such study is
necessary, in particular, because the current interpretation of the Cd**-binding
experiments involves certain ambiguity. On one hand, the fact that Cd** blocks the double
mutant V2C/V#*C suggests that the pore lumen should be as small as the diameter of
Cd*" jon. On the other hand, the open pore should be wide enough to accommodate
flexible quaternary ammonium blockers and permeate hydrated K* ions. To compromise
these observations, Webster et al. (2004) proposed that the width of the open pore may
vary from ~ 3 to ~ 8-9 A.

The upper estimate of the pore dimension proposed by Webster et al. (2004) is
deduced from the size of flexible ligands that block the channel. The interpretation of data
on flexible drugs binding in terms of the pore dimensions requires analysis of
conformation-activity relationships (Zhorov et al., 1991). More rigid open-channel
blockers may provide direct estimates of the minimal width of the cytoplasmic pore
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entrance. One such blocker is correolide, a nortriterpene alkaloid isolated from the Costa
Rican tree Spachea correa (Felix et al., 1999). Correolide prevents T-cell activation and
attenuates immune responses by selectively blocking open (or C-type-inactivated) K,1.3
channels in T-cells (Koo et al., 1999). Besides K,1.3, the drug blocks other members of
the Shaker subfamily (Hanner et al., 1999). Correolide interacts with several residues in
the inner helix, suggesting that the binding site is located inside the pore (Hanner et al.,
2001). Correolide has a semirigid hexacyclic core, which makes the drug an ideal
candidate to probe the dimensions of the open Shaker channel.

In this work we use molecular modeling to explore whether available
experimental data on the dimensions of the Shaker open pore are consistent with available
crystallographic structures of bacterial K* channels. We first calculate the cross-sectional
dimensions of correolide and demonstrate that it matches the width of KvAP at the level
of the cytoplasmic entrance to the open pore. We further build KcsA-, MthK-, and KvAP-
based models of the Shaker mutant V**C and apply distance constraints C#...cd**---g*
to impose the locked-open conformations. The KvAP-based model readily accommodates
the constraints, whereas KcsA- and MthK-based models seem inconsistent with the Cd**-
binding data. Finally, we create the KvAP-based model of the double mutant V**C/V 240
in the locked-open conformation and simulate Cd** block at the level of engineered Cc2,
The model readily accommodates two but not one Cd** ion at this site. Our study shows
that experimental constraints of Webster et al. (2004) are consistent with the X-ray
structure of KvAP. These data imply that the geometry of the pore region of the open
Shaker is similar to that of KvAP.

METHODS

Energy calculations were performed using the Monte Carlo minimization (MCM)
method (Li and Scheraga, 1987), AMBER force field (Weiner et al., 1984), and the ZMM
program (www.zmmsoft.com) as described in Chapter 1. Ionizable residues were kept in
their neutral forms, except for the Cd**-bound cysteines, which were modeled in the
deprotonated forms. The homology models of the Shaker channel and its V'**C and \aa(®
mutants were built using the alignment shown in Table 2.1. The starting KcsA-, MthK-,
and KvAP-based models of the Shaker channel and its V2*C mutants were built and MC-
minimized using the approach described elsewhere (Tikhonov and Zhorov, 2004).

Determining dimensions of Shaker channel blockers

The dimensions of correolide and tetrabutylammonium (TBA) were determined
by computing plots of MC-minimized energy of the drug pulled through variable-
diameter rings of methane molecules. The epoxy oxygen of correolide was constrained to
a movable plain Py, which is parallel to the ring plane. Plane Py was translated with a
step of 0.5 A at each step the energy was MC-minimized. The translational position of
correolide at the plots corresponds to the displacement of plane Py from the ring plane.
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Table 2.1. Alignment of K channels *

McMaster - Biochemistry and Biomedical Sciences

Outer helices

KcsA 23
MthK 14
KvAP 144
Shaker 390

Inner helices

KcsA 86
MthK 70
KvAP 207
Shaker 453

1

ALHWRAAGAA
RVLKVPATRIT
AADKIRFYHL
KASMRELGLL

1

LWGRLVAVVV
PLGMYFTVTL
PIGKVIGIAV
VWGKIVGSLC

11

TVLLVIVLLA
LLLVLAVIIY
FGAVMLTVLY
IFFLFIGVVL

11

MVAGITSFEFGL
IVLGIGTFAV
MLTGISALTL
AIAGVLTIAL

21°

GSYLAVLAE
GTAGFHFIE
GAFAIYIVE
FSSAVYFAE

21 31

VTAALATWEV GREQ
AVERLLEFLI NREQ
LIGTVSNMFQ KILV
PVPVIVSNEN YFYH

? Correolide-sensing residues in the inner helices of K,1.3 (Hanner et al., 2001) are bold-

typed.

® Relative numbering as described in Chapter 1.
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To prevent the flip-flop of correolide during MC-minimizations, an atom in the seven-
membered ring of correolide was constrained not to occur ahead of plane Po.

Modeling the Cd**-bound Shaker channel

The locked-open conformations of the channel were built to satisfy distance
constraints between C2* and H>* residues (Webster et al., 2004) In the starting KcsA-,
MthK-, and KvAP-based models, the distances between C‘ * and H™* residues were too
large to form Cd** bridges described by Webster et al. (2004). The lengths of
coordinating bonds S-Cd** and N-Cd** are known from the crystal structures of small
molecules with Cd**.  Applying the lengths of the coordinating bonds as fixed distance
constraints C**_§'---Cd**---N** H"* to the X-ray based models of the Shaker caused
abrupt conformational changes and bad contacts, which were difficult to relax in a
reasonable computational time. Therefore, each X-ray based model of the Shaker was
modified in a series of MCM trajectories with variable, gradually diminishing constraints
(Tikhonov and Zhorov 2004). The starting values of the variable distance constraints S---
Cd*" and N---Cd*" were calculated in the MCM trajectory in which the Erotein backbones
were kept rigid while distances between Cd*" ions, S'_C**, and N> H** were minimized.
The experimental lengths of the coordinating bonds S---Cd2+ and N---Cd*" were used as
the target values for the variable distance constraints. In the subsequent series of MCM
trajectories, the variable constraints were diminished with the step of 0.5 A. At each step,
the energy was MC-minimized starting from the optimal structure found at the previous
step.

In the constraints-driven MCM trajectories, the alpha carbons in the P-loops and
extracellular halves of the inner and outer helices were constrained to the respective
crystallographic positions using pins, flat-bottom energy functions with the bottom width
of 1 A. The secondary structure of the C-terminal parts of the inner helices (S127 through
H‘34) was preserved by constraining a-helical H-bonds between CO and NH groups.
MCM trajectories were terminated when the last 2000 consecutive energy minimizations
did not decrease the lowest energy found. At the last stage of simulating the locked-open
conformations of the Shaker channel, all constraints were removed and an additional
MCM trajectory was run. This protocol ensured smooth conformational changes that
yielded a compromise between the startlng X-ray based structure of the Shaker channel
and the experimental S---Cd*" and N---Cd** constraints. The same methodology was also
used to simulate the Cd** block of the locked-open Shaker channel.

Simulating Cd** ions

C1a551cal force-field parameters for Cd* do not reproduce experimental geometry
of Cd*-Cys complexes (Berweger et al., 2000) and quantum -chemical methods are
1mpract1ca1 for large systems. Therefore, we simulated Cd** usmg AMBER parameters
for Mg?*. This approximation had little effect on calculations, in which bonds with Cd**
were constrained. In the non-constrained trajectories, the strong electrostatic attraction of
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the divalent cation to electronegative atoms influenced the formation of coordinating
bonds. Too close coordination of the divalent cation with the electronegative atoms was
precluded by flat-bottom penalty functions with no upper-distance limit and lower-
distance limits of 2.65, 2.3, and 2.47 A, which are seen in the X-ray structures of Ccd**
coordinated to sulfur (Stalhandske et al., 1997), nitrogen (Bebout et al., 1999), and
oxygen (Stalhandske et al., 1997), respectively. Subsequent removal of the flat-bottom
penalty functions and additional energy minimizations did not noticeab12y change the
complexes found. Test calculations with Ca®* and Zn®>" in place of Cd*" resulted in
practically the same conformations as with Mg2+.

RESULTS AND DISCUSSION
Dimensions of the Shaker blockers

The dimensions of semirigid open-channel blockers may provide direct estimates
of the minimal width of the cytoplasmic pore entrance. Correolide has a flattened-
ellipsoid shape with a hexacyclic core decorated with six acetoxy groups (Figure 2.1).
The maximal length of correolide, measured between oxygen atoms at the ellipsoid poles,
is 13.6 A. The dimensions of correolide in directions normal to the long axis depend on
orientations of acetoxy groups. To determine these dimensions, we created circular
constructs of 14 — 18 methane molecules of variable inner diameter d; = d, — 4 A, where
d. is the diameter of the circle drawn via centers of carbon atoms and 4 A is an
approximate van der Waals diameter of methane. The number of methane molecules
increased with the ring diameter to sustain the distance of ~ 3 A between adjacent
carbons. The drug was pulled through the rings with the step of 0.5 A and at each position
the energy was optimized using the MCM protocol (Figure 2.2 4, B). Large energy
barriers were obtained for correolide pulled through rings with d; < 10 A (Figure 2.2 A4).
The 10 A-ring is also smaller than the minimal-profile projection of correolide in the
energetically optimal conformation (Figure 2.3 A). However, the drug can pass through
this ring by adopting more compact conformations. (A pore entrance in an open channel
may experience rare fluctuations during which the cross-sectional dimensions could
increase. However, short-lived fluctuations are unlikely to contribute to the high-affinity
binding of bulky drugs as discussed in a later section). Analogous calculations show that
TBA could pass through a ring as small as 7-8 A (Figure 2.2 C, D).

P residues form the narrowest level at the cytoplasmic entrance to the pore of
the KvAP-based model of the Shaker channel (Figure 2.3 B, C). The distance of 14.4 A
between diagonally opposed atoms C'_P'*® remarkably matches the ring of d, = 14 A (d; =
10 A). Several correolide-sensing residues line the pore (Hanner et al., 2001) suggesting
that correolide binds between the entrance and the selectivity filter. Figure 2.3B shows
P2 residues aligned with the ring of d; = 10 A. The latter embraces correolide molecules
in which the epoxy oxygen is displaced 0 - 8 A from the ring plane. In the topmost
position, the drug’s pole would reach the selectivity filter, whereas part of the drug would
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Figure 2.1. Structure of correolide.
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Figure 2.2. Dimensions of the Shaker channel intracellular blockers. A, Plots of MC-
minimized energy of correolide pulled via the variable-diameter rings of methane
molecules. The zero position corresponds to the epoxy group of correolide in the plane of
the ring. The energy barrier increases sharply as the diameter decreases from 10 to 9.5 A.
B, The superposition of MC-minimized structures of correolide pulled through the rings
with the inner diameter d; of 8 and 10 A. Large deformations of correolide in the smaller
ring explain the high energy barrier shown in 4. MC-minimization caused some methane
molecules of the smaller ring to violate in-plane constraints to avoid strong repulsions
with their neighbours. C, Plots of MC-minimized energy of TBA pulled via the variable-
diameter rings of methane molecules. The zero position corresponds to the nitrogen atom
in the plane of the ring. Barrier increases sharply as the diameter decreases from 6.5 to 6
A. D, The superposition of MC-minimized structures of TBA pulled through the rings
with the inner diameter d, of 6 and 8A.
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Figure 2.3. The 10 A-ring of methane molecules vs. correolide and KvAP-based
model of the Shaker channel. A, Space-filled model of correolide viewed via the ring.
B, The side view of the Shaker model. The inner helices in two opposite domains are
shown as ribbons. C-terminal parts of the pore helices and the selectivity-filter region are
shown as rods. Correolide-sensing residues ATE g s A”g, Vm, and P are space-filled.
Blue-coloured P at the cytoplasmic entrance is aligned with the 10 A-ring embracing
correolide molecules in positions 0 through 8 A from the ring plane (left pane). In the
latter position (right pane), correolide would occur between the selectivity filter and the
cytoplasmic entrance to the pore, which should be at least 10 A wide to enable high-
affinity binding of the drug. C, Space-filled model of the KvAP-based model of the
Shaker channel viewed via the 10 A-ring. Pm, Vm, and P are coloured red, yellow, and
green, respectively. Hydrogen atoms are not shown. Note a perfect match in the
dimensions of the ring and the cytoplasmic entrance to the pore.
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remain outside the entrance (Figure 2.3 B), suggesting that the entrance narrower than 10
A would not accommodate correolide. In T-lymphocytes, the development of the K
current block by correolide is slow (Koo et al., 1999), but intracellular application results
in a faster block (Wunderler et al., 1999). In the KvAP-based model, the correolide-
binding site has a cylindrical shape (Figure 2.3 B). The energy barrier for a drug entering
such a site should inversely correlate with the binding energy. Correolide binds with a
high affinity (Koo et al., 1999), suggesting that the native conformation of the Shaker
open pore is wide enough to accommodate the drug.

Locked-open conformations of the Shaker channel

To explore the consistency of the data on Cd*" locking the open Shaker with
crystallographic structures of bacterial K" channels, we created KvAP-, MthK-, and
KcsA-based models of the Shaker mutant V**C. When a-carbons were constrained
(pinned) to the corresponding X-ray templates, the models failed to form C'24_SY---Cd2+--
-N® H"™ bridges, indicating the necessity of backbone deformations. Current theories
suggest that such deformations would occur at the gating-hinge G'* (Jiang et al., 2002a)
or the PVP motif (Webster et al., 2004) or at both. To test these theories, we removed all
pins at the intracellular half of the channel and ran series of consecutive MCM
trajectories, in which distance constraints Cm_S"---CdzJ'---N‘Q_HB’4 were gradually
introduced to yield locked-open conformations.

The KvAP-based model converged to the energetically preferable structure, which
was similar to the starting X-ray structure (Figure 2.4; Table 2.2). In the KvAP-based
model of the locked-open Shaker, each Cd*" ion coordinates the side chains of C'** and
H>* in the inner helices and E* in the outer helix (Figure 2.5 4, B). Interestingly, no
constraints were imposed between Cd** and E®, which was kept neutral in the model.
Despite that, the coordinating bonds Cd**--- E®® were formed, exemplifying the notion
that Cys, His, and Asp form Cd** binding sites in proteins (Paul-Soto et al., 1999; Heinz
et al., 2003). This finding is experimentally testable. If proven, it would serve as a strong
argument in favour of the proposed alignment of the outer helices (Table 2.1). Both
electrostatic and van der Waals interactions are more favourable in the locked-open
conformation than in the starting conformation. Superimposing the 10A-ring of methane
molecules with the locked-open KvAP-based model of Shaker shows a remarkable match
in the pore diameter, which is minimally required to accommodate correolide (Figure

2.3 C).

The KcsA-based model underwent small deformations to accommodate C*_S---
Cd*---N®_H"* constraints, but at the expense of a large energy increase. The resultant
model cannot be categorized as the locked-open channel, since the pore remained in the
closed conformation (Figure 2.4). MCM trajectories of the MthK-based model with the
locking-open constraints converged to an energetically favourable conformation, but it
was significantly different from the starting structure (Figure 2.4; Table 2.2).
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KvAP E, kcal/mol
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Distance Cd**---N*2_H™*
Figure 2.4. Convergence of the Shaker models from the X-ray based starting
structures to conformations with coordinating bonds Cm_SY---Cd +---N*"'Z_Hm. cd”
ions were constrained to S' C?* at the distance of 2.65 A. Distance constraints Cd**---
N H" were decreased with the step 0.5 A from the starting values found in the X-ray
based structures. At each step, the energy was MC-minimized until the distances of ~ 2.3
A were achieved. In the plots of MC-minimized energy against the imposed distance
Cd**---N*2_H"*, the energy is shown relative to the lowest-energy structure found. The
locked-open conformations are more preferable energetically than the starting KvAP- and
MthK-based structures. KcsA-based conformation with coordinating bonds Ci24_SY---
Cdz’L---st_Hi3 * has higher energy than the starting structure. Superposed MC-minimized
structures are right to the respective energy plots. In the side and cytoplasmic views, only
the inner helices are shown for clarity. Cys and His are shown as sticks and Cd*" ions as
magenta spheres. Locking open the KvAP-based structure is energetically preferable and
requires minimal structural deformations.
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Table 2.2. Comparison of the Shaker channel models
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RMSD (A) of C* atoms in the inner-helix

Compared models residues *
1-13 14-20 21-24 25-34 1-34
X-ray KvAP vs. locked-open KvAP-based 1.06 1.21 140 419 248
X-ray KcsA vs. constrained KcsA-based®  0.95 2.03 2.44 3.95 2.55
X-ray MthK vs. locked-open MthK-based 1.17 1.24 2,01 484° 3.39°
X-ray MthK vs. X-ray KvAP 1.86 254 353 6.20° 3.37°
Locked-open MthK-based vs. locked-open 2.77 258 252 2.55°  2.65°

KvAP-based

Relative residue numbers, see Table 2.1

® MC-minimization with constraints C**---Cd**---H* did not produce the open

conformation of the channel.

¢ The inner helix ends at residue i29, which is the last residue in the MthK X-ray

structure.
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views of the superposition of the X-ray based structure (red), the locked-open mutant
VC (green), and locked-open mutant V2*C/V'**C (violet) blocked by two Cd* ions.
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The side chains of E°®, C'**, and H™* are shown as sticks, Cd*" ions as magenta spheres,
and K ions as yellow spheres. The involvement of E* in the Cd** coordination sphere
was an unexpected result of MC-minimization. The coordination occurred despite E*® was
not ionized in the model. In the cell, negative charges at E® and C'* would facilitate Cd**
binding. C and D, The superposition of the locked-open conformations obtained from
KvVAP (green) and MthK (magenta) starting structures. The conformations are similar
despite starting structures are essentially different, especially at the C-termini (Table 2.2).
For clarity, only two opposed domains are shown in the side views and only inner and
outer helices are shown in cytoplasmic views. E and F, The superposition of the locked-
open model (green) and the locked-open model blocked by a single Cd** ion (violet).
Constraining a single Cd** jon to four C?? residues caused large conformational
deformations, which are inconsistent with the experimentally observed easiness of the
Cd** block of the locked-open channel.
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Unexpectedly and importantly, the final locked-open conformation occurred rather
similar to the KvAP-based locked-open conformation (Figure 2.5 C, D; Table 2.2).

Thus, among the three X-ray structures tested, only the KvAP-based model
readily accommodated C'?* S'---Cd?*---N*> H®* constraints, producing a locked-open
conformation. The opening of the Ca**-gated channel MthK is driven by the inner helices
linked to the cytoplasmic Ca’* binding domains. The opening of the voltage-gated
channel KvAP is driven by the outer helices linked to the voltage-sensing domains. The
different mechanisms of activation may account for the different pore geometry observed
in the crystal structures of these channels. The consistency of the KvAP-based model of
the Shaker channel with Cd**- and correolide-binding experiments suggests that the pore
region of KvAP retains a native-like conformation in the crystal.

Conformational changes at the PVP motif

In all the locked-open models, the inner helices did not kink at the PVP motif, but
bent at residues N-terminal to it. This result agrees with the conclusion from the statistical
analysis of crystallographic structures of proline-containing transmembrane helices that
kinks occur not at prolines per se, but at residues three to four positions N-terminal to the
prolines (Cordes et al., 2002). In the Shaker channel, P! and P'*® deprive backbone
carbonyls between T'' and L?® of H-bond donors, thus increasing the flexibility of
residues C-terminal to G''*, which aligns with the gating hinge in prokaryotic K
channels. This region also undergoes the largest conformational changes during in-silico
activation of KcsA by lateral forces applied to the C-termini of inner helices (Tikhonov
and Zhorov, 2004). Our calculations show that Cd** binding causes conformational
changes between the conserved Gly and the PVP motif (Figure 2.6), but the latter does
not show substantial kinks.

Another argument in favour of a sharp bend at the Shaker PVP motif was raised
by del Camino et al. (2000), who studied how the open-channel blockers protect
engineered cysteines in the inner helices from the chemical modification by
methanethiosulfonate reagents. The authors demonstrated, in particular, that TBA protects
engineered cysteines in positions i/8, i22, and i26, but not in positions i24, i30, and i31.
Despite the fact that our model does not include the kink at the PVP motif, it agrees with
the experimental observations of del Camino et al. (2000) as well as with their prediction
that side chains in positions i/8, i22, and i26 face the pore, position i24 faces away from
the pore, and positions i30 and i3] are far from the pore axis.

Calculations of the full-fledged models of the Shaker channel were performed taking
advantage of the four-fold symmetry of the channel. As a control, we ran a series of
constrained MC-minimizations of the KvAP-based inner-helices without employing the
symmetry operations. The search yielded a slightly asymmetric locked-open structure
(Figure 2.6 4, B), in which disposition of the inner helices is very similar to that in the
symmetric model (Figure 2.5 4, B). The comparison of torsions in the starting and
locked-open structures shows that major changes occur at I'®, one helical turn upstream
to the PVP motif. (Figure 2.6 C, D). To increase the probability of backbone deformations
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Figure 2.6. KvAP-based model of the Shaker inner-helices bundle obtained by MC-
minimization without using the advantage of the channel four-fold symmetry. 4 and
B, Side and cytoplasmic views of superposition of KvAP X-ray structure (red) and
locked-open Shaker mutant V'**C (green). The side chains of C** and H** are shown as
sticks. K™ and Cd** ions are shown as spheres. The inner helices bend smoothly at
residues N-terminal to the PVP motif. C and D, Changes of backbone torsions in four
subunits observed during the simulated locking the open channel starting from KvAP-
based conformation. Largest changes of ® are at L’ and P! and moderate changes are in
segments both N- and C-terminal to the PVP motif. Largest changes of ¥ are at A'"
whose backbone oxygen lacks the helical H-bond. Changes at through H> are not
shown because torsions were restrained in alpha-helical conformation. Changes at L" are
not shown because this residue was constrained at conformation seen in KvAP.
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at the PVP motif, additional simulations of the locked-open conformations were
performed with elastic bond angles varied in the PVP residues. Calculations with rigid
and elastic bond angles at the PVP motif gave similar results.

Thus, the KvAP-based model of the Shaker channel is consistent with
experimental observations that were interpreted in favour of a sharp kink at the PVP
motif. However, instead of a sharp kink, the model shows a smooth bend of the inner
helices between the conserved Gly and the PVP motif. If the PVP motif does not cause a
kink, why is it conserved in Shaker channels? A possible reason is an increased flexibility
of the inner helices, which may be important for the gating of the Shaker channel (Labro
et al., 2003) and possibly for its regulation.

Simulating the Cd** block of the locked-open Shaker channel
Block by a single cadmium ion

. The observation that Cd** blocks the locked-open Shaker double mutant
V22C/V*C by coordinating C2 imzplies that the pore lumen at the level of S'_C** could
be as small as the diameter of a Cd** ion (Webster et al., 2004). A much wider lumen is
needed to accommodate hydrated K™ and certain blockers (Webster et al., 2004), implying
that Cd** block would cause essential conformational changes of the locked-open Shaker.
To evaluate these changes, we built the KvAP-based model of the Shaker double mutant,
retained the eight locking-open constraints with the four Cd** ions, and imposed
constraints between the fifth Cd** ion and four C'?* residues. The constrained MCM
trajectories were run to yield the Cd**-blocked locked-open conformations. The KvAP-
based model blocked by a single Cd*" deviated significantly from the starting locked-
open conformation (Figure 2.5 C, D).

The variable diameter of the locked-open Shaker was proposed to explain
different dimensions of organic and inorganic blockers acting at the same region of the
open pore (Webster et al., 2004). However, large deformations that would be caused by
the Cd*" coordination to three or four C'? residues are inconsistent with the observed
easiness with which the Shaker double mutant assumes a Cd**-blocked conformation
from the locked-open state (Webster et al., 2004). The problem arises from the
assumption that at least three C'?* residues should coordinate Cd** simultaneously
(Webster et al., 2004). This assumption is backed by the observation that channels with
four C'** bind Cd*" irreversibly, whereas channels with two C'** bind Cd*" reversibly (Liu
et al., 1997). It should be noted that the channels with two C'** were expressed as tandems
of two dimers with a C™ mutation only in the first protomer (Liu et al., 1997). In such
tandems, C'** are at the opposite inner helices and cannot coordinate Cd>* simultaneously
in the open channel.
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Block by two cadmium ions

In an alternative model, two pairs of the negatively charged residues would
chelate two divalent cations. Such a pattern was proposed in the selectivity-filter models
of Ca”" channels (Zhorov and Ananthanarayanan, 1996; Zhorov et al., 2001) and is seen
in the X-ray structure of a Ca>* pump (Toyoshima et al., 2000). MC-minimization of the
locked-open KvAP-based model of Shaker blocked by two Cd** ions at C?2 residues
caused only small backbone deformations (Figure 2.5 4, B). In terms of the coordination
number, the model with two Cd?* ions seems less preferable than the model, in which
Cd* is tetra-coordinated by four C™? residues. However, the coordination stereochemistry
of Cd** is known to be unusually variable, including coordination numbers from two to
eight (Andersen, 1984). Coordination of Cd*" by two Cys residues was demonstrated in
the Shaker channel (Webster et al., 2004). Another advantage of the model blocked by
two Cd** ions is an electrostatic balance between positive charges at Cd** ions and
negative charges at C"?* residues.

Two Cd** ions chelated by C'** residues do not physically occlude the pore,
raising the question about the mechanism of the K current block. To address this
question, we estimated the energy barrier of a hydrated K ion pulled via the Shaker
double mutant V*C/V2C using methodology described elsewhere (Zhorov and
Bregestovski, 2000). The hydration shell of the K* ion included eight water molecules.
The solvation shell of each Cd*" ion included five water molecules in addition to two
sulfur atoms from C?? residues. The oxygen atom of each water molecule was
constrained to the respective cation via a distance penalty function that prevented oxygen-
metal separation by more than 3 A. These constraints were necessary because the model
did not include water molecules beyond the first hydration shells, which in a real system
would substitute a water molecule abandoning a cation. We did not consider an unlikely
scenario of sharing a water molecule between the first hydration shells of two closely
spaced cations.

The hydrated K™ ion was constrained to a plane normal to the pore axis. The plane
was translated with a step of 0.5 A and at each step the energy of the entire system was
MC-minimized. The calculations predicted that the hydrated K™ pulled from the
cytoplasm through the level of C** with two Cd*" ions would encounter an energy barrier
of 36.2 kcal/mol (Figure 2.7 4). The barrier has two major components: (i) electrostatic
energy of K*, whose repulsion from Cd*" ions is stronger than the attraction to jonized
C™ residues, and (if) energy of the K™ hydration shell in which some hydrogen atoms
would occur too close to the Cd** ions (Figure 2.7 B). These simple calculations suggest
that K™ permeation via the Shaker double mutant blocked by two Cd** ions is hardly
possible. Thus, the KvAP-based model of the Shaker channel is consistent with the
distance constraints known from the action of Cd*>" ions and organic blockers. Our results
indicate that the pore region is structurally conserved between prokaryotic and eukaryotic
K" channels.
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Figure 2.7. Pulling a K' ion through the locked-open mutant VZC/VC blocked by
two Cd*" ions. A, The energy of a K" ion (#) and the same ion with the first hydration
shell comprising eight water molecules (o) pulled via the Shaker locked-open double
mutant V'*C/V?*C blocked by two Cd*" ions. The pulling was accomplished by
constraining K" to the plane, which was translated normally to the pore axis. Abscissa (d)
is the distance between the plane and K ion bound to Thr residues in the selectivity-filter
sequence TVGYG. The energy values are partitioned from the structures MC-minimized
at each position of the K'-constraining plane. The energies are given relative to the point
d =11 A. Note that at position d = 10 A, K" contributes ~ 50% to the energy barrier, and
eight water molecules contribute remaining ~ 50%. B, MC-minimized structure with
hydrated K™ constrained at the level of 4 = 10 A. In addition to electrostatic repulsion
between the closely spaced cations, the system is destabilized by the unfavourable
orientation of water molecules, some of which cannot avoid exposure of their hydrogen
atoms towards alien Cd*" jons.
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Sensitivity of results to the chosen computational methodology

Experimental data on the binding of correolide and Cd** ions to Shaker channels
provide seemingly conflicting constraints on the open pore geometry. Cd2+-binding
constraints are not consistent with available X-ray structures, and their interpretation
requires the modeling of the backbone deformations. For this goal, we applied the
methodology of MC-minimization in the space of generalized coordinates, which was
recently used for the simulations of large-scale conformational transitions in KcsA
(Tikhonov and Zhorov, 2004). Three X-ray structures of K channels were used as the
starting points. The KvAP structure underwent minimal conformational deformations to
accommodate the distance constraints from experiments on the Shaker V2*C mutant
locked-open by Cd*" ions, but the pore remained wide enough to accommodate a large
molecule of correolide.

Results of molecular simulations are not always confirmed by subsequent
experiments. Therefore, the sensitivity of our results to the chosen computational
methodology should be discussed. Pulling correolide through the rings of methane
molecules predicts energy barriers that rule out correolide binding in rings smaller than
10 A. The barriers are determined by repulsive forces, which are similar in different force
fields. Entropy was ignored, but its inclusion would increase rather than decrease the free
energy barrier at the critical diameter of the ring, which is matched by one of many
possible conformations of correolide. Our simulations of the Shaker channel in different
states depend on the applied constraints, starting geometry, energy optimization method,
and force fields. The constraints used are defined in experiments. Three different X-ray
structures of K* channels were tested as starting approximations and the KvAP structure
was found to be most consistent with the constraints. The MCM protocol is a highly
efficient method of non-local conformational search (Li and Scheraga, 1987). Force field
parameters can be questioned in any computational work. However, these parameters are
less critical in our study, which does not explore relative probabilities of various
structures, but addresses consistency of the available X-ray structures of K channels with
experiments on Cd>* binding to the Shaker mutants.

CONCLUSIONS

X-ray structures of bacterial K channels are widely used for homology modeling
of eukaryotic channels. However, the reliability of the models is questioned by
controversial interpretations of experiments addressing structural similarity between
eukaryotic and prokaryotic K* channels. On one hand, substituting the prokaryotic pore
into the Shaker channel suggests conservation of the pore domain between the channels
(Lu et al., 2001). On the other hand, experiments providing insights on the pore structure
using cadmium block of Shaker channels with engineered cysteines (Holmgren et al.,
1998; del Camino et al., 2000; Webster et al., 2004) imply structural differences between
eukaryotic and prokaryotic K™ channels.
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In this work, we have shown that the distance constraints derived from the
experiments on locking-open the Shaker mutants (Webster et al., 2004), as well as the
seemingly paradoxical ability of large correolide (Hanner et al., 2001) and small cd*
ions (Webster et al., 2004) to block the open Shaker in the same region of the pore, are
consistent with the KvAP structure. These data imply a structural conservation between
the pore regions in prokaryotic and eukaryotic voltage-gated potassium channels.

A possibility that the antibody in the KvAP crystal structure distorts the mutual
disposition of the voltage-sensor and pore domains is disputed (Mackinnon, 2004).
Distortion of the pore domain per se, which is stabilized by multiple intra-domain
contacts and does not form direct contacts with the antibody, seems less likely. Our
finding that the KvAP-based structure is consistent with the distance constraints derived
from cadmium- and ligand-binding experiments on the open Shaker channel can be
explained in two ways. One possibility could be that both antibody binding to KvAP and
Cd** binding to the Shaker mutant induce similar distortions in the native conformations
of the proteins. However, the fact that the KvAP-like structure was obtained upon
locking-open the MthK-based starting conformation supports a more likely possibility
that the KvAP pore domain retains the native conformation in the crystal.
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CHAPTER THREE

THE BINDING OF NUCLEOPHILIC BLOCKERS IN VOLTAGE-GATED
K" CHANNELS INVOLVES ELECTROSTATIC INTERACTIONS WITH A K* ION
IN THE SELECTIVITY FILTER
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ABSTRACT

Mutational studies identified that the pore of voltage-gated potassium (K,)
channels is a target for nucleophilic drugs. The pore-lining helices in K, channels are
predominantly hydrophobic raising questions about the nature of drug-channel
interactions. Two such examples are correolide and chromanol 293B. Correolide, a
nortriterpene isolated from the Costa Rican tree Spachea correa, is a novel
immunosuppressant, which blocks K,1.3 channels in human T lymphocytes. Chromanol
293B is a lead compound to potentially treat cardiac arrhythmia that blocks K,7.1
channels. We employed the method of Monte Carlo (MC) with energy minimization to
search for optimal complexes of correolide in K,1.2-based models of the open K,1.3 with
potassium binding sites 2/4 or 1/3/5 loaded with K* ions. Chromanol 293B was docked
into the closed KcsA-based and opened K,1.2-based model of the K,7.1 channel with K"
ions loaded in the 2/4 sites. The energy was MC-minimized from many randomly
generated starting positions and orientations of the ligand. In all the predicted low-energy
complexes, oxygen atoms of the ligand chelate a K ion. Ligand-sensing residues known
from mutational analysis along with the ligand-bound K" ion provide major contributions
to the ligand-binding energy. Deficiency of K' ions in the selectivity filter of C-type
inactivated K,1.3 would stabilize K'-bound correolide in the inner pore. The open model
accommodates chromanol 293B more favourably than the closed model. Our study
explains the paradox that cationic and nucleophilic ligands bind to the same region in the
inner pore of K™ channels and suggests that a K” ion is an important determinant of the
correolide and chromanol receptor and possibly receptors of other nucleophilic blockers
of the inner pore of K* channels.

INTRODUCTION

Numerous naturally occurring and synthetic compounds block K, channels
(Kaczorowski and Garcia, 1999). Classical low molecular weight blockers such as
hydrophobic cations tetraecthylammonium and tetrabutylammonium (TBA) are non-
selective drugs, which bind to various subtypes of K* channels. Low molecular weight
blockers that selectively target K, channels have great potential as pharmaceuticals. Two
of such drugs are correolide and chromanol 293B. Correolide blocks the members of the
K,1 family, but the highest binding affinity is observed for K,1.3 and K,1.4 channels
(Felix et al., 1999; Hanner et al., 1999). Correolide prevents the activation of T-cells by
selectively blocking the open or C-type inactivated K,1.3 channels (Koo et al., 1999).
Correolide and its derivatives are candidates for the development of novel
immunosuppressant drugs for the treatment of graft rejection and autoimmune diseases
(Matko, 2003). The chromanol 293B is a lead compound of potential class III
antiarrhythmics that inhibit cardiac K,7.1 (KCNQ1) channels. Since closely related
neuronal K,7.2 channels are insensitive to chromanol, K,7.1/K,7.2 chimeras were used to
identify the binding site of the inhibitor. The binding site of chromanol was located to the
central cavity, particularly the selectivity region and the inner helices (Seebohm et al.,
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2003). Mapping of correolide and chromanol 293B receptor in K, channels may aid in the
design of new and more specific K* channel pharmaceuticals.

Mutational and ligand-binding studies predicted that dihydrocorreolide
(henceforth referred to as correolide) binds in the central pore of K,1.3 (Hanner et al.,
2001). Earlier we have built the KvAP-based model of the Shaker channel, which
provides a basis for interpreting Cd**-binding experiments (Holmgren et al., 1998; del
Camino et al., 2000; Webster et al., 2004) and seemingly paradoxical observations that
large correolide and small Cd* ions block the open channel at the same level of the pore
(Bruhova and Zhorov, 2005), see Chapter 2. The structure of K,1.2 (Long et al., 2005a)
confirmed major predictions of the model (Bruhova and Zhorov, 2005), but demonstrated
that the open pore of K,1.2 is ~1 A narrower than that in KvAP. The 9 A-wide pore of
K,1.2 is consistent with the correolide dimensions predicted to be 9 - 10 A (Bruhova and
Zhorov, 2005). Mapping of the correolide receptor in the K,1.2-based model of K,1.3 is
now warranted to rationalize mutational studies (Hanner et al., 2001) and provide
information for possible design of simpler drugs targeting K,1.3 channels.

Several theoretical and experimental studies predicted the involvement of metal
ions in ligand-receptor interactions in ion channels (Ananthanarayanan, 1991; Zhorov and
Ananthanarayanan, 1996; Zhorov et al., 2001; Tikhonov and Zhorov, 2005b). However,
no direct experimental data on the structure of the ternary complex is available yet. In this
regard, the complex of K, channel with correolide and chromanol seems to be a
promising probe to provide insights into the K™ channels structure using computational
approaches. Due to the large semirigid and nucleophilic structure of correolide (Figure
3.14), the ligand should adopt a limited number of binding modes in the pore. Chromanol
293B is also nucleophilic (Figure 3.1C), but smaller in size, thus could adopt a variety of
binding modes in the pore. The X-ray structures of K" channels show that the K™ ion
bound to Thr residues in the four TVGYG motifs (position 4 according to ref. (Zhou and
MacKinnon, 2003)) may be accessible from the cytoplasmic side by ligands. A metal ion
in the focus of macrodipoles of the pore helices (position 5) also may interact with
nucleophilic ligands (Tikhonov et al., 2006).

In this work, we have built K,1.2-based models of the open K,1.3 and K,7.1 with
potassium binding sites 2/4 or 1/3/5 loaded by K ions. The respective models are named
2/4 and 1/3/5. The KcsA-based model of K,7.1 was built to determine whether chromanol
could favourably bind in the closed state. We further searched for the energetically
optimal positions and orientations of correolide and chromanol by launching Monte
Carlo-energy minimization (MCM) trajectories from a large number of random starting
points. To explore whether the bulky correolide can reach the selectivity filter from the
cytoplasm, we also computed profiles of MC-minimized energy of the drug pulled
through the inner pore of model 2/4. Calculations predict that correolide can bind inside
the pore in both models 2/4 and 1/3/5 and chelate a K" ion in position 4 or 5, respectively.
Chromanol 293B chelates the internal-most K ion in the open channel but experience
ligand strain in the closed channel. Most of the experimentally detected correolide- and
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chromanol-sensing residues directly interact with the drug. A large contribution to the
ligand binding energy provided by a potassium ion suggests that it is an indispensable
part of the correolide and chromanol receptor.

METHODS

Homology models of the pore domain of K,1.3 and K,7.1 that incorporate the
outer helices, P-loops, and the inner helices (Table 3.1). The X-ray structure of K,1.2
(Protein Data Bank code 2A79) was used as the template for the open state, while the X-
ray structure of KcsA was the template for the closed state. All-trans starting
conformations were assigned for those side chains that were not resolved in the crystal
structures. The X-ray structure of correolide (Goetz et al., 1998) was used a starting
approximation.

The molecular modelling techniques used in this study have been previously
described in Chapter 1. Hydration energy was calculated using the implicit-solvent
method (Lazaridis and Karplus, 1999b). Hydration of the membrane-exposed residues of
the outer helices is a methodological inadequacy. However, this does not affect resuits of
ligand docking in the inner pore because the lipid-facing residues are rather far from the
ligand, while the channel folding remained unchanged in this work. Electrostatic energy
was calculated using the distance-dependent dielectric (Weiner et al., 1986). All ionizable
residues in the pore domain of the K, channels are located at the water-accessible
intracellular and extracellular faces, far from ligand-sensing residues identified
experimentally (Hanner et al., 2001; Lerche et al., 2007). Since these residues may be
counterbalanced by counterions, they were considered in their neutral (non-ionized)
forms, the approach used in other studies with the implicit solvent (Lazaridis and Karplus,
1999b; Bradley et al., 2005). Correolide and chromanol atomic charges were calculated
by the AM1 method (Dewar et al., 1985) using MOPAC. Both torsional and bond angles
of correolide and chromanol were allowed to vary during energy minimizations. The
homology models were initially MC-minimized starting from the X-ray structures of
K,1.2 or KcsA. Following Zhou and MacKinnon (2003), the binding sites for K™ in the
selectivity-filter region are numbered from 1 to 5 starting from the most extracellular site.
In model 2/4, potassium binding sites 2 and 4 were loaded by K ions and sites 1 and 3 by
water molecules. In model 1/3/5, potassium binding sites 1, 3, and 5 were loaded by K"
ions and sites 2 and 4 by water molecules. The above waters in potassium binding sites
were the only explicit water molecules in our calculations.

The optimal positions and orientations of correolide and chromanol were searched
by a random approach. In this approach, many MCM trajectories were launched starting
from randomly generated positions and orientations of the drug. The area of the random
search covered the entire pore region, including interfaces between domains. A
systematic search was performed by computing profiles of MC-minimized energy for
correolide pulled along the pore axis (Zhorov and Bregestovski, 2000). Two atom-plane
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Figure 3.1. Structure of ligands. 4, Chemical formula of correolide. B, Constraints used
to pull correolide along the pore axis in the orientation with the epoxy group towards the
selectivity filter. The inner pore is shown schematically by the thick line. K ion in
position 4 of the selectivity filter is shown as a sphere. A dot-designated driven atom of
correolide shared by two 6-membered rings was constrained to plane 1, which is normal
to the pore axis. The co-driven dot-designated atom shared by 6- and 7-membered rings
was constrained between planes 2 and 3, which are farther from the selectivity filter than
plane 1. All three planes were concertedly moved with the step of 0.5 A normally to the
pore axis, and at each step the energy of the complex was MC-minimized. The driven
atom retains two of the three degrees of freedom, while co-driven atom retains all three
degrees of freedom, but cannot occur ahead of the driven atom. Overall, the ligand retains
all internal degrees of freedom and five out of six rigid-body degrees of freedom. The
curved arrows show that the ligand can turn around the pore axis and decline its long axis
to the pore axis, but cannot flip-flop. A similar system of constraints was used to move
correolide with its 7-membered ring towards the selectivity filter. C, Chemical formula of
chromanol 293B. Introduction of large substituents at the sulfonyl group were reported to
increases ICso whereas large hydrophobic substituents at C6 of the chromane decrease the
ICs.
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Table 3.1. Sequence alignment of K* channels.

Outer helix * 1 11 21°

KcsA 23 ALHWRAAGAA TVLLVIVLLA GSYLAVLAE

Ky1.2 322 KASMRELGLL IFFLFIGVIL FSSAVYFAE

Ky1.3 340 KASMRELGLL IFFLFIGVIL FSSAVYFAE

K,7.1 256 FIHRQELITT LYIGFLGLIF SSYFVYLAE
P-loop/HS 33 41 51

KcsA 59 LITYPRAL WWSVETATTV GYGDLYPVT

K,1.2 358 FPSIPDAEF WWAVVSMTTV GYGDMVPTT

Kv1.3 376 FSSIPDAF WWAVVTMTTV GYGDMHPVT

K,7.1 296 FGSYADAL WWGVVTVTTI GYGDKVPQT

Inner helix 1 11 21 31
KcsA 86 LWGRLVAVVV MVAGITSEFGL VTAALATWEFV GREQ
Ky1.2 385 IGGKIVGSLC AIAGVLTIAL PVPVIVSNEFN YFYH
K,13°¢ 403 IGGKIVGSLC AIAGVLTIAL PVPVIVSNFN YFYH
K,7.1 d 323 WVGKTIASCE SVFAISFFAL PAGILGSGFA LKVQ

® The outer helices were aligned according to Bruhova and Zhorov (2005).
® Relative numbering as described in Chapter 1.

¢ Bold-typed are residues whose mutations change correolide binding energy by more
than 1 kcal/mol (Hanner et al., 2001).

d Chromanol-sensing residues in the inner helices of K, 7.1 are bold.
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constraints were imposed to allow correolide’s long axis to decline up to 90° to the pore
axis, but retain the orientation of the given pole towards the selectivity filter, while the
opposite pole faced the cytoplasm. For a given translational position, the driven atom was
constrained to a plane normal to the pore axis and the co-driven atom between two planes
normal to the pore axis (Figure 3.1B). The three planes were translated simultaneously
along the pore axis with a step of 0.5 A, and at each step the energy was MC-minimized.

Each MCM trajectory of the ligand-channel complex was computed in two stages.
In the first stage, the protein backbone and K ions were fixed and energy was MC-
minimized with varying protein side chains and all degrees of freedom in the ligand until
the last 1000 energy minimizations did not improve the best minimum found. In the
second stage, all degrees of freedom were allowed to vary, while the protein alpha
carbons were constrained to the template positions using pins. A pin is a flat-bottom
parabolic penalty function that allows penalty-free deviation of an atom up to 1 A from
the corresponding position in the template and applies the force of 10 kcal mol” A for
further deviations. The second MCM trajectories were terminated when the last 1000
consecutive energy minimizations did not decrease the lowest energy found.

RESULTS
Correolide in the K,1.2-based model of the open K,1.3

The semirigid molecule of correolide seen in the X-ray structure (Goetz et al.,
1998) has the shape of a flattened ellipsoid with epoxide oxygen at one pole and carbonyl
oxygen in the seven-membered ring at another. Let us define the long axis of correolide
as a line drawn between the poles, which are ~12 A apart. The length of correolide is
~16 A, which is defined as the distance between the most remote points at the van der
Waals surfaces of the opposite poles. The length significantly exceeds the width of the
open pore, which is ~ 9 A in K,1.2. This rules out the orientation of correolide with its
long axis normal to the pore axis. The molecule contains an epoxide, ester, hydroxyl,
acetyl, and five acetoxy groups with a total of 16 oxygen atoms. These groups can accept
up to 32 H-bonds and donate only one H-bond. This makes correolide a nucleophilic
molecule. However, the nucleophilic potential of the ligand is not matched by the inner
vestibule of the channel, which is predominantly lined with hydrophobic residues in the
inner helices. T**® and T* in the pore helices could provide H-bond donors to few
oxygen atoms at the poles of correolide but not to other oxygens. The lack of chemical
complementarity between correolide and the inner vestibule rules out the application of
ligand-receptor constraints to bias specific orientations of the drug. Therefore, no
constraints were used during the random search for the optimal binding modes of the
ligand.

To predict the energetically optimal binding modes of correolide inside the 2/4
model of K,1.3, 20,000 positions and orientations of the ligand were randomly generated
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within a cylinder of 16 x 16 A (Figure 3.2, 4 and B). From each starting point, the energy
was minimized. A thousand of the lowest-energy conformations found at this stage were
further MC-minimized. Six structures within 5 kcal/mol from the apparent global
minimum show that correolide can adopt various positions and orientations inside the
pore (Figures 3.2, C and D). The random search did not predict any low-energy
complexes with the ligand in the interface between domains. In the lowest-energy
complexes found, correolide interacts with the K ion in position 4, which is coordinated
between the side chains and backbone oxygens of § Lasd (Figures 3.2, E and G). Energy
characteristics of the representative complexes in which correolide chelates the K* ion by
either the ether group in the seven-membered ring or the epoxy group are given in Table
3.2. The complexes are stabilized by van der Waals and electrostatic interactions, but do
not contain intermolecular H-bonds. Table 3.1 highlights nine inner-helix residues, whose
mutations affect correolide binding (Hanner et al., 2001). Seven of these residues provide
contributions to the ligand-receptor energy by more than |0.4| kcal/mol (Table 3.2). In
addition, TP*® and TP* at the selectivity filter also interact with the drug, but the
threonines from different domains provide either favourable or unfavourable
contributions, which counterbalance each other. In the optimal complexes, oxygen atoms
at the poles of the ellipsoid-shaped correolide form direct contacts with the K* ion in
position 4, which contributes up to -4.6 kcal/mol to the ligand-receptor energy. Several
other oxygen atoms of correolide also contribute stabilizing electrostatic energy by
interacting with K ions.

While docking correolide from many randomly generated starting points predicts
energetically preferable binding modes, it does not allow concluding whether the binding
site is reachable for correolide from the cytoplasm. Indeed, a priori, we could not rule out
that a large energy barrier may preclude access of the bulky correolide molecule to the
selectivity-filter region of K,1.3. To address this problem, we pulled the ligand through
the pore in two different orientations: with either the epoxy group or the seven-membered
ring oriented towards the selectivity filter. The translational trajectories were 25 A long to
ensure a thorough sampling of the space between the cytoplasmic entry to the pore and
the selectivity filter. During this search, a flat-bottom atom-plane constraint was imposed
on the K ion in position 4 to allow its penalty-free displacement up to 2 A from the level
defined in the X-ray structure. Further displacements were restrained by the penalty of 10
kcal mol”" A™. Figure 3.34 shows the correolide-channel energy, which was partitioned
from the MC-minimized structures. As correolide moves inside the channel and makes an
increasing number of favourable contacts, the ligand-receptor energy decreases (becomes
more favourable). The energy reaches the minimum as the ligand binds to the K" ion in
position 4, which is coordinated by residues T* in the selectivity filter. Further
advancement of correolide results in the energy increase due to repulsion from TP*. The
plots of ligand-receptor energy against correolide position in the pore do not show large
energy barriers with both orientations of the drug (Figure 3.34) indicating that the binding
site at the selectivity filter is reachable by correolide from the cytoplasm.
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Figure 3.2. Random search for the energetically optimal binding site of correolide in
model 2/4. The following colouring scheme is used: inner helices - violet ribbons; pore
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helices - green ribbons; outer helices - grey strands; the selectivity-filter region and
extracellular segments - green rods; K jons - yellow spheres; water molecules - space
filled; correolide - sticks with grey carbons and red oxygens. 4 and B, The side and
extracellular views of 200 out of 20,000 randomly generated starting positions of
correolide, in which its mass center occurred within a cylinder of 16 A in diameter and 16
A in length. C and D, The side and cytoplasmic views of the superposition of six lowest-
energy structures found after energy minimizations from the 20,000 starting points. In the
side view, only two domains are shown for clarity. In the cytoplasmic view, the P-loop
domain is not shown for clarity. E and F, The structure with the most favourable ligand-
receptor energy, whose characteristics are given in Table 3.2. Side chains of correolide-
sensing residues found by Hanner et al. (2001) are shown as sticks. G, Close-up view of
the complex shown at E. Note that two oxygen atoms of correolide, one of which from
the epoxide group, bind to the K* ion in position 4, which is also coordinated by eight
oxygen atoms from residues TP,
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Figure 3.3. Systematic search for the energetically optimal binding site of correolide
in model 2/4. A, Ligand-receptor energy of correolide pulled through the pore. The zero
translational position is calibrated to show the complex with an oxygen atom of
correolide bound to the K ion in position 4. Blue and green lines represent trajectories
with the epoxy group oriented towards and away from the selectivity filter, respectively.
B, Contributions of K' ions and correolide-sensing residues revealed by Hanner et al.
(2001) to the interaction energy of correolide oriented with its epoxy group away from the
selectivity filter. Also included is the contribution of I''® whose mutation to Ala affected
the channels expression. The contributions of amino acids are summed over four subunits.
The energy values are partitioned from the MC-minimized structures at specific
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translational positions. In most of the translational positions around the selectivity filter,
the sum of six monitored contributions is close to the total ligand-receptor energy
indicating that the contribution of other residues is small. At the cytoplasmic entrance to
the open pore, residues V'?® and N™° contribute energy to correolide binding. Residues
labels include both absolute and relative numbers (Zhorov and Tikhonov, 2004). C and D,
The side and cytoplasmic views of superposed MC-minimized complexes at different
translational positions with the 7-membered ring facing the selectivity filter.
Displacement of the K* ion from the pore axis occurs at the high-energy leftmost points
of the profile where correolide is forced into the selectivity filter.
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As correolide approaches a residue, the stabilizing contribution of the residue to
the ligand-receptor energy increases (Figure 3.3B). No inner-helix residue contributes
positive energy to ligand-receptor interactions, indicating that unfavourable contacts,
which are unavoidable in the starting conformations, have been relaxed in MC-
minimizations. The plot of partitioned ligand-receptor energy (Figure 3.3B) shows that K*
ion in position 4 contributes ~ 2.5 kcal/mol to ligand-receptor energy. This energy is
weaker than the contribution of -4.6 kcal/mol found during the random search because the
ligand is constrained to the plane normal to the pore axis at each point of the profile and
cannot establish optimal interactions with the ion. As correolide approaches the
selectivity filter, the total contribution of the K* ion and the pore-facing correolide-
sensing residues identified in mutational experiments (Hanner et al., 2001) is close to the
entire ligand-receptor energy (Figure 3.3B). L7 and V' stabilize correolide at the entry
to the inner pore. Interestingly, L°’ was detected as a correolide-sensing residue in
mutational experiments (Hanner et al., 2001).

A metal ion in the focus of macrodipoles of the pore helices (position 5) was
proposed to play a crucial role in the binding of benzocaine to Na" channels (Tikhonov et
al., 2006). To explore a similar possibility in K,1.3, we performed a random search of
correolide binding modes in model 1/3/5. The low-energy structures are shown in Figure
3.4 and their energy characteristics are given in Table 3.2. Since K" ion in position 5 does
not interact directly with the channel residues, a large part of its surface is available for
chelation by the ligand. Indeed, an interesting binding mode was found with three acetoxy
groups chelating the K ion (Figure 3.4 C-E). In this mode, neither the epoxy group nor
the seven-membered ring interacts with K. Such a binding mode may explain why elimi-
nation of the above moieties does not abolish the channel-blocking activity of correolide
(Bao et al., 2005). The same correolide-sensing residues that contribute to correolide
binding in model 2/4 also contribute to ligand binding in model 1/3/5 (Table 3.2). The
ligand-receptor energies in model 1/3/5 are only 1 — 2 kcal/mol more preferable than in
model 2/4 (Table 3.2). The small energy difference does not allow us to favour model
1/3/5 over model 2/4. However, we cannot rule out that both binding modes may coexist.

Thus, our calculations predict several binding modes of correolide in K,1.3. The
population of these modes would depend on the pattern in which K* binding sites are
occupied by K* ions and water molecules. When position 4 is occupied by K*, both the
random and systematic MCM search predict the selectivity-filter region to be an
important structural determinant of the correolide receptor (Figures 3.2 and 3.3). When
position 5 is occupied by the K ion, correolide would readily bind it, providing up to
three oxygens to the K" coordination sphere (Figure 3.4).
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Figure 3.4. Correolide in model 1/3/5 of K,1.3. 4 and B, The side and extracellular
views of 12 energetically best structures obtained from 20,000 randomly generated
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starting positions of correolide, in which its mass center occurred within a cylinder of 16
A in diameter and 16 A in length. C and D, The lowest-energy binding mode of
correolide with 3 acetoxy groups chelating K* ion in position 5. Side chains of correolide-
sensing residues found by Hanner et al. (2001) are shown as sticks. E-G, The close-up
view at structures with the most favourable ligand-receptor energy, whose characteristics
are given in Table 3.2. The K" ion in position 5 is chelated by three acetoxy groups (E),
an acetoxy group and the ether group from the seven-membered ring (F), and epoxy and
acetyl groups (G).
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Table 3.2. Correolide-sensing residues in the inner helices® and their energy
contributions® (kcal/mol) to correolide binding

Mutations K,1.3 model and K "-chelating groups of correolide
Inner-helix mutations 2/4 1/3/5
iffgﬁg% correolide Epoxy Ether © Epoxy Ether ¢ Acetoxy ¢

Aill C

vita 2.6 -3.1 2.3 2.6 2.5

LA -1.4 -0.9 -1.8 -1.9 -1.7

TVA 0.6 -0.4

AC 4.2 2.5 -1.8 -5.0 2.0

L'2A 0.9 -0.4 12 2.1 -0.6

P2A -1.0 -1.2

ViZ2A 2.2 -4.7 -4.2 2.8 -4.5

PZA -1.0 -4.4 3.7 -1.7

Mutations affecting
channel expression
1A -5.1 -1.3 -0.6 -0.8 -1.8

Predicted ligand- -20.6 -20.3 -19.1 -22.4 -21.9
receptor energy

? Mutations that change correolide binding energy by more than 1 kcal/mol (Hanner et al.,
2001).

® A number represents interaction energy of correolide with the residue, which provides
the strongest contribution among matching residues in the four domains. Contributions
with the absolute energy less than 0.3 kcal/mol are not shown.

¢ Ether group from the seven-membered ring

d Three acetoxy groups (Figure 3.4E).

° T'* contributes to correolide binding in our models, but is not categorized as a
correolide-sensing residues because its mutation results in poor expression of the channel
(Hanner et al., 2001).
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Chromanol 293B in the KcsA- and K,1.2-based model of the closed and open K,7.1

The chromanol 293B molecule possesses a chroman scaffold to which an electron
withdrawing cyano group is attached at the aromatic ring, which renders the molecule
highly lipophilic, thereby favouring interactions with aromatic ring systems and
hydrophobic side chains. The X-ray coordinates of KcsA and K,1.2 crystal structures
were used to construct homology models of the closed and open K,7.1 pore, respectively
(based on the protein sequence alignment shown in Table 3.1), and subsequently docked
chromanol 293B into the pore models. Since previous work on state-dependent binding of
chromanol suggested a preferential open channel block mechanism (Seebohm et al.,
2001), we first investigated the open pore conformation. Twenty thousand orientations of
the ligand were randomly sampled in the K,1.2-based model of the open K,7.1 channel
pore (Figure 3.5, A and B). Several ligand-receptor complexes were found with the
ligand-receptor energy within 5 kcal/mol from the apparent global minimum (Figure 3.5,
C and D). In these energetically most favoured complexes, the largest stabilizing
contribution to the binding of chromanol is provided by the K* ion in position 4. In some
complexes, the K ion interacts with either the SO, or the OH group of the ligand. In the
apparent global-minimum complex, both groups chelate the K* ion (Figure 3.5, E and F)
that provides -14.1 kcal/mol to the binding energy. In addition to the interaction with K',
the ligand is stabilized by pore-facing residues I'" and F''® (Figure 3.5, E and F; Table
3.3). In addition, chromanol also favourably interacts with TP*® and TP in the selectivity
filter (Table 3.3). When summed over four domains, the energy of interactions of
chromanol with TP* was negative (attractive), but energy contributions of residues from
individual domains varied between -2.2 and +1.9 kcal/mol (Table 3.3). The repulsion
between T** in two domains and chromanol is not a result of poor optimization; rather, it
is caused by a strong attraction of the ligand to K in position 4.

Structure-activity relationships of chromanol analogs (Gerlach et al., 2001)
revealed that replacement of the cyano group by large bulky groups produces more active
compounds, showing that it is not an indispensable determinant of chromanol activity. In
our model, the cyano group faces either the cytoplasmic side or the interdomain space,
suggesting that its replacement with a larger alkyl group would increase van der Waals
interactions without affecting the tertiary complex between the oxygen atoms of the drug,
the K" ion in position 4, and residues of the channel.

The docking model strongly suggests that interactions of chromanol 293B mainly
take place with amino acids T"49, '’ , and F'!3 as well as a K* ion in the selectivity filter,
indicating that observed changes in chromanol blocking capability by mutation of other
amino acids (amino acids i3, i14, i16, and il7) rather occurred as an indirect result from
induced structural changes of the potassium channel protein.

We next explored the possibility of chromanol binding to the KcsA-based model

of the closed (resting) K,7.1 channel. Again, after randomly sampling of 20,000
orientations of the ligand, the energetically most favourable binding mode of chromanol
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was found to be inside the water-lake cavity (Figure 3.5, G and H). As in the open
channel pore, the largest contributions to the ligand-receptor energy are provided by the
K' ion in position 4 and residues ['"> and F'® (Table 3.3). Despite the favourable
(negative) ligand-receptor energy, the ligand experienced strains inside the inner cavity,
implying that the latter is too small to accommodate a chromanol molecule. However,
because the overall ligand-binding energy of chromanol is negative, we cannot
completely rule out the possibility that the ligand can bind inside the closed channel,
although our combined results rather favour binding inside the open channel.

Sensitivity of results to the chosen computational methodology

The goals of this study were to predict the binding site for two nucleophilic
ligands and to explore whether the K ion could contribute to the correolide receptor. To
perform the extensive search for the lowest-energy complexes between K, channel and
ligand, we used several approximations: rather small cutoff of 8 A, implicit solvent,
simple treatment of the electrostatic interactions, and neutral forms of ionizable residues.
Such approximations are hardly acceptable in computational studies aimed to predict the
free energy of ligand binding or simulate ion permeation. However, results of the receptor
mapping are less critical to the method of energy calculation. Indeed, in the lowest-energy
complexes, ligand appears to fit in the inner pore. The geometry of the tight ligand-
channel complex is defined primarily by the van der Waals energy, which is reliably
predicted with different force fields. Nevertheless, to assess the sensitivity of our results
to variations in methodological setup, we re-evaluated the geometry and energy of the
correolide complex with model 2/4 by submitting additional MCM trajectories starting
from the optimal structure predicted in the random search (Figure 3.2). The additional
MCM trajectories were run with a larger cutoff, ionized titrable residues, weaker
electrostatics, and K* ion removed from position 2.

Results show that the geometry of the MC-minimized structures remains
practically unchanged under different methodological setups (Figure 3.6). Among the
different methodological settings that could potentially affect the ligand-receptor energy,
only reduced electrostatic interactions weakened the ligand-receptor energy, which
nevertheless remained preferable (Table 3.4). The involvement of a K ion in correolide
binding is the most important prediction, which is insensitive to the variations of
methodology. Indeed, correolide does not bring charged or ionizable groups to the
selectivity filter, but just replaces one to three water molecules from the cytoplasmic face
of a K" ion at the pore axis.
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Figure 3.5. Random search for the energetically optimal binding site of chromanol in
the open and closed K,7.1 models. 4 — F, Open channel model of K,7.1 based on the
K,1.2 X-ray structure. A and B, Side and top views of randomly placing chromanol inside
the channel (only 200 of 20,000 positions are shown). C and D, Superposition of the five
most energetically favourable binding modes of chromanol inside the K,7.1 channel. E

and F, Typical low-energy binding mode of chromanol inside the channel. Residues [
and F ''® are shown as sticks. G and H, Typical low-energy binding mode of chromanol
inside the closed channel model of K,7.1 derived from the KcsA X-ray structure. For
clarity, hydrogen atoms are not shown. Only inner and outer helices of two subunits are

shown in E and G, and of four subunits in ¥ and H.
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Table 3.3. Energy components (kcal/mol) of the most energetically favourable
complexes of chromanol inside K, 7.1

Energy component Open channel  Closed channel
Ligand-receptor components

van der Waals =51 -13.8
Electrostatic —26.7 -30.4
Solvation 12.2 14.8
Ligand components

Intra-ligand nonbonded * -9.6 0.6
Ligand strain ® 9.0 16.2
Total -20.2 -12.6
Major contributors to ligand

binding energy °

K" in position 4 -14.1 -13.3
H,O in position 3 -1.4 2.3
T —0.8 -4.9
T -1.9(-22/1.9¢ -1.8(-4.7/4.6)"
'’ 2.4 -3.6
F'8 —0.8 -5.8

? The sum of atom-atom interactions of the ligand

® The sum of energy of deformation of bond angles plus torsional energy of the ligand.
° The energy contribution of a residue to ligand binding is summed over four subunits.
4 The first number is the sum of contributions from the four domains. The values in
brackets show the minimal and the maximal contributions from individual domains.
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Figure 3.6. K,1.3:correolide models calculated with different settings. Superimposed
models calculated with different methodological settings (Table 3.4). Correolide-sensing
residues are shown as sticks.

Table 3.4. Ligand-receptor energy predicted with various methodological setup *

Variations in the methodological setup ° Ligand-receptor energy
(kcal/mol)

Standard protocol (see methods) -20.6

Cutoff, 12 A 220

Electrostatics, e =2 d -13.6

1.4 occupancy of selectivity-filter by K™ ions -22.1

lonized titrable residues -23.4

? Calculations were performed in the K,1.2-based model 2/4 with correolide bound with
the epoxy group towards the selectivity filter. Each value of the ligand-receptor energy
was obtained in an MCM trajectory that started from the best structure found by the
random search (Figure 3.2F) and terminated when the last 1000 energy minimizations did
not decrease the energy of the apparent global minimum found.

® Only deviations from the standard protocol are indicated
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DISCUSSION

Various naturally occurring and synthetic compounds targeting K, channels have
been characterized (Kaczorowski and Garcia, 1999). Classical blockers of K channels
such as tetraethylammonium and peptidyl toxins lack selectivity to different subtypes of
K" channels. Small-molecule blockers selectively targeting specific K, channels are
valuable tools for basic studies and have large potential as pharmaceuticals. Ky1.3 and
K,7.1 channels are important targets for drug discovery. Understanding the mechanism of
correolide and chromanol block could help develop other immunosuppressants and
antiarrhythmics drugs as well as selective blockers of various K, channels.

Little structural information is available on the complexes of small-molecule ligands
with P-loop channels. The crystallographic structure of a ligand-bound KcsA (Zhou et al.,
2001a; Lenaeus et al., 2005) shows TBA trapped in the water-lake cavity with the center
of the ammonium group being near to the focus of four macrodipoles of the pore helices.
Unlike TBA, correolide and chromanol are electrically neutral ligand with numerous
nucleophilic groups. Mutational studies revealed that the inner helices residues are
associated with the binding of correolide (Hanner et al., 2001) and chromanol (Lerche et
al., 2007), but did not explain the causes of high-affinity binding of the drug.
Furthermore, all correolide-sensing residues revealed in study (Hanner et al., 2001)
cannot bind simultaneously to the drug in any reasonable model of the ion channel.
Therefore, the three-dimensional mapping of the receptor of correolide and chromanol
was one of the aims of our study.

Correolide-sensing residues

Hanner et al. (2001) revealed nine residues in the inner helices, whose mutation
changes correolide binding energy by more than 1 kcal/mol (Table 3.2). Five of these
residues face the inner pore (Figure 3.7) and provide noticeable energy to correolide
binding in both 2/4 and 1/3/5 models of K,1.3 (Table 3.2). Why the remaining four
residues in the inner helices affect correolide binding in experiments but not in the
model? One of these residues is A""' whose substitution with Cys affects correolide
binding in mutational experiments (Hanner et al., 2001). However, A" does not
contribute to correollde binding energy (Table 3. 2) The cause may be that Al
approaches VP in the selectivity filter. The substitution of A"! with a larger Cys may
affect the selectivity filter structure and interaction of correolide with a K” ion at the
selectivity filter. Ogielska and Aldrich (1998) found that the A"'C mutation in K,1.3
decreases the affinity for K* ions, possibly due to conformational changes of residues
involved in the selectivity filter. In view of our model, these data support the notion that a
K" ion at the selectivity filter can stabilize correolide binding,

The mutatlon of P! in the PVP motif of the inner helix affects correolide bmdmg,

however P?' does not provide noticeable contribution to the ligand-receptor energy in
three ligand-binding modes characterized in Table 3.2. The substitution of P?! could
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decrease the flexibility of the inner helix by enabling the backbone NH group in this
position to form an H-bond with carbonyl oxygens in positions i/7-i/8. This may change
the orientation of V'** and P> residues that affect correolide binding in both experiments
and computational models (Table 3.2).
According to our model, I''® contributes to correolide binding (Table 3.2).
However, experimental data on the involvement of I"® in correolide binding are not
available. The mutation I''®A results in the low expression of K,1.3 (Hanner et al., 2001)
indicating that large hydrophobic Ile is involved in the stabilization of the wild type
channel structure. Such stabilization is more likely if the side chains of I''® interact with
other transmembrane helices rather than face the pore. Indeed, in the K,1.2-based model,
I''® is exposed to the inter-segment interface (Figure 3.7).

Chromanol-sensing residues

Using a chimera and single-point mutational approach Seebohm’s group (Lerche
et al., 2007) identify residues in the S6 transmembrane domain (I'’, F''®) and lower
selectivity filter (T*™) of the channel as crucial determinants of chromanol sensitivity,
strongly suggesting that the chromanol receptor is located in the central pore cavity. To
corroborate these experimental findings, we performed homology modeling and unbiased
docking of chromanol in the closed and open K,7.1 channels by generating a large
number of starting conformations and energy-optimizing them. The obtained results
confirm the mutagenesis data and propose that residues I'> and F"'® essentially contribute
to the li_gand-receptor complex. It is noteworthy that nearby conservative exchanges
F'PY, AT, ST, and F""Y also caused a significant reduction of chromanol sensitivity.
However, we believe that these exchanges rather alter the sterical configuration of the
neighbouring crucial residues I''* and F''®, and/or hinder the access of chromanol to the
binding site. To support this notion and the importance of the hydrophobic interactions
with the cavity wall, we modeled the F''®A mutant and then calculated the total energy of
the ligand-receptor complex in this mutated channel. The obtained ligand-receptor energy
of chromanol was -17.8 kcal/mol, which indicates a significantly weaker binding as in the
wild-type channel (-20.2 kcal/mol).

Possible involvement of K in the binding of nucleophilic ligands

We found that the K ion at the selectivity filter is an indispensable determinant of
the binding of nucleophilic ligands, such as correolide and chromanol. This suggests the
formation of a tertiary complex between the ligand, the permeating K ion, and residues
facing the cavity of the channel. Correolide is much larger than chromanol 293B, but both
drugs share common features that allow them to bind with high affinity to K™ channels.
These include the ellipsoid-like shape with nucleophilic groups at the poles and
hydrophobic sides. The drugs can reach the K* ion bound to the cytoplasmic side of the
selectivity filter by their polar groups, whereas their hydrophobic sides engage
hydrophobic interactions with the predominantly hydrophobic inner helices.
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Figure 3.7. The extracellular view at the inner-helices bundle in the open K,1.3.
Bonds C*-C" in correolide-sensing residues (Hanner et al., 2001) are shown as either cyan
sticks that face the pore or gray sticks directed away from the pore. Red sticks show
bonds C%CP in I''®, the residue whose mutation to Ala results in low expression of K,1.3
and altering the channel conformation (Hanner et al., 2001). Four correolide sensing
residues face the pore, while I''® could stabilize the channel conformation by interacting
with the outer helices, which are not shown.
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The hydrophobic and electrostatic interactions of correolide and chromanol
binding to the K" channel may ultimately disturb the coordination of the permeating
potassium ions in the cavity and in the selectivity filter, which is of vital importance for
ion conduction (Doyle et al., 1998; Roux and MacKinnon, 1999; Zhou and MacKinnon,
2004a; Zhou and MacKinnon, 2004b). Mutations adversely affecting chromanol block are
consistently located in the inner pore or at the base of the selectivity filter. In particular,
the threonines at the base of the selectivity filter (T?* in K,7.1) are involved in the
formation of K'-binding site 4. Furthermore, blocking activity of (3R,4S)-chromanol
mildly increased at low extracellular potassium (ICso at high extracellular K*, 10 + 2 pM;
ICsg at low extracellular K*, 16 = 4 uM; (Seebohm et al., 2001)).

Correolide binds to K,1.3 and K,1.4 channels with a higher affinity than to other
channels of the K,1 family (Hanner et al., 1999). Since the inner and outer helices are
conserved in K,1 channels, correolide-sensing residues in these helices are unlikely to
determine correolide selectivity to K,1.3 and K,1.4. What distinguishes the latter
channels is C-type inactivation, which is less pronounced in other members of the K,1
family. How could C-type inactivation enhance correolide binding? A recent study
suggested that C-type inactivation might be caused by the rearrangement of the selectivity
filter in a way that the K" in position 4 remains the only cation in the selectivity-filter
region (Lenaeus et al., 2005). Our models 2/4 and 1/3/5 predict the strong involvement of
a K" ion in correolide binding. In C-type inactivated channels, a deficiency of K* ions in
positions 1 — 3 would stabilize the K*-bound correolide. Some analogy may be found in a
ligand containing an ionizable amino group. When a proton binds to the group, the
proton-ligand complex is considered as a protonated ligand, even when the proton is
shared with a nucleophilic group of the receptor. Similarly, when a ligand binds K, the
complex may be considered as a K'-containing ligand that would bind stronger to the
channels, in which potassium-binding sites 1 - 3 are not occupied by K" ions. This can
explain the intriguing observations that the C-type inactivation enhances binding of both
cationic and nucleophilic ligands in the inner pore of K* channels.

CONCLUSION

In this study we predicted that two nucleophilic K channel blockers, correolide
and chromanol, form a ternary complex between K* ion and K' channel. We suggested
deficiency of K ions at the selectivity filter would increase the affinity for chromanol and
correolide binding to K" channels. Along these lines, we suggested a mechanism by
which C-type inactivation could enhance correolide binding. The analysis of structure-
activity relationships of open-channel blockers of K channels shows that many blockers
have nucleophilic groups whose role seems unclear given the rather hydrophobic
structure of the open pore. Our study suggests that such groups can bind to the channel-
bound K™ ions, which may be important determinants of corresponding receptors.
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CHAPTER FOUR

Ky1.2-BASED MODEL OF A CALCIUM CHANNEL IS CONSISTENT
WITH AVAILABLE SCAM DATA
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ABSTRACT

In the absence of X-ray structures of Ca®* channels, their homology models can be
used to interpret experimental data and design new experiments. Modeling relies on
sequence alignments between Ca®* and K* channels. Zhen et al. (2005) employed the
substituted cysteine accessibility method (SCAM) to identify pore-lining residues in the
Ca,2.1 channel and concluded that their data are inconsistent with the s etric
architecture of the pore domain and published sequence alignments between Ca** and K"
channels. Here we have built K,1.2-based models of Ca,2.1 with MTSET-substituted
engineered cysteines and used Monte Carlo-energy minimizations to predict their
energetically optimal orientations. We found that depending on the sequential position of
an engineered cysteine in transmembrane helices of the pore domain, the long flexible
MTSET-modified side chain can orient into the inner pore, an interface between
neighbouring S6 helices, or an interface between S5 and S6 helices. The predicted
distances of the ammonium groups to the pore axis correlate with the reported effects of
MTSET on the current. Our calculations rationalize the SCAM data, validate one of
several published sequence alignments between Ca’* and K* channels, and suggest
similar spatial dispositions of $5 and S6 helices in voltage-gated K" and Ca”" channels.

INTRODUCTION

Voltage-gated Ca®* channels are membrane proteins responsible for variety of
functions including shaping of action potentials and controlling intracellular
concentration of Ca’* (Hille, 2001). Ca*" channels are targets for drugs used to treat
arrhythmias, hypertension, myocardial ischemia, chronic pain, neuronal degeneration, and
other disorders (Hockerman et al., 1997). In the absence of X-ray structures of voltage-
gated Ca*" and Na** channels, homology models based on X-ray structures of K*
channels in the closed and open states (Doyle et al., 1998; Long et al., 2005b) are used to
interpret experimental data and suggest new experiments. The homology modeling
depends on the sequence alignments of K* channels with Na* and Ca®" channels. Various
sequence alignments have been proposed (Huber et al., 2000; Zhorov et al., 2001;
Lipkind and Fozzard, 2003; Stary et al., 2008). The models of the pore-forming domain
(S5-P-S6) based on these alignments have different patterns of exposure of residues to the
inner pore. The substituted-cysteine accessibility method (SCAM) can be used to
experimentally estimate the exposure of individual residues to the ion-permeation
pathways (Karlin and Akabas, 1998). The SCAM experiments on ion channels are usually
interpreted based on the cysteine-orientation concept. This is where application of the
methanethiosulfonate (MTS) reagent to a channel with an engineered cysteine in a pore-
facing position results in the chemical modification of the cysteine. If the ammonium
group of the MTS-modified cysteine is exposed to the permeation pathway, it is expected
to block the current. The orientation of the engineered cysteine towards the lipid bilayer
or the protein interior is believed to suppress ionization of the thiol group and its reaction
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with an MTS reagent. The current in such channels is expected to be similar to control
channels with native residue in respective position.

The SCAM method was used to predict the location of the activation gate in the
Shaker channel (Liu et al., 1997) and the major conclusions from this study were
confirmed by the X-ray structures of K* channels. More recently, the SCAM method was
used to identify pore-lining residues in the Ca,2.1 channel (Zhen et al., 2005). The
authors of this meticulous study interpret their results as inconsistent with known
sequence alignments between K* and Ca®* channels and suggest an asymmetric
architecture of the inner pore of Ca,2.1. This conclusion sheds doubts on published
homology models of Ca®* channels. The above interpretation of the SCAM experiments is
based on the expected orientation of the modified cysteine residues, and does not consider
that long flexible side chains of MTS-modified cysteines may adopt various
conformations. Due to this conformational flexibility, the exposure of the MTS
ammonium groups to the permeation pathway and hence the current-blocking effect of
MTS may not correlate with the orientation of the C*C® vector to the pore axis. Such
possibilities can be explored by homology modeling of the channel with MTS-modified
cysteines and energy optimization.

In this study, we have built a total of 42 Ca,2.1 models with MTS-modified
engineered cysteines and applied Monte Carlo minimizations to predict energetically
possible orientations of MTS-modified side chains in the channels. We found that the
energetically preferable positions of the ammonium groups of MTS-modified cysteines
relative to the permeation pathway do not necessarily correlate with the orientation of the
C"CP vector to the pore axis. Instead, the distance of the ammonium nitrogen to the pore
axis correlates with the observed currents in the respective channels. Our results supports
the alignment between K* and Ca® channels used in our previous modeling studies and
suggest a similar disposition of transmembrane helices in the pore-forming domains of
voltage-gated K* and Ca®" channels.

METHODS

The model of the rabbit PQ-type Ca>* channel (Ca,2.1, CAC1A_RABIT) includes
the outer helices (S5), P-loops (P), and inner helices (S6). The alignment between K,
Na*, and Ca>* proposed for the outer (Huber et al., 2000) and inner (Zhorov et al., 2001)
helices is shown in Table 4.1. The S5, S6, and P-helices were built based on the X-ray
structure of K,1.2 (Long et al., 2005a). The ascending limbs of P-loops including the
selectivity filter were built using the Na,1.4 model (Tikhonov and Zhorov, 2005a) as a
template. Those parts of the channel, which are far from the inner pore, were not
modeled. Assuming that ionized residues are complexed with counterions, we modeled
all ionizable residues, including those in the selectivity filter, in their neutral forms.
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Table 4.1. Sequence alignment between K, Na*, and Ca** channels and effects of

McMaster - Biochemistry and Biomedical Sciences

MTS reagents on Cys mutant channels *

Channel Segment " # 1 11 21°
KcsA Ml o 23 ALHWRAAGAA TVLLVIVLLA GSYLAVLAER
Kel2 S5 o 322 KASMRELGLL IFFLFIGVIL FSSAVYFAEA
Ca2.1 IS5 1o 220 MKAMIPLLQI GLLLFFAILI FAIIGLEFYM
[IS5 2o 608 LNSMKSIISL LEFLLFLFIVV FALLGMQLFG e
IS5 30 1380 VNSLKNVFNI LIVEMLEMFI FRVVAVOLFK ¢
IVSS 4o 1695 VQSFKALPYV CLLIAMLFFI YAIIGMQVFG .
Na,1.4 IS5 1o 244 TIQSVKKLSDV MILTVFCLSV FALVGLQLFM
[1IS5 2o 688 GNSVGALGNL TLVLAIIVFI FAVVGMQLFG
[IIS5S 3o 1147 LGAIPSIMNV LLVCLIFWLI FSIMGVNLFA
IVSS 4o 1469 MMSLPALFNI GLLLFLVMFI YSIFGMSNFA
Pore-facing position * * * %
Channel  Segment = 33 41 81
KcsA P p 59 LITYPRAL WWSVETATTV GYGDLYPV
K¢l.2 P p 358 FPSIPDAF WWAVVSMTTV GYGDMVPT
Ca,2.1 IP 1p 301 FDNILFAV LTVFQCITME GWTDLLYN
[P 2p 651 FDTFPAAT MTVFQILTGE DWNEVMYD
P 3p 1452 YDNVLWAL LTLFTVSTGE GWPQVLKH
IVP 4p 1748 FRTFFQAL MLLFRSATGE AWHNIMLS
Channel  Segment # 1 11 21
KcsA M2 i 86 LWGRLVAVVV MVAGITSFGL VTAALATWEV
K,1.2 S6 i 385 IGGKIVGSLC ATAGVLEIAL BVPVIVSNEN  °©
Ca2.1 IS6 1i 336 TWNWLYFIPL IIIGSFEMLY LVLGVLSGEF '
[1IS6 2i 690 MVFSIYFIVL TLFGNYTLLN VELATIAVDNL £
S6 3i 1485 MEMSIEYVl FVVEPFFEVN IEVALIIITF '
IVS6 4i 1785 EFAYFYFVSE IFLCSFLMLY MEVAVIMDNF '
Na,1.4 IS6 1i 415 KTYMIFFVVI IFLGSEFYLIN LILAVVAMAY
[1S6 2i 770 AMCLTVFLMV MVIGNLVVLN LFLALLLSSF
[1IS6 3i 1262 LYMYLYFVIF IIFGSFFTLN LFIGVIIDNF
IVS6 4i 1565 SIGICFFCSY IIISFLIVVN MYIAIILENF &
* * ik * * %* %

Pore-facing position
Cytoplasm-facing position

** Kk kK

* Highlighted in yellow are positions that when mutated to Cys cause the channel to be
blocked by MTS reagents significantly (30-100%) compared to the control (Zhen et al.,
2005). MTS reagents blocked the current by less than 30% through cysteine mutants at
positions highlighted grey. Cysteine substitutions at positions highlighted black did not
produce functional channels. Highlighted and bold-typed are residues whose mutations
are described under footnotes referred to in the rightmost column.

® The standard segment name includes the domain number (I-IV) and symbols S5, S6, or
P. An alternative segment name is used for labelling residues, which includes the
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domain number (1-4) and symbols o, p, and i for the outer helices, inner helices, and P-
loops, respectively. Absolute numbers (#) of the first residue in each segment are shown
for the following sequences: KcsA, Kir2.1, Kir6.2 (IRK11 RAT), K 1.2, K¢a3.1
(KCNN4_HUMAN), Ca,2.1 (CAC1A_RABIT), and Na,1.4 (SCN4A_RAT).

Relative numbers of residues in the outer and inner helices are counted based on the X-
ray structure of KcsA (Doyle et al., 1998), where the first residue of the segment in the
X-ray structure was assigned number 1. Relative numbers of residues in the P-loops are
counted from the EEEE-locus, whose residues are assigned number 50 to avoid negative
numbers for residues in P-helices.

Ca,2.1 mutants bearing a cysteine in positions 20/0, 3015, 4010, 4012, or 4017 were
blocked by MTSET (Zhen et al., 2005).

Intercellular MTSET blocks current through the open Shaker channel when a cysteine is
substituted in position i22-i27, i30-i33, or i34. MTSEA, but not MTSET, blocks the
I'"'*C mutant (Liu et al, 1997). Instead of percentage inhibition by MTSET,
modification rate was measured.

Zhen et al. (2005) investigated the inner pore of open Ca,2.1 channel using SCAM by
measuring the current upon the application of internal MTSET. The control channel
with eight eliminated cysteines was blocked by MTSET by 19% (Zhen et al., 2005).
The mutation N**°C increased current upon the modification by MTSET (Zhen et al.,
2005). The mutants A*2°C and V2?’C showed a ~1000-fold faster modification rate by
MTSET in the open state than in the closed state Ca,2.1 channel (Xie et al., 2005).
Cysteine in position 2i28 is modified by MTSET at a similar rate in the closed and open
channel (Xie et al., 2005).

¢ The mutation I*"'A in Na,1.4 exposes a cysteine that binds MTSEA, but not MTSET.
The binding of MTSEA prevents external access of QX-222, a quaternary local
anaesthetic (Lee et al., 2001). Mutations at C4i5L, C4i8T, or C**2A still allow MTSEA
binding (Lee et al., 2001). External and internal MTSEA, but not MTSET, blocks the
F4'°C and V*"°C Na,1.4 mutants (Sunami et al., 2004). Mutations I"'C and Y*%*C are
insensitive to MTSEA and MTSET (Sunami et al., 2004).
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The general molecular modelling protocols used in this work have been
previously described in Chapter 1. Each model was MC-minimized until 2,000
consecutive energy minimizations did not decrease energy of the lowest-energy
conformation found in the given trajectory. The multi-MCM protocol (Bruhova and
Zhorov, 2007; Tikhonov and Zhorov, 2007) was employed to explore energetically
possible orientations of MTS-modified cysteines (designated ™C). The torsional angles of
"C residues were sampled from 60,000 random starting points, and each point was
optimized by a short MCM trajectory of 10 steps. The top 1,000 lowest-energy
conformations were further MC-minimized during 1,000 steps. All conformations in
which the interaction energy between an MTS-modified cysteine and the rest of the
channel did not exceed 4 kcal/mol from the apparent global minimum were analyzed.
Despite that specific energy terms were not used for m-cation interactions, these
interactions were accounted for due to partial negative charges at the aromatic carbons
(Bruhova et al., 2008).

To avoid channel-specific residue numbers, we use a labelling scheme, which is
universal for P-loop channels (Zhorov and Tikhonov, 2004). A residue label includes the
repeat number (1 — 4; that may be omitted when the side chain properties are pertinent to
all four repeats/subunits), segment type (o - outer helix, p - P-loop, i - inner helix), and
the residue relative number in the segment (Table 4.1).

To describe the interaction of an ™C residue in a given (mutated) helix with its
neighbours, we use the terms anterior and the posterior helices that appear shifted in
clockwise and anti-clockwise directions, respectively, from the mutated helix viewed
from the extracellular side. For example, in the case of the C'"® mutant, the mutated helix
is IS6, the anterior helix is [IS6 and the posterior helix is IVS6.

RESULTS
SCAM data and the cysteine-orientation concept

In the X-ray structure of Ky1.2, the vectors of C*CP in positions i35, il18, i19, i22,
and i23 are oriented to the pore axis, in position i/6 orients to the repeat interfaces, and in
positions i24, i26, i27, i28, i30, and i3] orients to the cytoplasm (Figure 4.1). cxCP
vectors in positions il7, i20, i2l, i25, and i29 point to neighbouring transmembrane
helices. According to the cysteine-orientation concept, MTS-modified engineered
cysteines in positions i15, 18, i19,i22, and i23 should block current, whereas in positions
i17,1i20, i21, i25, and i29 should not block current.

Assuming that S5 and S6 helices in Ca,2.1 and K,1.2 have generally similar 3D
dispositions and using the sequence alignment in Table 4.1, the reported SCAM data can
be divided into two categories. In agreement with the cysteine-orientation concept, the
first-category data show current decrease in ™C'°, ™C!'°, mCi2 ™28 apd mCH'®
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channels, where the C*-CP vectors of the respective positions direct to the pore axis. The
second-category data disagree with the cysteine-orientation concept. These data include
three groups of observations: (i) residues ™C'"'®, "C*!® and ™C'** which do not block the
current despite the corresponding C*CP vectors point to the pore axis, (ii) residues s
and ™C*'? which decrease the current despite the corresponding outer-helix positions are
far from the inner pore, and (iii) residues ™C'°, MC?20, mC320 mcI2l mei2d - gng mCAB
which decrease the current despite the corresponding C*CP vectors direct away from the
pore axis.

Below we describe K,1.2-based homology models of Ca,2.1 channels with
MTSET-modified engineered cysteines and rationalize the SCAM data taking into
consideration side chain conformations of these residues. When we describe the positions
or orientations of a MTS-modified cysteine, we focus on the location of the ammonium
group relative to the permeation pathway. We assume that the ammonium group would
block the current if exposed to the pore lumen and would not block the current if it is
oriented away from the permeation pathway. Unless otherwise specified, the described
positions of the ammonium groups are pertinent to the majority of the low-energy
conformations of the MTS-modified cysteine under consideration.

MTS-modified cysteines in pore-facing positions

In the ™C"° channels, the current is inhibited by 39.0 - 65.5%. According to our
calculations, the side chains of ™C'"” are exposed in the central cavity and interact with
residues at the same level of the pore (i/5) and lower levels i/8 and i19 (Figure 4.2 4, B).
The ™C' ammonium group is stabilized by electrostatic interactions with the
nucleophilic C-termini of P-helices (residues p47-p49) and with partial negative charges
of the EEEE locus.

The ™C*"® and ™C*'® channels demonstrate smaller current than AR and P
channels. Calculations predict two orientations of the ™C"'® side chains (Figure 4.3). In the
pore orientations, the side chains are attracted to the nucleophilic C-ends of P-helices, the
EEEE locus, and residues at levels i/5 and i/9. In the repeat-interface orientation, the side
chains of ™C"'%s occur between the mutated inner helix, the anterior inner helix, and the
outer helix of the mutated repeat. Hydrophobic residues in position 0/0 and anterior-
helix positions i/2 and i/6 stabilize the predicted orientations of ™C'"®s, while the
backbones of positions i/4, il7, and i/9 of the mutated helix destabilize these
orientations. The energetically preferable orientation of the ™C''® side chain depends on
the surrounding residues, which are distinct in different repeats (Table 4.1). In agreement
with the SCAM data, the pore orientation is energetically preferable for "C*''® and ™C*'®
residues, while the repeat-interface orientation is preferable for "C'"'® and ™C*"® residues.
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Figure 4.1. The extracellular (4) and cytoplasmic (B) views of the inner and outer
helices of the K,1.2 X-ray structure. The C*-CP atoms of positions i/5-i29 are shown as
black sticks. The S5 and S6 helices are shown as strands and ribbons, respectively. The P-
loops are not shown for clarity.
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Figure 4.2. The top and side views of the lowest-energy orientations of w (A, B)
and "C"" (C, D) in the open Ca,2.1 channel. The side chains of positions i15, i18, il9,
and i22 from all four repeats are shown as pale orange sticks. The P-loops and S6s in
repeats I, I, III, and IV are respectively coloured cyan, orange, green, and violet. For
clarity, P-loops in 4 and C, and S5s in all charts are not shown. B, "C""* faces the pore.
For clarity, helix IIS6 is not shown. D, Mm% has two favourable orientations with the
ammonium group leaning either towards the selectivity filter or the cytoplasm. Side
chains of 2i/2 — 2i20 are not shown for clarity.
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Figure 4.3. Orientations of "C"® in Ca,2.1. The S6s in repeats I, II, III, and IV are
respectively colored cyan, orange, green, and violet; SSs are shown as %ray strands. For
clarity, the P-loops are not shown. A, Cation-m interactions with Y 116" stabilize the
sidewalk orientation of "C'"® that does not block the current. B, The side chain of e o
blocks current, because its preferable orientation is into the pore. C, "C*""® does not block
the current, because the sidewalk orientation is stabilized by cation-z interaction with
F%12 and F¥22, p, mc*!8 partially blocks current because cation-m interactions with F''®

and F*** stabilize both the pore and sidewalk orientations.
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The ammonium groups of mC!1® and ™C*"® residues are attracted to the aromatic residues
in repeat interfaces I/l and I1I/IV, respectively. The side chain of mC'8 orients in the /11
repeat interface where it interacts with L' 1212 and Y*'®. The ammonium group of
mC218 oecurs inside the pore, while orientation of ™C*''® in the II/IV repeat interface is
stabilized by m-cation interactions with F> 22 and F*"'? and hydrophobic interactions with
’°!° The side chain of ™C*"® is equally stable in the pore orientation and in the IV/I

5 . s P ; 5 ¥ s 5 1i16
interface orientation where it experiences m-cation interactions with F'"°.

The side chains of ™C"%s are exposed to the central cavity of the pore (Figure 4.2
C, D) in two orientations: upward to the focus of P-helices and downward to FA 2, sz,
and F*2 (Figure 4.2D). The latter orientation is more stable due to m-cation interactions.
In both orientations, the ammonium group is close to the pore axis. These results are
consistent with the SCAM data that the residual current is small in "C'"’ channels (Zhen
et al., 2005).

Despite that the C*CP vectors in positions i22 point to the pore axis, the measured
currents in the "C'?? channels are almost the same as in the control channel. The side
chain of ™C? can adopt two favourable orientations: in the pore interacting with
neighbouring F or in the repeat interface interacting with surrounding F or Y residues in
positions i/2, i16, or i18 (Figure 4.4). Another possibility for the weak MTSET inhibition
is that large hydrophobic residues in positions i/9, i22, and i26 prevent the ionization of
C™ and thus would prevent the reaction with MTSET.

In the ™C™ channels, the currents are inhibited by 43.6 - 87.7%. In all four
repeats, the energetically preferable conformations of the MC3 side chains are oriented

into the }z)ore. For example, the pore orientation of mC!i23 s stabilized by interactions with

MTS-modified cysteines in positions that do not face the pore

Despite that the C%C” vectors in positions i/6, i20, i21, i24, i25, and i29 point
away from the pore axis, the currents of the corresponding ™C channels are different from
the control (Zhen et al., 2005). Our models provide rationale for these observations as
described below.

Residues ™C'"'® block current by 33.2 - 41.9%. The corresponding side chains can
adopt two orientations with the ammonium group either approaching the pore or facing
away from the pore and interacting with residues at the C-end of S6 or N-end of S5
(Figure 4.54). In the low-energy conformations, the side chain of mCHS wraps anti-
clockwise around the inner helix so that its ammonium groups reaches the inner-pore
edge and interacts with residues in positions i/2 of the mutated S6 and positions i/8, i19,
and i22 of the posterior S6. In the other low-energy conformation, the side chains of mgdle
are oriented away from the pore and interact with residues in positions i/2 and i/3 of the
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I 6 Z o\ ? v:‘
Figure 4.4. The top view of MTS-modified cysteines in position 1i22 (A), 2i22 (B),
3i22 (C), and 4i22 (D). The side chains of ™C*’s can adopt two orientations, either

occupying the pore or the repeat interface. The side chain of ™C™? is stabilized in the
repeat interface by hydrophobic or cation-m interactions with residues in positions i/2,
i16, or il8. P-loops are not shown for clarity. The S6s in repeats I, II, III, and IV are

respectively colored cyan, orange, green, and violet; SSs are shown as gray strands.
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Figure 4.5. Preferable orientations of MTS-modified cysteine in non-pore facing
residues in the open Ca,2.1 channel. A, The top view of the 1000 most energetically
favourable orientations of ™C"'®. The ammonium group of ™C"® binds towards the pore
or the outer helices. For clarity, the backbone of position /i/ - 1il1 is not shown. B, The
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cytoplasmic view of the superposition of three favourable binding modes of mcA0 ¢,
The side view of "‘Cm‘, which is stabilized by F'3 in the domain interface, thus does not
block current. D, The cytoplasmic view of ™C'?*, which adopts two modes, one inside the
pore stabilized by S'27 and le, while the other mode faces away to interact with Lml,
Q'”, and F**, E, The side view of "C"? stabilized by Y*'¢, E"*, N*?° and T in the
domain interface, thus does not block current. F, The cytoplasmic view of ™C*?
interacting with N3, N3°6, and N*?°, The S6s in repeats 1, II, III, and IV are respectively
colored cyan, orange, green, and violet; S5s are shown as gray strands. For clarity, the P-
loops are not shown.
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mutated S6 and positions 07, i25, and i29 of the posterior repeat. Thus, in neither of the
two orientations ™C"% completely occlude the inner pore. This explains the rather high
residual current in the "C''® channels (Zhen et al., 2005).

Residues ™C'?° substitute native asparagines that are highly conserved in Ca®" and
NaZ* channels. The function of these asparagines is unclear. Mutants C'*° and C**° are
non-functional. In the "C>? and ™C**° channels, the currents are reduced by 56.2% and
42.0%, respectively. The side chains of mC220 and "CH? can adopt three orientations. In
one of them the ammonium group occurs in the pore, but in the energetically most
preferable orientations the ammonium groups of "C** and ™C**° face the S5 helix of the
mutated repeat (Figure 4.5B).

The C%C® vectors of ™C''s direct to the S5 helices. The C*2' mutant is not
functional. The ™C'2' and ™C*?' residues do not block the current, whereas ™C>?! inhibit
the current by ~ 40%. The side chains of ™C"*! and ™C**' fit between the mutated S5 and
the posterior-repeat S6 (Figure 4.5C). Cation-n interactions with F*% and electrostatic
interactions with Q' stabilize the ammonium group of ™C"?' in the IV/I repeat interface.
Similar interactions with F'*® and E'® stabilize the ammonium group of ™C??' also in
the /Il repeat interface. The side chain of ™C*2' orients into the pore, where its
ammonium group is stabilized by cation- interactions with F>"® and F*'2%,

Despite the C*-C? vectors of ™C24s direct to the cytoplasm (Figure 4.1B), MTSET
inhibits the current of C'**s channels by 73.6 - 100%. In the most preferable con-
formations of ™C'**, the ammonium groups occur in the pore, but an orientation facing the
N-end of S5 is also possible (Figure 4.5D). Cation- interactions with F', F*3% and F4%
attract the ammonium groups of mC224 medi2t and mClH, respectively, towards the pore.
The pore-oriented "C'** is stabilized by the side chains of mutated i27, mutated i23, and
anterior i30. The ammonium group of ™C*2* is not involved in cation-m interactions, and
occurs farther from the pore, because instead of F*0 a5 in repeats 1, 111, and IV, there is a
Leu in repeat II.

The residual current in channel ™C*% is small, while in channels ™C'?°, ™C*2>,
and ™C*? it is large. The C*CP vectors in position i25 direct away from the pore axis
(Figure 4.1). Interactions with aromatic side chains in positions i/6 stabilize orientations
of "C' M35 and ™CH% away from the pore axis (Figure 4.5E), while large side chains
of L' L3 or V*2% prevent orientations inside the pore. In contrast, m-cation
interactions with F*** stabilize orientation of ™C*% to the pore, and this orientation is not
opposed by the small side chain of A%

Intriguingly, the C*?° mutant is the only channel for which the application of
MTSET increases rather than decreases current (Zhen et al., 2005). In our model, the
ammonium group of ™C*% is oriented in the repeat interface and binds between the side
chains of N**, N**¢, and N*?° (Figure 4.5F). Such clustering of the MTS-modified
cysteine with three asparagines is not found in other models explored in the current study.
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Position i29 is far below position i/4, where the gating-hinge glycines are located in K"
channels. Superposition of X-ray structures of K channels shows that position i29 is
shifted significantly between the open and closed conformations. We suggest that the
strong electrostatic attractions of the ™C22% ammonium group to the side chain carbonyls
of the N°%®, N**® and N*?° stabilize the open-gate conformation of the pore domain. This
can explain the unique feature of the "C**° channel observed in experiments (Zhen et al.,
2005).

Modified cysteines in the outer helices of Ca,2.1

Despite that the outer helices do not line the inner pore, substantial decrease of the
current versus the control level is observed in ™C?°'* and ™C*'° channels. The current in
the channel ™C?*' is close to the control, while experimental data for the C'*" channel
are unavailable. Side chains of "C**'” and ™C*'? occur either between the inner and outer
helices in the mutated repeat or between the mutated and anterior inner helices (Figure
4.6). Energetically preferable conformations of the ™C*'* and ™C*'? side chains occur
between the inner helices and extend toward the inner pore. The side chain of F*''®
precludes the protrusion of the ™C>°'° side chain into the inner pore and stabilizes
orientation in the repeat interface due to n-cation interactions (Figure 4.6B).

1 4012
mC30 5’ mC ol mC4ol7

Channels , and show rather large residual currents. The side
chain of ™C*'" approaches the inner pore, while side chains of ™C**'> and ™C*'? face
away the pore suggesting that these mutations could indirectly affect the current.

Currents correlate with the distance of the MTS nitrogen from the pore axis

The above sections provide multiple examples that the flexible side chains of
MTS-modified cysteines adopt essentially different orientations relative to the inner pore.
These orientations depend on the sequential positions of the mutated residues in the inner
and outer helices of individual repeats. Particular conformations and orientations are
stabilized by electrostatic and cation-nt interactions of the ammonium group of the MTS-
modified cysteine with neighbouring residues. Figure 4.74 shows the experimental
inhibition currents plotted against the distance between the pore axis and the ammonium
nitrogen as calculated for the energetically most preferable conformations of
corresponding ™C residues. A clear correlation is observed with only two significant
outliers, "C*'® and ™C"?*. Figure 4.7B illustrates the Ca,1.2 pore and the ammonium
nitrogens of ™C residues (shown as spheres) in the energetically most preferable
conformations. The spheres are coloured yellow or blue depending on the current
inhibition level in respective channels. It is clear that substantial inhibition is observed
when the ammonium groups are inside the pore, weak inhibition is observed when the
ammonium groups are outside the pore, and intermediate inhibition is observed when the
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Figure 4.6. The top view of the lowest-energy orientations of (4) "C*'’, (B) "C**",
and (C) "C*", "C*'" and ™C*'" can extend their ammonium group toward the inner
pore, thus inhibit current. ™C**'" is stabilized inside the repeat interface by cation-m
interaction with F*"'® and Y**'*. P-loops are not shown for clarity. The S6s in repeats 1, II,
I11, and IV are respectively colored cyan, orange, green, and violet; S5s are shown as gray
strands.
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Figure 4.7. Distance of MTS nitrogen (4, B) and c? (C, D) from the pore axis. Shown
are data points for positions i/5 - i25 and 0l0, excluding positions that produced non-
functional channels when mutated to Cys. A and C, The current inhibition with standard
deviation taken from Zhen et al. (2005) plotted against the distance of the ™"C ammonium
nitrogen and CP from the pore axis, respectively. No standard deviations are available for
positions 2010, 3010, and 4010. The location of the "C ammonium nitrogen was taken
from the energetically most favourable orientation of "C. B and D, The top view of the
open Ca,2.1 channel model with the ™C ammonium nitrogen and C? atoms shown as
spheres, respectively. P-loops are not shown for clarity. Classified from Zhen et al.
(2005), yellow spheres represent positions that were significantly inhibited by MTSET
(30-100%) compared to the control channel (19% inhibition). Blue spheres represent
positions that exhibited similar MTSET inhibition (<30%) as the control channel (Zhen et
al. 2005). A correlation between current inhibitions and the distance of the "C ammonium
nitrogen is visible (4 and B), but poor correlation is seen with C? atom (C and D).

83



Ph.D. Thesis - Iva Bruhova McMaster - Biochemistry and Biomedical Sciences

ammonium groups are on the border of the pore. The significance of the observed
correlation is discussed later. On the other hand, Figure 4.7 C and D demonstrates that the
location of the C® atom has no correlation with the current inhibition.

DISCUSSION

Voltage-gated Na* and Ca”* channels evolved from K* channels and are believed
to share similar membrane topology (Anderson and Greenberg, 2001). In the absence of
X-ray structures of Na* and Ca** channels, their homology models based on available X-
ray structures of K channels are used to interpret numerous experimental data obtained in
mutational, electrophysiological, and ligand-binding experiments. The first and most
crucial step in homology modeling is the sequence alignment of K* channels with Na*
and Ca?* channels. Since the sequence similarity between the Ca’>" and Na' channels is
rather high, alignment between these channels is unambiguous (Zhorov and Tikhonov,
2004). In contrast, due to poor sequence similarity between K* channels on one hand and
Ca® and Na® channels on the other hand, there is no consensus alignment for
transmembrane segments in the pore-forming domains of these channels. In particular,
proposed alignments for the inner helices (Huber et al., 2000; Zhorov et al., 2001;
Lipkind and Fozzard, 2003; Shafrir et al., 2008; Stary et al., 2008) differ in positions of
asparagines (Table 4.2) that are highly conserved in every domain of eukaryotic Ca®* and
Na?* channels and are present in the homotetrameric bacterial NaChBac channel (Ren et
al., 2001). In the alignment by Lipkind and Fozzard (2003), these residues do not appear
in matching positions of the four repeats. K,1.2-based models of the L-type Ca®" channel
(Stary et al., 2008) and NaChBac channel (Shafrir et al., 2008) have been built with the
alignment in which an insertion is introduced immediately before the conserved
asparagines (Table 4.2).

Intensive mutational, electrophysiological, and pharmacological studies identified
residues that, when mutated, affect action of ligands that bind in the pore domain of
voltage-gated Ca*" (Hockerman et al., 1997) and Na* channels (Catterall et al., 2005).
Homology models of these channels have been built based on the X-ray structures of K
channels and were used to visualize binding sites and propose binding mechanisms of
various drugs including benzothiazepines (Tikhonov and Zhorov, 2008), dihydropyridines
(Zhorov et al., 2001; Lipkind and Fozzard, 2003; Cosconati et al., 2007; Tikhonov and
Zhorov, 2009), phenylalkylamines (Lipkind and Fozzard, 2003; Cheng et al., 2009), local
anaesthetics (Lipkind and Fozzard, 2005; Tikhonov and Zhorov, 2007; Bruhova et al.,
2008), and batrachotoxin (Tikhonov and Zhorov, 2005b). Despite different underlying
alignments used in these models and different details of ligand-channel interactions
predicted in the models, the above studies agree that the X-ray structures of K™ channels
are reasonable templates for the homology modeling of Na* and Ca>* channels. This
opinion was undermined bgf the interpretation of meticulous SCAM experiments with
Ca,2.1 suggesting that Ca”* and K' channels have different patterns of pore-lining
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residues (Zhen et al., 2005). This interpretation also questions the symmetric arrangement
of repeats of Ca”* channels around the pore axis.

Earlier we proposed models for complexes of Na’ and Ca®" channels with
different ligands (Tikhonov and Zhorov, 2005b; Tikhonov et al., 2006; Tikhonov and
Zhorov, 2007; Bruhova et al., 2008; Tikhonov and Zhorov, 2008). All these models are
based on the same sequence alignment, which is shown in Table 4.1. This alignment was
also questioned by the proposed interpretation of the SCAM study (Zhen et al., 2005). In
this study we do not doubt the experimental observations described in the meticulous
SCAM study (Zhen et al., 2005), but show that interpretations of these observations
requires analysis of additional factors, which were apparently not considered in the
original study. These factors are conformational flexibility of long side chains of MTS-
modified cysteines and their interaction with neighbouring residues of the channels. In the
current study, we used the K,1.2-based model of Ca,2.1 based on alignment shown in
Table 4.1. We reasoned that if our models explain the SCAM results, this supports the
alignment and the spatial disposition of the transmembrane helices in the pore-forming
domains between the K™ and Ca?* channels.

Interpretation of SCAM experiments is not straightforward. Several factors should
be taken into consideration (Karlin and Akabas, 1998). MTS reagents, such MTSET,
react with water-accessible ionized cysteine residues to form a covalent bond. If the
cysteine is exposed to the lipid bilayer or is buried inside the protein, the ionization of the
thiol group is suppressed. Upon application of a MTS reagent the current of the channel is
measured. It is assumed that the current change is due to reaction between the MTS
reagent and the engineered cysteine. The current may be unaffected because of two
reasons. First, the reaction does not proceed due to hydrophobic environment, steric
constraints, lack of protonated Cys residues, or other causes. Second, the MTS-modified
cysteine does not affect ion permeation through the channel.

A brief application of the MTS reagent may results in incomplete chemical
modification of cysteines (Liu et al., 1997), but prolonged exposure increases the
probability of disuifide formation even with partially buried cysteines. The prolonged
exposure in experiments with Ca,2.1 (Zhen et al., 2005) may explain the fact that
cysteines in different sides of the helical-wheel representations of S6s and S5s were
modified despite some positions do not face the permeation pathway. To resolve these
apparent paradoxes, we modeled in this study the Ca,2.1 mutants with MTS-modified
cysteines in all the positions for which current reductions are reported (Zhen et al., 2005).

Besides the kinetic effects, other factors need to be considered to interpret the
SCAM data. The MTS-modified cysteine has a long flexible side chain: in an all-trans
conformation the distance between C* and ammonium nitrogen is 8.4 A. Prediction of
energetically optimal conformations of MTS-modified cysteines resembles docking of
ligands in proteins, but the MTS-modified cysteines can be considered as “ligands”
tethered to the channel protein. Docking of the tethered ligands makes calculations less
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Table 4.2. Proposed inner helix alignments between K*, Na*, and Ca*" channels

Channel  Segment # 1 11 21
Alignment proposed by Zhorov et al. (2001)
KcsA M2 i 86 LWGRLVAVVV MVA'\];TSFGL VTAALATWEV
Ky1.2 S6 i 385 IGGKIVGSLC AIAGVLTIAL PVPVIVSNFEN
Cay1.2 IS6 1i 409 ELPWVYFVSL VIFGSFEFVLN LVLGVLSGEF
[IS6 2i 757 MLVCIYFIIL FISPNYILLN LFLAIAVDNL
[IS6  3i 1170 VEISIFFIIY IIIIAFFMMN IFVGFVIVTF
IVS6 4i 1480 SFAVFYFISF YMLCAFLIIN LFVAVIMDNF
Na,l1.4 IS6 1i 415 KTYMIFFVVI IFLGSFYLIN LILAVVAMAY
I1S6  2i 770 AMCLTVFLMV MVIGNLVVLN LFLALLLSSF
I1S6  3i 1262 LYMYLYFVIF IIFGSFFTLN LFIGVIIDNF
IVS6 4i 1565 SIGICFFCSY IIISFLIVVN MYIAIILENF
Alignment proposed by Lipkind and Fozzard (2000)
KcsA M2 i 86 LWGRLVAVVV MVAiITSFGL VTAALATWEV
Na,1.4 IS6 1i 416 TYMIFFVVII FLGSFYLINL ILAVVAMAYA
11IS6  2i 770 AMCLTVFLMV MVIGNLVVLN LFLALLLSSF
IIS6  3i 1262 LYMYLYFVIF IIFGSFFTLN LFIGVIIDNF
IVS6 4i 1565 SIGICFFCSY IIISFLIVVN MYIAIILENF
Alignment proposed by Lipkind and Fozzard (2001)
KcsA M2 i 86 LWGRLVAVVV MVAIITSFGL VTAALATWEV
Cay1.2 IS6 1i 409 ELPWVYFVSL VIFGSFFVLN LVLGVLSGEF
[1S6  2i 757 MLVCIYFIIL FISPNYILLN LFLATIAVDNL
[T1IS6 3i 1169 RVEISIFFII YIIIIAFFMM NIFVGEVIVT
IVS6 4i 1480 SFAVFYFISF YMLCAFLIIN LFVAVIMDNF
Alignment proposed by Lipkind et al. (2003)
KcsA M2 i 86 LWGRLVAVVV MVA‘ITS FGL VTAALATWEV
Ca,1.2 I1S6  3i 1170 VEISIFFIIY IIIIAFFMMN IFVGFVIVTFEF
IVS6 4i 1481 FAVFYFISFY MLCAFLIINL FVAVIMDNED
Alignment proposed by Huber et al. (2000)
KcsA M2 i 86 LWGRLVAVVV MVAIITS FGL VTAALATWEV
Cay1.2 IS6 1i 410 LPWVYFVSLV IFGSFFVLNL VLGVLSGEFS
[1IS6  2i 758 LVCIYFIILEF ISPNYILLNL FLAIAVDNLA
[11S6  3i 1171 EISIFFIIYI IIIAFFMMNI FVGEVIVTFQ
IVS6 4i 1481 FAVFYFISFY MLCAFLIINL FVAVIMDNED
Alignment proposed by Stary et al. (2008)
Kyl.2 S6 i 385 IGGKIVGSLC AIA.VLTIA— LPVPVIVSNF
Cay1.2 IS6 1i 409 ELPWVYFVSL VIFGSFFVLN LVLGVLSGEF
[1IS6  2i 757 MLVCIYFIIL FISPNYILLN LFLAIAVDNL
[11S6  3i 1170 VEISIFFIIY IIITAFFMMN IFVGFVIVTE
IVS6 4i 1480 SFAVFYFISF YMLCAFLIIN LFVAVIMDNF

* Highlighted in green is the prokaryotic gating hinge (Gly) that is conserved among K"
channels. The Asn residues conserved in all four repeats of Na“ and Ca** channels are

highlighted grey.

86



Ph.D. Thesis - Iva Bruhova McMaster - Biochemistry and Biomedical Sciences

time-consuming and results more reliable. Due to the long flexible chain, an ™C side
chain at a pore-lining position can turn out of the pore and bury inside the protein
between S5 and S6. On the other hand, the ammonium group of an ™C side chain at a
non-pore-lining position can reach the pore through the repeat-interface or by wrapping
around the mutated inner helix. Thus, the exposure of the ammonium group to the pore
may not correlate with the angle between C*CP® bond and the line drawn from the C*
atom to the pore axis. The energetically optimal location of the ammonium group in the
™C side chain depends on its interactions with neighbouring residues, among which
electrostatic attractions (including stabilization of the ammonium group at the
nucleophilic focus of P-helices) and cation-w interactions play the major role.

Our calculations predict a correlation between the distance of ™C nitrogen from
the pore axis and the current inhibition in respective channels (Figure 4.7). This
correlation is important. First, it shows that interpretation of the SCAM data is possible in
quantitative rather than discrete terms. Second, it supports the underlying sequence
alignment between the Ca’* and K channels (Table 4.1). Third, it implies four-fold
symmetry of transmembrane helices in the pore-forming domain of Ca®>* channels and a
similar disposition of transmembrane helices in the pore-forming domains of K and Ca**
channels. Forth, it shows that significant block is observed only when the ammonium
group occurs in the inner pore.

Experiments with fluorinated aromatic residues (Santarelli et al., 2007b; Ahern et
al., 2008; Xiu et al., 2009) proved the long-proposed role of cation-m interactions in
ligand-receptor recognition. Despite the AMBER force field does not have a specific
energy term to account for cation-m interactions, such interactions are seen in the low-
energy structures as the ammonium group attraction to partial negative charges of
aromatic residues (Tikhonov and Zhorov, 2007; Bruhova et al., 2008). Using the same
force field in the current study, we found many structures in which the ammonium group
of MTS-modified cysteine is attracted to aromatic residues via cation-m interactions.
These interactions were particularly important for stabilization of the ammonium group of
the ™10 mClil8 me3il8 5nd mCH18 side chains inside the repeat interface as well as "C"
in the pore. Thus, cation-n interactions may stabilize not only ligand-protein complexes,
but specific orientations of MTS-modified cysteines.

According to our models, the repeat interface would provide accessibility to
MTSET to reach the engineered cysteines in non-pore facing positions on inner and outer
helices. Through these interfaces the ammonium group of MTS-modified C?fs can extend
into the inner pore and decrease current. Interesting examples are ™C**'° and ™C*'"°
whose ammonium groups can approach the inner pore only via the repeat interface. This
prediction is consistent with our previous studies in which we demonstrate that the repeat
interface dubbed the “sidewalk” provides the extracellular access route of local
anaesthetics into Na' channels (Bruhova et al., 2008) as well as benzothiazepines
(Tikhonov and Zhorov, 2008) and dihydropyridines (Tikhonov and Zhorov, 2009) in Ca*"
channels. The X-ray structure of KcsA with hydrophobic cations shows that hydrophobic
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moieties of the ligands can extend from the pore to the subunit interface in K™ channels
(Lenaeus and Gross, 2008).

CONCLUSION

In this study, we used molecular modeling to reinterpret the results of the
meticulous SCAM study of Ca,2.1 (Zhen et al., 2005). We found that the level of the
current block does not necessarily correlate with the orientation of the C°-C® bond on the
engineered cysteine to the inner pore, but correlates with the distance between the
energetically optimal position of the "C ammonium group and the pore axis. Our study
supports the sequence alignments between K* and Ca** channels earlier proposed for the
inner (Zhorov et al., 2001) and outer (Huber et al., 2000) helices and suggests that the
K,1.2 X-ray structure is a suitable template to model the Ca®" channels in the open-state
conformation.
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CHAPTER FIVE

ACCESS AND BINDING OF LOCAL ANESTHETICS IN THE
CLOSED SODIUM CHANNEL
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CHAPTER FIVE PREFACE

The work presented in this chapter was previously published in:

Bruhova 1, Tikhonov DB and Zhorov BS (2008) Access and binding of local anesthetics
in the closed sodium channel. Molecular pharmacology 74:1033-45.

and

Tikhonov DB, Bruhova I and Zhorov BS (2006) Atomic determinants of state-dependent
block of sodium channels by charged local anesthetics and benzocaine. FEBS Letters
580:6027-32.

Permission has been granted from the publishers to reproduce the material here.

I have performed all of the molecular simulations described in this chapter.
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ABSTRACT

Local anaesthetics (LAs) are known to bind Na" channels in the closed, open, and
inactivated states and reach their binding sites via extracellular and intracellular access
pathways. Despite intensive studies, no atomic-scale theory is available to explain the
diverse experimental data on the LA actions. Here we attempt to contribute to this theory
by simulating access and binding of LAs in the KcsA-based homology model of the
closed Na' channel. We used Monte Carlo minimizations to model the channel with
representative local anaesthetics QX-314, cocaine, and tetracaine. We found the
nucleophilic central cavity to be a common binding region for the ammonium group of
LAs, whose aromatic group can extend either along the pore axis (vertical binding mode)
or to the III/IV domain interface (horizontal binding mode). The vertical mode was earlier
predicted for the open channel, but only the horizontal mode is consistent with mutational
data on the closed-channel block. To explore hypothetical access pathways of the
permanently charged QX-314, we pulled the ligand via the selectivity filter, the closed
activation gate, and the III/IV domain interface. Only the last pathway, which leads to the
horizontal binding mode, does not impose steric obstacles. The LA ammonium group
mobility within the central cavity is more restricted in the vertical mode than in the
horizontal mode. Therefore, occupation of the selectivity-filter DEKA locus by a Na* ion
destabilizes the vertical mode thus favouring the horizontal mode. LA binding in the
closed channel requires the resident Na* ion to leave the nucleophilic central cavity
through the selectivity filter, whereas the LA egress should be coupled with reoccupation
of the cavity by Na’. This hypothesis on the coupled movement of Na’ and LA in the
closed channel explains seemingly contradictory data on how the outer-pore mutations as
well as tetrodotoxin and p-conotoxin binding affect the ingress and egress of LAs.

INTRODUCTION

Blockade of Na™ channels by LAs is a well-known and medically important
phenomenon. The mechanisms of action and structure-function relationships of LAs have
been intensively studied more than 30 years (Catterall, 2000a; Ruetsch et al., 2001; Nau
and Wang, 2004; Fozzard et al., 2005). Inside the Na' channel pore, LAs bind state-
dependently. Various LAs including etidocaine (Ragsdale et al., 1994), cocaine (Wright
et al., 1998), and cocaethylene (Xu et al., 1994) block the closed Na' channel. Three
terms are used to describe this phenomenon: the closed-channel block, tonic block, or
resting-channel block. In this paper we use the first term. Under high-frequency
stimulation, the blocking effect increases. This phenomenon is called frequency-
dependent or use-dependent block. Experiments on the state-dependent action of LAs
demonstrated that generally LAs have a stronger potency in the open or inactivated
channels compared to the closed channels (Hille, 1977; Chahine et al., 1992; Ragsdale et
al., 1994; Xu et al., 1994; Wright et al., 1997). Two major hypotheses have been proposed
to explain these effects. According to the “modulated receptor” hypothesis (Hille, 1977),
LAs can bind to the closed, open and inactivated channel states, but with different
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affinity. According to the “guarded receptor” hypothesis (Starmer et al., 1984), LAs have
a permanent affinity to their receptor, while the block depends on the frequency and
duration of the channel gating, which imposes an energy barrier for the ingress and egress
of the ligand.

Intensive mutational studies (Ragsdale et al., 1994; Wright et al., 1998; Li et al.,
1999; Yarov-Yarovoy et al., 2001; Yarov-Yarovoy et al., 2002) demonstrated that the
binding site for LAs is located in the inner pore, between the activation gate and the
selectivity filter and involves residues in domains I, III, and IV. Residues in domain IV,
particularly F*" and Y*2 were found critical for the use-dependent block by LAs
(Ragsdale et al., 1994). Interestingly, mutations of these residues had qualitatively
different affects on the closed-channel and use-dependent block. Closed-channel block by
tetracaine requires a hydrophobic residue in position 4i15, while Y*** is important for the
use-dependent block (Li et al., 1999). In agreement to these results, use-dependent block
by cocaine is sensitive to mutations F*'*C and Y***C (O'Leary and Chahine, 2002). In
case of the closed-channel block by cocaine, mutation Y*22K had no effect, whereas
mutations F¥'°K and N*?°K decreased the cocaine potency by 2- and 3-folds, respectively
(Wright et al., 1998). In contrast, the cocaine potency in the inactivated channel decreased
in the same mutants, 6-, 21.3-, and 27.4-fold, respectively, indicating that cocaine blocks
the channel state-dependently (Wright et al., 1998). The mechanisms responsible for
qualitatively different effect of mutations on the closed-channel block and use-dependent
block are unresolved.

The access of LAs to and from the open pore is conceptually clear. Upon channel
activation, LAs enter through the open intracellular gate and move along the ion-
conducting hydrophilic pathway to their binding site in the inner pore. Understanding of
the hydrophilic pathway was advanced by the X-ray structures of K* channels that have
been crystallized in the closed (Doyle et al., 1998) and open states (Jiang et al., 2002b;
Jiang et al., 2002a; Jiang et al., 2003a; Jiang et al., 2003b; Long et al., 2005a; Long et al.,
2005b). In the open conformation, the inner helices bend and form a wide vestibule,
which is readily accessible for drugs from the cytoplasm.

In the closed state, the straight inner helices converge at the cytoplasmic side and
obstruct ion permeation (Doyle et al., 1998). The bulky LA molecules are unlikely to pass
through the closed gate. It was suggested that LAs reach the inner pore of the closed
channel via a hydrophobic pathway (Hille, 1977). Since lipid-soluble compounds can
cross the membrane, they are active when applied both the extra- and intracellularly
(Nettleton and Wang, 1990). Quaternary analogs of LAs such as QX-222 and QX-314
cannot cross the membrane and therefore are used as probes for exploring the access
pathways into the channels. When applied intracellularly, the quaternary LAs can only
block the open Na* channels (Hille, 1977). Unlike neuronal (Na,1.2) and skeletal-muscle
(Na,1.4) channels, cardiac (Na,1.5) Na" channels are blocked by quaternary LAs applied
extracellularly (Alpert et al., 1989; Qu et al., 1995). The mutation F*'*A of Na, 1.5 effects
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both intra- and extracellular block by QX-314 suggesting that extracellular and
intracellular LAs target the same site in the inner pore (Qu et al., 1995).

Several studies suggest that extracellularly applied LAs can reach their binding
site through the outer pore. TTX binding to the outer pore of Na,1.5 reduced the external
QX-314 access and recovery after the use-dependent block (Qu et al., 1995). Mutations of
Na,1.4 also showed the involvement of the DEKA locus in the external access and
binding of QX-314 (Sunami et al., 1997). Residue Y'! which is critical for isoform-
specific TTX action, affects the external access of QX-222 (Sunami et al., 2000).
Mutation S L, one position upstream the DEKA locus, enhanced the external QX-314
access and dissociation (Sasaki et al., 2004). Cys substitutions of T3P48, F3p49, and S™* are
accessible by the externally applied Cd** (Yamagishi et al., 1997) and sulfhydryl reagents
(Yamagishi et al., 1997; Struyk and Cannon, 2002). All these data support a hypothesis
that the outer pore of Na* channels may be permeable to LAs and compounds of similar
size.

Another set of data suggests the involvement of the inner helices in the
hydrophobic pathway of LAs. The mutation of T*® in Na,1.5 to V, which is a native
residue in Nay1.2, reduced block by external QX-314 (Qu et al., 1995). Mutation of 1A
created an external pathway for LAs in the brain (Ragsdale et al., 1994) and muscle Na"
channels (Wang et al., 1998; Sunami et al., 2001). This mutation does not affect ion
permeation or binding of toxins to the outer pore (Sunami et al., 2001). A p-CTX mutant
R13N binds to the outer pore of Na' channels, but does not fully block the current.
External QX-222 increased block of the I*''A Na,1.4 mutant in the presence of the p-
CTX mutant R13N suggesting that the outer pore is not the access route for the LA
(Sunami et al., 2001). Furthermore, the mutation I*''C in Na,1.5 enhanced binding and
facilitated escape of cocaethylene from the closed channel (O'Leary et al., 2003).

The coexistence of two pathways for charged LAs, one through the outer pore and
another through the domain interface, was previously discussed (Lee et al., 2001). Based
on the models of Na,1.4 and Na,1.5, we earlier hypothesized that the hydrophobic
pathway goes through the “sidewalk” along the IIIP helix between the inner helices IIIS6
and IVS6 (Tikhonov and Zhorov, 2005a; Tikhonov et al., 2006). In this study, we
elaborate this hypothesis by docking various ligands and exploring computationally
various hypothetical access pathways.

In the absence of X-ray structures of voltage-gated Na™ channels, their homology
models have been proposed to explain the effects of LAs (Lipkind and Fozzard, 2005;
Tikhonov et al., 2006; Tikhonov and Zhorov, 2007). Unlike previous studies that were
focused on explaining the use-dependent block, the goal of this study is to explore access
pathways and binding of LAs in the closed Na' channel. We address the following
questions. What are the binding modes of QX-314, cocaine, and tetracaine in the closed
channel? What are the energetically possible ingress and egress routes for LAs in the
closed channel? What is the impact of Na' ions in the pore on the access and binding of
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LAs in the closed channel? Our study predicts that the LA molecules adopt different
orientations in the closed and open channels. The energetically most favourable pathway
for the LA molecule to and from the closed channel is the interface between domains III
and IV, whereas the selectivity filter and the closed activation gate impose large energy
barriers for LAs. Finally, we propose that the occupancy of the pore with a Na" ion
affects both access and binding of LAs. These results provide a novel structural
interpretation for a large body of experimental data.

METHODS

Our model of the closed rNay1.5 included the outer helices, P-loops, and the inner
helices whose backbones were built according to the X-ray structure of KcsA (Doyle et
al., 1998). Extracellular linkers between the P-loops and transmembrane helices were not
modeled. The ascending limbs of P-loops including the selectivity filter were taken from
our earlier model (Tikhonov and Zhorov, 2005a). The sequences of P-loops and inner
helices of K™ and Na" channels were aligned as proposed earlier (Zhorov and Tikhonov,
2004), see Table 5.1. The outer helices, which align unambiguously between Na™ and
Ca®* channels, were aligned with KcsA as proposed by Huber et al. (2000). Ionizable
residues were treated as neutral except for the DEKA-locus ionizable residues, which
were charged. The EEDD locus of the outer pore was proposed to bind four Na* ions
between domains (Tikhonov and Zhorov, 2007). To make the locus more flexible, we did
not use here the interdomain Na" bridges but neutralized the four acidic residues by four
protons. Since the EEDD locus is more than 15 A away from the binding site of LAs in
the inner pore, this approximation would bias the LAs access through the selectivity filter,
but is unlikely to affect the ligand binding in the inner pore. Cocaine and tetracaine
models were protonated based on the data that protonated cocaine blocks Na* channels
(Nettleton and Wang, 1990). The DEKA locus was loaded either by an explicit water
molecule or a Na' ion, which were initially constrained, respectively to the D and K or D
and E side chains. In the subsequent MCM trajectories the constraints were removed, but
neither the water molecule nor the Na* ion moved away from the DEKA locus.

The general molecular modelling protocols used in this chapter have been
previously described in Chapter 1. Hydration energy was calculated by the implicit-
solvent method (Lazaridis and Karplus, 1999a). Hydration of the lipid-facing residues in
the outer helices is unrealistic, but because these residues are not involved in the binding
of LAs and because the channel folding does not change in our model, the hydration of
S5s has a minimal impact on our results.

The ligands contained both heavy atoms and hydrogens. The protein was modeled
in the united-atom approximation, but an all-atom model was also used to assess cation-n
interactions of the ligand with aromatic residues. A cutoff of 8 A was used for nonbonded
interactions, but those involving ions and ionized groups were calculated without a cutoff.
The homology model of the ligand-free closed channel was MC-minimized until 2,000
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Table 5.1. Sequences of ion channels % and effect of mutations in Na* channels ¢

Channel Segment” # 1 11 21
KcsA Mi 0 14 ALHWRAAGAA TVLLVIVLLA GSYLAVLAER
Na,1.5 ISS lo 242 IQSVKKLADV MVLTVEFCLSV FALIGLQLEM
IS5 20 825 GNSVGALGNL TLVLAIIVFI FAVVGMQLFG
IS5 30 1321 VGAIPSIMNV LLVCLIFWLI FSIMGVNLFA
IVS5 40 1644 MMSLPALFNI GLLLFLVMFI YSIFGMANFA
33 41 51
KcsA P p 59 LITYPRAL WWSVETATTV GYGDLYPV
Na,1.4 IP Ip 383 YDTFSWAF LALFRLMTQD YWENLFQL ¢
IIP 2p 738 MNDFFHSEF LIVFRILCGE WIETMWDC ¢
1I1p 3p 1220 YDNVGLGY LSLLQVATEK GWMDIMYA
IVP  4p 1512 FETFGNSI ICLFEITTSA GWDGLLNP ¢
Nayl.5 P Ip 356 FDSFAWAF LALFRLMTQD CWERLYQQ d
IIP 2p 884 MMDFFHAF LIIFRILCGE WIETMWDC
IIpP 3p 1404 FDNVGAGY LALLQVATFK GWMDIMYA
IVP 4p 1696 FOQTFANSM LCLFQITT:_S:A GWDGLLSP ¢
Pore-facing position ko kokok
Sidewalk-facing position in I[IP *o kokk
1 11 21
KcsA M2 i 86 IWGRLVAVVV MVAGITSFGL VTAALATWEV
Na, 12 IS6 1i 399 KTYMIFFVLV IFLGSF¥LIN LILAVVAMAY f
[IS6 2i 957 TMCLTVFMMV MVIGNLVVLN LFLALLLSSF &
IIS6 3i 1447 LYMYLYFVIF IIFGSFFTEN LFIGVIIDNF "
IVS6 4 1750 SVGIFFEVSY IIISELVVVN MYIAVILENE !
Na,1.4 IS6 1i 415 KTYMIFFVVI IFLGSFYLIN LILAVVAMAY
I1S6 2i 770 AMCLTVFLMV MVIGNLVVLN LFLALLLSSF
sé6e 3 1262 LYMYLYFVIF IIFGSFFTLN LFIGVIIDNF
IVS6 4i 1565 SIGICFFCSY IIISFLIVVN MYIAIILENF X
Nay1.5 IS6 li 388 KIYMIFFMLV IFLGSEFYLVN LILAVVAMAY
1IS6 2i 916 SLCLLVFLLV MVIGNLVVLN LFLALLLSSF
MS6 3i 1446 LYMYIYFVVF IIFGSFFTLN LFIGVIIDNF
IVS6 4i 1748 AVGILFFTTY IIISELIVVN MYIAIILENF '
Pore-facing position * *o Kok *
Sidewalk-facing positions I1I1S6 * *
Sidewalk-facing positions IVS6 * el

? Bold-typed are residues whose mutations are described under footnotes referred to in the
rightmost column. Residues whose mutations affect closed-channel block are shaded.
Residues whose mutations affect access of LAs are underlined.

® The standard segment name includes the domain number and symbols S5, S6, or P, for
respective transmembrane segment or membrane-reentering P-loop. An alternative
segment name, which is used in residue labels, includes the domain number and
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symbols o, p, and i for the outer helices, inner helices, and P-loops, respectively (see
Chapter 1). The absolute numbers (#) of the first residue in a segment are shown for the
following sequences: Na,1.2 (SCN2A RAT), Na,1.4 (SCN4A_RAT), and Na,l.5
(SCN5A_RAT). Relative numbers of residues are shown above the aligned sequences.
For the transmembrane segments, the relative numbers are counted from the beginnings
of the respective KcsA helices as seen in the X-ray structure (Doyle et al., 1998).
Relative numbers of residues in P-loop are counted from the DEKA-locus, whose
residues are assigned number 50 to avoid negative numbers for residues in P-helices.

° Mutations at the DEKA locus (D'P*A, E***°A, and A***°D) allowed external block by
QX-222 and QX-314 and accelerated the recovery from block by internal QX-314
(Sunami et al., 1997). Mutation Y'?'C enabled the external block by QX-222 (Sunami
et al., 2000).

¢ Mutation C'™'Y reduced the external QX-314 block (Sunami et al., 2000).

® Mutation S**L accelerated recovery of hNa,1.5 from internally applied QX-314 and

enhanced tonic block by mexiletine and QX-314 (Sasaki et al., 2004).

Mutation Y'A increased the affinity of etidocaine to the closed channel (Yarov-

Yarovoy et al., 2002).

& Mutations MzmA, N2“5A, and VZ'3A increased closed-channel block by etidocaine

(Yarov-Yarovoy et al., 2002).

Mutations L '°A, N*2°A, and I’A decreased affinity of inactivated channels to LAs,

but did not decrease the closed-channel block (Yarov-Yarovoy et al., 2001). Mutations

LA and _NMOA increased the closed-channel block by lamotrigine and etidocaine.

Mutation A increased the affinity for lamotrigine but not etidocaine to the closed

channel.

Mutation I*!'A accelerated the channel recovery after use-dependent block and allowed

external QX-314 block (Ragsdale et al., 1994). Alanine mutations of F415, N*20 and

Y42 significantly decreased use-dependent block by etidocaine (Ragsdale et al., 1994).

In the Nay1.3 channel, closed-channel block requires a hydrophobic residue at position

4il5, while use-dependent block by tetracaine requires an aromatic residue 4i/5 and

Y*2 (Li et al., 1999).

Mutation of L*"® had no effect on closed-channel block by bupivacaine (Nau et al.,

2003).

k Mutation C**T allowed the external QX-222 block (Sunami et al., 2000). Mutant I*!'A
allows block by the external QX-314 (Wang et al., 1998) and QX-222 (Sunami et al.,
2001). Benzocaine and etidocaine are less potent in the FYA mutant (Wang et al.,
1998). Lysine substitutions showed that Y*# is important for the use-dependent block,
but not the closed-channel block by cocaine, while F*"> and N*2° are important for both
the use-dependent and closed-channel block (Wright et al., 1998).

' T*8V reduced external QX-314 block; F*'>A inhibited the binding of both external and
internal QX-314 (Qu et al., 1995). I"1C accelerated recovery and facilitated closed-
state untrapping of cocaethanol (O'Leary et al., 2003). Mutation Y*?C significantly
reduced use-dependent block by cocaine (O'Leary and Chahine, 2002).
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consecutive energy minimizations did not decrease the energy of the apparent global
minimum found. For docking of LAs, the multi-MCM protocol (Bruhova and Zhorov,
2007; Tikhonov and Zhorov, 2007) was employed as follows. First, 60,000 starting points
with random positions, orientations, and conformations of the ligand were seeded within a
14 A-edge cube whose center was placed in the cavity center. The size of the cube was
chosen to ensure sampling in the central pore and in the domain interfaces. Each starting
point was optimized in an MCM trajectory of 10 steps to remove steric overlaps with the
channel. Three hundreds lowest-energy structures found at this stage were further MC-
minimized in longer trajectories to refine the protein-ligand complexes. These trajectories
were terminated after 1,000 consecutive steps did not decrease the energy. All the
complexes within 10 kcal/mol from the apparent global minimum were analyzed.

Access pathways for LAs were explored by pulling QX-314 along a specific
direction with the step of 0.5 A (Tikhonov and Zhorov, 1998). At each position, the
energy was MC-minimized. For QX-314 pulled through the selectivity filter or the closed
activation gate, the pulling direction coincides with the pore axis. For the ligand pulled
between domains III and IV, the pulling direction is parallel to helix IIIP. The ligand was
pulled by the para-carbon of the benzene ring. The ligand flip-flop was prevented as
described (Bruhova and Zhorov, 2007). For each pathway, three independent trajectories
were calculated and the ligand-channel energies at each position were averaged.

RESULTS
LA Binding

Three structurally different LAs were chosen in our study: QX-314, which is a
permanently charged derivative of lidocaine, cocaine with bulky fused rings, and
tetracaine with an elongated hydrophobic tail attached to its benzene ring (Figure 5.1).
The LAs were docked in the closed Nay1.5 model whose DEKA locus was loaded by
either a water molecule (HO-DEKA model) or a Na” ion (Na'-DEKA model).

LAs in the H;O-DEKA model

Figures 5.24,B show multiple randomly generated starting points. The multi-
MCM of the starting points yielded ensembles of 50 most favourable complexes for each
of the three compounds studied. In each complex, the ligand occurred in the inner pore. In
most cases, the ammonium group was found in the central cavity, near the focus of P-
helices (Figures 5.2C, 5.34). The DEKA-locus side chains strongly contribute to the
binding of all three LAs because the electrostatic attraction of the ammonium group to
D'P and E? overweighs the repulsion from K>P%’. Furthermore, carbonyl groups of
residues in positions p47 through p50 of all four repeats also stabilize the ligand via
electrostatic interactions.
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The ligand orientation greatly varied between the complexes. All three LAs have
an elongated shape. Let us define the long axis of a ligand as a line drawn between the
ammonium nitrogen and the para-carbon of the benzene ring. Three energetically
favourable binding modes of LAs inside the channel can be categorized as vertical,
horizontal, and angular. In the first two modes, the ligand long axis is either parallel or
perpendicular to the pore axis (Figure 5.2 D, F). In the angular mode, the ligand long axis
is at 45£10° to the pore axis (Figure 5.2 E). QX-314 (Figure 5.2) and cocaine (Figure 5.3)
can adopt all the three binding modes. Tetracaine (Figure 5.4) adopts only the horizontal
mode because its long hydrophobic tail does not fit in the closed pore.

Energetics of the binding modes is given in Table 5.2. The vertical mode is
stabilized by rings of residues in positions i22 and i/5. In the vertical mode, the
hydrophobic bundle of residues i22 from all four repeats anchors the LA benzene ring
(Figures 5.2D and 5.3C). In particular, F*? and Y*** n-stack to opposite faces of the
drug’s benzene ring. In some cases the ligand’s carbonyl or the secondary amine group
H-bonds with the OH group of Y*?. Residue F*?? at the bottom of the binding pocket
interacts with the benzene ring in the edge-to-face manner (Burley and Petsko, 1985;
Singh and Thornton, 1985). 1''22 also contributes to the bottom of the binding pocket,
while F*''° binds to the ligand side.

In the horizontal binding mode the aromatic ring protrudes in the III/IV domain
interface. Despite this orientation was not biased in our calculations, practically no low-
energy complexes were found in which the aromatic ring of LAs were protruding in the
other (I/Il, IVIIL, or IV/I) domain interfaces. Only in the case of tetracaine, a few
complexes were found where the aromatic ring protruded in the other interfaces, but their
ligand-channel energy was weak. The horizontal binding mode is stabilized mainly by -
stacking interactions with F*"> (Table 5.2). Due to the horizontal ligand orientation,
residues in the cytoplasmic halves of S6s practically do not contribute to the ligand
binding. The long tail of tetracaine reaches W>°'® that contributes -0.7 kcal/mol to ligand-
channel energy. In the angular binding mode, which is intermediate between the vertical
and horizontal modes, the benzene ring of the ligands binds between F*'° and Y*22,

Generally, the horizontal binding mode has more preferable electrostatic energy
than the vertical one due to a stronger attraction of the ligand’s ammonium group to the
nucleophilic C-ends of the P-helices (Table 5.2). This is compensated by a larger
dehydration cost of the horizontal mode vs. the vertical one. Interactions with the S6s are
more important for the vertical mode. Contributions of the key binding determinants in
IVS6 to the vertical and horizontal modes are different: in the vertical mode, Y422
contributes more than F*'°, but only F*'* contributes significantly to the horizontal mode.
The above characteristics of the binding modes are similar for the three LA docked in this
study suggesting that other LAs may bind similarly in the closed Na" channel.
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Figure 5.1. Chemical structures of LAs that are used in calculations.
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Figure 5.2. Searching for energetically favourable binding modes of QX-314 in the
closed Na,1.5 with a water molecule in the selectivity filter. The inner helices and P-
loops of domains I, II, Ill, and IV are coloured cyan, orange, green, and violet,
respectively. The outer helices are shown as grey strands. The water molecule is space-
filled. The side chains of residues in the DEKA locus as well as conserved F*'> and Y**
are shown as sticks. The ligand is wire-frame with the ammonium nitrogen shown as a
blue sphere. 4 and B, Side and top views at the superposition of starting points. For
clarity, only 6,000 of the 60,000 starting points are shown. C, Fifty lowest-energy binding
modes. D, E, and F, Superposition of the lowest energy vertical, angular, and horizontal
binding modes, respectively. For clarity the outer helices are not shown in C-F.
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Figure 5.3. Searching for energetically favourable binding modes of cocaine in the
closed Na,1.5 with a water molecule (4, C, E) or Na" ion (B, D, F) in the DEKA
locus. For clarity the outer helices are not shown. 4 and B, Fifty lowest-energy binding
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modes in the H;O-DEKA and Na'-DEKA models, respectively. C, A vertical binding
mode of cocaine. The ligand’s aromatic group interacts with three aromatic residues in
positions i22. D, The energetically most favourable binding mode of cocaine in the Na'-
DEKA model. The oxygen atoms of cocaine approach the Na" ion, while the aromatic
ring of the drug extends to the sidewalk between helices I1IS6 and IVS6. FE and F, The
superposition of the energetically best horizontal binding modes.
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Figure 5.4. Searching for energetically favourable binding modes of tetracaine in the
closed Na,1.5 channel with a water molecule in the DEKA locus. A4, Fifty lowest-
energy complexes. In most of the complexes, the drug’s aromatic ring protrudes in the
III/IV domain interface. B, The superposition of three lowest-energy complexes
representing the horizontal binding mode. C and D, The side and top views of the lowest-
energy complex representing the horizontal binding mode. Note 7n-stacking of the drug’s
aromatic ring with F*''°.
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Table 5.2. Energetically favourable binding modes of LAs in the closed Na,1.5 with
the DEKA locus foaded by either H,O or Na™.

Ligand-channel Cocaine ” QX-314° Tetracaine
energy and its Vertical® Horizontal  Vertical © Horizontal  Horizontal ¢
components * H,0 H,0 Na' H,0 H,0 Na’ H,0
Total -40.6  -382 -362  -393 -39.0 -31.3 -35.2
van der Waals -24.4 -26.1 -31.5 -23.3 219 227 -27.1
Desolvation 13.2 233 28.1 8.7 141 142 14.4
Electrostatics -29.4 -35.5 -32.8 -24.8 -30.8  -22.7 -22.4
Segments °
P-loops -199  -233 -30.7 -18.8 246 -250 -20.7
All Sé6s -19.8 -149 -10.8 -19.7 -13.6 -14.1 -12.3
Key determinants
of action
Phe'"® 0.2 -39 29 -1.0 22 24 2.1
Tyr*? 3.2 0.6 -04 3.5 04 -06 0.0

® Ligand-receptor energy, its components, and contributions (kcal/mol) from individual
segment and specific residues.

® The lowest-energy structure for each binding mode is shown. The entropy contributions
were not taken into account, which is a standard approximation in homology modeling.
These contributions would partially compensate the large enthalpy of ligand-channel
interactions.

¢ The Na'-DEKA model energy is not shown because it is much weaker than in the H,O-
DEKA model.

¢ The Na'-DEKA model with tetracaine was not explored.

¢ The energy values include both the side chain and backbone contribution to ligand
binding.

" The energy values include only the side chain contributions to ligand binding.
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LAs in the Na'-DEKA model

Earlier we predicted that the binding mode of lidocaine in the open Na' channel
depends dramatically on whether a Na™ ion or a water molecule populates the DEKA
locus (Tikhonov et al., 2006; Tikhonov and Zhorov, 2007). In this study, we placed a Na*
ion in outer pore of the closed Nay1.5 in a position equivalent to the K™ ion position 4 in
the outer pore of K* channels (Tikhonov and Zhorov, 2007). In this position, the Na' ion
counterbalances the excessive negative charge in the DEKA locus, which becomes less
attractive for the pore-bound cations than in the HO-DEKA model.

Cocaine and QX-314 were docked by the multi-MCM method. In the majority of
the 50 lowest-energy structures collected for each ligand, the ammonium group is
displaced from the selectivity filter in the cytoplasmic direction due to electrostatic
repulsion from the Na" jon in the DEKA locus. In the vertical binding mode, the repulsion
energy between the ammonium group and the Na™ ion is as strong as 13.0 kcal/mol.
Because of the limited space in the central cavity, the drugs had a tendency to adopt the
horizontal binding mode with the aromatic ring protruding in the III/IV domain interface
(Figure 5.3 B). In this mode, the ligand ammonium group and the Na' ion are more
distant from each other than in the vertical mode. As a consequence, the repulsion
between the Na' ion and the ligand in the horizontal binding mode varies from 1.5 to 8
kcal/mol, which is much weaker than in the vertical mode (Table 5.2). In the lowest-
energy complex, the cocaine ester group is attracted by the Na™ ion, while the benzene
ring 7t-stacks with F*'> (Figure 5.3 D). In some complexes, the Na® ion relocated from the
starting position to the extracellular face of the DEKA locus (Figure 5.3 D), the level
equivalent to position 2 in K* channels (Tikhonov and Zhorov, 2007). This relocation
decreased the Na'-ligand repulsion.

Thus, in the Na'-DEKA and H,O-DEKA models the LAs adopt the horizontal and
vertical binding modes, respectively and the LA binding energy significantly depends on
the occupancy of the DEKA locus.

The above docking experiments of our study have been performed with the
united-atom model of the channel, which is insensitive to cation-n interactions because
atomic charges at aromatic carbons are close to zero. To assess a possibility of cation-n
interactions, we created and MC-minimized an all-atom model of the closed channel and
docked QX-314 in the vertical and horizontal modes with constrains imposing either n-
stacking or cation-m interactions between QX-314 and F*'°. After MC-minimizing the
complexes, constraints were removed and the second round of MC-minimizations
provided structures shown in Figure 5.5. The structures with cation-m interactions were
found less preferable than those with stacking interactions (Table 5.3).
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. - »~ . o /
Figure 5.5. All-atom model of the closed Na,1.5 with a water molecule in the DEKA
locus and QX-314 in the inner pore. For clarity the outer helices are not shown. A, QX-
314 in a horizontal binding mode with its benzene ring n-stacking with F*'°. B, QX-314
in a horizontal binding mode with its ammonium group interacting with F*'>. This mode
is 5.8 kcal/mol less preferable than the mode shown at 4 because of weaker electrostatic
attraction to the DEKA locus (see Table 5.3). C, QX-314 in a vertical binding mode with
its benzene ring m-stacking with Y*22 and ammonium group approaching F*'*. This
binding mode resembles the open-channel block (Tikhonov and Zhorov, 2007). However,
the closed activation gate pushes QX-314 closer to the selectivity filter and therefore the
ammonium group does not form a strong cation-m complex. Indeed, the partitioned
interaction energy between the ligand cationic group and the benzene ring of F*'"* is 3.8
kcal/mol less favourable than in complex TEA : benzene, which was MC-minimized with
the same force field (data not shown). Note that binding modes 4 and C are similar to
those found with the united-atom approximation.

Table 5.3. Interaction energy (kcal/mol) of QX-314 with the all-atom Na,1.5 model

Complex shown in Figure

Energy

5.54 5.5B 5.5C

Total -354 -29.6 -33.8

van der Waals -24.6 21.2 -23.5

Desolvation 15.2 10.5 7.9

Electrostatics -25.9 -18.8 -18.2
Segments

P-loops -25.3 -13.5 -15.7

All Sés -11.2 -15.5 -18.3
Key determinants of action

Phe"" -3.5 -3.1 2.9

Tyr"# -0.2 -1.5 -3.6
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Access pathways of QX-314

The extracellular access of LAs to the closed Na' channels is discussed in several
studies (Ragsdale et al., 1994; Qu et al., 1995; Sunami et al., 1997; Sunami et al., 2001),
but it remains unclear whether LAs pass between the III/IV domain interface or through
the selectivity filter. To address this, we pulled QX-314 through these two hypothetical
pathways (Figures 5.6, 5.7). As a control, the ligand was also pulled through the closed
activation gate (Figure 5.6A). The vertical binding mode was chosen as a starting position
for pulling QX-314 through the selectivity filter and the closed gate, while the horizontal
mode was used as the starting point for pulling the ligand via the III/IV interface. None of
the computed profiles have ligand-receptor energy better than in the starting point
(Figures 5.6C, 5.8). This agrees with the notion that the inner pore is the energetically
preferable binding site for LAs.

Pulling QX-314 through the closed gate (Figure 5.64) imposes a van der Waals
energy barrier of 60 kcal/mol (Figure 5.6C) indicating that the closed gate is impassable.
Two peaks of the energy profile at positions —10 and —17 A are determined by repulsion
between the ligand’s ammonium group and residues in positions i22 and i26, which face
the pore axis. Thus, as expected, the closed activated gate does not allow QX-314 to reach
the central cavity from the cytoplasm.

Pulling QX-314 through the selectivity filter not loaded with a water molecule or
a Na' ion (Figure 5.6B) results in the energy barrier of 33 kcal/mol, which is caused by
steric clashes and unfavourable desolvation (Fi%ure 5.6C). Residues in positions p49 and
p50 form the tightest rings. In particular, K>*%, G, and $** contribute to the large
energy barrier. Residues in positions p51, p52, and p53 do not impose energy barriers but
attract the ligand.

Pulling QX-314 through the III/IV domain interface (Figure 5.7) did not cause
high-energy barriers (Figure 5.8). Residues of the IIIP-helix interact with the ligand all
along the pathway. The ligand-channel energy weakens as the ligand leaves the central
cavity and looses electrostatic attractions from the DEKA locus and nucleophilic C-ends
of P-helices. Residues T** and I*'! contribute only weakly to the drug-channel energy at
the drug-binding site (position 0), but their contributions increase along the pathway. The
most significant interaction of QX-314 with I*"! corresponds to the rightmost part of the
profile, indicating that I*'"! affects the drug access much stronger than the drug binding in
the inner pore. Residue T*®, which is far from the pore axis, faces the III/IV interface.
The experimentally observed effect of mutations in this position on the external drug
access can be explained by direct interaction with the ligand entering the domain
interface. It should be noted that both T*® and I*'" interact with the drug at the rightmost
part of the pathway (Figure 5.8) and concertedly attract the ligand at this part where the
ligand-channel attraction energy is rather small, while the desolvation cost increases.
Therefore changes in the size and hydrophobicity in positions 4i§ and 4i// can
significantly affect access of ligands through the domain interface. Thus, the computed
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Figure 5.6. Exploring hypothetical access pathways of QX-314. 4 and B,
Superposition of the MC-minimized structures obtained for QX-314 pulled out of the
pore through the selectivity filter (4) and the closed activation gate (B). QX-314, DEKA
residues, F15 and Y*? are shown as sticks. For clarity, domain I is not shown. C, The
MC-minimized energy profiles showing the total drug-channel energy and its
components. From the starting position 0, which corresponds to the lowest-energy
vertical binding mode of QX-314 (Figure 5.2D), the ligand was pulled at 0.5 A steps
either through the selectivity filter (positions 0 to 25) or through the activation gate
(positions 0 to -25).
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Figure 5.7. Pulling QX-314 through the sidewalk, between segments IIIP, I1IS6, and
IVS6. A and B, The side and top views of the superposition of QX-314 pulled from the
starting position 0, which corresponds to the horizontal binding found from random
sampling (Figure 5.2 F).
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Figure 5.8. The MC-minimized energy profile of QX-314 pulled through the
sidewalk. 4, The energy profile with total drug-channel energy and its components.
Position 0 corresponds to the lowest-energy drug-channel complex, which was found in
the multi-MCM search and which represents the horizontal binding mode (Figure 5.2 F).
The ligand was pulled at 0.5 A steps. B, The energy profile of QX-314 pulled through the
II-1V interface of the H;O-DEKA and Na'-DEKA models. C and D, Most significant

energy contributors to the energy profile.
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energy profile through the HII/IV domain interface agrees with the hydrophobic access
pathway concept.

Comparison of the energy profiles calculated in the H,O-DEKA and Na'-DEKA
models show that the Na* ion significantly destabilizes QX-314 in position 0 and along
the access pathway (Figure 5.8 B). In position 0, the difference between the drug-channel
energies of the two models is 5 kcal/mol. The difference in positions 3 to 6 is much larger
because in this narrow part of the pathway the Na' ion and the ligand’s ammonium
nitrogen approach each other as close as 6 A. Besides this electrostatic repulsion, the Na"
ion does not significantly affect the ligand trajectory and contributions of individual
residues to the ligand-channel energy.

Residue F*"* plays a key role in the access pathway of QX-314 (Figures 5.7 and
5.8D). At position 0, F*'° faces the pore and n-stacks with the benzene ring of QX-314.
As QX-314 is pulled between domains III and IV, F*!® reorients to let QX-314 pass. The
reorientation causes an energy barrier at position 3.5 A from the start. The barrier is much
higher in the Na"-DEKA model than in the H,O-DEKA model.

DISCUSSION

Understanding molecular determinants of state-dependent action of LAs, which
are widely used clinically and in experiments, are of obvious importance. Residues F415
and Y*** have long been known as critical determinants of the use-dependent block. LAs
in the vertical but not in horizontal mode can simultaneously bind to both F#!°> and Y*?,
which are separated by two helical turns of IVS6. Several structural models of Na'
channels visualized the vertical binding mode and analyzed contacts of LAs with LA-
sensing residues (Lipkind and Fozzard, 2000; Fozzard et al., 2005; Lipkind and Fozzard,
2005; Tikhonov et al., 2006; McNulty et al., 2007; Tikhonov and Zhorov, 2007).

It is well known that effects of mutations on the block of the open/inactivated and
closed channels are different (Hille, 1977; Chahine et al., 1992; Ragsdale et al., 1994; Xu
et al., 1994; Wright et al., 1997; Nau et al., 2003), but molecular determinants of this
difference were unclear. Here we systematically simulated binding of structurally
different LAs in the closed-channel model. The chosen LAs contain an ammonium group
and a benzene ring but essentially vary in size and chemical structure. Since the central
cavity in the closed channel is rather small, it was unclear how these ligands interact with
ligand-sensing residues. Furthermore, since occupation of the DEKA locus in the closed
state is unknown, we populated the locus by either a water molecule or a Na" ion.
Unbiased docking using a powerful multi-MCM search resulted in ensembles of
complexes in which QX-314 and cocaine adopted vertical, horizontal, or intermediate
(angular) binding modes. In contrast, only the horizontal binding mode was found for
tetracaine, because the vertical mode of this elongated drug does not fit in the confined
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central cavity of the closed channel. The horizontal binding mode of tetracaine was also
recently proposed by another group (Scheib et al., 2006).

Ragsdale and coauthors (Li et al., 1999) systematically studied state-dependent
action of tetracaine on Na,1.3 and its mutants and demonstrated that frequency-dependent
block requires an aromatic residue (F, Y, or W) in position 4i15, while the closed-channel
block requires a hydrophobic residue in this position. Furthermore, the frequency-
dependent block required Y*?, while the resting-channel block was possible with S, A,
C, I, or F in this position. These data support our conclusion that tetracaine blocks the
closed channel in the horizontal mode. Indeed, F*'° contributes -2.1 kcal/mol, while Y**2
did not have a noticeable contribution (Table 5.2).

Docking of QX-314 and cocaine did not predict a single binding mode. However,
experimental data suggests that the horizontal binding mode in the closed channel is
preferable for these drugs and possibly other LAs. Indeed, mutation Y4'2_2K had no effect
on the closed-channel block of rNa,1.4 by cocaine, while mutations F“K lowered the
LA affinity twofold (Wright et al., 1998). The hNa,1.5 mutation I*"C weakly affects the
use-dependent block by cocaine, while Y*?2C had the strongest effects (O'Leary and
Chahine, 2002). Thus, residues in the C-terminal half of IVS6 affect predominantly the
use-dependent block, while residues at the N-terminal half affect mainly the closed-
channel block. Mutation N*?°K also decreased cocaine binding threefold (Wright et al.,
1998), but this residue does not face the pore in our model and probably affects the ligand
binding allosterically. Indeed, mutations of N2 affect slow inactivation (Chen et al.,
2006). Thus, experimental data support the notion that LAs bind to the closed channel in
the horizontal mode, but they block the open channel in the vertical mode.

A recent study (Ahern et al., 2008) provides additional support for our model. The
authors used a series of fluorinated derivatives of aromatic amino acids (Santarelli et al.,
2007a; Santarelli et al., 2007b) to systematically reduce the negative electrostatic
potential at aromatic carbons of F*'> and Y*?2. The disruption of n-cation interaction of
F*1° abolished the use-dependent block by lidocaine without affecting the closed-channel
block. Fluorination of Y*** had no effect. This result strongly suggests that m-cation
interactions takes place only at F*'°> and only in the use-dependent block. In our models
of the use-dependent block (Tikhonov et al., 2006; Tikhonov and Zhorov, 2007) the
amino-groups of LAs are located near the F*'> and can form the n-cation contact.
Contrary to this, in the horizontal binding mode (that we suggest to correspond to the
closed channel block) F*!® interacts with the LAs’ aromatic rings rather than with the
ammonium groups. Thus, despite the united-atom approximation, which is used in our
model, is unable to reveal the w-cation interactions, our models agree with experimental
data (Ahern et al., 2008).

The vertical binding mode, which likely corresponds to the use-dependent block,
and the horizontal binding mode, which is proposed here for the closed-channel block
have similar structural components. In both binding modes, the amino-group of LAs is
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located below the selectivity filter in the region, which is attractive for cationic particles
due to the cooperative effect of the P-helices macrodipoles. However, in the horizontal
mode the aromatic moiety of the drugs faces the domain interface and the channel lumen
is not completely occluded especially by ligands with a small ammonium group
(lidocaine). This raises a question about the mechanism of channel block. A recent study
(McNulty et al., 2007) suggested that for asymmetrically bound LAs the block is caused
by a combination of electrostatic and hydrophobic effects. This mechanism is plausible
and fully agrees with our models. Moreover, effects of charge and hydrophobicity on the
action of sodium channel ligands were the subjects of our recent studies (Tikhonov and
Zhorov, 2005b; Wang et al., 2006; Wang et al., 2007b; Wang et al., 2007a). Sodium
channel activators like batrachotoxin and veratridine bind in the sodium channel to the
site, which significantly overlaps with the LA binding site. These drugs do not completely
occlude the channel. The charged groups of these drugs do not face the pore. Rather, the
drugs expose hydrophilic groups to the remaining lumen. As a result, the channel is
conducting despite the presence of relatively large molecules in the pore. Introduction of
positively charged residues in position 2i/5 does not abolish channel conductance but
inverses batrachotoxin action from activation to block.

Relations between slow inactivation and binding of cationic LAs

In the closed Na'-DEKA models, there is a significant electrostatic repulsion
between the ammonium group of the ligand and the Na" ion. The repulsion weakens the
LA-channel interaction energy. These results suggest that LAs should have higher affinity
to channels that lack Na" in the DEKA locus and that the binding of LAs should prevent
Na' to occupy the DEKA locus.

Our models provide an explanation to the notion that cationic LAs bind preferably
to slow-inactivated (as known as C-type inactivated) channels (Fozzard et al., 2005). The
presence of a Na' ion in the DEKA locus would destabilize the binding of a cationic
ligand. Slow-inactivated channels do not permeate ions and therefore may lack Na* in the
DEKA locus. X-ray structures suggest that the extracellular gate closure in K channels
may be associated with the ion deficiency in the selectivity filter (Zhou et al., 2001b;
Zhou and MacKinnon, 2003). The binding of cationic ligands in the inner pore of K*
channels enhances slow inactivation (Grissmer and Cahalan, 1989; Choi et al., 1991). The
cause of this phenomenon may be the depletion of a K* ion from the selectivity filter by a
cationic ligand (Lenaeus et al., 2005). Berneche and Roux (2005) suggested that the
rearrangements of the selectivity filter in KcsA caused by ion deficiency might be
associated with slow inactivation. By analogy with K" channels, we propose that the H,O-
DEKA and Na'-DEKA models correspond, respectively, to the slow inactivated and
conducting states of the Na" channel. Docking LAs in the H;O-DEKA and Na"-DEKA
models explains the state-dependent action of cationic ligands by repulsion between the
ligand’s ammonium group and an ion in the DEKA locus. Cationic LAs bind stronger to
the slow-inactivated (H,O-DEKA) channels and stabilize the slow-inactivated state by
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antagonizing occupation of the DEKA ring by an ion. Certainly, slow inactivation is a
complex process that probably involves yet unknown structural rearrangements of the
channel protein. Our simple model of the slow-inactivated state just suggests that the
DEKA locus occupancy by either a cation or a water molecule may be of critical
importance for the state-dependent ligand binding.

LA access through the I1II/1V domain interface

Previous studies proposed two possible access pathways of LAs to the inner pore
of the closed Na* channel: through the selectivity filter and through the domain interface
(see Introduction). Residues, which when mutated affect the LA access, face either the
pore axis or the domain interface (Table 5.1). Except for residues at the P-loop turn,
which can face both pathways, all other positions face either the first or the second
pathway. Both pathways were proposed to coexist (Lee et al., 2001). However, positive
values of van der Waals energy at positions 10 to 13 of the pathway through the
selectivity filter (Figure 5.6C) indicate steric clashes of the LA molecule with the P-loop
residues, which face the pore axis. In contrast, van der Waals energy component is
negative all along the access pathway through the sidewalk (Figure 5.84). The existence
of this pathway readily explains mutational data about the involvement of residues in
positions 4i8, 4ill, 4il5, and 4p49 in the extracellular access (Table 5.1). All these
residues face the sidewalk and interact with QX-314 according to the energy profiles
(Figure 5.8 C, D). In particular, the Na,1.5 mutation T**V, which increases the sidewalk
hydrophobicity, renders the channel less sensitive to the extracellular block by LAs (Qu et
al., 1995). Mutation I*''A in the muscle and brain Na* channels makes them sensitive to
extracellularly applied quaternary LAs (Ragsdale et al., 1994; Wang et al., 1998; Sunami
et al., 2001). Furthermore, mutation I*''C facilitates escape of the trapped cocaethylene
from Na,1.5 (O'Leary et al., 2003). Our models explain the effects of these mutations: the
bulky I*!" in the wild type Na,1.4 prevents LAs to enter the })ore, while smaller A*"!
enables LAs to pass. A naturally occurring hNa,1.5 mutation S*™*L accelerates recovery
from the block by internally applied QX-314, enhances the closed-channel block by
mexiletine and QX-314, and attenuates the use-dependent block by mexiletine (Sasaki et
al., 2004). The S**L mutation was suggested to effect the LA access through the
selectivity filter (Sasaki et al., 2004), but in our model S$*™* faces the sidewalk and
contributes to LA binding.

Our present model predicts that LAs also access the closed Na' channel via III/IV
domain interface. However, since mutations of the outer-pore residues and toxin binding
in the outer pore are also known to influence the LA access into the closed channel, the
challenge is to explain these experimental observations in view of our model. We propose
here that the above influence is mediated by Na' ions that can occupy two nucleophilic
sites, one in the DEKA locus and another in the cavity center. The antagonism between
the Na* ion in the DEKA locus and LA binding in the open channel was described before
(Tikhonov and Zhorov, 2007). Our present calculations show that occupation of the
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DEKA locus by a Na* ion also affects LA binding in the closed channel (Table 5.2) and
hinders the LAs access to the pore via the III/IV domain interface (Figure 5.8 B). In view
of these data, mutations in the ascending limbs, which are likely to affect Na' binding in
the DEKA locus, should affect access of LAs through the domain interface. For example,
mutations D'P°A and E**’A at the DEKA locus make the Na,1.4 channel sensitive to the
external QX-222 (Sunami et al.,, 1997). The authors of this study proposed a
straightforward interpretation of the experiments, according to which substitutions of
large residues in the outer pore with small residues can provide a path for the external
QX-222. We do not rule out this interpretation, but in view of our calculations, the above
mutations would destabilize Na* in the DEKA locus and hence facilitate the LAs access
through the domain interface.

In the X-ray structure of K,1.2 the voltage-sensor domain does not block the
sidewalk, but to enter it a ligand should interact with lipids and/or an auxiliary subunit of
the channel. In the absence of experimental data, we cannot consider structural details of
these interactions. A weakly hydrated tetraalkylammonium cation like QX-314 has more
chances to pass by hydrophobic residues of the sidewalk than strongly hydrated inorganic
or ammonium cations. For example, energy calculations suggest that trialkylammonium-
methanethiosulfonate reagents, which are used in the substituted cysteine-accessibility
method, can reach those levels in the pore of ion channels, which are closed for hydrated
inorganic ions (Tikhonov et al., 2004; Tikhonov and Zhorov, 2007).

The fact that TTX reduces the rates of extracellular QX-314 block and recovery
from the use-dependent block support a hypothesis that LA access their binding site
through the selectivity-filter (Qu et al., 1995). Here we propose an alternative explanation
for these observations. It involves a Na" ion in the central cavity (Figure 5.9) at position,
which is equivalent to the K* binding site seen in X-ray structures of K' channels. Since a
Na' ion and LAs appear to be competitors for the nucleophilic cavity center, the Na" ion
should leave this site to allow LA binding (Figure 5.94). However, the closed channel,
which is blocked by TTX, does not provide the escape route for the Na' ion. Residing the
cavity, the Na’ ion prevents QX-314 access in the TTX-blocked closed channel (Figure
5.9B). The TTX-induced reduction of the channel recovery from the use-dependent block
can be also explained. In the absence of TTX, the escape of LAs through the sidewalk
releases the nucleophilic site in the cavity center and this site will be occupied by the
incoming Na" ion. In the TTX-blocked closed channel, Na" cannot access the cavity and
replace the LA molecule. It would be an energetically non-preferable situation if a LA
molecule leaves the nucleophilic cavity center and this region is not reoccupied by a Na"
ion.

In contrast to TTX, the p-CTX mutant R13N binds to the outer pore of Na'
channels without completely blocking the Na* current (Sunami et al., 2001). In the Na,1.4
mutant 1*!''A, externally applied QX-222 reaches the inner pore of the toxin-bound
channel and further blocks the current. In view of our model, the incomplete block of the
closed channel by the peptide toxin does not prevent exchange of Na" and LAs in the
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5

Figure 5.9. A scheme of coupled movement of Na* and a LA molecule in the closed
Na" channel. 4, An LA molecule accessing the inner pore via the sidewalk repels the
resident Na™ ion, which can move away via the unblocked outer pore and release the
nucleophilic central cavity for binding of the LA ammonium group. B, When the outer
pore is blocked by TTX, the Na" ion in the central cavity lacks a hydrophilic escape route,
remains in the central cavity, and prevents the LAs access. C, the u-CTX mutant (green
ribbon), binds in the outer pore, but does not completely block the Na" current. The Na"
ion can escape through the incompletely blocked outer pore and free the nucleophilic
central cavity for the LAs binding. See Discussion for more details.
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central cavity (Figure 5.9C). Thus, comparison of the effects of TTX and the p-CTX
mutant on the LA ingress and egress in the closed channel suggests that movement of
inorganic and organic cations is coupled in the Na" channel.

The residues whose mutations affect access of LAs in the closed channel are
clustered in two groups: one group is localized at the sidewalk and another in the outer
pore including the selectivity filter. The hypothesis of the coupled movement of organic
and inorganic ions explains why mutations in both clusters affect the drug access through
the sidewalk. However, it is difficult to explain how mutations of S6 residues could affect
the drug access via the selectivity filter. Indeed, because the access-controlling S6
residues are not buried inside the protein, they are unlikely to allosterically affect the
access via the outer pore. Furthermore, the energy profile at Figure 5.8C suggests sterical
hindrances for a LA molecule at the selectivity-filter level, but even in the absence of the
hindrances the coupled-movement hypothesis suggest that the access to the closed
channel through the selectivity filter is unlikely. Indeed, an LA molecule approaching the
central cavity through the selectivity filter would encounter an electrostatic repulsion
from the Na' ion residing in the cavity center. The Na" ion cannot escape through the
closed activation gate, or through the hydrophobic sidewalks, or through the outer pore,
which is blocked by the approaching LA molecule. Therefore, displacement of the
resident Na' ion by the LA molecule coming through the selectivity filter is hardly
possible.

P-loop channels have nucleophilic sites in the outer pore, the selectivity filter, and
the central cavity. Numerous experimental data show that the interaction between cations
at nucleophilic sites leads to the coupled movement in the multi-ion pores. For example,
K" ions are thought to move through the selectivity filter of K' channels by sequentially
occupying sites 1/3 and 2/4 (Zhou and MacKinnon, 2003). A recent experimental and
theoretical study of the tetrabutylammonium-blocked KcsA shows that the position of the
organic cation in the cavity depends on the selectivity-filter occupancy by K ions
(Faraldo-Gomez et al., 2007). Here we applied the concept of the coupled movement to
explain seemingly contradictory experimental data on access and binding of LAs in Na"
channels.

Modeling limitations

In this work we used a rather simple method of energy calculations. The atom-
atom energy terms included van der Waals interactions, implicit solvent, and Coulomb’s
electrostatics, but lacked an explicit term for cation-n interactions. We also neglected the
entropy component of free energy. Despite the limited precision of coarse-grained
methods, they are widely used for homology modeling of proteins, which, like sodium
channels, have a limited sequence similarity with X-ray templates. Employment of high-
precision time-consuming methods in such cases seems impractical because an
assumption that the model and the template have a similar backbone geometry influences
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results to a greater extent than approximations of energy calculations. To compensate
these limitations, we generated a large number of starting points, which cover virtually all
ligand-binding scenarios (Figure 5.24,B). Subsequent MC-minimizations yielded
ensembles of energetically possible binding scenarios, which include different structures
(Figures 5.2-5.4). Analysis of these ensembles allowed us to find particular binding
modes, which agree with experimental data. For example, the vertical binding mode of
QX-314 in the H;O-DEKA model of the closed channel corresponds to the lowest-energy
structure (Table 5.2), but the horizontal binding mode, which has a slightly higher energy,
is consistent with a large number of experimental data. Taking into account a limited
precision of energy calculations in the homology model, we concluded that it is the
horizontal binding mode, which correspond to the closed-channel block.

119



Ph.D. Thesis - Iva Bruhova McMaster - Biochemistry and Biomedical Sciences

CHAPTER SIX

SUMMARY
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Eukaryotic voltage-gated channels are pharmaceutically important targets for
treating severe pain, cardiac arrhythmia, epilepsy, and other disorders. Hence, the three-
dimensional structures of these channels are needed to further understand the mechanism
of channel modulation by ligands and develop more potent and selective drugs. During
my graduate studies, I have used molecular modelling to tackle several unanswered
questions regarding the structure of eukaryotic voltage-gated ion channels and the action
of their blockers. Are prokaryotic and eukaryotic K™ channels structurally similar? Is the
pore architecture of K channels similar to Ca®" channels? Why do nucleophilic ligands
block the hydrophobic pore of K* channels? Do LAs bind differently in the closed and
open Na' channel? What is the extracellular route of LAs into the closed Na' channel?

Prokaryotic and eukaryotic K' channels are structurally similar

The X-ray structures of prokaryotic K* channels in the closed and open state
suggest a gating-hinge role for a Gly in position i/4, which is conserved among most
members of the K* channel superfamily (Jiang et al., 2002a). Unlike prokaryotic K"
channels, eukaryotic K,1-K,4 families contain a Pro-X-Pro motif in the inner helix.
Webster et al. (2004) performed Cd**-binding experiments with cysteine mutations at the
PVP motif of the Shaker, a member of the K,1 family. They propose that eukaryotic K*
channels have a different gating mechanism and have a much narrower open pore than
prokaryotic K channels due to the PVP motif. Their Cd**-binding experiments provided
valuable distant constraints, which we incorporated into our homology models of the
mutant Shaker channels using the available K™ channel X-ray structures (Chapter 2). The
KvAP-based model easily satisfied the experimental distant constraints of Webster et al.
(2004). Thus, our study suggest the following: 1) a novel alignment of outer helices
between the KvAP and the Shaker channel; 2) the open pore diameter of the Shaker
channel is at least 10 A wide to accommodate correolide, a Shaker channel blocker; 3) the
pore-domain of the KvAP X-ray structure is in its native form; 4) the pore-forming
domain of KvAP and the Shaker channel is structurally similar, thus KvAP is a suitable
structure for modelling eukaryotic K channels; 5) a structural conservation between
prokaryotic and eukaryotic voltage-gated potassium channels in the pore-region.

Upon publication of our work, the open voltage-gated K,1.2 Shaker channel was
published as the first eukaryotic K™ channel X-ray structure (Long et al., 2005a). This
structure finally resolved the dispute and demonstrated that prokaryotic and eukaryotic K
channels are indeed structurally similar. K 1.2 resembles KvAP, however is slightly
narrower, approximately 9 A in diameter. Later, another X-ray structure of KvAP was
published explaining that without lipids the KvAP voltage sensor is disturbed but the
pore-forming domain stays in its native state (Lee et al., 2005).

The features of the our open Shaker channel model (Bruhova and Zhorov, 2005)

were confirmed by the X-ray structure of K,1.2 (Figure 6.1). Our alignment between the
outer helices of KvAP and Shaker is correct as can be seen with superimposed X-ray
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Figure 6.1. The comparison of our KvAP-based model of the locked-open Shaker
channel to two open X-ray structures. The superposition of the side (4) and
cytoplasmic (B) views of the KvAP X-ray structure, the KvAP-based model of the
locked-open Shaker channel, and the K,1.2 X-ray structure is shown in blue, green, and
red, respectively. MCM with constraints from Cd**-binding experiments (Webster et al.,
2004) predicted the pore geometry of the Shaker channel with a RMSD of 2.5 A. The
following colouring scheme is used: inner helices and pore helices - ribbons; outer helices
- strands; the selectivity-filter region and extracellular segments - rods; K™ ions - yellow
spheres; water molecules - space filled.

Table 6.1. The C*'RMSD (A) of the K,1.2 X-ray, the KvAP X-ray, and the KvAP-
based model of the locked-open Shaker channel.

Compared structures Alpha carbons in the inner helix

1-13 14-20 21-24 25-34 1-34

ATEy ke, V5 Seniy Bk 098 198 522 718 442

X-ray K,1.2 vs. KvAP-based locked-
open Shaker model

X-ray KvAP vs. KvAP-based model
of the locked-open Shaker

1.10 1.24 2.97 3.87 2.49

0.99 1.07 2.56 4.47 2.69
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structures, while other alignments (Jiang et al., 2003a; Shrivastava et al., 2004) do not
survive this test. Imposing the Cd**-constraints to the KvAP-based model of the Shaker
channel caused the model deforms towards the K,1.2 X-ray structure. The root mean
square deviation of the inner-helices C* atoms (C°RMSD) between the KvAP-based
locked-open Shaker model (Bruhova and Zhorov, 2005) and K,1.2 X-ray structure (Long
et al., 2005a) is 2.5 A (Table 6.1). This demonstrates that this molecular modelling
approach using valuable experimental constraints can be used to predict the structures of
proteins.

Metal ions are indispensable components to the binding of ligands in K channels

The inner pore of most K™ channels is lined with hydrophobic residues, however
this region harbours receptors for a variety of ligands with multiple nucleophilic atoms,
such as correolide and chromanol. Our study (Chapter 3) suggests that these nucleophilic
ligands form a ternary complex with the K" ion at the selectivity filter and the channel.
The participation of conducting ions in the binding of ligands to the pore region was
earlier proposed in molecular modelling studies of Ca>* and Na* channels (Zhorov and
Ananthanarayanan, 1996; Zhorov et al., 2001; Tikhonov and Zhorov, 2005b; Tikhonov et
al., 2006; Wang et al., 2006). Experiments addressing the mechanism of action of
batrachotoxin in the Na,1.4 channel (Wang et al., 2006) confirmed important predictions
of the ternary-complex model. However, the direct experimental validation of the ternary-
complex concept is still difficult. The major problems are the uncertain location of the
metal ions, relatively low stability of their complexes with the channels, conformational
flexibility of drugs, and unknown location of their binding sites. Correolide seems to be
an appropriate ligand to investigate the possibility of its ternary association with the
receptor and K" ion because of four reasons. First, the drug has a semirigid conformation
that would not change significantly upon the binding to the channel and/or to the ion.
Second, the size of correolide is compatible with the size of the open pore (Zhorov and
Tikhonov, 2004; Bruhova and Zhorov, 2005), thus decreasing the uncertainty of the
binding-site location. Third, correolide has an ellipsoidal shape with an epoxy group at
one pole and ester group at another pole. These groups can accept but not donate H-bonds
and interact with metal ions. The nucleophilic character of correolide and the
predominantly hydrophobic character of the inner helices in K,1.3 suggest that a K* ion in
position 4 or 5 may provide an electrophilic site for drug binding. Fourth, approximate
locations of K* ions in potassium channels are known from experiments. Importantly, in
this study multiple positions and orientations of correolide in the channel were intensively
sampled to avoid any bias on the ternary association of the drug with the channel and K.
The results suggest that the ternary complexes can explain peculiarities of correolide
structure, results of mutational analysis of correolide binding, as well as coupling of
correolide and K" binding sites (Zhorov and Tikhonov, 2004).
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Ca®" channels and K' channels are structurally similar

X-ray structures of Ca>* and Na* channels are unavailable. In these circumstances,
homology models of Ca®* channels based on K" channels X-ray structures can provide
atomic-details of structure. Homology models depend on the alignment between K* and
Ca”" channels, however due to poor sequence similarity, there is no consensus and several
different alignments have been proposed (Huber et al., 2000; Zhorov et al., 2001; Lipkind
and Fozzard, 2003; Stary et al., 2008). Zhen et al. (2005) used SCAM to identify pore-
lining residues in Ca,2.1 and concluded that their results are inconsistent with any
published sequence alignments between Ca** and K* channels. This conclusion casts
doubts on homology models of Ca®* channels and the structural similarity between K*
and Ca®* channels.

We have reinterpreted SCAM observations (Zhen et al., 2005) by modelling
MTSET-substituted cysteine mutants of Ca,2.1 based on K,1.2 using previously
published alignments for the outer (Huber et al., 2000) and inner (Zhorov et al., 2001)
helices. Our model revealed that certain pore-facing residues are surrounded by large
hydrophobic residues. A Cys in a hydrophobic environment would not ionize and thus
would not react with MTSET. We observed that MTSET adopts a variety of orientations
due to its long flexible chain. MTSET behaves like a tethered ligand and binds at an
energetically most favourable orientation within the channel. Depending on the
surrounding residues, the ammonium group of MTSET can either bury inside the protein
between domains or extend into the pore. Our model of the K,1.2-based Ca,2.1 is
consistent with the SCAM observations, validates the above-mentioned alignment
between Ca”* and K* channels and suggests that the K,1.2 X-ray structure is a suitable
template to model Ca>* channels.

We have used the same alignment to homology model both Ca** and Na* channels
based on X-ray structures of K channels. These models explain the action of
benzothiazepines (Tikhonov and Zhorov, 2008), dihydropyridines (Zhorov et al., 2001;
Tikhonov and Zhorov, 2009), batrachotoxin (Wang et al., 2006), local anaesthetics
(Tikhonov et al.,, 2006; Tikhonov and Zhorov, 2007, Bruhova et al., 2008), and
tetrodotoxin and saxitoxin (Tikhonov and Zhorov, 2005a). The fact that our alignment is
consistent with both SCAM data and many ligand-binding studies, strongly suggest that
this alignment is correct.

Local anaesthetics in the closed Na* channel

LAs are known to block Na" channels in the closed, open, and inactivated states.
A conserved phenylalanine in segment IVS6 is important for both the open and closed-
channel block, while conserved tyrosine in the same domain is important for the open, but
not the closed-channel block by cocaine (Wright et al., 1998) and tetracaine (Li et al.,
1999). To rationalize these observations, we docked cocaine, tetracaine, and the
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permanently charged QX-314 in the closed Nay1.5 model. We found that the ammonium
group of the LAs binds near the focus of the P-loop helices, while the aromatic group
extends either along the pore axis (vertical binding mode) or into the III/IV domain
interface (horizontal binding mode). In the horizontal mode, all three drugs expand into
the IIIS6/IVS6 interface and, in agreement with mutational data, their benzene rings
interact with the conserved Phe but does not interact with Tyr. The horizontal mode is
readily occupied upon the ligand entering into the resting channel via the III/IV interface.
This mode is also the most stable one in the presence of Na" in the selectivity filter. The
vertical binding mode is energetically preferable in the open channel (Tikhonov and
Zhorov, 2007) and the ligand could remain in this mode upon the channel closure. Indeed,
cocaine and QX-314 can adopt the vertical mode in the closed channel due to z-stacking
with Tyr in IVS6, but tetracaine is too long to adopt this mode. In agreement to
experimental data, our study suggests that the LAs bind in a horizontal binding mode in
the closed Na" channel.

Extracellular access pathway of LAs into the closed Na* channel is located between
repeats I1I and IV

If LAs block the inner pore of the closed channel, how do they get there?
Experiments with permanently charged LAs determined that LAs block the open pore
from the intracellular side, but, intriguingly, LAs block the closed channel from the
extracellular side (Lee et al., 2001). Intracellular LAs enter the open channel evidently
through the widely open activation gates, as seen in the X-ray structure of open K'
channels. However, the extracellular access pathway of LAs into the closed Na' channel
was not obvious. Mutations at the selectivity filter and TTX-binding studies (Sunami et
al., 1997; Sunami et al., 2000) suggested that the external pathway for LAs is through the
selectivity filter. On the other hand, mutations in repeat IV and ligand-binding studies
with p-conotoxin (Ragsdale et al., 1994; Qu et al., 1995; Sunami et al., 2001) suggests
that LAs pass between repeats III and IV to reach the inner pore.

We have simulated the extracellular access of QX-314 by pulling the ligand
through the selectivity filter and between repeats III and IV (Chapter 5). When pulled
through the selectivity filter, QX-314 has to overcome large energy barriers mainly due to
steric clashes of the ligand with P-loop residues. On the contrary, QX-314 passes through
the III-1V sidewalk without experiencing energy barriers. The final orientation of the LA
obtained at the inner-pore end of the III-IV pathway is very similar to the horizontal
binding mode of LAs found by random docking. In agreement with experimental data, the
ligand passing through the III-IV sidewalk directly interacts with IVS6 residues identified
to be involved in extracellular LA access.

Our models suggest that the external path for LAs into the closed Na* channel is

between I1IS6, IVS6, and IIIP. However, why do mutations at the selectivity filter and
TTX-binding studies affect the extracellular path of LLAs? We propose that these
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observations can be explained in a model in which a Na" ion can occupy two nucleophilic
sites, one in the DEKA locus and another at the focus of the P-loop macrodipoles in the
inner pore. We believe that a LA molecule competes with a Na* ion for the nucleophilic
site in the inner pore. As the LA molecule passes through the III-IV interface into the
inner pore, the Na' ion escapes through the selectivity filter of the wild-type Na' channel.
However, if the selectivity filter is mutated or blocked by TTX, the Na" ion does not have
an escape route, thus stays in the inner pore and prevents LAs to bind.

The extracellular access of drugs is not an exclusive feature of Na' channels.
Mutations of various residues that face the III/IV domain interface affect the binding of
drugs to L-type Ca®* channels (Hockerman et al., 1997). Permanently charged
benzothiazepines (Hering et al., 1993; Seydl et al., 1993) and dihydropyridines (Kass et
al., 1991; Kwan et al., 1995) block the L-type Ca** channel from the extracellular side.
Dihydropyridines were proposed to access Ca®* channels via the III/IV domain interface
(Yamaguchi et al., 2003). The recent X-ray structures of KcsA with hydrophobic cations
show long hydrophobic moieties bound in the interface between S6, S5, and P-helices,
which is suggested to provide an alternative access pathway for drugs to the inner pore
(Lenaeus and Gross, 2008).

In conclusion, in this work we have built and explored homology models of
voltage-gated K*, Na*, and Ca®* channels and their complexes with various ligands. In
particular, we demonstrated that 1) K* channel X-ray structures are suitable templates for
modelling the pore-domain region of voltage-gated Na* and Ca’* channels, 2) metal
cations in the selectivity filter region of ion channels stabilize nucleophilic drugs, but
destabilize cationic drugs, and 3) the repeat interface may provide an access pathway for
drug entry from the extracellular side into the pore of the closed channel. Results of this
work may be useful for future drug design.
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