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Determining structure and functions of Na” channel
Rorald A. Li
Ph.D. 1998
Department of Physiology

University of Toronto
ABSTRACT

The structure and functions of Na" channel were studied using mutagenesis in
combination with biophysical probes such us Cd*", sulfhydryl-specific modifiers. various
toxins and local anesthetics (LA). Since high-affinity blockade of cardiac Na™ channels
by Cd®* is mediated by a cysteine residue in the pore, we first developed a strategy of
studying the Na~ channel pore structure by systematically replacing single residues in the
putative pore region of Cd®" insensitive rat skeletal muscle (rSkM1) Na” channels with
cysteine. This allows identification of pore-lining residues, whose repiacement with
cysteine should confer enhanced Cd** sensitivity. Further 3-dimensional structural
information was obtained by simultaneously substituting pairs of residues in distinct P-
loops. Dual-replacements created channels with either enhanced or reduced Ccd™
sensitivity relative to the corresponding single mutants. suggesting coordinated Ccd™
binding and cross-linking by the inserted paired sulfhydryls. Since both processes require
stringent geometric constraints (<3.5A) and multiple consecutive adjacent residues in one
P-loop could very often approach a single residue in another P-loop, our results indicate

that the Na™ channel pore is highly flexible and most of that flexibility resides in Domain
IV (DIV).

We next looked for correlations between pore flexibility and cl.- nnel functions by
examining the role of pore-lining residues in Na" channel ion-selectivity. Specifically.
we measured permeability and ionic current ratios of single mutant channeis in the
presence of different monovalent and divalent cations. Mutations of members cf the
proposed selectivity filter (i.e. aspartate. glutamate. lysine and alanine in domains -1V

respectively or DEKA for short) of Na" channels had little effects except K1237 in DIII.



However. we identified three other residues (W1531, D1532. G1533). 4ll in DIV. which
are critical determinants of ionic selectivity. Coincidentally. DIV is the most flexible
domain. These data not only redefine the Na™ channel selectivity filter but further suggest

a possible role of pore flexibility in selectivity.

Pharmacologically, we examined the effects of pore mutations on p-conotoxin (j-
CTX) and LA binding. We identified several pore residues which are critical for
interacting with the peptide toxin via either electrostatic (E758. D1241) or hydrophobic
(W402, W1239, W1531) interactions. Pore mutations {D400C. W40:C, E403C. E755C,
E758C. K1237C. W1239C, D1241C. A1529C and W1531C) also aftect2d LA binding. In
particular. mutations of W1531 in domain [V completely abolish lidocaine binding to
Na“ channeis without affecting drug access. We conclude that this trytophan forms part
of the local anesthetic binding site (LABS). Taken together with its role in ionic
seleciivity and toxin binding, our results suggest that W1531 is critical for normal

channel tunctioning.

To map the spatial relationship between the pore and the LABS. we employed the
novel strategy Anchor-Linker-Drug (ALD) wherein the agent was made up of a drug
moiety linked to an anchor via a linker. Specifically. the LA benzocaine was tethered to
the sulfhydryl specific chemical group methanethiosulfonate (MTS) via a hydrocarbon
chain. Benzocaine-based methanethiosulfonate derivatives produced typical but
irreversible local anesthetic actions in cardiac channels and the mutant rSkM1 channels
(Y401C) containing a cysteine at the cquivalent location as the cardiac channels. Such
effects were readily reversible in rSkM! upon drug washout indicating the specificity of
these drugs to the pore cysteine. By varying the linker length. ALD also allows
determinations of the spatial relationship between the pore cysteine z--d the LABS. We
find that the two functional domains are structurally adjacent to each other. Our strategy
also provides a potential method for developing a heart-specific antiarrhythmic using the

novel strategy.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Action potentials in excitable cells such as neuronal and cardiac cells are the
result of complex interactions uf dozens of different classes of ion channels and pumps
(Figure 1.1). The voltage-gated Na” channel class is responsible for the increase in Na”
permeability during the iniiial rapid rising phase of the action potential. Upon membrane
depolarization, Na" permeability increases rapidly leading to an influx of Na” ions into
the cell along its concentration gradient. Within a few milliseconds Na" channels
inactivate and Na" permeability decreases back to the baseline level. The channels remain
inactivated until the membrane repolarizes. Once repolarized. channels return to the

closed states and are be ready again for reopenings upcn subsequent depolarization.

The rapid and transient increase in Na" permeability results in rapid
depolarization of cells. Depolarization by the Na” current subsequently activates voltage-
gated Ca’* channels (L- and T-type) allowing Ca®" ions to enter cells. Once inside, Ca*"
ions can either directly modulate or indirectly act as an intracellular second messenger
causing for example the release of neurotransmitters or trigger other intracellular
biochemical events (e.g. phosphorylation and gene expression) thereby leading to

biological functions such as secretion, metabolism, contraction and excitability.

Eventually, membrane repolarization is achieved by the outward flow of K™ ions
through many different K channels (i.e. I, which is responsible for the early rapid
repolarization. Ix atp which is normally closed except during ischemi.. ~r hypoxia when
ATP concentration falls, Ixs which activates very slowly and is stimulated by 8-
adrenergic agonists. [k, which activates ultra-rapidly and is sensitive to 4-AP block; Ik
whose rectification properties result in elimination of this current during the plateau
phase of the action potential and is important for setting the resting membrane potential;

Ik(acny Which are activated by acetylcholine and also contribute to repolarization during



Figure 1.1

Top Panel: A typical action potential in a cardiac cell.

Middle Panel: Na*, Ca** and K* conductances during an action potential. Upward and
downward deflections indicate conductances of inward depolarizing and outward
repolarizing currents flowing through the corresponding channels.

Bottom Panel: Entry of Na* ions through Na* channels generates the initiz! upstroke
(Phase 0). Efflux of K* ions through i, channels ieacs to early partial repolarization
(Phase 1). The balance between the net efflux of K* ions thwough iy, iy, and i,, etc and
the net influx of Ca** ions through Ca’* channels leads to a plateau phase (Phase 2).
Net efflux of K* ions through i, i, and i, channeis (Phase 3) and i and iy, channels
(Phase 4).
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phase 3 especially in the SA-node).

Not only do voltage-gated ion channels mediate action potentials in electrically
excitable cells. other channels and ion transporters are also of physiologic importance. To
name a few, Cl’ channels are involved in cell volume regulation. stabilization of
membrane potential. signal ransduction as well as transepithelial transport (Steinmeyer
et al.. 1991: Berger et ul.. 1993);. Na” K™ ATPase pump which hyperpolarizes cells by
pumping 3 K" ions out for 2 Na™ ions in: Na"/Ca®* exchanger which provides a
depolarizing current duriny systole in heart; ligand-gated ion channels such as nicotinic
acetylcholine and GABA receptors which mediate ion conductance at chemical synapses
(Grenningloh et al.. 1987a. b: Schofield et al.. 1987: Role and Berg, 1996: Colquhoun
and Patrick. 1997; Kimura. 1998), etc. There are also nonselective channels which play
critical roles in regulating a variety of different physiological processes. The channels
listed so far are however only small samples of the many known to exist in mammalian
excitable tissues. Nevertheless. this thesis focuses on the studies of structure and
functions of voltage-gated Na” selective channels. In this chapter. I will provide a general
background on what have been known about Na™ channels. Specific goals and

experimental approaches will be described in subsequent chapters.

1.2 Why study ion channels?

As mentioned. voltage-gated ion channels play a significant physiologic rele in
excitable tissues by monitoring initiation and propagation of action potentials waich is
critical for signaling. lon channels are also important for many forms of inter- and
intracellular communication. Defects in ion channels and their operation can aiter normal
physiology and lead to many forms of pathologies. Recombinant DIN.~ iechniques have
identified many inherited ion channel diseases caused by mutations in genes encoding for
various ion channels (see Table 1.1). Furthermore. ion channels are the primary receptors
for a variety of clinically important drugs such as antiarrhythmic agents (Grant. 1991.
Hille, 1992: Hondeghem and Katzung, 1977), local anesthetics, neuroprotective agents

and calcium channel antagonists (Hille. 1992) etc (see also Table 1.1). Detailed



Table 1.1

Summary of ion channel diseases.

Channel Type Disease (ion-channel gene) Drug
Na' channel: e Anticonvulsants (carbamazepine, phenytoin, valproic acid,
e Cardiac e Long QT Syndrome: LQ7T3 (SCN5A) ete)

e Skeletal muscle

e Epithelial

e Cardiac Arrythmias

e Torsade de Pointe

e Paramyotonia Congenita (SCN4A)

e Hyperkalemic Periodic Paralysis (SCN4A)
e Masseter-muscle rigidity (SCN4A)

e Liddle’s Syndrome (ENaC): hereditary

hypertension and pseudoalsostronism

e Class I antiarrhythmics
IA: disopyramide, procainimide, quinidine, elc.
1B: lidocaine, mexiletine, phenytoin, tocainide,
IC:encainide, flecanide, propafenone, etc.

e Local anesthetics (bupivacaine, cocaine, lidocaine,

mepivacaine, lctracaine, 21c}

K™ channel

e Long QT Syndrome:
LQTI1 (KVLQT1), L.QT2 (HERG)

e Class lI antiarrhythmics (clofilium, dofetilide, sotalo,
amiodorant, N-acetylprocainimide, etc)

e Antidiabetics (glipizide, glyburide, tolazamide, etc)

e Antihypertensive drugs (diazoxide, minoxidil. etc)

e Potassium channel agonist (adenosine, aprikalim,

leveromakalim. nicorandil, pinacidil, etc)

Ca”" channel

e Muscular Dysgenesis

e Class IV antiarrhythmics (diltiazem, verapamil)




Malignant Hyperthermia (RyR1)

Central core storage discase (RyR1)

Antihypertensive drugs (amlodipine, diltiazem, felodipine,
isradipine, nifedipine, verapamil, etc)
Antianginal drugs (amlodipine, diltiazem, felodipine,

nifedipine, verapamil, etc)

CI’ channel

Thomsens’s Myotonia Congenita (CLCN1)
Becker’s Generalized Myotonia (CLCN1)
Hyperkalemic Periodic Paralysis (CACNL1A3)
Myotonia Levior (CLCNI1)

Cystic Fibrosis (CFTR)

Hypercalciuric nephrolithiasis (CLCNS)

Anticonvulsants (clonazepam, phenobarbital, etc)
Hypnotic or anxiolytic drugs (clonazepam, diazepam,
lorazepam)

Muscle relaxants (diazepam)




understanding of the structure. pharmacology and physiology of these ion channels and
their underlying molecular mechanisms can allow better understanding of the molecular
basis of abnormal electrophysiology in diseases such as LQT and others related to ion
channel defects. The new knowledge gained in turn will enable improvements in
diagnosis of these discases and better strategies for therapeutic drug design and disease

treatment.
1.3  Analogies between enzymes and ion channels

Ion chanmels are intrinsic membrane proteins that catalyze the transfer of ions
across the cell membrane. Passage of ions requires ion channels because the lipid bilayers
creates an energy barrier (about 30kT) thereby preventing ions from freely crossing the
ceil membrane (Hille, 1992). lon channels are analogous to enzymes in many aspects
(Eisenberg, 1990: Miller. 1992). Channel pores are able to discriminate between different
ions in solution and yet allow the passage of selective ions at rates as high as miilions of
ions per second. For instance. K* channels can discriminate against Na", Mg”” and Ca®
ions very effectively and yet conduct more than 2 X 10° K™ ions per second through the
pore. Channel pores are in fact the equivalence of active sites in enzymes. which
selectively transfer substrates to products. Like enzymes, pores also do not influence the
direction of reaction (i.e. the direction of ion flow) but only the rate at which the reaction
occurs. This rate in turn is dependent on the electrochemical gradient across the cell
membrane (see 1.4 for details regarding this electrochemical driving force) which is
analogous to the chemical free energy in enzymatic reactions. In other words. the transter
process (catalytic reaction) does not require coupling of energy from an exogenous
source; ions simply flow passively down the electrochemical gradient. Like enzymes. ion
channels reduce the free energy required to overcome the rate-limiting "»arrier imposed by
the lipid bilayer. Moreover, ion channels also exhibit saturation kinetics which can be
described by the Michaelis-Menton kinetics because unitary current saturatés at high ion
concentrations. Like enzymes. channels are also subject to allosteric regulations (which is
equivalent to voltage-dependent gating) by inhibitors (e.g. blockers) and modifiers (e.g.

local anesthetics) as well as biochemical processes such as phosphorylation via the G-



protein pathway. Finally. the dynamic behaviour of channel pores (Chapter 3) which is
critical for ionic selectivity (Chapter 4) is also similar to the essential active site motion

of numerous enzymes.

The major difference between ion channels and enzymes lies on the fact that
enzymes generally catalyze reactions between distinct distinguishable biochemical
molecules (i.e. transition from one chemical structure to another) whereas ion channels
distinguishes chemical species on the basis of location. Accordingly. if an enzyme

catalyzes the following reaction

Ao B Equation 1.1

then the direction of this reaction is determined by the difference in the chemical free

energy between B (the product) and A (the reactant) which is given by

0G = Gg- Gy Equation 1.2
where Gg and G, are the Gibbs free energy per mole of B and A respectively. When the
intrinsic energy of A is greater than B (i.c. Go > Gg), the reaction will proceed on

average from A to B ‘i <. a spontaneous reaction). To a good approximation. the free

energy of any chemical specics at low concentrations is determined by
Gx = RTIn[X] + G’ Equation 1.3
where [X] is the concentration of chemical X and G’y is the standard free energy of X

(which is directly related to the chemical stability of X). G for the . .=.ction between A

and B is therefore given by

8G = RTIn([BJ/[A]) - (G°A - G®B). Equation 1.4

The term RTIn([B)/[A]) is the ideal gas term while 8G° = G°A-G°s is the intrinsic
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potential energy difference between molecules A and B.

In the case of ion channels. [A] and [B] represent the concentrations (actually
activities when solutions are non-ideal) of the permeant ions on the inside and outside of
the membrane respectively. 8G" is actually V;, which is equivalert to the standard free
energy term and represents the difference in electrical potential energy between ions on
the inside and outside. Equation 1.4 can be readily appreciated by corsidcring the special

case of equilibrium when 8G = 0. Rearranging 1.4 gives
Ex=Vn=RTIn [X]nu|Sidc/[X]insidu Equalion 1.5

which is the Nernst equation where Ex is the ionic equilibrium or Nernst or reversal
petential for the ion species X. Ex is indeed an electrical measure of the ion distribution
across the cell membrane. Whea a particular type of ion channel opens. the
electrochemical force drives the membrane potential of the entire cell toward the Nernst
potential of that particular channel until equilibrium is reached. The direction of ion flow
is determined by the net electrochemical driving force for ion movement across the
membrane which comprises of two terms: the entropic energy associated with
concentration gradients across the membrane (i.e. RT In [X]ouside/[X]insice), plus all other
energy changes which in this case arise from the eiectical term (i.e. V). This net driving

force is given by
6Gyx = Vi, - Ex Equation 1.6

When more than one type of channel opens. a balance between the Nemnst potentials of
both channeis will be reached depending on the relative conductance and numbers of
channels. The new equilibrium will be closer to the Nemst potential of the dominant
channel. The approximate Nernst potentials for Na*, K*, Ca® and CI" channels are
respectively +70, -98. +150 and -39 to -65 mV. At rest. K™ channels dominate and

therefore the resting membrane potential (-70 to -80 mV) is closer to its Nernst potential.



1.4  Bicphysics of ion channels

Movements of ions across lipid membranes via ion channels down the
electrochemical gradient result in electrical currents. lon channels therefore are

characterized by the electrical conductances whicn is defined by the Ohm’s law.

Ix =gxE Equation 1.7

where [y is the ionic current carried by the ion species X through its channel. gx is the
corresponding ccnductance and E = 3Gy is the driving force as defined in Equation 1.6.
The reciprocai of g is the resistance symbolized as R (i.e. R = 1/g = E/l). The total
electrical conductance of a membrane is the total sum of all ionic conductances (i.e. ion
channels) connected in parallel. i.e. Goui = 8va + 8k + ga +...+. Note that the
conductances/resistances of voltage-gated ion channels are highly voltage- and time-
dependent depending on the intrinsic properties of a particular type of channel. Indeed,

this serves as the fundamental basis of mediation of electrical signals in excitable celis.

Biological membranes are hydrophobic lipid bilayers that separate intracellular
and extracellular charges by an extremely thin insulating layer (about 30A) without
allowing them to move across. This charge separation across the bilayer in turn generates
an electric field (E) and a voltage difference (i.e. membrane potential. V). In physical

terms. membranes act like capacitors. This capacitance (C) is defined as.

C=Q/E Equation 1.8

where Q is the charge across the cell membrane for a given n..~brane potential
difference E. C has units of farad (F) which is Coul/V. Typically, all cell membranes
have a specific capacitance (i.e. capacitance per area) of about | uF/em® (Cole, 1968;
Almers. 1978). This value is quite constant even among membranes from different cell
types. Since the total capacitance of a particular cell is the product of its total surface area

and the specific capacitance, bigger cells for a given membrane potential have higher
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total capacitance and are therefore capable of storing more charges. For the same reason.
cells that possess extensive membrane invaginations (e.g. cardiac myocytes and their T-
tubules), which significantly increase their total cell surface area. have higher

capacitances than would be calculated from simple dimensional measurements of the cell.

When ion channels open. ions flow according to the electrochemical gradient and
the membrane either charges or discharges itself depending on the direction of current
flow. By differentiating Equation 1.8, the rate of change of the potential when a current I¢

flows across the membrane is
dE/dt = 1c/C = -E/RC Equation 1.9

The negative sign indicates the capacitor is discharging in this case. The solution of the

ahove first order differential equation is

E = Eg exp(-t/1) Equation 1.10

where T = RC is the so called membrane time constant. Physically, it represents the time
needed to discharge the total charge to l/e of their previous value. Since specific
capacitan:e is teladvely constant. measurements of t allows estimation of specific
membrane resistance. t ranges from 10 us to Is in different resting membranes (Hille.

1992) reflecting the number of active (open) ion channels. and hence the specific

resistance, differ vastly between different cell types at rest.

The properties of lipid bilayers and ion channels can be readily represented as
capacitors and resistors respectively (Figure 1.2). Consider a single ion channel when
ions flow according to the electrochemical gradient. two components of the
electrochemical force, namely the electrical flux (Jo) and the chemical (diffusional) flux

(Ja), are present. The electrical flux is defined as

Jo = 0E Equation 1.11
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Figure 1.2

Equivalent electrical circuit representation of the biological membrane. The branches
represent ionic currents with their corresponding electromotive forces. The variable
resistors denote ion channel conductances are variable and dependent on time and
voltage. The total membrane conductance at any given time is the sum of all ionic

conductances at that time. See text for details.
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where 8. = uz[Cl is the electrical conductivity and E = -8V/5X is the electrical field. u is
the mobility. z is the ionic valence. [C] is the ion concentration. V is the electric potential

and X is the membrane thickness.

According to the Fick's law for diffusion in one dimension, the diffusional flux

across the membrane is defined as
Jairr = -D oIC]/HX Equation 1.12

where D is the diffusion coefficient. The negative sign indicates that the flux flows from

high to low concentrations.

Assuming independence of the electrical and diffusional forces. we can write the

total flux as

JTotat = Jer + Jainr
=-uz[C] 8V/6X - D §[C)/dX Equation 1.13

Using the Einstein’s relation between diffusion and mobility D=kTp/q and rearranging

Equation 1.13. we get
Jtoal = ~(nz[C] 8V/3X + uRT/F 3[C]/0X) Equation 1.14

Equation 1.14 is the Nernst-Planck equation (NPE). At equilibrium. the net flux across

the membrane is zero. therefore

0 = ~(uz[C] 8V/6X + uRT/F 8[C}/5X)

8V/8X = -RT/zF * 1/[C] * 8[C)/6X

[xi’® (dV/dX)y*dX = -RT/zF]xi*? (d[C/[C)dX)*dX
Change variables:

Jx1X?dV = -RT/zFficj'“® (d[CV/CD)
14



V; -V, =-RT/zF In [C]/[C]
le. Vi (J=0) = Vi, - Vou = RT/2F In [Clow/[Clin Equation 1.15

Equation 1.135 is the Nernst equation.

The above mathematical equations and physics laws form some of the
fundamental basis of Hodgkin and Huxley's independent/electrodiffusion theory for
understanding properties of ion channels. These equations are valid only when the
channels are open and conducting ions. However. chanuels pores are not always open.
These proteins shuffle between open (O), closed (C) and inactivated closed (I)
conformations depending on time and cellular conditions. The processes governing
transitions between these different states or conformations are collectively known as
gating (see also 1.8). Since there are usually around 100-2000 channels of a particular
type present in the membrane of a cell. the total ionic current (I;) resulting from all the

1on channels of that type can be expressed as:

Lot = Nx * Px * ix Equation 1.16

where ix = gx * 8Gx (equation 1.7) is the unitary current flowing through one single ion
channel, P is the probability of the channel being open which is usually a function of time
and voltage, N is the total number of channels of a particular type present in the cell.
Note that the direction of ion flow however is determined by 6Gx (equation 1.6: i.e. the
net electrochemical driving force) but not the number of channels or their efficiency (i.e
the rate of ion transfer). Each channel undergoes instantaneous transitions between open
conducting (O) and closed non-conducting (C & I) states in a time and voltage dependent
manner. For example, a Na” channel is closed at hyperpolarized pote...ic!s (e.g. -80 mV
or more negative). opens stochastically following depolarization of the cell membrane
and subsequently goes into closed inactivated states. When recording a macroscopic
current, it looks “smooth” however since the average behaviour of hundreds or even

thousands of channels is being observed (Figure 1.3).
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Figure 1.3

[llustrative diagram demonstrating idealized currents recorded from single Na™ channels
(A) and whole-cell/macroscopic currents (B). Individual single channel openings are
scochastic events. Summation of thousands of these events gives macrosccpic current

which displays the average behavior of these channels.
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1.5  Molecular structure of ion char.nels

Most voltage-gated ion channels belong to a single super-family of membrane
associated proteins which consist of pseudo-symmetrically arranged homologous
subunits or repeats surrounding a central pore (Anderson et al.. 1993). Although most
channels are associated with auxillarv regulatory protein subunits (e.g. Bl and B2 in brain
Na” channel. B1 in skeletal muscle Na” channel. a2. B. y and & in L-type Ca®* channel.
etc) that are required for normal funcuoning. The o subunits are the subunits which by
themselves can form a functionai channel (for review. see Catterall. 1992 and Isom et al..
1994). In fact. these o subunits possess all the structural components required for basic
ion channel functions. The general structure of the principal o subunits of Na™. Ca®" and
a subset of K™ channels such as the “Shake--like™ voltage gated K™ channels is based on
the same motif. In the case of the Na™ channel « subunit. it is a single polypeptide made
up of about 2.000 amino acids. Four homologous repeats (DI-IV) are predicted from the
primary amino acid sequence and hydropathy analysis. Each of these repeats/domains in
turn comprises of six transmembrane spanning segments (S1-6) (Anderson et al.. 1993).
The region between SS and S6 inserts back into the membrane to form part of the channel
pore and is known as the P-loop or P-segment (P for pore or permeation) (Stevens. 1991:
Backx =t al.. 1992: Catterall. 1991; Ellinor et al.. 1995: Heinemann et al.. 1992: Noda et
al.. 1989: 3atin et al.. 1992: Terlau et al.. 1991) (Figure 1.4). The al subunit of Ca”
channel also has a similar topology. In contrast to Na” and Ca®” channels which are both
single polypeptides consisting of four homologous domains. K™ channels are homo- or
hetero-tetramers (Jan and Jan. 1989). Each of the four monomeric subunits is a separate
gene product resembling a single domain of Na” and Ca®” channels (Figure 1.4). In all
cases. the four monomers or domains are pseudo-symmetrically arranged to form a
barrel-like structure with the P-loops as extensions from each of the four subunits dipping
into the central axis of the channel to form part of the ion-conducting pore (Figure 1.5).
These short stretches of P-loops comprise the selectivity filter where selective ion
coordination occurs. S4 contains a cluster of positively charged arginines and lysines and
is the major component of the voltage sensor in voltage-gated ion channels (see also

1.8.1). Inactivation is mediated by a tethered inactivation particle (i.e. the ball and chain)
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Figure 1.4

(A) The putative topological arrangements of the principal a-subunits of Na™ and Ca™
channels showing four homologous internal repeats each with six transmembrane
segments (SI-S6). The S4 segment carries a ribbon of positively charged residues and is
reponsible for voltage-sensing. The four P-loops which are located bztween S5 and S6 in
each repeat domain form a major part of the channel pore.

(B) In contrast to Na” and Ca® channels which consisi of one single polypeptide
comprised of four (I-IV) similar repeats. K™ channels are constructed from non-covalent
tetrameric assembly of four single subunits (monomers). Each of these monomers

- . - - Ve
resembles a single domain of Na™ or Ca™ channel.
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which is located within the III-I'Y linker in Na” channel and at the N-terminal end of K~
channel monomers. This inactivation particle swings into the cytoplasmic mouth of the
pore to physically occlude the permeation pathway (see also 1.8.2). These processes of

gating will be discussed in more details in subsequent sections.
1.6  Ion channel pore

The 3-dimensional molecular structures of ion channel pores have always intrigued
biophysicists. Understanding their siructures will shed light on the chemical basis of
permeation, ionic selectivity anc the high throughput rates (typically >10° ions per sec) of
these channel proteins. Previous permeation studies using organic cations suggest that
the selectivity region (filter) in Na™ channels is rectangular in shape and that the channel
has an hourglass appearance with the selectivity filter joining two large vestibules (Hille.
1971) (Figure 1.5). A rigid static pore model has often been assumed to account for many
biophysical observations (Hille, 1992). This model received further support from recent
crystallization and X-ray analysis of a K" channel from Strepromyces lividans (KesA K™
channel) (Doyle et al.. 1998). These authors propose that the pore of the KcsA K~
chanrel is constructed of an inverted teepee with the selectivity filter opened into a wider
cavity and tunnel lined with hydrophobic residues to the inside (Doyle et al.. 1998).
‘Vhile these investigators suggested that the teepee structure is likely to be a general
feature other K™ channels (Doyle et al.. 1998), Na™ and Ca’" channels however may
employ different methods for ion permeation than their K™ channel counterparts implying
potential structural and functional differences underlying the fundamental architectures of
their pores. For example. in Ca** channels the side chains of specific giutamate residues
from the four P-loops are essential for ionic selectivity (Kim et al.. 1993; Mikala et al ..
1993: Yang et al., 1993) whereas main chain carbonyl oxygen: sre required for
selectivity in K™ channels. Therefore. whether the same rigid model is applicable in Na~
and Ca®* channels remains unclear at this stage. In Chapter 3 of this thesis. I will describe
a novel strategy that we developed to study the 3-dimensional structure of the Na~
channel pore using multiple cysteine mutagenesis. The conclusion of this study is that the

P-loops. like the active sites of many enzymes, are indeed highly
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Figure 1.5

(A) Top view of an ion channel demonstrating the P-loops dip towards the central axis of
the channel to form part of the pore. The four homologous domains of Na™ and Ca™
channels are linked together via inter-domain linkers wkereas K" channels are made up of
individual monomers.

(B) Cross-sectional view of an ion channel. A funnel-shaned structure with 2 wide
vestibules open to both sides of the channel connected by 2 restricted portion which acts
as the selectivity filter. A static rigid pore model is traditicnally assumed which contrasts
to the flexible pore model described in Chapter 3. The :inactivation particle is also
indicated. It is tethered on the cytoplasmic side and binds to a receptor during
inactivation thereby physically occluding the channel pore.

(C) Cartoon of a voltage-gated Na” channel. K™ and Ca®* channels are similar in
arrangements except the K™ chapnel is tetrameric. The four domains of Na™ and Ca?”
channels may be arranged in an aéymmetrical fashion. One domain has been removed tor
easier presentation. The membrane spanning domains are arranged as a barrel-like
structure with an ion-conducting pore in the centre. The P-loops form the outer part of the

channel pore and is the active site for ionic selectivity,
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flexible structures cn the millisecond time scale. making static structural models
pointless due to thermal riotions. Previous structural models have proposed that the pore
is made up of a-helices and f-strands (Yellen et al.. 1991: Lipkind and Fozzard. 1994:
Soman et al.. 1995: Guy and Durell: 1995). While these secondary structures are well
suited for forming the structura: framework of proteins because of their highly ordered
structures. they also greatly restrict regional flexibility. Flexible regions in other proteins
are often random coil/loop structures. as are the flexible active sites of many diffusion
limited enzymes (Brand2n and Tooze. 1991; Cottrell et al.. 1995: Creighton. 1993:
Fersht. 1985: Lan et al.. 1995- Larson et al.. 1995: Pompliano et al.. 1990: Tanaka et al..
1993). Loop structures perimit high degree of flexibility thereby allowing chemical groups
from different amino acids tc be placed at optimal positions in space to catalyze a
particular reaction (MacKinnon. 1995). P-loop flexibility is also consistent with recent
studies in other ion channels (Fllinor et al.. 1995: Liu et al.. 1996: Sun et al.. 1996:
Yellen ec al: 1994) and the notion that ion channels are enzymes (Eisenberg. 1990). The
role of channel flexibility in normal channel functioning will be further investgated and

discussed in Chapter 3, 4 and 7.

1.6.1 The P-loops form the permeation pathway

Fotassium channels are the most extensively characterized group of voltage-gated
ion channeis. The diversity of this group of channels arises from the tetrameric assembly
of these channels which permit heterologous association of different subunit types
(MacKinnon. 1991; Miller. 1991). Studies of the Shaker K™ channel and its mammalian
homologues provided the first insights into the molecular basis of permeation in voltage-
gated channels. This major advance was made with the cloning of the Shaker locus in
Drosophila melanogaster (Tempel et al., 1987). This locus emk .72s a family of
alternatively spliced transcripts that codes for transient K* channels (Papazian et al..
1987). Three other subfamilies have also been cloned from Drosophila namely Shal. Shab
and Shaw. Homologous mammalian genes have been described for each subfamily
(Salkoff e: al.. 1992). The core or membrane spanning regions (i.e. S1-S6) of the K~

channels within each subfamily share approximately 40% amino acid identity whereas
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the amino and carboxy termini tend to be quite variable (Salkoff et al.. 1992).

Even with the clones available. the location of the pore through which ions
permeate was not known until MacKinnon and Yellen identified the P (pore or
permeation) region (Yellen et al.. 1991; Hartman ct al. 1991;. This P-region with striking
sequence conservation even among a large array of K™ channels occurs between the fifth
and sixth membrane spanning regions (S5-S6), alternatively known as SS1-SS2 or the P-
loops. All K* channels known possess the signature sequence (GYG) within the P-region
and this sequence is critical for K™ selectivity (Heginbotiiam et al.. 1992: Heginbotham et
al., 1994), Blocking studies of the Shaker K™ charnels with the scorpion venom.
charybdotoxin (CTX) and the organic cation tetracthylammonium (TEA) provide some of
the first evidence that this short stretch of residues in the P-loop is extraceliular and in
fact turns back into the membrane to form the channel pore (MacKinnon and Milier.
1989: Miller. 1990).

1.6.2 P-loops form part of the Na* channel pore

The P-loops in all four homologous repeats are highly conserved among Na”
channels from different tissue subtypes (Table 1.2) (Noda et al., 1984: Noda et al.. 1986:
Auld et al.. 1988; Salkoff et al.. 1987. Trimmer et al.. 1989: Rogart et al. 1989. Anderson
et al.. 1993). However. there are many differences between the P-loop sequences of Na™ .
K™ and Ca®" channels (Hille. 1992). While a 4-fold symmetry is generally assumed in
homomeric K” channeis due to their identical monomeric subunits. accessibility scanning
studies have suggested asymmetric contributions of each of the four homologous
domains of Na“ channel (Chiamvimonvat et al., 1996a. Perez-Garcia et al.. 1997:
Tsushima et al., 1997a. b). Furthermore. mutagenesis of “analogous™ .~zidues in the P-
segments of homologous domains often result in different functional changes. For
instance. mutation of a P-loop tryptophan residue in DIV (i.e. W1531) of rat skeletal
muscle (rSkM1) Na’ channel renders the channel non-selective for monovalent cations
while mutations of analogous residues in the other three domains (DI: W402C. DII:

W756C and DIIl: W1239C) did not display the same effects on ionic selectivity
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Table 1.2 Aligned sequence of the P-loops (S5-S6 linkers) of all four domains of brain.

heart and skeletal muscle Na* channels. The sequences are strikingly conserved.

Domain |
Brain RLMTQDFWENLYQ
Heart RLMTQDCWERLYQ

Skeletal muscie

RLMTQDYWENLFQ

Domain I]
Brain RVLCGEWIETMWD
Heart RILCGEWIETMWD

Skeletal muscle

RILCGEWIETMWD

Domain III
Brain QVATFKGWMDIMY
Heart QVATFKGWMDIMY

Skeletal muscle

QVATFKGWMDIMY

Domain IV
Brain QITTSAGWDGLLA
Heart QITTSAGWDGLLS

Skeletal muscle

EITTSAGWDGLLN
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(Tsushima et al.. 1997a). Indeed not only are the four P-loops asymmetrical but the four

domains also contribute differently to channel functions.

Similar to the K™ channel studies. pore blockers have been used to identify the
role of the P-loop in pore formation in Na” channels. Tetrodotoxin (TTX) and saxitoxin
(STX) are among some of the most commonly used Na“ channel pore blockers.
Neutralization cf charged residues in the P-loop in all four homologous repeats. which
are conserverd between TTX-sensitive and TTX-insensitive isoforms. influence TTX
block and single chunnel conductance (Noda et al. 1989: Terlau et al.. 1991). Like TTX.
divalent cations ci the group [IB serics (Cd**/Zn>") block Na" channels in a subtype-
specific fashion (Frelin et al.. 1986). Interestingly, the TTX-sensitive channels are
Cd*"/Zn*"-insensitive and vice-versa (Backx et al.. 1992). Recognizing that Cd*"/Zn*
binds to cysteines in solution with high affinity highlighted a naturally occurring variant
in the P-loop of these isoforms involving a cysteine residue (C373). Conversion of C373
in DI to tyrosine (i.e. DI-C373Y) in rat heart Na" channel abolished sensitivity to Cd*
block but dramatically increased TTX sensitivity by 100-fold (Satin et al.. 1992).
Interestingly. the complementary mutation in the skeletal muscle Na® channel (DI-
Y401C) rendered the channel TTX-resistant and Cd*'- and Zn>*-sensitive (Backx et al..
1992). Analysis of the voltage-dependence of divalent block established that the intra-
pore location of this residue and the fractional electrical distance of the binding site was
about 20% from the outside in both native and expressed channels. despite marked
differences in Cd*" affinity (Backx et al.. 1992).

Additional evidence for the crucial role of the P-loops in determining the
permeation properties of the Na" channel came from mutagenesis experiments of the P-
loop residue lysine in domain I1I which conferred Ca’" channel pe:..-eation properties
onto the Na” channel (Heinemann et al., 1992), and the tryptophan in domain [V
(Tsushima et al.. 1997b) which abolished the ability of the pore to discriminate Na’
against other monovalent cations such as K”, Cs” and NH,". The roles of pore-lining or P-
loosp residues in rat skeletal muscle (rSkM1) Na" channel in ion permeation and

selectivity will be further discussed in Chapter 4.
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1.7  Ionic selectivity

The Na" channel pore is highly selective for Na~ ions over other physiological
ions: the selectivity sequence is Na” = Li" > K™ > Rb™ > Cs" (Begenisich. 1987: Hille.
1992: Tsushima et al.. 1997). Similarly. other ion channels are selectively permeable to
some ions but preclude permeation of others. How ion channels display such extreme
selectivity while maintaining high throughput rates (>10° ions sec’') remains elusive.
Several theories have been proposed to accournt for this ionic selectivity. The molecular
sieve model states that it is the pore size which determines the permeability of different
ions through the pore (Bezanilla and Armstrong, 1972: Hille. 1973). In other words.
permeability cuts off at a definite ionic size. lons in solution are hydrated and therefore
their hydrated radii need to be considered. A cation in solution attracts the negative end
of the water molecule electric dipole (i.c. the oxygen atom) and tries to matntain this
hydrogen bond as much as possible. However. permeant ions need to be dehydrated
before they can cross the selectivity filter. Water dehydration is a highiy untavorable
energetic process. Therefore. ions must fit snugly in the pore and an appropriate surrogate
hydrogen shell within the channel so that the energy lost by dehydration and gained by
coordination is balanced (Bezanilla and Armstrong, 1972: Hille, 1973). Ions whose ionic
radii that are too large cannot be fit while ions that are too small cannot be dehydrated
effectively. Thus the selectivity filter selects ions based on both ionic radius (larger ions)
and thermodynamic factors (smaller ions). Since the pore size is critical in ion selection.
this mode! also predicts that the ability of the selectivity filter of a highly selective
channel to stretch is very limited. This theory is supported by the crystallography recently
obtained from the KcsA K* channel by Doyle et al. (1998). Consistent with the theory. it
shows that the K" selectivity filter is comprised of carbonyl oxygens (which are
responsible for dehydrating permeating K™ ions) and is constrai: 7 in an optimal
geometry to allow proper coordination of a dehydrated K* ion but not the smaller
dehydrated Na™ ion (Doyle et al., 1998).

The above molecular sieve model leads immediately to the ion-binding model

(Lauger, 1973: Hille. 1975). It was developed from the Eyring rate theory (Eyring et al..
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1949) and proposes that ions do not diffuse freely along the pore but bird at certain
saturable site(s) within the channel while passing through (Hille. 1975). These binding
sites may correspond to the “sieve” mentioned above and are mathematically represented
as energy barriers or wells. Different ions bind with different affinities as a result of
different barrier heights and well depths. Pore selectivity is the resu!t of these differences
in ion binding properties. The permeating ions simply “jump™ from one energy well to
another while permeating the pore following the rules that each well can anly be singly
occupied at a time and that an ion cannot pass over a well without first dwelling in it
(Hille. 1992). Indeed. the observation that unitary currents saturate at very high permeant
ion concentrations, which is analogous to saturation of enzymatic rate at high substrate
concentrations lends support to this saturable binding site model. This theory can also
account for observed deviations that arise from the independent/electrodiffusion theory
(Hille. 1975). While this ion-binding theory is useful in explaining many permeation
properties. its literal interpretation of “one energy well corresponds to cne discrete
physical binding site™ from the original model is sometimes ambiguous (Dang &
McClesky. 1998). Energy wells are indeed mathematical representation of changes of
potential energy during permeation and do not necessarily translate into discrete physical
entities (i.e. binding sites) especially for the low-affinity ones. They might simply
represent steps of potential energy that the permeant ion experiences during the process
of permeation. For instance. a low energy well mayv qualitatively represent weak ion
binding within a wide vestibule (Dang & McClesky. 1998). stepwise dehydration of ions
(Eigen & Winkler, 1971), a discrete low-affinity binding site (Hille, 1971. 1972, 1975) or
even channel-ion interactions that do not lead to binding. Indeed, crystallography
recorded in the presence of permeating ions reveals that hydrated ions spend a fraction of
their times in “cavities” without creating deep energy wells (Doyle el al.. 1998) is

consistent with the last possibility.

When considering the above models, it is necessary to consider the electrostatic
field generated from an ion as well. For example, a cation can polarize its immediate
environment thereby bringing the negative ends of dipoles closer to itself to achieve

stabilization. Given that the polarizability of the surrounding medium is minimal at the
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centre of the: bilayer. it is easy to understand the presence of vestibules or cavities
flanking the selectivity filter since their presence is capable of overcoming the
electrostatic destabilization resulting from the low dielectric bilayer by simply allowing
an ion to remain hydrated. This structural design enables ions to reach the seiectivity
filter from the cytoplasm or outside via a low resistance pathway thereby facilitating a

high throuzhput.

Theve are one-ion pores (e.g. SR K" channels, AChR channel) and multi-ion pores
(K" channel. Ca®* channels. Na" channels, gramacidin channels) in the ion binding
model. One-ion pores can accommodate only one ion in the pore at a time but may
possess several different ion-binding sites thereby allowing permeation of several
different kinds of ions (Hille. 1992). They are relatively short compared to raulti-ion
pores such that the electrostatic field of an ion occupying the pore is sufficient to prevent
a second ion from entering even if multiple binding sites exist. One-ion pores are
characterized by a simpie rectangular hyperbola Michaelis-Menton saturaiion kinetics.
concentration-independent and constant permeability ratios. conductance and reversal
potential as monotonic functions of mole fraction when measured in the presence of two
permeant ions, etc. In contrast, multi-ion pores (i.e. single-file pores) arc longer than one-

ion pores and are capable of accommodating more than one ion simultanenusly in single
file (Yellen, 1987).

Electrostatic repulsion generated within multiply occupied pores reduces ion
binding affinity thereby making high ion flux rates possible (Hille and Schwartz, 1978;
Almers et al.. 1984; Hess and Tsien. 1984; Yellen. 1984; Neyton and Miller. 1988:
Shumaker and MacKinnon. 1990). Multi-ion pores are more complex and display
characteristics like analomous mole-fraction, concentration depe. =at permeability
ratios, unusual conductance-activity relationship other than a simple saturation curve. etc.
Ironically. while this multiple ion-binding site model comprehensively explains many of
the biophysical properties observed, mutagenesis studies have suggested tnat the
permeation pathway is comprised of a very short region flanked by two wide vestibules

(Heginbotham et al.. 1994; Hidalgo & MacKinnon. 1995; Miller, 1996: Ranganathan et
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al.. 1996; Holmgren et al.. 1992) which s inconsistent with a long narrow pore consisting
of multiple binding sites (Yellen. 1984; French & Shoukimas. 1985. Neyton & Miller.
1988). More recently. a revised model proposes that permeation through a pore
containing a single high-affinity binding site flanked by low-affinity non-selective
sites/regions (i.e. bulk within vestibules) is equally sufficient to explain ionic selectivity.
high flux rates and multi-ion behaviours observed in many channels (Kiss et al.. 1998:;
Dang & McClesky. 1998) in a way that is more consistent with the above molecular

studies mentioned.

Another way to account for per:neation selectivity is to suggest that ion channels
behave like ion carriers or exchangers. lon permeation involves ion binding and
subsequent changes of the pore structure in order for the ion to permeate. In other words.
ion permeation is a dynamic process. This is also analogous to the well-known active-site
motion. which 1s essential for many enzymatic reactions. Protein motions may lead to
very interesting effects on ion transport (Lauger. 1973, 1987: Ciani. 198+). Depending on
the time-scale. motions coupled to ion transfer may influence the observed electrical
behaviour such that a single-ion pore may be perceived as a multi-ion pore (Ciani. 1984).
Since all hypotheses have their limitations. a combination of these approaches is usually

required to explain ionic selectivity and the process of permeation.

1.8  Na” channel gating

lon channel pores are not always open. Pore opening is indeed highly regulated by
a process called gating. Availability of the pore is tightly controlled by conformational
change of the channel proteins which is a highly voltage-dependent process. Membrane
voltages (i.e. the transmembrane electrical fields) trigger these chr=oes in molecular
structure thereby affecting ion permeability. Gating is classically separated into two
distinguishable processes namely activation and inactivation. According to the Hodgkin
and Huxley model of channel function. these gating processes are imagined as zates that
reside on the channel protein. Depolarization causes Na” channels to open (activate) and

then spontaneously close (inactivate) within several milliseconds. Once they close



inactivate. the channels need to be repolarized before they are ready {or reopening upon
subsequent depolarizations. In other words. they need to recover from inactivation.
Having said that. ion channels display a number of distinct molecular structures with very
distinct functional properties as a function of time and voltage. Shown below is a typical

3-state scheme for Na™ channel.
C «——» O
I

where C. O and I represent closed. open and inactivated states respectively. Note that it is
an over-simplification to assume one closed. one open an one inactivated state.
Realistically, ion channels very often show more than three states. In fact we can assume
as many states as required to fit our experimental data. Most ion channels can usually be
best described by assuming 5 or 6 C states, one O state and 1 or 2 [ states. It is intriguing
that the 5 closed states of the channel have molecular correlates (Kuo & Bean, 1994). The
rate constants for transitions between these different states are highly voltage-dependent.
Activation and inactivation are the processes that control these rate constants. In other
words, these gating processes collectively govern the probability of channel opening (P

from equation 17) which in trn control access of ions for the pore. Since P is

characterized by both processes of activation and inactivation. it can be written as
P =P * P, Equation 1.18

where P’ and P respectively represent the probabilities of the activation and
inactivation gates of channel X being cpen. Many drugs and toxins b‘~d preferentially to
one state or a subset of these states or molecular conformations thereby changing the rate
constants between certain states (or the probability being in certain states) and/or creating
new drug-bound state(s) thence modifying channel behaviors. Activation. inactivation
and the coupling between these two gating processes are discussed in greater details

below.



1.8.1 Activation

Hodgkin and Huxley (1952) recognized that the permeability of voltage-gated ion
channels is dependent on the membrane potential. They further proposed that charged
“gatir.g paricles” must exist within the membrane to respond to the transmembrane
elec'ric fieid thereby ultimately controlling the activation (m) gates and drives the
permeability changes. These gating particles appear to be charged amino acid residues
within the membrane spanning segments (S4) and their movement has been detected as
gating current (Armstrong and Bezanilla. 1973) and indirectly measured using
fluore.scent probes (Mannuzzu et al.. 1996; Cha and Bezanilla. 1997). Gating currents can
be measured in the absence of ionic fluxes by replacing permeant ions with impermeant
ions or application of channel blockers (Armstrong and Bezanilla. 1973. 1974: Keynes
and Rojas, 1973; Armstrong, 1981) provided the gating steps are not affected in the
presence of these agents. Upon depolarization. activation of Na~ channels exhibits rapid
and highly voltage-dependent outward gating currents which precedes the final opening
of the channel (Armstrong & Bezanilia, 1973; Keynes and Rojas. 1973). Such outward
gating current could result from outward movements of positive gating particles or
alternatively from inward movements of negative charges. If repolarization is given after
a short depolarizing pulse (0.5 to | ms) before channel inactivation takes place
(inactivation is a slower gating process, see section 1.8.2), a rapidly diminishing “tail
gating current” will be observed. This indicates that channels close (deactivate) without
inactivating. A decaying transient inward gating current is accompanied with this tail
current as the gating charges return (an inward movement) to their original positions
before activation (Armstrong & Bezanilla. 1973). This observation indicates that the
process of activation is readily reversible. Such reversibility is further demonstrated by
the observation that the total outward movement of gating charge (Q,,’ during activation
is equal to the total inward movement (Q,gn) after activation or during deactivation

(Armstrong & Bezanilla. 1974; Armstrong, 1981).

Gating current is the result of movements of gating charges or particles. But what

are these particles and where are they located? Inspection of the amino acid sequence of
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the Na* channel a-subunit reveals that while most of the transmembrane segments are
quite hydrophobic. S4 carries a ribbon of positively charged amino acid residues and is
therefore well suited to act as the gating apparatus for voltage-sensing. A positive
charged residue. either lysine or arginine. is found at every third amino acid within this
segment (Noda et al.. 1984. 198¢: Salkoff et al.. 1987. Tanabe et al.. 1987; Papazian et
al., 1987; Tempel et al., 1982; Baumann et al.. 1988: Ellis et al.. 1988; Kayano et al..
1988). Moreover. this motif of positive charges followed by two hydrophobic residues is
absolutely conserved in all cloned Na' channels as well as highly conserved in voltage-
gated Ca® and K" channels (Table 1.3). This leads to the prediction that the S4 segments
might serve as a critical compornent of the voltage sensor (Noda et al.. 1986: Catterall.

1988: Numa. 1989: Guy and Conti. 1990).

In addition to deductions from the primary sequence. the S4 hypothesis is further
supported by numerous mutagenesis studies of both Na” and K™ channels. If S4 is indeed
part of the voltage sensor. its charges (basic amino acids) are expected to move through
the electric field upon depolarization. Recent studies have demonstrated that the second
and third basic residues of the S4 segment of domain IV (i.e. D4:R2 and D4:S3) of the
human skeletal muscle (hSkM1) Na™ channel translocate completely from an internally
accessible to an externally accessible position in response to depolarization (Yang and
Horn. 1995: Yang et al.. 1996, 1997). Similar physical displacement of S4 residues has
also been demonsirated in the Shaker K* channel (Mannuzzu et al.. 1996: Larsson et al..
1996).

Another piece of evidence supporting the role of S4 in voltage sensing comes
from mutations of positively charged S4 residues (lysine or arginine) to neutral
(glutamine) or negatively charged residues in rat brain Na" channels - ¥ected the voltage
dependence of gating (Stuhmer et al., 1989). Not only were the mid-points for half-
maximal activation shifted. the steepness of activation was also affected suggesting a
change in the apparent gating charge. Neutralization of S4 positive chargas in Shaker K~
channels also led to similar results (Papazian et al., 1991 Liman et al, 1991; Logothetis et
al., 1992).



Table 1.3 Homologous sequences of S4 segments

Aligned single-letter amino acid sequences of the S4 segments of rat brain Na channel.

rat skeletal muscle Na™ channel. human heart Na" channel. rat skeletal muscle Ca™”

channel and Drosophila Shaker K™ channel. All four homologous repeats are shown for

Na* and Ca®" channels. Roman numerals in bracket indicate the corresponding domain.

Conservative arginine (R) and lysine (K) residues are in bola leiters.

Segment Channel Amino acid sequernce

IS4 Na® SALRTFRVLRALKTISVIPCLK

1S4 Ca™ KALRTFRVLRPLRVLSGVPSLQ

1154 Na GLSVLRSFRLLRVFKLAKS WP

1154 Ca™ LGI SVLRCI RLLRLFKI TKYWT

111354 Na~ GAI KSLRTITLRALRPLRALSRFE

[11S4 Ca™ SVVKI LRVLRALRPLRAI NRAK |
VsS4 Na’ RVIRLARIGRILRLI KGAKGI R

1VS4 Ca™ I SSAFFRLFRVMRLI KLLSRAE

S4 K RVI RLVRVFRI FKLSRHSKGLQ
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Interestingly. certain S4 residues seem to play a more significant role in
governing activation than others in homologous positions of other domains suggesting
assymetrical contributions of each S4 segments to activation in Na” channels (Stuhmer et
al.. 1989: Chen et al.. 1996: Kontis and Goldin. 1997). Even mutations of S4 residues
within the same domain showed different effects on gating suggesting that even
individual charges from the same segment contribute differently to this gating process.
Furthermore. the effects of neutralization are not additive suggesting some degree of
cooperativity and a non-linear relationship between these individual charges and gating
valenice (Papazian et al.. 1991: Liman and Hess. 1991: Logothetis et al.. 1992, 1997:
Tytgat et al., 1993).

Not only the positively charged residues in S4 influence channel gating but
substitutions of S4 hydrophobic residues in both Na™ and K™ channels also have profound
effects on channel activation (Auld et al.. 1990: Lopez et al.. 1991; McCormack et al..
1991 1993: Fleig et al.. 1994; Aggarwal and MacKinnon. 1996). Hydrophobic leucine
residues in S4. which occur as highly conserved leucine heptad repeat (McCormack et al..
1991, 1993; Garcia et al.. 1997), also play a significant role in gating. In K™ channels.
these leucine residues are found every seven amino acids and occur five times in a row
starting from the S4 and ending in the beginning of S5. In nthe- proteins. these leucine
heptad repeats signify regions of interchain interactions Replacements of the first and
second S4 leucines with valines dramatically shift the activation gaiving curve negatively
by 70 to 100 mV while changing the one close to S5 shifts the curve positively by 20 mV
indicating the significance of these residues (McCormack et al., 1991). Mutations of
other hydrophobic residues in S4. without changing the charged residues. alter the
voltage range within which gating charges move but not the total number of gating
charge (Aggarwal & MacKinnon. 1996). Therefore, S4 hydrophobic -~sidues may act as
“lubricants™ for S4 movements. In contrast. mutations of hydrophobic residues in other
membrane spanning segments do not have major effects on channel activation (Lopez et
al.. 1991; Li et al., 1998). These findings further contirm that S4 plays a uniquc role in

voltage sensing and channel activation.
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Stabilization of the geometry of the positively charged S4 segments which sit
within the highly hydrophobic lipid bilayer requires the presence of nearby negative
residues in S2 and S3 which form electrostatic salt-bridges with S4 positive charges
(Durrel and Guy; 1996). Neutralization of these negative charges located in vicinity of S4
are therefore expected ‘o influence channel activation. In fact. neutralization of
negatively charged S2 ard S3 residues in Shaker K™ channel either shifts activation in the
depolarizing direction or renders channels non-functional due to disruption of protein
maturation suggesting both functional and structural importance of these residues as
countercharges (Papazian et al. 1995: Seoh et al.. 1996; Tiwari-Woodruff et al.. 1997). In
Chapter 5. 1 will describe the effects of neutralizing several absolutely conserved S3
negatively charged aspartate residues in rat skeletal Na~ channels on gating. In brief.
neutralization of negative S3 Asp resuits in changes in gating that resemble the effects of

neutralization of positive S4 charges.

The exact mechanism by which the S4 segments serve as the voltage-sensor is
unknown. Guy and Conti (1990) proposed that S4 segments are helices that undergo a-
helix-p-sheet transition and propagate outward to a region of the channel which is not
normally in a helical orientation in order to move charged residues outward. There is
nowever no direct experimental evidence to support this model. Furthermore. in order to
accourt for the steepness and voltage-dependence of activation observed in most K™ and
Na™ channels. a translocation of an equivalent of at least 10-14 elementary charges across
the transmembrane electric field is required (Schoppa et al.. 1992; Sigworth. 1993:
Zagotta et al., 1994a.b: Aggarwal & MacKinnon, 1996; Seoh et al.. 1996: Sigg &
Bezanilla. 1997). This implies that each of the four S4 segments needs to move an
equivalent of at least 2.5 elementary charge across the membrane upon ecach

depolarization.

Several questions arise¢ from this scenario. How can the S4 segment possibly
move that many charges (2.5 basic residues plus the intervening residues) across the
transmemorane field so reversibly and so quickly in relation to the kinetics of activation

and deactivation? Horn and colleagues (1997) hypothesize that upon depolarization S4



charges traverse the membrane through a short 'S4 channel”™ which spans the
hydrophobic core of the protein with a physical length of no longer than 11 A (Yang &
Horn. 1995: Yang et al.. 1996. 1997). This S4 channel is nevertheless distinct from the
ion-conducting pore (Figure 1.6). In particular. the S4 segment in DIV translocates a
minimum distance of 5 A through this S4 channel in response to depolarization leading to
channe] activation (Yang & Horn, 1995; Yang et al., 1996, 1997). These investigators
further suggest that the short S4 channel contains st most only one positive residue in
response to each depolarization thereby explaining tne rapid reversibility of activation
while obviating the need for a large number of countercharges. Nonetheless, the exact

mechanisms still remain speculative.

1.8.2 [Inactivation

While activation controls voltage-dependent opening of ion channels. iractivation
is responsible tor their rapid closure and ensures the transient nature of Na™ curreut.
Inactivation of Na” channel can be removed by treatment of the cytoplasmic face of the
channel with proteolytic agents (Rojas & Armstrong, 1971: Eaton et al.. 1978; Oxford et
al., 1978; Hoshi et al.. 1990). These results have led to the proposal of the “ball and
chain™ mechanism for Na” channel inactivation (Figure 1.4B). According to this model,
an inactivation particle (ball) is tethered on the cytoplasmic surface of the channel which
diffuses to a receptor site in the cytoplasmic mouth of the pore thereby physically
plugging the pore (Armstrong, 1981). With cloning of ion channels, this hypothesis has
received considerable support not only in Na* channels but also the Shaker and related K*
channels by identification of cytoplasmic domains on the channel which physically

occlude the pore (Zagotta et al.. 1990; West et al., 1992).

The use of site-directed anti-peptide antibodies directed against various regions of the
Na" channel has located a segment of the channel which is required for fast-inactivation
(Vassilev et al., 1988, 1989). Antibodies directed against the short intracellular segment
connecting homologous domains Il and IV (i.e. the III-IV linker) selectively inhibited

Na’ channel inactivation (Vassilev et al.. 1988: Vassilev et al., 1989).
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Figure 1.6

Schematic depictions of S4 and its channel during hyperpolarizaiion and
depolarization. The S4 channel is distinct from the ion-conducting pore but yet
unidentified. The domain in the foreground is not shown for clarity. Upon depolarization.
the positively charged S4 segments move outward through the corresponding S4 tunnels

leading to channel activation (opening).
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The sequence of this III-IV linker aiso shows striking conservation even among
different Na* channels further support its potential role in inactivation. Indeed. deletions
of III-IV linker greatly slows inactivation (Stumer et al.. 1989). Mutations of the
hydrophobic triplet isoleucine-phenylalanine-methionine (IFM) located within the linker
to glutamines (i.e. IFM-QQQ) completely abolish fast-inactivation with most of the
effects reside in the F-Q substitution (West et al.. 1992). Furthermore, application of the
synthetic peptide acetyl-KIFMK-amide to inactivation deficient Na” channels restores a
fast current decay resembling iractivatior: (Eaholtz et al.. 1994). Based on these results. it
is widely accepted that the [FM motif serves as the inactivation particle of Na™ channel
and occludes the pore by blocking the cytoplasmic mouth of the channel during
inactivation. This hypothesis is further supported by recent studies involving introduction
of a cysteine in the IFM motif that shows the substituted cysteine is accessible to
sulfhydryl-modifying agents only during closed and open states of the channel but is
buried and inaccessible during inactivation when the inactivation particle is bound to its

receptor (Kellenberger et al., 1996; Vedantham and Cannon, 1998).

Unlike the inactivation particle itself. the receptor for this particle is not well
defined. It has been suggested that several hydrophobic residues located in IVS6 may
form part of the receptor for the inactivation ball because of the locations of several
natural mutations associated with muscie myotonia within this segment (Rojas et al..
1991: Cannon and Strittmatier. 1993) and mutations of other S6 residues all disrupt Na”
channel inactivation (McPhee et al., 1994). The local anesthetic receptor. which has been
long thought to be located on the cytoplasmic side of the channel pore. is also believed to
comprise certain S6 residues (Ragsdale et al., 1994). Indeed. the S6 segments have been
suggested to line the cytoplasmic mouth of the pore in all families cof voltage-gated ion
channels thereby contributing to the receptor sites for numerous different classes of

intracellular blockers and drugs, and in the case of Na” channel. also forms part of the

inactivation receptor.
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However. the story is not straightforward and is complicated by the observation
that application of the KIFMK peptide to certain S6 mutant channels (F1764A and
V1774A of rat brain Na“ channel) rescue inactivation implying that the inactivation
receptor may remain intact in these S6 mutants (McPhee et al.. 1995). In other words.
these S6 mutations may destabilize the inactivated state without disrupting the actual
drug binding receptor. Recently, the S4-S5 intracellular loops in each of the four domains
have been suggested to be another potential candidate for forming part of the docking site
for the inactivation particle (Isacoff et al.. 1991; Yang et al.. 1994 Holmgrea et al., 1996;
Mitrovic et al.. 1996; Tang et al.. 1996: Filatov et al.. 1997: Smith and Geldin. 1997:
McPhee et al.. 1998). Obviously, turther experiments are required to fully identify this

molecular receptor for fast-inactivation.

In addition to fast-inactivation which resuits in rapid closure of the charnel by
occlusion of the pore as mentioned abcve, Na™ channels also undergo slow- inactivation
which occurs only after prolonged depolarization (Adelman & Palti, 1969: Chandler &
Meves. 1970). The two inactivation processes are distinguished by their recovery
kinetics. While channels recover from fast-inactivation within several milliseconds.
recovery tfrom slow-inactivation requires tens of seconds or longer (Adelman and Palti,
1969; Ruff et al.. 1987. Simoncini and Stumer. 1987; Ruben et al.. 1992). Slow
inactivation plays a significant physiological role in determining membrane excitability
by modulating the availability of Na” channels (Ruff et al., 1988: Cummins and Sigworth.
1996). Defects in slow inactivation underlie the pathophysiology of many muscle
diseases (Cannon. 1996; Cummins and Sigworth. 1996; Hayward et al.. 1997). The
mechanism is however only poorly understood. The structural determinants of slow-
inactivation are also not as well defined as fast-inactivation. Pore residues have been
suggested to play a role in mediating this gating process implicating *“< homology to C-
type inactivation observed in K™ channels (Tomaselli et al., 1995; Balser et al.. 1996).
Interestingly. slow-inactivation is unaffected when fast-inactivation is removed by either
protease treatment or mutagenesis (Rudy, 1978; Cummins and Sigworth. 1996:
Featherstone et al.. 1996) or when the movement of the inactivation particle (i.e. the fast-

inactivation gate) is blocked by specific antibodies or chemical agents (Vassilev et al..
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1989: Vedantham and Cannon. 1998). Similarly. only slow inactivation is inhibited by
external alkali metal cations while fast inactivation remains unaffected (Townend and
Horn. 1997). Therefcre. fast- and slow-inactivation are likely to be independent processes
(Vedantham and Cannon. 1998) but however not mutually exclusive (Vedantham and
Cannon. 1998). :n addition to fast- and slow-inactivation. a form of ultra-slow
inactivatio:. whose recovery kinetics are within the range of hundreds or even thousands

of seconds. has also been reported in Na” channels (Fox. 1976: Todt et al.. 1997).

The mechanisms of inactivation of Na” and K™ channels share many similarities.
For example, both N-type inaciivation in Shaker K™ channel and fast Na™ channel
inactivation lead to rapid inactivation or closure of the channel by occlusion of the
cytoplasmic mouth of the pore by an inactivation particle (Hoshi et al.. 1990: Zagotta et
al., 1990). Hydrophobic amino acid residues are essential in both cases. Furthermore. the
inactivation gate receptors of bott Na" and K" channels may have similar three-
dimensional molecular structures since non-inactivating K~ channel whose native
inactivation particle has been removed. recognizes the Na~ channel inactivation particle
and restores rapid inactivation despite there being no amino acid sequence identity
between the two different channel inactivation particles (Patton et al.. 1993). It has been
suggested that C-type inactivation is the result of closure of the external portion of the
pore (Armstrong, 1971; Choi et al.. 1991; Hoshi et al.. 1991:. Yellen et al.. 1994).
Interestingly, mutation of a pore residue (DI W402C) in Na” channel also affects slow-
inactivation (Tomaselli et al.. 1995; Balser et al.. 1996). Despite these similarities, N-type
and C-type inactivation of K™ channels are distinct but tightly coupled processes (Hoshi
et al., 1991) whereas the concurrent concept of fast- and slow-inactivation of Na”

channels are separate and independent (uncoupled) processes (Rudy et al.. 1978, Patlak.
1991).

1.8.3 Activation-inactivation coupling

According to the original Hodgkin and Huxley model. both channel activation and

inactivation are voltage-dependent processes (as m and A gates respectively) and are
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independent of each other. Since both activation and inactivation gates are charged and
can move through the membrane field. both processes of activation and inactivation are
therefore predicted to produce gating currents with time course comparable to the Kinetics
of both gating processes. However. it is known that inactivation leads to gating charge
immobilization and does not resuit in gating currents (Armstrong & Bezanilla. 1977:
Bezanilla & Armstrong. 1974, 1975: Armstrong, 1981). In fact when inactivation is
removed by proteolytic digestion, immobiiization decreases (Armstrong & Bezanilla.
1977; Nonner. 1980). These observations are inconsistent with independent gating and a
coupled inactivation model was proposed ‘Hodgkin and Horowicz. 1960. Hoyt. 1965:
Goldman and Schauf, 1972).

The coupled model can be readily appreciated by examining the 3-state scheme
shown irn beginning of this section. Though channels can inactivate from the closed
conformation. they do so at a very slow rate (Horn et al.. 1981). Therefore. access of the
inactivation particle to its receptor is basically available only when the acuvation gate is
open (i.e. when channels are in the open conformation). Armstrong (1981) proposed that
the inactivation particle or its vicinity may be charged but since it only moves through a
small distance within the membrane field. the current generated. if any. is negligible. In
fact much of the inactivation particle (i.e. the [FM motif) is uncharged (West et al.. 1992)
and the flanking positivcly charged residues have little effects on inactivation (Patton et
al., 1992). Moreover. while the inactivation particle is bound to its receptor. it acts like a
foot-in-the-door and hinder closing of the activation gate and subsequent return of gating
charges to their original positions. This coupling model therefore accommodates both the
absence of gating current and gating charge immobilization during inactivation.
Nonetheless. inactivation shows voltage-dependence because it cannot occur until
activation takes place. In other words. inactivation of Na" channel +-rives its apparent
voltage dependence from coupling to the highly voltage dependent process of activation
(Bezanilla and Armstrong, 1977; Nonner, 1980; Aldrich et al; 1983; Zagotta and Aldrich,
1990). This hypothesis is further supported by gating current and mutagenesis studies of
Na" channels (O’Leary et al., 1995; Chen et al., 1996; Kontis and Goldin, 1997a. b). In

fact, neutralization of positive charges in the putative S4 voltage-sensor very ofien have
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profound effects on inactivation as well as activation indicating disruption of the coupling
between these processes (Stumer et al.. 1989: Chen et al.. 1996: Yang et al.. 1997: Kontis
and Goldin. 1997a. b).

The molecular mechanism of activation-inactivatioi: coupling is still poorly
understood. It is believed to involve regions all over the channel including those remote
from the voltage-sensor and inactivation gate. Previous reports have demonstrated that
naturally occurring mutations of human skeletal muscle Na™ channels found in
paramyotonia congenita decouple inactivation from activation (Chakine et al.. 1994: Ji et
al., 1996). In all of these cases, rate and voltage dependence of inactivation were slowed
and lost (either partially or totally) while recovery from inactivation was Lastened. These
are the results of disruption of the functional linkage between the voltage-sensor and the
inactivation gate. In Chapter 5. I will describe two Asp residues located in S3 which also

seem to be responsible for this activation-inactivation coupling.

1.9  Modulation of Na* channel functions

Na” channel functions can be modulated in a number of different mechanisms. As
mentioned (section 1.5), many forms of Na" channels are associated with auxiliary
subunits. They are also important modulators of channel functions. Co-expression of the
a-subunits of neuronal and skeletal muscle Na™ channels in Xenopus oocytes with the f,-
subunit increases current amplitude. accelerates fast inactivation. shifts steady-state
inactivation curve in the hyperpolarizing direction, siows the rate of entry into slow
inactivation and accelerates activation kinetics (Zhou et al., 1991; Isom et al.. 1992:
Bennett et al.. 1993: Cannon et al., 1993; Patton et al.. 1994; Nuss et al.. 1995: Chang et
al.. 1996; ). The effects of B)-subunit on the cardiac subtype is h.-2ver not certain
(Cohen & Levitt. 1993; Makita et al, 1996b; Nuss et al.. 1995; Qu et al.. 1995: Makielski
et al.. 1996). The mechanisms by which B;-subunit modulates Na* channel functions have
been studied using both biochemical and mutagenesis methods (Chen and Cannon. 1995;
Makita et al., 1996b; McCormick et al.. 1998).
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Channel functions are further modulated by ¢cAMP dependent phosphorylation
(Catterall, 1994). While all forms of Na“ channels known to date are modulated by
protein kinase C (West et al.. 1991. 1992: Numann et al.. 1991: Li et al.. 1993: Numann
et al.. 1994: Bendahhou et al.. 1995; Qu et al., 1996; Murray et al.. 1997), protein kinase
A (PKA) aftects only the neuronal and cardiac but not the skeletal muscle subtype (Smith
& Goldin, 1992, 1995). The sites of phosphorylation have been identified (Murphy et al..
1993. 1996). Phosphorylation at some of these sites selectively affects channel
conductance while at others affect gating and other channel properties. In fact. specific
pattern of phosphorylation result in specific functional consequences reflecting the
complex nature of channe! regulation via this pathway (Gershon et al.. 1992: Li et al..
1993; Murmhy et al.. 1993; Schreibmayer et al.. 1994: Frohnwieser et al.. 1995: Smith
and Goldin, 1995, 1997: Murphy et al.. 1996; Cantrell et al.. 1997: Frohnwieser et al..
1997).

Other forms of Na" channei modulation come from co- and post-transiational
glycosylation which are critical for channel conductance. subunit interactions. protein
transport (Schmidt et al.. 1985: Schmidt & Catterall. 1987: Wollner et al.. 1987: James &
Anew, 1989; Cohen & Levitt, 1993; Bennett et al.. 1997), as well as regulation of gene
expression and tissue specificity at the transcriptional level (Kallen et al . 1990: Yang et
al., 1991), etc.

1.10 Na' channel pharmacology

A number of toxins (e.g. TTX, STX, u-CTX, etc) and blockers (Cdz*. Zn**. local
anesthetics, etc) act specifically on voltage-gated Na" channels by various mechanisms.
These agents have been valuable tools in channel localization, ‘dentification and
purification as well as characterization of their structure and functions. Historically, they
were used to separate currents flowing through different ion-selective channels. For
example, tetraethylammonium (TEA) ions selectively block many types of K* channels
and tetrodotoxin (TTX) blocks Na® channels. Advances in molecular biology and

chemistry techniques allow manipulations of both toxins and channels thereby providing
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even further insights into the structure/function of Na™ channel.
1.10.1 Na" channel toxins

Na” channel toxins were classifiad by Catterall (1994) into 6 major classes based

on their mechanisms and sites of action.

Class [ toxins are nositively charged water-soluble heterocyclic guanidines.
Examples of this class of toxins are tetrodotoxin (TTX) from puffer fish (Fugu),
salamanders (Taricha). frogs (Aiclopus) and mollusks (Hapalochlaena). and saxitoxin
(STX) from dinoflagellates (Gonyaulax). p-conotoxins (p-CTX). a polypeptide toxin
isolated from the sea snail Conus geongraphus. also belongs to this category (see also
Chapter 6). Class | toxins are among the most toxic substances known to the mankind.
They typically have dissociation constants (Kp) within the nanomolar range. Class |
toxins inhibit Na” current by binding to a site which is thougnt to be located on tne
extracellular side of the pore thereby physically plugging the outer entrance of the ion-
cenducting channel pore. Toxin binding is also thought to involve extensive electrostatic
interactions between the toxin guanidinium groups and some carboxylic side chains

(from gluwiamates and aspartates) in the pore (Li et al., 1997).

Class Il toxins consist of batrachotoxin (BTX) from frogs (Phyllobates).
veratridine from plants (Lilaceae). aconitine from plants (Aconitum), pumiliotoxins from
frogs (Dendrobates pumilio). and grayanotoxin from rhododendrons. These toxins are
lipid-soluble alkanoids (except grayanotoxin. included because of its functional
similarity) and can freely diffuse across the lipid bilayer. They inhibit (block or slow)
inactivation and shift channel activation to more hyperpolarizing pot~~tials. The result is
activation followed by sustained opening of Na" channels at resting membrane potential.
For this reason, Class II toxins are also referred to as alkaloid channel activators. They
also alter channel selectivity (Albuquerque, 1971; Albuquerque et al., 1973; Catierall &
Beneski. 1980; Marahashi, 1986; Brown, 1988). Since Class II toxins have effects on

both channel activation and inactivation. their binding site is thought to involve regions

47



of the channel that coordinate both gating processes.

North African o scorpion (Leiurus quinquestriatus) toxins and sea anemone
(Condylactis. Anthopleura and Anemonia species) toxins belong to Class IIl toxins.
These toxins are polypeptides that either slow or block channei inactivation. They also
enhance binding of Class II toxins to their receptor by as much as 20-fold (Catterall.
1981). Class III toxins are believed to bind to the voltage-sensing apparatus of sodium
channels since the voltage-dependence of Class Il toxin binding closely parallels the

voltage-dependence of channel activation.

North American [ scorpion (Centruroides. Titvus and Androctonus species)
toxins are Class IV toxins. They modify Na™ channel activation and e¢nhance binding of

Class II toxins. However. channel inactivation is unaffected by these toxins.

Cyclic polyether compounds such as brevetoxins (from Prvchodiscus brevis).
icthytoxin and ciguatoxin (from Gambierdiscus toxicus) are Class V toxins. They shift
the voltage dependence of channel activation in the hyperpolarizing direction and cause
repetitive firing. Class V toxins also enhance the effects of Class Il toxins but do not
compete with Class III toxins (Catteral: & Gatiner. 1985). Finaliy, Class VI toxins consist
of toxins isolated from Gonioporu slow channel inactivation but also do not compete

with Class IIl toxins (Barchi. 1988).

In Chapter 6. 1 will describe identification of several pore residues that are critical

determinants of the binding of a Class I toxin, u-CTX. to the rSkM1 Na" channels.

1.10.2 Anti-arrhythmics and local anesthetics:

Interactions with Na* channels

Antiarthythmic drugs are classically classified into four types (types | to 1V)
according to the methods originally proposed by Vaughan Williams (1981). In type I
(e.g. lidocaine). the drugs primarily inhibit Na" current by interacting with the Na
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hannels (Figure 1.7). In type II (e.g. propranolol). the agents are sympatholytic drugs
that block P-adrenergenic receptors. In type III (e.g. amiodarone), they are drugs that
prolong the repolarization phase of the action potential without appreciable blockade of
the Na™ currents. In type [V (e.g. verapamil), the drugs are Ca* channel antagonists. It is
type . drugs that are of primary interest of this thesis because of their eftects on Na’

channels.

Type | class antiarrhythmics are aiso commonly used as local anesthetics to
ach»ive anesthesia. Type I is further subclassified by Harrison and others (1981 ints
1yves IA (e.g. quinidine. procainimide. disopyramide. cibenzoline), IB (e.g. lidocaine.
tocainide. mexilitene. morcizine) and IC (e.g. encainide. flecainide. lorcainide.
propafenone, indecainide). Type IA are drugs that depress phase 0 oi the action potential.
slow its conduction and prolong repolarization. In contrast, type I[B shortens
repolarization and depress phase 0 only in abnormal tissues but not the normal ones.
Type IC markedly depresses phase 0 and slow conduction whiie having little effects on
repolarization (i.e. overall action potential duration). This Vaughan Williams
classification method was solely physiologically based and was derived at a time when

knowledge in electrophysiology was not as extensive.

Drugs classified according to this method often shcw multiple properties. Drugs
from different classes show similar properties while the effects of drugs from the same
class may not be identical. Dissatisfaction has led a group of basic science and clinical
investigators meeting in 1991 in Sicily to consider new approaches of classification. The
so called Sicilian Gambit classifies antiarrhythmics more systematically based on their
actions and underlying arrhythmogenic mechanisms. The Vaughan Williams method is
nevertheless useful as a form of general framework for underst..ting the clinical

electrophysiologic properties of antiarrhythmics.

How do Type I antiarrhythmics and local anesthetics modulate Na™ currents?
There are two major classes of action: tonic block and use-dependent (or frequency-

dependent or phasic) block. It should be pointed out that the term “drug block™ refers to
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Figure 1.7

Schematic diagram demonstrating the three states of Na" channels and their interactions
with local anesthetics (LA). Hydrophilic LAs can bind to the local anesthetic binding site
(LABS) only when both activation (m) and inactivation (k) gates are open i.e. when the
hydrophilic pathway is avaiiable. In contrast, hydrophobic LAs can bind to the LABS
(via the hydrophobic pathway) even while the gates are closed by diffusing across the
bilayer membrane. Polar amphiphilic drugs are capable of taking both pathways. Drug-
bound channels need to release the drug molecules before they can recover from
inactivation. Therefore. LAs slow recovery from inactivation (see Chapter 7 for further

details).
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the reduction of ionic flux as a result of drug binding to the channel by whatever means
and does not necessarily imply a physical “plugging” of the channel pore. For example.
stabilization of the non-conducting inactivated states by preferential drug binding to these
conformations will also lead to an apparent reduction in ionic current. Drug binding is a
dynamic reversible process depending on the affinity of the drug receptor (i.e. the local
anesthetic binding site), whose exact constituents are presently unknown, as well as
access to this receptor site. In general, tonic block represents block of sodium current at
very low stimulation frequency (<0.25 Hz) and primarily reflects drug binding to resting
or open channels. In contrast, use dependent block is additional block caused by high
frequency repctitive stimulations or depolarizations (>1 Hz) as a result of accuinulition
of drug-bound inactivated channels between pulses since these channels recover more
slowly from inactivation. The degree of use-dependent block is dependent on drug
polarity with the hydrophobic ones (e.g. benzocaine) showing least use-dependence
because these drugs are abie to bind and unbind to the LABS very rapidly tnersby

reaching equilibrium very quickly and hence no accumuiation of block.

Two hypotheses have been proposed to account for the mechanisms of channel
blockade by local anesthetics: 1) modulated receptor and 2) guarded receptor hypotheses.
The former proposes that drug binding to Na” channels is highly state-dependent and
different states of the channel possess different affinities for drugs whereas the latter
hypothesizes that there is only one receptor site for drug with a constant drug binding
affinity but only accessibility to this site is shielded differently in different states. These
hypotheses will be discussed in greater details in Chapter 7. I will also describe in
Chapter 7 the identification of a pore residue in mammalian Na" channels which is
critical for local anesthetic binding. In Chapter 8. I will then describe the use of a novel
strategy, the “Anchor-Linker-Drug™ strategy, which we develop t~ study the spatial
relationship between the outer pore and the local anesthetic binding siie as well as to
develop a tissue-specific local anesthetic which targets specifically and exclusively to the
cardiac Na” channels. The deveiopment of a cardiac-specific anti-arrhythmic agent is
highly desirable because many of the currently available therapies for treatment of

electrical disturbances developed in cardiac arrhythmias are ineffective owing to their
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side-effects on Na” channels in tissues other than the heart (Chapter 8).

1.11  Scanning Cysteine Accessibility Method (SCAM)

With advances in molecular biology. more and more protein clones are becoming
available at a breathtaking pace. With the primary sequences in hands. mutagenesis is
routinely exploited to study structure-function relationships of proteins. Combination of
these molecular techniques and electrophysiology has provided important insights into
structure-function of ior channels. Common mutagenic strategies involve generation of
chimeric constructs from related genes. random mutagenesis. deletion mutagenesis.
strategically placed point mutations and scanning mutagenesis, etc. In particular. the
Scanning Cysteine Accessibility Method (SCAM) is employed throughout this thesis to

investigate the structure-function relationships of Na“ channels.

The scanning mutagenesis strategy invoives substitution of a series of amino acids
of a protein with another residue. Alanine and cysteine are commonly chosen as the
target residues for reasons listed below. Alanine substitution merely replaces the original
side chain with a conservative methyl group thereby allowing examination of the
functional importance of the chemical identity of the native side chain. In addition.
alanine does not normally alter the main chain conformation as do amino acids such as
glyciiie and proline. Therefore. alanine substitution is generally well tolerated.
Repiacement with cysteine has similar advantages as alanine substitution but further
allows post-translational protein modifications at specific sites because of the reactivity
of the thiol side chain for sulfhydryl modifiers and its sensitivity to the redox state of the
immediate cellular environment (see below). In both cases. the major idea of this
scanning approach is that alanine or cysteine substitutions remove th~ vnique structural
and/or functional properties of the side chain of the native residue at a given position of
the protein of interest thereby allowing screening of functionally or structurally critical

amino acid residues.

The Scanning Cysteine Accessibility Method (SCAM) was first introduced by
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Falke et al (1988) and Akabas et al (1992) to study a bacterial sensory receptor and
acetylcholine receptor respectively. The strategy has also been used in structural and
functional studies of a number of other channel proteins such as the aspartate receptor
(Falk et al, 1988, Pakula et al.. 1992), colicin (Todd et al.. 1989. Jakes et al.. 1990).
bacteriorhodopsin (Altenbach et al.. 1990}, dopamire receptor (Javitch et al.. 1995).
cyclic nucleotide-gated (CNG) channel (Sun et al., 1996), cystic fibrosis transmembrane
conductance regulator (CFTR) (Cheung & Akabas. 1996). K* channels (Yellen et al..
1994; Lu and Miller. 1995; Kurz et al., 1995; Pascual et al., 1995) and Na channels
(Tsushima et al.. 1997a. b: Li et al.. 1997), etc. The method involves replacement of
individual amino acids with cysteines using site-directed mutagenesis followed by
assessment of the ability of aqueous-limited polar sulthydryl-specific modifiers to modity
the side chain of the substituted residues (Figure 1.8). Like all other mutagenesis studies.
SCAM also makes certain basic assumptions that might critically influence data
interpretation. SCAM assumes that amino acid replacements do not result in global and
nonspecific alterations of the structure and function of the protein of interesi and that the
side chain of the substituted cysteine lies in an orientation similar to that of the native
wild-type residue. Addition of aqueous-limited sulfhydryi-specific modifving agents
should react more readily with cysteine sulfhydryls exposed to the aqueous phase than
with sulfhydryls exposed to the lipid or internal face of the protein. In other words.
residues whose side chains project into the lumen of the channel are accessibie whereas
those buried within the lipid membrane or protein are not. Change in current or other
channel properties such as gating upon reaction between the substituted sulfhydryl and its
modifier would indicate that the residue in question is accessible and modified thereby
allowing identification of both location and functional importance of the residues being
studied. It should be pointed out that, however, it is dangerous to overinterpret these
results since it is possible that application of sulfhydryl modifiers as “iaphysical probes
could result in trapping of a subset of channel states which may not be true

representatives of the real dominant states.

Some of the most commonly used biophysical probes in SCAM studies are metal

ions such as Zn?*. Cd**, Ag" and methanethiosulfonate (MTS) derivatives. MTS agents
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Figure 1.8

Schematic representation of Scanning Cysteine Accessibility Method (SCAM).

A) A cysteine substituted mutant channel is sensitive to aqueous-limited sulfhydryl-
specific biophysical probes (e.g. Cd?". Zn®" MTS-derivatives, etc) only if its side-chain is
exposed to the aqueous phase. Side-chain orientation is assumed to be the same as that of
the original native residue in WT channels.

B) Mutant channel is insensitive (i.e. same as wild-type) to sulthydry! reagents if the

substituted side-chain is buried within the protein.
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such as CH3;SO0,SCH.CH,NH;" (MTSEAT™). CH;3SO,SCH;CH.NMe;™ (MTSET").
CH;S0,SCH;CH>S05” (MTSES") and CH3SO,SCH,CH> C¢Hs (MTSBN) are reactive
mixed disulfides that covalently modify the inserted cysteines by attaching to the free
sulthydryls in the aqueous environment either positively charged, negatively charges or
neutral moieties. Addition of these MTS derivatives therefore allows changes of the
chemical identity of the inserted cysteinyls, at a post-translational level. with specific
chemical groups possessing unique properties and charges of choice. Recent studies
involving the use of these sulfhydry! modifiers (Yang and Horn. 1995: Larsson et al.,
1996; Yang et al., 1996, 1997) and sulfhyd-yl-specific fluorescent tag (Mannuzzu et al..
1996) in combination with different electrophysiological protocols have provided direct
physical evidence that S4 segments undergo physical translocation during channel
activation. These dynamic structural information regarding channel proteins cannot be
obtained even from crystallography. In addition. since strict geometric constraints are
required in order for two cysteines to either crosslink or form a coordination site for
binding of group Il divalents. paired cysteine mutagenesis has been used to study
structural dynamics and to estimate physical distances in proteins. Therefore, SCAM is a

very powe:ful technique to investigate structures and functions of ion channels.

112 Summary and perspectives

Understanding the Na” channels at the molecular level is of such physiologic
importance as this class of proteins underlies the fundamental basis of electrical
signalling in all excitable cells in higher organisms. Advances in areas such as molecular
biology, electrophysiology and pharmacology have further accelerated our pace of
understanding of these prcteins and their interactions with drugs. More effective and
rational drug designs are anticipated within the next decade as more is "mown about these

proteins.

The subsequent chapters describe research that I conducted over the past three
years. They are meant to add more information to the existing body of knowledge

concemning the Na’ channel in terms of its pore structure (Chapter 3), molecular
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functions: ionic selectivity (Chapter 4) and channel gating (Appendix). and
pharmacology of toxin (Chapter 5) and local anesthetic (Chapter 6) binding as well as the
development of a novel agent (i.e. Anchor-Linker-Drug or ALD) to study the spatial
relationship between the channel pore and local anesthetic binding site (Chapter 7) 6f Na”
channels. The ALD strategy that we employed further provides a foundation for
development of a cardiac specific antiarrhythmic which is clinically desirable since many
of the current therapies are ineffective owing to their side effects on channels other than

the cardiac. This approach can be generalized and applied in designs of other tissue-

specific agents.
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CHAPTER 2
GENERAL METHODS

In this chapter. [ will describe the general methods employed in all studies
presented in this thesis including molecular biology, heterologous expression and
voltage-clampling techniques etc. Specific experimental protocols are further presented in

the ‘ndividual pertinent chapters.
2.1 Moiccular Biology

For mutagenesis. a 1.9 kb BamH I-Sph I (for domain | mutations) and 2.5 kb Sph I-
Kpn I (for domain II, Il and IV mutations) fragment of the rSkM1 Na" channel (Trimmer et
al., 1989) were subcloned into pGEM-11f and pGEM-7f (Promega, Madison, WI)
respectively. Mutations were introducec by site-directed mutagenesis using uracil-enriched
single-stranded DNA (Kunkel. 1985). The mutation was confirmed by dideoxy nucleotide
sequencing (Sanger et al., 1977) prior to subcloning into the expression vector pGW1-CMV
(British Biolabs, Oxford, UK) containing the full length Na" channe! clone. The final clone

was re-sequenced to ensure the desired mutation was present.
2.1.1 Site-specific Mutagenesis
2.1.1.1 Kinase Reaction

Kinase reaction was performed to add phosphate to the S end of the mutagenic
oligo for latter extension (i.e. polymerase reaction) after annealing wii’: = single-stranded
DNA template of the phagemid vector (i.e. pGEM) carrying a cassette of the Na~ channel
clone. Oligo (3 pl, 20 pg/ml), 10X kinase buffer (2 ul), 10 mM ATP (2 pl), T4 kinase (1 ul,
6 unit) and dH,0O (12 pl) were mixed together and incubated at 37°C for 90 min for the
kinase reaction to take place. The mixture was then incubated at 65°C for 10 min to heat

inactivate the kinase.
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2.1.1.2 Preparation of single-stranded DNA template

A pGEM vector carrying a cassette was first transfected into CJ 236 or BW 313
cells. These two strains of cells are dut ~ ung ~ and lack the corresponding gene products
dUTPase and uracil-N-glycocylase. Deficiency of these enzymes result in elevated level of
dUTP and suppressed replacerient of uracii by thymine in DNA. The process of
transformation is described in section 2.2.1.1. A well separated colony was groWn overnight
in 2 X YT broth (2 mL). The overnigbt culture (1 ml ) was inoculated into a 250 mL flask
containing 2 X YT (40 mL) with ampicilin (50 pg/ml). The entire culture was incubated at
37°C and grown o an OD,,, reading of 0.3-0.5 before the helper phage M13K807 (100 ul)
was added. The culture was incubated again at 37°C overnight with vigorous shaking. The
overnight culture was poured into a 30 ml sterile polypropyiene centrifuge tube and spun at
5,000 rpm for 15 min at 4°C. The supernatant was isolated and poured into another 50 m!
centrifuge tube and spun at 5,000 rpm for 15 min at 4°C. RNAse (10 pg/ul, 20 ul) was
added and incubated at room temperature for 30 min to degrade the presence of any RNA.
2.5M NaCl/20% PEG 800 (10 ml) was next added and incubated on ice for 1 hour. The
phagemids were collected by centrifuging at 7,000 rpm for 20 min. The supernatant was
discarded and the nellet was resuspended in TE buffer (400 pl) and transferred to a 1.5 ml
microtube. The suspension was chilled on ice for 30 minutes followed by centrifugation at
5,000 rpm for 2 minutes to remove the insolubles. The supernatant was then transferred to
anoiher microtube. The entire mixture (400 ul) was extracted with TRIS-equilibrated
phenol (400 pl). The extraction process was repeated 5 times with phenol: chioroform:
isoamyl alcohol and 3-times with chloroform :isoamyl alcohol to purify the single-stranded
template DNA. 3M NH,OAc (1/10 volume) and 100 % ethanol (2.5 voi.i.:2) was added and
the final mixture was incubated at -70°C for at least 30 min for DNA precipitation. The
DNA mixture was spun at 4°C for 15 min and the pellet collected was washed with 70%
culd ethanol, air dried and resuspended in TE (20 pl).
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2.1.1.3 Annealing reaction

Template DNA (2 pl. 300ng). the mutagenic oligo* (1 pl, 10 pmol) and 10X
annealing buffer (1 ul) (see 2.6 for incredients) and water (6 ul) were mixed together. The
entire mixture was heated to a temperature 20°C higher than the T, of the oligo for 5 min
and then allowed to cool slowly to RT. The mixture was then piaced on ice for 5 min. While
on ice. 10X synthesis buffer (1 ul) (see also 2.6). T4 DNA ligase (1 ul) and T4 DNA
polymerase (1 ul) were added to the mixture. incubated in Z5°C water bath for 5 min.
followed by 37°C water bath for 2 kours to produce double-strandcd circular phagemids.
Unlike the template. the newly formed DNA strand containing the mutagenic oligo carried
thymine instead of uracil. The mutagenesis reaction mixture (5 ul) containing the
heteroduplex molecules was transformed into DHS5a competent cells (50 pl) which produce
normal dut and ung gene products. The original non-mutagenic uracil-containing DNA
terapiate will be degraded within DH5a cells thereby increasing the efficiency of recovery

of mutant DNA.

2.1.1.4 Screening for mutation

At least 3 well isolated colonies from each transformation of mutagenesis product

were cultured and screened for the desired mutation by dideoxy nucleotide sequencing.

2.1.2 Sequencing

Plasmid DNA to be sequenced was first denatured by treating with alkali. DNA
(0.5-1.0 pmol, 20 ul) was added to 2M NaOH/2 mM EDTA (2 ul), mix .2 and incubated at
37°C for 5 min for denaturation. The mixture was placed on ice, to which 3M sodium
acetate (pH 6.0, 7 ul) was added to neutralize the DNA solution. 95% ethanol (75 ul) was
added and then placed on ice for 10 min for DNA precipitation. The mixture was spun at
13,000 rpm for 10 min. DNA pellet was collected and washed with 75% ethanol (400 pl).
Denatured DNA (0.5-1.0 pmol including 1 pug M13) was combined with the sequencing
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vrimer* (0.5 pmol) and the sequencing reaction buffer (2 pL) (see 2.6). The reaction
mixture was brought up to 10 uL with dH,O and the annealing reaction was allowed to
procerd at 65°C for 2 minutes. The reaction mixture was then allowed to cool at room
temperature for 30 minutes and chilled on ice. To the annealed template-primer. DTT
(0.1M. 1 ul), labelling mix (diluted 1:5, 2 pl), [o-PJdATP (5 uCi. 0.5 ul) and T7 DNA
polymerase (3.25 units) (Amersham, Cleveland. OH) were added. The mixture was mixed
thoroughly and incubated at room temperature for 5 minutes. 4 tubes were labelled *A’. *T".
‘" and "G’ and each filled with the appropriate dideoxy termination mix (2.5 pl). These
rabes were pre-warmed to 45°C. Lacking the 3" hydroxyl group. dideoxy nucleotide i3
incapable for further extension. Polymerase reaction therefore stopped whenever a dideoxy
nucleotide was incorporated resulting in fragments of different lengths terminated at every
*A’,'T", *C’ or G’ in the appropriate reaction tubes. The completed labeling reaction from
above was transferred to each of the 4 “A’, ‘T’. ‘C’, "G’ labeled tubes in 3.5 ul aliquots.
The tubes were incubated ai 37.°C for 5 minutes followed by addition of the stop solution (4
ul to each tube), mixed and stored on ice. The samples were heated to 80 °C for 10 minutes

for denaturation, then loaded (3 ul each) to a polyacrylamide gel.

The loaded gel was run at 100 V for 6 hours followed by exposure to a film (Kodak.

Toronto, Canada). The sequence was read to confirm the presence of the desired mutation.

* Mutagenic oligos and sequencing primers were pre-designed. Concentration of
oligo/primer was determined by reading the optical density at 260 nm (OD,y). The
concentration was calculated using the equation: Concentration (pmol/ul) = OD,, / (0.01 *

N) where N is the number of bases the oligo/primer contains.

2.1.3 Molecular Subcloning
Once the desired mutation was confirmed by sequencing, the cassette carrying the

mutation in the pGEM vector was subcloned first into the vector p64T* which carries the

full length of rSkM1 Na" channel gene subcloned at Bgll sites. p64T* was chosen because
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it lacks the convenient restriction sites BamH1. Sphl and Kpnl. The full-length gene
carrying the mutation in p64T* was then spliced into pGW1H for protein expression at Bgll
sites (Figure 2.1) Plasmid DNA was transformed and amplified in the DHSa strain of
E.Coli and extracted using the conventional miniprep method for all subcloning purposes.
Extracted DNA was cut with proper restriction enzymes and ligated with the appropriate
fragments. Ligated DNA was transformed, re-amplified and extracted as above. cDNA (in
GWI1H) for oocyte injection was prepared using Qiagen spin columns instead of miniprep

for purity reasons. These piocedures are described in details below.

2.1.3.1 Transformation

Competent DH5a. cells were kept as aliquots (20 pl) frozen at -70°C. The celis were
allowed to sit on ice for 15 min before transformation for thawing. DNA (3 pl, 0.01 pg/ul)
was added to the DHSa cells. The mixture was incubated ai 27°C for 15 minutes. .13 (500
ul) was then added to the transformed cells. mixed and spread on a LB/Ampicilin agar

plate. The plate was incubated at 37°C overnight.

2.1.3.2 Miniprep

The standard miniprep procedure was used for preparing DNA for all subcloning
purposes. A well isolated colony was grown in LB (2 ml) overnight at 37°C. The overnight
bacterial culture was spun at 3,000 rpm for 10 min. The supernatant was discarded and the
bacterial pellet was coilected. Solution I (150 ul) was added to the pellet and vortexed for
30 sec to mix. Solution II (300 ul) was added to the mixture to lyze the cells. The mixture
was inverted very gently for 5-6 times to mix. Solution III (250 ul) wa. added 5 min after
addition of Solution II for neutralization. The mixture was again inverted 5-6 times to mix
and then centrifuged at 13,00 rpm for 15 min. The supematant was transferred to a fresh
microfuge tube to which 100 % ethanol (2X volume) or isopropanol (0.7X volume) was
added. The microfuge tube containing the DNA was placed on ice for 1 hour for DNA
precipitation. The DNA pellet was collected and vacuum dried. dH,0 (50 ul) was added to
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Figure 2.1
Flow diagram showing subcloning of mutagenic cassettes ercoding for DIIL. III and [V

(Sphi-Kpnl) into the expression vector pGWI1H. Subcloning of DI cassettes was similar

except BamHI-Sphl sites were employed.
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dissolve tae pellet.

2.1.3.3 Restricrion digestion of DNA

wGEM vectors (Promega, Madison, WI) carrying the mutagenic cassettes encoding
for domain I were cut with BamH1-Sphl while those for domains II. III and IV were cut
with Spi:1-Kpnl. The digested fragments were separated in a 10% agarose gel dissolved in
1X TAI solution with ethidium bromide (10 pg/100 ml) using electrophoresis. The gel was
run fo: at ieas. | hour at 100 V. The desired fragments containing the mutations (i.c. 1.9 kB
for pGEM-: 1f" and 2.5 kB for pGEM-7f") were cut using a razor blade. Similarly. the
vector 64T* (3 kb) containing the full-length rSkM1 Na™ channel gene (6 kb) at Rgll sites
was cut with BamH1-Sphl and Sphl-Kpnl to yield 7.1 kb and 6.5 kb fragments
respectively. Appropriate fragments were ligated together (see 2.2.4). Similarly. full-length
gene carrying the desired mutaiion in-po4T* was cut and subrioned into nGWI1H at Bgll

sites.

2.1.3.4 Dephosphorylation

pGW1H was dephosphorylated prior to subcloning to minimize self-circularization
because of the presence of two identical cohesive ends after restriction digestion with Bgll.
Bgll cut pGW1H was precipitated with 100 % ethanol (2X volume) on ice for 30 min then
spun at 13,000 rpm for 10 min. The pellet was collected. washed with 70% cold ethanol.
vacuum dried and dissolved in dH,0O (90 ul). 10X Calf Intestine Phosphatase (CIP) buffer
(10 ul) and CIP (0.5 ul) were added. The mixture was incubated at 37°C for 30 min to
dephosphorylate and subsequently at 85°C for 15 min to heat inactiva.. the enzyme. The
mixture was cooled slowly at room temperature for 20 min before the DNA was
precipitated with ethanol as before. The DNA pellet containing the dephosphorylated vector
was dissolved in dH,O (10 ul).
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2.1.3.5 Ligation

For ligation. the vector was mixed with the fragment to be ligated in a 1:5 ratio by
weight of DNA. Ligase (1 unit), 10X ligase buffer (1 ul), 10 mM ATP (1 pl) were added to
the mixture. The volume of the fin~i reaction mixture was brought up to 10 pl with dH,O.
The ligation mixture was incubated at 16°C for 1 hour before transformation into competent

DHS5a cells on an agar/ampicillin plate.
2.1.3.6 Screening of ligation products

| At least S distinct colonies from each ligation product were grown for screening of
the desired products. DNA was extracted using miniprep as described in section 2.2.1.2. For
Na™ channel clones in p64T*, successful incorporation of the mutagenic fragment was tested
by digesting the corresponding clone with Bgll to yield the full-length 6.0 kb gene and the
3.0 kb vector. For clones in pGW 1H. proper orientation of the Na™ channel gene was tested
by digestion with Kpnl. There were three possibilities: correct orientation. incorrect
(backward) orientation and empty vector. Correct orientation should yield two bands each
of 5.1 and £.9 kb in length. In contrast, backward orientation would yield a 1 and a 10 kb
fragmerts. Empty vector would yield a single 5 kb band indicating absence of the gene

(Figure 2.1).
2.1.3.7 DNA Purification

The Qiaprep Spin Plasmid kit (QIAGEN Inc., Chatworth. CA) was used to purify
cDNA for injection into Xenopus oocytes. DH5« cells were transforn. .- with appropriate
¢DNA and grown in LB broth (5 ml) overnight at 37°C. The overnight culture was spun
down and the pelleted bacterial cells were resuspended in Buffer P1 (250 ul) and transferred
to a microfuge tube. Buffer P2 (250 ul) was then added and the mixture was gently inverted
for 5 times to mix. Buffer N3 (350 pul) was added 5 min after addition of Buffer P2 and the

raixture was inverted S times to mix as before. The final mixture was spun at 13.000 rpm
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for 10 min. The supernatant obtained was added to a Qiaprep ¢olumn placed in a 2 ml
collection tube and spun at 13,000 rpm for | min. The flow-through was discarded. Bufter
PE (0.75 ml) was added to the spin column and spun at 13.000 rpm for 1 min. The flow-
through was again discarded and the spin column was spun again at 13.000 rpm for an extra
1 min to remove any residual wash buffer. Finally. the spin coluinn was placed in a 1.5 mi
microfuge tube and dH,0 (50 ul) was added and allowed to stand for | min. The eluant
containing the cDNA was collected by centrifuging at 13.00 rpin for 1 min. Typical yield of
c¢DNA this method was 10-20 pg.

2.3  Heterologous Expression

The Xenopus oocyte system is repeatedly used in this thesis for expression of all Na™

channel clones and is described in detail below.

2.3.1 Xenopus Oocyte Expression System

The Xenopus oocyte expression system was first introduced by Gurdon in 1971 as a
means to study various aspects of thz control of gene expression (Gurdon et al., 1971).
Injection of cDNA into the nucleus or mRNA into the cytoplasm led to the expression of
functional proteins by the oocytes. It was in 1982 that Bamnard and co-workers first
demonstrated that various types of ion channels and receptors could be expressed in oocytes
after injection of mRNA isolated from the appropriate tissues (Barnard et al.. 1982). In this
thesis, this expression system was used in combination with mutagenesis to study the

structure and function of Na™ channels.
2.3.1.1 Oocyte Isolation
Adult female Xenopus laevis (Nasco, Ft. Atkinson. WI) was anesthetized by

immersion in 0.25% tricaine (Sigma Chemical Co., St. Louis, MO) solution for 10-15 min.

A small incision (7-10 mm) was made on the anesthetized frog in the abdomen. Stage V or
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Vi oocytes (Figure 2.2) were removed from Ovarian lobes were pulled out from the incision
and placed in sterile ND96+++ solution. A simple suture was used to close the incision. The
surgertzed frog was placed in water to allow for recovery. Ovarian lobes were teased open
and broken into smaller clumps. The oocytes were placed into a 15 mi tube and rinsed with
{a’ free OR-2 solution for 3-4 times until clear. The oocytes were transferred to another 15
ml tbe filled with 2 mg/ml collagenase (Type [A. Sigma) in OR-2 for digestion. The
digestion was done at room temperature for about 45 minutes until many single isolated
occytes were released. Caution was made to ensure cells were not overdigested. Afeer
d:gestion was complete. oocytes were rinsed with OR-2 3-4 times and then transferred to a
petr: dish for screening under microscope. Only healthy stage V or VI oocytes (Figure 2.)
were selected for injection. Oocytes with white spots developed on their animal pole were
discarded. Selected oocytes were placed in ND 96+++ solution containing 2.5% fetal
povine serum (FBS) to promote the removal of the follicular layer. Defolliculated oocytes
were ready for injection and stored in ND 96+++ at room temperature. Solution was

changed daily to keep the oocytes healthy.

2.3.1.2 Injection of cDNA

50 ni of cDNA (final concentration: 0.1-1.0 ug/ul) encoding for the o subunit of
wild-type (rfSkM 1) or mutant channels, and the rat brain B, subunit (Isom et al.. 1992) (ratio
of a: B, subunit by weight was 1:5) were injected into the nucieus of healthy. stage V-VI
oocytes from the dark-colored animal pole using a 10 ul micrepipettor. All cDNA dilutions
were made by adding appropriate volume of DEPC (diethylpyrocarbonate) water to the
QIAGEN cDNA prepared as described in 2.3. Injected oocytes were incubated at room

temperature in ND96™™" solution for 24 to 72 hours for protein expressiu...

24  Electrophysiology

Voltage-clamp is a powerful technique. Except for a brief period required for

charging the membrane after stepping to a new voltage, the capacitive current arising from

69



the membrane capacitance is eliminated as the membrane potential is held constant. Since
the membrane potential is held constant, the currents that flow are proportional to the
membrane conductance (i.e. number of open channels) and any changes in kinetics of a

particular type of ionic current can be addressed as changes in functional properties of this

channel.

2.4.1 Two-electrode Oocyse Clamp

Whole-cell current racoudings of Xenopus oocytes expressing the desired channels
were done at room temperature (20-22°C) using a two-electrode voltage-clamp amplifier
(OC-725A, Warner Instruments. Hamden. CT) as outlined in Figure 2.2. The voltage-
electrode is responsible for detecting the membrane potential relative to the ground. This
measured potential is compared to the pre-set command voltage at the amplifier. The
current electrode injects a current equal in magnitude but opposite in direction to the
currents going through the open ion channels to counteract with their effects and bring the
membrane potential back to the command voltage thereby voltage-clamping the membrane
potential constant. Whole-cell currents flowing through the ion channels are measured by
determining how much current is needed to maintain the membrane potential at a particular
command voltage. Microelectrodes (TW120F-6, World Precision Instruments. Sarasota,
FL) were agarose-plugged to maintain stability and filled with 3 M KCl and had a final
resistance of 1-3 MW. Electrode penetration was achieved by advancing the electrode into
the oocyte until it dimples the membrane and finally visibly pops into the cell. Whole-cell
currents were typically evoked by step depolarizations from -60 to +50 mV with 10 mV
increments from a holding potential of -120 mV. The currents were digitized at 10 kHz and
low-passed filtered at 1-2 kHz (-3 dB). A P/4 protocol was utilized for . .:!: and capacitance

subtraction. Current records and data were collected using custom-written software.

2,42 Single Channel Recording

Oocytes expressing whole-cell currents between 5 and 10 pA were chosen for s
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Figure 2.2

Two-electrode voltage-clamp set-up and a healthy stage V-VI Xeropus oocyte.

Feedback circuit representation of the two-electrode oocyte clamp set-up. The cell can be
considered as a simple RC circuit where C, is the meinbrane capacitance and R,, the
membrane resistance. R, and R, represents the resistance of the current and voltage
electrodes respectively. R, represents resistances frem other sources such as the bath
solution and the bath ground. The amplifier (A) is designed such that V. ..c 1S always

equal to V, the output to the current electrode is therefore V,, - V, -V . -0
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ingle-channel recording. The vitelline membrane was removed prior to any recording.
Oocytes were placed in a hypertonic stripping solution to promote shrinkage. As the
oocyte shrunk, the vitelline membrane detached from the cell membrane and appeared as
a transparent spherical coating around the oocyte. It was mechanically removed with a
pair of fine watchmal-=r forceps under a light microscope. Oocytes were extremely fragile
when defolliculated and any contact with the air-water interface during transferring was

avoided.

Single-channel cwvents were measured in the cell-attached (inside out)
configuration (Hamili. Miarty, Neher. Sakmann and Sigworth. 1981) (Figure 2.3A) at
rooin temperature using an integrating headstage (Axopatch 200A. Axon Instruments.
Foster City. CA. USA). Data were sampled at 10kHz and low-pass filtered (4-pole
Bessel, -3 dB at 2 kHs). Electrodes were fabricated from 1.5 mM outer diameter thin-
walled borosilicate glass (1BBL. World Precisien Instruments Inc.. Sarasota. FL) pulled
on a Sutter puller. fire-polished and coated with Sylgard to reduce the glass capacitance.
Final resistance was 5-10 MQ. A high K" bathing solution was used to zero the cell
membrane potential. The glass electrode is brought into contact with the membrane
surface of the oocyte. Application of gentle suction, without breaking into the cell as in
the case of whole-cell patch-clamp recording, leads to the formation of a giga-ohmn seal
between the pipette and the lipid bilayer. Due to the small size of the electrode and the
highly resistant seal, single or several ion channels can be isolated in the patch and the
specific currents flowing through these channels are captured. Electrophysinlogical
recordings can be performed either in the cell-attached inside-out configuration with the
patch remains intact or in the excised inside-out mode (Figure 2.3B) where the membrane
patch is mechanically ripped off from the membrane. In the cell-c.:zched mode. the
intracellular contents remain undisturbed whereas in the inside-out patch the millieu of

the cytoplasmic side can be controlled.
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Figure 2.3

Different cell-recording configurations.

Single-channel and macropatch recordings can be done in the on-cell or cell-attached
patch mode (A). The patch can be pulled off the celi to form the inside-out or excised
patch configuration (B). Alternatively. cell patch can be ruptured to form the whole-cell
configuration (C). The excised-patch and whole-cell configurations have the advantage of

total control over the cytoplasmic millieu.
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2.4.3 Whole-cell Patch-clamp

The standard whole-cell patch-clamp recording configuration (Figure 2.3C) was
used to record sodium current from transfected HEK cells or cardiac myocytes. All
recordings werc performed at room temperature (20-22°C) using the whole-cell patch clamp
method with an Axonpatch 200A amplifier (Axon Instruments, CA, USA). Microeiectrodes
were pulled from thin-walled borosilicate glass (1.5mm diameter. World Precision
Instruments, 5arasotoa. FL) using a Flaming-Brown micropipette puller (Sutter
Instruments). Th.: pigette tip was heat polished with a heating filament (mode! MF-83.
Narushige. Tokyo. japan) and the final resistance was typically 2-5 MQ when filled with
pipette solution. Uncompensated series resistance was typically 2-5 MQ and compensaticn

was typically 60-80%.

In contrast to the two-electrode oocyte clamp, whole-cell patch-clamp cousists of
only one micropipette electrode for both voltage recording and current passing. The
microelectrode is initially brought into contact with the membrane surface. Gentle suction
allows formation of a tight seal between the pipette and a patch of the membrane. Once a
patch is formed. subsequent suction will rupture the attached patch of the membrane
resulting in a low-resistance access of the micropipette to the whole cell. After inembrane
rupture. the cell was allowed to dialyse for 1-3 minutes before experiments. Cell
capacitance was estimated both automatically by custom-designed software and manually
by integrating the area of the capacitance transients. Currents were digitized at 2 to 10 kHz

and stored off-line for analysis.
2.5  Data Analysis
All data were analyzed using the commercially available softwares lonview and

Origin (Microcal). Specific mathematical equations used to obtain fits of experimental data

are described in pertinent chapters.
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For single-channel recordings. data were idealized using the 50% amplitude
criterion to identify channel openings and ciosings. Idealized channel openings were used
to generate data such as first latency. single channel conductance. unblocked- and
blocked-times. closed- and open-times. probability of openings and the number of
opennings per sweep, etc (Colquhoun and Sigworth. 1983). Equations used for data
fitting are described in pertinent chapters. All patches studied were stable for at least 500

Colquhoun sweeps (depolarizing pulses).

2.6 Solutions

The recipe for all solutions mentioned in this chapter is given in Table 2.1. Specific

solutions used in certain experiments are described in pertinent chapters.
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CHAPTER 3
THE STRUCTURE OF P-LOOPS AND THE Na®" CHANNEL PORE

3.1 Abstract

The 3-dimensional structure of the Na” channel pore was studied using Scanning
Cysteine Accessibility Method (SCAM). Single cysteine substitutions of individual P-
loop residues in the rat skeletal muscle (rfSkM1) Na“ channel produced channels sensitive
to current blockade by extracellular Cd*” and susceptible to modifications by sulfhydryl-
reactive agent revealing residue side-chains lining the pore. The proximity of these pore-
lining residues was assessed by simultaneously replacing two residues in distinct P-loops
with cysteines. Dual cysteine replacements create channels which are ultra-sensitive or
insensitive to Cd*™ block relative to the individual single mutants. suggesting coordinated
Cd*" binding and cross-linking by the inserted sulfhydryl pairs. Since both processes of
Cd* coordination and disulfide bridge formation require strict geometric constraints, this
strategy allows identification of residue pairs capable of approaching one another to
within 3.5 A. The interaction pattern demonstrates that multiple consecutive adjacent
residues in one P-loop could very often interact with a single residue in another P-loop.
One possible explanation for these observations is that the P-loops. like the aciive sites in
many enzymes, are flexible on the time scale of Cd*" binding and sulfhydryl
modification. Furthermore, cross-linking of certain P-loop residues appears to zffect ion
permeation and selectivity. Our results suggest that P-loop dynamics might play a crucial

role in Na“ channel function.

3.2 Introduction

Previous modeling (Hille. 1992; Noda et al., 1984; Guy and Durell, 1995: Lipkind
and Fozzard, 1994; Soman et al.. 1995) and mutagenesis experiments (Terlau et al.. 1991
Satin et al., 1992; Heinemann et al., 1992; Backx et al., 1992) have established that P-

loops are critical determinants of catalytic permeation properties of Na™ channels. These
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P-loops are located between S5 and 36 in the four homologous repeat domains of Na’
(Noda et al.. 1984) and Ca’" channels (Ellinor et al.. 1995) and are located at analogous
positions in K™ (Mackinnon and Miller. 1989) and cyclic nucleotide-gated channels
(Heginbotham et al.. 1992; Sun et al., 1996). Four P-loops. pseudosymmetrically
arranged. are necessary to form a functional pore (MacKinnon. 1991: Catterall. 1995).
While other regions. such as the fifth (S5) and sixth transmembrane (S6) segments
(Lopez et al.. 1994) as well as the £4-S5 loops (Isacoff et al.. 1991). of voltage-gated
channels influence permeation. P-loops are the principal determinants of ion selectivity.
Based on mutagenesis experiments. varios structural models for P-loop backbones have
been proposed: B-strands with $-hairpu. loops (Yellen et al.. 1991: Lipkind and Fozzard,
1994:; Soman et ai.. 1995), random coils (Sun et al., 1995: Perez-Garcia et al.. 1996) and
a-helices with B-tums (Guy and Durell. 1995). Detailed 3-dimensional information on
the relationship of P-loop residues to one-another has been obtained using mutant cycling
analysis cf toxin binding to channels (MacKinnon and Miller.. 1989. Gross and
MacKinnon, 1995; Hidalgo and MacKinnon, 1995; Ranganathan et al., 1996). More
recentiy. crystallization and X-ray analysis of the pore of a primitive K™ channel. which
comprises ot 2 transmembrane segments. have been obtained (Doyle et al.. 1998).
However, NMR or crystallographic approaches to such large intrinsic proteins as Na™ and
Ca’ channels are not yet available. P-loops structures of these channels therefore still
remain obscure. Indirect approaches have been employed to deduce the structures of

these regions.

In this chapter, I will describe a novel approach that we use to assess the
molecular architecture of the pore of Na™ channel by using Cd* as a biophysical probe of
mutant channels in which one or two P-loop residues are replaced by . ;-teines. Cd*” was
chosen because: 1) its ionic radius (0.92 A) (Cotton and Wilkinson, 1992) is nearly
identical to Na™ (0.95 A), 2) it binds free sulfhydryls with high affinity in a "near-
ccvalent” manner (Cotton and Wilkinson, 1992) and, 3) it can coordinately bind to
multiple free sulfhydryls with a tetrahedral geometry, as observed in Zn™-finger proteins

YYallee and Falchuk. 1993) and metallothionins (Shaw et al., 1992), while binding very
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weakly to oxidized sulfhydryls (Torchinsky, 1981). Thus. Cd*" is ideal for identifving P-
loop residues lining the channel pore following cysteine replacernents. Furthermore, Cd*
is well suited to map the spatial relationship between residves in channel pores where
pairs of P-loop residues from distinct domains are replaced by cysteine. In our double
cysteine mutant channels. changes in sensitivity to Cd*” block of ionic currents. compared
to single-cysteine mutants. can identify residue pairs capabie of interacting by Cd*
coordination or formation of disulfide linkages. A similar strategy was used by Benitah et
al (1996) in Na~ channels and Krovetz et al (1997) in K charnels tc determine residue

proximity.

In this study. the pattern of P-loop residue pairs capable of coordinately binding
Cd* or forming disulfide bonds suggests a possibility that P-locps are remarkably
flexible on the time scale of Cd*" binding and coordination. While this suggestion is
incompatible with static molacular sieve models for channel pores (Hille. 1992), it is not
totally unexpected especially given the analogy between ion channels and enzymes
(Eisenberg, 1990: Miller, 1992). indeed. ion channel proteins are enzymes catalyzing the
selective passage of ions across the cell membrane in which the pore forms the active site
(Eisenberg, 1990: Miller. 1992); many vsell-studied enzymes have active sites formed by
highly flexible "random-coil" loop structures (Creighton. 1993: Branden and Tooze.
1991) and flexibility is crucial for both selective substrate binding and catalytic activity
(Pompliano et al.. 1990; Larson et al., 1995; Lan et al., 195: Nicholson et al.. 1995). In
general, our data are most consistent with "unstructured” loop models for Na™ channel P-
loops which form the active site and further suggest that P-loop flexibility may be critical
for selective ion permeation. Thus. our results support dynamic pore models (Lauger.
1987) wherein ion passage requires motion of the pore in addition i. —ovements of the

traversing ion.
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3.3 Methods and Materials
3.3.1 Flectrophysiological recording

Oocytes were bathed in ND96 (section 2.5.1). Variable concentrations of CdCl,
were added as required from a IM stock solution. When needed. methanethiosulfonate-
ethylammonium (MTSEA) was added at a concentration of 1 mM and dithiothreitol
(DTT) at a concentration of 10 mM in ND96. The application of MTSEA and DTT was
achieved by washing at least 30 ml of the solution while the oocytes were depolarized
every 2 sto -10 mV from a holding potential of -120 mV. All recordings were done at 21-

23°C.

3.3.2 Estimation of the dissociation constant (K,,) for Cd’* binding of single cysteine

mutants

The dissociation constant. K,,, for Cd** binding to the channel was estimated using

least-squares fitting of the dose-response curves to the equation:
1/1,=Ky/ (Kpt+ [Cd)) Equation 3.1

where | and [, represent Na~ currents measured in the presence and absence of Cd*
respectively. Statistical significance for changes in Cd*" binding was determined by
comparing the experimentally estimated K, (mean+S.E.M.) between single-cysteine
mutant and wild-type rSkM1 (i.e. WT) channels using a paired Student’s t test (p<0.05).
3.3.3 Analysis of double-cysteine mutants to assess coordinated Cd** binding

When Cd* binds independently to the two cysteines inserted into P-loops of

distinct domains of the Na” channels we expect the dissociation constant for Cd*" block of

Na™ current to be directly determined by the dissociation constants measured for the

82



individual single-cysteine mutants. Specifically. the predicted dissociation constants for
the double-mutant. K, .. for independent binding of Cd*" to the two cysteines is given by

the equation:

1/ Kppe = 1/ Kp' + 17Ky, Equation 3.2

where K;' and K, represert ihe dissociation constants for the single-cysteine mutants |
and 2. Therefore. K, . was compared to the observed dissociation constant (i.e. K ) in
ordcr to assess whether coordincted Cd* binding occurred in the double-cysteine
mutants. A one-way analysis of .ariance for three groups was employed (Bogartz. 1994)
in order to assess whether the measured mean of 1/ K, differed statistically from the
estimated mean 1/ Ky, . predictea from Equation 3.2. This test takes into account the
measured variance of K;,' . Ky’ and K, in determining statistical significance (p<0.05).
Alternatively. when the two inserted cysteine residues are geometrically arrangec to
simultaneously bind a Cd*" ion and provide only coordinated Cd*" binding. we expect the

dissociation constant for the double-cysteine mutant channel (i.e. K ) is given by:

Koo = Kp' exp(-(8G, +3G4)/kT]
=K, exp[«(8G, +6G,)/kT] . Equation 3.3

where 8G,, and 8G, are the free energies of Cd*" binding to sites 1 and 2 respectively
(expected to be negative). 3G, is the distortional and entropic free energies required for
the protein to coordinately bind Cd*" (expected to be positive), k is Boltzmann's constant
and T is the absolute temperature. Thus for coordinated Cd*" binding. (§G,+8G,) and
(8G,+ 8G,) represent the stabilization energy contributed by Cd*" bi. Jing to the second
site. Therefore, the average stabilization energy for Cd**coordination could be directly

obtained by measuring K,,' , K’ and K, .
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3.3.4 Single-channel data analysis

Single-channel recordings were idealized by using the 50% amplitude criterion to
identify channel openings and closings. Idealized channel openings were used to generate
unblocked- and blocked-time density distribution histograms and the number of
opennings per sweep (Colquhoun and Sigworth. 1983). Mean unblocked times were
estimated by fitting unblocked-time density histograms 0 a mono-exponential function
using a non-linear least squared algorithm. Mean blo :keii-times were estimated by fitting
the mean blocked-time histogram with either a monc- cr bi-exponential tunction
(Colquhoun and Sigworth. 1983). The goodness of fit was est:mated by calculating the F-
statistics and using the F-distribution {p<0.05). All patches studied were stable for at

least 500 sweeps (depolarizing puises).

3.4 Results

3.4.1 Single-cysteine substitutions of P-loops residues

Single-cysteine mutant channels were created (Akabas et al.. 1992) and probed
with both Cd** and sulfhydry! reactive compounds in order to identify side-chains of P-
loop residues which line the pore (Backx et al., 1992). All single-cysteine replacements
studied (Figure 3.1), except G1238C. produced functional channels with normal gating
properties. Figure 3.2A shows sample Na” currents measured in oocytes before (solid
line) and after (broken line) extracellular addition of 100 uM extracellular Cd*" in wild-
type (WT), Y401C W402C and E403C. Clearly, all three mutants have an elevated
sensitivity to Cd*" compared to the wild-type. This is more clearly ii:strated in Figure
3.2B which displays the relative whole-cell conductance at varied extracellular Cd*" for
the wild-type and three mutants shown in Figure 3.2A. From such dose-response,
estimates of the disscciation constant for Cd*” binding to the channel pore can be
obtained (see 3.3.2). In order to quantify the increase in sensitivity to Cd*" of mutant

channels, where P-loop residues are replaced by cysteine, Figure 3.2C outlines the ratio
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Figure 3.1

(A) The putative topology of Na™ channels showing four homologous internal repeats each
with six transmembrane segments (S1-S6). The four P-loops which are located between S5
and S6 in each repeat domain form a major part of the channel pore. The approximate
location of residues mutated in our study are marked by a thickened portion of the COOH-
terminal portion of the P-loop (i.e.. SS2 domain).

(B) Partial alignment sequences along with the corresponding residue numbers of the P-
loops in the region which were mutated in our experiments. The mutated residues are
marked as a capital letters.

(C) Three outcomes of introducing pairs of cysteine residues into distinct homologous
repeat domains of Na“ channels are possible. Coordinated Cd** binding is expected if the
two inserted sulfhydryis are sufficiently close to one another. Cross-linked channels are
expected to be insensitiva tc current block by Cd** and will become more Cd* -sensitive by
reduction with DTT. If the two inserted cysteines are distant from one another. we expect

Cd*" to bind independently.
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Figure 3.2

(A) Raw current traces of wild-type. Y401C, W402C and E403C channels recorded in
oocytes following depolarization to -10 mV from a holding potential of -120 mV with
(broken line) and without (solid line) 100 uM extracellular Cd*". The amount of current
reduction is much greater for the mutant channels (Y401C, W402C and E403C) than for
the wild-type channels. The currents amplitude have oeen scaled for ease of comparison.
Peak currents in pA were: 3.8, 3.5, 3.5 and 2.0 ror WT, Y401C. W402C and E403C
respectively.

(B) Plots of the fraction of peak current remaining &s a function of the extracellular [Cd*"]
for the same channels shown in (A). Curve fits allow estimation of the dissociation
constants (i.e. Ky) for Cd*" binding to the channel pore.

(C) Summary of the Cd*" block in single-cysteine mutants. The ratio of the estimated K,
for Cd* block of current in single cysteine mutants divided by the wild-type channels
(i.e. Kpm/Kpwr) for control conditions and following the application of 0.5 mM
methane-thiosulfate-ethylammonium (MTSEA) to oxidize the inserted free sulfhydryls.
For each mutants. escept W756C, K., Was significantly reduced (p < 0.001) more than

3-fold which was abolished by the application of MTSEA.
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Table 3.1

Dissociation constants (K.;) for Cd*” of WT and mutant Na~ channels before and after

MTSEA modification. Numbers in parenthesis represent the number of determinations.

N/A, not applicable. n.e., no expression.

Mutants

ICs, (uM)

ICs, (M)

after MESEA modification

WT (rSk»M D)

18£04X10 (3)

N/A

Y401C

13203 X10(5)

1.6 0.1 X 10" (3)

w402C

2000.1 X 10° (4)

1.2+0.1 X 10° (3)

E403C

2.8+ 0.2 X 107 (5)

1.2£02X10°(5)

W756C

1.6 0.1 X 10" (4)

1.6 0.4 X 10°(2)

1757C

20x02X 1¢°(2)

8.8 (.7 X 10+(3)

E758C

49+0.3X10°(8)

10£0.1X10°(3)

G1238C

n.e.

n.e.

W1239C

3.7£1.0X 10 (3)

3203 X 10°(2)

M1240C

57+0.3X10°(3)

1.2+0.1 X 10°(2)

D1241C

4.5=05X10°(3)

1.9+£03X10°(3)

A1529C

3.0+ 0.6 X 10° (3)

8.0+ 0.6 X 10°(2)

G1530C

6.8+09X10(4)

1.7+ 0.2 X 10" (3)

WI1531C

46205X10(5)

1.6 £0.3 X 10° (6)

D1532C

6.0 £0.7 X 10° (8)

23x03X10°(Q2)
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of the estimated dissociation constant for the single-cysteine mutants (K, ) to the wild-
type (Kpwr) measured before (shaded bars) and after (hashed bars) oxidation with
external application of MTSEA (methanethiosulfonate-ethylammonium). Table 3.1 lists
the measured dissociation constants (i.e. mean+SE) for the same channels. All channels
(except W756C) had significantly (p < 0.01) increased sensitivities to block by Cd*" (i.e.
smaller dissociation constants. K,) compared to WT channels (Figure 3.2B).
Extracellular application of MTSEA. which rapidly oxidizes free sulfhydryls forming
Cd*" insensitive disulfide complexes (Akatas et al.. 1992; Torchinsky, 1981), abolished
high affinity block by Cd*" (Figure 3.2C). This establishes that enhanced Cd™ sensitivity
depends on the free sulfhvdryls inserted intc the pore since Cd™ binds weakly to
oxidiied sulfhydryls (Torchinsky. 1981). The elimination of Cd*" sensitivity by MTSEA
could be readily reversed by the sulfhydryl reducing agent dithiothreito] (DTT) (data not
shown) while reduction with DTT did not affect channels not previously exposed to
MTSEA. These data suggest a possibility that two. three or four adjacent consecutive P-
loop residues might have their side-chains exposed to the external face of the permeation
pathway thereby allowing interactions with Cd*" ions. At first glance these results. which
are similar t¢ results in other ion channels. (Akabus et al.. 1992: Pascual et al.. 1995;
Kurz et al.. 1995; Gross and MacKinnon. 1995: Perez-Garcia et al.. 1995) are difficult to
reconcile with a-helical or B-strand 2° structures. assuming P-loops are relatively rigid
and immobile. However. as shown below. the assumption of P-loop immobility is not
valid on the time-scale of sulfhydryl modification and Cd*” binding. Nevertheless. our
findings are consistent with "random-coil" loop structures for P-loops like that observed

for active sites in many enzymes (Creighton, 1993; Branden and Tooze. 1991).

A comparison of the Ky, /Kpwr ratio between different .::utants uncovers
unexpected differences between residues in homologously aligned locations from distinct
P-loops (Figure 3.1). For example, Y401C is exquisitely sensitive to Cd*" in comparison
to W756C which has wildtype sensitivity while G1530C has intermediate sensitivity.
Furthermore, mutant channels with cysteine replacements at homologous alignment

positions in different repeat domains do not generally have similar affinities for Cd*
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binding. These results argue against a symmetrical arrangement of che residues at
equivalent alignment locations between P-loops of different domains. In spite of large
variations in Cd*"-sensitivity between different single-cysteine mutants, MTSEA was able
to access all positions equally as measured by the elimination of high affinity Cd*" block
and that whole-cell currents were reduced in all channels. except W756C. following
MTSEA treatment. providing additional support for the conclusion chat these P-loop

residues line the the extracellular face of the pore.

3.4.2 Double-cysteine substitution of P-loops residues from distinct intecnal repeat

domains

To discriminate further between various models for the P-loop struciure and to
obtain detailed 3-dimensional relationships between various pore-lining residues. double-
cysicine mutants were created by combining single-cysteine mutants from distinct P-
loops. Since coordinated Cd*" binding and disulfide cross-linking of the two nearby
inserted cysteines require very restricted geometries (i.e. S- Cd*” bonds are 2.1 A and S-
Cd*"-S angles are 108° while S-S bonds are 2.05 A and the angle between two Cd**-S
bonds is 70-100°) (Torchinsky, 1981: Careaga and Falke, 1992: Balaji et al.. 1989), these
double-mutant channels provide an opportunity to determine detailed structural

information on spatial relationship between side-chains of nore residues.

Figure 3.1C illustrates the three potential outcomes expected following insertion
of cysteine pairs into the channel pore. First, if the two inserted sulfhydryls are spatially
oriented in the correct manner. coordinated Cd*" binding could occur and thereby enhance
sensitivity to Cd*" block of current compared to single-cysteine n...zats (Vallee and
Falchuk, 1993; Cotton and Wilkinson. 1992). Enhanced Cd*" binding resuits from the
stabilization energy derived from the formation of two simultaneous bonds between the
Cd” ion and the two free sulfhydryls as described by equation 3.1 (section 3.3.3).
Alternatively, cross-linking of proximal inserted cysteines, which is strongly favored by

the oxidizing extracellular environment (Figure 3.2), will create relatively Cd*-
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insensitive channels that are predicted to become Cd*-sensitive following DTT
application.  Finally. if the substituted cysteines are far apart. Cd* will bind
independently aad. in that case. the dissociation constant for Cd*" block of whole-cell
current (i.c. Kyp,.) can be predicted from the sensitivity of the single-cysteine mutants as
described by equation 3.2 (section 3.3.3). Therefore. when the ratio of the experimentally
observed K, (i.e. Kpgg) to Ky 15 significantly different from 1. evidence for either

cross-link.ag or coordinated Cd** binding is obtained.

Resnarkably, all double-cysteine mutant channels created (except W402C/1757C
and those constructed with G1238C) formed functional channels. Figures 3.3A & 3.3B
show typical results for Y401C/E758C channels: the measured dissociation cons:ant for
Cd* block (Kp,,) for Y401C/E758C channels was 1353 + 382 uM (mean = SD. n=7)
compared to 12 uM predicted for independent binding (i.e. Kp(Y401C) = 13.7 = 3.0 uM
(n=6) and K,(E758C) = 454 £ 47 uM (n=7)). Following reducticn with DTT. the K, for
Cd*" block decreased about 1200-fold to 1.1 £ 0.2 uM (n=4). In this mutant. reduction by
DTT caused an increase in whole-cell currents by about 2.5-fold: DTT-reduction also
caused comparatively large increases in whole-cell current and/or conductance in other
cross-linked mutants studied. The increase in current invariably occurred in 'ess than 30
s after DTT application. indicating rapid separation of the cross-linked cysteines.
Furthermore. reduction with DTT enhanced the sensitivity of cross-linked channels to
Cd* blockade (see below). Subsequent to DTT reduction. Cd* -sensitive Y401C/E758C
channels and other reduced cross-linked double-cysteine channeis could be made Cd* -

insensitive again by applying | mM MTSEA (data not shown).

Data for the double-cysteine mutants created with Y401C. W4.2C and E403C are
summarized in Figure 3.4, which depicts the ratio of the experimentally measured K,
for Cd* binding to double-cysteine mutant channels divided by the predicted Ky e before
(shaded bar) and after (hatched bar) the application of DTT. Table 3.2 lists the measured
Kpo, Vvalues (i.e. mean + SE). Many double mutants showed evidenze for disulfide

crosslinking: Ky, /Ky . was above 1 before DTT and/or decreased significantly after
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Figure 3.3

(A) Na™ current tracings of Y401C. E758C and Y401C/E758C mutant channels in
response to depolarization to -10 mV from a holding potential of -120 mV before (solid
traces) and after (broken traces) the aadition of 100 uM Cd*" extracellularly. Na™ currents
for Y401C/E758C channels are shown befora and after the addition of DTT.

(B) Dose-response curves of the normalized peak Na™ current as a function of the
extracellular [Cd*]. The channels become about 1200-fold more sensitive to Cd*™ (K,

changes from 1353 + 382 uM to 1.1 = (.2 M) following the addition of 2 mM DTT.
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Figure 3.4

Ratios of the predicted dissociation constant. Ky,. to the experimentally observed
dissociation constant. K, ,, for all the double mutants studied before (shaded bars) and
afier (hatched bars) reduction by DTT. K, . is estimated from the dissociation constants
recorded for the single-cysteine mutant channels assuming independent binding of Cd*" to
the inserted cysteines in double-cysteine mutants. (see 3.3). For the mutants with ratios
of K o/Kp e around one, we assume that the two inserted cysteines are binding Cd”
independently. Values of K, /Ky, . substantially below one (the hroken lines). suggest
coora.nated binding of Cd*". When Ky, /Ko, is significantly above one or is decreased
below one following reduction. we conclude that the two cysteines are at least partially
cross-linked under oxidizing conditions and can coordinately bind Cd*~ following

reduction,
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DTT application in E403C/E758C. A1529C. GI1530C. WIS3I1C. DI1532C. anu
Y401C/E758C. A1529C channels. We conclude that the inserted sulfhydryls in these
double mutants are able to approach one another to within 2.05 A under oxidizing
conditions. Following the application of 10 mM DTT for 8-10 min. cross-linked double
mutants became ultra-sensitive to Cd*" application compared to the corresponding singie
mutants indicating an ability to coordinately bind Cd*” Double mutants having
Ko.o/Kp pre ratios significantly (p<0.05) below | in the presence of DTT are indicated bv
asterisks (*) in Figure 3.4. The double-mutants with K /Ky, ratios less than 0.57.
wiich corresponds to stabilization energies above 1 kT, are labeled with triangles
‘Ranganathan et al.. 1996). Stabilization energies above 1 kT are deemed sufficient n
magnitude to clearly identify pairs of side-chains capable of "cross-talking” or interacting
by coordinately binding Cd* and therefore having their sulfur atoms approach one
another to within 3.5 A (Shaw et al.. 1992: Torchinsky. 1981: Careaga and Falke. 1992.
Balaji et al. 1989). Inspecticn of Figure 3.4 shows remarkable patterns for interacting
pairs of residue side-chains. suggesting considerable pore flexibility. For example.
E403C cross-talks with 4 adjacent consecutive P-loop residues in D-IV while Y401C
talks with the same residues although the stabilization energy was slightly below 1 kT for
the Y401C/W1531C mutant. On the other hand, E758C and D1532C can communicate
with three consecutive residues in D-1. Both Y401C and W402 are rather promiscuous.
cross-talking with residues in all other domains. often with multiple consecutive residues.
Assuming no major disruption of the channel pore by double-cysteine replacement and
after addition of sulfhydryl reactive agents, these results are inconceivable for pore
models assuming fixed alignments between P-loops regardless of the underlying
secondary structure and strongly suggest that Na~ channel pores. like the active-site in
many enzymes, are highly flexible (Creigton, 1993; Pompliano et al., ! ?90: Elofsson et
al., 1991; Larson et al.. 1995; Lan et al., 1995; Nicholson et al., 1995).

Even for relatively unstructured domains. like loop regions and random coils.

geometric and steric constraints prevent side-chains of three consecutive residues from

simultaneous interacting with a single site without backbone motion and flexibility
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(Creighton. 1993). The amount of movement required to account for our observations
depends on the local secondary structure assumed but, for extended loop structures.
requires residues to !ranslate a minimum of 7 A over-and-above that allowed by side
chain motion. Similar large amplitude excursions and long-ranged collective motions
have also been observed in more ordered a-helical structures in proteins with known
crystal structures (Careaga and Falke. 1992) using a similar double-cysteine strategy.
Figure 3.4 further show:; that, in reduced channels. the K, /Ky, ratio follows clear
patterns which are well illustrated by mutants involving W402C with domain [V:
Kpo/Kppee is lowest ror W402C/DI5S32C and progressively increases towards
W402C/Al1529C. This pattern suggests that Cd* coordination occurs most optimaily for
W402C interacting with D1532C and becomes increasingly more difficult for adjacent
residues, probably due to the increased channel distortion required to trap the Cd*" ion.
Therefore. in spite of the large degree of P-loop flexibility in domain IV, W402 appears
to interact preferentially with D1532, suggesting that W402 is physically closer to D1532
than to other D-IV residues. This preferential interaction pattern of a P-loop residue with
specific residues in other domains is generally observed. Therefore, we can tentatively
identify pairs of P-loop residues from distinct domains which are most closely ai‘gned
‘~ith one another. Generally, pairs of residues deemed as nearby neighbors are rarely at
equivalent positions in the putative alignment sequence (Figure 3.1). For example from
the abovc arguments. W402 is judged to be most closely aligned with E758 in D-II.
M1240 in D-III and D1532 in D-IV. none of which match the alignment sequence shown
in Figure 3.1B. This lack of correspondence between P-loop residues located at
homologous locations in the different repeat domains of the Na" channel are consistent
with previous single-channel results in single cysteine mutant Na™ channels

(Chiamvimonvat et al., 1996).
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3.4.3 Underlying mechanism for the enhanced Cd’* sensitivity in double-mutant

channels

Single-channel recordings (Figure 3.3C) were used to establish the mechanism
underlying the enhanced Cd*" sensitivity of reduced Y401C/E758C mutants. Figure 3.3
shows typical single-charnel recordings at —80 1inV for Y401C. E758C. and reduced
Y401C/E758C channels recorded from inside-out cel! attached patches in the absence (A)
and presence (B) of Cd*". All recording were made in the presence of 10 mM fenvalerate.
which maintains Na“ channels in the open siate for teas to hundreds of milliseconds
(Backx et al.. 1992). For Y401C channels. Figure Z.5B shows representative single-
channel sweeps measured in the presence of 5 uM Cd*"in the pipette. Notice the discrete
flicker blockade of the unitary current in Y401 channels (i.e.. represented by O) often
lasting several milliseconds which was not observed in the absence of Cd*". Cd*" totally
occludes the passage of Na™ ions (i.e.. represented by C) consistent with Cd* binding
within the permeation pathway. The corresponding blocking-time histogram. tllustrated
in Figure 3.5C, could be adequately fit by a mono-exponential function, as expected if a
single Cd*" binding site exists within the pore. The estimated average block-time of Cd*
ions within the pore (i.e.. equal to the estimated time constant for the mono-exponential
fit of the block-time histogram) was 1.43 ms for this Y401C (average 1.36 £ 0.12 ms. n =

3).

By contrast, C758C channels have a very different signature with respect to Cd*
block. In the presence of 400 uM Cd*", E758C channels also show discrete reductions of
unitary currents but these channels are blocked to a subconductance level establishing
that Cd*” binding to the channel does not fully prevent the passage v. Xia” ions (Figure
3.5B). The corresponding blocked-time histogram in Figure 3.5C was well fit with a
mono-exponential function demonstrating that only a single Cd*-binding site exists
within the pore of these channels. The average residence time estimated for the E758C

patch shown in Figure 3.5B was 2.4 ms (average 2.21 £ 0.19 ms, n = 3).
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Figure 3.5

Single-channel recordings of Y401C. E758C and reduced Y40I1C/E758C mutant
channels following fenvalerate application at -120 mV (Backx et al., 1992).

(A) Currents recorded in Y401C, E758C. and Y401C/E758C channels in the presence of
10 uM fenvalerate which is added to maintain the channels in the open state for tens to
hundreds of milliseconds.

(B) Currents recorded in Y401C and reduced Y401C/E758C mutants chann<is vith 5 uM
extracellular Cd*” and in E758C channels with 400 uM Cd*". Cd*" caused full closur>s of
the Y401C and Y401C/E758C channels while blocking E758C channels to 2 sub-
conductance level (closed level indicated by the broken line). In the presence of 5 uM
Cd* the double-mutant channel Y401C/E758C displayed bursts of short-lived blocking
events separated by long-lived blocking events not seen in either single-mutant. These
long-lived bluckage:z likely represent the “trapping” of the Cd™ ion as a result of
simulitaneous interactions with the two free sulfhydryl groups.

(C) The mean block-time histograms are shown for the channels illustrated in 4 for
Y401C. E758C, and Y401C/E758C channels. The blocked-time histograms could be
adequately fit using a mono-exponential equation for Y401C and E758C channels. while
a bi-exponential function was required for Y401C/E758C channels. Note: the same axes
are different in the different panels. See text for further details.

(D) The mean unblocked-time (i.e., open-time) histogram is shown for the same channels
illustrated in B. For Y401C, E758C, and Y401C/E758C channels the unblocked time

histogram could be adequately fit using a mono-exponential function.
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By comparison with the correspondins; single-cysteine mutant channels. reduced
Y401C/E758C channels showed a very different blocking pattern. As depicted in Figure
3.5B. 5 uM Cd*" caused complete interruptions of the unitary currents through reduced
Y401C/E785C channels. like Y401C channels. However. simple inspection reveais that
in these channels there are two distinct blocking times: repeated rapid closures are
separated by very long-lived closures. As a result of these long closures. very little
current passes through the channel in the presence of 5 uM Cd*". accounting for the very
low dissociation constant measured for these channels following reduction (Fig. 3B).
The presence of two distinct blocking times is confirmed in Fig. 5 C which shows that
adequate fitting to the blocked-time histogram :cquired a bi-exponential function. The
two estimated mean blocking times for this Y401C/E758C channel in the presence of 5
uM Cd* were 0.91 ms and 13.53 ms (average 1.10 + 0.05 ms and 13.91 £ 0.09 ms. n =

3).

The presence of two distinct blocking times in reduced Y401C/E758C channels
reveals the presence of two binding sites or two binding states of the channel. It is
important to note that the smaller mean blocking time (i.e.. 1.10 ms) in Y401C/E758C
channels is similar to the mean blocking time Y401C channels (i.e.. 1.32 ms) and that
these short closures in Y401C/ E758C channels fully occlude the unitary current as in
Y401C channels. Theretore, it seems plausible that the rapid flicker blocking observed in
the double-cysteine mutant channel are associated with Cd*” binding to the inserted
cysteine at position 401. This assertion is further bolstered by the absence of
subconductance levels in the presence of Cd*" and by the measured mean unblocked-time
histograms (i.e., open-time histograms). Specifically, Fig. 5 D shows that in the presence
of only 5 uM Cd*" the mean unblocked-time for the Y401C and Y40. _/5758C channels
was 1.32 ms (average 1.22 + 0.24 ms, n = 3), respectively, while in the presence of 400
uM Cd*" the mean unblocked-time for E758C channel was 1.37 ms (average 1.21 = 0.13
ms, n = 3). These mean unblocked-times yield estimates of the second-order rate
constants for Cd* binding to the channels; for Y401C, E758C, and Y401C/E758C

channels the second order rate constants for Cd” binding to the pore were 2.44 x 10° M''s’
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'3.0x 10°M"'s". and 2.1 x 10* M's”. respectively. Thus it would appear that the rate of
Cd* binding to the inserted cysteine at position 738 is too slow to contribute to the rapid

blocking observed in Y401C/E758C channels exposed to 5 uM Cd*".

The very long average block-times (i.e.. 13.91 ms) observed ir. Y40:C/E758C
channel are never observed in either of the corresponding single-cysteine mutants.
Therefore. it seems likely that these events represent a novel binding siate of the channel
and probably represent coordinated trapping of the Cd”” ion by simultaneous binding to
C401 and C758 residues. Single-channel analysis on Y401C. E758C, and reduced
Y401C/E758C channels reveals the probable kinetic events involved in ;imultaneous
Cd* binding to the two pore cysteine side-chains: Cd*” binds multiple times (i.e.. average
3.4 times) to a single-cysteine residue (probably Y401C) for short durations followed
occasionally by Cd*" trapping as a result of simultaneous binding to €401 and C758
residues. Thus these observations provide direct information on the frequency of the
interaction of these two residues within the pore in the process of trapping a Cd*” ion and
demonstrate that models describing Cd*” interactions with pairs of cysteine residues must

consider both independent and simultaneous Cd*” binding to the available sulfhydryls.
3.4.4 Relationship of P-loop flexibility to channel function

While the data in Figure 3.4 suggests P-loop fiexibility. the functional importance
of pore motion on channel behavior. as previously postulated (Lauger, 1987. Eisemnan
and Hom, 1983; Eisenman. 1984). remains speculative. The presence of cross-linkages
for a number of double cysteine mutants provides a unique opportunity to further
investigate the significance of pore motion. Indeed, we expect cross ..z:ked channels to
have reduced pore flexibility and motion compared to the same channels following
reduction with DTT. As an example, Figures 3.6A and 3.6C show raw current traces
following depolarization to -10 mY from a holding potential of -120 mV for
E403C/D1532C and E403C/Al1529C before (. O) and after (R, @) disruption of the
disulfide linkage with DTT. DTT apglication caused about a 2-fold and 6-fold increase
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Figure 3.6

Effect of cross-lirking on conductance and selectivity properties of double-cysteine
mutants. ‘

(A) Raw current traces following depolarization to -10 mV from a holding potential of -
120 mV for E403C/DI1532C channels expressed in oocyies before (O) and after (M)
reducticn *vith DTT. Note the nearly 2-fold increase in current after reduction at this
voltage.

(B) The rorresponding current-voltage relationships for E403C/DIS32C. In this
particular muzant. there is little change in the channel's conductance (161 puS before and
156 uS after DTT). estimated from the slope of the current-voltage curve at voltages
above 0 mV. but the reversal potential is shifted by 19 mV to the right foliowing .
reduction with DTT.

(C) Raw traces for E403C/A1529C betore {O) and after (®) the applicaticn of DTT. The
current increased miore than 6-fold following reduction with DTT.

(D) The current-voltage relationship for E403C/A1529C mutants show: a 5-fold increase
in slope at voltages above 0 mV (22 AS before and 97 AS after DTT, while the reversal

potential is only slightly shifted rightward (7 mV) by reduction with DTT.
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TABLE 3.3

The changes in the reversal potential before and after treatment with 10 mM DTT in

cross-linked double-cysteine mutant channels

Channels E.. (-DTT) E.. (+DTT) Obseivations

Wild-type 55.7+£3.6mV | 552£29mV 6
Y40IC/E758C* 36.9+7.5mV | 54.3+85mV 3
E403C/AI529C* | 31.1=49mV | 40.5£42mV 4
E403C/GI530C* | 11.7£6.7mV | 42.17.4mV 5
E403C/DI1532C* 126£6.1mV [ 311x6.6mV 3

* significantly different before and after DTT application (p < 0. 05)
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in peak current for E403C/DI532C and E403C/Al529C respectively. indicating that these
double-mutant channels are less capable of conducting current in the oxidized. cross-
linked stare versus the reduced state. The increase in whole-cell current following DTT
exposure is not solely due to subtle changes in channel gating as illustrated in Figures
3.613 and 3.6D which shows the current-voltage relationships for the corresponding
mutants before (0. O) and after (M, @) the application of DTT. Not only is the peak of
the -urrent-voltage relationship significantly affected by DTT but the reversal potentials
weze also shifted: from 8 mV to 27 mV for E403C/DI1532C and from 34 mV to 41 mV for
F402C/A1529C following DTT application. Average shifts in reversal potential for 4
double-cysteine mutants studied are summarized in Table 3.3. Significant rightward shifts
in reversal potential were observed in all cross-linked double mutants. in which it was
studied. 1ollowing reduction with DTT indicating that the channels are less selective
when channel motion is reduced by cross-linking. Furthermore after reduction. the
measured reversal potential closely :aatched the reversa! potential observed in the least
selective of the corresponding single-cysteine mutants. Changes in selectivity following
reduction could not be studied in cross-linked double mutant channels involving cysteine
replacements at position W1531 since W1531C channels are non-selective by themselves
(Tsushima et al., 1997). Finally, the increase in whole-cell current fcr the cross-linked
double-mutants shown in Figure 3.4 ranged from 1.8-fold to 8-fold following DTT
exposure (data not shown). These results illustrate that both ionic selectivity and
conductance for double-mutant channels are strongly influenced by the relative flexibility
of the P-loops. The potential importance of dynamic pore relaxation in channel function
is further supported by the observation that mutations in domain IV, which appears to be
the most flexible domain. changes selectivity properties, compared to wild-type channels.
more profoundly than other domains (see Chapter 4). It is interestiny .i:at the P-loop in
D-IV. which appears to be the most flexible (Figure 3.4), has two glycines (Figure 3.1)
which are the most permissive residues for backbone flexibility (Creighton. 1993).
Alternatively, cross-linking of cysteine pairs could cause sufficient distortion of the P-

loop structure to interfere with ion selectivity and permeation.
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35 Discussion

3.5.1 Differences in Cd** binding affinity of single cysteine mutants and structural

implications of the pore

Many previous studies have assessed side-chain accessibility and local secondary
structure of pore-forming reginas in channels using cysteine-scanning mutagenesis by
examining the pattern of accessibility of residues to reaction to sulthydryl probes (Akabas
et al.. 1992; Gross and MacK.inron, 1995; Kurz et al.. 1995: Pascual et al.. 1996). [n our
experiments. all the single-cysteinc mutant channels created. except W756C. (Figure 3.1)
showed enhanced sensitivity to block by extracellular application of Cd*” when compared
to wild-type channels. The enhancement of Cd*” sensitivity in the single-cysteine mutants
relative to WT channels ranged from no enhancement for Y401C channels. The basis for
the variation in Cd*" sensitivity between different single-cystcine mutant channels can be
traced to differences in Cd*” binding rates. unbinding rates or both. For example, Y401C
is about 50-fold more sensitive to Cd*" block than 758C. which results from a 100-fold
faster Cd*" binding rate (Figure 3.5D) and a 2-fold faster Cd*" unbinding rate (Figure
3.5C; for Y401C compared to E758C channels. Alternatively, the difference in the Cd*
hinding affinity between Y401 and W402C can be traced primarily to a 40-fold increase
in the Cd* unbinding rate form W402C channel compared to Y401C (Tomaselli et al..
1995). Generally, we found that both on- and off-rates for Cd*" binding to the pore varied
vetween different single-cysteine mutants as reported previously (Chiamvimonvat et al..
1996). The underlying molecular basis for these differences could relate to a number of
factors such as variations in the dehydration/hydration rate. differences in the
coordination of Cd*" binding between mutants or varying degrees .. 2xposure of the

reactive sulfhydryls to the aqueous phase of the pore.
All single-cysteine mutant channels (except W756C) reacted with externally

applied MTSEA which reduced, or eliminated, the enhanced Cd*" sensitivity relative to

WT channel. MTSEA application reduced the measured whole-cell current by varying
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amounts (i.e.. 0.5- fold to 4-foid) in a time-denendent fashioa for all the single-cysteine
mutants except W756C. The rate of current reduction fcllowing MTSEA application
varied between mutants, but the current invariably reached steady-state in less than 3 min.

Thus all residues accessible to Cd*" could be readily modified by MTSEA.

Our results confirm that multiple consecutive residues in the P-loops of all four
domains have their side-chains exposed to the Na” channels nore (Chiamvimonvat et al..
1996; Perez-Garcia et al., 1996). At first glance. these findings suggest that the
secondary structure of these P-lcops are not a-helices or 3-suwands as concluded by
previous studies in Na  (Perez-Garcia et al.. 1996) and iU channels (Gross and
MacKinnon. 1995: Kurz et al.. 1995: Pascual et al.. 1995: Soman et al.. 1995). However.
conclusions based on cysteine-scanning studies have often implicitly assumed that the
pore is a static structure which, as discussed below, may nci the case for P-loops in Na~

channels.

3.5.2 Double-cysteine mutagenesis reveals a flexible pore

Identification of interacting pairs of inserted cysteines in distinct P-loops of the
Na“ channel pore revealed a pattern which cannot be explained by static pore structures.
Regardless of the secondary structure of P-loops in Na” channel pores. geometric and
steric constraints prevent side-chains of three or four consecutive residues in a given P-
loop from simultaneous coordinately binding Cd*” with a single residue in another P-loop
without backbone motion and flexibility (Creighton. 1993). The amount of movement
required to account for our observations depends on the local secondary structure
assumed but, for extended loop structures. requires residues to transla.. a minimum of 7
A over-and-above that allowed by side chain motion. These estimates were obtained
from simulations of random coils structures using the program HyperchemTM
(Hypercube Inc., Waterloc. Canada), where the minimal distance which sulfur atoms on
cysteine side-chains of four consecutive residues are required to translate in order to

interact with a single point was examined. Therefore, our double-cysteine substitution
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experiments in Na~ channels establish that. on the time-scale of Cd*" binding and
coordination shown in Figure 3.5. (i.e.. several milliseconds). the P-loops are flexible
strutures. particularly for the P-loops in D-1 and D-IV. As a results. experiments with
single cysteine mutant Na" channels. using techniques involving irreversible modification
of inserted cysteines (which occurs on a time-scale of milliseconds), makes it difficult to
make definitive conclusions regarding the secondary structure or membrane-sideness of
pore-forming domains since some residues side-chains could be exposed to both faces cf
the channel for varied periods of time with flexible P-loops. These limitations a:e
expected to be particularly serious when using aqueous-solublc covalent modifiers of free
sulfhydryls since these agents could irreversibly trap the channel in a subset of reactive
conformational states available to the channel pore which might not reflect the average or
important conformations available for normal channel function. The above reasoning
might also provide an alternative explanation for the ability of sulthydryl reagents appliec
to the outer or innei face of the channel to modify cysteine-substituted P-loop residues in

cyclic nucleotide-gated channels (Sun et al.. 1996).

Another related limitation of our experimental approaci: using single- and double-
cysteine replacements as a strategy for unraveling pore structure, imposed by the
existence of P-loop flexibility, is the possible existence of induced fits. For example,
Cd” binding to single-cysteine mutant channels. coordinated Cd** binding within the pore
of double-cysteine mutant channels and disulfide linkages are expected to energetically
induce conformations which distort the normal molecular channel architecture of the pore
required for normal ion permeation and selectivity thereby misrepresenting actual
significant structures- necessary for ion permeation and selectivity. This distortion is
anticipated. despite the similarity between the ionic size between Ni and Cd* for the
inserted free sulfhydryls. However, it is equally possible that Cd* -trapped configurations
of the channel reflect pore conformations, which are important for ion permeation and
selection. Such Cd*-bound conformations, resulting from P-loop flexibility, might be
equivalent to the induced fit required by many enzymes for specific substiate binding and

catalysis (Creighton, 1993). In addition. cross-linked channels still produce functional
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channels suggesting that the overall normal organization of the pore is not unduly
distorted by such trapped channel conformations. Finally, pore flexibility could also
promote induced fitting of channel pores when tightly binding to toxins thereby
complicating the interpretation of experiments designed to examine relationships between
pore residues using intesactions with high affinity toxins (Gross and MacKinnon. 1995:

Hidalgo and MacKinnon. 1995: Naranjo and Miller. 1996: Ranganathan et al.. 1996).

Following reduction of double-cysteine mutant channels with DTT. channel
currents were invariably increased (Figure 3.6). In principle. the rate of re-oxidation
couid be used as a measure of the proximity of the inserted cysteine pairs (Careaga and
Falke. 1992: Benitah et al.. 1996: Krovetz et al.. 1997). However after DTT washout.
currents did not decrease noiiceably over periods lasting greater than 10 min in the
presence of ND96 solutions for any of double mutant channels. In addition. the Cd*
dose-response curves. which routinely took greater than 20 min to record. could be
adequately fit with a binding equation assuming a single binding site. Had partial re-
oxidation taken place during the time-course of these experiments under our recording
conditions, the Cd*" dose-response curves should show evidence for the existence oi two
tvpes of binding sites, one for oxidized channels and one for reduced channels, which was
not observed. Recently. Benitah et al (1997) examined the rates of disulfide formation of
double-cysteine engineered Na“ channels in the presence of the redox catalyst copper
phenanthroline [Cu(phen),] to reflect thermal motions of the inserted cysteines aand
demonstrated that disulfide bonding between these residues is wide-spread withir the
channel pore yet in a spatial-specific manner. Moreover. disulfide formation is highly
temperature-dependent implying bond formation is indeed the result of molecular
collision between the cysteinyl thiols, which is a dynamic process. 7..:y conclude from
these experiments that extensive motion exists within the P-segments thereby further

reinforcing our model.

Tne mechanism of Cd** coordination as illustrated in Figure 3.5 reveals that Cd*

trapping by a pair of cysteines does not occur each time the Cd”*" ion enters the pore. In
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the case of the Y401C/E758C channel. it appears that Cd®" binds in bursts followed by
long-lived closure events. It seems probable that the bursts involve Cd*” binding to single
cysteines inserted in the pore while the long-lived blocking events reflect coordinated
trapping of the Cd™ ion by the two inserted cysteines. Therefore. the kinetic model

which best explains coordinated Cd*" binding in our double-cysteine experiments is:

0,5,:055 + Cd* & Oy; - Cd:05

) 0

0401:05755 - Cd €> Oy - Cd:Oygq

Where O,,,:0-; is unblocked channel. Q,,-Cd:O. is the channel with a Cd*
bound to the Y401C position. etc. Our experimental results demonstrate that O,,,:0.; —
Cd is rarely formed. as suggested by the absence of subconductance blocking events
because the rate constant for Cd*" binding to the E758C channels is about IOO-fold élower
than for Y401C channels. From these observations it is clear that Equation 3.2. which is
the correct dissociation constant for the formation of state O,;,-Cd:0,,;, does not correctly
predict the experimentally observed dissociation constant for Cd** binding to the double-

cysteine mutants as assayed by examining Cd*” block of the whole-cell current.
3.5.3 Pore flexibility and channel functions

The previous discussion highlights some practical experimental limitations which
arise as a result of P-loop flexibility in Na™ channels, but is flexibility important for Na
channel pore function (i.e.. conductance and selectivity properties)? In other words. is
flexibility observed in double-cysteine experiments relevant on the time-scale of ions
permeating the Na™ channel? The active sites of many well-studied enzymes. including
diffusion-limited enzymes. are comprised of intrinsically flexible random coils or loop
structures which have intrinsically more flexibility than more ordered secondary

structures like o-helices or B-strands (Branden and Tooze, 1991; Stone et al., 1992:
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Creighton. 1993; Wade et al.. 1993: Armold et al.. 1994). Flexibility is essendal for
catalytic activity by influencing substrate binding. specificity. and sequestration (Welch
et al.. 1982: Branden and Tooze. 1991; Tanaka et al.. 1992: Cottrell et al.. 1995: Lan et
al.. 1995; Larson et al.. 1995) as well as stabilization of intermediate transitional states
(Fresht. 1985). Indeed. computer modeling and dynamic measurements of the active sitas
in numerous enzymes and peptides have identified critical dynamic motions in flexible
loop structures of large amplitudes occurring on picosecond to nanosecond time-scales
(Stone et al., 1992; Wade et al.. 1993; Arnold et al., 1994) which is considerably faster
than ion permeation in channels. By analogy the flexihle P-loops in Na" chanrels mizit
play similar roles. The possibility of pore flexibility is consistent with dynamic mindels
of channel pores. used previously to describe gramicidin (Eisenman and Horn. 1982) and
acetylcholine channels (Eisenman. 1984). wherein ion permeation requires motion of
both channel pores and ions (Lauger, 1987). Dynamic behavior could also explain
“multi-ion” behavior of Ca® channels (Lauger, 1987), which appear to have only a
single cation binding-site (Ellinor et al.. 1995). The potentially important role of
flexibility in pore function is supported by a number of observations: (a) current
decreased by as much as eight-fold whereas selecuivity for Na™ versus K™ was impaired in
many cross-linked channels (Table 3.3), (b) mutations in domain IV. which appear to be
the most flexible. changed selectivity properties more profoundly than other domains
(Tsushima et al., 1997). and (c) inspection of amino acid sequence of P-loops reveals that
the P-loop in D-IV (i.e.. GWDG) has a very high probability of forming a relatively

flexible B-turn loop structure (Creighton. 1993).

From statistical thermodynamic theory, it is clear that the magnitude of structural
fluctuations depends directly on the time-scale of the observations, *he likelihood of
observing energetically unfavorable, large structural fluctuations depends directly on the
length of the observation period. Indeed, large amplitude excursions and long-range
collective motions have been previously observed in ordered a-helical structures in
proteins with known crystal structures (Careaga and Falke, 1992) using a similar double-

cysteine strategy where rates of disulfide (i.e., seconds to minutes time-scale) were used
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as measures of moiion and flexibility. Since Cd*" binding in our experiments occurs on a
time-scale which is three-orders of magnitude slower than ion permeation. relatively large
fluctuations in energy, and thus structure, will be surveyved by our Cd*" coordination
studies. However. channel flexibility (and therefore frequency of side-chain interactions)
is probably under-estimated in our experiments because disulfide formation and
coordinated Cd* binding require very restricted geometry (Torchinsky. 1981: Baiaji et al.
1989; Careaga au< Falke, 1992) and require many molecular collisions for reactions to
occur (Careaga and Falke, 1992). Nevertheless, the kinetics of cross-linking (Torchinsky,
1981; Careaga and Faiic2, 1992) and Cd*" coordination are too slow in comparisor to the
permeation process (sub-microsecond time-scale) (Hille, 1992) to allow direct

conclusions regarding the role of channel flexibility in ion permeation and selectivity.

Finally. P-ioop flexibility might reflect or be related to gating-dependent changes
since channel gating usually occurs on a millisecond time-scaic as does Cd*”
coordination. Indeed, movement in the pore of voltage-gated K™ channels occurs during
C-typed inactivation (Yellen et al., 1994). More recently P-loop motion has bezn directly
measured in voltage-gated K™ (Liu et al., 1996) and cyclic nucieotide-gated channels (Sun
et al.. 1996) using sulfhydryl modification. However, in our studies. the gating properties
of cross-linked double-mutant channels was not noticeably altered compared to reduced

or SkM1 channels.

3.5.4 K channel pore versus Na'/Ca’* channel pores

Doyle et al (1998) have recently reported a crystallographic picture of the pore of
a primitive K* channel which comprises of two transmembrane seg. .cnts supporting a
rigid pore as proposed in the original molecular sieve model. The picture shows that the
pore is constructed of an inverted teepee with the selectivity filter, of 12 A in length. held
at its wide end. They have also demonstrated, using electron density maps obtained from
Rb™ and Cs -containing solutions, that the selectivity filter contains an inner and an outer

ion binding sites located at opposite ends of the filter about 7.5 A apart These results
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provide the first direct physical evidence that multiple tons can dwell in the K™ channel
pore (i.e. multi-ion pore). Strong electrostatic interactions between ions in the filter
thereby allow rapid ion conduction. Furthermore. these data suggest that the K~
selectivity filter is lined by carbonyl oxygen atoms from the signature sequence to
provide multiple closely spaced sites for deliydration of the permeating ions with very
limited stretch. These results are in full support of the classical biophysical views of ion

permeation through the K™ channels.

The question that remains is whether th. sane architecture of the K™ channel pore
is applicable in their Na™ and Ca’ channel counierparts. There are several factors that
need to be considered to answer this question. Firstly. Na’ and Ca’ channels might
employ different mechanisms for ion permeation than K" channels. For example, it has
been demonstrated that it is the carboxylate side chains of each of the four glutamate
residues provided by multiple internal repeats of the Ca®™ channel &, subuniis that form
the dehydration site for permeating Ca™ ions (Yang et al.. 1993) while K* channels
contain the carbonyl oxygens from the GYG signature sequence (Doyle et al., 1998).
Moreover, each of the four glutamates contribute differently to ion permeation suggesting
an asymmetrical arrangement of this ring of residues (Kim et al., 1993; Yang et al., 1993;
Yatani et al., 1994: Ellinor et al.. 1995) similar to that of the Na™ channel (Chiamvimovat
et al., 1996). This is obviously not the case for the K™ channels. which display a clear
four-fold symmetry arise from identical homomeric subunits (Doyle et al.. 1998; Kreusch
et al., 1998). in addition. though multi-ion behavior observed in K” channels is clearly
the result of multiple ion occupancy in the channel pore as demonstrated in
crystallography (Doyle et al., 1998), no such evidence has yet been demonstrated in the
Na™ and Ca™ channels which also display apparent multi-ion behavio. (Zegenisich, 1987;
Friel and Tsien. 1989; Yue and Marban, 1990; Rosenberg and Chen, 1991). In other
words, other mechanisms may be responsible for such observed multi-ion behavior in the
latter channels. For example, a single high affinity site for only one permeating ion
which is also capable of interacting weakly with a second incoming ion can explain the

phenomenca (Armstrong and Neyton, 1992; Kuo and Hess, 1993). Alternatively, a high
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affinity binding site for the permeating ion flanked by two low-atfinity binding sites. with
or without electrostatic interactions between these sites. is equally well to explain many

of the observed so-called multi-ion behavior (Dang and McCleskey, 1998).

At first glance. it seems difficult to reconcile the high throughput rates o2 channel
pores with such single high-affinity binding sites since as affinity for an ion increases. the
ion’s exit rate is expected to decrease in the same proportion to the increaszd occupancy
of the site (Bezanilla and Armstrong, 1972). However. rapid rates of io:1 entry and exit
from a pore can also be achieved by stepwise dehydration and rehydrat.on of the
permeating ions as a result of stepwise replacement of the chemical grouns from the
channel responsible for ion coordination (i.e. the glutamate carboxyls in the case of the
Ca’ channels). This scenario is in turn consistent with our flexibility mode] cf the Na
channel pore and that proposed for the glutamate residues of the Ca’ chanrels (Yang et

al.. 1993; Cilinor et al.. 1995).

Also consistent with these theories. multi-ion behaviors of Na™ and Ca*" channels
may not arise from pores composed of multiple discrete high-affinity ion binding sites
which require mutual electrostatic repulsion between these sites to propel rapid ion
permeation as previously proposed (Hess and Tsien. 1984: Almers and McCleskey. 1984;
Tsien et al., 1987; Begenisich. 1987) because if multiple sites exist. single mutations of
certain residues (e.g. glutamates of Ca®* channel; lysire and tryptophan of Na~ channel)
are expected to shift only ion’s affinity or raduce selectivity but not entirely abolished as
observed (Yang et al.. 1993; Kim et al., 1993; Ellinor et al.. 1995; Sun et al., 1997).
Furthermore, as demonstrated in the Ca’ channels. Ca*" ions bind at the same location of
the pore whether it arrives from the outside or the cytoplasmic side ... judged from the
voltage dependence of Ca® block (Kuo and Hess, 1993) also supports a single binding

site. Single binding site in turn requires flexibility to promote rapid ion conduction.

Lastly, Na™ and Ca* channels are likely to exclude unwanted ions by involving

mechanisms more than a simple molecular sieve, if itself does play a role. For example,
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as demonstrated in the Na“ channel. mutations of residues comprise of the putative
selectivity filter (i.e. DEKA locus, see also Chapter 4 for details) are expected. from the
molecular sieve theory. to introduce a “big hole”™ within the channel pore thereby
allowing permeation of bigger molecules otherwise impermeable. However. the
selectivity —mutants, while permeating big organic molecules such as
tetramethyammon;um (TMA). dimethylammonium (DMA) and methylammonium (MA),
etc.. are alsc blocked by the small guanidinium toxin tetradotoxin (TTX). which shares
similar chemical structure as the above mentioned compounds and is expected to
permeate througi: the channel if the filter is a simple molecular sieve (Sun et al., 1997).
Another piece of evidence against a simple molecular sieve theory is that the bigger TMA
permeates better than other smaller molecules such as DMA and MA which are ali of the
same basic chemical geometry but differ only in the size of their side chains. This again
argues that relative permeability is not inversely related to the molecular size in a simpie
fashion and permeation of these molecules are likely to involve cther interactions with
the channel (Sun et al., 1997). Recent structural analysis of the DEKA locus using
double-cysteine mutagenesis and cross-linking strategy. as we employ in this chapter, to
probe proximity between these residues have further confirmed that these amingo acids do
not form a molecular sieve (Bennitah et al., 1997). Overall. it is likely that combinations
of the above mentioned theories are responsible for ion permeation in Na™ and Ca”
channels. Crystallography and further functional studies of these channels will be

required to prove or disprove these hypotheses.
3.5.5 Conclusion

Our studies demonstrate that P-loops in Na“ channels are flexiL:: ztructures on the
time-scale of Cd* coordination of double-cysteine mutant channels. Clearly, nonstatic
behavior of Na™ channel pores must be considered in evaluating structure-function studies
using cysteine substitutions combined with sulfhydryl reactive probes. Further studies
will be required to assess the contribution of pore flexibility to channel properties like ion

permeation, selectivity, and channel gating.

L]
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CHAPTER 4
THE ROLE OF P-LOOP RESIDUES IN IONIC SELECTIVITY

4.1 Abstract

Knowing that the Na“ channel pore is highly flexible and that flexibility may be
important for selective translocation of Na™ ions, we next seek fcr correlation between
channel flexibility and ion permeation by examining the influence of P-loop residues on the
properties of ionic selectivity using single cysteine Na” channel pore mutants. Selectivity
sequence of WT and mutant channels was determined and compared by measuring current
ratios of whole-cell currents in Xenopus oocytes in the presence of various monovalents and
divalents as the only extracellular cations. WT rSkM1 channels displayed an ionic
selectivity sequence Na™>Li">NH,>>K™>>Cs" and were impermeable to divalent cations.
Replacement of residues in domain IV showed significantly enhanced current and
permeability ratios of NH,” and K". resulting in negative shifts in the reversal potentials
recorded in the presence of external Na” solutions when compared to WT and cysteine
mutants in domains I, I and III (except K1237C). Mutants in domain IV showed altered
selectivity sequences: WI1S531C (NH,>K"™>Na2Li'=Cs"), DI1532C and G1533C
(Na>Li"2NH,>K">Cs"). Conservative replacement of the aromatic residue in domain IV
(W1531) with phenylalanine or tyrosine retained Na~ selectivity of the channel while the
alanine mutant (W1531A) reduced ion selectivity. A single mutation in domain III
(K1237C) dramatically altered the selectivity sequence of the rSkMI channel
(NH,>K™>Na"2Li"=Cs"), and was permeable to divalent cations having the selectivity
sequence Ca’>Sr">Mg*">Ba”. Sulthydryl modification of K1237C, W1531C or D1532C
with methanethiosuifonate derivatives that introduce a positively-ci.2zged ammonium
group, large trimethylammonium moiety or a negatively-charged sulfonate group within the
pore was ineffective in restoring Na~ selectivity to these channels. Selectivity of D1532C
mutants could be largely restored by increasing extracellular pH suggesting a change in the
ionized state at this position influences selectivity. These data suggest that K1237 in

domain III and W1531, D1532 and G1533 in domain IV play a critical role in determining
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the ionic selectivity of the Na™ channel. While mutations of domain I'V residues displayed
more pronounced effects in selectivity than residues from other domains. DIV is also the
most flexible domain. This coincidence suggests a possible correlation between pore motion

and ion selectivity.

4.2 Introduction

Voltage-gated Na™ channels are critical in the excitability of muscle and nerves
They conduct Na~ ions across membrane bilayers at a rate of over 10° ions per second while
still beug able to selectively discriminate between Na“ ions and other physiological cations
such as K™ and Ca™ (Hille. 1992). This property is crucial for generating the electromotive
forces required for electrical signaling. Even though several regions of the channel protein
that control ion current have been identified, the underlying molecular basis for selectivity

remains obscure.

The cloning of various ion channels and the development of site-directed
mutagenesis has allowed examination of the molecular structure of the channel protein.
Many voltage-gated ion channels are comprised of four homologous domains, each
consisting of six transmembrane spanning regions (Catterall, 1995). The four domains
merge to form a barrel-like structure with pore-forming region extending into the membrane
(Catterall, 1995). The pore region was first shown to be located between the ‘ifth and sixth
transmembrane regions in K™ channels (Hartmann et al.. 1991; Yellen et al.. 1991: Yool and
Schwartz, 1991). Further studies revealed that the conduction pathway of the Na~ channel
was located in the same region (Backx et al., 1992; Heinemann et al.. 1992). Regardless of
this similarity, Na~ channels differ from other voltage-gated ion chi ~els in their high
selectivity for Na™ (Hille, 1992). Systematic mutations of residues within the pore region
have revealed residues important for selectivity and permeation of voltage-gated K~
channels (Yool and Schwartz. 1992: Heginbotham et al.. 1992; Taglialatela et al.. 1993) and
the L-type Ca’” channel (Kim et al.. 1993; Mikala et al.. 1993; Yang et al., 1993}. Similar

studies in the rat brain II Na  channel have suggested four amino acids (aspartate.

121



glutamate, lysine and alanine), ore in each of the four pore segments. form the putative
selectivity filter (Terlau et al.. 1991; Heinemann et al.. 1992). Neutralization of the
negatively-charged aspartate and glutamate residues in the first and second repeat.
respectively. drastically reduced Na™ flux (Terlau et al.. 1991). while conversion of the
lysine and alanine residues in ine third and fourth domain, respectively, to glutamate
resulted in a channel that was more selective for Ca’ over Na' (Heinemann et al.. 1992).
However. the involvement of cthe: residues within the Na™ channel pore to Na“ selectivity

and permeation has not been axtensively examined.

In the previous chapter. i huve demonstrated that the Na™ channel pore is highly
flexible and that flexibility may be important for selective translocation of Na™ ions (cf.
Figure 3.6 & Table 3.3). Here we looked for correlations between channel flexibility and
tonic selectivity by examining the influence of amino acids within the pore region on the
properties of ionic selectivity using cysteine scanning mutagencsis. In brief. we have
identified three other residues (W1531, D1532 and G1533), all in the fourth domain. that
significantly alter Na selectivity but are not part of the proposed putative selectivity filter
(D400, E755, K1237, A1529). Coincidentally, domain [V is the most flexible domain
based on the double cysteine mutant data that [ presented in Chapter 3. These results
suggest that other residues. especially the ones in domain IV. are important in determining
the ionic selectivity of the Na™ channel and further implicate that channel flexibility may

correlate ionic permeation and selectivity.
4.3  Materials and Methods
4.3.1 Electrophysiology
The control recording solution was ND96 (section 2.7). For examining the ionic
selectivity of the rSkM! and mutant channels. NaCl was replaced with equimolar

monovalent (Cs™, K, Li", NH,") or divalent cation (Ba™, Ca™", Mg", Sr*") (as the CI salt)
adjusted to pH 7.6 with the corresponding hydroxide sait or Tris. Substitution of NaCl with
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equimolar divalent cation salts results in an increase in hypertonicity of the solution.
Adjustments were not made to account for this change. To prevent endogenous Ca* -
activaied Cl" current activity. either niflumic acid (I mM) was included in the extracellular
divalent solutions to block the CI currents or the oocytes were injected with | mM BAPTA.
All recordings were made within the first 10 min after iniually voltage clamping the oocyte

to the holding potential of -120 mV

Sulfthydryl modification by the methanethiosulfonat: (MTS) derivatives (Toronto
Research Chemical Co.. Torontc. Canada). MTSEA (MTS-etavlammonium), MTSES
(MTS-ethyisulfonate), MTSET (MTS-ethyltrimethylammonium) or MTSEB (MTS-
ethylbenzoate: gift from Dr. A. Wooley) was performed by exposing the cysteine mutants
to | mM MTS-X for 3 min followed by a 5 min washout. Modification of the cysteinyl
sulfhydryl side-chain was irreversible (Akabas et al.. 1992) and verified by examining the
altcred Cd*" sensitivity. The MTS derivatives were prepared daily and dissolved in the

recording solution.

To examine the effects of extracellular pH, the externai bath solution consisted of
(in mM) 96 NaCl. | BaCl,, I MgCl, and 5 HEPES, Tris or MES (adjusted with NaOH or
HCl to the desired pH).

4.3.2 Determination of Current and Permeability Ratios
Current ratios were determined by the ratio of peak inward current in the presence of
extracellularly applied tested cations to the peak inward current in the presence of Na'.

Permeability ratios (P/Py,) for a given cation were calculated using a '~ndified Goldman-

Hodgkin-Katz equation (Hille, 1992):

EX - ENn =kln (P\( [X]outSIdc/ PNa [Na]cmsid:) Equation 4.1
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where E, and E,, are the reversal potentials observed with the tested cation (X) and Na'.
respectively. k = RT/zF where z is the valence of the tested cation. and R is the gas constart
(8.314 V C K' mol™). T is the temperature in Kelvin and F is the Faraday's constant
(9.648*10° C mol"). Both current and permeability ratios can provide equivaient
interpretations of ion selectivity (Eisenman and Horn. 1983). Reversal potentials and slope
conductance were calculated by fitting the current-voltage relationship to a Boltzmarn

distribution function:

[=[(V,-V.)*G,. 1 +exp((V-V,0)k)] Equation 4.2

where [ is the peak I, at the given test potential V,. V ., is the reversai rotential. G, is the

fev

maximal slope conductance, V., is the half-point of the relationship and k (=RT/zF) is the

slope factor.

Data presented are the means £ SEM. Statistical significance was determined using

an unpaired Student's ¢ test with p<0.05 representing significance.

4.4 Results

Although Na™ channels are highly selective for Na", they permut permeation of other
cations (Hille. 1992). We examined the relative ionic selectivity of the wild-type rat
skeletal muscle Na“” channel (rSkM1) expressed in Xenopus oocytes to varying monovalent
and divalent cations. Figure 4.2A shows whole-cell recordings of rfSkM1 in the presence of
equimolar Na“, Li", NH,", and K" containing solutions with the corresponding current-
voltage relationship shown in Figure 4.2B. The rSkM1 Na" channel we_ Lighly permeable
to Na” and Li", exhibiting substantial inward currents (Figure 4.2A) compared with NH,”
and K". Since we are unable to control the intracellular ionic milieu of the oocyte, we are
uncertain of the ionic species responsible for the outward current. No detectable inward
currents were observed in the presence of Cs™ or the divalent cations (data not shown).

These data give a selectivity sequence of Na>Li">NH,">>K™>>Cs" based on current ratios.
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Figure 4.1

Structural topology of the Na™ channel a subunit. The shaded area within the pore-forming
domains denotes the region mutated in the present study. The putative amino acid
alignment sequence tor th: four pore regions as shown by the single letter amino acid code
is given below. The residues in capital letters were mutated to cysteine. The location of
each residue within the prirnary sequence of the rSkM1 Na channel is shown below each

amino acid letter.
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Figure 4.2.

[on selectivity of the rSkM1 Na™ channel.

A) Whole-cell recordings of the rSkM1 Na” channel in the presence of 96 mM NaCl. LiCl.
NH,Cl and KCI solutions. Oocytes were depolarized between -60 to +50 mV from a
holding potential of -120 mV. Currents traces displayed are from -50 to +40 mV in 10 mV
increments. Currents were corrected for leak and capacitance current. B) Current-voltage
relationship of the same oocyte shown in A) for Na™ (square). Li™ (circle). MF:,;” (diamond)
and K~ (triangle). The data were fit to a Boltzmann distribution as described in the
Methods.
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TABLE 4.1

[onic Current and Permeability Ratios of rSkM1. lonic current and permeability ratios of
rSkM1 for Li". NH,™, K" and Cs". Current ratios were calculated from peak inward currents
in the presence of tested cation nor:alized to the peak current in Na“ solution. Permeability
ratios were calculated from reversal potentials using a modified Goldman-Hodgkin-Katz

equation as described in the Sectiun <.2. Values represent the mean + SEM from 5 oocytes.

T Current Ratio Permeability Ratio
P./Py, 0.79 % 0.07 0.97 £ 0.06
P / P, 0.16 = 0.07 0.17 = 0.02
P,/ Py, 0.03 £ 0.01 0.05=0.01
P,/ Py, <0.01 0.02 = 0.01




These findings are very similar to those reported for native Na” channels (for review. see
Hille. 1992) and heterologously expressed Na™ channels (Heinemann et al.. 1992:
Chiamvimonvat et al.. 1996a.b) using either current ratio or permeability ratio
measurements. Current and permeability ratio measurements for rSkMI gave comparable

values and the same relationship regarding ion selectivity of rSkM|1 (Table 4.1).

4.4.1 lonic selectivity of cysteine mutants

We next examined the contribution of the pore-forming rr:siuties to ionic selectivity.
The amino acids at the carboxyl end (SS2) of the four pore regions “vere mutated to cysteine
(Figure 4.1). We chose to mutate the aminc acids to cysteine because of the small size and
intermediate polarity (Creighton. 1993), but more importantly. it allyws the determination
of the spatial orientation of the residues within the pore using Cd*" or sulthydryl modifying
agenis as probes (Akabas e. al.. 1992; Kiirz et al.. 1995: Pascual et al.. 1995: Li et al., 1966
Pérez-Garcia et al.. 1996). All cysteine mutants expressed functional channels with the
exception of G1238C in domair IlI. suggesting no major structural changes to the channel
protein. We implicitly assumed that only those residues which face into the aqueous pore
region, and thereby are able to interact directly with the permeating ion. will be able to
influence ion selectivity. [t is possible that the carbonyl backbone of the protein or side-
chains not facing into the aqueous pore environment may also influence selectivity.
However. we are unable to distinguish these changes from side-chain effects per se.
Initially. we measured the current ratios of the cysteine mutants to determine possible
residues which influence ion selectivity. Figure 4.3 illustrates the current ratios for Li".
NH,” and K~ for rSkMI and the cysteine mutants. All cysteine mutants were equally
permeable to Li~ as rSkM1 with the exception of W402C, E758C and ".!1529C which had

Li” current ratios significantly larger than rSkM1 channels (Figure 4.3A).
Mutants in domains [. IT and III (except E755C and K1237C) showed selectivity to

NH,” and K statistically identical to wild-type rSkM1 channels (Fig 4.3). Similarly

residues in these domains did not show significant alterations in reversal potentials (Table
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Figure 4.3

Current ratios for A) Li". B) NH, and C) K" of the rSkM1 and cysteine mutant channels.
Current ratios were determined from the ratio of the peak inward current in the presence of
the test cation to the peak inward current in the presence of Na™. Data represent the mean +

SEM of 3-5 oocytes. n.e. denotes no expression. The P values are * <0.05 and ** <0.01.
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TABLE 4.2
Reversal Potentials of rSkM1 and Cysteine Mutants. Values represent the mean + SEM. *

and ** respectively denote p<0.05 and p<0.01 with respect to WT values.

E,, (mV) n

RSKM 544+27 10
Y401C 507+ 7.1 6
W402C 52123 6
E403C 51.0£2.7 7
E755C 28 8+ 2.2%* 7
W756C | 51.6=1.9 6
1757C 534+ 1.0 7
E758C 54.0%3.9 7
K1237C L3 1200 9
W1239C 497 2.1 6

 wmidoc se2=39 s

DI1241C 54.4:£2.0 6
A1529C 500 1.1 7
G1530C 413 +2.9* 5
W1531C 1.6 1.7+ 12
D1532C 36.1 % 2.4+ 9
G1533C 35.0 4 3.6%* 4




4.2). On the other hand W13531C. D1532C and G13533C mutants in domain 1V shovsed a
statistically significant enhanced selectivity towards NH,” and K" as measured using current
ratios (Fig 4.3). In each of these domain [V mutants (W1531C. D1532C and G1533C).
there was a corresponding significant shift in the reversal potential of the peak current
versus voltage curve compared to rSkMI channels. In addition. G1530C channels also
showed significant shifts in reversal potential (Table 4.2) despite a lack of change in current
ratio to K compared to rSkM1. These results establish that residues in domain [V rnore
profoundly influence ion selectivity with respect to NH,” and K~ than residues in the other

three domains (except E755C and K1237C).

4.4.2 Loss of Na™ selectivity by K1237C, W1531C and D1532C

Relative to other cysteine mutants, K1237C, W1531C. D1532C and G1533C most
profoundly affected the ionic selectivity compared to rSkM1 channels. Since two of these
mutants (K1237C and DI1532C) were substitutions for strongly hydrophilic charged
residues and W1531C involved the replacement of a large aromatic residue. we therefore
further characterized the nature of the changes in selectivity in these three mutants. Figure
4.4 shows the whole-cell Na" current recordings of K1237C. W1531C and D1532C in the
presence of equimolar Na“ or K. and their corresponding current-voltage relationship.
K1237C and W1531C channels displayed marked alterations in ionic selectivity towards
the monovalent cations tested (Fig 4.4A and 4.4B). The ionic selsctivity sequences of both
K1237C and WI1531C was NH,>K"™>Na2Li'=Cs™. Neither K1237C nor WI1531C
supported permeation by the quaternary ammonium compound. tetramethylammonium
(data not shown). The marked alteration of channel selectivity by W1531C. which is not
shared by the other trvptophan mutants in domain I-III (Figure 4.3, -~uggests that this

residue and K1237 are important in regulating the selectivity of the rfSkM1 Na™ channel.
The present tindings with W1531C suggest that the presence of an aromatic group

in domain [V may be critical for Na™ selectivity. To address this, we constructed two

conservative mutants, W1531Y and WI1531F, as well as the non-conservative mutant
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Figure 4.4

Altered ion selectivity of K1237C, W1531C and D1532C. Whole-cell currents of A)
K1237C. B) W1531C and C) D1532C recorded in a 96 mM NaCl or 96 mM KCl solution.
Current recordings v-ere measured from oocytes held at -120 mV and depolarized from -60
to +50 mV. Current traces shown are from -50 to +50 mV in 10 mV increments. Records
were corrected for leak and capacitance current. The corresponding current-voltage
relationship frora th: same oocytes shown below. recorded in Na“ (square). NH," (triangie)
and K~ (circle) soluticas. Values were normalized to the maximal peak inward current for

Na". Data were fit to a BEoltzmann distribution as described in Fig. 4.2.
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W1531A. Figure 4.5 illustrates the current ratio of rSkM1 and the tryptophan mutants.
W1531C, W1531A. WIS31F and W1531Y were equally permeable to Li” as rSkM1. A
larger difference was observed with NH,” and K™ current ratios. W1531A channels had
NH,™ and K~ current ratios greater than rSkM1 channels but surprisingly much less than
W1531C channels (Figure 4.5). Alterations in ion selectivity with W1331A were as also
reflected in a less positive reversal potential (+39.1 = 2.9 mV, n = 6; p<0.05) measired in
Na™ solutions. The conservative mutant, W1531Y, displayed NH," and K" current ratios
similar to rSkM1. We were unable to detect any measurable inward currents in the
presence of NH,” or K™ solutions with W1531F. Preservation of an aromatir: residue in
domain IV retained Na selectivity, and the results with WIS31A suguest that the

hydrophobic character is an important determinant of Na™ selectivity in rSkM1 chanuels.

A less dramatic but significant aiteration in the selectivity of the rSkM1 Na™ channel
was observed wiih the aspartate to cysteine mutation in domain IV (D1532C) (Figure 4.4C).
This mutation resulted in a channel that was significantly more permeable to NH," and K~
in comparison to the wild-type channel. Surprisingly. other negatively-charged amino acids
in the other pore regions (D400C, E403C, E758C and D1241C) had very little effect on
selectivity (Figure 4.3) with the exception of E755C which was significantly more

permeable to NH,", but interestingly not to K.

4.4.3 Divalent permeation of K1237C

Heinemann and colleagues (1992) demonstrated that repiacing the lysine with
glutamate in domain I1I (K1422E in the rat brain 1l Na" channel) supported Ca’* and Ba*™
permeation. We further examined this finding by replacing the equi.:!=nt residue with
cysteine (K1237C). Exposure of K1237C to Ca®™ or Sr*° solutions resulted in inward
currents comparable to when Na™ was the permeant charge carrier, and rightward shifts in
the current-voltage relationship (Figure 4.6A and B). Interestingly, replacement of Na” in
the external bath solution with Mg”" also resulted in inward currents with a similar voltage-

dependent shift in activation while replacement with Ba* resulted in barely detectable
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Figure 4.5

Current ratios for trvptophan mutants. Current ratios were calculated as described in Figure

4.3. Values represent the mean + SEM of 5-7 oocytes. The p values are * <0.05, ** <0.01.
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Figure 4.6

Divalent permeation of K1237C.

A) Current recordings of K1237C in the presence of 96 mM Na". Ca’", Sr’". Mg’ and Ba*
solutions. Currents were recorded as described in Fig. 4.4.

B) Corresponding current-voltage relationship from the same oocyte shown in panel A.
Data were fit as described in Fig. 4.4.

C) Conductance-voltage relationship of K1237C in the presence of INa™ and the divalent
cations. Symbols are the same as denoted in panel B. Data were 10ninalized to the
maximal Na~ conductance and fit to a Boltzmann distribution function. Values represent

the mean + SEM of 5 oocytes.
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inward currents (Figure 4.6A and P). These results establish that replacement of K1237
with a residue not identical to that found at the homologous location in Ca’" channels also
support currents by divalents. K1237C channels were equally permeable to Ca™ and Sr*

compared to Na” as measured using maxirnum conductance measurements (Fig 4.6C).

Since Cd™ binds with high affinities to free sulthydryls. we and others have used
this cation as a biophysical probe tc determine the spatial orientation of the amino acid side-
chains by examining the Cd*" sensttivity of the cysteine mutated channels (Chiamvimonvat
et al.. 1996a; Li et al.. 1996: Pérzz-Garc'a et al., 1996). rSkM1 is relatively insensitive to
Cd* block (K, = 1.8 = 0.4 mM. a=7) and whole-cell currents are unaffected by
methanethiosulfonate (MTS) derivatives. Furthermore. there is no change in the Cd”™
sensitivity of ISkM1 after MTSEA exposure (K; = 1.9 £ 0.3 mM. n=3). K1237C. WI531C
and D1532C all appear to have their side-chain residues accessible to the aqueous pore
environment as revealed by the modification by the MTS derivatives which modify free
sulfhydryl groups. and the enhanced sensitivity of these cysteine mutants to Cd*" block
compared to rfSkM1 (Figure 4.7). This enhanced Cd* sensitivity could be reversed by MTS
modification (Figure 4.7). These findings suggest that the alteration in selectivity result
from changes in the interaction between the permeating ion and the channel. and not due to

structural transformations of the channel protein.
4.4.4 Can sulfhydryl modification reconstitute Na” selectivity?

A simple interpretation of the above data suggests that removal of the positively
charged lysine side-chain. the aromatic moiety of tryptophan or the negatively charge
carboxylate residue may be responsible for the alterations in ion.. ~electivity. We
hypothesized that chemically reintroducing similar groups into the pore region would
restore Na~ selectivity to the channel. We used the membrane-impermeant MTS derivatives
10 examine this question. To restore ionic selectivity to K1237C. W1531C and D1532C,
we uszd the positively-charged (MTSEA. MTSET) or negatively-charged (MTSES)

compounds, respectively.
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Figure 4.7

Effect of methanethiosulfonate (MTS) modification on the current-voltage relationship (left
panel) and Cd* sensitivity (right panel) of A) K1237C. B) W153{C and C) D1532C.
Currents were recorded as described in Fig. 4.4 in the absence and presence of | mM MTS
derivative denoted. Fractional whole-cell currents (I/1)) measured at -10 mV were plotted as
a function of Cd'" concentration and fit to the Hill equation I/, = 1/(1 + [Cd*VK,)
assuming a single binding site. The K, for Cd*" block for rSk'M1 was 1865 + 386 uM for
rSkM1 (n = 7). The K, for Cd*" block prior to and after modification by the MTS derivative
was A) K1237C 124 = 22 uM (solid square. n = 3) and 2154 = 182 uM (open square, n =
3): BY WI531C 55 = 7 uM (solid circle. n = 6) and 1980 £ 176 ulJ (open circle. n = 3); C)
D1532C 583 = 70 uM (solid triangle. n = 6) and 2325 + 287 uM (open triangie. n = 3),

respectively. Values represent the mean £ SEM.
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The effects of sulthydryl modification of K1237C with 1 mM MTSEA are
illustrated in Figure 4.8A. MTSEA resulted in a reduction in peak inward current which
may result from an obstruction of the conduction pathway (Figure 4.7A). Sulfhydryl
modification by MTSEA w=s irreversible since the reduction in peak current persisted even
after washout of the agent. as has been shown by other investigators (Akabas et al.. 1992;
Kirsch et al.. 1994: Kiirz et al.. 1995). Modification was also confirmed by the reduced
sensitivity of the channel to Cd* biock (Figure 4.7.; Li et al., 1996). Both the reduced peak
inward current and the reduace! sensitivity to Cd>" could be restored following the
application of dithiothreitol (daia not shown). MTSEA modification did not reconstitute
Na” selectivity to the K1237C mutant since this mutant remained nonselective towards the
monovalent cations as demonstrated by the high degree of permeation by NH,” and K~
(Figure 4.8A) and by the iack of change in the permeability ratios of K1237C atter
sulfhydryl modification (Table 4.3). MTS-modified K1237C channels remained pern eable
to divalent cations. These data demonstrate that sulfhydryl modification of K1237C by
MTSEA could not restore rSkMI-like monovalent or divalent cation selectivity to these

channels.

Similar studies were performed with W1531C (Figure 4.8B) and D1532C (kg
4.8C). Modification of W1531C with 1 mM MTSET, which introduces a bulky
trimethy:ammonium group into the pore, reduced peak inward current but had no effect on
selectivity as perceived by the lack of change in the NH,” and K™ current and the
permeability ratios (Fig 4.8B, Table 4.3). We also examined the effects of the aromatic
MTS derivative. methanethiosulfonate-ethylbenzoate (MTSEB). which would introduce the
more appropriate phenolic group into the pore. However, attempts tc «:emically modify
the cysteine residue with MTSEB failed since there was no change in the Cd*” sensitivity of
W1531C after MTSEB exposure. Failure of MTSEB to modified this channel mutant may
be due to the inaccessibility of this reagent to the site within the pore. Lastly, replacement

of a negative charge into D1532C channels using MTSES modification resulted in an
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Figure 4.8

Effect of sulfhydryl modification of A) K1237C. B) W1331C and C) D1532C on tonic
selectivity. Whole-cell currents were recorded in the presence of 96 mM NaCl or KCl
solutions as described in Fig. 4.4. The corresponding ct.rrent-voltage relationships of the
cysteine mutants in the presence of Na™ (square). K™ (ciicle) and NH,~ (triangle) are shown
below. K1237C. W1531C and D1532C were modified with 1 mM of MTSEA. MTSET
and MTSES, respectively.
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TABLE 4.3
Effect of Sulfhydryl Modification on Permeability Ratios of rSkM1. K1237C. W1531C and

D1532C: Channels were modified with 1 mM of the corresponding MTS derivative. Values

represent the mean £ SEM of 3-5 experiments.

P /Py, Pund/Pra Py/Py, PeyPra

rSkM1 B 0.97 £0.06 0.17 £0.02 0.05 £ 0.01 0.02 £ 0.01
K1237C 1.00 £ 0.03 1.19 + 0.04 1.01 £ 0.06 0.87 £0.03
K1237C + MTSEA 1.01 £0.02 1.15+0.05 1.02 £ 0.03 0.86 = 0.02
WI1331C 1.01 £0.0] 1.24 £ 0.01 1.03 +£0.02 0.89 = 0.05
W1531C + MTSET 1.03 £0.02 1.23 £0.02 0.99 £ 0.01 0.90 = 0.01
D1532C 0.88 = 0.07 0.56 = 0.04 0.20£0.03 0.11 £0.01
D1532C + MTSES 0.96 £ 0.04 0.54 + 0.06 0.22+0.04 0.07+0.03
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enhancement of current (Figure 4.7C) but again dic not restore channel selectivity (Figure
4.8C).

These data suggest that a simple reintroduction of a positively-charged group. bulky
hydrophobic moiety or negatively-charged group into the pore of K1237C. W1531C or
D1532C. respectively is not sufficient to reestablish selectivity. However. these findings do
not negate the importance of the side-chains of these residues for selectivity since not only
the charge or size of the side-chain may be important. but the localization of these groups
within the pore may influence selectivity. Modification of the cysteine mutants with the
MTS derivatives most 'ikely do not localize the replaced group within the same vicinity

because of their attachment to the ethyl alkyl chain.

4.4.5 Effects of extracellular pH on the selectivity of D1532C

To determine whether the localization of the negatively-charged group is critical for
determining ionic selectivity. we examined the effects of extracellular pH on D13532C
mutant channels. We reasoned that alteration in extracellular pH will affect the ionized
state of the cysteinyl sulfhydryl side-chain (pK, cysteine 8.5) thereby reintroducing a
negative charge. Figwe 4.9 illustrates the effects of changing extracellular pH on the
current-voltage relaticnship of the rSkM! and D1532C Na“ channel. Decreasing the
extracellular pH from 7.€ to 5.6 resulted in a reduction in peak inward current and a
rightward shift in the current-voltage relationship of the rSkM1 Na™ channel (Figure 4.9A).
These effects have been previously attributed to proton block of the channel and screening
of negative surface charges (Woodhull, 1973). Elevating the pH from 7.6 to 9.6 produced a
modest increase in peak current of rSkM1. Increasing the extracellular pH had two effects
on D1532C. There was a there was a large increase in peak inwa:.' -urrent at pH 9.6
(Figure 4.9A). Secondly, there was a positive shift in the reversal potential as extracellular
pH was made more basic (Figure 4.9A). This effect is more clearly illustrated in Figure
4.9B where the reversal potential (E,,) is plotted as a function of the extracellular pH.
There was a shift in the reversal potential from +33.2 + 2.2 mV (pH 5.6) to +41.3 = 1.6 mV

(pH 9.6) (n = §) which tended to converge towards the rSkM1 curve. Changes in pH did
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Figure 4.9

Effect of extracellular pH on rSkMI1 and D1532C.

A) Effect of pH 5.6 (circle). 7.6 (square) and 9.6 (trinagle) on the cuirent-voltage
relationship of rSkM1 and D1532C. Currents were recorded as described in Fig. 4.4.

B) Effect of extraceliular pH on the reversal potential (E,,) of rSkM1 (n) and D15327 ().

Data represent the mean = SEM of 4-5 oocytes.
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not influence E, of rSkM1 (E,,: +47.1 £ 2.6 mV - pH 5.6: +46.9 £ 3.1 mV - pH 9.6: n =
4). As observed with rSkM1, inward currents of D1532C were reduced and there was a
depolarizing shift in activation at pH 5.6 (Figure 4.9A). These data suggest that not only

the charge but the location of the negativelv-charged group is critical for influencing ionic

selectivity.

4.5 Discussion

Mutagenesis studies have revealed :riiical residues important for a number of
intrinsic properties of the Na" channel including activation and inactivation (Stiihmer et al.,
1989; West et al.. 1992 and ionic selectivity (Heinemann et al.. 1992). We have further
used mutagenic strategies to probe the spatial orieatation of the pore-forming residues of the
rat skeletal muscle Na™ channel (Li et al., 1996). Most of the residues mutated were
exposec to the aaueous pore environment. We have extended these studies and examined
the contribution of these pore-forming residues to ion selectivity. Cysteine mutations
within the pcre appear to have localized effects since all but one cysteine mutant (G1238C)

expressed functicnal channels with relatively little effect on channel gating.

4.5.1 Alterations in Selectivity Revealed by Cysteine Mutations

The present study demonstrated that four residues markedly influence ion selectivity
of the rSkM1 Na“ channel: K1237, W1531. D1532 and G1533. Three of these residues
(W1531. D1532 and G1533) have not been implicated before now in forming the selectivity
filter of the Na' channel. Studies with the rat brain Il Na" channel (Terlau et al.. 1991;
Heinemann et al.. 1992) have suggested four amino acids (aspartate. ~utamate. lysine,
alanine), one in each of the four pore regions form the selectivity filter. This DEKA locus
is absolutely conserved in all other Na™ channel subtypes known (except in jelly fish where
the locus is DKEA (Anderson et al., 1993)) and also functions in molecular filtration as well
as selectivity for organic and inorganic cations by determining the ionic cutoff diameter of

the chanrel pore (Sun et al.. 1997). The locus also plays a role in external Ca*” and H™ block
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of the wild-type channel (Sun et al.. 1997). More notably. the lysine and aianine residues in
domain III and IV had the most influence on Na™ selectivity (Heinemanr. et al.. 1992: Favre
et al.. 1996; Schlief et al.. 1997; Chen et al.. 1997: Sun et al., 1997). Mutating both of these
residues to glutamate. which are found at the equivalent positions in the Ca® channel.
conterred Ca*” channel characteristics to the Na™ channel. The single lysine to glutamate
mutation alone had a large effect on ion selectivity of the channel suck :hat the channel was
relatively nonselective towards the monovalent cations tested. similar to the loss of
selectivity we observed with K1237C. Furthermore. as observed with the lysine to
glutamate mutant. our K1237C mutant showed appreciable inward currents i the presence

of divalent cations.

The selectivity sequence of K1237C for divalent cations based on conductance and
reversal potential measurements was Ca’'>Sr">Mg >Ba’. However, the selectivity
seyuence of K1237C for the alkaline earth cations cannot be inferred from measurements of
atomic radii (Ba>>Sr*">Ca’>Mg’) or hydration energies (Mg’ >Ca*>Sr* >Ba™) (Hilie.
1992), as it can be for the L-type Ca™ channel using single-channel conductance
(Ba*>Sr"~Ca’") or reversal potentials (Ca*>Sr ">Ba’") (Hess et al.. 1986). L-type Ca™
channels are impermeable to Mg*". The permcation of Mg™™ through the K1237C channel is
quite surprising since Mg” does not permeate many ion channels since the rate of
dehydration is >10* s slower than other alkali or alkaline earth metals (Diebler et al..
1969). Therefore. dehydration of the ion may not play a significant role in Mg*™ permeation
through this channel. The finding that Ba™ is weakly permeable through the K1237C
channel is also unexpected since Ba’ has a higher dehydration rate than the other divalent
cations tested (Diebler et al., 1969) and a similar atomic radius as the permeant K™ ion
(Hille. 1992). therefore we would have expected a greater degree of E. ™~ permeation than
Mg*". The presence of a positively-charged residue at position 1237 in domain III appears
to be critical in preventing divalent permeation since the mutation K1237R abolished Ca™
conductance. however, still rendered *he channel non-selective towards monovalent cations
(Favre et al.. 1996). In addition to exclusion of divalent eatry. it has also been proposed that

K1237 may play a functional role analogous to the Ca* (Sun et al., 1997) that resides in a
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high affinity binding site in the Ca® channels which controls selectivity for inorganic
cations and prevents permeation of large organic cations (Sather et al.. 1994).
Negat've-charged residues have a strong influence on ion selectivity and permeation
of Na' channels (Terlau et al.. 1991: Heinemann et al.. 1992; Chiamvimonvat et al..
1996a.b) and Ca’ channels (Kim et al.. 1993; Mikala et al.. 1993: Yang et al.. 1993: Ellinor
et al., 1995), whereas for voltage-gated K~ channels. less hydrophilic residues contribute
more s~ to K™ selectivity (Yool and Schwarz, 1991; Taglialatela et al.. 1993: Heginbotham
et al., 1994). [t has been speculated that the conserved tyrosine residue within the pore of
the volt~ge-yated K™ channels is important for coordinating cation-p interactions between
the permeqting K™ ion and the channel protein (Heginbotham and MacKinnon, 1992;
Kumpf and Dougherty. 1993: Lii and Miller. 1995) and furthermore. may form rart of the
selectivity fi.ter of the channel (Durell and Guy, 1992). It is intriguing that mutating the
hydrophiobic tryptophan residue in domain IV to cysteine (W1531C) but not the other
tryptophan residues in the domains i-ili rendered the channel 1nable to discriminate against
the monovalent cations tested. Furthermore. maintaining an aromatic group at this position
(WI1531F and W1531Y) retained selectivity similar to that of the wild-type: channel. The
alterations observed with W1531C strongly suggests that size and chemicai nature of the

residue at this position is a critical determinant in conferring Na~ selectivity to rSkMI1.

D1532C showed prominent inward current with both NH,” and K*. Mutating the
negatively-charged residues in the domains I-1II (D400C. E403C, E755C. E758C and
D1241C) did not have as a dramatic effect on selectivity as D1532C. The importance of
negative-charged residues in the pore has been attributed to electrostatic focusing or binding
of the permeant ions and determinants of ion translocation for the voltage-gated Na’
channel (Hille, 1972; Terlau et al.. 1991; Chiamvimonvat et al.. 1996L".. Our data further
supports this notion and that the negatively-charged residue in domain IV plays a critical
role in Na~ permeation. These data and the results with W1531C also suggest that each
domain does not contribute equally to the property of ion selectivity. Such asymmetry in

the conduction pathway has been recently described for the Na™ (Chiamvimonvat et al.,



1996a.b) and Ca’” channel (Kim et al.. 1993; Mikala et al., 1993: Yang et al.. 1993: Ellinor
etal.. 1999).

Both glycine residues in domain IV (G1530C and G1533C) disrupted selectivity.
Glycines allow for high degree of r.rotein backbone flexibility and furthermore. are major
constituents of B hairpin turns within proteins (Creighton. 1993). It may be possible that the
two glycine residues are involveri in allowing for the coordination of a Na™ ion with the
channel protein. through cation-p interactions with WI1531 (Dougherty. 1996) or
electrostacic interactions with D1532 (Ciiamvimonvat et al.. 1996). as has been suggested
for the glycine residues located in the "signature sequence” of the voltage-gated K™ channel

(Heginbotham et al.. 1994) and in the Ca* channel (Kim et al., 1993).

Heinemann and colleagues (1992) demonstrated the importance of the lysine
residue in domain III in conferring Na’ selectivity to the Na" channcl and suggested that it
comprised part of the selectivity filter. A more recent study further examined the role of
this residue on selectivity and demonstrated the importance of the chemical nature at this
locus in domain III for determining Na“ selectivity over K™ and Ca®" (Favre et al.. 1996).
The present study supports these findings and furthermore demonstrates that the residues in
domain IV intluence ion selectivity more so than the residues in the other domains. The
unique characteristic of this region may be associated with the high degree of flexibility
within the pore region of domain IV, as | have demonstrated in Chapter 3. This property of

the channel may be important for ion coordination, selectivity and permeation.

4.5.2 Effect of Sulfliydryl Modification on Selectivity

The development of the methanethiosulfonate compounds have been provided a
unigue probe to examine the tertiary nature of the pore-forming residues in ion channels
when combined with cysteine scanning mutagenesis (Akabas et al., 1992). We (Li et al.,
1996) and others (AKabas et al., 1992; Kiirz et al., 1995; Pascual et al., 1995; Pérez-Garcia

et al., 1996) have used these compounds to study the topology of the pore residues in a
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number of ion channels. We have further employed these probes to determine whether ion
selectivity can be restored by reintroducing specific groups in.o the pore to mimic the
mutated residue. Modification of KI1237C. WI1531C and DI1532C with specific
methanethiosulfonate derivatives which reproduce the positive charged, bulky moiety or
negative charged side-chains did not restore selectivity suggesting that a simple replacement
is not sufficient for reconstituting selectivity of the channel. Furthermore. the presence of
the positively-charged ammonium group within the pore of K.237C did not prevent
divalent permeation. This is unlike the finding with K1237R which exhibited no Ca™
permeation (Favre et al.. 1996). Recently, Marban and colleagues uemonstrated that the
loss in selectivity of rSkM1 with D1532C could be partially restored by 10 mM MTSES as
measured by whole-cell flux and single-channel permeability ratios (Chiamvimonvat et al..
1996b). Although we used | mM MTSES to modify D1532C channels. we observed a
similar 50% increase in peak current (Figure 4.8C) as observed with 10 mM MTSES
{"hianivimonvat et al., 1996b) suggesting that differences in the degree of channel

modification cannot explain the discrepancy in results.
4.5.3 Extracelluar pH Influences Selectivity

It should be noted that conservative replacements of pore-forming amino acids do
not ensure conservation of selectivity and vice versa, as has been demonstrated for the L-
type Ca®* channel (Ellinor et al., 1995) and voltage-gated K~ channels (Taglialatela et al..
1993: Heginbotham et al.. 1994). Side-chain length, charge and polarity may all influence
selectivity of the channel. In this regard. although we have tried to preserve charge and
polarity using the MTS compounds, the localization of the desired groups is confounded by
their attachment to an ethyl alkyl chain. To overcome this problc... we changed the
extracellular pH to alter the ionized state of the sulfhydryl side-chain of D1532C to
maintain side-chain length, charge and polarity. D1532C became more selective as we
changed the cysteinyl sulfhydryl side-chain to a thiolate derivative as extracellular pH
increased. This further supports our findings that this negatively-charged residue is

important for ion selectivity.
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4.4 Summary

We have demonstrated that four residues (K1237. W1531, D1532 and G1533) in the
pore of the rat skeletal muscle Na™ channel play an important role in ion selectivity. Three
cf these residues have not been previously reported to influence ion selectivity. Given the
degree cf nonselectivity observed when the residue W1531 is mutated to cysteine. it is
re2sonable to suggest that this residue also forms part of the selectivity filter. We speculate
taat this residue may directly interact with the positively-charged lysine group in domain [}
or wiu. the permeating Na" ion through cation-nt interactions which have been recently
ascnixd to be important for a number of biological interactions (Dougherty, 1996). Since
mutations of domain IV residues produced more pronounced effects in ionic selectivity than
residues from other domains and. coincidentally, DIV is the most flexible domain. Our
results suggest a possibility that pore motion may correlate ion permeation and selectivity.

Further studies will be requirad to verify this hypothesis.
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CHAPTER 5
THE ROLE OF P-LOOP RESIDUES IN TOXIN BINDING

5.1 Abstract

Toxins whose 3-dimensional structures are known have been useful probes for
studying the molecular strucn:re of ion channels. We studied p-conotoxin (u-CTX) block
of rat skeletal muscle socium. channel (rSkM1) in which single amino acids within the pore
(P-loop) were substituted witk. cysteine. Among 17 cysteine mutants studied. 7 showed
significant alterations in sensitivity to u-CTX compared to wild-type rSkM1 channel
(I1C4=17.5£2.8 nM). E758C and D1241C were less sensttive to u-CTX block (IC,,=220+39
nM and 112+£24 nM respectively) whereas the tryptophan mutants W402C, W1239C. and
W1531C showed enhanced u-CTX sensitivity (IC;,= 1.9£0.1, 4.9£09 and 5.5+0.4 nM
respectively). D400C and Y401C also showed statistically significant. yet modest. changes
in sensitivity to p-CTX block compared to WT (p<0.05). Application of the negatively-
charged suifhydryl reactive compound, MTSES. enhanced the toxin sensitivity of D1241C
(IC;,=46.3+£12 nM) while having little effect on E758C mutant channels (IC,,;=199.8£21.L
nM). On the other hand. the positively charged MTSEA completely abolished the pu-CTX
sensitivity of E758C (IC,,>1mM) and increased the IC,, of D1241C about 2-tola.
Applications of MTSEA. MTSES and the neutral MTSBN (benzyl methanethiosulfonate)
to the tryptophan-to-cysteine mutants partially or fully restored the wild-type u-CTX
sensitivity, suggesting that the bulkiness of the tryptophan’s indole group is a determinant
of toxin binding. In support of this suggestion. the blocking 1C,, of W1531A (7.5£1.3nM)
was similar to W1531C while W1531Y showed wild-type sensitivity (14.6+3.5nM). Our
results demonstrate that charges at positions 758 and 1241 are importi .t for p-CTX toxin
binding and further suggest that the tryptophan residues within the pore in domain I, IIl and
IV influence toxin-channel interaction. We also tested several current models of the Na’

channel pore with these data. Overall, our results are in favor of an asymmetrical pore.
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5.2 Introduction

Knowing *hat the P-loops of Na™ channels are tlexible structures (Chapter 3) and
may correlate ionic selectivity (Chapter 4), we moved on to examine their contributions
in the pharmacology of Na“ channels. Channel pore: are invariably the targets of
numerous channel blockers and drugs (see 1.6). Understanding the molecular actions of
these agents and their interactions with the channe} v:il not only shed light on the
structures of their binding or receptor sites but potentiaily wil) also help understand the

mechanisms underlying channel function and improve desizn ¢f new therapeutic agents.

Toxins such as AgTX. TTX. STX and u-CTX whose 3-dimensional structures are
known have been useful probes for studying the molecular siructure of ion channels. |
will first describe in this chapter the roles of pore residues in binding of the blocker u-
conotoxin (u-CTX). a class I' Na” channel toxin (see 1.10.1 for classificaticn). tc the
rSkM1 Na“ channels. Several current models of the Na™ channel pore were tested with
these data. In the next chapter, | will then discuss the contribution of P-loop residues in

lidocaine (a class I antiarrhythmic, see also 1.10.2) binding.

Conotoxins (CTXs) are a group of toxins isolated from the venom of the
piscivorous sea snail Conus geographus (Cruz et al.. 1985: Gray et al., 1988: Olivera et al..
1990). Many of these toxins have specific actions on ion channels and neurotransmitter
receptors. The p-conotoxius (u-CTX) are a ciass of conotoxins which selectively block ion
flux through voltage-gated skeletal muscle and electric eel sodium channels with high
affinity compared to the brain. heart or peripheral nerve isoforms (Cruz et al.. 1985). u-
CTXs are peptides with 22 amino acids including 6 cysteine residue. [ {akamura et al.,
1983; Gray et al., 1988: Olivera et al., 1990) which form 3 disulfide linkages making the
toxins very rigid (Cruz et al., 1985; Moczydlowski et al., 1986; Ohizumi et al., 1986;
Yanagawa et al., 1986; Chen et al., 1992). At neutral pH. u-CTXs are very hydrophilic and
carry a net positive charge of either 6 ur 7 depending on the subtype. Rigid peptide

inhibitors have previously been used to study the molecular structures of receptors and ion
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channels (Park and Miller. 1992: Goldstein et al. 1994: Stampe et al: 1994: Hidalgo aad
MacKinnon. 1995). Consequently. rigid p-conctoxins should be useful molecular probes
for testing various molecular models of Na™ channel pore structure (Hille. 1992: Dudley et
al., 1995: Stampe et al. 1994; Gross et al: 1996) since the molecular structure of n-CTXs
has been determined at very high resolution (Lancelin et al., 1991: Sato et al.. 19G1:
V/akamatsu et al., 1992; Hill et al., 1996). Recently. French and colleagues (1996) have
further used the activation shifts resulting from partial blockade of sodium single-chanrel
current by the derivative R13Q of u-CTX to implicate movements of the S4 voltage seasor
‘French et al, 1996). In addition to its rigidity, u~-CTX binds to skeletal muscle Na
channels with a 10°-fold higher affinity compared to cardiac and nerve Na“ channels (Cruz
et al. i985), making these toxin useful probes for identifying struciural differences between

different Na" channei subtypes.

Based or: mutzgencsis studies of the toxin. it has been suggested that the positively
charged guanidinium group of Argl3 of u-CTX is directly involved in the binding to
sodium channels (Sato et al., 1991; Becker et al.. 1992: Chahine et al.. 1994). To further
identify residues of the channel pore which might contribuie to high-affinity p-CTX
binding, we constructed 17 cysteine pore mutants of the rat skeletal muscle Na™ channel
(rfSkM1). All mutations (except E1524C) were constructed in the ascending portion (SS2)
of the P-loop in the four homologous domains (DI-DIV). Cysteine mutants were initially
tested for Cd” sensitivity to assess their side chain accessibility and then tested for u-CTX
sensitivity. These studies therefore allowed us to identify pore-lining residues which

influence the toxin binding to the pore.
In this report, we located 7 residues (D400, Y4CG1, W402, E772, W1239. D1241.

W1531) in the pore that significantly affected the binding of u-CTX to Na™ channels. These

results are discussed in relationship to previous models of Na™ channel pore structure.
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53 Methods and Materials

5.3.1 Toxin and sulfhydryl modifier application

The recording solution used was ND 96 (section 2.7). For examining the Cd*" and
u-CTX sensitivity of rSkM1 and mutant channels. appropriate amounts of CdCl, (Sigma.
Mississauga, ON. Canada) and GIIIB homolog of u-CTX (Biomol. Plymouth, PA, USA)
were added to the bat) recording solution from a 1M and 100 mM stock respectively. The
purity of the toxin as proided by the supplier was 75% peptide content. Sulfhydryl
modification by the me‘hanethiosulfonate (MTS) derivative (Toronto Chemical Co..
Toronto. Canada) MTSEA (MTS-ethvlammonium), MTSES (MTS-ethylsulfonate) or
MTSBN (benzyl methanethiosulfonate) was performed by exposing the cysteine mutants to
1 mM MTS-X for 3-10 min followed by a 5 min washout. Modification of the cysteinyi
sulthydryl side chain was reversed by adding | mM DTT (Fischer. Madisoa. USA). The

MTS-X derivatives and DTT were prepared daily and dissolved in the recording solution.

5.3.2 Statistical Analysis and Curve fitting

Individual IC,, values were determined by fitting dose-response data. using the
Marquardt-Levenberg algorithm in a non-linear least-squares procedure. to the binding

equation:

I /Io=1/(1+ [blocker] / IC) Equation 5.1

where [, and I, represent measured Na™ currents respectively in the prec. >ce and absence of
u-CTX or Cd™. and IC,, is the [blocker] at which I; =0.5 I, In cases where incomplete
substate blocks were observed, a modified form of the binding equation was used to
accomodate the steady-state component at relatively high blocker concentrations. Such an

equation is given as follows:
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Iy /o= (1-(Ig / I5)™ ) / (1+ [blocker] / ICyy) + g / [o)” Equation 3.2

where (I; / I;) ” represents the fraction of current remaining at very high [blocker]. All
mean values presented were calculated by taking the average of at least three individual ICy,
values of each mutants. Data presented are the means £ SEM. Statistical significance was

determined using an unpaired student's t-test with »p<0.05 representing significance.

54 Results

5.4.1 Pore-lining residues become Cd ** sensitive aftor cysteine substitution

Single cysteine mutants were created and initially probed with Cd*” and the
sulfhydryl reactive agent MTSEA in order to assess side-chain accessibility of putative P-
loop residues taat line the pore. All single cysteine mutants expressed functionz! channels
except G1238C which did not express after at least 10 rounds of injection. Table 5.1
summarizes the half-blocking concentration (IC,;) for Cd* of each of the mutants before
and after MTSEA modification. All mutants except W756C showed elevated Cd*
sensitivity (p<0.001) wher compared with the wild type (rSkM1) and were modified by
MTSEA. All Cd* sensitive mutants became Cd* insensitive after MTSEA muodification
(Table 5.1) further supporting side-chain accessibility to the aqueous phase and establishing
that the free inserted cysteine sulthydryl was responsible for the elevated Cd*" sensitivity of

the single mutants.

5.4.2 u-Conotoxin sensitivity of rSkM|1 and single cysteine mutants

We initially examined the pu-CTX sensitivity of wild-type rSkMI! channelis
expressed in Xenopus oocytes to block by u-CTX. Figure 5.1A shows a typical whole-cell
current recording from an oocyte coexpressing the rSkM1 a-subunit with 5-fold excess of
the rat brain 1 suburit. The currents were recorded using a 2-electrode voltage-clamp in

the absence and nresence of 30 nM u-CTX following depolarization to -10 mV from a
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Figure 5.1

A) Representative records of raw current traces of rSkM1 with (left panel) and without
(right panel) co-expression with the rat brain Bl subunit recorded in the absence and
presence of 30 nM p-CTX as indicated by arrows. Lack of 1 co-expressior resulted in
slower inactivation kinetics but did not significantly affect the toxin binding.

B) The dose-response relationship for u-CTX binding to rfSkM1 Na" channels with (solid
square) and without (open circle) co-expression with §1. Normalized peak Na’ curren:s at -
10 mV were plotted as a function of extracellular u- CTX concentrations. The curve fitted
with the binding equation allows estimation of the IC,, for u-CTX block (see 5.3). Data are
plotted as mean = S.EM.. IC,, values estimated were : 17.4 £1.5 nM (n=35) with 31 and

27.9 £1.8 nM (n=4) without 1.
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holding potential of -120 mV. The IC, estimated from the binding curve fit to the data
(solid circles) shown in Figure 5.1C was 17 4£1.5 nM (n=5) which falls within the range of
5 - 150 nM reported previously for expressed rSkM]1 channels (Chen et al.. 1992; Stephan
et al.. 1994; Dudley et al.. 1995). While the wide range of ICy, values measured previously
could originate from differences in toxin puity, it is also conceivable that the level of co-
expression with the rat brain B1 Na“ channel suburit could contribute to. or be responsible
for these differences. To address this questicn. we examined the effects of p-CTX block on
rSkMI1 channels without co-expressing 31. The representative current trace in Figure 5.1A
(right panel) shows the expected slowing ot inactivation kinetics when the rSKM1 a subunit
is expressed alone (Krafte et al. 1988: Zhou e: al. 1991; Cannon et al. 1993: Nuss et al,
1995) (cf compare with Figure 5.1A. left panel). In spite of these changes in channel gating,
Figure 5.1B shows that B1 subunits did not significantly (P>0.05) effect the sensitivity for
u-CTX block (IC,, =27.9 1.8 nM. n=4 without p1).

All single cysteine substitution in the P-loops of the four internal repeats of rSkM1
expressed furctional channels except G1238C. Furthermore, all mutant channels except
W756C were sensitive to externally appiied Cd*" and MTSEA suggesting these residues
line the extracelluiar face of the pore (Tsushima et al.. 1997a.b) and thereby might influence

toxin interaction with the channel.

Figure 5.2 summarizes the estimated IC,, values for u-CTX binding to our single
cysteine muiants with significant differences from wild-type indicated by asterisks. All
mutant channels were co-expressed with Bl. Most cysteine substitutions did not
significantly alter sensitivty to block by u-CTX compared to rSkM1. However, the negative
charge substitution mutants E758C (IC,, = 220£39 nM, n=5) and D12~.C (IC,, = 11224
nM, n=6) were about 15- and 6-fold less sensitive to u-CTX block than rSkM1. In contrast,
the tryptophan substitution mutants W402C (IC,, = 1.9+0.1 nM, n=4), W1239C (IC,, =
4.9£0.9 nM, n=5) and W1531C (IC,, = 5.5£0.4 nM, n=5) were about 10-, 4- and 3-fold

more sensitive to u-CTX block compared to rSkM1 channels. The estimated IC,, values for
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Figure 5.2

Summary of the changes in u-CTX sensitivities: plot of the half-blocking concentration
(IC,,) for u-CTX block of each of the single cysteine mutants. Roman numerals denote the
corresponding domain numbers. All mutants formed functional channels exc:pt G1238C
which showed no expression (n.e.). Data represent at least three individual IC,
determinations for each of the mutants. The abscissa represents the wiid-type sensitivity to
u-CTX block. The left ordinate axis measures the ratio of the IC;, for mutant channels to
the IC,, for rSkM1 channels on a logarithmic scale. The right ordina‘e :represents the
absolute IC,, (nM) plotted on a logarithmic scale. Mutants with [C,, values that are
statistically different (p<0.05) from WT are marked with asterisks. D400C. Y401C. E758C
and D1241C were less sensitive to u-CTX block than WT whereas W402C, W1239C and

W1531C were more sensitive.
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p-CTX binding to D400C (38.8+£4.5 nM. n=4) and Y401C (32.9+£2.1 nM. n=3) were only
modestly. yet significantly (p < 0.05). different from rSkM1 channels.

5.4.3 Effects of charge replacements on u-CTX sensitivity of charged mutants

One simple explanation for the rednced potency to pu-CTX block of E758C and
D1241C mutant channels is the loss of negative charge disrupts the electrostatic interactions
with positively-charged toxins. 1. ele:ctrostatic interactions are important, introduction of a
positive charge to the cysteine sulfhvdry! might further destabilize toxin binding while
replacing a negative charge should suengthen toxin binding. Methane thiosulfonate
derivatives MTSEA (positively-charged) and MTSES (negatively-charged), which have
been used for many functional studies of ivn channels (Akabas et al.. 1992, 1994a.b: Kurz
et al., 1995; Pascual et al., 1995; Li et al., 1996: Perez-Garcia et al.. 1996), were chosen to
introduce positive and negative charges to the pore of the cysteine mutants. In these
experiments 1 mM MTSEA and MTSES were applied for 3-10 minutes and subsequently
washed out prior to the application of u~-CTX. The duration of application was chosen to be
sufficient to ensure complete modification of all channels. Complete charge insertion was

established using two independent methods.

First, following application and washout of MTSEA and MTSES. the peak current
recorded in response to depolarizing pulses changed irreversibly (Perez-Garcia et al., 1996).
As an example, Figure 5.3A depicts the peak current-voltage relationship recorded in
E758C channels before (solid square) and after modification with ImM MTSEA (left) and
MTSES (right) applied for 5 minutes. Reductions in peak current by MTSEA and the
increase in peak current by MTSES recorded in E758C channels werc .~ersed following

treatment with 10 mM DTT (open triangle) applied for 10 minutes.
Sulfhydryl modification was further verified by examining the sensitivity to Cd*

block before and after treatment with MTSEA and MTSES. Since these agents react with
frez sulfhydryls by forming disulfide bonds (Akabas et al., 1992) and since Cd*” binds with
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Figure 5.3

The effects of MTS-X modifications on E758C.

A) The current-voltage relationships of E758C before and after MTSEA (left panel) and
MTSES (right panel) modifications. MTS-X modifications were i:reversible in the absence
of reducing agents and persisted even after prolonged washout. Both MTSEA and MTSES
modifications could however be reversed by adding 1 mM DTT ir the recording solution.
Other single mutants also showed similar results.

B) Current traces of E758C in the absence (solid line) and presence (hroken line) of 300
mM Cd*" before (left panel) and after MTSEA (middle panel) and MTSES (right panel)
modifications. Current records have been scaled such that the peak currents at the baseline
are equal. The vertical scale bar represents 1.2, 0.8 and 1.3 mA for control, after MTSEA
and MTSES respectively.

C) Dose-response curves of the normalized peak Na™ currents as a function of extracellular
Cd* concentrations. MTSES (diamond. n=3) and MTSEA (triangle, n=3) shifted the Cd*
binding curve of E758C channels (circle, n=4) to the right. Note the presence of a Cd*
resistant plateau at high Cd*" concentrations suggesting that these channels were blocked by
Cd*" to a subconductance state. A modified version of the binding equation was used in

order to accomodate for these steady-state components (see Materials and Methods ).
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much higher affinity to free sulthydryls compared to disulfide-linked sulfhydryls
(Torchinsky, 1981), successful modification of our cysteine mutant channels by MTSEA
and MTSES should result in reductions in Cd*" binding affinity. As an example, Figure
5.3B shows whole-cell current traces recorded in oocytes expressing E758C channels
following depolarization to -15 mV from a holding potential of -120 mV before (solid lines)
and after (broken line) the application of 300 mM Cd* in the absence (left panel) and
presence of sulfhydryl agents (MTSEA. middle panel and MTSES, right panel). Clearly,
following the introductior. of MTSEA and MTSES, only a small fraction of the current was
blocked by 300 mM Cd*. This ~bservation is quantified in Figure 5.3C showing the
fraction of peak current recorde? with E758C channels expressed in oocytes following
depolarization to -10 mV as a function of extracellular [Cd*"] current: the average estimated
IC,, (see methods) for Cd* from Figure 5.3C was increased from 493.3 + 34.2 uM (n=4) to
1054 = 112 uM (n=3) by MTSEA and to 1120 = 224 uM (n=3) by MTSES application.
Notice that the IC;, estimated following the application ¢f MTSEA and MTSES are not
statistically different (p > 0.05) from WT channels (i.e. 1250 + 224 pM). Similar analyzes
were used for all the cysteine mutants studied to ensure successful sulfhydryl modification

by the methanethiosulfonate derivatives (See Table 5.1).

Careful inspection of Figure 5.3C demonstrate that E758C channels are not 1ully
blocked by high [Cd*). Similar results were also observed in E403C channels. Single-
channel recordings reveal that incomplete blockade at high [Cd*] results from the
incomplete block of unitary current to a subconductance level, rather than a full
conductance closure (Tsushima et al, 1997b). Nevertheless, the presence of incomplete
block did not interfere with our ability to establish complete modification of the inserted
cysteine by MTSEA and MTSES.

Having confirmed that the cysteine mutant channels could be successfully modified
by methanethiosulfonate derivatives, we next examined the effects of charge insertions
using MTSEA and MTSES on u-CTX binding (Figure 54). MTSEA and MTSES

application did not significantly affect our estimates of IC,, for u-CTX block in wild-type.
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Table 5.1

Half-blocking concentrations (ICs,) for Cd*” of WT and mutant Na™ channels before and

after MTSEA modification Abbreviations: n.a.=not available. n.e.=no expression.

Mutants IC,, (mM) IC,, (mM) after MTSEA modification
WT (Skml) | 1250 = 224 1340 = 250 o
D400C 880 = 102 n.a.
Y401C 13.0+2.5 1581 = 86 -
W402C 1999 1235 + 146 B
E403C 283 = 20 1176 + 227
E755C 55+ 12 720 £ 120
| W756C 1081 £ 62 n.a.
1757C 200+ 23 858 + 74
E758C 493 = 34 1054 = 112
K1237C 159 = 23 1150 £ 152
G1238C n.e. n.e.
W1239C 3710 323 £ 25
M1240C 569 = 30 1209 % 125
D1241C 454 = 46 1910 = 262
A1529C 207 + 58 800 = 58
G1530C 689 1722 £ 168
W1531C 46 £ 5 1625 = 250
D1532C 602 = 70 2325 + 287
G1533C 33+5 n.a.
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Figure 5.4

A) Na  current tracings of E758C and D1241C mutant channels in respouse to
depolarization to -10 mV from a holding potential of -120 mV in the absence (solid line)
and presence (broken line) of 300 nM p-CTX before and after MTSES and MTSEA
modifications. Current amplitudes were normalized to the peak current for each mutant in
the absence of u-CTX. The vertical scale bar represents 1.5. 0.9 and 1.3 mA for E758C,
E758C after MTSEA and 0.8, 1.1 and 1.3 pA for E758C after MTSES. D1241C. D1741C
after MTSEA and D1241C after MTSES. respectively.

B) Bar graphs summarizing the half-blocking concentrations (IC,) for u-CTX of WT
(rSkM1). E403C. E758C. D1241C and D1532C before and after MTSES and MTSEA
modifications. u-CTX sensitivities of WT. E403C and D1532C were not significantly
altered by applications of MTS-X (p>0.05). E758C and D1241C became less susceptiblzs to
u-CTX block afier MTSEA modification. MTSIES increased the u-CTX sensitivity of
D1241C but had no effect on toxin binding to E758C. The data presented are the mean =
SEM from 3 to 6 oocytes.
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Figure 5.5

Dose-response curves of the normalized peak Na™ currents at -10 mV as a function of
extracellular u-CTX concentrations before (open square) and after MTSEA (circle) and
MTSES (triangle) modification. MTSEA completely abolished p-CTX sensitivity of
E758C whilr MTSES did not significantly affect u-CTX binding to these channels. Data

were fit to a Hill equation assuming n="'.
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E4G3C or D1532C. These observations are anticipated for rSkM1 channels due to the
absence of free sulfhydryls in the pores of these channels (Backx et al.. 1992) and for
E403C and D1532C channels since toxin block of these channels were not different from

rSkM1 channels despite the change in charge after modification.

By comparison, Figure 5.4 shows that MTSEA application to D1241C channels
further destabilized toxin binding thereby increasing the IC, for u-CTX block to 334+103
nM (n=3, p<0.05) while MTSES increased the u-CTX sensitivity to 4612 nM (n=3
2<0.05) suggesting that charge at position 1241 is a determinant of toxin binding. More
dramc.ic changes were observed with E758C: MTSEA modification completely abolished
u-CTX block even at u-CTX concentrations as high as | mM (Figures 5.4 & 5.5) while
MTSES treatment did not significantly affect u-CTX sensitivity (IC,, = 199.8+£21.8 nM.

n=+ for MTSES compared to IC,, = 220+39 nM. n=5 for control). These results combined

in pu-CTX binding. However. the effects of MTSEA and MTSES are clearly
disproportionate. That is. insertion of a positive charge has an enormous effect on toxin
binding while negative charge replacement causes no sigmificant change. despite the
similarity in molecular size and shape of MTSEA and MTSES. This observation
demonstrates that factors other than just charge magnitude also critically influence toxin

binding.

5.4.4 Competitive binding between C&* and u-CTX in E758C and D1241C

channels

To further test the role of charge and charge localization at |.-zitions E758 and
D1241 in u-CTX binding, we examined the ability of 1.0 mM Cd* to modify p-CTX
binding affinities. Since specific Cd*" binding to cysteine sulfhydryls (Li et al. 1996: Perez-
Garcia et al. 1996) will introduce a local positive charge, we anticipate that u-CTX binding
to E758C and D1241C channels might be more destabilized than to rSkM1 in the presence

of Cd*". Furthermore, the location of the added charge . due 1o the lack of an ethy} alkyl
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chain, should differ from the site of the positive charge introduced by MTSEA. However.
rSkM1 and E758C channels became about 2-fold less sensitive to p-CTX in the presence of
1.0 mM Cd* (31.76£2.59 nM. n=4 ard 458+150 nM. n=4 respectively) while the IC,, for
u-CTX binding to D1241C was only modestly increased to 158+29 nM (n=6). Clearly.
MTSEA and Cd* had ditfercntial cffects on the sensitivities of E758C and D1241C
channels to pu-CTX block. Neverthcless, these results are not inconsistent with the
importance of charges at these rositions on toxin binding. These differences might reflect
the dynamic binding and unbinding of Cd*". Unlike MTSEA. Cd*" dynamically binds and
unbinds to the pore. As a resuli. the kinetics of Cd* binding in relationship to u-CTX
binding could influence their intciaction. Assuming no dramatic alterations in channel
structure foilowing Cd*" binding. these observations suggest that u-CTX binds to the

channel pore.

5.4.5 Modification of -CTX binding to W402C, W1239C and W1531C using
sulfhydryl modification

In order to investigate the nature of toxin-channel interaction at positions 402. 1239
and .531. we added MTSEA. MTSES and MTSBN to W402C. W1239C and W1531C
channels. Despite their opposite charges. both MTSEA and MTSES increased the ICj, tor
u-CTX block for the three tryptophan-to-cysteine mutants (Figure 5.6). After MTSEA
modification. the IC,, values of W402C., W1239C and W1531C increased from 1.9+0.1 nM
(n=4), 4.9+0.9 nM (n=5) and 5.5£0.4nM (n=35) to 12.5x1.2nM (n=4), 15.1£1.9nM (n=5)
and 12.2+3.4nM (n=4) respectively, while with MTSES the IC,, values changed to
7.0£1.3nM (n=4), 8.2+0.5nM (n=4) and 11.8+3.1nM (n=4). Since both MTSEA and
MTSES decreased p-CTX sensitivity, it appears that electrostatic i...;actions at these
positions are not important components of p-CTX binding. Therefore, we hypothesized that
the presence of any additional side chain bulk at these positions will decrease toxin binding.
To test this hypothesis. we applied the agent MTSBN (benzyl methanethiosulfonate), which
attuches a neutral benzy! group resembling the tryptophan side-chain to the inserted cysteine

sulthydryl. In accordance with our postulate, MTSBN modification fully restored the lower
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Figure 5.6

A) Na” current tracings of W402C, W1239C and W1531C mutant channels in response to
depolarization to -10 mV from a holiding potential of -120 mV in the absence (solid line)
and presence (broken line) of 10 nM u-CTX before and after MTSES. MTSEA and
MTSBN modifications. Peak control currents have been normalized to the same magnitude.
Vertical scale bar represents currents range from 0.6 to 2.2 mA.

B) Bar graphs summarizing the half-blocking concentrations (IC,,) for p-CTX of WT
(rSkM1), W402C. W1239C and W1531C before and after MTSLS., MTSEA and MTSBN
modifications. All three agents were capable of partially or fully restoring WT p-CTX
sensitivity to W402C. W1239C and W1321C. WT channel sensitivity to u-CTX block were
not modified by MTSEA. MTSES and MTSBN.
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wild-type u-CTX sensitivity in W402C (12.7+2.0 nM, n=4) and W1239C (17.75+0.6 nM.

=5) while largely restoring the sensitivity of W1531C (8.5+1.2 nM. n=4). The incomplete
restoration for W1531C may be attributed to the distant attachment of the benzyl group by
an ethyl alky! chain. Nevertheless. these observations suggest that side chain bulkiness at

these positions influences u-CTX binding.
5.4.6 E1524C show wiid-type sensitivities to Cd ** and u-CTX block

All P-loop residues siudied above, except Y401C, are conserved between cardiac.
nerve and skeletal muscle IVo” channels despite much stronger binding of p-CTX to skeletal
muscie Na" channels. Previous results using chimeric exchanges of domains of cardiac and
skeletal muscle Na™ channels =stablished that domains [ and I'V were primarily responsible
for the differences observed in u-CTX sensitivity in these Na™ channel subtypes (Chen et
al. 1992, Chahine, et al; 1996). In the descend.ng portinn of the P-loop in domain [V.
skeletal muscle Na™ channels have a glutamate at position 1524, that is conserved at the
equivalent position in electric eel Na™ channels while being a neutral glutamine in heart and
prain Na“” channel subtypes. Since E1524 is negatively charged and is only found in the p-
CTX-sensitive Na™ channels. we speculated that this residue might be crucial for the high
affinitv toxin binding of the skeletal muscle and electric eel subtypes. Similar to all other
cysieine mutants, E1524C channels were first probed with Cd** and then tested for p-CTX
sensitivity. This mutant channel showed the wild-type sensitivity to Cd*" block (1120£129
mM. n=5) suggesting that the side chain of this glutamate residue does not lie within the
permeaﬁon pathway. In spite of the lack of Cd* sensitivity for this mutant. it is still
conceivable that it may play a role in isoform-specific binding of u-CTX. However.
E1524C showed wild-type sensitivity to u-CTX block (22.4+5.8 nM. .»=4) demonstrating
that this residue does not play a significant role in the specific high affinity block of u-CTX

to the skeletal muscle Na™ channels.
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5.5 Discussion

In the present study. we used cysteine mutagenesis to identify P-loop residues in the
four internal repeat domains of rat skeletal muscle Na channels that are important for
binding u-CTX since this strategy enables identitication of pore-lining residues and allows
sulfhydryl-specific chemical modifications in charge and size at the residues under
examination. Most cysteine replacements of P-locp made in our studies (except G1238C)
produced functional channels with relatively nonnal macroscopic channel kinetics (Li et al,
1996; Perez-Garcia et al.1996) suggesting preserved pore structure. Furthermore. all P-loop
residues replaced by cysteine appeared to line the poic as assessed by Cd*" block and
sulfhydryl modification. Our resuits identify seven pore lining residues that significantly
influenced p-CTX binding to rSkM1 channels: D400. Y4G1. W402. E758. W1239. D1241
and W1531 (Figure 5.2).

Expected and unexpected results were obtained with negative charge replacement
mutants like E403C, E758C. D1241C and D1532C channels. Modification of E403C and
D1532C with MTSEA and MTSES had no affect on toxin binding, as expected from the
identical p-CTX binding of E403C, D1532C and rSkMI channels; apparently these
residues do not participate in u-CTX binding. Similarly. MTSEA modification of E758C
and D1241C channels. whose IC,, values for u-CTX binding were 15-fold and 6-fold
higher than rSkM1, further increased the IC,, for u-CTX binding with E758C channels
becoming completely resistant to block by concentration up to 1 mM (see Figure 5.5). On
the other hand. MTSES treatment of D1241C enhanced the toxin sensitivity to a value
approaching wild type channels whereas MTSES modification had little effects on toxin
binding to E758C channels. Taken together. these results are consistc..: “vith electrostatic
interactions between the charges at position 758 and 1241 and u-CTX. However. simple
charge substitution at position 758 did not produce expected effects; restoring the negative
charge using MTEES in E758C had modest effects on toxin binding while insertion of a
positive charge by MTSEA completeiy eliminated toxin binding. One potential explanation

for these unexpected findings is that the inserted charged groups are not localized to
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equivalent molecular positions with MTSES and MTSEA due to their attachmert via an
ethyl alkyl chain (Akabas et al. 1992). Alternatively. modification by methanethiosulfonate
compounds could induce local structural changes to the P-loops thereby altering toxin

binding.

To further test the role of charge and its localization within the channel pore on p-
CTX binding, we examined the effects of Cd*" on toxin binding to E758C and D1241C
channels. Similar competitive binding studies between Zn* and STX have previausly been
performed in cardiac Na" channels (Schild and Moczydlowski. 1991: Doyle et al. 1993}, u-
CTX block was only slightly reduced in E758C and D1241C channels in the preseiwe of
Cd* compared to MTSEA treatment possibly reflecting eithei the dynamic nature of the
interaction of the channel with Cd*" compared to irreversible channel modification by
cysteine modifying agents or the differences in charge distribution and localization. Since
u-CTX block of rSkiM1 was also impaired in the presence of Cd*". our results are

consistent with u-CTX binding to the channel pore.

Our data generally support previous hypotheses that electrostatic interactions
between negatively charged residues within the channe! pore and the positively charges p-
CTX are important factors for high affinity u-CTX binding (Becker et al. 1992: Stephan et
al, 1994; Dudley et al. 1996). However, negatively charged residues at equivalent locations
in the four internal repeat domains do not contribute equally to this interaction. Indeed.
E403C and D1532C mutant channels showed wild-type behavior with respect to pu-CTX
block while E758C and D1241C channels were far less sensitive to u-CTX block than
rSkM1 channels. Therefore our results establish that these negatively charged residues do
not contribute equally to toxin binding. The non-equivalence of the ..gatively charged
residues located at equivalent alignment position could reflect a non-symmetric
arrangement of the residues within the pore (Chiaminovat et al., 1996). Alternatively. the
toxin might interact with a symmetric pore in an off-axis fashion (Gross et al, 1996) similar

to that observed for AgTx binding to the Shaker K" channels.
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The large reductions in affinity for u-CTX observed in E758C and D1241C are
consistent with the suggestion that Argl3 of p-CTX interacts with the negatively charged
groups of glutamate and aspartate side chains within the pore (Becker et al: 1992; Dudley et
al, 1995). Becker and co-workers (1992) suggested that glutamate residues within the pore
interact with Argl3 of u-CTX. which has been shown to be an essential residue for the
toxin binding to the channel since mutations of this toxin residue dramatically reduced the
toxin binding affiuity (Sato et al.. 1991; Becker et al.. 1992; Chahine et al.. 1994). The
potency of u-C1X to block is related to the positive charge of the guanidinium group of
Argl3 since replacemont with lysine or omithine had only moderate effects on affinity
compared to less conservative substitutions using alanine. glutamine and arginine (Sato et
al.. 1991: Chahine et al.. 1994. Chang et al., 1998). These observations support the
hypothesis that interaciions between positive charges on the toxin with negative charges
within the channel pore are essential for high affinity toxin binding. This electrostatic
hypothesis is consistent with our observationsthat E758C had the largest 2ffect on p-CTX
binding. Our finding is also consistent with the model proposed previously by Dudley and
colleagues (1995) in which E758 interacts with the N-H moiety of the guanidi:iium group
of Argl3 (Dudley et al.. 1995). In fact. reversal of charges at E758 of the channel and
Argl3 of the toxin (i.e. the E758K / R13D pair) which partially restores wild-typz block
further confirms a pure electrostatic interaction between these two locations of opposite
charges (Chang et al.. 1998). In addition. our observations of a modest decrease by 2.2-foid
in u-CTX binding to D400C channels and no change in toxin binding to E755C channels
(P>0.05) compared to rSkM1 (Figure 5.2) are also consistent with a reviced Lipkind-
Fozzard model of p-CTX binding which proposes that Arg-13 of the toxin interacts only
with the outer vestibule but does not reach deeply into the pore to the putative seiectivity
filter (i.e. D400, E755, Ki1237 and A1529) because of its bulk (C...ig et al., 1998).
Mutation of E403 also showed little effect on u-CTX binding consistent with the suggestion

that the aliphatic portion of Arg-13 may face E403 (Stephan et al., 1994).

Interestingly, the tryptophan-to-cysteine mutants (W402C, W1239C and W1531C)
were more sensitive to u-CTX block. Since both MTSEA and MTSES decreased u-CTX
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sensitivity to about the same extent in spite of their opposite charges. we speculated that
reintroduction of large side groups at those positions would influence toxin binding.
Consistent with this suggestion. modification of channels with MTSBN (which attaches an
ethylbenzene side group to the inserted cysteine sulfhydryl). largely restored wild-type p-
CTX binding affinities to these mutants. Furtherimore, we found that the sensitivity of
WI1531A (7.5£1.3nM. n=4) to p-CTX block was similar to W1531C while that of W1531Y
(14.6x3.5nM. n=5) was indistinguishable from wild-type.

Sequence alignment analysis of the voliage-gated Na channels reveal a high
homology within the four pore forming regions, with very few nonconservative differences
in amino acid composition. Two such notable differences are Y401 and E1524. The
tyrosine at position 401 of rSkM1 is critical for TTX/STX sensitivity (Backx et al., 1992)
while phenylalanine at the equivalent position in brain Na™ channels also confers high
affinity TTX/STX binding to the channel (Heineman et al., 1992b). Substitutior: of the Tyr
or Phe residues for cysteine, which is the residue found in the TTX/STX resistant cardiac
isoform at the equivalent position (Satin et al., 1992), abolishes TTX sensitivity of both
skeletal muscie and brain Na~ channels while enhancing their sensitivity to Cd*” block by
200-fold (Backx et al. 1992; Heinneman et al, 1992). This residue .however. cannot account
for the 10°-fold differences in sensitivity to u-CTX between cardiac and skeletal muscle Na
channels since Y401C reduced p-CTX binding by only 2-fold (Chen et al.. 1992 and
Chahine et al., 1995). Though TTX/STX competitively bind with u-CTX to the Na’
channel, it is 110t uncommon that mutations that significantly affect TTX/STX binding only
have slight or no effects on the affinity of p-CTX (Chahine et al., 1995; Chen et al.. 1992;
Stephan et al., 1994; Chahine et al., 1998). These observations suggest that binding of the
bulkier u-CTX to its receptor certainly involves interactions with u.... regions of the
channel despite the binding sites for these toxins may overlap. Similar to Y401, mutation
of E1524 to cysteine had no effect on toxin sensitivity suggesting this residue is also not
responsible for the differences in toxin affinity between the u-CTX sensitive skeletal and p-
CTX insensitive cardiac channel subtypes. Nevertheless, recent chimeric studies between

rSkM1 and hH1 Na™ channels have revealed the order of influence for toxin binding by the
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four domains as D2>D1>D4 (Chahine et al.. 1998). Swapping D2 of rSkM1 with that of
hH1 renders the chimeric construct insensitive to p-CTX block with 1C,,>10.000 nM
(Chahine et al.. 1998). However the exact structural elements underlying these subtype

differences at the molecular level still remain to be determined.

In summary, our results support models wherein u-CTX interacts with E758 in
skeletal muscle Na™ channel pore. Our resuits further suggest that the D-{Il residue D1241
is also an important determinant of toxin binding. The fact that the trystophan mutants
(W402C, W1239C and W1531C) are more sensitive to u-CTX block suggzsic that these
large uncharged residue side-chains appear to inhibit or weaken the i2xin-channel
interaction in WT channels. Finally, the differences in P CTX binding between cardiac and
rat skeletal muscle Na™ channels do not originate from absolutely conserved difierences at

position 401 (i.e. Y401C) or 1524 (i.e. E1524Q).
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CHAPTER 6
Na® CHANNEL PORE & LOCAL ANESTHETIC BINDING

6.1 Absiract

Voltage-gated Na“ channels are responsible for initiating action potentials in
excitable cells and are the targets of local anesthetics. The local anesthetic binding site has
previously heen shown to reside on the cytoplasmic face of Na™ channel but the exact
constituents remain unresolved. Cysteine mutagenesis reveals that certain P-loop residues
also affect local anesthetic block. Mutation of the W1531 residue in rat skeletal muscie Na
channel (rSkM1), located within the ascending portion (SS2) of the P-loop in Domain V.
to cysteine abolished use-dependent blockade and voltage-dependent shifts of channel
availability by lidocaine. W1531C channels also eliminated drug block when assayed using
the slow drug-dependent component of recovery from inactivation. Studies with QX-314
also showed reduced block of W1531C channels without changing access to the local
anesthetic binding site. W1531Y exhibited blocking properties not unlike WT channels
while W1531A channels showed an intermediate phenotype. Mutation of the analogous
residue (i.e. W1712) in the human heart Na” channel clone (i.e. hH!) produced effects
similar to rSkM1 channels on lidocaine block. These results suggest that aromaticity and
hydrophobicity of the tryptophan residue in the P-loop of domain IV of both cardiac and

skeletal muscle Na™ channels plays an important role in local anesthetic block.

6.2 Introduction

Voltage-gated Na“ channels are responsible for the initial rapid rising phase of
action potentials in excitable tissues such as cardiac, nerve and muscle cells. Mutations in
Na“ channels are responsible for inherited cardiac arrhythmia and muscle paralysis, often as
a result of altered channel inactivation (Goldin, 1994; Hudson et al., 1995; Cannon, 1996:

Keating, 1996). Antiarthythmic drugs such as lidocaine as well as some anticonvulsants
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exert their clinical effects by selectively inhibiting Na™ currents particularly during periods
of excessive activity and abnormal depolarizations (Courtney, 1975: Hille. 1977:
Hondeghem and Katzung, 1977). This selective drug action results largely from preferential
binding of these agents to the activated and inactivated states of the channel (Hille. 1977:

Hondeghem and Katzung, 1977: Bean ¢t al., 1983).

According to the modulated receptor hypothesis, affinity of Na™ channels for local
anesthetic (LA) binding depends on tae conformational state of the channel (Hille. 1977).
Allosterically. the drug receptor is in a low-atfinity conformation when the channels are in
resting closed states and transforms into a high-affinity conformation when the channels are
open 6r inactivated (Hille. 1977; Hondeghem and Katzung, 1977). In addition to these
changes in binding affinity. access to the binding site is also state-dependent with both
hydrophobic and hydrophilic pathways available depending on the drug’s hydrophobicity
(Hille. 1977; Hondeghem and Katzung, 1977; Schwartz et al., 1977). Hydrophobic LA
compounds appear to bind and unbind freely to Na" channels (Hille. 1977) while
permancntly charged LAs such as QX-314 and GEA-968 block Na™ channels by interacting
via hydrophilic pathways which are available only when the channels open (Strichartz.
1973; Courtnev. 1975; Hille. 1977). Amphiphilic polar LAs like lidocaine and mexiletine
can access the local anesthetic binding site via both pathways. These pathways affect LA
block by determining the rates of drug binding and unbinding from the local anesthetic
binding site (LABS) and can be modified by mutations independent of drug binding
energeuics. Therefore, binding of local anesthetics depends on both the intrinsic binding

affinity of the LABS and drug access to this receptor site.

Cardiac Na“ channels are more sensitive to local anesthetics .%an their skeletal
muscle and nerve counterparts. It remains controversial whether the enhanced LA
sensitivity of the cardiac subtype is due to predomination of inactivated states under
phy:iological conditions (Wright et al.. 1997) or whether the heart channels intrinsically
bind local anesthetics with a higher binding affinity (Nuss et al.. 1995; Wang et al.,

1995). Despite these differences, the receptor for local anesthetic binding in Na™ channels
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has been localized to the cytoplasmic side of the pore (Hille. 1992) Previous studies have
demonstrated that replacements of pore-lining residues located in the S6 segment of domain
IV (i.e. IVS6) altered binding affinities of local anesthetics to Na™ channels (Ragsdale et al..
1994; Qu et al.. 1995; Ragsdale et al.. 1996; Wang et al., 1998: Sunami et al.. 1998) and
could alter drug access to the local anesthetic binding site (LABS}. Moreover. the residues
shown previously to strongly affect local 1nesthetic are conserved between the different Na”
channel homologues leaving open the possibility that other residues rnay also play a role in
local anesthetic binding. However, the role of other residues have not been extensively

described.

The fractional electrical distance (6) for LA block is 0.7-0.8 from the inside
(Gingrich et al.. 92) while 8 = 0.2 from the outside for block by Cd*" (v/hich binds to the .
P-loop in D1) (Backx et al.. 1992). Therefore, it seems possiblc that the P-loops may
participaie in local anesthetic binding to the pore. Recently, Sunami and colleagues (1997
have demonstrated that mutations of the putative selectivity filter (DEKA) in rat skeletal
muscle (rSkM1) Na” channel affect local anesthetic binding by modifying drug access to the
LABS. The roles of other P-loop residues however have not been examined. In this report.
we used cysteine mutagenesis to investigate the role of pore-lining residues in local
anesthetic binding to rSkM! Na™ channels and their potential candidacy as part of the
LABS. We find that a number of pore mutations did affect LA block. Replacement of a
tryptophan residue in the P-loop of domain IV strongly influences lidocaine block of both

skeletal muscle and human heart Na™ channels.

6.3  Materials and Methods

6.3.1 Site-Directed Mutagenesis
For construction of the rat skeletal muscle Na" channel (rSkM1) mutants and the
human heart Na™ channel (hH1) mutants (i.e. W1712C and W1712A), a 1.9 kb BamH1-

Sphl or a 2.5 kb Sph I-Kpn I fragment of rfSkM1 and a 3.2 kb Kpn [-Xba I fragment of hH1
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were subcloned into pGEM-7f (Promega. Madison. WI). Site-directed mutagenesis was
performed using oligonucleotides containing the appropriate base substitutions. Mutants
were phenotypically selected using the Kunkel's method (1985). All mutations were
confirmed by dideoxynucleotide sequencing (Sanger et al.. 1977) prior to final subcloning
inte the expression vector. For rfSkM| mutants. the cassettes carrying the mutations were
subcloned into the expression vector pGWI1H (British Biotechnologies. Oxford. UK)
centaining the full length WT rSkMI1 Na“ channel clone. For hHI1 mutants. the mutational
casiiettes were subcloned into pcDNA3 (Invitrogen Co., San Diego, CA) carrying the full
lenigtt. W31 clone. All subcloned mutants were re-sequenced to ensure that the desired

mutatic:.s were present.

6.3.2 Heterologous Expression

Xenopus laevis oocytes were isolated as described in 2.4. For WT and mutant (i.e.
W1712C and W1712A) hH1 channels, only 50 nL of the corresponding o« subunit cDNA
(0.1 ug/uL) was injected. Injected oocytes were incubated at roor: temperature (22-22°C)

for 2448 hr to allow for protein expression prior to electrical recording.

6.3.3 Macropatch Recording

For macropatch recordings, injected oocytes were first tested for expression using
the two-electrode voltage clamp technique as described. Oocytes expressing current > 20
uA were chosen for macropatch recording. The vitelline membrane was mechanically
removed with a pair of fine forceps after incubation in a hypertonic swripping solution (see
below) for 5 minutes. Electrodes were fabricated from 1.5 mm outer u....ieter thin-walled
borosilicate glass pulled on a Sutter puller and heat polished to yield a final resistance of
about | MQ. Na” currents were measured in excised inside-out configuration using an
Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA ). Data were sampled
at 10 kHz and low-pass filtered (4-pole Bessel. -3 dB at 2 kHz). The membrane patch was

mechanically ripped out by pulling the pipette electrode awayv from the cell after a giga-
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Ohm seal was formed in the cell-attached configuration.

6.3.4 Drug application

Drug solutions were appiied extracellularly to oocytes in the two-electrode voltage
clamp experiments by superfusion. When the drug concentrations were changed. the
solutions were equilibrated for 5 minutes prior to recording currents. Intracellular
application of QX-314 to wocvtes was performed by injecting 100 nL of a 2 mM drug
solution (dissolved in dH,O) 10 miantes before voltage-clamping the cells. Assuming an
oocyte volume of 1 pL (Ragsda'c et al., 1994; Qu et al.. 1995), the final QX-314

concentration: applied intracellularly was estimated to be about 200 pM.

For macropatch experiments, QX-314 solution was rapidly perfused to the
intracellular face of the excised patch using a custom maadc electronic fast-flow systen
(BMT Research Services Inc.. Calgary). The system consists of a syringe containing the
drug solution connected to a glass pipette whose opening and closing of its tip is controlled
oy an electronic device. The pipette tip was placed immediate to the excised patch such that
solution exchange could take place rapidly. In single channel recordings, lidocaine was
applied extracellularly by including it in the pipette solution. Control and lidocaine da.a

were obtained from different patches.

6.3.5 Electrophysiological Protocols

Use-dependent block was induced by applying a continuous train of 20 ms step
depolarizations to —10 mV from rest at a stimulation frequency of 1C ¥~ in the presence
of lidocaine for both rSkM1 and hH1 wild-type and mutant channels. Test potentials for
K1237C, W1531C and W1331A mutants were =20 mV because the reversal potentials
for these channels were close to 0 mV (Tsushima et al, 1997a). Holding potentials were -

100 mV and -120 mV for rSkM1 and hH1 channels respectively.
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Channel availability curves (i.e. fast-inactivation curves) were obtained by
normalizing the peak current recorded in test puises to -20 mV for 50 ms after 500 ms

prepulses to various voltages (-120 mV to -20 mV in 10 mV increments).

Recovery from inactivation of WT and mutant channcls was examined using a two-
puise protocol in which a 500 ms depolarizing pulse to -20 mV was followed by
repolarization to -100 mV for rSkM1 channels for a varying period (i.e. the repolarization
time) prior to a second depolarizing “test” pulse to -20 1aV. The holding potential was -100
mV. The first conditioning pulse resulted in channel inactivation and allowed drug binding
to the channels without inducing significant slow-inactivation: (Balser et al., 1996). The
peak current evoked during the test depelarizing pulse assays the fraction of channels that
recover from the inactivated state to the closed state during the period spent in the

hyperpolarized potential (Bean et al., 1983; Bennett et al.. 1995).

6.3.6 Data Analysis, Statistics and Curve Fitting

For Figure 6.1, use-aependent block by lidocaine at steady state was assessed as |
=1 pusers /T pusey where I and I . s respectively represent the peak currents measured

during the 1* and 15" pulse respectively at a frequency of 10 Hz from rest with lidocaine.

Inactivation curves were obtained by fitting data with a Boltzmann function using
the Marquardt-Levenberg algorithm in a non-linear-least-squares procedure:

h,= 1/{1 +exp[(V-V,2)/k]}
where V| is the test potential, V,, is the half-point of the relationship, k (=RT/zF) is the
slope factor, h,, was measured as the ratio of the peak current in respor...> 0 depolarization
to -20 mV following 500 msec prepulses to various voltages (from -120 to -20 mV by 10
mV increments) to the peak current recorded from a holding potential of -120 mV. Shifts
of midpoint (i.e. AV,,) caused by the application of lidocaine were measured as V, » jyocaine
-Vin como Where V5 o and Voo represent the midpoints measured in the absence

and presence of lidocaine respectively.

192



Tonic block of WT and tryptophan mutant channels were characterized using tne
following binding isotherm equation:

fare 7 To= 1/ (1+ [drug]/ ICy,")
where I, and I, represent the measured Na” currents in response to 50 ms depolarizaticns
from a holding potential of -120 mV at 0.25 Hz stimulation in the presence (l,,,) und
absence of drug (1), IC, is the concentration of drug that results in 50 % reduction of reak.

Iy, and n is the Hill coefficient. n is assumed to be 1 for binding without cooperativity

Recovery from inactivation data were fit with a bi-exponential function. in
experiments designed to assay drug binding to the inactivated state. the same binding
equation described above was used except I, and I, represent the amplitudes of the slow

component of recovery from inactivation in the presence and absence of drug respectively

Single-channel recordings were idealized using the 50% amplitude criterion to
identify channel openings and closings (Colquhoun and Sigworth. 1983). The mean
number of opening per depolarization was derived from at least 50 consecutive
depolarizations excluding the blank sweeps. Idealized channe! openings were used to
generate open-time density distribution histograms. Mean open-times were estimated by
fitting open-time density histograms to a mono-exponential function using a non-linear
least-squared algorithm. The slope of the current-voltage piot of single channels gives the
channel conductance (g). Data were fit by least squares linear regression. Probability of
channel openings (P,,,) was determined as the ratio of number of depolarizations that
elicited at least one channel opening to the total number of depolarizations. For patches
containing more than one channel, data were corrected for the numbe. ~¢ channels using
the equation P, = (1- P,)" where P is the probability of channei being closed and is
depicted as the ratio of number of blank sweeps to the total number of depolarizing pulses
and n is the number of channels present in the patch. Only patches containing no more
than 3 channels were used in our studies. All patches studied were stable for at teast 800

sweeps.
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All data were obtained from at least 3 cells and combined for statistical analysis.
Data presented are the means =+ SEM. Statistical significance was determined using the

student-t test with p<0.03 representing significance.

6.4 Result

6.4.1 Screening of cysteine pore mutants for lidocaine sensitivity

To examine for the effects of pore mutations on local anesthetic block. we
constructed a total of 12 cysteine pore mutants. Three rings of residues were selected for
examination: the inner putaiive selectivity filter (D400. E755. K1237. A1529). the
tryptophan ring (W402. W756, W1239, W1531) and the outer charge ring (E403, E758.
D1241. D1532). These residues were chosen since the charged residues may interact .
electrostatically with the hydrophilic amine group of lidocaine while the tryptophans may
interact with the aromatic moiety of the drug via hydrophobic interactions. We initially
screened for changes in local anesthetic block of these pore mutants in comparison with
WT rSkM1 channels by examining use-dependence and shifts of mid-points of channel
availability curves by 300 puM lidocaine. The data for both WT and mutant rSkM1
channels are summarized in Figure 6.1. Several of these pore mutants displayed
significant changes in lidocaine block compared to WT channels (p<0.05). For example.
reduced use-dependent block (1-lIp,. s / Ipuse ;) Was observed in W402C (25.1£3.0 %.
n=3) and W1239C (25.3£2.0 %, n=3) channels while enhancement was seen in D400C
(52.5+£3.2 %. n=3), E403C (80.2+3.0 %. n=3), E755C (65.1=3.0 %. n=3), E758C
(62.2£2.6 %. n=3) and D1241C (72.5+4.2 %, n=3) channels relativ- to WT channels
(36.9+5.0 %, n=4). In addition. the shift in channel availability with lidocaine application
was also significantly altered in W402C (AV,,=-12.2+2.5 mV, n=3). E755C (-13.5+3.1
mV, n=4), E758C (-12.6£2.1 mV. n=4), K1237C (-10.6£1.9 mV, n=4), WI239C (-
12.5+3.2 mV. n=4), A1529C (-11.3£1.8 mV, n=4) and D1532C (-13.3£2.4 mV, n=4)
compared to WT (-16.5£2.5 mV, n=4, p<0.05). Though these changes displayed
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Figure 6.1.

Effects of lidocaine on the midpoints of channel availability curves and use-dependence
of cysteine pore mutants. The inner charge (D400, E755. K1237. A1529), tryptophan
(W402. W756. W1239. W1531) and outer charge (E403. E758. D1241. D1532) rings
were examined. Roman numerals denote the corsesponding domain numbers. The left
ordinate axis represents shifts of midpoint of <hannel availability curve of the

corresponding channel by 1 mM lidocaine measuced as AV, = V -V

172, control 172, lidocame*

Midpoints were estimated from channel availabil‘ty curves recorded under control
conditions and in the presence of 1 mM lidocaine using the fast inactivation protocol and
Boltznﬁann fits(see Materials and Methods). The right ordinate represents the degree of
use dependent block of each channel by 300 uM lidocaine measured as 1 — 1 .o 15/ 1 o
where | ., and I .. s respectively represent the peak currents measured during the 1*
and 15" pulse during a continuos train of depolarization to <20 mV from —120 mV ar 10
Hz in the presence of 300 uM lidocaine. All data represent at least 3 individual
determinations for each mutants and are presented as mean = S.E.. Asterisks and double
asterisks denote values that are statistically different (p<0.05 and p<0.01 respectively)
from WT.
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statistical significance, they were however modest. Distinct from the above mutations,
W1531C channels showed virtually no use-dependence (3.0£0.3 %. n=4. p<0.01) and
shift in V. with 300 uM lidocaine (AV,=-3.9£1.0 mV, n=4, p<0.01). Having observed
thesc dramatic changes in drug blocking properties. we therefore went on to investigate

the mechanisms underlying this mutation.

6.4.2 Use-dependent block of W1531C, W1531A4 and W1531Y by lidocaine

ae drastic changes observed with W1531C channels suggest that aromaticity and
hydropi:cbicity at position 1531 in DIV may be critical for lidocaine modification of rSkM 1
channels. To address this hypothesis, we created also the mutations W1531A and W1531Y.
These channels were first examined for use-dependent block by lidocaine in comparison to
WT channels. Figure 6.2 shows the effect of lidocaine on WT and mutant rSkM1 Na’
currents during a train of 70 .ns depolarizing pulses to -10 mV applied at a stimulation
frequency of 10 Hz from a holding potential of -100 mV. The inset shows raw traces of
Na“ currents recorded from WT., W1531C, WI1531A and WI1531Y channels during the
Ist and 15th depolarizing pulse in the absence and presence of 100 and 300 uM lidocaine.
Without lidocaine, WT currents elicited during the 1st (I, ,) and 15th (I, ,s) pulse
were not significantly different in size (I, ;s / Ipyse 1 = 98.4 £ 0.6 %, 0=4, p>0.05). On the
other hand. 100 uM lidocaine induced progressive reduction in WT currents following
subsequent stimulations with the ratio I . s / Ipusc | significantly reduced to 88.3 £ 3.0
%. n=4 in steady state (p<0.05). Application of 300 uM lidocaine further reduced the
steady-state current (i.e. [, 5) t0 63.1 £ 5.0 % (n=4) of I, , (p<0.05). In contrast to
WT channels, L. 15 / oy s Was 952 £ 1.2 %, n=4 for W1531C channels without
lidocaine while addition of 100 uM and 300 pM lidocaine did not s:zxificantly change
this ratio (92.6 £ 1.3 %. n=4 and 92.3 + 2.0 %, n=4 respectively, p>0.05). Thus. the
mutation W1531C appeared to completely abolish use-dependent block of rSkMI
channels by lidocaine. For W1531A channels, Ip . s/ Ipue s Was 90.4 £ 1.1 %, n=4 under
drug-free conditions while application of 100 pM and 300 pM lidocaine caused modest

yet significant use-dependent block with the ratio reduced to 84.5 £ 1.4 %, n=4 and 76.6
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Figure 6.2.

Time-course of development of use-dependent block of rSkM1, W1531C, W1531A and
W1531Y channels by lidocaine. Peak Na™ currents were normalized to that mesaured
during the first pulse and piotted against the pulse number. Use-dependent blocks were
induced by depolarizing cells to -10 mV for 50 ms from rest at a holding potential of -
100 mV at 10 Hz. The conczntrations of lidocaine shown were 100 uM (open circle)
and 300 uM (open triangle,. Tle decrease in current magnitude was fitted with a mono-
expon=ntial function. Data showr. represent mean + S.E. of 5-10 individual cells. Use-
dependent block was completely abolished in W1531C and significantly reduced in
W1531A channels. Use-dependent block of W1531Y channels was not statistically
different from WT.
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£ 1.3 %. n=4 respectively (p<0.05). These ratios were significantly bigger than those of
WT but smaller than W1531C’s (p<0.05) suggesting that use-dependent block of
WI1531A channels by lidocaine was intermediate between WT and W1531C channets.
Use-dependence of W1531Y channels were however not different from WT (control:
98.2 = 0.5 %, n=3; 100 uM: 87.5 £ 1.8 %. n=3; 300 pM: 66.3 £ 8.8 %. n=3) (p>0.95).
Since use-dependent block by lidocaine follows  the sequence
WT~WI531Y>>WI1531A>WIS531C, these results suggest that aromaticity arga
hydrophobicity of the residue at position 1531 influence lidocaine block of rSkM}

chaqnels.

6.4.3 The effects of lidocaine on the voltage-dependence of channel availability

Several mechanisms can result in changes in local anesthetic block. Mutations could
modify use-dependent lidscaine block by disruptirg inactivation since local anesthetics
bind preferentially to this conformation of the channel (Hille. 1977. Hondeghem and
Katzung, 1977; Bean et al.. 1983). Alternatively, mutations could modify the drug binding
and unbinding rates with or without affecting the energetice of binding thereby altering use-
dependence. Changes in the rates of binding and unbinding could occur if access of drug to
the binding site has been altered as described previousiy ior selected mutations in S6 of
domain IV of neuronal Na™ channels (Ragsdale et al.. 1994; Qu et al., 1995). Third, the
amount of drug block can also be modified by changes in the intrinsic binding affinity of

drug to the channels.

Examination of the raw current traces in Figure 6.6A shows that both W1531C and
W1531A channels completely inactivate within 50 ms suggesting =9 disruption of
inactivation. This lack of inactivation disruption is further tested in Figure 6.3A by
measuring the voltage-dependence of channel availability in rSkM1 and W1531 mutant
channels using fast-inactivation curves. Data points were fit with a Boltzmann equation (see
Materials and Methods). Parameters estimated from these fits are summarized in Table 6.1.

Note that the values of V,, for W1531C and W1531A were negatively shifted compared to
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Table 6.1

Effects of 100 uM lidocaine on the voltage-dependence of channel availability of WT rSkM1, Wi531C, W1531A and W1531Y channels.

Data represent the mean + SEM. * denotes entries statistically (P < 0.05) different from control values of the corresponding channels.

Control 300 uM lidocaine
Channel Vin (mV) k Viz (mV) k
WT -51.1+£04(3) 46+0.5(3) -65.6 % 1.5 (4)* 46+£034)
Wi1531C -73.3+£3.9(3) 87+1.1(3) -76.7+4.2(3) 8.7+1.7(3)
WIS3IA -66.4 + 0.8 (4) 6.1£03(4) -77.6+ 1.1 (4)* 6.1£05(3)
Wi1531Y -51.6+1.8(3) 4.8+05(3) -709+3.0 (3)* 4.6+0.5(3)




WT channels (p<0.05) confirming that the inactivated states of these mutant channels were

not destabilized.

Since leftward shift of channel availability is expected for preferential drug binding
to the inactivated state with addition of lidocaine (Courtney, 1975: Hille. 1978). we next
examined for changes in drug binding energetics by measuring shifts in V,, by 300 uM
lidocaine. Figure 6.3A and Table 6.1 show summarized data for these experiments. For WT
rSkM1 channels. V,, was shifted significantly in the hyperpolarizing direction with
lidocaine application consistent with the above hypethesis (£<0.05). In contrast. W1531C
channels showed no measurable shift in V,, after addition of lidocaine (p>0.05) suggesting
disruption of drug binding to the inactivated channels. Again. W1531A channels showed
intermediate shifts while W1531Y channels were unaltered with respect to shifts in V, by

lidocaine. The slopes of all channels, however. were not significantly changed by lidocaine

(p>0.05).

We also examined the concentration dependence of the shift of mid-points by
lidocaine. Figure 6.38 plots the magnitudes of the change in the mid-point of channel
availability (i.e. AV,,) as a function of the applied lidocaine concentrations. As expected,
the magnitude of AV, increased with elevated lidocaine concentrations in all channels
except W1331C which showed no significant shifts (p>0.05). However, changes with

W1531A channels were less concentration dependent than WT and W1531Y channels.

6.4.4 Change in recovery from inactivation with W1531 mutants

The results above suggest that the affinity of lidocaine bindii..; o W1531C and
WI1531A channels is reduced compared to rSkM1 channels. To further bolster this
conclusion, we next examined their rates of recovery from inactivation in the absence and
presence of lidocaine. A typical two-pulse protocol was used (see Materials and Methods)
and the holding and recovery potentials were -100 mV. Figure 6.4A shows that rSkMI

channels recovered from inactivation with two time constants. The fast comporent
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Figure 6.3.

Lidocaine-dependent shifts in the voltage dependence of channel availability for rSkM1,
W1531C, W1531A and W1531Y channels.

A) Channel availability curves of rSkM1, W1531C, W1531A and WI1531Y in the
absence (solid symbols) and presence (open symbols) of 300 uM lidocaine.
Depolarizing pulse duration was chosen to be 500 ms to allow equilibration cf drug
binding to channels. The maximum current amplitudes of both inactivatior curves
under control conditions and with drug were normalized to 1.0 to allow catier
compgrison of the shifts by lidocaine. Data points were fitted by the modified
Boltzmann function (see Materials and Methods).

B) Plot of the shifts in midpoint for half-maximal inactivation (AV,,,) as a function of
lidocaine concentration for rSkM1 and tryptophan mutant channels. Not only rhe mid-
points of W1531C and WI1531A channels were less shifted but their lidocaine
concentration-dependence were also reduced when compared to WT channels. W1531Y
behaved not differently than WT. AV, was determined from V » ,ocame = V 172 comrol
using V,, values obtained from fits of the data as described in A. Data plotted are

shown as AV,,, + SEM as a function of lidocaine concentration.
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accounted for the majority of the total recovery witn a time constant (t, .,,) of 1.8 £ 0.2 ms

(n=4) while the minor slow component (A = 6.4 + 1.4 %, n=4) recovered with a time

slow. con
constant (Tyq, con) Of 1026 = 703 ms (n=4). The slow component probably reflects channels
recovering from the slow inactivated states in response to 300 ms depolarizations
(Featherstone et al., 1996). Nevertheless, its relatively small amplitude indicates that the
degree of slow-inactivation was minor in our experiments. In the presence of 100 pM
lidocaine, the proportion of channels recovering aaickly is substantially reduced (t,,, ¢, =
29 0.1 ms, Ay o= 17.7 £ 4.9 %, n=4). Howzver, 1, ,, 1S very similar in magnitude to
Taa on (P>0.05) consistent with this component measuring the fast recovery of drug-free

channels (Bean et al., 1983). On the other hand, 1, = 300.0 + 43.6 ms. n=4 gives a

e, lido
measure of the rate of lidocaine unbinding from channels blocked during the depolarizing
prepulse. Therefore. A, . and A, 1 give a measuie of the proportion of drug-free and
drug-bound channels respectively during the 500 ms conditioning prepulse (Bennett et al..

1995).

Figure 6.4A also shows the effect of 100 uM lidocaine on the recovery from
inactivation for W1531C. WI5S31A and WI1531Y channels. Under control drug-free
conditions, the recovery of W1531C channels from inactivation displayed two distinct
phases. In contrast to WT channels. the proportion of W1531C channels recovering slowly
(Taow. con = 330.7 £ 50.1 ms. n=5) made up a much larger component (A, ..,=44.7 £ 5.1 %.
n=5) of the total recovery. However, application of 100 uM lidocaine neither significantly
(p>0.05) altered the time constant (T, s = 224.7 = 15.6 ms, n=5) of this slow component
nor its amplitude (A, 14 = 55.8 £ 3.9 %, n=5). Moreover, the kinetics of the rapid phase
(Tasiio=9-1 £ 2.4 ms, n=5) was also approximately the same as that in the absence of drug
(Tras, con = 5.8 £ 1.7 ms, n=5) (p>0.05). Similar to WI1531C, WI1Z51A channels also
displayed two recovery components (Tgg 0= 3.4 0.6 ms, Ay =779 1.6 %; T cn =
159.2 £ 73.5 ms, Ay o = 22.1 £ 1.6 %. n=4) under drug-free conditions. Compared to
WT, the increase in the proportion of channels recovering slowly with lidocaine application
was substantially smaller (A, . = 68.5 £ 5.1 %, n=4). Moreover, drug unbinding was

accelerated as reflected by its 3 times faster slow component (t,, i, = 114.7 = 16.2 ms,
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Figure 6.4.

Effects of lidocaine on the recovery from inactivation of rSkMI1, W1531C. WI531A
and W1531Y channels.

A) Recovery from inactivation in the absence (solid square) and presence (opea circle)
of 100 uM lidocaine. A two-puise protocol was used and data points were fit with a bi-
exponential function (see Materials and Methods). Recovery of W' channels was
slowed by 100 uM lidocaine and displayed clearly two distinct time constants (see text).
Application of 100 uM lidocaine however did not affect recovery of W15%17 channels
and only modestly slowed recovery of W1531A channels. W1531Y behaved not
differently from WT.

B) Plot of fractional recovery at 50 ms in the presence of lidocaine, normaliz2d to that
measured under control drug-free conditions, against lidocaine concentration. Data
were fitled with a binding isotherm equation (see Materials and Methods) to estimate

the binding affinity of lidocaine to the inactivated states of these channels.
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n=4) with drug. Nevertheless. the fast constants with (1,4 0 = 3.7 £ 0.4 ms. n=4) and
without drug were approximately the same (p>0.05) indicating the kinetics of drug-free
channels were unchanged. For W1531Y channels, both the kinetics and proportion of the
slowly recovering drug-bound channels with lidocaine were intermediate (control: 1,,,= 1.9
£+ 0.3 ms, A, =93.1 £2.9 %: 1, = 2375.5 2 1619 ms, A

lidocaine: T, =2.84 £ 0.1 ms, Ay, = 36.2 + 2.4 %; 1,,,= 191.5% 12.1 ms. A, = 63.8 £ 2.4

slow slow — 6.9 = 2.9 %. n=3; 100 }J.M

%. n=3) suggesting this mutation did n»t seriously alter lidocaine binding. These recovery

data are summarized in Table 6.2.

To quantity drug binding to the inactivated state of these channels. Figure 6.4B plots
the amplitude of the slowly recovering component (i.e. A,,) as a function of drug
concentration. Data were fitted with a binding isotherm equation assuming n=1 (see
Materials and Methods). The lidocaine concentration required for 50% reduction of current
(i.e. IC,,) was 52.5 £ 4.5 uM (n=4) for rISkM|1 channels which agcees reasnnably well with
previous studies of lidocaine affinity of fast-inactivated channels in rSkM1 (Nuss et al..
1995, Baiser et al., 1996) and native cardiac (Bean et al., 1983) Na™ channels. Drug binding
to inactivated WI1531C channels was entirely abolished over the range of lidocaine
concentrations examined as demonstrated by a flat dose-response relationship. For W1531A
channels, the estimated IC,, was 455 £ 12 uM (n=4) while being 135 @ 7.2 uM (n=3) for
WI1531Y channels.

6.4.5 Rlock by internal and external QX-314

The data above suggests a drastic reduction in lidocaine binding affinity of the
inactivated states of W1531C and W1531A. To explore further whethe: 2mug access to the
LABS was also modified in these mutant channels in addition to changes in drug binding
energetics, we used the permanently positively charged membrane-impermeant quaternary
lidocaine derivative, QX-314 which binds to the same receptor as lidocaine (French et al.
1996). QX-314 was appiied internally at about 200 uM by injecting 100nL of 2 mM QX-

314 into Xenopus oocytes at least 10 minutes before recording currents (Ragsdale et al..
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1994: Qu et al.. 1995: Sunami et al.. 1997). In the absence of QX-314. WT and mutant
rSkM1 channels showed no use-dependence when a train ot 100 ms depolarizing pulses
was applied at 1 Hz (data not shown). Figure 6.5A shows that application of =200 uM
intracellular QX-314 induced significant (p<0.05) use-dependence in WT rSkM1 channeis
by blocking progressively 84.5 = 2.6% (n=3) of peak [, at steady-state. Ir. contrast.
significantly less block was observed with the same concentration of internal QX-314 in
WI1531C (15.1 = 4.5%. n=4) and WI1531A (45.5 £ 7.6%. n=3) channels. The degre: of
block observed in W1531Y (89.7 + 3.8%, n=3) in steady state was not different froon WT
(p>0.05).

| Figure 6.6 shows the recovery of Na™ current amplitude from internal QX-314
block. In these experiments. channels were blocked to steady-state by applying a train of 6C
depolarizations each of 100 msec in duration followed by hyperpolarization to -140 mV for
various intervals 0 ailcw channels to recover f-om block. Representative traces for Na’
currents recorded from WT rSkM1, W1331C, WI531A and WI1531Y channels before (1,
) and after (I, .o) internal QX-314 block and after | min of ayperpolarization for recovery
from block (I, ,' ™) are shown in Figure 6.6A. The time course of recovery from bluck
was obtained by plotting the ratio of differences between the 1st and 60th pulses before and
after recovery (i.e. (Tpyse 1 = Iputse o) 7 (1 puse 1-] putse o) Where I' represents the current elicited
after a particular interval of hyperpolarization) against the duration of hyperpolarization
at -140 mV. Consistent with previous reports. recovery from internal QX-314 block of WT
rSkM1 channels was extremely slow (Strichartz, 1973; Yeh and Tanguy, 1985: Sunami et
al., 1997). In rSkM1 channels, less than 5% of the blocked current recovered during a 4
minute hyperpolarization period, consistent with strong drug binding or trapping of the
charged drug within the channel (Strichartz, 1975: Yeh and Tanguy, i"25, Starmer et al..
1986). In contrast, 86.3 = 6.6% (n=3) and 83.3 + 7.2% (n=3) of the currents of W1331C and
W1531A respectively recovered within 5 seconds. Complete recovery from block of both
mutant channels occurred atter 15 seconds. The time constants for recovery were 2.1£0.1 s
(n=4) and 2.2+£0.4 s (n=4) respectively for W1531C and W1531A channels. While being
~60-fold slower than W1531C and W1531A., the rate of recovery from block (1=127+£34 s,
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Figure 6.5.

Effects of mutations W1531C, W1531A and W1531Y on block by extracellular and
intracellular QX-314.

A) Normalized Na™ current plotted against exposure time. Exposure of WT, W1531C,
W1531A and W1231Y channels to 500 uM external QX-314 by superfusion to oocytes
expressing the corresponding channels resulted in no detectable reduction in current in
all channels.

B) Use-dependent black by intracellular QX-314 in rSkM1 (solid square). W1531C
(open circle), W1531A (open triangle) and W1531Y (open diamond). Xenopus oocytes
expressing the desired channels were microinjected with 100 nL of 2 mM QX-314 10
minutes before recording. Internal QX-314 block of W1531C and W1531A channels

were attenuated. Steady-state block of W1531Y channels was not different from WT.
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Figure 6.6

Recovery of WT rSkM1, W1531C W1531A and W1531Y channels from use-dependent
block by intracellular QX-314.

A) Current traces normalized to the 1st pulse such that peaks at the baseline are equal.
The numbers 1, 2 and 3 respectively indicate the 1st and 60th pulses of the 1 }z train
and the current recovered from block after holding at -140 mV from 1 rainute. The
peak currents shown were 4.8, 4.2, 4.3 and 4.5 pA for rSkM1, W1531C. W1531A and
W1531Y respectively.

B) Recovery from use-dependent block by intracellular QX-314. Ratios of (I, " - I,,,") /
(I,s-Isw) are plotted against duration of hyperpolarization at -140 mV where I’ and

1

I, respectively represent the current elicited by the first and 60th pulses after a
particular interval of hyperpolarization. Recovery data were fitted with a mono-

exponeatial function to estimate for the :ime constants for recovery from block.
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n=3) of W1531Y channels was still significantly (p<0.05) faster than WT rSkM1 consistent

with a modest reduction in lidocaine binding affinity (Figure 6.3B).

Reduction of use-dependent block by intracellular QX-314 and the more rapid rate
of recovery of W1531C and W1531A mutants compared to WT channels are consistent
with a disruption or destabilization of the drug-channel complex. Alternatively. these
differences could result from alterations in diug access to the binding site (Ragsdale et al..
1994; Qu et al., 1995). While lidocaine can bind to its receptor via both hydrophilic and
hydrophobic pathways. the permanently chargei membrane impermeant QX-314 can only
take the hydrophilic route making it an ideal probe for assessing drug access to the
intracellular local anesthetic binding site via an ¢xtracellular pathway (Frazier et al.. 1970:
Strichartz. 1973; Alpert et al., 1989). Consistent with previous studies. extracellular
application of 500 uM QX-314 to WT rSkM 1 channels did not result in significant block of
Na™ ~urent 5 minutes after drug application (Iox / Icowe = 96.7 £ 1.3 %. n=3, p>0.05)
(Figure 6.5B). Similarly. 500 uM QX-314 did not significantly block W1531C (96.6 =
1.9%, n=5). WI1531A (96.7 = 2.1 %. n=3) and W1531Y (98.2 = 1.2 %. n=3) channels from
the outside over the same pertod of time (p>0.05. Figure 6.5B) suggesting these tryptophan
replacements did not create a low energy pathway between the LABS and the extracellular

solution for drug binding and unbinding.

6.4.6 Does QX-314 block resting and inactivated W1531C channels without requiring

them to open?

To determine whether access to the LABS from the inside was altered in WI1531C
channels, we examined the ability of QX-314 to bind to inactivated char~ls. The protocois
used are shown in the inset of Figure 6.7. Channels were prepulsed from a holding potential
of -120 raV to -55 mV for a variable period of time from | ms to 10 s to induce channel
inactivation without opening them (Lawrence et al., 1991). At -55 mV, more than %C % of
the channels enter the fast-inactivated state at steady-state (Figure 6.3A). This prepulse was

followed by a hyperpolarizing interval of 300 ms at -120 mV to aliow channels to recover
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Figure 6.7

QX-314 did not bind to the inactivated states of W1531C channels uatil they opened.

Inset shows the electrophysiological protocol used in these experiments. Channels were
prepulsed to -55 mV for a variable period of time from -120 mV to induce inactivation
without opening. An interval of hyperpolarization to 300 ms was given to ailow recovery
from fast-inactivation. Under control conditions (solid square), the recuction of cuurent
after 100 ms was due to accumulation of slow inactivation. Qocytes were then injected
with 100 nL of 2 mM QX-314 as described in Figure 6.5. The onset of current reduction
with intracellular QX-314 (open circle) was not different from contrel suggests that QX-

314 did not bind to the inactivated states of these channels.
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from fast-inactivation. Figure 6.7 shows control data obtained from oocytes without QX-
314 (solid square). The small reduction of current following depolarizing prepulses longer
than 100 ms probably reflects accumulation of slow inactivation (Featherstone et al.. 1996).
The same oocytes were then injected with 100 nL. of 2 mM QX-314 and the same protocol
was repeated 10 minutes later. Duta were collected every 25s to ensure all channeis
recovered from open channel block by internal QX-314 (Figure 6.6). If QX-314 is able to
gain access to the local anesthectic binding site when channels are inactivated. then
accumulated block is expected. Ho-wvever, the onset of current reduction after injecting QX-
314 (open circle. Figure 6.7) was not Jifferent from the control. Unfortunately. similar
studies in WT rSkMI channels were net possible due to the extremely slow recovery of this
channel from internal QX-314 block (Figure 6.6B: Strichartz. 1973: Yeh and Tanguy. 1985
Sunami et al.. 1997).

To further confirm that QX-314 is accessible to the LARS only when the channels
open and that the internal access pathway for drug binding and unbinding has not been
modified. we performed excised inside-out macropatch recordings on both WT rSkM1 and
W1331C channels. The protocol used is shown in Figure 6.8A. Na™ currents were elicited
by depolarizing channels to -10 mV for WT rSkM1 and -20 mV for W1531C for 20 ms
trom a nolding potential of -150 mV at 1 Hz to measure the magnitude of the controi
current (I.,,.,)- Channels were then held at -150 mV. at which channels were essentially in
the rescng closed state. while 250 uM QX-314 was constantly perfused to the intracellular
face of the patch. Pulsing at 1 Hz was started again 15 sec after drug perfusion. Any QX-
314 binding to its receptor while the channels were closed during the 15 sec
hyperpolarization period should be reflected as a reduction of current (i.e. lox pyse 1)
compared to Iox oo UpoON restoration of pulsing. Both WT rSkM1 aii. *W1531C did not
show any clear evidence for drug binding to the resting state since the Iox puse 1 / Iox. conrol
ratios were very close to 1 ( WT: 1.0 £ 0.1, n=4; W1531C: 0.9018, n=1). Figure 6.8C shows
that continuous pulsing at 1 Hz in typical macropatches of WT rSkM1 and W1531C
channels exposed tc 250 uM internal QX-314 resulted in use-dependent block (84.7 =
8 6%, n=4 and 15.0 £ 2.5%, n=2 respectively) similar to those obtained from QX-314
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Figure 6.8

Excised inside-out macropatch experiments demonstrating QX-314 did not bind to the
resting states of rSkM1 and W1531C channels until they opened.

A) Electrophysiological protocol. Na+ current was elicited by depolarizing channels to -
10 mV (-20 mV for W1531C) from a holding potential of -150 mV in the absence of QX-
314 to measure the size of the control current (I ). Channels were then held at -150
mV for 15 s while constantly being perfused with 250 uM Q9X-314. Continuous pulsing at
1 Hz was applied again 15 s after crug perfusion. Current ¢elicited during the 1st pulse
(Iox. puse 1) after application of QX-314 was compared with the conirol current to assess the
degree of block of resting channels by QX-314. The bar indicates the period of
application of 250 uM QX-314 in the bath solution.

B) Current elicited upon the first depolarization after perfusion of 250 uM QX-314 for 15
$ Uga. pusc 1) While channeis were being held at -150 mV was normalized with the current
elicited before perfusion of QX-314 (I¢,.,). Both WT rSkM1 and W1531C channels did
not show any significant QX-314 binding to their resting states as the ratios were not
statistically different from 1 (p>0.05).

C) Use dependent block of WT and W1531C channeis by QX-314. The graph shows
typical example for WT and W1531C cnannels. 250 uM QX-314 when applied to the
cytoplasmic side in excised inside-out configuration resulted in 84.7 1+ 8.6%, n=4 block
of WT rSkMI1 current at steady-state while the same concentration blocked only 15.0 +
2.5%, n=2 of W1531C current.
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injected oocytes (Figure 6.5A).

Taken together. our results show that the local anesthetic binding site of W1531C
channels is inaccessible to intracellular QX-314 when the channels are in the resting or

inactivated states or when the drug was applied extracellularly.

6.4.7 WI1712 in the human ieart Na” channel (hH1) is also critical for lidocaine block

The Na™ channel pore scauence is highly conserved among different Na® channel
subtypes (Fozzard. 1996). Tie residue analogous to WI1531 in rSkMI! is absolutely
conserved in other cloned Na™ channels. To investigate if this pore tryptophan in domain [V
also plays a similar role in lidocaine block of human heart Na™ channels (i.e. hH1), we
replaced the equivalent tryptophan (i.e. W1712) with cysteine and alanine. Figure 6.9 shows
use-dependence of hH1. W1712C and W1712A channels using the same protocol used in
rSkM | channel in the absence and presence of lidocaine. For WT hH1 channels. I, ., was
modestly reduced to 91.8 + 1.9 %, n=4 compared to I, , under control drug-free
condiiions while following application of 100 uM lidocaine the degree of reduction was
reduced to 45.0 £ 6.7 %. n=4 (p<0.05) which is far greater than for rSkM1 channeis as
descrited previously (Nuss et al.. 1995; Wang et al.. 1996; Wright et al.. 1997).
intersstingly, no measurable current (<l pA) was initially observed in oocytes injected with
W1712C cDNA. However. following the application of 10 mM dithiothreitol (DTT), a
sulfhydryl reducing agent. the current amplitude was increased about 10-fold (data not
shown) consistent with reduction of a disulfide bond in the pore as observed previously in
rGkM1 double-cysteine mutant channels (Tsushima et al., 1997b). A disulfide bridge was
probably spontaneously formed between the introduced (i.e. W1712C} .~ the native (i.e.
C373) cysteines in the pore because of their spatial proximity (Tsushima et al.. 1997b). For
DTT reduced W1712C channeis, 100 uM lidocaine induced substantially less use-
dependent block in W1712C channels (Ip, .20/ | puset = 98.1 £ 0.4 %, n=3 without and 87.4
+ 5.0 %. n=¢ with lidocaine) than in WT hHI channels (p<0.05). Similar to W1712C. the
mutation W1712A also significantly reduced use-dependence by 100 uM lidocaine (91.7 =

221



Figure 6.9

Use-dependent block of WT hH1, W1712C and W1712A by lidocaine.

A) Representative current records of each of the WT hH1, W1712C and W1712A
channels in the presence of 100 uM lidocaine elicited it 1st, 2nd, Sth and 15th pulse as
indicated. Peak currents were normalized to the first pulse. Use-dependent blocks were
induced by giving a 10 Hz train of depolarizations to -10 mV each of 20 ms duration
from a holding potential of -120 mV. W1712C channs:ls were recorded under reducing
conditions in the presence of 10 mM DTT due to the preseise of disulfide bond formed
between the inserted and native cysteines in the pore. Peck currents were 2.1, 1.7 and
1.8 uA for hH1, W1712C and W1712A respectively.

B) Peak currents were normalized to that mesaured during the first pulse and plotted
against the pulse number. The concentration of lidocaine used was 100 uM. Data
shown represent niczn + SE. Use-dependent block was significantly reduced (p <C.05)
in both W1712C (n=3) and W1712A (n=3) channels compared to WT channels (n=3)

suggesting this tryptopha: residue in the pore is also critical for lidocaine binding to
hH1 channels.
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2.9%. n=3 without and 82.9 £ 2.6%. n=3 with lidocaine) compared to WT hH1 channels
(p<0.05%). These results indicate that the residue W1712 in hH! Na’ channels plays a

similar critical role in lidocaine block as W1531 does in rSkM1 channels.

6.4.8 Tonic block by lidocaine of rSkM1, W1531C, W1531A4 and W1531Y

While local ancsthetics bind preferentially to the inactivated state of Na™ channels.
they can aiso bird tc the resting or open states thereby producing tonic block (Hille. 1977:
Hondeghem and Katzung, 1977). Assessment of tonic block was accomplished by
compgring the peak Na current amplitude (recorded following step depolarizations from a
holding potential of —120 mV at a low stimulation rate of 0.25 Hz) before and after
application of various concentrations of lidocaine. Since almost 100 % of WT and mutant
rSkM1 channels are closed when held at -120 mV in the presence of all lidocaine
concentrations examined (Figure 6.3A and n»npublished data). reductions in peak current at
such low stimulation rates cannot be attributed to shifts of the voltage-dependence of
channel availability or entry into the inactivated state. Such reduction of current bv LA i3
referred to as tonic block (Hille. 1977: Hondeghem and Katzung, 1977). Figure 6.10A
shows the effects of 300 uM lidocaine on macroscopic whole-cell currents of rSkMI1
W1531C, W1531A and W1531Y channels. Figure 6.10B plots the fraction ot current
remaining after drug application as a function of extracellular lidocaine concentration. The
half-blocking concentrations (i.e. ICy,) for tonic block estimated using binding isotherm fits
for WT rSkM1. W1531C. WI1531A and W1531Y mutant channels were 1395 + 315 uM
(n=4). 445 = 53 pM (n=5), 532 = 91 uM (n=4) and 1413 £ 215 uM (n=4) respectively.
Despite such significant (p<0.05) changes in IC,, values observed in W1531C and W1531A
channels relative to WT rSkM1 channels, all channels (with rSkM1 and .'1531Y inclusive)
showed 1:1 drug binding as expected from previous studies (Bean et al.. 1983: Nuss et al..

1995; Balser et al., 1996).



Figure 6.10.

Tonic block by lidocaine for rSkM1, W1531C, W1531A and W1531Y.

A) Representative Na™ current traces recorded in the absence and presence of 300uM
lidocaine. Currents were elicited by depolarizing cells to -10 mV for rSkM1 and
W1531Y and -20 mV for W1531C and W1531A for 50 ms from -120 mV. Currents
have been scaled such that the peaks of these channels in the absence of lidocaine are
the same. The vertical bar represents 5.5, 4.4, 4.2 and 4.7 pA for rSkM1, W1531C,
W1531A and W1531Y respectively.

B) Dose-response relationships for tonic block © lidocaine of WT and tryptophan
mutant channels. The degrees of tonic block indicated as normalized currents were
plotted as a function of lidocaine concentration for WT (solid square), W1531C (open '
circle), W1531A (open up triangle) and W1531Y (open down triangle) channels. Data
were fitted t¢ a binding isotherm equation to estimate for the values o 1Cy, for tonic
block (see Materials and Methods). W1531C and W1531A were more sensitive than
WT rSkM1 channezls to tonic block by lidocaine as indicated by the leftward shifts of
their binding curves. The IC,, for tonic block of W1531Y was not different from WT.
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6.4.9 Effects uf lidocaine on single rSkM1 and W1531C channels

Interestingly, W1531C and W1531A channels were more sensitive to tonic block by
tidocaine than WT channels despite the fact that drug block as assessed by use-dependence.
shift in chanr«l availability and the effects of drug on recovery from inactivation was
reduced for ihese channels. To further elucidate the underlying mechanism responsible for
the enhanced tonic block observed in W1531C channels. we performed cell-attached
single channei recordings. Figure 6.11A shows typical traces of single channel currents
recorded frotn ratches containing WT rSkM1 and W1531C channels both in the absence
and presence of 320 uM lidocaine. Currents were elicited by repeated depolarizations to —
20 mV for 50 ms from a holding potential of —120 mV. Lidocaine was applied
extracellularly by including it in the pipette solution in patches separate from the control.
Under drug-frce conditions. both WT and W1531C single channels generally opened
once briefly and their mean numbers of opcning per depolarization were 1.04+0.04. n=3
and 1.05+0.06, n=3 respectively. These observations are consistent with absorbing
inactivated states for these channels as expected from our whole-cell recordings {Figure
6.3 and 4) and further confirm that the changes in lidocaine block observed in W{531C
channels were not effects secondary to destabilization of inactivation. Nevertheless,
application of 300 uM lidocaine did not significantly affect the mean aunuber of opening
ner depolarization of either WT (1.03+0.03. n=3) or W1531C (1.04+0.04. n=3) channels
(p>0.05).

Figure 6.11B shows the ensemble average currents assembled from idealized
single-channel records derived from the same patches shown in Figure 6.11A. Ensemble
currents show that peak amplitudes for WT and W1531C channels in .\:~ presence of 300
uM lidocaine were reduced to 77.2 % (73.9 = 13.3 %. n=3) and 40.0 % (33.6 = 4.0 %,
n=3) of pre-drug values respectively. These results are consistent with the corresponding
tonic blocks observed at the whole-cell level with this concentration of lidocaine (Figure
6.10). Since I, = N*P_* i, where I, is the total Na" current, N is the total number of

channels, P, is the probability of channel opening and i is the unitary current of a single
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Figure 6.11

Single channel recordings of WT rSkM1! and W1531C channels expressed in Xenopus
oocytes. Typical single-channel currents of rSkM1 and W1531C channels recorded under
control conditions and in the presence of 300 uM lidocaine as indicated. Lidocaine was
applied in the pipette solution. Currents were elicited by repeated depolarizations to —20
mV for 50 ms from a holding potential of --120 mV at a stimuiation frequency of 0.67 Hz.
Both wild-type patches (control and li-iocaine) contained 1 channel. The W1531C patches

contained 2 (control) and 1 (lidocaine) chanrnels.
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Figure 6.12

Effects of lidocaine on single channel current-voltage relationship, probability of channel
opening and mean open time of WT rSkM1 and W1531C channels.

A) Curvent-voltage relationship of rSkM1 and W1531C single channels obtained with
and without 'idocaine. Unitary currents are plotted as a function of step membrane
potential in the absence (solid square) and presence (open circle) of 300 pM lidocaine.
Hcliding potential was —120 mV. Solid lines are best fits to the mean data by linear
regressicn. Channel conductances (8) were determined from the slopes of these fits. Data
shown are the averages of 4 (control) and 8 (lidocaine) patches for rSkM1 channels and 5
patches (both contro! and lidocaine) for W1531C channels.

B) The effec: of 300 uM lidocaine on the probability of channel opening (P,.,). F... was
depicted as the ratio of number of depolarizations that elicited at least one channel
opening to the total number of depglarizations during the exreriments. Data shown are
the average of 3. 3. 4 and 3 patches respectively.

C) The effect of 300 uM lidocaine on mean open time of channel openir.gs. Open time
histograms shown are derived from typical patches of rSkMI1 and WI1531C channels
recorded in the absence and presence of 300 uM lidocaine at -20 mV from a holding
potential of ~120 mV. Solid lines are best fits of single exponentials>. Mean cpen times of

respective patches are indicated. See text for mean data.
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Na~ channel. and that N is fixed within the time frame of our expzriments. reduction of I,

by drug may result from either a reduction of P_, or i or combination of both.

onen

Careful inspection of Figure 6.11A reveals that there was a reduction in unitary
current at =20 mV in both rSkM1 (1.7£0.1 pA. n=4) and W1531C (1.7%0.1. n=35) patches
when channels were exposed to 300 uM lidocaine (WT: 1 5£0.1 pA. n=8: WI531C:
1.1£0.2 pA, n=3) consistent with a rapid open-channel block by lidocaine. This rapid
block has been suggested to be largely responsible by charged lidocaine molecules as the
drug exists as a mixture of charged and neutral species in solution under neutral pH
conditions (Hille, 1977: Nettleton and Wang, 1990). Figure 6 12A piots the unitary
current amplitudes of WT rSkM1 and W1531C channels in the absence and presence of
300 uM lidocaine as a function of membrane potential. Under contiol conditions. single -
channel conductances of rSkM1 and W1531C channels estimated from linear regression
analysis of the data in Figiure 6.12A were 32.5£2.8 pS (n=5) and 78.3%£2.5 pS (n=5,
consistent with previous report (Chiamvimnovat et al. 1996). Application of 300 uM
lidocaine significantly (p<0.05) reducec the single channel conductances of both WT and
mutant channels to 23.9£2.5 pS (n=8) and 46.6+6.5 pS (n=5) respectively. These
reductions in single channel conductances (i.e. unitary currents) match closely the
changes in ensemble average currents as well as the tonic block of whole-cell
macroscopic Na“ currents, suggesting that enhanced rapid open channel block of
W1531C channels underlies the enhanced tonic block. This interpretation is further
bolstered by the observation that the probability of channel opening, P, in WT
(0.21+0.05. n=3) and W1531C (0.14+0.02, n=3) channels were not significantly (p>0.05)
affected by 300 puM lidocaine (WT = 0.20£0.05. n=3; W1531C = 0.14£0.01. n=3)
suggesting tonic block of both WT and W1531C channels does not ir.. ~'ve drug binding
to some pre-open states of these channels. These results are pictorially presented in
Figure 6.12B.

Intermediate (between fast and discretz) modes of open channel block which

occur on the time scale of channel gating are expected to reduce channel mean open

(18]
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times. We next examined if such modes of block exist. in addition to the rapid block, by
examining changes in channel mean open time. Figure 6.12C shows typical open time
histograms constructed from corresponding single channel patches with and withou
exposure to 300 uM lidocaine. Under contro!l conditions. mean open time of WI1531C
channels (0.30+£0.03 ms, n=3) was modestly prolonged when compared to WT channels
(0.27+0.01 ms. n=3) when examined at =20 mV. Mean open times of both channels
nowever were not significantly altered (p>0.05) by lidocaine at the concentration used
(300 uM lidocaine: W1531C = 0.24+0.03 ms, n=3; WT = 0.26+0.02 ms. n=3) suggestiag
sich intermediate mode of open channel block by lidocaine at 300 uM did not exist.
These results are consistent with previous single channel recordings of Na™ channel with
lidocaine (Grant et al.. 1989) and the observations that lidocaine does rot accelerate the
rate o decay of macroscopic whole-cell current of rSkM1 channels (Wang et al.. 1996:

Sah et al., 1998).

6.5 Piscussion

6.5.1 P-loop residues and lidocaine binding

In this study, we examined the changes in lidocaine block following mutations of
three rings of pore-lining residues. We observed reduced use-dependence by lidocaine in
W402C, W1239C and W1531C channels which could result from reduced hydrophobic
or m-electron interactions of these residues with the arcmatic moiety of lidocaine
(Ragsdale et al., 1994). Neutralization of negative residues with cysteine was expected to
weaken drug binding by reducing attraction of the positively charged drug molecules to
the their binding site, but this is not observed. Indeed, we observeu ..i enhanced use-
dependent block when the negative residues were mutated to cysteine. Perhaps, as
suggested for E755A channels which also involves neutralization of a negative charge
but displays enhanced lidocaine block, these native negative charges in the pore attract
the charged portion of lidocaine pulling the aromatic portion of the drug away from its

optimal position for interacting with its binding site (Sunami et al., 1997). Loss of these
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negative interactions therefor: enhance drug binding by allowing better hydrophobic
interactions. Overall. these vore mutations may affect lidocaine block by mechanisms
such as modified intrinsic binding. altered drug access for binding and unbinding. and by
alterations in channel gating since local anesthetics bind preferentially to the inactivated

states of Na™ channel.

6.5.2 Mutations of W1531 ualter the intrinsic binding affinity of lidocaine without
affecting drug uces:

The major finding of our study was the observation that replacement of W1531,
located in the ascending portion of the P-loop in Domain IV. with cysteine or alanine
reduced use-dependence and the sh:fts in channel availability in the presence of lidocaine.
These mutations also acceleraied the rate of recovery from inactivation in the presence of
lidecaine. While modification of drug access can afiect usc-dependence and recovery
from inactivation by changing the rates for drug binding and unbinding. it predicts no
change in steady-state channel availability curve which is determined by drug binding
energetics (Bean et al., 1983). The reduction of shifts in channel availability curves
causec. by lidocaine in WI1531C and WI1531A channels compared to WT channels
(Figure 6.3) establishes that the lidocaine binding affinity was disrupted in these
channels. The nse of a 500 msec depolarizing pulse has previously been shown to allow
drug binding to channels to reach steady-state (Balser et al.. 1996) without significantly
inducing slow inactivation (Featherstone et al.. 1996) in rSkM1 channels. Though a
longer prepulse duration might be required for the mutant channeis to reach steady-state.
our experiments nevertheless indicate that drug binding was seriously weakened in both
WI1531C and WI1531A channels over the same interval when cuuipared to WT.
Furthermore, our experiments with QX-314 demonstrated that drug access from the
extracellular and intracellular faces of the channel were not modified. In addition,
changes in LA block secondary to changes in inactivation also seems unlikely since
mutations of W1531 did not disrupt normal fast-inactivation as revealed by both whole-

cell and single channel recordings. In fact, steady-state inactivation curves of both
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W1531C and W1531A mutants were shifted in a hyperpolurized direction reiative to WT
channels while their rates of recovery from inactivation were actually slower than WT.
These gating characteristics are expected to enhance drug block due to stabilization of the
inactivated state rather than inhibiting it as observed. Taken together. mutations of
W1531 appeared to aiter the binding affinity of the drug to the channel without affecting

drug access.

6.5.3 Tonic block and single channel conductance

Interestingly, the WI1531C and WI1531A mutations enhanced tonic block by
lidocaine while reducing the effecis of drug on use-dependence. shifts of channel
availability and recovery from inactivation. Similar changes in the profile of drug
modification have been observed previously in channels with residues replaced in S6 of
jomain IV (Ragsdal: et al.. 1994). Bean et al. (1983) suggested that tonic biock
antagonizes use-dependent block at depolarized holding potentials since channels with drug
bound to the closed or open state are not available for further drug binding to the inactivated
state thus leading to an apparent reduced use-dependence. This possibility is unlikely in our
case since tonic block was assessed from a holding potential (-120 mV) where all channels
were essentially in the resting closed states. To fully elucidate the underlying mechanisms
responsible for such enhanced tonic block observed in W1531C channels. we performed
cell-attached single channel recordings. Two modes (fast and discrete-slow) of block by
lidocaine and its analogue QX-314 have been previously observed in skeletal muscle and
cardiac Na~ channels at the single channel level (Gingrich et al.. 1993; Zamponi et al..
1993). Under our experimentai conditions, reductions in unitary current consistent with
rapid open channel block was observed in both WT rSkM1 and 7!'S31C channels.
Examination of the current-voltage relationship revealed that the lidocaine block of WT
channels was 50% of the block observed in W1531C channels which matched remarkably
well the approximate 3-fold increase in tonic block of whole-cell W1531C currents by
lidocaine. The absence of measurable changes in mean open times and probabilities of

channel opening by lidocaine in W1531C channels suggests that the increase in tonic
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block observed in W1531C channels primarily results from increased open charnel
blockade.

6.5.4 Molecular Interpretation

W1531 has previously been shown to be accessible from the extracellular face of
the channel (Perez-Garcia et al.. 1996; Chiamvimonvat et al.. 1996; Li et al.. 1997b:
Tsushima et al., 1997a.b). At first glance. this might seem suprising since the LABS is
thought to be located on the intracellular face of the channel pore (Hille, 1992). Cne
explanation for this observation is that replacement of this residue causes a significant
disruption of the channel pore structure. Consistent with this possibility. replacement of
this residue creates channels unable to discriminate between different monovalent cations
(Chiamvimonvat et al.. 1996: Tsushima et al., 1997a). However. W1531C channels are
impermeable to oiganic cations such as TMA (ata not shown)., which has a chemical

structure similar to lidocaine.

Alternatively, the residue could undergo a translocation from the extracellular to
the intracellular face of the channel either during the inactivation process or following
drug binding which ultimately leads to intimate hydrophobic or m-electron interactions of
the aromatic portion of the drug with W1531 and other residues (such as those in DIV S6)
which comprise the LABS. Similar dynamic rearrangement of residues in the outer pore
has been previously observed in voltage-gated K™ and Na” channels (Liu et al.. 1996
Balser et al.. 1996) and would be consistent with our previous observation that the P-loop
in domain IV is flexible compared to P-loops in the other domains (Tsushima et al.,
1997b). This model is also consistent with a previous suggestion thu" '~w affinity rapid
QX-314 block serves as an intermediate that catalyzes the formation of a high-affinity
discrete-block complex (Gingrich et al., 1993). W1531 might be a critical residue for
such transition. Nonetheless, we cannot rule out the possibility that W1531 may not
participate directly in drug binding but the mutations modify LA block by interfering

with the conformations required for wild-type drug-channel interactions through some
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long-ranged effects. Further experiments are required to prove or disprove our hypothesis.

It is interesting that the mutations W1531C and W1531A mimic the effects of
lidocaine in several respects: they both shifted the midpoint of channel availability curve
and slowed recovery {rom ianactivation in a manner similar to WT channels modified by
lidocaine. Given these observations. one might argue that lidocaine application to these
mutant channels did not display additive effects because the mutations already mimic
normal drug-bound cnannels thereby saturating the drug effects. However, the analogous
mutation in hH1 ckanrels did not alter channel gating to the same extent as in rSkMI
channels but still rendercd channels less sensitive to lidocaine block when assessed by
use-dependence. shift of’ channel availability curve and the effects of drug on recovery
from inactivation (Li and Eackx. unpublished data). Therefore. it seems unlikely that the
changes in drug block observed in these mutants result from effects secondary o gating

changes.

The conclusion that W1531 forms a part of the LABS is appealing for a number
of reasons. First, W1531 is an aromatic residue capable of hydrophobic or m-clectron
interactions and these interactions have previously been shown to be critical for high
affinity blockade of Na~ channels (Sheldon et al.. 1991; Ragsdale et al., 1994: Zamgoni
and French. 1993). Second. we have previously shown that W1531 also forms part of the
selectivity filter (Tsushima et al.. 1997) and it has long been thought that local anesthetics
bind deep into the pore from the cytoplasmic side up to the selectivity filter region.
Recently. residues that comprise the putative selectivity filter (i.e. DEKA) of rfSKM1 Na”
channels have been shown to affect lidocaine binding (Sunami et al., 1997). Third. the
electrical distance (8) for LA block is 0.7-0.8 from the inside (Gingricii <. al., 1993; Hille.
1977) while W1531 has 8~0.25 from the outside for block by Cd** (Chiamvimonvat et
al., 1996) suggesting this P-loop region is structurally adjacent to the LABS and possibly
forms the roof of the intracellular channel vestibule containing the LABS. Future
experiments studying the relationships between W1531 and residues lining IVS6 in the

binding of local anesthetics thus possibly further define the molecular basis of local
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anesthetic action.
6.5.5 Aromaticity is critical for Na* channel function and pharmacology

Previous studies have demonstrated that mutations of certain residues lining
DIVS6 disrupt inactivation and weaken local anesthetic binding (Ragsdale et al.. 1994).
We demonstrate in this report that replacement of a pore tryptophan in DIV of rfSkM1 and
hH1 Na" channels is also critical for lidocaine action. Interestingly, W1531 in rSkM1 Na~
(Tsushima et al.. 1997a} and its analogous residue ir. hit1 (Li & Backx. unpublished data)
are both important in ionic selectivity. When the aromatic residue is replaced with
cysteiﬁe or alanine. the channel allows permeation of’ monovalent cations such as K'.
NH,™ and Cs™. W1531 is also an important determinant >f the wild-type sensitivity of Na“
channel to p-CTX block (Li et al.. 1997b). These changes in channel properties are
largely prevenied in W1531Y channels suggesting that the aromaticity at tais location is
critical for proper channel function and pharmacology (Tsushima et al., 1997a: Li et al.,
1997).

Cardiac Na™ chenrels are known to be more sensitive to local anesthetics than
their skeletal muscle and nerve counterparts. Clinically, 5-20 pM lidocaine can
effectively treat arrhythmias by blocking cardiac Na™ channels whereas >100 uM doses
are required to produce local anesthesia in nerve and skeletal muscle (Gianelly et al.,
1967; Jewitt et al., 1968: Hille, 1978). Despite these differences in drug sensitivity
between different Na~ channel subtynes (Wright et al., 1997; Nuss et al., 1995: Wang et
al., 1996), mutations oi’ W1712 in DIV in hH1 Na™ channels produced effects similar to
those observed at the analogous position in rSkM1 channels (i.e. W15~} suggesting that

this pore tryptophan is a common molecular determinant of local anesthetic action.
6.5.6 Conclusion

In summary, our study demonstrates that the pore tryptophan located at position
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1531 within the ascending limb (i.e. SS2) of the P-loop in Domain IV of rfkM1 Na’
channel. which has previously been shown to be critical for ionic selectivity
(Chiamvimonvat et al.. 1996; Tsushima et al.. 1997a) and p-CTX binding (Li et al..
1997), also plays an important role in channel modification by lidocaine. Such changes in
lidocaine block observed in W1531C and W1531A channels were not results due to
modification of drug access or effects secondary to changes in channel gating. Mutations
of the analogous residue in hH1 (i.e. W1712) also reduced lidocaine block sugaesting that

this pore tryptophan plays a similar role in LA block of cardiac Na™ channcls.
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CHAPTER 7
MAPPING THE SPATIAL RELATIONSHIP BETWEEN
THE PORE AND THE LOCAL ANESTHETIC BINDING SITE

7.1 Abstracr

To map the spatial relationship between the pore and the local anesthetic binding
site of Na~ channels. we have developed a novel local anesthetic agent (MTSBZ) by
tethering berzocai:re to the sulfhydryl reactive group, methanethiosulfonate. The
application of MTSBZ modified both native rat cardiac Na" channels and Xenopus
oocytes expressed human heart (hH1) Na" channels, whose pores contain a native
cysteine. in a manner indistinguishable from the effects observed in the presence of
benzocaine. Unlike benzocaine. these effects persisted after drug washout however. In
contrast, MTSBZ modification of rat skcletal muscle (rSkM1) Na™ channels expiessed in
Xenopus oocytes was totally reversible upon washout but not in the mutant skeletal
muscle Na~ channels containing a cysteine at the equivalent location as cardiec Na’
channels (Y401C) unless treated with dithiothreitol. These results suggest irreversible
modification by MTSBZ requires the presence of a reactive cysteine in the channel pore.
Furthermore. MTSBZ reduced the affinity of lidocaine for cardiac Na~ channels while
mutating the phenylalanine residue (F1579A) known to be critical for local anesthetic
binding abolished the effects of MTSBZ, suggesting that MTSBZ interacts with the local
anesthetic binding site. Overall, these observations indicate that MTSBZ anchors
specifically at a cysteine in the pore but is still able to maintain drug efficacy. Changing
the linker length varied the degree of drug modification of hH1 Na™ channel thereby
providing information on the spatial distance between the anchor site {* = the cysteine) in
the pore and the local anesthetic binding site. Since only the cardiac channels but not
other tissue subtypes contain a native cysteine in the pore, our strategy also provides a

potentially useful method for developing a heart-specific local anesthetics.
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7.2 Introduction

Knowing that mutations of certain pore residues of the Na  channels affect
lidocaine binding (Chapter 6). we next tried to map the spatial relationship between the
pore and the local anesthetic binding site. To accomplish this goal. we developed a novel
strategy which comprises of an Anchor. a Linker and an active Drug, referred to as ALD
(Figure 7.1). The key to ALD is that the anclior serves to recognize a unique and distinct
receptor thereby effectively delivering the active drug to the drug binding site via the
linker. Drug efficacy of these ALD agents shcnld depend critically on the linker length
for reasons given below. When the linker is ino short, drug efficacy will reduce because
protein distortions will be needed before the drug moiety of an ALD can access to the
binding site. On the other hand. collision time will increase when the linker 1s too long
thereby reducing drug efficacy. Therefore, an optimal linker length should exist for
maxiinum drug action. This optimal length better reflects the tirie-averaged distance
between the anchor and the drug binding site because many proteins are flexible and
dynamic in pature. In addition. our strategy also permits development of protein-specific
drugs since the anchior can be chosen to recognize specific distinct regions of the protein

of interest.

Previous studies have identified a unique cysteine within the external pore of
cardiac Na” channels (Noda et al. 1986; Rogart et al., 1989; Trimmer et al.. 1989: Backx
et al., 1992; Akopian et al.. 1996) (Figure 7.1A). This pore cysteine resuits in an
enhanced sensitivity to extracellular applied sulfhydryl modifying agents (Satin et al..
1992; Backx et al.. 1992; Heinemann et al., 1992) and is not present in other Na™ channel
subtypes such as neuronal, sympathetic or skeletal muscle (Auld et al., 1288; Frelin et al..
1986; Rogart et al.. 1989; Satin et al., 1992). Based on these molecular differences. we
took advantage of the presence of this native pore cysteine in the cardiac channels to
probe the spatial distance between the Na” channel pore and the local anesthetic binding

site using our ALD strategy.
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Figure 7.1

A) Sequence alignment of the pore forming region of Domain [ of different rat Na’
channel isoforms. The numbers denote amino acid position within the primaty sequence.
The unique cysteine residue in the heart isoform is shown within the bov.

B) Structure of benzocaine and methanethiosulfonate-benzocaine (MTSBZ).

C) Schematic diagram of local anesthetic drug targeting to cardiac Na" channels. The
local anesthetic moiety has access to the local anesthetic bindirg s'te on the channel

protein.
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Specifically, we synthesized & novel local anesthetic agent by linking benzocaine
to the sulfhydryl-reactive group. methanethiosulfonate via a hydrocarbon chain
(methanethiosulfonate benzocaine, MTSBZ; Figure 7.1B). We used benzocaine since it
is a prototypic hydrophobic class 1b agent with very rapid Kinetics for channel binding
(Butterworth and Strichartz. 1990; DeLuca et al.. 1991; Grant, 1991; Hondeghem and
Katzung, 1977) thus providing dictinct etfects on Na” channel behaviour (Hille, 1992).
We reason that MTSBZ will covilendy react with the free sulfhydryl group within the
human heart Na” channel (hH1) pore thereby anchoring the local anesthetic to the pore
and delivering the drug to the loca! anzstietic binding site (Figure 7.1). In fact. our results
show that MTSBZ works as anticipatc2. By varying the linker length. we find that the
optimal distance between the native pore cysteine (i.e. C373) and the local anesthetic

binding site in hH1 channels is approximately 10A.

Since MTSBZ binds irreversibly and specifically only to cardiac Na™ channels but
not other subtypes lacking a reactive cysteine in the pore. our strategy further forms the
basis for potentially developing a cardiac specific local anesthetic in addition to its
appheation in biophysical studies. While this ALD paradigm is demonstrated here in the

Na" channel, it is of general utility and can be applied to any proteins and tissues.

73 Materials and Methods

7.3.1 Rat Venticular Myocyte Isolation and Patch-Clamp Recording

Rat ventricular cardiac myocytes were isolated as described previously
(Wickenden et al, 1997). Briefly. male Sprague-Dawley rats {.£2-300 g) were
heparnized (3000 U/kg) and anesthetized wit 150 mg/kg pentobarbital. Hearts were
excised and retrogradely perfused for 5 min with a Krebs-Hensleit buffer consisting of
(in mmol/L): 123 NaCl, 5.4 KCI, | CaCl,, 1.2 MgSO,, 1.2 NaH,PO,, 20 NaHCO,, 5.6
glucose. gassed with a 95% O,-5 % CO, mixture (pH 7.4) followed by a 5 min perfusion

with calcium-free Krebs-Hensleit solution. Hearts were then perfused in with the
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calcium-free solution containing collagenase (Type II. 0.6 mg/mL. Boehringer
Mannheim) and protease (Type XIV. 0.05 mg/mL. Sigma) for § min. At the end of the
digestion period. hearts were perfused for 5 min with an enzyme-free high K~ solution
(KB) consisting of (in mmol/L): 120 KCl, 1 MgCl,. 0.5 K,-EGTA. 10 glucose, 20
HEPES (pH to 7.4 with KOH). The hearts were dismounted, and the atria and aorta were
removed. Ventricular tissue was cut into small pieces. and cells were mechanically
isolated by trituration with a Pasteur pipette and filtering througzh nylon mesh. Cells
were stored in KB solution until required. Only calcium-tclerant, rod-shaped. quiescent

myocytes with clear cross striations were used for electrophysiologicu| recordings.

| Na™ currents were recorded using the whole-cell patch-clamp configuration
(Hamill et al. 1981) with an Axopatch 200A amplifier (Axon Instruments) (see 2.3 for
details). Rat cardiac ventricular myocytes were placed in a | ml. bath and perfused with
extracellular  solution with the following composition (in mmol/L): 135
tetramethylammonium chloride (TMA), 5 NaCl, 1 CaCl,, 1 MgCl,, 10 glucose. 10
HEPES (pH to 7.4 with TMA-OH). The intracellular solution consisted of (in mmol/L):
150 CsF, 10 EGTA, 10 HEPES (pH to 7.2 with CsOH).

7.3.2 Experimental Protocols and Data Analysis

Whole-cell Na“ current-voltage relationships, steady-state inactivation and
recovery from inactivation were recorded from oocytes or rat ventricular myocytes as
described in previous chapters. Cells were exposed to methanethiosulfonate benzocaine
(MTSBZ) or benzocaine (500 uM) for at least 10 minutes to allow for complete channel
modification. Wash out of the drugs were performed for 5-10 minu .2~ with recording
solution. MTSBZ, benzocaine and MTSBN were dissolved in DMSO and diluted to the
desired concentration. Lidocaine and MTSHE was dissolved in ND96. The final
concentration of DMSO (0.01%) had no significant effect on any parameters measured.
MTSBN and MTSHE were purchased from Toronto Research Chemicals Inc. MTSBZ

and its analogues were a gift from Dr. David Dime (Toronto Research Chemicals).
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Benzocaine and lidocaine were purchased from Sigma. Data were analyzed.

mathematically fitted and statistically tested as described before.

7.4 Results

7.4.1 A pore cysteine is required for specific interactions of MTSBZ

We initially determined whether tethering benzocaine to the methanethiosulfonate
grovp altered local anesthetic efficacy by comparing the effects of MTSBZ to benzocaine.
Exposure of human heart (hH1) Na” channels expressed in Xenopus oocytes to 500 uM
benzoecaine resulted in a 43 £ 3 % (n = 5) reduction in peak current measured at -10 mV
(Figure 7.2A). The effects on peak currents were completely reversed upon drug
washout. MTSBZ (500 uM) elicited a similar 62 + 8% (n = 7) reduction in peak hH1 Na“
currents in comparison 1o benzocaine (Figure 7.2A). However, the reduction of peak
current amplitude persisted after drug washout (50 = 8%) suggesting that the channels
were irreversibly modified by MTSBZ (Figure 7.2A). In contrast, appiication of MTSBZ
(500 uM) to rat skeletal muscle Na” channels (rSkM1) lacking the pore cysteine. resultea

in a completely reversible decrease in peak current magnitude (Figure 7.2A).

To establish whether MTSBZ interacted specifically with the cysteine pore
residue in hH1 channels, we introduced an equivalent cysteine residue into the rSkMI
channel pore (Y401C) (Backx et al, 1992). Y401C channels resemble cardiac Na’
channels in relation to block by tetrodotoxin and Cd*, and single channel conductance
(Backx et al. 1992) but have similar inactivation properties as wild-type rSkM1 channels
(see below). A 10 min exposure of Y401C channels to MTSBZ fc'.~ved by a 5 min
washout resulted in an irreversible reduction current amplitude at -10 mV, as observed
with hH1 channels (Figure 7.2A). Longer washout periods did not restore peak current
amplitude to predrug values. These data are consistent with a specific interaction of
MTSBZ with a cysteine residue in the extracellular face of the pore, unlike the

nonspecific modification normally observed with local anesthetics like benzocaine.
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Figure 7.2

Effects of benzocaine on hH1 and MTSBZ on hH1. rSkM1 and Y401C channels.

A) Whole-cell Na™ currents recorded from Xenopus oocytes in the before. during and after
washout of 500 umol/L benzocaine (far left panel) or MTSBZ. Currents were elicited by
a 50 ms depolarizing step pulse to -10 mV from a holding potential of -100 mV. Currents
were normalized to peak curients in the absence of drug. Only the first 15 ms are shown.
The dashed line indicates «:urr :nts recorded after drug washout.

B) Voltage-dependence of steady-state inactivation in the presence and following
washout of benzocaine and MTSRZ. Data were fit with a Boltzmann function.

C) Recovery from inactivation of hH1, rSkM1 and Y401C. Recovery was fit with a
biexponential function (see Materiais and Methods). Data represent the mean @ SEM of

4-8 experiments.
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To further verify that MTSBZ reacted specifically with the cysteine pore residue
in both hH1 and Y401C. we examined the effects of this drug on the Cd*™ sensitivity of
the channels. Modification of hH1 and Y401C channels with the methanethiosuifonate
compounds like MTSEA or MTSES is known to reduce sensitivity to block by Cd*” aud
2n” which react with high affinity with reduced free sulfhydryl groups (Kirsch et al.
1994; Chiamvimonvat et al., 1996; Tsushima et al., 1997). Modification with MTsBZ
raduced the sensitivity of the channels to Cd*” block (IC,,) from 50 + 8 uM to 1552 + 245
oM (n=3; P <0.05) and for Y401C channels from 16 £ 3 uM to 1081 £ 322 uM (rn=";
P <0.01) (Figure 7.3C). The Cd* sensitivity of the MTSBZ modified Y401C channels is
similar to that observed for the wild-type rSkM1 channel (Tsushima et al, 1997). The
cffects of MTSBZ were reversible upon exposure to the sulfhydryl reducing agent.
dithiothreitol (DTT, 10 mM). For example, DTT application restored peak current
amplitude (Figure 7.2A). th= rate of recovery from inactivation (Figure 7.3B) and Cd*"

sensitivity of Y401C channels previously modified with MTSBZ (Figure 7.3C).

7.4.2 Effects of MTSBZ on Na” Channel Inactivation

Local anesthetic agents alter the inactivation propeities of Na” channels leading to
leftward shifts in the voltage-dependence of steady-state inactivation and a slowing in the
rate of recovery from inactivation (Hille, 1977; Bean et al., 1983; Sanchez-Chapula et al.
1983; Nuss et al., 1995) These effects stem from high affinity binding of these
compounds to the inactivated state of Na™ channels resulting in a stabilization of the
inactivated state (Hille. 1977; Bean et al, 1983). The recepior site for local anesthetics is
accessible from the cytoplasmic side of the channel (Hille, 1977) an< as been recently
localized to the sixth transmembrane spanning region in domain IV of the Na™ channel a

subunit (Sanchez-Chapula et al, 1983).

We determined whether benzocaine anchored to an external pore residue on Na

channel can access to the local anesthetic binding site and thereby lead to an alteration

249



Figure 7.3

Reversibility of MTSBZ modification of Y401C channels.

A) Whole-cell Na™ currents of Y401C channels expressed in Xenopus oocytes. Currents
were elicited as described in Figure 2. Channels were modified with 500 pM MTSBZ for
at least 10 min followed by drug washout. The channels were then exposed to 10 mM
DTT.

B) Recovery fro.n inactivation of MTSBZ-modified channels and after DTT exposure.
Data were fit to a biexponcntial function as described in Figure 7.2.

C) Cd* sensitivity of V401C channels before and after MTSBZ modification and
following sulfhydryl reduction of MTSBZ-modified channels by DTT. Data were fit
with the Hill equation. 1/¢1 + [Cd*}/IC,,). Data represent the mean @ SEM of 3-3

experiments.
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of channel inactivation as observed with other local anesthetics. The effects ¢ MTSBZ
on steady-state inactivation of hH1 channels were studied using a standard two-puise
protocol as summarized in Figure 7.2B. Channels were depolarized to various
conditioning potentials for 50 ms from -100 to -20 mV from a holding potertial of -100
mV followed by a 50 ms test pulse to -10 mV. The 50 ms conditioiing pulse was
sufficient to allow for equilibrium binding of benzocaine due to the fas* kinetics of

benzocaine binding to the channels (Hille, 1977: Wang et al., 1998).

MTSBZ shifted the steady-state inactivation curve of hH1 channels frora -60.2 £
1.7mV to -71.7 £ 2.8 mV (n = 7; P < 0.01) which was not reversed upon washcut (-75.7
+ 3.0 'mV, n=7, P <0.01) (Figure 7.2B, Table 7.1). A similar shift of the steady-state
inactivation curve was observed with 500 uM benzocaine (-61.4 = 0.7 mV control vs. -
74.2 @ 0.3 mV benzocaine; P < 0.01), however this was reversible upon washout of the
agent (-65.4 + 1.4 mV; n = 5) (Figure 7.2F). These results establish that the MTSBZ can
stabilize the inactivated state of hH1 Na” channels in a manner similar to that observed

with benzocaine (Hille, 1977; Wang et al., 1998).

MTSBZ also produced leftward shifts of the steady-state inactivation curves in
rSkM1 channels from -54.7 £ 0.7 mV to -61.2 £ 2.0 mV (n = 6; P < 0.05) which could be
largely restored to predrug values upon washout of MTSBZ (-58.4 £ 1.0 mV) (Figure
7.2B). However, in Y401C mutant channels, the shift in the steady-state inactivation
curve was irreversible upon washout of MTSB7Z, (-55.8 = 1.2 mV control; -64.7 = 3.8 mV

MTSBZ; -67.3 = 2.6 mV wash, n = 6).

To further examine the effects of MTSBZ on channel inactiv. .:on, we measured
the recovery from inactivation which gives another measure of drug binding to Na’
channels by providing an index of the rate of exit from the inactivated state. The
recovery from inactivation was measured using a standard two-pulse protocol. Identical
50 ms step depolarizations to -10 mV from a holding petential of -100 mV were

separated by a varying recovery interval at -100 mV (Figure 7.2C). We initially
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examined the effects of benzocaine on hH1 channels. The vecovery from inactivation for
hH1 channels was best fit with a biexponential function with fast (1) and slow (1)
time constants of 159 = 2.0 ms (86 £ 4 %) and 64 = 16 ms (15 £ 5%) (n = 5).
respectively (Figure 7.2C). Benzocaine (500 pM) significantly prolonged the fast (29.2 =
3.9 ms, n=5; P < 0.05) but not the slow time constant (104 + 41 ms) for the recovery
from inactivation or the fraction of channels recovering at the faster rate (95 £ 2%). The
rate of recovery returned to control values upon drug washout (7, 18.1 £ 1.9 ms. 89 =
4%, n = 5). Similarly, MTSBZ significantly slowed the fast rate of recovery from
inactivation (1, 12.8 £ .1 mst0 51.9+ 3.5 ms. n=7; P <(.0:), but did not significantly
alter the proportion of channels recovering at the fast time constant (88 + 4 % control vs.
71 £ 6 % MTSBZ) or change t,, (120 £ 42 ms control, 195 % 20 ms: n = 7) following
modification and wash out (Figure 7.2C. Table 7.1). This data are also consistent with a

stabilization of the inactivation state by MTSBZ anchored to the channels.

MTSBZ slowed the fast rate of recovery from inactivation of rSkM1 channels
from 5.3+ 1.0 ms to 18.3 = 3.9 ms (n = 4; P < 0.05) which was reversible upon washout
of the agent (8.2 £ 1.7 ms) (Figure 7.2C). However, in Y401C channels. MTSBZ slowed
the fast recovery rate from 4.3 + 0.9 ms to 26.5 £ 3.3 ms (n = 4; P < 0.01) which

remained significantly prolonged (22.1 + 3.5 ms, P <0.01) after washout (Figure 7.2C).

7.4.3 Effect of MTSBN and MTSHEF on hH1 Na* Channels

Sulfhydryl modification of hH1 Na" channels with the methanethiosulfonate
derivatives, MTSEA, MTSET and MTSES, reduce peak current amplitude
(Chiamvimonvat et al, 1996; Tsushima et al., 1997). However, the ei.zcts of sulfhydryl
modification on inactivaticn properties of the channel have not previously been studied.
To determine whether the effects of MTSBZ on Na” channel inactivation results simply
from nonspecific effects of the pore cysteine modification, effects of benzyl
methanethiosulfonate (MTSBN) and 2-hycroxyethyl methanethiosulfonate (MTSHE) on

hH1 channels were examined. MTSBN is similar to MTSBZ in that an aromatic group is
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linked to the methanethiosulfonate moiety, whereas MTSHE mimics MTSBZ without th:
aminobenzyl group. Modification of hH1 channels with 500 puM MTSBN resulted in a
62 = 3% (n = 4) reduction in peak current after modification and wash out of the drug
(Figure 7.4A. Table 7.1). This was similar to the decrease in peak current observed with
MTSBZ modification (50 + 8%). As with MTSBZ. the reduction in current by MTSBN
was irreversible. Furthermore, the voltage dependence of the steady-state inactivation
relationship shifted leftward. the slope factor increased. and the fast recovery rate was
prolonged atter MTSBN modification (Table 7.1) which were very similar to the effects
vhserved with MTSBZ. In contrast. MTSHE had no effect on any of the inactivation
parameters measured and reduced peak currents to a lesser extent than either MTSBZ or
MTSBN.

7.4.4 Effect of MTSBZ on the Local Anesthetic Binding Site

The results above suggest that attachment of the methanethiosulfonate moiety to
benzocaine did not alter drug efficacy or the interaction of the benzocaine group with the
inactivated state of the Na” channel. Access to the local anesthetic binding site on the
cytoplasmic face of the a subunit of the Na™ channel occurs through hydrophobic and
hydrophilic pathways (Hille. 1977). Our results strongly suggest that benzocaine can

interact with the local anesthetic binding site while anchored to an external pore residue.

Another method for further establishing whether anchored MTSBZ interacts with
the local anesthetic binding site involves examining if MTSBZ can compete with the
binding of other local anesthetics (Schmidtmayer et al., 1980). Exposure of hH! channels
to lidocaine elicited two distinct time components for the recovery froi.. :;activation (data
not shown). The fast component (t < 20 ms) reflects normal gating channels whereas the
slow component (t >300 ms) is indicative of lidocaine binding to the inactivated state of
the channel (Hille, 1977; Bean et al., 1983). Increasing lidocaine concentrations
enhances the fraction of slowly recovering channels without altering the time constant

(Hille, 1977; Bean et al.. 1983). Plotting the fraction of the hHI channels recovering at
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Figure 7.4

Effect of MTSBN and MTSHE on hH1 channels. hH1 channels were modified with 500
umol/L MTSBN (left panel) or MTSHE (right panel) followed by drug washout.

A) Whole-cell currents recorded as described in Figure 2. The dashed line indicates
current after drug washout.

B) Steady-state inactivatiun and C) recovery from inactivation of hH! channels modified

with MTSBN or MTSHE. Data represent the mean + SEM of 4 experiments.
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the slow time cornstant as a function of the lidocaine concentration allows estimation of
the IC,, for lidocaine inhibition of Na" current (Figure 7.5). We calculated an [C;,0f 22 =
3 uM (n = 5) which is very similar to those reported previously in native Na“ channels
(9.7 uM)*, and hH1 channels expressed in Xenopus oocytes (16 uM) (Nuss et al. 1995)
or human embrvonic kidney cells (21 pM) (Wang et al. 1996). As expected. the local
anesthetic benzocaine {500 uM) shifted the affinity of lidocaine for the inactivated-state
to 123 £ 13 uM (a = 4; P < 0.01) (Figure 7.5A) while irreversible modificaticn of hH1
channels with MTSBZ resulted in a similar reduction in lidocaine sensitivity of the

channel (167 + 29 uM. n=4. P <0.01) (Figure 7.5B).

Recent mutagenesis studies have identified critical residues that influence local
anesthetic binding to the rat brain Na™ channel (Ragsdale et al., 1994). These residues are
located in the sixth transmembrane spanning region of domain IV of the Na™ channel o
subunit. One residue in particular. F1764. when mutated to alanine resulted in near
complete abolition of use-dependent and voltage-dependent block by local anesthetics
(Ragsdale et al., 1994). Similarly, alanine substitution of the equivalent residue in rSkM|
(F1579A) has been shown to reduce local anesthetic sensitivity (Wang et al., 1998).
Therefore. we examined the effects of MTSBZ on rSkM1 Na™ channels contairing the
F1579A mutation as well as the Y401C pore mutation to allow for covaient anchoring of
the drug. In comparison to Y401C channels (Figure 7.2B), Y401C/F1579A mutan’ N4’
channels had a rightward shifted voltage midpoint of the steady-state inactivation
relationship from -55.8 £ 1.2 mV (n = 5) to -44.8 £ 0.7 mV (n = 5) (P < 0.01) (Figure
7.6A) and an accelerated rate of recovery from inactivation from 4.30 + 0.90 ms (n = 4)
to 1.00 + 0.04 ms (n = 5) (P < 0.01) (Figure 7.6A). Moadification of Y401C/F1579A
mutant Na™ channels by 500 uM MTSBZ had no significant effc.. on the voltage
dependence of steady-state inactivation (Figure 7.6A). The voltage midpoint for the
steady-state inactivation relationship was -43.3 £ 1.1 mV and -44.4 @ 1.4 mV (n = 5)
during exposure and wash out of MTSBZ, respectively which was not significantly
different from control values (-44.8 + 0.7 mV). There was also a modest but significant

slowing in the fast rate of recovery from inactivation from 1.00 + 0.04 ms to 1.23 = 0.06
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Figure 7.5

Competition binding of lidocaine-benzocaine and lidocaine-MTSBZ. The relative
amplitude of hH1 channels recovering from inactivation at the slow time constant as a
function of lidocaine concentration in absence (W) and presence of A) 500 umol/L
benzoraine (Q) or B) after irreversible modification by 500 uM MTSBZ (A). Data were
fit with a Hill equation as described in Figure 3. Each point represents the mean = SEM

of 4-5 experiments.
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Figure 7.6

Effects of MTSBZ on Y401C/F1579A.

A) Current traces from Y401C/F1579A channels expressed in Xenopus oocytes. Current
was elicited by a 50 ms step depolarization to -10 mV from a holding potentiai cf -100
mV. Only the first 15 ms are shown. Note the non-inactivating pedestal current.
Channels were modified with 500 umol/L MTSBZ for 10 min followed by drug wush
out.

B) Steady-state inactivation and C) recovery from inactivation of MTSBZ-modified
Y401C/F1579A channels. Data were fit as described in Figure 2. Each point represents

the mean + SEM of 5 experiments.
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ms (n=5; P < 0.05) with 500 uM MTSBZ present (Figure 7.6B) and 1.30 £ 0.06 ms (P <
0.05) after drug washout. These data further suggest that MTSBZ modifies Na™ channel
inactivation by binding to the local anesthetic receptor following anchoring to the

external pore site.

7.4.5 Optimal Modification by Varying Linker Length

The results above establish that tethering tenzocaine to the sulfthydryl reactive
methanethiosulfonate group via an ethyl alkyl linker allowed irreversible modification of
hH1 Na" channels. Based on the structure of the local anesthetic MTSBZ. it is
conceivable that varying the linker properties could influence drug action. I[ndeed. we
hypothesized that excessively short linker length may prevent interaction of the anchored
drug with the local anesthetic binding site thus reducing drug efficacy. Alternatively,
very long linkers could increase diffusion times or produce steric effects that weould also
reduce drug efficacy. Moreover, the precise chemical properties of the linker may also
have effects on drug modification and/or delivery. Therefore, altering the linker
properties may affecy the ability of the MTSBZ to modify Na™ channels. Initially. the
linker length was increased with 3. 6 or 9 alkyl groups. However, increasing the alkyl
linker length reduced the drug solubility and reduced the rate of anchoring to hH!
channels at low concentrations. For that reason. linkers were constructed using
polyethylether units, (-OCH,CH,-), (n = 1, 2, or 3) which markedly enhanced their
solubility. Extending the single sulfide linker (-S-) in MTSBZ with an ethylether sulfide
unit (-O-CH, -CH,)-S-increased the linker by 3 bond lengths which is referred to as
MTSBZ-L3. Incorporation of 2 ethylether units (-O-CH,-CH,-O-CH,-CH,)-S- produced
a linker 6 bond lengths longer and is referred to as MTSBZ-L6 and s. Zcrth. In contrast
to the polyalkyl linker based drugs, the compounds with linkers created from
polyethylether units were very water soluble and reacted readily with hH1 and Y401C but
not rSkM1 Na“ channels. The application of polyethylether-based drugs with 3. 6 or 9
bond lengths did not erhance the reduction in peak hH1 Na™ current (Table 7.2) or

produce a further leftward shift steady-state inactivation curves (Figure 7.7A, Table 7.2)
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Figure 7.7

Effects of linker length of MTSBZ on hHI Na" channel modification.

A) Steady-state inactivation and B) recovery from inactivation were measured and fitted
as described in Figure 2. Only the first 100 ms recovery period is shown in (Bi1. Currents
recovered fully within 1 sec. Fitted values are described in Table 2.

C) Use-dependence of the MTSBZ analogues on peak hH1 currents. Currents were
elicited by 20 ms depolarizing step pulses to -10 mV from a holding potential of -100 mV
at a stimulation frequency of 5 Hz. Qocytes were modified with the MTSBZ anaiogue
for at least 10 min followed by drug wash out. Benzocaine data as shown in Figuie 2. are
plotted for comparison. Data represent the mean = SEM of 24 experiments for control

and 3-7 experiments for benzocaine and MTSBZ compounds.
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Table 7.2

Effects of Linker Length of MTSBZ on hill

Peak Current Steady-State Inactivation Recovery from Inactivation
Reduction
) at0 mV
Vi, (mV) k (mV) Trast (MS) Tyl (MS)
(% recovering at Tig)
Contro] - -609+1.0 81102 11.1£0.6 205 + 54
(n=24) (90 + 1%)
49 + 8% -75.7 £ 3.07 13.3+ 1.07 674+ 6.37 195 £ 20
MTSBZ (71 £ 6%)
(n=7)
MTSBZ-L3 41 + 10% -65.9+ 1.2* 11.1 + 1.07F 42.1 £ 397 598 + 152+
(n=15) (88 £ 2%)
MTSBZ-L6 59 + 3% -68.9 + 2.97 159+ 1.9t 92.7+ 11.2% 631 £ 527
(n=95) (86 + 1%)
MTSBZ-L9 50 + 9% -649+39 8913 32.8+3.5F 261 + 68
(n=4) (79 £ 4%)

hH1 channels were modified with 500 pmol/L for the methanethiosulfonate compound for 10 min followed by wash out of the drug. Data represent
the mean + SEM. Symbols denote * P < 0.05and 7 P < 0.01




when compared to MTSBZ (Figure 7.7A). Indeed. shifts in the steady-state inactivation
curves with the extended linker compounds followed the sequence MTSBZ > MTSBZ-L6
= benzocaine > MTSBZ-L3 > MTSBZ-L9 (Figure 7.7A. Table 7.2).

A very different rank potency emerged when the effects of MTSBZ and the
various linker lengths on recovery from inactivation were examined. MTSBZ-L6
prolonged the fast rate constant of recovery from inactivation more inar. MTSBZ or
MTSBZ-L3 (Figure 7.7B. Table 7.2). Further lengthening of the linker to 9 bond lengths
did not elicit any further modification. In fact. MTSBZ-L9 was less able tc s'ow rate of
inactivation compared to MTSBZ-L6 (32.8 £ 3.5 ms vs. 92,7 = 11.2 ms. / <0.03). The
rank potency for slowing the rate of recovery from inactivation was MTSBZ-L6 >
MTSBZ > MTSBZ-L3 = MTSBZ-L9 > benzocaine suggesting that a longet linker is

more efficacious at modifying certain inactivation properties of hH1 channels.

In addition to the marked slowing in the recovery from inactivation with MTSBZ
compounds. there were use-dependent reductions in peak current. hHI1 channels
depolarized to -10 mV for 20 ms (holding potential -100 mV) at a stimulation frequency
of 5 Hz resulted in a 9 = 1% reduction in peak current amplitude measured at the 30th
pulse (n=18. Figure 7.7C). Application of 560 umol/L benzocaine produced a modest but
significant increase in use-dependence as compared to control (13 £ 1 %. n =4, P < 0.03)
(Figure 7.7C). All MTSBZ analogues tested resulted in a significant use-dependent
reduction in peak current amplitude as compared to control (measured at the 30th pulse)
as shown in Figure 7.7C. but only MTSBZ (31 = 5%. n = 3) and MTSBZ-L6 (42 + 5%. n
= 5) resulted in a significantly greater use-dependence than benzocaine (P < 0.01). The
same rank potency was observed for the use-dependent reduction in g. ** current with the
MTSBZ compounds as compared to the sequence seen with the slowing in the recovery

from inactivation.
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7.4.6 Effect of MTSBZ on Native Cardiac Na™ Channels

Te ensure that the isoform specificity of MTSBZ was applicable to native cardiac
Na™ channels. we examined the effects of MTSBZ on native rat cardiac Na™ currents.
Using the ratch-clamp recordings. MTSBZ (500 pM) reduced peak rat cardiac Na’
current (Figure 7.8A) and shifted the voltage midpoint of the steady-state inactivation
relationship leftward from -68.5 £ 1.3 mV to -92.8 £ 1.7 mV (n = 6: P < 0.01) (Figure
7.8B). As in expressed hH1 channels, this hyperpolarizing shift was maintained despite
extensive washcut of the drug (V2 -90.4 + 5.0 mV, k 9.1 £ 1.1 mV) consistent with
irreversible anchoring of MTSBZ to native cardiac Na" channels. This notion is further
supported by the irreversible slowing in the rate of recovery from inactivation at -120 mV
(Figure 7.8C). MTSBZ prolonged the rate of recovery from 8.3 = 1.5 ms to 46.1 £ 3.0

ms (P < 0.01) after drug modification and washout.

7.5 Discussion

I have demonstrated in this chapter a novel paradigm to map the spatial
relationship between the Na® channel pore and the local anesthetic binding site.
Covalently anchoring benzocaine to an external pore residue using a linker with an
approximate length of 3 A appear to be sufficient to allow access to the local anesthetic
site. While surprising. this result is not entirely unexpected since local aresthetic agents
have access to their receptor binding site via hydrophobic pathways through the protein
phase or hydrophilic pathways from the cytoplasmic face of the channel (Hille. 1977).
Previous studies have suggested that the spatial distance between pore lining residues and
the local anesthetic binding site are in close proximity or potential.. ~djacent to each
other within the channel pore. Pore residues have an electrical distance (3) of 0.2 - 0.3
(Backx et al., 1992) from the outside based on Cd*" blocking studies while the local
anesthetic blocking site has a & of 0.7 (Gingrich et al., 1993) from the cytoplasmic side.
Residues forming the putative selectivity filter of rfSkM1 Na" channels that are accessible

by external sulfhydryl modifying agents can influence local anesthetic access and binding
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Figure 7.8

Effect of MTSBZ on native rat cardiac Na™ channels.

A) Whole-cell currents of freshly isolated rat ventricular myocytes recorded at -10 mV
before. during and after 500 umol/L MTSBZ exposure. The holding potential was -120
mV.

B) Steady-state inactivation and recovery from inactivation (C) of rat cardiac Na’
channels in the absence. presence aud wash out of MTSBZ. Data were fit as described in

Figure 2. Each point represents the mean = SEM of 4-3 experiments.
P p P
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of the drug with its receptor (Sunami et al.. 1997). We have observed that with a longer
linker length of 6 A. there is even a greater alteration in Na~ channel inactivation
properties while a 9 A linker reduces the effects of the drug on channel inactivation (data
not shown). These results suggest that an optimal linker length exists for channel
mod:ficaticn possibly by reducing mechanical strain required to allow energetically stable
drug binding while longer linkers may result in slower diffusion times for drug

interaction with the local anesthetic receptor.

Tae potency of the different MTSBZ and MTSBZ-L (3n) compounds depended
on channel property studied. MTSBZ was the most effective at shifting the steady-state
inactivation curve while MTSBZ-L6 slowed recovery from inactivation more and elicited
greater usc-dependent reductions in peak current than the other compounds tested. While
steady-state inactivation conveys information on the properties of Na  channel
inactivation at equilibrium and gives a thermodynamic measure oi the energetics of
binding, recovery from inactivation reflect the kinetics of channel gating and drug
binding. Therefore. it is not too surprising that the MTSBZ compounds can have
different potencies depending on the assay used. The larger alterations observed with
MTSBZ-L6 on the rates in recovery from inactivation and use-dependence may possibly
be due to easier access of the benzocaine moiety to the local anesthetic binding site. This
enhanced accessibility may be a result of less mechanical strain on the channei required
to allow energetically stable drug binding or that the chemical nature of the shorter linker
of MTSBZ-L3 may reduce access of the benzocaine moiety to its binding site. Longer
linkers may result in slower diffusion times for drug interaction with the local anesthetic
receptor. Indeed. extending the linker length from ~ 10 A (MTSBZ-L6) 10 ~14 A
(MTSBZ-L9) attenuated the efficacy of the drug on channel inactis .<“2n. The greater
modification of MTSBZ-L6 may be also related to the fact that the 6 bond length linker is
in close proximity to the spatial distance between the pore anchor site and the local
anesthetic binding region suggesting that the two sites are approximately 10 A apart.
Alternatively, the interaction of the linker with the channel may be responsible for some

of the differences observed between the different linker iength drugs. However,
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compounds comprised of the methanethiosulfonate attached to the polyethylether linkers
without a local anesthetic agent did not produce notable changes on Na™ channel function
(data not shown). Therefore. it appears that these compounds may also be used to
determine the ““distance™ between residues and the local anesthetic binding site. We are

currently investigating this possibility.

Remarkably. tethering benzocaine to the methanethiosulfonate group produced
effects very similar to the alterations observed with 500uM benzocaine. One property
that was changed however was the siope factors of the steady-state inactivation curves.
Structure-function studies on local anesthetics have revealed chemical requirements for
drug activity (Ehring et al.. 1988; Zamponi and French. 1994). Small changes in drug
structure can influence state-dependen: binding or potency (Ehring et al.. 1988: Zampont
and French. 1994). Anchoring benzocaine to the channel via a disuifide linkage did not

prevent drug binding suggesting no significant alteration in drug interaction with the

channel.

The effects of covalent sulthydryl modification on channel inactivation was not
the result of drug interaction with another region of the channel other than the local
anesthetic binding site as can be observed in some circumstances (Yang et al.. 1995,
1996). Sulfiydryl modification of the channel MTSHE had no effect on inactivation.
The observations that MTSBN can mimic the effects of MTSBZ are most likely due to
the chemical interaction of the benzyl group with the local anesthetic binding site.
Benzene (Elliott et al., 1987) and phenol (Zamponi and French, 1993) convey similar
effects on Na~ channel function as lidocaine or benzocaine suggesting that the aromatic
meiety of local anesthetic agents is important for drug efficacy. Com,.<tition experiment
between lidocaine-MTSBZ or lidocaine-benzocaine demonstrated that both MTSBZ and
benzocaine were equally effective in competing with lidocaine for its binding site.
Similar studies have demonstrated that lidocaine and benzocaine compete for the same
receptor site on the channel (Hille, 1977: Schmidtmayer et al, 1980). Mutating a residue

forming the putative local anesthetic receptor site (F1579A) resulted in a near complete
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loss of MTSBZ effect on Na™ channel inactivation. This rcsidue has been shown to
reduce both tonic and phasic block by etidocaine and benzocaine on rat brain (Ragsdale et
al., 1994) and skeletal muscle (Wang et al.. 1998) Na™ channels leading to the suggestion
that this residue forms an important part of the local anesthetic receptor. These data
support the notion that MTSBZ interacts with local anesthetic binding site thereby

leading to an alteration in channel inactivation as observed with benzocaine.

Collectively, MTSBZ irreversibly modifies both native and expressed cardiac Na~
channels but not skeletal muscle Na" channels. The effects of anchored MTSBZ are
largely indistinguishable from benzocaine alone suggesting that covalent tethering of
benzocaine to methanethiosulfonate groups or to the channel protein allows interaction of
the drug with the local anesthetic binding site. These effects of anchored MTSBZ.
however. did not appear to involve nonspecific interactions of the drug with the channel.
On this basis. we have created a local anesthetic agent which is heart-specific. Meny
treatments of ventricular tachycardia and fibrillation (Kuck et al.. 1995) such as the use of
class 1b antiarthythmic agents (e.g. lidocaine, tocainide. mexilitine) are not warranted
because of potential toxicity unrelated to the heart arising from the structural similarities
between Na™ channels isoforms found in different tissues (Woosley et al.. 1982). Specific
targeting therapies are therefore highly desirable especially given local anesthetics inhibit
Na" channels in a variety of tissues leading to potentially serious side effects when used

clinically.

The novel paradigm presented here can be extended to other agents or tissues to
provide a novel therapeutic apprcach for drug delivery. One obvious limitation to our
approach is the use of covalent disulfide anchors. Although the com; -*'nds investigated
in this study were specific for the cardiac Na™ channel isoform. the methanethiosulfonate
group may prove to be of limited usefulness as tissue-specific drugs due to reactions with
other unidentified free sulfhydryl groups in vivo. The extracellular covaient modification
of Na™ channels via the disulfide link may also produce long-lived complexes. However.

it is important to point out that the anchor needs not be covalent. Our strategy simply
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requires the anchor to specifically bind to a unique epitope on proteins which will
promote selective binding. Therefore. this paradigm may prove to be of general utility in
selectively targeting drugs to a single member of a homologous protein family. as shown
in this study for MTS-based local anesthetics. Therefore. in principle tissue-specific drug
delivery could be achieved provided a selected protein is uniquely expressed in a desired

tissue.
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CHAPTER 8
SUMMARY & FUTURE DIRECTIONS

8.1 Summary

8.1.1 Molecular arrangemenis of P-loop residues

P-loops form part of the Na™ channel pore and are critical for ion permeation. but
their precise molecular coufiyuration is unknown. Current concepts of the Na” channel
pore have assumed a static rigid structure. which allow certain properties to be explained
using mathematical theories. Understanding the molecular basis of ion permeation and
the structure of the Na” channel pore requires identification of amino acids that form the
ion-selective pore. We employed single cysteine mutagenesis (i.e. Scanning Cysteine
Accessibility Method) to probe for residues that line the extracellular phase of the Na
channel pore. The accessibility data (Chapter 3), as assessed by enhanced sensitivity to
Cd* block and MTS modification of single cysteine mutant channels, illustrate that the
side chains of as many as four consecutive ’-loop residues in a row are facing the
aqueous phase of the pore. Differences in affinity of Cd*" binding for single cysteine
mutants of sequence-aligned residues in the four different domains further suggest that
the pore is asymmetrically arranged. This suggestion is consistent with single channel
recordings which showed different electrical distances for Cd*~ binding for these
putatively aligned residues (Chiamvimonvat et al., 1996). Overall. these single mutant
data are in favor of random coil structure of the P-loops and are inconceivable of periodic
structures such as a-helices and B-strands. However this conclusion is valid only when
we assume 1) the pore is static in nature, 2) cysteine mutagenesis ¢’ ! not significantly
alter channel structure. and that 3) application of such biophysical probes as Cd*" and
MTS agents did not result in trapping of a subset of channel states which may not be

typical representatives of the real dominant states.

After identifying residues that putatively line the pore. we then probed the spatial
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proximity of these residues by simultaneously substituting pairs of P-loop residues in
distinct domains to cysteine. Our strategy allows identification of pairs of residues that
are in close proximity to each other. We showed that there is extensive cross-talk between
multiple P-loop residues especially within domain V. One possible explanation for this
phenomenon is that the Na™ channel pore is flexible on the time-scale of Cd*" binding and
sulfhydryl modification. Apparently, domain IV is the most flexible domain because of
the exceptional ability of its residues to cross-talk with cthers. Interestingly. cross-linked
double-mutant channels, whose pore motion was expected to be more restricted. became
more selective for Na~ ion permeation following reduction of their disulfide bonds as
indicated by rightward shifts of their reversal potentials in the presence of the reducing
agent DTT. In addition. DTT application generally increased whole-cell peak currents of
cross-linked double mutants by 2- to 10-fold indicating thes2 channels are less capable of
conducting current in the oxidized. cross-linked states versus the reduced state. These
observations suggest a possible correlation between ion translocation and pore motioi.
Overall. our conclusion that the Na" channel pore is flexible impacts on the traditional
view of ion channel pores and provides easy explanations to many channel properties

such as multi-ion behaviour that the current static model cannot accommodate.

8.1.2 Na’ channel seiectivity filter and its relations to pore flexibility

To explore the role of pore-lining residues in Na' channel ionic selectivity and to
test if correlation exists between channel functions and pore motion, we examined for
changes in the selectivity sequence of single cysteine mutant channels by measuring their
ionic current ratios in the presence of different monovalents and divalents as the only
extracellular cations. While mutating residues involved in the _~~posed putative
selectivity filter (DEKA) showed little effects on ionic selectivity except the lysine
residue in domain I, we identified three other residues (W1531, D1532, G1533), all in
domain [V. which are critical determinants of ionic selectivity. Coincidentally, D-IV is
the most flexible domain according to our double-cysteine mutant data. These selectivity

data provide further supports to the notion that pore motion may correlate selectivity and
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permeation. Using these results, we redefined the selectivity filter of Na™ channel.

8.1.3 Identification of pore residues critical for u-conotoxin (u-CTX) binding

Pharmacologically. we have identified pore residues which are critical for
interacting with p-CTX, a Na" channel subtype-specific toxin. via electrostatic (E753.
D1241) or hydrophobic (W402. W1239, W1531) interactions (Chapter 5). These results
have not only allowed us to better understand the molecular mechanisms of u-CTX
binding to Na" channels but have also permitted us to test severai current models of *he
Na’ channel pore given the known structure of u-CTX. In brief, our results thai show
neutralization of negative charges at aligned positions in the four internal repeats (i..
E403. E758. D1241 and D1532) had differential effects on toxin binding further suppcrt
the notion that the four domains contribute differently to channel properties. These results
could reflect a non-symmetrical arrangement of the residues within the pore which is
consistent with the data I presented in Chapter 3 and previous reports (Perez-Garcia et al.,

1996; Chiamvimonvat et al., 1996).

8.1.4 [Identification of a pore residue critical for lidocaine binding to Na” channel

Local anesthetics (LA) such as lidocaine are common!y used to treat Na“ channel
diseases such as cardiac arrhythmias and to achieve local anesthesia. The molecular
constituents of the receptor for these agents are however not fully known. Based on
previous siaglc channel studies which show the electrical distances for Cd*" and LA
binding to the Na” channel are 0.2 from the extracellular side and 0.7 from the
cytoplasmic side respectively, we hypothesized that the P-loops . .7 the LABS are
adjacently close to each other. Indeed, we demonstrated that certain P-loop residues in the
outer vestibule of the pore also regulate drug binding. In particular. the residue W1531
when mutated to cysteine completely abolish lidocaine block. Such effects were not
results of change of drug access to the LABS. Mutations of the analogous residue (i.e.

W1712) in the human heart Na” channel produced similar effects on drug binding to the
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skeletal channel. Ou- resuits demonstrate that this pore tryptophan plays a critical role in
LA binding and is a common determinant in both skeletal muscle and cardiac Na’
channels. In order to accommodate both findings that W1531 lies on the extracellular side
and that the LABS is located on the cytoplasmic face. we propose a translocation
hypothesis. This hypothesis is also consistent with W1531°s location in the most flexible
domain (i.e. DIV) and our conclusion that the Na™ channel pore is flexible. Nonetheless.
we cannot rule out the possibility that mutations of the residue W1531 has some long-

range effects on the LABS thereby affecting LA block of the channel.

8.1.5 Implications of Domain IV as the control centre of channel functions and

properties: W1531 (DIV) is a critical residue

It has been established that Domain IV of Na* channels controls many channel
functional properties. For example, the inactivation gate located in the IlI-IV linker is
situated at a position relative to D-IV which is homologous to the N-terminal ball in K™
channels (Patton et al., 1992; West et al., 1992); DIVS4 plays a more significant role
than the same segment in other domains in the voltage-dependent activation and
inactivation of Na” channel (Chen et al., 1996); certain residues in DIV are critical for
channel activation and inactivation as well as the coupling between these two processess
(Fan et al., 1996; Li et al., 1997c; see also Appendix); DIV contains regicns
responsible for P1 responsiveness (Makita et al., 1996b) and determinants for the
differences in inactivation kinetics between skeletal and cardiac muscle sodium channels
(Chahine et al., 1996; Makita et al., 1996b); pore residues in DIV determine ionic
selectivity (Chapter 4); DIV is the most flexible domain (Chapter 3); mutaticas of
residues lining DIVS6 disrupt inactivation and weaken local ...csthetic binding
(Ragsdale et al., 1994); and that a pore tryptophan (i.e. W1531) in DIV in rSkM1 and
hH1 Na* channels is critical for lidocaine block (Chapter 6). Taken together, the non
equivalence of contribution of domain IV in channei functions and properties compared
witl: other domains could reflect an asymmetrical structural arrangements of these

domains.
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Remarkably, W1531 in domain IV i1 particular is responsible for governing
several other major properties of the channel while analogous residues at equivalent
locations in domains I, II and IIT are not as significant. In addition to its important role
in local anesthetic binding as discussed in Chapter 6, W1531 also seems to be
responsible for coupling inactivation to activation. Like D1413 located in DIVS3
(Appendix; Li et al., 1997c), which decouples inactivation from activation, the
inactivation time constant (t,) of W1531C was apparently voltage independent (data not
shown) while its mid-point of steady-state inactivation was negatively shifted and
recovery from inactivation was slowed in comparison to WT channels. However, the
role of W1531 in activaiion-inactivation still requires further studies. Furthermore,
W1531 is also critical for one of the most fundamental properties of Na™ channel -
ionic selectivity (Chapter 4). When the aromatic residue is replaced with cysteine or
alanine, the channel allows permeation of monovalent cations such as K*, NH*" and
Cs™. In additon to all these, W1531 is also a determinant of the wild-type sensitivity of
Na™ channel to 4-CTX block (Chapter 5). It should be noted that replacement of this
tryptophan by (yrosine or phenylalanine (i.e. W1531Y and WI1531F) often resuits in
wildtype phenotypes (Chapter 4, 5, 6) implicating that the aromaticity at this location is
critical for proper channel functioning. Since W1531 is located in the most flexible
region of the channel (Chapter 3), the fact that it governs so many properties of the
channel lends exira supports to the notion that channel flexibility is important for

normal functions of Na™ channel.

8.1.6 Mapping the spatial relationship between P-loop residues and the local

anesthetic binding site (LABS)

Knowing that certain P-loop residues also affect LA binding, we tried to probe the
spatial relationship between these residues and the LABS using a novel paradigm where
drugs are made up of three parts: an Anchor, a Linker and an active-Drug (i.e. ALD).

Specifically, we synthesized the agent MTSBZ by tethering the LA benzocaine (the drug)
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to the suifhydryl reactive group methanethiosulfonate (the anchor) via a linker. MTSBZ
targets specifically 1o a unique reactive cysteine residue present only in the pore of
cardiac Na" channel but not other isoforms. Application of MTSBZ produced typical but
irreversible local anesthetic effects in cardiac Na" channels. However. these effects were
readily reversible in the muscle Na” channels upon drug washcut irdicating the
specificity of these drugs to the cardiac subtype. On this basis. we have developed a
cardioselective LA agent. This ALD paradigm is of general utility and could b: applied to
any protein or tissue. By varying the linker length. we were also able tc map out the
spatial relationship between the native pore cysteine (i.e. DI-C373) and the LABS in hH]
Na“ channels. Based on these studies. the time-averaged optimal length bztween C373

and the LABS in hH1 channel is about 10A.
8.1.7 Correlation between channel functions and pore flexibility

It is interesting to note that domain IV residues contribute uniquely to many of the
channel properties. Coincidentally. DVI is the most flexible domain suggesting that
correlations may exist between pore motioris and ion channel properties. However, this
hypothesis remains speculative as no definitive statement can be made regarding channei
functions and pore flexibility since these experiments were performed independently.
Some of the experimental designs to be described in the upcoming sections will
specifically address this question and determire if there are direct correlations between

channel functions and pore flexibility.
8.2  Future directions
8.2.1 Fluorescent labeling of pore residues to study pore flexibility

[ have provided evidence that P-loops are remarkably flexible structures on the
time-scale of Cd*” binding and co-ordination using double cysteine mutagenesis (Chapter

3) and that Domain IV, as the most flexible region. is also critical for ionic selectivity
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(Chapter 4). Since permeation occurs on a sub-microsecond time-scale while Cd*" co-
ordination cccurs on a time-scale of milliseconds. the relationship between ion channel
selectivity and P-loop flexibility is uncertain. In addition. our conclusion is probably an
understatement of pore flexibility owing to the limitations of our technique. P-loop
motions can be further investigated using fluorescence spectroscopy with substantial
higher resolutions. Single cysteine pore mutants will be labeled with the fluorescent dye
MTS-Rhod {2 rhodamine linked to the highly reactive sulfhydryl specific reacting group
MTS). Anisotropy and fluorescent intensity of the labeled channels will be measured

under differert e.cperimental conditions.

Fluorescent anisotropy is commonly measured in protein chemistry and
biophysics to measure molecular motion. Fluorescent molecules absorb light along a
principal electronic dipolar axis upon excitation and emit fluorescent light along a
separate axis after a characteristic tiine delay determined by the intrinsic spectroscopic
properties of the fluorescent probe being used. If the probe rotates during the time gap
between absorption and emission, there will be a loss of correlation between the
polarization of the incident polarized light and the emitted light. Anisouepy A is

therefore defined as:

A=, - L)/ (,+21,) Equation 9.1

where [, and I, are respectively the fluorescence intensities parallel and perpendicular to
the plane of polarization of the incident light. If the fluorescent molecule does not rotate
significantly prior to emission after absorption. A will be equal to 1 which means the
polarization axes for absorption and emission are identical. A dec.'~=s as the motion
increases. Therefore, plot of A vs T(time) will allow identification of the number of
spectral components present. It is not suprising to observe more than one component (i.e.
A(t)= Xaexp(-t/t) where « is the relative amplitude of the corresponding time component
7) but in most cases only two can be resolved. If there is more than one correlation time

constant (1), I will: 1) try to identify what kind of motion is associated with each value of
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1. i.e. whether it represents internal (segmental. 10-100 ns) or entire protein motion (>100
ns) or intrinsic rotation of the probe (1-10 ns) itself. This can be done easily by first
looking at the change of anisotropy of the probe itself and then comparing it to the
experimental values of 1t observed: 2) change experimental conditions (e.g.
hyperpolarization vs depolarization. different concentrations of Na'. presence and
absence of drug, etc) such that the values of 1, (correlation time constant) and o,
(contribution or relative amplitude) shiits. These shifts should be reversible upon
restoration of conditions if reversible changes of conformational states of the channel are
involved. This demonstration of reversihilitv between relative amplitudes of spectral
components is crucial if we want to conclude that there are more than one conformation
involved. These experiments also allow us to distinguish between an allosteric change
and a shift of a pre-existing conformational equilibrium. Plot of the ratio of amplitudes of
the spectral components in question may reflect the partitioning between the two states
under different conditions. If the above changes are observed. I wilt then compare
midpoints of changes of t, and a , with other properties of the channel such as [-V. V|,
for steady-state activation and inactivation, etc to see if there is a correlation between

these properties which may be responsible for the corresponding conformational

change/shift.

If there are more than one rotational correlation time constant (t). we may also
look at the change of the prevailing t under different experimental conditions (e.g. in the
presence of different {Na']s. stepping to different voltages. etc) using steady state
fluorescence. This series of experiments may allow determination of what kind of

rotational motion is associated with a particular t.

The length of anisotropy decay time may also reflect how flexible a particular
residue is. Less flexible residues are expected to display longer decay times and vice
versa. In cases where anisotropy (A) does not decay to zero, it implies that motion of the
fluorophore is hindered (i.e. A(t) = Saexp(-t/t) + A(w)), probably as a result of the

presence of an energy barrier which prevents rotational diffusion from going beyond a
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certain angle.

The degree of exposure of pore-lining residues (i.e. how much and how often a
residue is buried within a certain timeframe assuming the pore is not rigid) can also be
examined by performing viscosity-variation and quenching experiments. Solvent
viscosity can be altered simply by adding glycerol/sucrose. A plot of 1/A vs. T/n where
n represents solvent viscosity will be made for obtaining useful information from that
kind of experiments. If a residue is more exposed, 1/A would correspondingly drop more
rapidly even at very small values of T/n. In other words. it is more sensitive to change in
viscosity. Similarly. specific quenchers can also be added to test the degree of which a
residue is exposed to the outside. Residues of bigger exposure are expected to be more
susceptible. Stern-Volmer Plot (i.e. o/l - 1 vs. [quencher]) will be made to investigate
these relationships. The fluorescence lifetime of an emitter decreases in the presence of

quenchers according to the Stern-Volmer equation:
1/11=11, +k,[Q] Equation 9.2

where k, may serve as a quantitative measure for the accessibility of the fluorophore: it
approaches to zero at low accessibiiities and approaches to the diffusion-control upper
limit at high accessibilities. The average time in which a particular residue spends in the
aqueous phase can therefore be reflected by this rate of quenching (k,). These values of k,
will also allow us to construct a sequence in descending/ascending order of accessibilities
which may complement with the order of polarity created by lifetime measurements and
even the order of sensitivity to Cd* block of single cysteine mutants (Chapter 3).
Moreover, the magnitudes of k, may also reveal under what expe. =2ntal conditions
(depolarizing or hyperpolarizing, etc) are needed for a particular residue to be more
accessible or more deeply buried. These experiments therefore allow differentiation
between surface and buried residues since residues that are more exposed to the aqueous
phase are expected to be more susceptible to viscosity and quenching. It will be necessary

to consider internal shielding effect (if any) since a surface residue may appear to be less

283



susceptible if it is internally shielded by some other residues. Additionally. we need also
to dernonstrate that the quenching effects are not limited by the diffusion of the quencher

to the residue.

In general, if correlation times detected by fluorescent probes located at different
positions within the channel are dependent both upon the position of the probe (i.e.
locatior. of the residue attached with a probe) and experimental conditions. it is then
possible to conclude that internal rotations might be present and are different for different
portions oi the channel under different conditions - i.e. channels are flexible. The only
requirem-~nt for this anisotropy method to be applicable in our channels is that the delay
time between absorption and emission (about 30-60 nsec) be on the same time scale as
the molecular motions of the P-loops. Generally. it is necessary to use chemical models to
extract meaningful information about fluorophore motion using anisotropic
measurements. Fortunately, the results obtained from these :xperiments will be model
independent since these experiments are designed to compare the anisotropy between
different labeled single cysteine pore mutants. In other words. only the relative amount of

motion between different pore residues is of interest.

Fluorescent intensity F can also be measured since F is stiongly dependent on the
local environment of the fluorophore. The quantum efficiency of fluorescent molecules is
far higher in apolar compared to polar environments. Level of fluorescence will therefore
reflect how deep a particular residue is buried within the protein over a certain time scale.
In addition, fluorescence intensity. when normalized to the channel density, is predicted
to vary between different single-cysteine mutants provided the polarity of the immediate
local surroundings differs. The intensity of fluorescence is expected .. ~hange in a time-
and voltage-dependent manner according to the conformational changes in channel
structure as they go from one state to another following depolarization or
hyperpolarization. P-loops are expected to involve in these conformational changes
because they have been shown to affect ion selectivity, permeation (Tsushima et al.,

1997a. b) and sometimes gating (Tomaselli et al., 1995; Balser et al., 1996; Li et al.,,
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1998). Provided these conformational changes are associated with alterations in the local
polarity of the fluorescently labeled cysteine residues. the quantum efficiency will change

as channels change their conformational state.

The first logical mutant tc study is W1531C since this residue in located in the
most flexible domain of the channel (Chapter 3) and possibly translocates during
inactivation or drug binding (Chapter 7). Other residues such as A1529, G1530. D1532,
G1533 and Y401 which I hypothesize are more mobile than other residues like E758 and
W402, etc (Chapter 3) are the nex: candidates to examine. A pattern of flexibility that
coincides with my previous observations of Cd*” coordination and cross-linking in double
cysteine pore mutants (Chapter 3) is expected. Fluorescence anisotropy will also be
examined as a function of voltage and compared to gating properties such as channel
activation and inactivation to see if there is any correlation between motion of the P-loops

and these processes.

8.2.2 Detailed spatial mapping of the P-loops with local anesthetic binding site

The Na“ channel pore and the local anesthetic binding site are distinct functional
domains. [ have already demonstrated that they are however structurally adjacent to each
other. The molecular relationships of these domains can be further revealed by probing
single cysteine pore mutants with ALD agents (Chapter 9). Initial success has been
achieved by applying these ALD agents to Y401C rSkMI. hH1 and native rat cardiac Na
channels (Chapter 7). Making use of the single cysteine mutants available, ALD of
various linker lengths will be anchored at selected positions in the P-loops via a disulfide
bond as described in Chapter 7. The efficacy of channel modificatioi, = each ALD will
be assessed by plotting the magnitude of selected efficacy parameters such as steady-state
inactivation. rate of recovery from inactivation. tonic block, etc. against the linker length.
For example. I will plot the time constant for the rate of recovery from inactivation or the
degree of use-depundent block at steady-state as a function of linker length. The profile

of efficacy with linker length of Toc- or Ben-ALDs for each of the different single-
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cysteine mutant channels should depend on the distance between the P-loop residue (to
which the Ben-ALD or Toc-ALD is anchored) and LABS. We anticipate that an "optimal
length" linker will exist and this length reflects the distance between a particular P-loop
residue and the LABS. The profile of the dependence of the selected parameter on linker
tength might also depend on the flexibility of the P-ioop used to anchor the Toc-ALD
and/or the flexibility of the LABS. In such case the "optimal length" more correctly
represents a dynamically. time-averaged estimate of distance. Variable length Ben-ALDs
(i.e. C2. C6, C10) and Toc-ALD (T2. T6. T10) have bezen svnthesized and additional
compounds will be created with O-carbons (C/T0), 2-carbons (C/T2)... 14-carbons
(C/T14) linker lengths (i.e. lengths of 0 A. 3.1 A.... 21.7 A when fully extended). As a
control. anchor with various linker lengths without the drug portion will also be
synthesized and tested to ensure that the carbon-chain linker by itszlf does not exert any
effects on channel gating.

Initially. the abave experiments will be performed on Y401C (i.e. rSkM1)
channels to determine the time-averaged distance between this pore cysteine residue and
the LABS. My preliminary results have already shown that the optimal distance seems to
be 2A further supporting the two domains are extremely close to each other. It is
interesting when MTSBZ was anchored at the native residue C373 in hH1. the optimal
distance seems to be ~10 A (Chapter 7) implying that structural/architectural differences
between the two forms of channels. despite their extensive sequence homology. may exist
in terms of the spatial relationships between their pores and the LABSs. This strategy
may potentially provide an answer for why the affinity for LAs of cardiac channels is

higher than that of the skeletal muscle channels.

As controls. the effects of pore mutations on local anesthetic L.~4ing will also be

used as reference since some of these pore residues indeed affect drug binding (Chapter
7).
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3.2.3 Identification of the location of the inactivation receptor in relation to the

LABS and inactivation ball

Motivated by the observation that pore residues that are close enough to each
other are capable of cross-linking with each other. we hypothesize further that detaiied
structural information of the interaction between the inactivation ball and its receptor can
be obtained by simultaneously replacing two residues with cysteines: one substitution
will ve made in the putative ball region iocated on the III-IV linker (i.e. the IFM meatif)
‘vhile the other will be made in the suspected inactivation receptor region (i.e. S6
residues. W1531 and S4-S$5 linker regions). It has been suggested that the LABS and the
inactivation receptor are possibly overlapping domains (Hille. 1992). Since the
inaciivation particle and its receptor are postulated to come into close proximity and
interact very strongly with each other in inactivated conformations (Hille. 1992). the
inserted cysteines are expected to approach one another following channel depolarization.
Depending on the distance. spontaneous cross-link may form between the two inserted
cysteines or it can be promoted by applying various oxidizing agents or cross-linking
reagents as probes to investigate the molecular distance as well as interactions between
the substituted cysteines. Once cross-linked, the current should be eliminated because the
channels are now locked into the inactivated conformation. if current inhibition is the
result of cross-linking involving the formation of disulfide-bond. application of a

reducing agent such as DTT should reverse the process.
8.2.4 Probing translocation of pore residues

We have hypothesized that the residue W1531 may translocatc ~m the outside to
the inside during either the inactivation process or following drug binding (Chapter 7).
This possibility can be tested by modifying the substituted cysteine (i.e. W1531C) with
the aqueous-specific sulfhydryl modifying agent MTSEA or MTSET under different
experimental conditions. MTSEA is initially applied extracellularly to W1531C channels

under control conditions while stimulated with a continuos train of depolarizations. The
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degree and time course of current reduction is observed. Reduction of current by MTSEA
is probably the result of modification of the permeation pathway (Tsushima et al.. 1997a.
b: Chiaminovat et al., 1997). The state-dependence of MTSEA modification will be
investigated by applying MTSEA to the cysteine muatnt channels under different
electrophysiological conditions such as a depolarizing potential favoring inactivation. a
hyverpolarizing potential favoring the resting states, as well as in the absence and
presence of drug for a certain period of time. The degree and time course of current
reduction are then compar:d to that measured under control conditions over the same
period of time. If translocaticn of the residue occurs during any of the above states. the
degree and rate of current reduction occurred over the same time interval are expected to
reduce when compared to the control. These experiments will reveal whether the residue
C1531 is protected from MTSEA modification during a particular state of the channel.
The degree of MTSEA modification can further be assessed by assaying Cd*” sensitivity.
Two populations of channels (Cd* insensitive modified channels and Cd* scnsitive
unmodified channels: c.f. Chapter 3) will be reflected as double-Cd* binding curves as a
result of incomplete MTSEA modification. The relative amplitudes of the two
popuiations can be used to assess the extent of MTSEA modification. Indeed. my
preliminary data have indicated that the residue C1531 is protected from MTSEA

modification in the presence of lidocaine during inactivation.

Translocation of W1531 is likely to involve nearby residues (such as G1530.
D1532C, etc) as well. The same experiments can be repeated on other DIV pore mutants
such as S1528C, A1529C, G1530C, D1532C, G1533C. etc. By examining the degree of
MTSEA modification of these cysteine pore mutants, we can get an estimation of the
degree of translocation or rearrangement of pore residues during i. c~tivation or drug

binding.
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8.2.5 Single channel studies of WI1531C to reveal the molecular mechanism of

lidocaine binding

It is intriguing to find that though W1531C channels were less sensitive to use-
dependent block by lidocaine. their sensitivity to tonic block was enhanced (Chapter 7).
Single channel recordings reveal that the molecular mechanisms underlying such
enhancement of tonic block is the result of enhanced cpen channel block of W1531C
channels (see also Chapter 7). These single channzl experiments will be repeated in the
background of IFM/QQQ mutations (i.e. QQQ/W1531C: QQQ/WI1531A. eic) to remove
fast-inactivation. Recordings in the absence of fast-inactivation will avoid complications
due to drug binding to the inactivated states and allow examination of the presence of
discrete open channel block which is otherwise not observable in normal W1531C or
WI1531A channels due to their brief openings and rapid entry into the absorbing

inactivated states. ;

8.2.6 Broader pharmacological study of W1531C channels

In Chapter 8. I have provided evidence that the mutation W1531C completely
abolish lidocaine sensitivity suggesting W1531 may form part of the local anesthetic
binding site. Other antiarrhythmic and related agents such as benzocaine. quinidine.
flecainide. toccainide, mexilitene. procaine and etidocaine as well as anticonvulsants such
as phenytoin and carbamazepine. etc also exert their clinical effects by preferentiaily
inhibiting the Na” currents. They act by binding to the open and inactivated states of these
channels during depolarized potentials. The sensitivity of W1531C (rSkM1) and W1712
(hH1) channels to these agents will be tested in comparison to the .~wresponding WT
channels. Other pore mutants will ailso be tested if necessary. These experiments will
reveal whether this pore tryptophan is a common determinant of binding of these drugs

(i.e. whether these drugs block at identical. overlapping or separate receptor sites).
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8.2.7 Binding of phenylalkylamines to L-type Ca** channels

Phenylalkylamines are a class of Ca’" channel antagonist that are commonly used
to treat electrical disturbances in diseases such as cardiac arrhythmias and angina pectoris
in which L-type Ca’" channels in the corresponding tissues play a significant role. Similar
to the action of many tertiarv local anesthetics such as lidocaine on Na™ channels. tertiary
phenylalkylamines also act on L-type Ca’" channels in a voltage- and use-dependent
manner (Lee and Tsien, 1983). Similarly, the permanently charged phenylaikylamine
D890 blocks Ca*" channel only when applied from the cytoplasmic side suggesting these
drug molecules must bind to their receptor from the inside (Hescheler et al.. 1982). This
is analogous to QX-314 block observed in Na™ channel (Strichariz. 1973: Hille. 1992).
Furthermore. it has been demonstrated that binding of phenylalkylamines such as
verapamil. desmethoxyverapamil ((-)-D888) and methoxyverapamil (D600). to Ca®™
channels are affec'ed by mutations of residues in IVS6 of L-type Ca® channels
(Hockerman et al.. 1995: Doring et al.. 1996: Johnson et al.. 1996; Schuster et al.. 1996).
Interestingly, mutations of certain residues located irn [VS6 of Na" channel also abolish
binding of local anesthetics in a similar manner (Ragsdale et al.. 1994). Given the
similarity in action of phenylalkylamines and local anesthetics respectively on Ca’™ and
Na“ channels. These results suggest that the recepiors for these agents of both tvpes of
channels may share some common molecular determinants. W1531 located in the pore of
rSKkMI Na™ channel is not only conserved among difierent Na" channe! subtypes but is
also found in Ca’" channel. It is likely that the analogous residue of W1531 in Ca*™
channel also forms part of the receptor for phenylalkylamines. Further mutagenesis
experiments will therefore provide a better molecular picture of the receptor for

phenylalkylamines in the Ca’* channels.
8.3 Conclusion

It should be aware that ionic channels are not the only proteias responsible for the

control of membrane potential. It is becoming increasingly clear that these channels are
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also under the contro! of other metabolic pathways and factors such as G proteins. Further
insights into these areas will certainly allow developments of better antiarrhythmic
agents. With advances in molecular techniques. the functionality of these ionic channels
and the basis by which they are regulated will be revealed at the molecular level in details
over the next decade. The importance of basic science therefore should not be
understated. Knowledge gained from these researches should be applied and translated
into better therapics for patients suffering from pathologies due to electrical disturbances.
Once this step is achieved, one would see the true beauty of the marriage between basic

science and clinical anplications.
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APPENDIX
THE ROLES OF CONSERVATIVE RESIDUES IN CHANNEL GATING:
ACTIVATION & INACTIVATION

A. Abstract

Aspartates (i.e. D197, D640. D1094 and 1413) and phenylalanines (i.e. F198.
F639. F1095 and F1412) found in the third transmembrane segment (S3) of all 4 domains
of rat skeletal muscle Na™ channel (rSkM1) are absclutely conserved residues among
voltage-gated Na™ and Ca’" channel subtypes and highly conserved in K™ channels. The S3
Asp residues may form sali bridges with the voltage sensor in S4 thereby influencing
channel activation (Durell and Guy, 1996). Mutation F1412L causing the equine
hyperkalemic periodic paralysis (HPP) in horse disrupts channel inactivation (Hanna et
al.. 1996). W2 therefore examined the roles of these residues in Na" channel activation and
inactivation using single cysteine replacements and expression in Xenopus oocytes. All the
D mutants studied but none of the F mutants displayed rightward shifts in steady-state
activation curves by 5 to 15 mV. D-to-C mutants (except D1094C) also affected channel
inactivation and the coupling between activation and inactivation (D197C and D1413C).
Among 4 of the F residues studied. only F1412C displayed significant changes in
inactivation including an increase in magnitude and reduced voltage-dependence of T,.
faster recovery from inactivation and rightward shifts of the steady-state inactivation
curve. Our results suggest that these highly conserved residues in S3 of all the four

domains play a role in channel activation and inactivation.

B. Introduction

Voltage-gated Na™ channels are reponsible for the initial rapid rising phase of action
potentials in nerve, heart and skeletal muscle (Catterall, 1992. and Hille, 1992). At
hyperpolarized membrane potentials, most Na™ channels are in closed or resting states.

Upon membrane depolarization. movements of charges contained in the voltage sensor lead
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to channel opening or activation (Stuhmer et al.. 1989: Sigworth. 1993: Yang et al.. 19906).
Open channels inactivate within a few milliseconds thereby restricting Na™ ion influx to
brief periods following depoliarization. Once the channels are inactivated. they require
several milliseconds following membrane repolarization to recover from inactivation before

they are ready to reopen upon subsequent depolarizations (Bezanilla and Stefani, 1994).

The fourth transmembrane spanning segment (S4) of each downaizi contains
positively charged residues (either arginine or lysine) at every third or fourth position
separated by hydrophobic residues (Noda et al., 1984). Mutations of these charged S4 basic
residues often result in shifts in channel activation consistent with the putative rele of these
segments in voltage sensing for channel activation (Lopez et al.. 1991: Papazian et al..
1991; Yang and Horn. 1995; Aggarwal and MacKinnon. 1996; Yang et al: 1996; Chen et
al.. 1996). However, studies in voltage-gated K" channels have found that other
transmembrane segments also influence voltage-dependent channel properties (Liman et al..
1991; Logothetis et al., 1992; Logothetis et al.. 1993; Greenbalt et al., 1985: Sigworth.
1993: Seol et al.. 1996). Within the S2 and S3 segments, there are many highly conserved
negatively charged amino acid residues. Molecular models (Durell and Guy. 1996) and
previous studies (Greenbilat et al.. 1985; Liman et al.. 1991; Sigworth. 1993: Papazian et al..
1995; Planelis-Cases et al.. 1995; Seol et ai.. 1996) suggest that these negative residues may
form salt bridges with the positive residues in the S4 segments thereby stabilizing S4
segments within the lipid bilayer and contributing to voltage-dependent properties.
Mutations of these residues in S2 and S3 are therefore predicted to influence activation
(Durell and Guy, 1996). Channel activation is a highly voltage-dependent process whereas
channel inactivation is largely intrinsically voltage independent (Aldrich et al., 1983:
O’Leary et al.. 1995; Chen at al., 1996), deriving its voltage depender. » from coupling to
activation (Sigworth. 1993; Chahine et al., 1994). The molecular basis of this coupling is
however poorly understood. Mutations of skeletal muscle sodium channels causing
myotonias have been shown to affect this coupling mechanism (Chahine et al., 1994; Yang
et al., 1994; Ji et al.. 1996). A pair of tyrosine residues located on the III-IV linker when

mutated to glutamines also disrupts this coupling (O’Leary et al., 1995).
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We have previously shown that disruption of normal inactivation results from the
mutation F1412L in rSkM1 sodium channels. which corresponds to the natural mutation
associated with the disease equine hyperkalemic periodic paralysis (Hanna et al.. 1996).
This phenylalanine residue is absolutely conserved in all voltage-gated Na™ and Ca™
channels as ‘~ell as K~ channels. Furthermore, alignment of the S3 segments between the
four internal repeat domains of Na™ and Ca™ channels reveals absolute conservation of
similar phenyvalanine residues in domains I. I and III. Interestingly. these residues are

situated either one residue upstream or downstream of the S3 aspartates.

| In this study. we mutated aspartates (i.e. D197. D640. D1094 and D1413) and
phenylalanines (i.e. F198C. F639C. F1095C. F1412C) located at the cytoplasmic end of S3
in all four domains (Figure AP.1) and examined their contribution to gating in rat skeletal
muscle (rSkM1) Na™ channels. Our results indicate that S3 aspartates irfluence Na’ channel
activation consistent with a role in voltage sensing. We also found that mutations of two S3
residues (i.e. D197C and D1413) alter the molecular coupling between activation and
inactivation. In addition. our results indicate that none of these S3 phenylaianine mutations

affect Na™ channel gating except F1412C which disrupts channel inactivation.
C. Materials & Methods

C.1  Electrophysiology

Whotle-cell current recordings were done at room temperature (20-22°C) using two-
electrode voltage-clamp technique (2.3). The recording solution used . *= ND96 (2.7). To
ensure reasonable voltage control, only oocytes expressing peak currents less than 5 pA

were used.
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Figure AP.1

Putative transmembrane folding model of the Na® channel o subunit showing internal
repeat domains [-IV each with 6 transmemtrane segments S1-6. Phenylalanine and
aspartate found in the cytoplasmic e¢nd of the third transmembrane segment (S3) of each
of the four domains (DI-IV) are highly conserved residues. They are absolutely conserved
among voltage-gated Na” and Ca’" channels and are highly conserved in K™ channels. The
S4 segments carries a ribbon of positively charged residues and are believed to be the
voltage sensors. The S3 aspartates may act as countercharges and form electrostatic salt
bridges with the S4 to stabilize the entire protein structure. A phenylalanine to leucine
mutation in DIV (i.e. F1412L). which corresponds to the natural mutation found in the
disease equine hyperkalemic periodic paralysis (HPP). is known to disrupt Na” channel -
inactivation. Identical absolutely conserved residues (i.e. phenylalanine) are also found at
equivalent locations in Domain 1. II and IIL. Hydrophobic residuves (1FM) in the [II-IV
linker region on the cytoplasmic side of the channel, which have been suggested to be the

inactivation particle, are also indicated.
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C.2  Experimental Protocols and Data Analysis

Current-voltage relationships were obtained by holding oocytes expressing the
appropriate channels at -120 mV and stepping from -60 to +50 mV by increments of 10
mV. Steady-state activation curves of whole-cell currents were constructed from the
current-voltage relationships of the corresponding channels using the transformation
procedvces described below. For steady-state inactivation, we recorded the current in
rcspense to a test depolarization to -20 mV (1,5 ,,v) which immediately followed a prepulse
to a ranze of voltages. h,, was estimated as a function of the prepuise voltage by the ratio I ,,

ov/ Lizom Where 15 .y is the current measured in the absence of a prepulse.

Recovery from inactivation of rSkM1 and mutant channels were examined using a
standard two-pulse protocol in which two identical depolarizing pulses (50 ms each) were
separated by a recovery voltage (-80. -100 or -120 mV) aprlied for a variable period. The
first conditioning pulse resulted in activation followed by inactivation of the channels.
Recovery of channels from the inactivated state ensued during the time irtervals between
pulses. The peak current evoked by the second depolarizing pulse represents the fraction of
channels which had recovered from inactivation during the interval at the recovery

potential. Recovery from inactivation of each mutant was examineud at holding potentials of
-80. -100 and -120 mV.

C.3  Suatistics and Curve fitting
Steady-state activation and inactivation curves were obtained by fitting data to the
Boltzmann functions using the Marquardt-Levenberg algorithm in . non-linear-least-

squares procedure:

moorh,= 1/{l+exp[(V-V,,)/kl} Equation 5.1
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where V, is the test potential. V,, is the half-point of the relationship and k (=RT/zF) is the
slope factor. The holding potential in these experiments were -120 mV. For steady-state
activation. m,. = g / g,,. where the conductance g was obtained from the I-V relationship by
scaling the peak current (I) by the net driving force using the equation g = [ / (V, -E_,)
where V, is the test potential and V., is the reversal potential. Current-voltage data were fit

to the equation I=m,, * g * (V-E..).

The time constant (7, ) for decay of the whole-cell current was estimated by fitting
the decaying phase of ithe whole-cell current beginning after the time of the peak current
with a mono-exponentia’ function:

I /1o = exp(-t/1) Equation 5.2

For fitting recovery from inactivation data. a bi-exponential function was used:

[/1o=1-[Al*exp(-t/t)) + (1-Al)*exp(-U1,} ] Equation .3

Data presented are the means = SEM. Statistical significance was determined using

an unpaired Student's t-test with p<0.05 representing significance.

D. Result

D.1  Effects of cysteine mutations on macroscopic whole-cell current kinetics of
rSkM1

To examine the roles of S3 aspartates (i.e. D197, D640. D1094. D1413C) and
phenylalanines (i.e. F198, F639, F1095 and F1412) in Na™ channel gatin,, e mutated these
residues in rSkM 1 channels individually to cysteine and co-expressed either WT or mutant
channels with the rat brain 1 subunit in Xenopus oocytes. Figure AP.2A and 5.3A show
the representative raw current traces recorded from aspanate-to-cysteine (D/C) and
phenylalanine-to-cysteine (F/C) mutant channels in response to depolarizations from -120

mV to -10 mV using two-electrode voltage-clamp technique. The currents have been
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normalized to make the peaks identical with the superimposed wild type rSkMI1 current
(broken line). Upon depolarization. rSkM1 chanrels elicited rapidly activating inward Na~
currents. peaked and then inactivated with a time constant (t, ) of 0.97£0.08 ms (n=5) at
this test potential. For most mutants. the estimated time constants for current decay. t, (see
Materials and Methods) were identical (p>0.05) to WT (F198C: 1.10+0.07 ms. n=3:
F639C: 1.04+0.07 ms, n=3; D640C: 1.07£0.03 ms. n=4: D1094C: 0.87£0.06 ms. n=3:
F1095C:1.05+£0.10 ms. n=3). However. the measured 1, for D197C (2.54+0.18 ms; n=3).
D1413C (4.11+0.60 ms: n=4) and F1412C (2.11£0.01 ms; n=4) channels. were
significantly increased compared to WT channels (p-20.05). These effects can arise from
defects in channel activation or inactivation or both. The mechanisms underlying these

changes were further explored in the following sections.

D.2  Aspartate-to-cysteine but not phenylalanine-to-cysteine mutants displayed shifts

in steady-statc activation

Figures 5.2B anc 5.3B show peak-current versus voltage relationships of WT
rSkM1 and selected cysteine mutant channels. Data points were fit to a modified Boltzmann
relationship (see Materials and Methods). All D/C mutants (Figure AP.2B) displayed shifts
of [-V curves in the depolarizing direction compared to WT while the F/C mutants (Figure
AP.3B) were unchanged relative to WT channels. Effects on channel activation of these
various mutants can be more rzadily seen by transforming the I-V relationships into steady-
state activation curves (i.e. conductance-voltage or g-V curves) using the equation g = [ /
(V-E,.,) (Figure AP.2C and 5.3C). The parameters estimated from fitting the activation data
to the Boltzmann equation are summarized in Table 5.1. D197C. D640C and D1413C
(Figure AP.2C) displayed significant depolarizing (rightward) shil': /p<0.05) in the
midpoints of steady-state activation curves (D197C: -24.52 £ 0.96 mV. n=3; D640C: -8.59
+ 1.62 mV, n=8; D1413C: -21.76 + 0.69 mV, n=7) compared to WT channels (WT: -26.70
+ 1.14 mV, n=3). Though not statistically significant, D1094C also displayed a slight
rightward shift of steady-state activation (V,, = -25.98 £ 1.20 mV, n=7). In contrast, none

of the F/C mutants illustrated in Figure AP.3C showed measurable significant shifts
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Figure AP.2

A) Representative traces of whole-cell currents recorded from rSkM1 (brcken line) and
aspartate-to-cysteine (D/C) mutant (solid line) channels expressed in Xenopus oo:ytes.
The peak currents have been normalized such that the peaks at the baseline are equal.
Peak currents for these sweeps are 4.2 pA for rSkMI1. 1.1 pA for D197C, 4.4 pA for
D640C, 4.1 pA for D1094C and 4.9 pA for D1413C.

B) The normalized peak Current-Voltage relationships of WT rSkM! and D/C
inactivation mutant channels. All D/C mutants displayed shifts of 1-V cures in the
depolarizing direction compared to WT suggesting there are shifts in stability toward the
closed states of these channels.

C) Steady-state activation plots of rSkMI| and D/C mutant channels. Steady-state
activation curves were derived from the I-V curves shown in Panel B using the equation
g=I/(V-E..,) and fir to the Boltzmann funcrions using the Marquardt-Levenberg algorithm
in a non-linear least-squares procedure (see Materials and Methods). Steady-state
activation curves of all D/C mutants examined were all shifted to the right. These
observations are consistent with the suggestion that these aspartates form salt bridges
with the positively charged residues in the S4 segments which are involved in the voltage

sensing process.
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Figure AP.3

A) Representative traces of whole-cell currents recorded from rSkM1 (broken line) and
phenylalanine-to-cysteine (F/C) inactivation mutant (solid line) channels expressed in
Xenopus oocytes. The peak currents have been normalized to the peak and superimposed.
Peak currents for these sweeps are 4.2 puA for rSkMI. 4.5 pA for F198C. 3.7 pA for
F639C. 4.2 pA for F1095C and 4.7 pA for F1412C.

B) The normalized peak Current-Voltage relationships of rSkM!1 and F/C mutant
channels. Unlike the D/C mutants (Figuie 2), the I-V relationships were identical for all
the F/C mutant and WT channels indicating that activation was unaitered by these
mutations.

C) Steady-state activation plots ot rSkM1 and F/C mutant channels. Unlike D/C mutants.
none of the F mutants displayed any shifts in steady-state activation suggesting these
residues do not play a role in channel activation. Transformations of I-V relationships to

steady-state activation curves were done as in Figure 2C.
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(p>0.05) in their steady-state activation curves (F198C: -27.73 = 0.90 mV. n=5: F639C: -
27.21 % 2.37, n=3: F1095C: --26.69 + 0.85 mV. n=4: F1412C: -27.87 £ 1.07 mV. n=4)
when compared to WT. In addition to shifts in the midpoints observed in the D/C mutants.
there were also changes in the slope factors (k) estimated from Boltzmann fits. Although
limiting slope factors give a better measure of the “true™ gating charge. these slope factors
do provide some measure of the “apparent” gating charge (Almers, 1978). From the
Boltzmann fits. the changes in voltage-dependence observed in D197C. D640C. D1094C
and D?413C could be produced by “apparent” gating charge changes of +1.5, +1.0. -1.0
and +0.3 elementary charge (e,) per channel. respectively. By contrast. the slope tactors
were naot statistically different between the F/C mutants and WT channels (p>0.05). These
data are consistent with the proposal that these S3 aspartate residues affect channel
activation in Na™ channels possibly by forming salt bridges with the positively charged
residues in S4. Our results also suggest that the phenylalanines located immediately

adjacent to the aspartates. do not ineasurably affect Na™ channe! a:tivation.

D.3  Shifts of steady-state inactivation of D197C, D640C, F1412C and D1413C

To further explore the effects of these S3 mutations on channel gating, we next
examined steady-state inactivation. Steady-state inactivation provides an energetic measure
of the relative stability of the inactivated states compared to the closed states of the channel.
Figure AP.4 shows the steady-state fast-inactivation curves of WT and cysteine mutants
obtained by plotting the ratio between the peak current elicited in a test pulse to -20 mV
recorded following 500 ms prepulses to various voitages and the peak current elicited
following depolarization to -20 mV from a holding potential of -120 mV. A 500 ms
prepulse was chosen to ensure equilibration between closed and rast-i. 2-tivated channels
(Featherstone et al., 1996). Data points were fit with a Boltzmann equation and the
estimated parameters are summarized in Table 1. Figure AP.4A shows that the midpoints
for steady-state inactivation (i.e. V,,) of D197C (open circle. -56.77 £ 2.3 mV, n=3).
D640C (open up triangle, -57.43 + 0.50 mV, n=5) and D1413C (open diamond, -57.79 =
1.52 mV, n=4) were significantly (p<0.05) shifted in the hyperpolarizing direction
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Figure AP.4

Steady-state inactivation plots of rSkM1 and cysteine inactivation mutant channels (Panel
A: D/C mutants; Panel B: F/C mutants). Steady-state fast-inactivation curves were
derived by normalizing the current recorced in test pulses to -20 mV following 500 msec
prepulses to various voltages to the maxiimum current recorded upon depolarization to -20
mV from a holding potential of -120 mV. Data were fit to the Boltzmann function using
the Marquardt-Levenberg algorithm in a non-linear least-squares procedure (see Materials
and Methods). Besides effects on strady-state activation. the D/C mutants DI197C.
D640C and D1413C also displayed effects on steady-state inactivation. Their mid-points
tor hélf-maximal inactivation (i.e. V,, ) were shifted significantly in the rightward
direction. Among the F/C mutants. only F1412C had an effect on inactivation and its
steady-state inactivation curve was shifted 5 mV in the depolarizing direction suggesting

a destabilization of its inactivated state.
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Table AP.1

Summary of V,, and slope factor (k) for steady-state activation and inactivation of rSkM

and cysteine mutant channels. Entries marked with asterisks are statistically different
from WT (p<0.05).

Steady-state Activation

Steady-state Inactivation

Channels

vl/?.

Slope factor

VI/2

Slope factor

ShM1

-26.70 = 1.14 (3)

5.37+£0.47 (3)

-53.41 +1.12(8)

488022 (8)

D:%7C

-24.52 £ 0.96 (3)*

6.82£0.73 (3)*

-56.77 £2.30 (3)*

6.62 £ 041 (3)*

F198C

27.73 = 0.90 (3)

4.72+0.42 (5)

-52.40 £ 0.58 (7)

5.42%0.16 (7)

F639C

-27.21 £ 2.37 (3)

5492019 (3)

-53.97 £ 1.36 (4)

4.96 =0.12 (4)

D640C

-8.59 + 1.62 (8)*

6.34 £0.21 (8)*

-57.43 £0.50 (5)*

4.23 +£0.10 (6)*

D1094C

2598 £ 1.20 (1)

42 £ 0.58 (1)*

-55.08 £0.49(7)

5.23 £ 0.04 (9)

F1095C

-26.69 + 0.85 (4)

5.37+£0.47 (4)

-55.39 £ 0.81 (3)

F1412C

2787 = 1.07 (4)

5.12£0.36 (4)

-48.51 £0.72 (8)*

43 £ 0.05 (3)
8

4.
5.68%0.13 (13)*

D1415C

221.70 = 0.69 (1)*

503=0.47 (7)

-57.79 £ 1.52 (4)*

5.39=0.16 (4)
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compared to WT channels (solid square. -53.41 £ 1.12 mV. n=8) while D1094C channels
(open down triangle. V,, =-55.08 = 0.49 mV. n=7) were unaffected (p>0.05). Among the
phenylalanine-to-cysteine mutants. only the F1412C mutation had an effect on inactivation
with the midpoint (open diamond. V ,=-48.51 = 0.72 mV. n=8) being shifted x5 mV in the
depolarizing direction (Figu:e AP.4B). In addition to shifts in midpoints. some S3
mutations also affected the slope factors for D197C (6.62 £+ 0.41, n=3). D640C (4.23 £ 0.12,
n=6) and F1412C (5.68 = 0.13. n=13) compared to WT (4.88 £ 0.22, n=8). These values
correspond to a change in the effective gating charge by +1.7, -0.7 and +0.8 e, respectively.

The slope factors of other mutants ‘vere not statistically different from WT (p>0.05).

D4 DI97C, D640C and DI14i3C recover more slowly from inactivation whereas
F1412C recovers faster

To further investigate the effects of these S3 mutaticns on channel inactivation. we
also examined their rates of recovery from inactivation. The time constant of recovery from
inactivation provides information on the rate of exit from inactivated states at a given
holding potential. Figure AP.S shows average recovery curves of each channel plotted as a
function of the conditioning pulse for WT and cysteine mutant channels at -80 mV. A bi-
exponential function was used to fit these recovery data. Using a 50 ms prepulse duration,
recovery from inactivation of rSkM1 channels displayed only a single time constant (t,=6.6
= 1.1 ms. A= 100%. n=4) suggesting slow inactivation was not induced under these
experimental conditions. D197C, D640C and D1413C required considerably longer times
for recovery (D197C: 1,=3.5 = 0.3 ms. A,;=67.5%. 1,=50.8 £ 9.4, A,=34.2%, n=3; D640C:
7,=15.2 £ 1.7 ms, A=100%, n=5; D1413C: t,=3.3 = 0.1 ms, A,;=538.7. 1,=25.6 = 1.6 ms,
A,=45.5%. n=4 where 1, and 1, represent the first and second time cc..~ants, A, and A,
represent the relative amplitudes of the corresponding time constants). The presence of two
components in D197C and D1413C may reflect entry into a slowly inactivated state of
these channels similar to that observed in the fast-inactivation deficient F1304Q channels
(Nuss et al., 1996). On the other hand, F1412C recovered 3-fold faster from inactivation
(1,=2.1 £ 0.1 ms. A=96.8%, 1,=153.8 £ 11.6 ms, A,=5.0%, n=5) than WT at the same
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Figure AP.S

Recovery from inactivation of rSkM1 and cysteine mutant channels. Holding potential
was -80 mV. Two identical 50 ms depolarizations to -20 mV were given with various
intervals of hyperpolarization to -80 mV in between to allow channels to recover from
inactivation. Although not shown. data were collected to 50 ms. DI97C. D640C and
D1413C recovered more slowly than WT channels while F1412C displayed a 3-fold
faster rate of recovery. Similar decelerated and accclerated rates of recovery from
inactivation were also observed at holding potentials -100 ard -120 mV. Time constants

for recovery and their percent contributions are summarized in Table 2.
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potential consistent with destabilization of the inactivated state (Hanna et al.. 1996). Though
F1412C also displayed a second time component. the amplitude of this component was very
small (A,=5.0%). Similar differences in recovery curves compared to WT were also
observed in D197C. D640C. F1412C and D1413C channels when measured at -120 and -
100 mV. The time course of recovery for the other mutants were not different from WT
(p>0.05). The time constants for recovery from inactivation of WT and all cysteine
inactivation mutants at recovery potentials -120, -100 and -80 mV. including their percent

contributions are summarized in Table 5.2.

D.S  The rates of entry into the inactivated state of D197C, D1413C and F1412C are

slower than WT

Changes in activation are expected to result in changes in inactivatiori due to
coupling between these two processes (Papazian et al.. 1991). The inactivation time
constants (t,) have been shown to be influenced by both this coupling (Chahine et al.. 1994)
and the rate of entry of open channels into the inactivated state (Hanna et al. 1996). As
demonstrated in Figures 5.1A and 5.2A. several S3 mutants displayed changes in T,
compared to WT channels. Since steady-state activation and inactivation curves were also
affected in some of these mutants (Figures 5.1, 5.2 and 5.3). we investigated the 1eiationship
between steady-state gating properties and the voltage-dependent alterations in t,. Figure
AP 6 summarizes the T, for the decay of macroscopic whole-cell currents of WT rSkM1 and
cysteine mutants. Estimates of t, were obtained by fitting the decaying bhase of the whole-
cell current beyond the peak with a mono-exponential function. As shown in Figure AP.6,
the values of T, for rSkM1 channels (solid squares) depended strongly on voltage betweer: -
40 mV and 0 mV, which coincides with the steep portion of the ac.” .tion curve. This
observation is consistent with the suggestion that inactivation, an intrinsically voltage
independent process. derives its voltage dependence by being coupled to activation
(Aldrich et al., 1983; Sigworth, 1993; Chahine et al., 1994). All S3 mutants except D197C,
D640C. F1412C and D1413C displayed 1, values which were unchanged compared to WT

channels at all voltages examined (Figure AP.6A & B). These changes in 1, might be
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resulted from changes in activation and inactivation or alteration in the coupling mechanism
between these two gating processes. The voltage-dependence of 1, of D197C channels
(Figure AP.6A. open circle) were shifted to more depolarized potentials but with a far more
shallow voltage-dependence. Interestingly. this flattening of the 1, versus voltage
relationship is mirrored by a marked reduction in the slopes of the steady-state activation
and inactivation curves (Figure AP.2C and 5.4A). The voltage-dependence of t, for the
D640C mutant channels (Figure AP.6A. open up trinagle) were also shified to more
depolarized potentials compared to WT channels in a manner similar to the corresponding
shifts in the steady-state activation curves (Figure AP.2C). In contrast. D1413C channels
(Figure AP.6A. open diamond) showed rates of current decay that were virtualiyv voltage
independent and these changes were not reflected in any of the changes in steady-state
activation or inactivation (Figure AP.2C and 5.4A) suggesting a clear alteration in coupling
between activation and inactivation. Of the F/C mutations. only F1412C channels (Figure
AP.6B, cpen diamond) had notable changes in 1, compared to WT channels. The rate of
current inactivation showed a more shallow dependence on voltage when compared to WT.
These changes in 1, for F1412C channels were not reflected in changes in activation (Figure
AP.3C) but rather were associated with a shift in steady-state inactivation curve to more

depolarized potentials (Figure AP.4B).

E. Discussion

In this report. we examined the effects of replacing highly conserved aspartate and
phenylalanine residues located in S3 segments with cysteine on channel activation and
inactivation in rat skeletal muscie Na™ channel. Three of our S3 Asp-to-Cys mutants (i.e
D197C, D640C and D1413C) displayed significant changes in channel L ...2viour compared
to wild-type. For example. in D1413C channels the midpoint for steady-state inactivation
was shifted in the hyperpolarizing direction while its steady-state activation curve was
shifted in the opposite (depolarizing) direction. Associated with these steady-state changes.
D1413C channels recovered more slowly from inactivation compared to WT channeis

while having slowed and largely voltage-independent rates of whole-cell current decay.
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Figure AP.6

Inactivation time constants (t,) of whole-cell current decay of D/C mutants (Panel A) and
F/C mutants (Fanel B) plotted against test potentials. Inactivation time constants were
estimated by fitiing the decaying phase of whole-cell current beyond the peak to a mono-
exponential function. The values of 1, of rSkMI (solid square) change steeply between -
40 and 0 mV wnich is also the range within which activation is steeply dependent on
voltage. This observation indicates that inactivation, an intrinsically voltage independent
process. derives its voltage dependence by being coupled to activation. The voltage
dependence of t, of D640C (Panel A. up triangle) was significantly shifted by 10 mV in
the depolarizing direction. 1, of D1094C (Panel A. down triangle) was also slightly
shifted in the same direction. Though voltage-dependence was not completeiy lost. 1, of
D197C (Panel A. circle) was less dependent on voltage when compared to WT channels.
Remarkably. 1, of D1413C (Panel A. diamond) was virtually voltage independent. t, of
F1412C (Panel B. diamond) was also less voltage dependent. However. such apparent™
decoupling was the result of its defects in channel inactivation. Other mutants displayed

values of T, similar to those of the wild-type
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Interestingly. although there was a complete loss of voltage-dependence in 1. the voltage-
dependences of steady-state properties. as reflected by the corresponding slope factors. were
however not affected. Taken together. these results suggest that there was a clear decoupling
of activation and inactivation for this mutant. Consistent with this notion. our single channel
recordings showed an increased number of channel openings per sweep (WT: .12 £ 0.06.
n=3; DI1413C: 1.98 + 0.08. n=2; HP=-120 mV, V,=-20 mV), given that the channel
opened at least once. We also observed a slight increase in the single channel mean first-
latency time (WT: 0.93 £ 0.07 ms, n=4; D1413C: 1.19 £ 0.09 ms. n==2: HP=-120 mV,
V..=20 mV) consistent with the small shift of steady-state activation observed at the
whole-cell level. Since steady-state inactivation was leftward shifted anc rates of recovery
from inactivation were slowed. it seems probable that repeated late openings reflect a
slowed entry into the inactivated state without evidence for destabilization of the inactivated
conformation. This altered coupling between activation and inactivation caused by the
mutation D1413C is similar to that observed in several natural mutations causing muscle

myotonia (Chahine et al.. 1994; Yang et al.. 1994).

For D197C channels. the phenctypic changes observed were similar to D1413C
channels except the voltage-dependence of t, was not completely lost. When the equivalent
charge movement across the membrane field (8) between -30 mV and 0 mV was quantified
using the equation 8=(RT)/(AV*F)*In[t,(-30 mV)/t,(0 mV)], the values of & for WT and
D197C were 1.5 e, and 0.8 e, respectively. This reduction of & and flattening of the voltage-
dependence of 1, in D197C channels was accompanied by similar reductions in voltage-
dependence of both steady-state activation and inactivation curves with reductions in
effective gating charge by 1.5 and 1.7 e, respectively when compared to WT channels.
Taken together D197C also appears to be involved in coupling activa.. = to inactivation.
Furthermore, D197C channels consistently (after at least 10 rounds of injection)
expressed current not more than 1 pA even after 5 days of incubation at room
temperature. For this reason. we were unable to perform single-channel recordings on this
mutant channel. This observation is however consistent with disruption of the structural

integrity or maturation of the native channel protein in this mutant. Recently, similar
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observations have been made in S3 in Shaker K™ channels at an analogous residue to
D197 i Na™ channeis (i.e. D316) which interacts with K374 in S4 within the same
subunit (Tiwari-Woodruft et al.. 1997). Given the analogy between K™ and Na™ channels.
it seemms possible that D197 may interact with a basic residue in DI/S4 (possibly K228 .
the equivalence of the Shaker K374 in Domain I of rSkMI1 Na  channel). Further
experirients examining channel protein maturation or introduction of a second rescue
mutation to compensate for the structural disruptions created by mutating D197 may be

useful to further study the potential roles of this residue.

Similar to D197C and D1413C, D640C channels also displayed significant
changes in channel gating. However. unlike D197C and D1413C. the steepness of the
voltage-deper.dence of 1, for D640C channels was not noticeably affected but the entire
relationship was shifted in a depolarized potential. by about 10 mV. when compared to
WT channels. This shift of voltage-dependence of t, paralleled 1o the 18 mV depolarized
shifts in steady-state activation curve. In addition. this mutation also caused a
hyperpolarized shift in steady-state inactivation consistent with its slower rates of
recovery from inactivation. At the single channel level. D640C channels showed a delay
of mean first latency time (D640C: 1.52 ms. n=1: WT: 0.93 @ 0.07 ms. n=4: HP=-120
mV. V., =-20 mV) without changes in the mean open time (D640C: 0.33 ms. n=1: WT:
0.31 £ 0.05 ms. n=3: HP=-120 mV, V ,=-20 mV) and the number of late openings
(D640C: 1.07. n=1: WT: 1.12 £ 0.06, n=3, HP=-120 mV. V,,=-20 mVY) when compared
to WT channels. Given that wild-type channels normally open only once per
depolarization. inactivate and do not reopen. and that activation rather than inactivation is
rate-limiting (Aldrich et al., 1983). our observations suggest that this residue piays a
critical role in channel activation and may affect coupling betw..~ activation and

inactivation.
Overall. our D/C mutations D197C, D640C and D1413C demonstrate that these S3

aspartates play a unique role in modulating voltage-dependent channel activation as well as

possibly coupling inactivation to activation. Indeed, not only were the mid-points for half-
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maximal activation and inactivation shifted. but the slope factors (k) of many ot these S3
mutant channels were also changed. These changes in steady-state voltage-dependence
suggest that these residues may contribute to the gating charge. However. since these slope
factors merely provide an indication of “‘apparent” gating charge. the potential roles of
these residues in gating charge movernent will require further studies by examining the
change of gating current or the slope of the activation curve at very negative potentials (Seol
etal., 1996).

Furthermore, our results indicat: that these residues are not functionally equivalent
and contribute differently to channel gating. In other words. individual residues at
equivalent positions in all four domains contribute differently to the voltage-sensing
process. In general. our data are also consistent with previous studies. It has been proposed
that the S3 aspartates may form electrostatic salt bridges with the positively charged
residues in S4 (Papazian et al., 1995: Durell and Guy, 1996: Ti'vari-Wceodruff et al., 1997).
Therefore. mutations of these residues might influence gating. Our resuits show that only
the aspartate-to-cysteine but not the phenylalanine-to-cysteine mutants displayed significant
shifts in steady-state activation despite their proximity. Neutralization of positively charged
residues in S4 generally alter the voltage dependent activation and may decouple
inactivation from activation (Stumer et al.. 1989:; Papazian et al.. 1991; Logothetis et al..
1993; Chahine et al. 1994: Perozo et al.. 1994; Yang and Horn: 1995; Aggarwal and
MacKinnon: 1996).

In addition to shifts in channel activation, we also observed that D197C and
D1413C altered coupling between activation and tnactivation. These changes are similar to
those observed with replacement of positive S4 charges in Na~ chann. = and negative S2
and S3 charges in Shaker K™ channels (Papazian et al., 1995; Planelis-Cases et al.. 1995).
Presumably, these S3 residues move during gating in a direction opposite to the movement
of basic S4 residues or alternatively they may be anchored within the channe! and serve to
govern the cooperativity between different voltage-sensing domains during activation

(Planells-Cases et al., 1995).



Among the S3 F/C mutants. only F1412C in domain 1V displayed significant
changes in channel gating. While mutations at equivalent positions in domains I. IT and HI
(i.e. F198C. F639C and F1095C respectively) had no effects establishing that these highly
conserved residues also do not contribute equally to channel gating. For F1412C channels.
the magnitude of t, and voltage-dependence were modified compared to WT channels.
Unlike the D/C mutants. these changes in T, were associated with rightward shifts of steady-
state inactivation curve and accelerated rates of recovery from inactivation. At the single
channel level. these channels had prolonged mean open times (F1412C: 0.54 £ 0.08 ms,
n=3. WT: 0.31 = 0.05 ms. n=3) and increased number of openings per sweep (F1412C: 1.79
+ 0.15 ms. n=3; WT: [.12 £ 0.06 ms. n=3). These observations are consistent with the
natural mutation (i.e. F1412L in rSkM]1) associated with the horse disease hyperkalemic
periodic paralysis which showed evidence for destabilization of the inactivated state (Hanna
et al.. 1996). Since channe! uctivation was not affected by this mutation. alterations of

inactivation cannot be ascribed to changes in activation.

Overall. our observations are consistent with previous studies suggesting that DIV
plays a unique role in sodium channel inactivation (Chahine et al., 1994: Chen et al.. 1996:
Yang et al.. 1996). Previous studies have established that S4/DIV contributes to channel
gating as well as the coupling between activation and inactivation. Our observations
showing that D1413C decouples activation from inactivation while F1412C displayed

defects in inactivation are consistent with these suggestions.

In summary, our results establish that the conservative S3 aspartate residues in rat
skeletal muscle Na channel play a significant role in channel activation. ..2se observations
support the notion that the S4 segments are not solely responsible for sensing changes in
transmembrane potential. In addition, the mutations of D197 and D1413 to cysteine altered
coupling between activation and inactivation. Mutations of phenylalanines that are located
either one residue downstream or upstream of these aspartates within the S3 segments

however did not display any noticeable effects on channel activation. Nonetheless. the
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mutation F1412C disrupted inactivation suggesting that this residue might be important for
interactions between the inactivation gate and its receptor. Though these aspartates and
phenylalanines are both highly conserved and are in such close proximity to each other.

they play different roles in modulating channel activation and inactivation.
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