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EXCITABLE TISSUE CELL

Stimulus (Mechanical, chemical,
electrical, photic, or thermal )

Spreading reversible wave
of melecular conformational
change in cell membrane,

with transient changes in
permeability & transmenbrane

748 A sammary of the main evenss which may follos the spplication of
an effective stimulus to the surface of an excitable tissee cell

Movements of water and electrolytes through
plasma membrane of excitable cells and
neurons

Passive channels

Water channels (Aquaporins)

lon pumps (e.g. Na+/K+ ATPase)
Ligand-gated ionic channels (Receptors)
Voltage-gated ionic channels
Mechanical sensitive ionic channels
G-proteins-coupled receptors

Gap junctions (Nexus, Nexin channels)
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Leak channels

AlL-or-nane action potentisle

Graded, non-propagatisg potentials

with trassiemt reversal of polarity
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RECORDING ELECTRODE inside an isolated
giast avon of the squid. (From Hodgkia ssd
Keymes, 1956)

Stimulating Recording
electrode electrode

Recording
electrode enters

Figure 1-10 Method of stimulating and recording with a single
giant fiber. Full description in text. (From Katz, 1966.)
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The Nobel Prize in Physiology or
|| Medicine 1963

“for their discoveries concerning the ionic mechanisms
Inwalved in excitation and innibition in the peripheral and central
portions of the nerve cell membrane”
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atly in their  pumping out sodium ions in exchange for potassium ions. The inte

AXON MEMBRANE separates fluids that differ
tive with respect

content of sodium ons (colored dats) and potassiv (black dots).  rior of the axon is normally about 70 millivolls
The exterior fluid is about 10 times richer in sodium fons than in po- (o the exterior. If this voltage e is reduced by the arri
ans; in the interior Auld the ratio is the reverse. The mem= @ nerve impulse, the sodium channel opens, allowing sodil

ated by proteins that act as selective nels for pref- flow into the axon. An instant later the sodium channel close
1 or potassium fons, In the restingstate,  the potassium channel opens, allowing an outflow of potassium ios
when no nerve transmitted, the two (ypes of channel  The sequential opening and closing of the two kinds of channel ¢f
are closed and an fon pump maintains the ionic disequilibrium by  fects the propagation of the nerve impulse, which is illustrated below
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The membrane of a neuron
Embedded in the membrane are protein channels that permit
certain ions to cross through the membrane at a controlled rate.
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lon channels. When they are open, ions can pass
through them, entering or leaving the cell.
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Feed in clamp voltage V_

Sleeve electrode Unity gain amplifier

(- Current |K(Ve~Va)

1 source |
| b

Axial electrodes

of platinum wire —— Record i,

Fig. 4.4 Realistic voltage clamp measurement cir-
cuit. Current is applied through electrodes (a) and
(e), while the transmembrane voltage, V,, is mea-
sured with electrodes (b) and (c). The current source
is controlled to maintain the membrane voltage at
some preselected value V.
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Fig. 45 Voluage step and membrane cument in
vollage clamp experiment.

Fig. 4.6 A series of voltage clamp steps,

“Found in Pufferfish

»1000 times deadlier than
cyanide

“Tetrodotoxin is found in liver,
muscles, skin, and ovaries.

sThe victim will eventually die of
respiratory paralysis.

-There is no known antidote for
this poison

Chemical Name: Tetrodotoxin

Molecular Formula: C11H17N308

= |t acts by blocking the conduction of nerve impulses
along nerve fibres and axons,

= Guanidinium ring is resonance stabilised

= The five hydroxyl groups give it additional stability
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Figure 34 Drugs that block voltage-gated Na®
and K" channels. Tetrodoscodn and sactenn both
bing to Na™ channals with a very high affinity.
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Hydrated Na+ ion binds reversibly on a
nanosecond time-scale; whereas TTX is bound
for tens of seconds.

TTX is much larger than the Na+ ion and thus
the TTX-Na channel-binding site is extremely
tight (Kd = 10:* nM)\
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Fig. 4.9 Selective measurement of sodium and potassium currents by selective block-
ing of the sodium and pomsmum chm els with pharmaculogwa] agents. (A) Control

without pt ical agents. (B) M after application of
tetrodotoxin (TTX), (C]Conlml without ph logical agents. (D) Mea-

after i of ium (TEA).
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Figure 8-10 The sequential apening of voltage-gated Na*

and K channels genarates the action potential, One of
Hodghin and Hudey's great achisverents was 10 separate the
total conductance change during an action polential, first de-
tected by Cole and Curtis (see Figure 1) into separate compo-
nents atiributzble 1o the opening of Na™ and K* channwis. The
shape of the action potential and the undarlying conduitance Fig 428 The
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Fig. 437 Schematic iiration of the four different methods of puich clamp: (A}
1 - and

1) inide-cut coagurstion. (Msified from Hamill et al., 1981,
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Technique




Measuring individual ion channel opening

Figure 3-12 Individual voltage-gated shannels open in an
all-ar-nane fashion.

A A small paRCh of marmirane cantainng only 4 singie
woltsge-gntod Na* chanrl i electnically isalsted fram tha rest
af the call by the palch slectrode Tha Na™ curent that enters
her coll Ehiough these channals is recorded by a cusrent mons
101 CoNNEcted 10 918 pALC eleCTOe.

B. fiecardings of singie Na* channels n cuftured muscle cels
of rats, 1, Time course of 8 10 M depolanzing voitage stop ap
wiod across the patch of membrane (V, = potental Stferancs
acress the potchl 2, The sum of the imward cument through the
Na* chanrsls i the pateh during 300 tials (), = cument
through the pstch of membranel. The race was oblaned by
tiocking the K~ channals with tetrasthylammonium snd sub-
wacnng the capactive current pectroncaly 3. Ning mdivdual
miaks, from the set of 300 shawng six ndmdusl Ka ' channel
openings (girclas). Thase data demanstrase (hat tha 1otal ha*
curtent recorded in a comantional voltsge-clamp record (e
Figure 8-3C1 can be accounied for by the S5-0rnone cppning
8l elosineg of mdwidaal Ma ™ channals. iFrom Sigworth and
Neher 1980 |

Tima [ms]
Fig. 4.28 Registration of the flow of current through a single jon channel at the neu-

romuscular endplate of frog muscle fiber with patch cl
o o frog ith patch clamp method. (From Sakmann
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Figure 68 Ton chanmels are compised of several subunits,

A, Lon ehannels can be comstructed a3 hetersalgomens from dobined sub,
hamodoligemens from & single type of subunit (middie), or from & single polypeptide chain
srganzed ints receatng mutifs, where sach matf functicns a5 the sauivalent of sne subuni

{right}.
B. In add, o ve-lorming & subunils, which ¢ e & cential core, same
channels contain auxiliary subunits (§ or &), which modulate the inherent gating characteristics

ol the eenbial core,

[ L e——

B Gap junciion canned

Cyophmaric e

A Vorage-gated K- channel

e N ﬁ

Figure 6-12 Three related families of K*-selective ion channels.
A. Veltage-gated K= channels are composed of four polypeptide subunits. Each subunit
corresponds to one repeated domain of a voltage-gated Na~ or Ca2* channel, with six
transmembrane segments and 2 loop through the extracellular, face of the membrane (the so-
called P region)

B. ifier K* channels are of four subunits. Each subunit has only
two transmembrane segments, connected by a P-region loop.

C. A third family of K+ channels has a characteristic subunit structure corresponding to two.
repeats of the inward-rectifier K= channel architecture, with two P-regions in tandem. The subunit

- b o ;'1
ﬂ{r - - f‘!’ (]
' ) Measwres the cument

at I;[ flowmg through
e SINGLE channels.

Fig. 4.29 Working hypothesis for a channel, The channel is drawn as a lmmnmnbm_ne
macromolecule with a hole through th The functional regi Ty selectiv-
ity filter, gate, and sensor—are deducted from voltage clamp experiments and are only
beginning to be charted by structural studies. (Redrawn from Hille, 1992.)

Torpedo electroplax
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Cloning the sodium channel

u Start with tissue with loads of target:

eel electroplax

u Purify protein by affinity to TTX

u Microsequence N-terminal
u Design degenerate probe -
u Screen electroplax cDNA library
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Figure 10.3 Domain structure = 2nd Smine acid sequences, of the faur repions of infamal homology of the sodium
hannat proteie. (A} The 1820 amine ackd sequance coniaina four homdlogous domains: I I i B 1V: The firet
icluo 4 Smcond frorm rosiies S55 o remun 507, the thid frorm recus

950 15 reakiun 1281 Snd o 4o Il rosiue. 1317 o rac/oue o Eaon oy e o tday
smembrana segmonts, S1, S2, S3, S4, S5 and S6. (B) Amino acid sequonce of the four homologous domains.
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Table 10.1 Ciassification of voltage-sensitive channels

Name Current  Conductance  Structure Notes

1. K* channels

Ka [ 1-20 pS 6T Activated by depolarisation, after & period of
Iyperpolarication
Biocker:

K, e 5-60 pS 6T Detayod rectfer, actiated by depolarisaton
Blocker- TEA

Kourr, Ks ks 5595 &TM Inactivated by 5-HT via CAMP

BKc, uzcn 100-250 pS &TM Two other K, channels with lesser conduc-
tances (IKc, and SKe,) are known

Ky ey 20PS Ubiquitous. Activates. (slowly) with small de-
polarisations. Maintains V., Blockers: TEA, &
AR

Karm b 5-90pS 2TM [ATPY inhita charne! opsning; [ADPY fack-
tatas channe! opan

Kacy, (GIRK) [ 7-50 pS 2™M vatod by MAGR and adenosing receptors
o petome, Mg dependent

Mink & - 1™ Slowty activating. Not yet known in CNS

2. Na+ channels

T b - 4x6TM CNS, spinal cord > brain

" P 20 pS 26TM NS brain > apinal cord

i he -+ 18pS ax6TM Embryonic and neonatal CNS

. Blockers: TT; STX

3. Ca™ channeis .

L [, 25pS 2x6TM Present in muscle, andocrine and some nerve
cells

N [, 12-20 pS ax6TM In prasynaptic endings; tggers release of
transmitiers

P [, 10-12 pS 4x6TM Prominent in Purkinje cells

T s 8PS 4x6TM Significant in repetiive

spikes
Biockers include DHP, spider toxins; Cd*,
o™, W™, NI, La?

4. G- channels

cic looey  10PS 12T Several varieties; widespread in
Gin fow - 45 Widespread; modulated by intemal cAMP and
GMP
Phosphlemman kg 1™ Cardiac, skeletal, smooth muscle; lemman
iver
o s
Data sources include 1995 et Normanelakars Suppterrant Trame 1 AT asogreat Soiances; Jontsch,

Siainmeyer and Sorvears {19507 Janisch (1993, Prapeon arvl Nawor (1002)
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Figure 10.16  Structure of the calci chain.
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while the boxs
@5 1-8 denote the homologous ll within each domain.
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Topology ot the sodium channel

There are 24
transmembrane domains,
arranged in 4 quarters

There is internal similarity
between each set of 6.

This suggests that the
channel has evolved from
intragenic duplication of an
ancestral, 6-pass channel
that presumably formed a
tetramer

A

Extracellular

Membrane

Intracellular

Figure 2 () Tansmembeans apaiogy of sodium channiel praposed by Noda of ol 1885 (B) Proposed ariangement of the
smembeane segments x smgments (55, n

“aerwed in tha direction parcandouar 1o ihe membrane. The si

Pumbered

eharged and may be inucived in galing. (Based on Noda af ai . 1886}

Mammalian voltage-gated sodium channels

(+lon selectviy \
fitae)

-«wmm
/ Ahernative spice variants

topological arrangement shown in fig, 4.18. Evidence in agreement with this
comes from the positions of phosphorylation sites {which must be cytoplas-
mic), and of glycosylation sites and binding sites for scorpion toxins (which
must both be an the extracellular side of the membrane), and also from anti-
body binding studies (see Catterall, 1988, 1992; Trimmer & Agnew, 1989).

It seems very reasonable tw assume that the four domains of the protein
chain are clustered together to form a cylindrical rosete with an aqueous pore

Fig. 4.18. Membrane topalogy
of the rat brain voltage-gated
sadium channel. The four
domains in the a chain are
labelied 110 IV, and the 51 to
56 transmembrane segments
are shown in each of them.
The 551-552 (HS or F)

nts are shown dipping
into the lipid bilayer between
55 and 56; small circles in them
represent residues involved in
tetrodatoxin binding. N-linked
glycosylation sites are shown a
*. Sites of phosphonation
{chapter 6) are shown as P in a
circe for cAMP-dependent
phasphorylation and Pin a
diamond for protein kinase C
phosphoryation. The
inactivation particle (chapter &)
is shown by h in a circle. Black
rectangles and ScTx show sites
involved in hinding scorpion a-
towins. The principal a subunit
contains the transmermbrane
pore; two auxiliary B subunits
are present. The 2 chain (not
shown in this diagram) is
similar 10 the 81 chain in its
topology. (From Catteral,
1992

Extracelulas

fon channe!

Figure 10.2  Subunit structure of brain Na® channel. (A)
Schematic cross-section of channel inserted in mem-
brane. The channel complex consists of the 260 kDa x-
subunit and the two smaller - and fi;-subunits. Al
subunits are heavily glycosyiated on thair extra-

wlma: surfaces and the 3-subunit has binding sites for
toxing (ScTX) and tevodotoxin (7). The
Trracakdar surlace of the a-subunit has numercus
ion sites. The f,-subunit is associated
non-covalently with o while the [i,-subunit is inked via
disulphide bnnds (B) Surface view from the extracsilular
side showing the ion channel in the centrs of the =-sub-
urit. From Catorall (1302). Physioiogicai Heviews, 72,

§15-548; with permission
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Internal repeats are emphasised by a matrix plot

Wmaitiedl by Uskitledi ebwis Plet
Wednastny, May €. 1380 8117 e

Table 102 Amino acid residues in TN

K channels
Shakar
Sha

«sr<m<<
Fr—TTm—
DD DWwDD
o4s——r
—Mm—-=<
DD DIDD
Fee——<
remEen
ITTDID
P - -
MrMTmeTw
mEERERX
——merr
- — -4
XwIuDI D
~=XTXLXTXT
E-wtnuon
“TOoOW=-x
Cl~ i =TT X~
e

gmvenlsmej one-letter code for aming ackds; those with side chains bearing positive charges emphasised: Hahistiding; K=lysing;

=arginine,
Aner Catoral (1992), Physiotogical Reviaws, 72, $15-548
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Fig. 6.12. Amino acid
sequences in the four S4
segments of various voltage-
gated sodwim channels. T}
psitively charged arginine (R)
nd Iysinie (K) residues are
shown in bold type. The
sequences are from rat beain
hila

the electric eel Electrophorys.
two squids Laliga, and the
human muscle sodium channel
gene SNC4A. (From Keynes,
1902

The molecular basis of gating

When the primary structure of the electric eel sodium channel was first deter-
mined by the Kyoto University group (see chapter 4), one of its striking fea-
tures was the nature of the 54 segments. In each of the four domains there
arc strerches of this segment where cvery third residue is either an arginine or
a lysine, both of which arc positively charged. There are five such residues in
S4, (the 54 scgment of domain I) and S4,,, six in 54,,, and cight in S4,,.. The
intervening pairs of residues are mostly non-polar. This suggested to Numa
and his colleagues thar the 54 scgments together make up the voltage sensor,
and that seme partial movement of them across the membranc will give rise
to the gating current, Patterns very similar to that of the clctric cel channcl
are found in other voltage gated sodium channels, as is shown in fig. 6.12

Conserved

charges in = y
the S4  w [ Ldrly il

T
[ P A VA Lk s
. &

helices / 50

Molecular studies in recent years have shown that they and similar channels

fr lor i
oy a single.
&
00, R
—

Fig. 4.16. Characteristic
structures in voltage-

membrane-associated segment
$51-552 {also called HS or P)
‘occurs between 55 and 56 and
probably forms part of the
lining of the pore. The 54
‘segment cantains the pasitively

rged amin acid residues
arginine (R) o lysine (K) at
every third position. This is
shown Shaker

forma related protei

anumber of structural features in - potassium channed in 8. (From

common. Not all members of the superfamily are gated solely by changes in  Catterall, 1993. Reproduced

from Trends

membrane potential, and sa pardy fot this reason the terms voltage-depen- 00 T8 3 Mourosaenes:
dent’ or ‘vols > are used instead of ‘voltage-gated’ 10 Trends Joormate)
deseribe them.

Fig. 6.13. Amino acid

—35 SEQUeNces n the 54 and
3L 15 leucine-heptad regions of
L L n G various voltage-gated channels
Sh MSLAILRVIRLVAVRIFHLGRAsk LIFRLFL The top seven sequences are
L from potassium channels, the
::31 - sodium channel sequence (Nal
Shab  DVRRVVQ=F-IN-IL-\ H is the second domain of the rat
el 1k b by brain lla sodium channel, and
Ha o LWVE the calcium channel sequence
& -ma CE-vag (Ca)is from that of the skeleta

muscle dihydropyriding

receptor. Amino acids identical
sodium channels. Thes cted mRNAs made from the altered cDNAs into  to Shaer (h) are shown by

‘e ' ’ ; i Uashes, Asterisks show

Xenapus oocytes, so that the mutant w.hum‘ channels would be expressed in posively charged R and &
the oocyte membrane and eould be investigated by voltage clamping lacge  residyes n 54, Bores show
patches of membrane. They found that the steepness of the relation between  leucine residues in the heptad
channel opening and the membrane potential was progressively reduced as  'epest (from McCormack et

- . N al, 1991
the positively charged residues of the 54, segment were replaced by neurral or !
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A 4-state gating model

The 4 54 helices suggest an obvious
mechanism for channel gating.

Figure 10.18 4 ‘slding helix votiage sansor, (A) Ball and siick’ ropresentation of the 54 hellx of domain 4 of the

ho amino acid singlo- tha
helx in response 1o vottage change (AV) 5cross the membiane, At resting polental (8) al positvely charged side

pai of the channel protoin. Tho helx is
hekd in ths posibon by, the negaive intermal potential of the resting membrane (/). On depolarisaton the helix
‘e cubvardaby SAand i

60", Asindicalod in C this leaves an unpaired negative chare on 1o P-taco of
enbrane and an Lngaired poslive charge on the E-ace. Furthér eXDianaton in 16Xt From Caneral (1952)
Physiotogical Feviews, 72, S15-548; with permission.

The “sliding helix” model for channel
gating

Conventional model

- - -
.
——

Problems with structure

u Voltage gated channels were thought to be impossible
to crystallise

u McKinnon’s group tried many organisms, but could
not get stable crystals

u Thought that this meant that part of the protein was
very mobile

u So used sequence from thermophilic bacterium

u AND raised monoclonals to S4 domain

u WERE able to crystallise

The structure

Comparing Shaker with KvAP, shows
that it's a true voltage-gated channel
o

LS

P mmmﬁmﬁm&w.m a5

S pe T e i e T
-

PERE e e —

T e ]
| VPGB AL RO L A LT BRI AT

Fab fragments (attached to S4 helix) in
green o

Thepore —

The S4 helix is in a very unexpected
place : a ‘paddie’

The channel

4 green K+ ions line

S5 and 56 line the channel

the channel
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S3 and S4 contribute to the voltage-
sensing ‘paddle’

53 can be split in two : S3a that
sits wit the main protein, and
53b, that forms an antiparallel
helix against S4

S3a and S3b are joined by a
loose loop.

5S4 is linked to S5 by a much
tighter linker.

So while the paddle is free to
move, changes in position of S4
could be expected to move S5,
and hence change the shape of
the pore.

Figure 8-16 Gating of U Ha® channel is Uhought Lo rely on redistrilution of net chargs
n the S4 region.

A, AL rest, the inside-negative electric fighd across the membrante biases the positively charged

4 helix toward the inside of the membeane, Gne of the positive charges is stabiized by

interaction with 3 megative charge in ancther part of the channel. The remainder of the

charged region s in & water-filled cavity in the channe! wall that is continuous with the cytaglasm.

8. When the cell is depalarized the change in electrical field ac he membrane drives the
54 region toward the extracellular face of the membrane. This change in configuration apens
the activation gate by & mechanism that is net well understocd. (Adapted from Yang &% al, 1996.)

A new model for gating

In the traditional sliding helix

model, 4 54 helices were Conventional madel

buried within the protein and

maved in response to the v
field change as the —

membrane depolarised

In the new model, the 4
paddles make large
movements through the
membrane, and pull the base
of the S5 helix open.

New model

In both models, all 4 quarters
have to decide to open
before the pore is big enough
to pass ions.

Cysteine scanning mutagenesis

Principle: mutate the only Gt St

C in the protein, then G . . @
introduce C's around the § § E = E i ?E ( ?
S4 domain. R o
Bind biotin.

Then ask:

Does avidin bind from
outside, inside or both?

Some residues must move across the
membrane

So how does the shape change?

Red: residues accessible from
outside

Blue: residues accessible
from the inside

Yellow: residues accessible
from both sides

Fab binding mimics
depolarisation

pulls paddle to surface

Opens channel by pulling
at base of S5
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Mammalian voltage-gated sodium channels

Fore
[+ ion selecivily
fige) !
nactvabon
p /awr.vwsrk;e variants

Mammalian voltage-gated sodium channel o

subunits

Gene Primary Present TTX
Type Symbal  Name Tissue in DRG sansitivity
Ma,21.1 SCN1a  typel CNS, heart + +
Najl2 SCN2a  typell CNS S E— -
Na,1.3 SCN3a  typelll foetal brain + (embryoric) +
Na,1.4 SCNd4a SkM1(ut) skeletal muscle {onbryoiic, ) +
Na,1.5 SCN5a SkM2 (H1) Heart + {aduh, mouso) -
Na,1.6 SCMN8a  NaCheé  CNS, glialcells  + +
Na,1.7 SCNga PN1 SCG, CNS + +
Na,1.8 SCN10a SNS(PN3) DRG + (small & medium cells) =
Na,1.9 SCN11a NaN (SNS2) DRG + (mest small calls) -
Nay SCN7a NaG sciatic nerve, lung 4 +i7

Mutations in Voltage-Gated Channels Cause

Specific Neurological Diseases

Several inherited neurological disorders are now known to be caused by mutations in voltage-
gated ion channels. Patients with hyperkalemic periodic paralysis have episades of musdle
stiffn s
in serum after vigorous exercise. Genetic stu ves d s caused by a
point mutation in the a-subunit of the gene for the voltage-gated Na* channel found in
skeletal muscle. Voltage-clamp

(myotonia) and muscle weskness (paral fon of K* levels

studies of cultured skeletal muscle cells obtained from biopsies of patients with this

disorder demenstrate that the voltage-gated Na* channels fail te completely inactivate. This
defect is exacerbated by elevation of external K*. The prolonged opening of the Na* channels

is thought to cause muscles to fire repetitive trains of action potentials, thus producing the
muscle stiffness. As the fraction of channels with altered inactivation increases (as @ result

of continued K* elevation), the muscle resting potential eventually reaches a new stable
depolarized level (around -40 mV), at which point most Na* channels become inactivated so that
the membrane fails to generate further action potentials (paralysis).

Hyperkalemic periodic paralysis and SCN4a

SCN4A
Official Symbol SCN4A and Name: sodium channel,
voltage-gated, type IV, alpha subunit [Homo sapiens]

Other Aliases: HYKPP, HYPP, NAC1A, Na(V)1.4, Nav1.4,
SkM1

Other Designations: skeletal muscle voltage-dependent
sodium channel type IV alpha subunit; voltage-gated sodium
channel type 4 alpha

Chromosome: 17; Location: 17¢23-q25.3

Annotation: Chromosome 17, NC_000017.9
(59369646..59404010, complement)

MIM: 603967
GenelD: 6329

TTX-s and TTX-r Na* currents in small
diameter DRG neurons

: TTX-R
. TTX-S Iy, : MNaN/Ma,1.9

|

10m
as,
cument
&)
Emimi)
St O
o o
s | By
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Role of sodium channels in DRG

+ Na\1.3 and neuropathic pain

Not expressed in the adult PNS. Down-regulated by GDNF. Re-expression after nerve
damage was thought to be responsible for ectopic discharges but KO animals are still
neuropathic and still display ectopic discharges...

« Na, 1.7 and inflammation

Located at sensory neurons’ terminals, Up i by inf ¥ s such as
NGF. Mutations in Na, 1.7 are invelved in human deminant inflammatery pathologies
(Paraxysmal Extreme Pain Disorder and Primary Erythermalgia) and congenital inability

1o experience pain.

= Na, i 8 and nociception
TTX-H sensory neuran- specific channel. Commees the majority of the sodium current

derlying action p Isinr P d by ir ¥
mediators (PKA).
* Na,1.9
Expressed in some nociceptors. Too slow to contribute to action potentials. Sets firing
hreshald. Up-regulaled by G-protein pathways. Down lated after axotomy.

— + e G
i e T ————
Ea

Sehwann cell
Depolarized region

N —-‘.\‘ {node of Rz-m‘-r‘.‘

Pruynupli?
cell @

4 .t] F

M ' Postsynaptic
cell

Na* \ —— Neurotransmitter
——— Receptor

L,
cleft [ 1
Jon channal Y %!f-"f_,.j,,'m"m, l‘M 11 | Postsynaptic
{closed) pan, membrane

Chemical synapese ol

= lon channel
protein

Oy-p—part ot

- (" degraded
neurctransmitter

A

‘Table 4.5. Homoiogies and latusre of sorme T ila amd roltage-gated
potassinm channel gemes
Mammal
Drosophila Mouse Rat Human
Shaker Kvl.1 MEBK1 RCK1, RBK1 HBK1, HK1
MK RMEK1, RK1
Kv1.2 MK2 RCKS, BK2 HEKa
RK2. NGK1
K13 MK3 ncxs RGKS HGKS, HPCH
Kvla l::m RHKT HEKA, HK2
hPCHZ
kw15 m:n, Kv1 hPCNT
Kl 6 RCK2, Kv2 HBK2
K17 MK4
Kvl8 RCKS
Shab K2 1 MShab DRK1 DHK1
Kv22 cdrk
Shaw K31 NEGK2 Kvd, Raw2
Rawla
Ku3.2 RKSHILA, Raw
Kv3.3 MKS KCNC3
Kuld MKE Raw3 KCNCA
Shat Kvd. 1 Mshal Rshal
Kvd.2 RKS

Different laboratories have used different ways of naming the various mammalian channel

» some of these are listed in the table. The Kvi.1 etc. notation was introduced by Chandy
etal. (1991), and is now generally used. The other names can be converted to this system:
DHK1, for example, becomes human Kv2.1 or hiv2. 1. Partly after Pongs (1992}, with
information from Strong et af. (1393}

Structural types of K* channels
and

accessory proteins

“Leak” channels

5

Ky, channels

K;; channels
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ﬁs(ﬂsm m Extracalluler

@ \J U Intracelular
d

Cre

Figure 10.9 Structure of the Drosophia fast potas-
gium channel protein. This schematic shows six
transmombrane segments. Botween 55 and S6 an
antiparallel pleated haimin' s inserted into the mem-
brane. The langthy N-taminal reglon is cailed 1o form &
globular ‘ball. The asterisk indicates the position of the
cAMP-mediated phospherylation site. MGlycosylation
sifies are shown in he usual way. Note tal transmem-
brane seqment 4 is strongly positivty charged. It is

ia b laiiall Cosher prlanoting i

Figure 1010 'Ball and chain' inactivation of K:
channel. oK it

are shown. Two conformations are indicated: (A) open
and (B) closed. A similar mechanism is beliovad to form
the sodium channel inactivation gate.

Fig. 6.15. The Tall and chain
model for the inactivation of
voltage-gated potassium
chanmels, such as the fruit fiy
Shaker A2 channels and some

Open state Inactivated state
mammalian charnels. Only
three of the four channel
subumits are shown. It is
assumed that inactivation
DOCUTS GNCE 3Ny 0N
inactivating particle for “ball’)
docks into ifs receptor site near
the mouth of the pore. (From
Rehm, 1991.)

bilayer

Phasphalipid

Humans have multiple channel

variants for each major ion
involved in membrane excitation

Variants of human
K, channel subunits

o
0O
®

9.1
111
8.1
21
5.1
6.1
6.2
6.3
10.1
11
3.1
41

=4

the K+-E:hannéls isvthe ATP-

sensitive ‘inward rectifier’
channel

Cation channels as drug

targets
Sodium channels:
Cardiac excitation - arrhythmia
Neural conduction - local anaesthetics
Cerebral excitation - epilepsy
Potassium channels:
Cardiac excitation - arrhythmia
Vascular smooth muscle tone  — blood pressure
Pancreatic B-cells - insulin secretion

Calcium channels:
Cardiac excitation
Vascular smooth muscle tone

arrhythmia
blood pressure

Ly

KINetics of sodium channel
blocking

by local anaesthetics

Depolarization Spontaneous inactivation

Closed ——— Open ——— Inactivated

Slow reactivation after membrane repolarization

mnE R
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Kinetics of sodium channel
blocking

by local anaesthetics

Bound, Open Bound, Inactivated

Ligand /[ Ligand '/[

Closed ——— Open Inactivated
Nel _7
Fast Block Slow Block

Local anaesthetics derive from

cocalne
i
Cocaine @ O G HC—NH
H,C—O
o
CH, ",
0‘ C—CH,
Lidocaine NiciciN{(
H H,
SZ—CH3
CH,

Lidocaine and two partial
analogues

Lidocaine

Aniline Diethylamine

mirmoIiIuIT T VA \)Illul\r |‘MV

channel by diethylamine and

aniline

Control DEA [18 mM]

s ST } Incomplete
won ’ R "
T - ) immediate,

0.55 all the time

Control

Complete

Aniline [12mM) block,

“’[ﬂ“ Y = delayed,
1pA @ ﬂﬂ HWM part of the time
= ] —— o

Kinetics of channel

reactivation
dF/dt = -F, /1 = KF,

F=etizek 1>1 k<K

100%

Fraction of +lidocaine

channels

remaining

inactivated 1 Le
(F) \

T T
Time (t) after inactivation

Dynamic equilibrium of
channel states

at restiggg potential

kopen( \ kinactivalicn

closed inactivated

~_

k

reactivation

kopen [closed] = kinactivation [Open] = kreactivalion [inactivated]
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I'ne efrect of lidocalne on

sodium channels varies with
the resting potential

k of opening

) ik of recovery
i\ + lidocaine \-Iidocaine

T T T 1
-100 -80 -60 -40
Membrane potential (mV)

The effect of lidocaine on

sodium channels varies with
the resting potential

1y
\N - lidocaine
+ lidocaine \\

T T 1
-100 -80 -60 -40
Membrane potential (mV)

(fracion)

Channels in closed state

o

One or two binding sites for
lidocaine?

J

The heart

aorta

— pulmonary artery
left atrium

—————— valves
right atrium

left ventricle

right ventricle ___\ septum

The excitation / conducting
system of the heart

. . Bundle of His
sinoatrial node
Purkinje’s
atrioventricular fibers

(AV) node

I'ne excitation and the Wworker

cells have different ion flow
properties

*~ K*(fast)
+ d
Na‘t. t
Ca** «— K* (slow)
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Lidocaine and two metabolism-
resistant congeners

CH,

H2
0‘ .. C—CH,
Lidocaine N——C—C—NH"
H H, \-
C—CH,
H2

CH,

o
L w
ch—c‘:—cr«g 0—C—C—CH
NH, NH
CH, CH
Tocainide Mexiletine

Phenytoin blocks sodium

channels in the brain and is
used in epilepsia

Properties of phenytoin:
O H * Good penetration of blood brain
N barrier

¢ Acts on several cation channels
besides sodium (contribution to
therapeutic effect unsettled)

¢ Strong enzyme inducer (hepatic

metabolism, CYP3A4) —
Multiple drug interactions

the K+-'channéls isvthe ATP-V
sensitive ‘inward rectifier’

Sulfonylurgngrﬁ)pel K;,-Channel

ATP binding loops

ATF DInding 1o the suionurea
receptor

closes the K*,;p channel,

-DEDI

®

IMISUIT SCCUITCUUIT T UiIc

pancreatic -cell is triggered
by membrane depolarization

Insulin Glucose

Glucose
OO0 Insulin
/‘T @ ADP
EMem
]
x® D
\ e — H,0 +CO,

Sulfonylurea aerivatives suchn

as tolbutamide promote
closing of the K, channel

I?D@E )

@ i
H,C !fNJLN—C—C—C—CHa
" H H, H, H,
(e}
Tolbutamide
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boln DIoCKers and openers ol

K* channels bind to the
sulfonurea receptor

N\ Cliallrici U[JCIIUID reuucc
cell contraction in the vascular
smooth muscle

/’ EMeml \

a0j0e D’%
&’

\/
Contraction

o o
Hac—O—Q—NJLN—c—c—c—CHa Tolbutamide
H H H, H, H,

N

e
Diazoxide

cr <
S
0” o

{ ‘»{%-—o Minoxidil
o
< >N /_\<N; 07‘5‘:0 Minoxidil-4-sulfate

Shaker

Shaker is a quarter-sized,
‘ancestral’ K* channel found in
Drosophila

Rather than being primitive, it is
now known that there are
multiple shaker-like channels
Iumans.

The

@ MAAVAGLYGLGEmQQ
*_m gl

‘ball

and
chain’
model
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Even smaller channels. ..

TAMILIES OF
K+ CHANNEL
SUDUNITS

Hg

Reclifier */’\

E(v) superfamily

by

VoWa U\

&) -[52 SgT Sy
TInward ~hiH.

1]

coaH—
E 1,

COOH

BOX 10.2 EVOLUTION OF ION CHANNELS

SHTA nAGHR SR GABAR

Gu  Stwich cNG

vois  vooe vamae

.

'
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