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How lon Channels Work

At some time in Earth's early history, perhaps witnenplanet was less than a
billion years old, the ancestor of all present dayng cells acquired a
protective membrane in which to surround itselfNtade out of oily lipid, the
advantages of this membrane barrier for the celluldvohave been
considerable. Protection of the valuable intecmntents of the cell from the
harsh primordial environment probably was the majarving force. A
membrane also provided this first cell with a highencentration of needed
metabolites and other "food" molecules by the samgit of confining them



inside a small volume which is the cell's interiddowever, cellular
membranes create problems of their own for liviggtesms, due to the same
reason that made them so beneficial in the firatqal they are very effective
barriers to the transfer of large molecules as wasllsmall negatively and
positively charged molecules (ions) which are ndedale the cell for various
activities including growth and reproduction. s just about anyone who has
ever tried to wash grease from their hands usingmaithout soap knows,
some types of chemicals, like oil and water, do want to mix with each
other. Such is the case for water-loving ionth@menvironment and the oily
lipid membranes which guard the contents of allscelThe problem is that
ions prefer to remain in water, but in order togpfiem the watery exterior of
the cell to the also-watery interior of the celtgtoplasm where they are
needed, they must first find a way to traverse ¢eé's oily membrane
barrier. And they have evolved ion channels tdgom this task.  Itis true
that the first cells may not have needed ion chianbecause the first lipid
membranes may have been inherently leaky on their o It's also possible
that small hydrophobic peptides evolved along whitn membrane itself, and
only later became the more complex ion channelsaegoday. However ion
channels came about, nearly all types of cells we t®day are highly
dependent on the actions of these ion channelansfer ions in and out of
the cell. In fact, if it wasn't for mitochondriedembranes and ion channels,
the use of ion gradients which are necessary ®mtioduction of chemical
energy (ATP) and therefore Ilife itself would be imspible.

One hundred years of work with cells by scientistshe 19th Century had
provided the first hints of the prominent plgm®teins would soon assume in
the search for clues as to how life works. Bs mhid-1800s, proteins in the
form of "enzymeswere discovered by the chemist Bertholet andrsthe be
necessary for the long sought explanation as to hb& process of
fermentation leads to the formation of alcohol freagar, which is just one of
many of the useful transformations enzymes perforrAnd up until the
middle of the 20th Century, it was even assumed f{hrateins were
responsible for carrying genetic information; dodarge part to their ability
for providing endless diversity; simply by varyinthe number and
arrangement of their constituent amino acids (not¢A would turn out to be
genetic material by the early 1950s, not proteiBy)the early 1960s, it was
becoming clear that ion channels were composedaiéip; and it came as
little surprise to anyone. This is because sk reasonable to assume that
in much the same way that a protein in the formrotnzymes was known to
"help" chemical reactions along the chemical reacpathway from substrate
to product, protein ion channels could perhaps haig back and forth thru
the cell membrane by lowering the energy barrieerent in this process.
And as we shall see, this today is the generalbgpied explanation for the
mechanism of ion transfer from one side of the m@mbrane to the other.
lon channels provide a pathway for the ion whictofidower energy, and



therefore more favorable. This is not unlike thay in which water will
always choose the path of least resistance whevingpfrom one place to
another.

Below: Cartoon drawing of part of a cell membranghwan ion channel (purple)
embedded in the membrane. On either side of tinébnage is a watery environment.
lons, which are water-loving (hydrophilic) must patru the ion channel to go from
one side of the cell to the other. This is becdhsecell membrane is hydrophobic (or
"water-fearing").

@ ® ®  putside the Cell

Inside the Cell

By the 1830s, it had been determined by chemisas tiearly all of the
chemicals that make up living tissue were simplgnbmations of just a few
non-metallic elements: carbon, hydrogen, oxygerd aitrogen. Some
proteins (proteins were actually first called "alboous substances") also
were found to have a small amount of phosphorussalidr thrown into their
formulas for good measure. By the end of #®@0%, Emil Fisher was able
to show that proteins were made up of various anaitids strung together
like pearls on a necklace. He proved this sinipylycreating small proteins
(called "peptides") in a test tube starting outhwonly a few types of amino
acids and joining them together until they stattedesemble proteins in the
way they proteins were known to react to the "dlutest. These atrtificial
peptides he created looked and acted just likalimeminous substances, the



proteins. By the 1920s, nearly all of the cloainstructures of the 20
various kinds of amino acids which make up proteiese known, which
meant that chemists could predict what kinds oftteas they could undergo,
and whether they preferred being in water or iy situations.  Since the
advent of x-ray crystallography in the 1960s, whiebecame possible to
actually look at the individual atoms in a singipé of protein molecule, it
has been considered more accurate to think ofdeemaajority of proteins as
being like strings of amino acids which fold upaira highly ordered "balls of
yarn". Many of the 20 kinds of amino acids whibhve a tendency,
chemically speaking, to be in oily hydrophobic ieonments were found on
the insides of proteins more often than the oussidad the rest of the amino
acids were found to be in watery hydrophilic enmireents and tend to be
found on the outside of proteins. It is also nowwn that the "domains” of
ion channels that are embedded in and in contatt the oily hydrophobic
lipids of the cellular membrane tend to be made ajuthe kinds of amino
acids that tend to be found in oily kinds of enkiments. Some examples of
hydrophobic amino acids are phenylalanine and galiThere are about 10
all together like this.

Amino acids which form theore of the ion channel, the part of the ion
channel where ions and water travel thru the mendyraecause they are
required to be in contact with water-loving ionsll wf course tend to be the
hydrophilic water-loving kinds of amino acids. re® examples of these are
asparagine (first isolated from asparagus!) andineser Like their
hydrophobic amino acid cousins, there are also tab@uhydrophilic amino
acids. An important question by the 1960s:wlaghe ions get any kind of
help from the protein's amino acids as they trdwel the membrane? After
all, ion channels have been shown time and agaibetable to tell the
difference between the different types of ions tlhetythru. For example,
sodium channels let only sodium ions thru and poas channels let only
potassium ions thru. This means therefore thas ioost probably are
making some kind of physical and chemical contaith wthe protein ion
channel as it traverses the membrane. But hoM¥ does this have
anything to do with gating' of ion channels? In other words, how a channel
opens and closes its pore?



Distribution of amino acids making up an ion chalnnea membrane (above): The
lipid membrane bilayer is hydrophobic in the cer(ggay) and hydrophilic on the
surfaces (blue). lons (black) can only pass theupore of the ion channel because
this is the only part withydrophilic amino acids lining the pore (green = area of ion
channel with hydrophilic water-loving amino acids).he rest of the ion channel mostly
consists ohydrophobic amino acids (purple).

What forces might come together for the purposguiding an ion up to and
thru the pore of its respective type of ion chafinel The answer appears to
involve a special kind of chemical and physicaérptay, almost like a dance
which takes place on the sub-molecular level, betwtke ion and the pore of
its channel; where the distances are measuredrims tef millionths of a
millimeter, rather than everyday macroscopic distsnwe tend to be used to.
Consider the following admittedly rough analogytmagine that you have
just fallen to the bottom of a deep well, and etfit appears that the only way
you can climb out of this well is by scaling up thides of the walls to the
surface.  Since it is dark down there, you fyodi must first feel your way
around the sides of the well, grasping at anythimgt might attract your
attention. It is at this point that you touchat/feels like the bottom rung of
a ladder; and you hold tightly onto it.  Youriaos would be similar to the
way in which a negatively charged ion is attracteda positively charged
amino acid (for example, lysine) on the exteriortlod ion channel near the
opening of the pore. This type of interactiorlisctrical (negative attracted
to positive charge) in nature and it serves to gase the éffective
concentratiofi of these ions near the outside of the pore (dealtry if you
didn't understand that completely. Freshman cheymmsould help a lot here,
though).

Next, you guide your feet onto the first rung o tadder and you place your
hands onto the next rung above in it order to galirself up towards the



surface. But the hole becomes smaller as youpgand you find you need
to shed the heavy jacket you are wearing in omlesqueeze thru.  In much
the same way, an ion must often times shed therwatdecules which
surround it before it enters the pore (note thaséhdozen or so water
molecules are always there surrounding the ion ew®nthe ion is in the
watery liquid environment outside or inside thel)cellt is unfavorable,
energetically speaking, for an ion to lose its watwlecules, so as the ion
sheds itself of the water molecules, what needake place at the same time
is for the amino acids composing the ion channeé go make up for this
energy cost by forming the same type of bonds ddathydrogen bond$
with the now naked water-less ion just as if theseino acids were
themselves the water molecules. Amino acidé siscserine and threonine
"look" enough like water, chemically, to take wé&emplace in some
proteins. In the same way, the oxygen-studdegtige backbone of the
protein can help to take the place of water somewbkavell since water is
also composed of oxygen.

Anyway, you continue your climb up the ladder, rdnygrung, until you start
to tire out. As for the ion in the channel, it ising "chemical rungs" formed
by the ion channel's amino acids and the peptidkldmae of the channel in
order to guide it and keep it moving in the rigltedtion. Together, they
form what are calledribncovalent bondswhich are much weaker in nature
than the kinds of bonds that hold atoms togetheinaa molecule (i.e.
"covalent bonds"), but added together these hydrofpends are of
considerable influence on the now dry ion. As yomtinue climbing, you
notice that the diameter of the hole you are climgbout of would preclude
someone larger or smaller than yourself from fiftihru, because someone
too big could not fit thru the hole, and someone small wouldn't be able to
navigate the rungs of the ladder correctly. ifanty, the ion channel is able



to select the proper type of ion it needs to let tih (called the "selectivity

filter"). For example, it isn't unusual for atpssium ion channel to let thru
10,000 potassium ions before it will let a singbelism ion thru, even though
both might be present in the same amount neanits&de of the pore.

By the time you reach the halfway point, you amedtand need arest. Very
hard to do on a ladder. Fortunately, the hole y@dimbing out of has a
small platform for you to rest on at the halfwayirpo This would be
analogous to theehergy well that an ion falls into in order to keep it moving
thru the channel and in the right direction. Anrapée of an energy well for a
negatively charged ion would be the presence obsatipely charged lysine
amino acid, just like the one on the outside haf pore, placed this time
strategically in the middle of the pore by the @rannel protein (this kind of
ion platform is sometimes called thee'stibulé of the ion channel. CFTR is
believed to have one just on the intracellular sidethe middle). This
vestibule acts like insurance so that once insidepore, the ion will keep
moving thru in the right direction, and not getcitun the middle or diffuse
back out the way it came.

Back to the analogy. At this point, following youast, you sense the presence
of a second climber beneath you. Not wanting tal leé second climber up,
you keep moving towards the surface. This secandom therefore has the
effect of keeping you traveling out of the pitSo too, with some ion channels
a second ion is often allowed into the pore belinadfirst one and essentially
gives the first ion enough of a nudge (electosllticspeaking) to keep it
moving in the right direction. This is because biotlis are of the same charge
(positive or negative) and these like charges regepush on each other.
Both you and the ion are now all the way thru te dther side and diffuse
into the solvent, or walk away, depending.

In Summary then, ion channels are proteins (or more oftenggaf proteins
made up of individual subunit§) which reside imbedded within the lipid
bilayer membranes of cells and some viruses, wiheiiejob is to regulate the
passage of small charged molecules (ions) in ahdfahe cell or it's various
organelles. Because it takes approximately i@@dimore energy for an ion
to pass thru a lipid membrane bilayer compared nouacharged water
molecule, ion channels and pumps are necessaityafwsport of all charged
molecules thru cell membranes. During the lditdf of the 20th Century, it
has even been conclusively demonstrated by biodtenand structural
biologists that ion channels have an even fineell®f structure than first
imagined, and are composed of distinct regions kwhact as a kind of
molecular "division of labor". For example, goert of the protein forms the
pore where ions pass, while other parts (alsodatlemains) are responsible
for opening and closing of the pore. There ase dbmains which have the
ability to interact with the lipid membrane in aneegetically favorable way



as well as domains which may bind certain regulatwiecules (called
"ligands’) and have the effect of influencing the actiuvitl/their specific ion
channels. Next we will look at some of the phimiacal reasons ion
channels exist in the first place, and try to ustiéard why their absence or
failure to operate properly can lead to diseasesdystic fibrosis.

THINGS ION CHANNELS DO

A dramatic example of the importance ions and ibannels have for living
cells is often demonstrated by a classic experinmefieshman biology. The
students are first instructed to withdraw a smiadbant of blood from the end
of their lab partner's finger with a sterile neeljestabbing it very quickly.

A single drop of blood is milked from the spot byssaging the tip of the
finger and the drop is then placed gently on asglagroscope slide. After
several minutes watching hundreds or thousandsedfdisk-shaped cells
(which are mostly red blood cells) streaming bao#t orth across the field of
view of the microscope, the students are next tmlddd to the drop enough
pure water to "swamp" the sample several times mvekcess water. When
the students next look for the cells, many arersseq to find just how few of
the cells are left intact on the slide. Neamrynplete devastation has taken
place on a cellular level in a matter of minutes®y by adding pure water.
The explanation given to the students as to whithall now see are "chunks"
of lysed, broken cells is because ions (mainly g®itan, sodium and
bicarbonate ions) could not escape the confineheafcell fast enough thru
their respective ion channels to make up for tmesin of water which has an
easier time moving thru the cell due to specialimeder channels in the red
blood cell membranes. These water channels tealiviys be wide open.
But the real reason that the water flows into théscinterior is because of the
presence of the trapped ions inside. And orlignded amount of water can
be added to the cell's interior before the membigines way and the cell
bursts wide open.

One of the principles of osmosis this demonstrattearly shows is that
wherever ions are, water will tend to want to smoal And this is the reason
often cited by CF researchers as to how the loss dfloride ion channel
(CFTR) is able to cause the mucus lining the lunfjpaiients with this

condition to become very sticky. No functionaFT&R means no ions
moving thru the cell membranes of the lung epitialells from the cells and
bloodstream to the lumen of the lung, which meamsvater can accompany
the ions from the bloodstream thru the epitheliumd do what the water is
supposed to: help hydrate the mucus lining the lummethe lungs. The



mucus therefore becomes very viscous, hard to remewnd an ideal
environment for bacteria to colonize.

Some ion channels in plant leaves have assumedesiponsibility for the
regulation of the volume of the cell and are ablepen and close ("gate")
their pores according to how much tension is plamethe cell membrane due
to swelling or shrinking. These channels, likestrare grouped according to
how they are regulated, and are therefore callgdlufe-regulatetl ion
channels. One reason they are needed is beifdasemuch water enters a
particular cell there is a danger the cell mightshu Therefore volume-
regulated ion channels will open and let their eesipe ions out of the cell
when the cell expands in volume, which will have tombined effect of
reducing cell volume back to normal. This is beeawster from inside the
cell will tend to want to travel to the outside tbe cell right along with the
ions, thus decreasing cell volume back to norméi.the red blood cells in
the above experiment had had volume-regulated hamreels which respond
in this way by opening when there was an increasell volume due to water
rushing into the cell, they wouldn't have explode&pecialized cells on the
outsides of plant leaves called "guard cells" ddpamthese kinds of changes
in cell volume to control whether the stoma (a parthe leaf designed to let
in carbon dioxide) is open or closed. This regoais important because
when the stoma is open for carbon dioxide, it afsxlvertently lets water
vapor leave the plant. Here's how it works: wiiem plant has plenty of
water, ions travel into the guard cells becauseciapeed sodium and
potassium ion channels will open and these ion$ travel down their
concentration gradient and into the cells. Thissea the cells to swell
because water also flows in. This causes the $totoaopen and let carbon
dioxide into the leaf. It's interesting to calei the following fundamental
difference between animal and plant cells: Singenal cells have no rigid
cell walls like plants have to help keep their €dtom bursting (they can't
have them for the simple reason that endocytosiedgssary for animal cells
to eat), our cells must regulate water passage ceangfully by more control
and use of ion channels.

One of the single most important processes als aallist carry out is called
“intracellular messaging”. Intracellular messagiafers to the way in which
a single cell is able to relay information from #m®vironment around it to the
cell's interior thereby leading to some kind of hamge in either the
metabolism or behavior of the cell. An importaignal that takes place
inside many cells is an increase or decrease innthacellular calcium ion
concentration (Cat++). Muscle cells, for examplepend on an increase in
calcium ions in the cytoplasm which travel thrucaain ion channels in order
to know when to start muscular contraction. igfes in calcium
concentration also is able to trigger an incre&geprocess of "exocytosis",
which is how many cells release material into tlsemoundings. Exocytosis



Is crucial to the proper function of nerve synapséerve synapses allow the
electrical signal from one neuron to travel to tiegt neuron. This is a highly
regulated phenomena and must take place quicklyaaride right moment.
Another example of the importance of calcium idrarmels in intracellular
signaling is when a blood clot causes a strokehenltrain. The cell death
caused by the stroke is now believed to be duédoneurons in the brain
"working themselves to death". They appear tongo a kind of "metabolic
overdrive" when intracellular calcium ion levelssite the cell increases at
inappropriate times. As the blood supply becommesvailable to the brain
during the stroke, it causes a loss of cell membrpatential across the
neurons. This presents a problem because neurguse@ constant supply
of oxygen in order to produce enough energy (inftdren of ATP) to meet
their needs, which is in turn needed to maintaim gvadients across the
neuron cell membrane and keep the cell membraneniait high. When
these cells die therefore, they inadvertently sdeaeurotransmitters such as
glutamate, which then travels by simple diffusiontitie nearby neurons and
binds to their glutamate receptors. Next, thesaafpond to this high level of
glutamate signal by releasing large amounts ofigaléons from within it's
intracellular calcium stores by opening up the icatcion channels in these
membraneous organelles which reside inside the c8lhce these type of
neurons are "hardwired" to respond to high levelscalcium in their
cytoplasm by increasing their metabolism, they avally die probably of
oxidative by-products which damage its cell membraAnd still another
important function of intracellular calcium ion Bts is in vesicle fusion.
Vesicles are small spherical packets of membracapsulated cargos which
are transported around in the cell's cytoplasmierior. At times, such as
during a neurotransmission event, exocytosis ofroteansmitter-loaded
vesicles is triggered by inrush of calcium thruraheals.

The first ion channels to be discovered and chataete were thevoltage-
gated ion channelsfound in nerve and muscle tissue (skestory of ion
channely. These ion channels open and close (gatesporese to changes
in the membrane potential, or voltage. In orfd@grneurons to conduct an
electrical impulse, it is necessary for sodium,agseium, and calcium ion
channels to open and close at the precisely thd tigmes. When the so
called 'action potential” travels along the neuron's axon, the membrane
potential (voltage), which is itself the actualrady jumps quickly along it's
length from a -70 mV inside the cell (compared ma\VOoutside of the cell) to
+50 mV inside the cell and then back to a normstimg potential of -70 mV
again.  Another spectacular example of voltagged) ion channel function
comes from the electric eel. This marine animatapable of delivering
several hundred volts of electrical energy at omeetbecause of the
specialized arrangement of the excitatory cellstsnelectric organ. This
unusual arrangement allows for amplification of #esulting ion currents
across the cell membranes, not unlike the way iessef electric batteries




connected together is able to deliver a large amoluelectrical energy at one
time simply by the turn of a switch. This type \afltage potential in the
electric eel is not restricted to electric fishFor example, it has been
calculated that just 20 human neurons connectedt@rehd could deliver
enough voltage to light up a small flashlight b(lb. ~ 1.5 Volts).

lon channels are usually found on the surface®ltd and are therefore easily
accessible to most small molecules such as torjested into the blood and
lymphatic fluid by venomous creatures like somedkiof snakes, scorpions,
bees, among many others. It is not surprisimgnt that most animal
venoms, tetrodotoxin from puffer fish for examplehich are "designed" as
protection for the animal, bind to and specifigatihibit ion channel function
in higher animals. This inhibition can have dréamand immediate effects
on the functioning of muscle or nerve tissue anttldy render a perceived
attacker unable to move or respond any furtheneyThave been used as
natural anestetics for centuries by indigenous jgsop Protein chemists have
taken advantage of this high degree of specificgisious toxins have to their
respective ion channels in order to purify thermfrtissue sources. The
NAChR sodium ion channel was the first ion chamvelr purified (in 1982).
This was accomplished by attaching the specifiatdor this ion channel to a
stationary "matrix" on a chromatography column @meh adding all of the
thousands of different membrane proteins from thetec organ offorpedq

a marine ray onto the column. Since only the nR@holecules will bind to
the toxin on the column, it was possible to "wastu't all the other proteins.
All that was left was the now-purified nAChR chalsngtuck to the column.
These nAChR ion channel proteins were then "elufedished) from the
column and in this way obtained in extremely padfform.

The time-scale in which ion channels operate arg famt compared everyday
human experiences. Many ion channels are capdldtowing ions thru at
the rate of 100 million ions each second, and mainthese channels stay
open less than a millisecond at a time before mipagain. This rapid rate of
change which ion channels are capable of allows#ls, and consequently
the organism itself, a fine level of control owghat goes in and out of a
nerve or muscle cell, and how fast such exchangatevoccur. Speed is
often a very important factor for survival in naurecause the amount of time
it takes to respond to danger in the environmeat (he reflexes; which are
muscles movements responding to nerve stimuli) offten mean the
difference between survival or the alternative: tdea Since the proper
functioning of nerve and muscle tissue is dependargxchange of ions thru
ion channels in the cell membranes, ion channeléetics" has evolved over
millions of years to be very rapid indeed.

The Ligand-gated ion channelsre channels which bind to small molecules
responsible for other types of regulation.  Bhies channels open or close



depending on the presence of the type of ligany bwed to. For example,
there are sodium ion channels which bind to theratemnsmitter ligand
acetylcholine and open; while at the same timeerotodium ion channels
may close upon binding the same type of ligand.this way, a single ligand
can regulate ion channels differently dependingvbere they are found in the
body. The nAChR ion channel is a sodium chbhmrdech gets its name
because it binds to the ligand nicotine (n) as aslthe ligand acetylcholine
(ACh) and is therefore functions as a receptorg®Rjvell as an ion channel.
There are also a host of ion channels which araldatdigands found only in
the insides of cells. These are therefore namedatiellularly ligand-gated
ion channels". G-coupled protein receptors areloi@pof opening or closing
certain ion channels indirectly by causing enzymatiscades which result in
ligand-formation (like cyclic-GMP) to take place thin the cell. These
various ligands are then able to change the fumctfdhe ion channel directly
by either opening or closing the channel. Meutal forces such as those
which initiate the sensations of touch and soumdbsaconverted directly into
electrical signals when ion channel are activatedctly by these signals,
whereas ion channels which gate in response td [gkion) and smell
(olfaction) must be activated indirectly by way GPCRs. It has been
calculated that the ion channels in hair cellshie inner ear are capable of
opening and closing in response sounds by moveofetite hair cell's cilia
hair by a distance equivalent to that of a singtemes diameter. This would
be equivalent to the entire Eiffel tower in Parisagimg a distance equal to
only the width of a person's thumb. The first asd far only
mechanosensitive ion channel of this type thatdess identified and cloned
is from the fruit fly Drosophila's sensory brittleuron.

ATP-synthase is the protein complex which lets hgdroions into the
mitochondria and makes ATP in the process. Noisfknown to exist on
this planet without the ATP manufactured by thesetgim/enzyme/ion
channels.

Given the importance of maintaining a constant ahahenvironment within
the cell, it is not too surprising that ion charmnéblve been shown to be
involved in host defenses. Defensins are smalleoutar peptide ion
channels (peptides are very small proteins oftes tean 100 amino acids in
length) modified to "punch holes" in cell membrarmdsbacteria and other
pathogens and are found in extracellular fluids nedmmals and other
animals. Bacteria and even plants also prodoem tto attack microbes.
Recent experimental evidence has shown that thieipr8cl-2, dubbed by
some in the media as the immortality protein maynfeon channels under
certain circumstances in purified lipid membrandaysrs (liposomes).
Along these same lines, the Beta-amyloid plaquéepravhich plays some as
yet unknown part in Alzeheimer's Disease has bhaews effectively form a



calcium ion channel and could provide the long &dwfter mechanism for
the death of neurons in the brains of patients Wigeheimers Disease.

Eosinophil cells of the human immune system are #&blexpress on their
surfaces a wide variety of ion channels which @ayimportant role in the
regulation of cellular activity during protectiomofn microbial invaders.
During eosinophil respiratory burst, for examplehene the eosinophil
attempts to kill an invading cell directly, the la® of protons through its
proton (H+) ion channels provides an efficient magbhm of proton release
and charge compensation.

After certain egg cells are fertilized by a spemt,¢he egg uses ion channels
(potassium, for example) to set up a change irlidetrical polarization of the
cell membrane. This, in turn, somehow keeps atherm which come along
later from fusing with the egg and therefore pristiéic
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Above: a hypothetical eukaryotic cell, showing the outer cell membrane (purple) as
well as an intracellular organelle membrane (endoplasmic or sarcoplasmic reticulum)
(also purple). Notethat the calcium ions (gray) have a special place within theion




milieu of the cell. Calcium ions are actually second messenger ions and have the
dual ability to traverseion channels aswell as deliver a message to other ion
channels, usually involving activation.

TYPES OF ION CHANNELS KNOWN

(Still Incomplete)

CLASSIFICATION OF ION CHANNELS

The three main groups of ion channels are 1)vttieage-gated channeluch as the
sodium and potassium channels of the nerve axous remve terminals, 2) the
extracellular ligand-activated channeidich includes channels such as GABA and
glycine receptor channels, most of which are rdgdlaby ligands that are
"neurotransmitters”. These channels are often namedrding to the ligand they bind
to. 3)Intracellular ligand-gated ion channel$iese include CFTR and some other ABC
family members as well as ion channels involvedanse perception. These are often
activated indirectly by GCPRs. Other common intlata ligands which activate these
kinds of channels include calcium ions, ATP, cych®P and GMP as well as
phosphadidyl inositol (PI). There are additionastsyns of homenclature which have
joined the second and third groups into the "chatlyi@activated" or just simply "ligand
gated" ion channels. It has been shown by sequeos®arison that ion channels
within the above groups will also show the greatestijuence similarity and are
therefore most likely all be descended from a comrmoncestor. Thenechanosensory
and volume-regulated channéigve their own grouping, but they are still in grecess

of being classified. We have made a fifth "cattih-group, miscellaneous ,2which
includes any ion channels not included in the alibeee. This group includes the GAP
junctions, peptide ion channels like Gramicidind ararious venomous insect toxins
like the conus toxins from cone shells. At thd ena section oRecent Discoveries

A few words regarding the classification and namafigon channels: Of the several
possible ways of arranging ion channels into grogpdar the most successful seems to
be a system based on how ion channels are regulatttbuld be remembered that no
method known is without drawbacks. For examples gossible to arrange ion channels
according to the ion that they conduct thru theores rather then regulation
mechanisms, however this method has the probletmvérg few other characteristics
will be shared in common among the channels. Fetaimte, the nAChR channel
conducts sodium ions, as does the voltage-gatedirmochannels of the neurons. But
other important features are very obviously notshared between these two very



different ion channels, including gating mechanisaswell as the sequence of amino
acids making up the channels themselves (i.e.dheyot related evolutionarily). Many
researchers believe that until there is a clasdibo system based solely on sequences
and molecular structures, as well as evolutionatoty of all ion channels at the level
of the genome, the method of classification (evVeEndne used here based on activation
mechanisms) will have to suffice. A good exampldachvhexemplifies a need for this
new kind of system is given by the finding thattaer cyclic nucleotide gated channels
share enough sequence similarity with voltage-gaiedchannels that they may in fact
belong to the voltage-gated channel superfamilyheratthan the ligand-gated
superfamily they are presently placed in. Anothebfem with the present system is
that while the glutamate ion channel, which is\ated by the ligand glutamate, is often
relegated to the family of ligand-gated ion chaanitlshares no sequence similarity and
therefore is probably unrelated evolutionarily tty ather ligand-gated ion channels in
this group.

EXTRACELLULAR LIGAND-GATED ION CHANNELS

NAChR: The "nicotine acetylcholine receptor” has thdiddion of being the first ion
channel sequenced: in 1983. It functions as a maitiof 5 subunits which form the
channel (2 alpha, 1 beta, 1 gamma, 1 delta).féuad in nerve and muscle cells and is
not to be confused with other nAChR receptors, sofmghich are not ion channels at
all. The ion channel nAChRs include those found riarves (nerves release
acetylcholine which binds to nAChR in muscle cel\when the channels open, they let
pass just about all cations, including sodium, g&itan, and calcium; and this
depolarizes the cell membrane which can in tuggéar voltage-gated channels which
in turn causes muscle contraction. nAChR is casidl to be a model ion channel
mainly because of its historical importance duetsohigh abundance from natural
sources which made it easier to study especiallgréemolecular biology techniques
became more refined. nAChR is used in many detailedies on ion channel kinetics
and allosterism and was first isolated and charaei from the fishTorpedo(tissue
source was its electric orgaiiorpedois a marine ray). There are many different
"variations" of the nAChR channel. For example, maats have several just in the
nervous system. The poison curare is known to doutn (and therefore act as an
"antagonist" of) NAChR. Nicotine is an alkaloid drfrom tobacco which exerts its
physical effects on the body in part because d biads to nAChR. However instead of
simply shutting it down like curare did, nicotinetigates it instead. Chlorpromazine, a
tranquillizer, is able to block the channel pordt is quite possible that general
anesthetics exert their effects via direct bindiaghe transmembrane helices of ion
channels such as nAChRs. The nAChR family, tagetith the GABA and Glycine
chloride channel families forms a superfamily @faind-gated ion channels which is
based on strong sequence similarity. These namsinitter ligand-gated channels are
not related to voltage-gated channels or to theaglate ligand-gated ion channel. They
all have 4 distinct transmembrane segments.

GABA andGlycine Receptors (these are both families of chloridenokés). GABA(A)

and glycine chloride channels have relatively campfjating characteristics and are
made up of 5 subunits, with each containing 4 trembrane helices (TMs), and are
characterized as having multiple states of condwetapparently due to them having



more than one possible open state. TM2 has foesyd to contribute to pore (i.e. the
five TM2 segments from the 5 subunits come togetibidine pore). Chloride channels
in excitable tissues function in the same way asptbtassium channel in that they serve
to "dampen" the electrical excitability of the near GABA(A) and glycine receptor
chloride channels function in the postsynaptic omuras well as skeletal
tissue. GABA(A) is so named because it bindsamgpa-aminobuteryic acid. GABA
and Glycine neurotransmitters act mostly on inbityitneurons. Like glutamate, they
are small molecules and therefore act as fast mgseein neurons. GABA inhibits
ability of neurons to fire action potentials, andosld not be confused with the
unrelated GABA(B) receptor, which couples to théraoellular second messenger
systems. As many as 1/3 of brain neurons use ASABGABA is manufactured by
the body from glutamate, however vitamin B6 is aassary component. Lack of it
can cause seizures. Alcohol and barbituates Viakum on the other hand act on
GABA(A) receptors as agonists (activators), by éasing burst time of the channels.
They bind at sites where GABA doesn't normally biodand potentiates the action of
GABA when it binds at it's own site. This ofterakes these types of drugs beneficial
for epilepsy. Glycine Receptors tend to be mooalized in brain, but can be found in
spinal cord and other places. Some molecules biABABA) Receptors but do not
open them, thereby blocking them from activationtliy endogenous neurotransmitter
itself. Diversity of GABA(A) receptors can be inased due to the fact that each
channel is made up of distinct amounts of varioudividual protein subunits (each
subunit is a distinct protein). There are 6 alphiausit isoforms for GABA(A) receptors
(3 beta and 3 gamma and one delta). All suburate la GABA ligand-binding site,
unlike nAChR in which only a single subunit is alitebind its ligand, ACh. Their
MRNA transcripts can also be alternatively splicegrovide further diversity. Note:
the majority of all known ion channels consist ainsthan one protein subunit, as with
GABA(A) and Glycine Receptors. Glycine Recept®ralso chloride channel, but
binds glycine instead of GABA. The glycine and BAA) Receptors are both found
in the post-synaptic membranes of neurons and ate bomposed of oligomers
consisting of several homologous subunits (eachursitiis about 50 KDa) with the
amino terminus facing out of the cell and the sdcttansmembrane helix lining the
pore (like with nAChR). Each subunit most likelgnsists of 4 membrane-spanning
helices, not unlike the nAChR subunits. The glgcreceptor has 4 different alpha
subunits and one beta subunit. Both GABA(A) &igcine Receptors are involved in
producing inhibitory responses and serve to dantiperaction potential of neurons and
show amino acid sequence similarities.  All af Bubunits are of similar size. Note:
the various glutamate receptors are in a diffei@mily completely due to differences in
sequences. Blocking inhibitory receptors causesuwsions. The GABA(A) Receptor
is widely found in brain. The disease called I'ti#a Disease" results from a mutant
form of the glycine receptor alpha-1 subunit. i€tds with this disorder are subject to
muscle rigidity in response to external stimulii&etd to be due to a lowered affinity of
the ion channel to its ligand, glycine, which résulltimately in a lowered chloride
conductance into neurons. This reduces the iboybeffects of chloride on certain
neurons. Strychnine acts as a competitive antagonilt binds the alpha-subunits of
the Glycine Receptor. These channels, like the G@&§Aon channel, form mostly
heteromeric pentamers. Both GABA(A) and glyadieeeptors conduct chloride in the
range of 10 to 90 pS. Both conduct bicarbonaterenas well. Glycine receptors can
be found throughout the CNS, not unlike GABA(A)Note: GABA and Glycine
neurotransmitters act mostly on the inhibitory tygfeneurons As many as 1/3 of the
neurons in the brain have them.



There are 3 types of chloride channels: voltagedjaigand gated (like GABA and

Glycine receptors), and CFTR. . There is no sequdmamology between the three
families. Chloride channels contribute to processediverse as membrane excitability,
transepithelial transport, regulation of cell vokri@and regulation of pH of intracellular
organelles.

5-HT, (includes MOD-1 (Serotonin-gated ion channel) : 5-HT is a catielecive ion
channel and so named because it is activated bydfxytryptamine. Note that the
ligand-gated channels all seem to be related tt edlcer (GABA, 5-HT, glycine,
acetylcholine) except for the glutamate ligand-dat®n channel. Note: the
neurotransmitters GABA, 5-HT, and glutamate can al®duce much slower responses
by binding receptors that are not ion channelsh ,iscGCPR's. A serotonin-gated ion
channel, MOD-1 was recently been discovered inl€yams. (Note: 5-HT is serotonin).
This channel helps control locamotory behavior. ttNserotonin generally binds to
either GPCR's like 5-HT, to mediate slow respomsdbe ionotropic 5-HT(3) receptor,
a "non-selective cation channel which mediatesfasibrane depolarizations.) MOD-
1 has a predicted structure similar to nAChR fanafyligand-gated channels like
glycine and GABA receptors. MOD-1 has a reversakepital dependent on chloride
concentration, but not cations. It is not blockgddalcium ions or 5-HT(3a)-specific
antagonists. It is inhibited by metabotropic 5-Haceptor antagonists mianerin and
methiothepin. MOD-1 functions as a 5-HT receptoviro.

P(2X) Is an ion channel known to respond to ATP. It hifferént structure than other
ion channels and is in the same family as P(2)n®@genic receptors. They are sodium
and calcium channels and are made up of multipkursits. They are known to be
involved in neurotransmission.

Glutamate: NMDA, AMPA, Kainate Receptors, GIuR-B Unlike the nAChR and
glycine receptors which were cloned after usingndjf chromatography, the glutamate
receptors were found using expression cloning WiliNA and therefore without any
protein chemistry involved. The majority of synapsimportant for fast excitatory
transmission confined to the vertebrate CNS ustaglate as a neurotransmitter. The
NMDA type of glutamate receptor ion channel selad{i passes calcium ions over
sodium or potassium and therefore can affect iethalar messaging. It is possible that
its main role may not be in the generation or dammge of electrical signals (which
they do since many pass sodium and potassium m@amdvians), but rather in signal
transduction perhaps ultimately affecting learninMDA types are found in almost
all neurons. Almost none are known to exist in peeipheral nervous system, which
instead use ACh. Glutamate Receptors are relgtigslerse due to the "mix-and-
match" strategy using multiple subunits, as weklésrnate splicing and are involved in
long-lasting changes for example in learning andhory. High glutamate levels cause
death of neurons and are perhaps involved directlpdirectly in causing neurological
diseases such as ALS, Alzheimer's Disease, andiridton's. There are at least three
main types of glutamate receptors. Some glutamegiptor channels include NMDA,
AMPA (quisqualate), and kainate receptors, so nabesduse AMPA binds to AMPA
receptors, kainic acid kainate receptors, etc. Stlrinits composing these ion channels
are longer than nAChR family and very diverse. S@&IWPA receptors may have their
messenger RNA transcripts edited (called "RNA adifi which has been shown to



make their channels become more permeable to oal@eme animal venoms (spider,
wasp) are known to affect Glutamate Receptors tijredJnlike the neurotransmitter
ACh, transmitters like glutamate, glycine and GABAve no enzyme which breaks
them down. It is therefore necessary for themetoemoved from the cleft by diffusion
or by sodium-coupled transporters. GIuRO is aem#dg discovered channel from
prokaryotes. GIuR-B is a glutamate-sensitive ghannel expressed in neurons of the
CNS. It's pre-mRNA has recently been shown to wa&NA-editing which results in
an A to | (note: an | is similar to a G as far gdgflogen-bonding during translation) via
deamination. This causes a change in protein sequeosm a glutamine to an arginine,
making the channel less permeable to calcium. @uéuble knockout mice suffer
from epileptic seizures and die soon after weaningtill is not known if this example
of RNA-editing is to "correct” for an DNA mistakepr to generate more
diversity. There is an NMDA ion channel which dénglutamate. It acts as a calcium
channel in synapses. ATP and serotonin have foegrd on rare occasions to act as
fast excitatory transmitters in vertebrates.

ORCC : uncloned chloride channel. Activated by extradal ATP perhaps via the
purinergic receptor (P2u) ORCC: outwardly rectityichloride channel. Found in
epithelial tissues, it is probably the main conitdy to chloride currents thru the apical
cell membrane (30-70 pS) with an anion selectiafyl > Cl > Br. ORCC was
discovered by patch clamp before CFTR was clonedveass assumed by many to be
the "CF chloride channel". . Also called ICOR or DIR, it is activated in the presence
of active CFTR (when there is no cAMP stimulatiddRCC remains inactive) or
extracellular ATP. Perhaps ATP is released from RFTORCC is activated by PKA
indirectly and this is probably due to CFTR actiwatby its NBDs. It is likely CFTR
releases ATP somehow into the extracellular enwremt and the ATP binds to
purinergic receptors (P2u subtype?) and this aetsv@RCC.

P2X3: Receptor ion channels that bind extracellular AWtitch in turn contributes to

pain sensation resulting from tissue destructionl dmadder discomfort (due to

stretching) and sensations of warmth. (Note: thesaon of touch is the least
understood of all the senses on the molecular)léMet P2X3 receptor is localized to
the apical cell membrane and opens when ATP binds is believed that cytosolic

ATP is released when tissues are damaged, whi¢hrimexcites these pain-sensing
neurons, also called nociceptors. Knockout micekihar this channel have been
developed.

Inward Rectifying Channels: *ROMK (requires internal ATP), ROMK2ZRK (a
potassium channelBIR (potassium channel widely expressed in pancredsheart),
RACTK (a pH sensitive potassium channel found in kidnByobably involves
potassium removal in urineKir6.2, Kirl.1la, Kir6.1 (note: the sulfonylurea reaapt
SUR is an ABC protein found to heterodimerize wiin6.1 and Kir6.2 Some theorize
CFTR can take it's place at times.

Ligand-gated channels have subunits arranged darpers (5 subunits per ion channel)



VOLTAGE-GATED ION CHANNELS

Nearly all eukaryotic cells have some amount otage-sensitive ionic permeability,
some more complex than others. Voltage-sensitwechannels are diverse in the
kinetics of their gating. Some are modulated lyrotransmitters or intracellular
messengers.

Sodium Voltage-Gated lon Channels: In 1978, these channels were first purified
(Agnew et al.) from electric eel electric organBound to be a single peptide of almost
2000 amino acids in length (but with internal reépearresponding to the equivelant of
subunits). However, in other tissues such as nmammskeletal muscle or brain, it
can be found as subunits (4 subunits in the caseltdge-gated channels, but 5 in the
fast ligand-gated receptors. GAP junctions havdt &eems that the more subunits an
ion channel is composed of, the less selective fibii its respective ions. This may be
because the pore is correspondingly larger the mbenits it is composed of). The
channel from electric eel was also found to havé 38 its weight in carbohydrates
(500 sugars of mostly sialic acid and N-acetylghasnine) and 6% as attached fatty
acids. Some Sodium Voltage-gated channels mag Aawnany as 6 different kinds of
neurotoxins which bind and inhibit them to variaegrees and each toxin appears to
bind at a different site, which is unusual. Soméheke toxins are classified as peptides,
while others are alkaloids, cyclic polyethers, est@and heterocycles. Most peptide
neurotoxins are 60-100 amino acids in length, whiltbws them to assume a defined
shape, but curiously, the peptide toxins made foome shells are often only between
10 and 30 amino acids long. They accomplish tmdiibitory task by forming disulfide
bonds with each other. Usually 2 or 3 come togetimer form these larger structures.
Voltage-gated Sodium channels are responsiblédhéattion potential of neurons while
the voltage-gated potassium channels help to ebsksht the membrane potential back
to normal. Pore sizes are estimated to be ~3x&AtHe selectivity filter region.
Potassium channels are more diverse, and yetats true that sufficient diversity
exists among sodium channels for different monaloantibodies to distinguish
sodium channels from different tissues (axons fnmuscle, etc). Sodium channels
deactivate quickly compared to calcium channelkis Ts the reason calcium ions are
used by the cell for more of a sustained respoasexternal stimuli. Some other
members of this family:mH1, mH2, SCN4A (skeletal muscle)PN1, PN3, SkM1,
RSMK, Katl, EAG, ELK, Drk1,

Potassium Voltage-Gated lon Channels: Potassium ion channels are easily the most
diverse of all ion channels; more so than evenridoand calcium channels. This
diversity can make identification difficult durirnghole-cell recordings. Like chloride
ion channels, they serve to 'dampen’ excitatioergals in excitable cells. Also called
"delayed rectifiers" in axons, these channels amposed of 4 membrane-spanning,
pore-forming alpha subunits and 4 cytoplasmic Isetaunits and function as inwardly
rectifying potassium channels. Voltage-gated $%tem channels are often multi-
subunit channels like nAChr and others, but sodamch calcium voltage-gated channels
share the distinction of being composed of singleusits all around 2000 amino acids
in length. It should be noted that the more suisuan ion channel is made out of, the
less selective it tends to be to the passage akfigective ion. Cells use potassium
channels to regulate pacemaker potentials, as waellregulating their overall



excitability. Potassium channels have been workitd more than most channels and
for that reason much is known about them. Inwandgtifying potassium channel
family members often differ widely in gating kinedi There are many different types
of the voltage-gated potassium channels (many thane there are sodium ion channel
types) and all seem to be related to each othéenQit is possible to find several
different types within the same celll Some of ttypes of K+ channels are: "A
channels"”, which are fast but brief acting, "anigeos$ that differ in voltage dependence,
sensitivity to modulators. KvLQT is a recenthsdbvered potassium channel found in
basolateral membrane of epithelial cells and ipasesible for keeping potassium at
right concentration to allow chloride to flow ouf apical epithelia in airway thru
CFTR. It is also involved in the syndrome "long QTt'is voltage-dependent. First
cloned from mouse heart. T-cells of the immuneaeysexpresKvl1.3 and IKCal
channels, and blockade of these channels may lmssbpe treatment in autoimmune
diseases like EAE (similar to MS). The hot peppgredient capsaicin selectively
blocks K+ channels in the tongue. Some more mesnbkthis sub-familyHERG
(cardiac) HCN, Kv, Kd (delayed rectifier), Kf (fast transient), K@aalcium-activated),
MaxiK (activated by Ca++) TASK-1is a continuously activated potassium channel hic
serves to dampen cellular excitability in certagurons in the brain. A list of more potassium
voltage-gated channelsShaker, Shal, Shab, Shaw, minK (miniature potassium
channel, oisK), KvLQT, KCNK channels Note: recent evidence suggeltaxiK
channels may be involved in transepithelial chierichnsport in lungsPflugers Arch
2001 Apr;442(1):1-11

Calcium Voltage-Gated lon Channels: L (HVA), T (LVA), and N types found in
skeletal muscle and heart muscle, these channelbest be described functionally as
very diverse (in ion selectivity, metabolic regidat pharmacology, and single-channel
conductance). There is now a fourth type calletyffe"”, found in Purkinje cells. First
isolated in 1984 from transverse tubules of skkletascle, it is used primarily as a
voltage sensor for excitation-contraction couplingmuscle. Voltage-gated calcium
channels are found in protazoans like Parameciumetisas in almost every excitable
cell in animals. They have a unique role in theytare involved in taking electrical
signals and making chemical signals out of themm&are involved in excitation while
others in regulation of secretion, contraction (ohelsand gating (other ion channels).
For example, intracellular calcium activates caloiog troponin and other proteins,
which in turn activate enzymes that increase cAMi@ phosphorylation, triggering
muscle contraction or ciliary and flagellar motiond/oltage-gated Na+, K+, Cat++
channels have a basic design: a set of 6 transna@ml@egments (S1-6) flanked by
cytoplasmic hydrophilic segments plus an H5 seqedmetween S5 and S6. S4 has
basic residues every 3rd or 4th position and idably a voltage sensor. H5 helps
control ion selectivity. Segments S2 and S3 of ldaé K+ channels have a pattern of
conserved charged residues also exhibited by ecalabannels. There is sequence
similarity among 5 classes of channels: Voltagegatalcium activated potassium
channel, cyclic nucleotide-gated channels, a calathannel for PI-mediated Calcium
entry, and a potassium plant channel/transportéoltage-gated calcium channels in
excitable cells are, like other K+ and Na+ channalsucturally homologus but
phenotypically diverse. They are electrophysiolatjjc characterized into L (long-
lasting), T (transient), and N (for their involvemen norepinepherine). The L-type is
found in Skeletal muscle and heart muscle. Theyalireery structurally homologus to
voltage-gated Na+ channels. L-type voltage-gatattium channels in the cell
membrane of heart muscle (cells have action patisnivhich last relatively long time



compared to nerve cells) let in calcium to cytoplahis causes more calcium to be
released from the SR, which ultimately causes tbetraction of muscle and a
heartbeat. Some drugs act to increase contracyiaotirolling the amount of calcium
inside the muscle cell. The disease HypoPP (kalemic periodic paralysis) is a
skeletal muscle disorder caused by mutations inSHeregions of L-type Calcium
channels. Neuronal voltage-dependent calciumradiarof the N and P/Q type can be
modulated by activated G-proteins. Calmodulin idominant calcium sensor in the
calcium-dependent inactivation of Ca(v)1.2 calcianannels. Calcium channels were
discovered by Fatt and Katz in 1953 in crab musd@leey found sodium ions were not
needed for the weak action potentials of musclés,célut calcium was being used
instead. They therefore described "calcium spikei' action potential based on the
inflow of calcium ions, for the first time. Veflieate smooth muscle cells use only
calcium ions to generate the action potential.esEhchannels are also used to a degree
in conjunction with sodium channels in many otheci@able cell types to help generate
action potentials. Some voltage-gated calciurmnokls are deactivated by sustained
intracellular calcium concentrations and are thmeefself-limiting.  Calcium ion
channels tend to have conductance rates and omdralplities lower than that of
sodium or potassium ion channels. Most singlexnehmeasurements are therefore
done at unphysiological concentrations of calcionsi

Voltage-Gated Proton 1on Channels. Found in eosinophils and other phagocytic cells
and are activated by the generation of reactivegemyspecies by NADPH oxidase.
Efflux of electrons causes a build-up of positivearge which these channels are
responsible for offsetting.

Slowly-activated voltage-gated channels are new Ibseesn which have only 1
transmembrane segment.

Voltage-gated channels have their subunits arraagetgtramers (4 subunits make up
each channel)

The channel shaker from Drosophila has been foontiave homologues (i.e. are
related) in the plant Arabidopsis.

Anion Voltage-Gated lon Channels. VDAC (voltage-dependent anion channel) This
ion channel has a high conductance (over 600 pSrfions. It is slightly selective for
anions over cations and is somewhat voltage-demende These voltage-dependant
Anion Channels have been found in the mitochondriger membranes. They have
high conductances and beta-barrel secondary stesctu

A class of voltage-activated channels that let pagls sodium and potassium have been
found in cardiac pacemaker and Purkinje fibetgh), 1(f), 1(Q), andI(AR), are all
names for the same channel. It is similar ta)kghannels in that it is activated by
negative potentials and close at positive potentialhey pass an inward current when
open.




INTRACELLULAR LIGAND-GATED ION CHANNELS

Unlike the axons of neurons, which function asieesrof messages only, cells from
tissues such as smooth muscle, secretory glandks,then parts of the neuron like
dentrites and somota need to be able to modulagsages based on the state of the
individual. They adjust the incoming messages dhanging the intracellular
concentrations of various second messengers asawellteration of various coupling
proteins and cofactors.  While this method @futation of ion channels is definitely
slower (from seconds to minutes), it can be lorgsting than more simple types of
regulation like voltage-gated and extracellulaatig-gating.

ATP-sensitive Potassium Channels (ATP-K), includes ROMK2, IRK, BIR,
RACTK, Kir These channels are regulated by ATP, and appédse similar to CFTR

in this way. Their pharmacology is controlled b tbulfonylureas glibenclamide and
tolbutamide. These molecules also inhibit CFTR k& currents, with a half-maximal
concentration of ~20 and 150 uM for each. TWBAC (ATP depletion-activated
cation channel encoded by the gene LTRPC7)AahB-r egulated Potassium Channel

are also regulated by changes in intracellularigewé ATP. Some can be found in
mitochondria, and may be involved in changes iuna of this organelle and therefore
may indirectly control oxidative phorphorylationit has been found that opening these
channels during ischemia/reperfusion seems to geos@rdioprotective effects.

CFTR CFTR: (also designated as ABCC?7) is a chloride shhand a whole lot more.
It was the first chloride channel to be cloned @98y chromosome walking).
Expressed in epithelial tissues along with othedoratle channels like the calcium-
activated chloride channel, volume-regulated chlmichannel, and a calcium-dependent
channel activated by extracellular ATP and UTP.dExce suggests CFTR, in addition
to chloride, transports bicarbonate ions, as weNMater.  CFTR is predicted to help
regulate the following channels: ORCC, ROMKK+, ENafd CI-/HCO3- exchanger.
CFTR is different from all other epithelial chloeicchannels in that it prefers chloride
over iodide ions. It is possible iodide blocks tfennel. No other halide blocks the
pore. CFTR belongs to the ABC transporter familyamily most of whose members
are transporters, not channels. Members of the fdaly expressed as a single protein
tend to be found at cell surfaces, while ABC sutsuim multi-subunit channels tend to
be found in membranes of intracellular organellles the ER. CFTR is activated both
by phosphorylation of its R-domain by PKA (protéinase A) as well as ATP binding
at its nucleotide binding domains, namely NBD1.

Note: It is not unusual to refer to all anion chatg found in living cells as "chloride
channels" regardless of their selectivity for varscanions, due to the fact that there are
much more chloride ions than there are any othpetgf anion inside or outside of the
cell. Anion channels tend to be less selectian tbation channels overall. Some
anion-selective channels also let cations thruhére happens to be an anion present
during passage.

Calcium-activated Chloride Channels (ClCas): Found in epithelia and may be the
reason initial attempts at CFTR mouse knockoutkedato develop lung pathology
similar to CF lungs. These channels may augmeiotideal transport when CFTR is not
present. CICas play several important rolesfiegint types of cells.



ENaC is an amiloride-sensitive sodium channel probablde up of 4 subunits, 2

alpha, one Beta and one gamma. Each subunit condis2 transmembrane helices.
Found in all epithelia CFTR is found in, ENaC isotved in absorbing water. It has
been suggested that ENaC is also a receptor bedausas an unusually large

extracellular domain region (with cysteine-rich-Bex It may be activated by an
extracellular protease. It is involved in sodiundavater absorption in kidney as well
as lung, bladder and colon. Shut down by the dwramiloride reagents, they are
activated in the body by hormones like vasopreasith oxytocin. Current treatment
for CF involves attempts to inhibit this channeldénence water absorption in the lung
lumen, using amiloride. Members of tBEG/ENaC channel family are involved in

sensation of temperature (tongue) in mammals.

ASIC family:

Calcium-activated Potassium Channels. (SK, BK) First one was reported by Gardos
in 1958 in red blood cells. Potassium channel$ wihall conductances expressed in
non-excititory tissues like kidney. Subtypes wa# SK1, SK2, SK3. SK3 is
expressed in all parts of the kidney and is prop#ie renal apamin receptor. Meech
in 1974 found calcium-activated potassium chanmelmolluscan neurons. Driving
force for the release of potassium is also encaatdry the increase in positive cell
potential due to the increase in calcium conceptrat BK channels have a voltage-
dependence for activation. Calcium binds diretl 8K channels. BK channels have
the highest strongly-selective cation conductanteammy known mammalian ion
channel.

K(ATP) is a potassium channel activated by intracell@P binding. Inhibition of
these channels leads to increased insulin secretiBrtype potassium channels are
voltage-insensitive. M-channels are a class of potassium channels found in
sympathetic neurons that shut off indirectly by tlerotransmitter ACh, which binds
muscarinic ACh receptors. There are reports tootagsium channel activated by
millimolar concentrations of sodium in vertebratel anvertebrate neurons.

cGMP Channel (CNG Channels) These tetrameric sodium and calcium channels are
found in rod photoreceptor cells and are similartlie voltage-activated potassium
channel, shaker. They are likely to be formedheydssembly of at least two different
subunit types, alpha and beta. Second messeatg-ghannels such as these have the
same overall design as voltage-gated channels bwitling sites for second messengers
in C-terminal region. But while the voltage-gatdd and Ca channel alpha-subunit has
4 internal repeats, it is present only once inkhechannel (ex: shaker), and the cGMP-
gated channel and newer ones. This means thessspmtachannels probably resemble
more closely the ancestral ion channel, which kglyi to be a tetramer of similar
subunits. These channels are involved in lighitgggtion and bind cGMP and cause
depolarization of the cell membrane upon photoepgon. It is a photoreceptor cGMP-
gated cation channel found vertebrates. Also a neerab the voltage-gated channel
family. CNGs are also found in sensory neurdms,irain, and many other tissues and
are important in directly linking changes in intedalar cAMP and cGMP to electrical
excitability. They may be among the targets oflanesthetics.



G-Protein Activated Inwardly Rectifying Potassium Channels: GIRK2 (Kir 3.2)
unlike its close relative IRK1 (Kir 2.1) which isowmstitutively active, GIRK2 is
activated directly by a G-protein, and inactivalgdmechanical stretch. They can be
found in atrial myocytes. The sulfonylurea receg®UR) regulates Kir6.2 channel
activity by enhancing surface expression.

Pl-mediated Calcium Channel: IP(3) Receptor. Is a calcium ion channel responsible
for phototransduction (i.e. vision) in invertebrsatkke Drosophila and is probably
mediated by activation of PLC (phospho-lipase-d)isTchannel causes an increase in
intracellular calcium levels (both from inside amatside cell). It is possible that a light-
activated calcium channel may be the "transieneptx potential”, or TRP gene. It
shows sequence similarity to voltage-gated calodlmannels. In neurons such as the
Purkinje cerebellar cell, release of calcium duéng®3 is involved in learning. Some
IP3 Receptors includéP(3)R-1,

TRP-PLIK (transient receptor potential-phospholipase Ceratdting kinase) is a
recently characterized ion channel that is alsoadep kinase. It has a wide tissue
distribution and apparently is a non-selective icatepermeant channel. It has a zinc
finger alpha-kinase domain. Long TRP channelfkfs) includemelastatin, MTR1
and TRP-PLIK.  Melastatin has been linked to anetytic tumor progression.
MTR1 is associated with Beckwith-Wiedemann syndroamel a predisposition to
neoplasias. It is unknown how they are gatedunnels, et al., Science 2/9/01 Vol
291 pgs 1043-1047

Calcium-activated Chloride Channels. These channels open upon an increase of
cytoplasmic concentrations of calcium and are ofteouped according to rate of
conductance. SK channels are potassium channelsaetivated by calcium. They can
be found in many organisms as well as many exetaell types. Discovered by Bader
in 1982. There are several subtypes with unknovies. Mice over-expressing SK3
lead to an altered response in respiratory rhythimypoxic challenges (similar to sleep
apnea and sudden infant death syndrome) and iesgu®blems during delivery of
mouse pups. Lack of SK3 in mice resulted in "no moscopically altered phenotype”,
however. SK potassium channels are found in eXeitedlls and are responsible for the
slow after-hyperplolarization that often followsetlaction potential. Note: intracellular
calcium increases during the action potential, Whi€ what is responsible for SK
activation. The channel's alpha-subunits interagh vwalmodulin-calcium. IP(3)
Receptors are also found in the ER (endoplasmicutam) and binds inositol 1.4.5-
triphosphate (IP3) inside the cell. The calcium3)P¢hannel therefore helps control
intracellular calcium concentrations (calcium inntis regulated by amounts of IP(3).
Drugs (like the Cardizem line from Avenis) whicledt high blood pressure do so by
blocking calcium channels.

Calcium Release Channels. calcium channels are required for voltage-gated
depolarizations in most muscles, as well as corgfahtracellular processes and are

therefore widely distributed in vertebrate tissu@alcium channels have the distinction

of being the most selective of all ion channel®/Q type calcium channels involved

in neurotransmission have been found to be thestsrgf autoantibodies produced by

LES (Lambert-Eaton syndrome) patients. Wherer@ecell signals to a muscle cell



to contract, or a cell to release a neurotransmigte, it does so by causing a calcium
channel either in the cell membrane or in the EBRIto open and release calcium into
the cytoplasm. The increase in calcium ions th® cytoplasm controls many other
processes, including cell death, protein secretiefi, metabolism, and development.

It is also able to control the gating of still maos channels as well as the activity of
enzymes. Calcium channels were first discovdngedratt and Ginsborg in 1958 in
crab muscles. L-type calcium channels in the heart muscle are resplengibstrength

of contraction during heartbeat. These channe&gphosphorylated by PKA as a result
of an increase in cCAMP production. This secondssage is produced when
norepinephrine is released from nerve terminalskands receptors in the heart muscle
and provides for a stronger heartbeat during afititnes known as 'flight-or-fight'.
When the channel is phosphorylated, it increasesotfen probability of the channel,
and hence the beating strengt@RAC are calcium-release activated calcium
channels. Their identity remains unknown, and/thee among the most selective of
known calcium channels. They have been shownetordgulated by changes in
cytoplasmic concentrations of calcium. They alschilgit dramatic changes in
selectivity and conductivity in the presence ofatiént cations.

Ryanodine Receptor (RyR) : Ryanodine is a very large alkaloid of ~5000 maler
weight. Ryanidine receptors are found in SR (sdeswpic reticulum) in the interior of
the cell and is closely associated physically andctionally with a voltage-gated
calcium channel in cell membrane. These recemoeswidespread in the CNS and
therefore probably play critical roles in intracddlr calcium dynamical changes. They
are regulated at least in part by phosphorylationhe skeletal muscle ryanodine
receptor (RyR1) is one of largest channels knowyR®Rare associated with FK506
binding proteins (FKBPs) which play a role in imteHlular calcium signaling. So large,
in fact that its gross structure can be resolvedrygg-electron microscopy. A tetramer,
it is a ligand-gated calcium channel. Each monoisér,037 aa. (565kda). In smooth
muscle, the SR is located just 200 A from the oeimbrane, which allows these
channels to be activated by calcium flowing intdl ega voltage-sensitive calcium
channels in cell membrane. These channels areasadivoy an increase in positive cell
potential. This is an example of how a "global" p@ in calcium can set off a "local”
change (also called a "calcium spark") in calciusnaentration inside the cell by the
ryanodine receptor calcium channel localized in $ifie This "calcium spark” has the
net effect of activating a third channel, the psitas channel calledig K+ (also
abbreviated aBK) located in the cell membrane. The increase iagsim flow out of
the cell due to this channel causes the cell pafett become negative once again
(which deactivates the voltage-activated calciumnctel) and therefore resets the whole
process so it can begin again when the voltagedgatalcium channel is
reactivated. Big K+, or BK, is a potassium chalriacalized to the cell membranes of
smooth muscle cells. It lets potassium thru atgh mate when the channel is activated
by a localized "calcium spark” produced by the pdine-sensitive calcium channel in
the SR. BK is the channel responsible for resettiregcell membrane potential back to
the negative resting state. BK channels consist efpha subunits (which form the
pore) and an unknown number of beta subunits, aéwthere are 4 kinds, B1-B4. It is
believed that the difference in beta subunit typeg each tissue it's own specificity.
For example, the B1 subunit increases the chamseri'sitivity to calcium and slows the
kinetics of opening and closing of the channel. BK knockout mice have severe
constriction of arteries and therefore constanhhapod pressure. BK channels are
found in neurons and are near cell membrane calcliamnels and respond to local



calcium concentrations there. They are also founthe kidney and secretory cells.
Each tissue's BK channels have different gatingtigs.

Calcium-Release Activated Channel (Icrac) is a highly calcium selective ion channel
activated upon depletion of intracellular calciuevdls and depletion of intracellular
calcium stores. CaTl1l (and a close relative call&CaC) is a relative and member of
the now extensiv8 RP family found in mammalian cells (see belowBsOC (store
operated calcium channels; also called "capacita&ium entry”) are found in
arteriolar smooth musclel RP channels are found in Drosophila (TRP5 is actiydg
extracellular calcium).  Calcium ion concenwas inside cells are triggered by
hormones and neurotransmitter molecules. A lomgtmystery has involved the exact
mechanism in which a fall in the concentration alfcm in the endoplasmic reticulum
is able to cause an increase in calcium conductdmaoehe cell membrane and into the
cell.

TRP Family: 20 known so far (July, 2001). TRP channelsuan¢sual because some
seem to have enzymatic activity in addition to geion channels. These enzymatic
activities may serve to couple to signalling andahelic pathways within the cell.
There appear to be 3 subfamilies, based on sequetergity. Each has 6
transmembrane helices which form a cationic chanriéie two ends, acid and amino,
have other functions. TRP proteins are believetbtm tetramers in order to become
an ion channel. This could provide for extengieersity. One subfamily, the "long
TRP channel" (LTRPC) appear to have extensive N@nerminal ends, with the acid
end containing the enzymatic activity. SpecifigalLTRPC7 is known to have a
protein kinase domain, and can phosphorylate gitweins as well as itself. LTRPC2
has enzymatic ability to remove the terminal ribbgghosphate group from ADP-
ribose. TRP4 and CaTl may be the long-soughtr adtere-operated calcium
channels. There is evidence that TRP channdllsente diseases such as cancer.
The levels of some LTRPC-family members have beeows to change during
progression of tumors like melanoma and prostateera Nature 411 5/31/01 pg 542-
3

Calmodulin (CaM) mediates Calcium modulation of esaV ion channels including

those involved in calcium-induced calcium releaSECR). CaM in the heart has been
found ligated to L-type calcium channels and isdegefor calcium-induced inactivation

and facilitation of the channel.

ENaC: is an amiloride-sensitive sodium channel and niey activated by an
intracellular protease.

GORK is a delayed outwardly rectified potassium chamxgressed in guard cells of
Arabidopsis thaliana, and is also able to sensaspaim

Note: intracellular-ligand gated channels are ofteantrolled by GPCRs (G-protein
coupled receptors). This is the case when reguiatif ion channels can be measured
in seconds as opposed to milliseconds. A welvknexample of an ion channel being
controlled indirectly by a GPCR via a G-protein lmdes the regulation of the
heartbeat in cardiac muscle, here the G-proteifirs activated by receptor and then
binds to the ion channel and directly increaseslecreases it's gating. Sometimes, the
G-protein may bind an enzyme like adenylyl cyclas@hospholipase C which may



trigger cCAMP or calcium ion build-up in cytoplasmhh can then affect the ion
channel. G-protein responses are slower and lonigan other means of gating, such as
voltage-gating of ion channels in neurons.

Aquaporins. AQP1 not only mediates water flux but is also a cGMRedaion
channel. While most aquaporin channels passaderwsome only allow specific
molecules like glycerol thru.

Sensation of Taste: The exact mechanism by wilaste tmolecules activate ion
channels in the tongue depends a great deal omttiecule itself. Sodium ions (salty)
travel directly thru the ion channel in the tastl@and therefore activate it directly.
Protons (sour) actually block the channel directyhile other taste molecules act as
ligands and open the channel by binding it. Molesuike sucrose (sweet) exert their
action by binding a non-ion channel receptor, whadts off a series of enzymatic
events culminating in phosphorylation and closifig gotassium channel. Molecules
that taste bitter raise internal calcium concentoats which also shuts off the potassium
channel.

MECHANOSENSITIVE AND CELL VOLUME-REGULATED ION
CHANNELS

Miscellaneous 1

Mechanosensitive lon Channels : also calledSACs (stretch-activated ion channels)
(ex: MscL from E.coli, has been solved to 3.5A) open andecio neurons in response
to mechanical stimuli which cause sense of touct hearing. They respond to
membrane tension by opening a large water-filledepoA mechanosensitive ion
channel has been identified in the sensory brmitleron of the fly Drosophila. The ion
channelminK (short for "miniature potassium channel”), alstiechl sK, is found in
kidney and upon depolarization of the cell membyasiewly induces a potassium
current from this channel. Swelling-activatéde. volume-regulated) chloride
channels have been found in all cells so far studi@here is some evidence CFTR is
able to control the ones that are found in epi#thatells. Some swelling-activated
chloride channels may also be voltage-gated. This good example of how a
classification system based only on how ion channate regulated can be
misleading. VRAC (volume-regulated anion channels) found in epigtheells may be
regulated by tyrosine kinases. A putative yemdtium channelCCH1, may be
involved in increasing cytosolic calcium upon hypat shock.Mid1 is also found in
yeast. It has been postulated that tension-dgatimg may be due to an increase in the
tilt angles of the transmembrane helices, whichld/i@mable the pore to open in a way
analogous to the iris. Nonselective cationic SA&gass calcium as well as sodium
and potassium, while others are selective for gatas and perhaps chloride. SACs
may be responsible for generating fast arrhythrimdlse atrium of the heart.

Note about Mechanosensitive lon Channels: Whil®rijsolfaction, and taste all use G-

protein coupled receptors (GPCRS) to stimulateyaasito the brain, the senses of touch
and sound use mechanical stimuli which regulatesci@annels. They do so by directly

converting mechanical forces into electrical signal



CLC group of chloride channels: some possibly activated tbyng hyperpolarizaiton
as well as changes in cell volume. Not liganctdat

In 1997 there were just over 12 different type<labride channels known. Generally,
chloride channels have been neglected as subjécttudy compared to sodium,
potassium, and calcium channels due in part to tmae thought relative insignificance
in cellular and organismal functions. CLC-O wias first and chloride channel cloned
from the CLC family. The CLC family is the largdstown chloride channel family.
The CLC Group is present in many tissues and osgas)ifrom the electric eel electric
organ to vertebrae skeletal muscle and is widelyressed in most mammalian cells.
CLC-O is also found in the electric ray Torpedomiay be involved in cell volume
regulation and is also found in the kidneys. CL&expressed in skeletal muscle SR
and has a conductance of 1 pS (undetectable bl picp methods). CLC-2 has been
discovered by Northern blotting to be ubiquitouskpressed, including epithelia of the
lung. It is activated by cell-swelling or strongp®ypolarization. One of the types of
diseases caused by defects in a chloride chane¢har'myotonias”. CLC-1 mutations
result in electrically hyperexcitable muscle memes. In 1992, a mutant form of the
channel CLC-1 was cloned and determined to be #lusec of a type of myotonia, a
disease causing muscle stiffness and which exHibits recessive and dominant forms.
3 separate point mutations were discovered to cngsdominant form, while the rest
of the characterized mutations caused the rece&sines. The dominant form is called
"Thompson's Disease, or myotonia congenita, angltees a lowered conductance of
chloride in and out of muscle cells. The CLC fammembers are all conserved in
sequence, and have 12 transmembrane domains. &kehgs scCLC as its single CLC
chloride channel called GEFL1. It was discoveredriant yeast which lack ability to
grow without high iron concentrations. A plant Cb@med AtCIC-d is able to
compensate for this defect in yeast. CLC-5 is nya@dpressed in the kidneys and is
involved in Dent's disease, a rare X-linked formnefphrolithiasis, which results in
hypercalciuria and proteinuria. The mutations wheeluse loss-of-function in CLC-5
cause the disease. As of 1996, the CLC channels£1@ C-6, and CLC-7, have not
been expressed in functional form, and therefoeenat proven to be chloride channels
yet. It's possible that expression systems likeoper do not have the correct accessory
factors, or subunits necessary. It's also posditde their required function is as
intracellular chloride channels and therefore hatdedetermine experimentally. CLC-
K1 and CLC-K2 as well as CLC-3 have been reporedbe¢ slightly outwardly
rectifying chloride channels. EriC is a CLC channel from E.coli and functions as a
dimer which selectively conducts anion€LH-5is a CLC channel involved in touch
sensation in nematode neurons. It may be volegelated.

GEF1,

TRP is a superfamily of ion channels required for pdbn of mechanoreceptor
currents by insect bristles (which are mechanosgnsogans). It is probably a
mechanically-gated ion channel.

Acid-sensing ion channels (ASICs): A subfamily of the sodium selective ENaC/DEG
channels, these channels are gated by a decreaséracellular pH. ASIC3 has been
shown in neurons when overexpressed to most likelynvolved in sensing cardiac
ischemia and perhaps triggers angina pain or lai@tk. It may be that acid does not
directly activate the channels, but release ofleiwa ion from a binding site on the



channel. Immke and McCleskey (Vollum Institure, Portland,)OR KCNK3 is a
potassium-selective leak channel sensitive to psotin a potassium dependent
manner.

MISCELLANEOUS?2

KCNK potassium ion channels. they are highly regulated, potassium-selectivé lea
channels, discovered around 1996. Even thougp déne new to the potassium ion
channel family, they already outnumber all othetapsium ion channels combined.
KCNK channels are easy to identify because of theigue structure--they possess two
pore-forming domains in each subunit. Althougikleurrents are fundamental to the
function of nerves and muscles, the molecular bisighis type of conductance had
been a mystery. For a review, see: GoldsteinaletNat Rev Neurosci 2001
Mar;2(3):175-84

GAP Junctions GAP Junctions were first detected by electrophgstial
measurements in 1959 by Furshpan and Potter int gjgrapses. They are the reason
synapses are now distinguished as either "elatsiynapses” (like these) or "chemical
synapses" (as with ACh, etc). These electricalapgas have been found in most
multicellular tissues. Note: GAP Junctions aret mo be confused with "tight
junctions”, where cells are ~OA apart. Here, calls 20-30A apart. Most cells are
around 200A apart, but have large pore diameteA? Gunctions are nonselective
channels which are hexameric in structure. Conrseane the name of its subunits and
are often found in close array. 16 are known sorfaertebrates. GAP junctions allow
both anions and cations thru with equal frequeMuylecules up to 1000 A in diameter
can pass thru. Fluorescent molecules pass easilg ean be followed
spectroscopically. Gap junction channels are pteaeross both membranes of the 2
cells they connect. Gap Junctions and waterspiemed to be arranged as hexamers (6
subunits per channel). Heart muscle cells armected by gap junctions in order to
sense signals from each other to begin contraqumgkly.

Guard Cel Slow Anion Channel is important for the basis of water loss control i
plants. It allows prolonged osmolite efflux whithnecessary for stomatal closure.
Curiously, a functional antibody raised against R¥as found by N. Leonhardt, et al
to be able to inhibit this process, as well as #ilita to immunoprecipitate a
polypeptide from guard cell protein extracts. Hméibody also immunolabeled stomata
in Vicia faba leaf sections.

MIP Family The MIP Family consists of major intrinsic proteioksthe mammalian
lens. At least 18 family members. Large varietyusictions. Glycerol uptake in E. Coli,
Drosophila brains, and aquaporins.

Intracellular Chloride Channels: A new family calledCLICs found recently in the
nuclear membrane due to sequence similarity with rthicrosomal chloride channel
p64. Some have been shown to exist in solubla faside the cell. These include
p64, CLIC-1, andHuH1. Conductance of CLIC-1 has been measured atp852
CLIC3 is found in the nucleus and binds MAP kin&$eK7, which implies it may be
involved in regulation of cell growth. Anotheraiear chloride ion channelNCC27,



is one of only a few cloned nuclear ion channels.is a relatively small, 27,000D
transmembrane protein with sequence similarity &d.p These channels are highly
conserved across species and therefore could be/@drin cell cycle regulation.

Eicosanoid-Modulated Chloride Channel: appears to be gated directly by EET.

Gramicidin A peptide antibiotic effective against some grarbatteria. They consist
of 15 amino acids that alternate between D andringo These structurally simple and
easy to work with ion channels were the first teehéheir single currents measured.
Gramicidin must form a dimer with another graminiadnolecule in order to form a
working ion channel. One half of the dimer sitgatself on one side of the membrane
bilayer while the other half of the dimer is joinedit while sitting in the other half of
the membrane bilayer.alamethicin channels are an antibiotic anion channel like
gramicidin but are 20 amino acids long.

Influenza M(2) Protein The flu virus has an ion channel (4 single tramsirane

tetramer) called M2. It is a proton channel. (HH3O+, it isn't known for sure). It lets
protons into viral membrane during endocytosis t¢tivate HA. It is an integral
membrane protein and is highly expressed in intectdls. It is only 97 amino acids
long.

AlphaToxin An ion channel toxin secreted from Staphlococcugdra which attacks
red blood cells of the host. It binds to cholesitén the membrane. It's structure has
been determined to a resolution of 1.9A The reg¢riluid-filled pore is 14-46 A in
diameter. Other toxins known to influence membrgermeabilization include:
Colicins, diphtheria toxin, aerolysin, tetanus tgximellitin from bee venom and
margainin, a toxin from xenopus skin.

VPU HIV, the AIDS virus, has an ion channel called VRtich is weakly selective
for cations (MRNA in oocytes exp and lipid bilayxp). These channels are not found
in viral membranes, however and are probably uséetlp virus bud.

Porins are found in gram negative bacterial outer memdgamhey are generally
nonselective. In some bacteria they may selechtgfidor cations. Porins have a high
conductance rate for high molecular weight solutedo 600 Da, They usually form
tetrameric structures, Beta-sheets and have parmeedérs of around 10 A in diameter;
large enough to let cell wall constituents likegokaccharides thru.

More Information About lon Channels:

The human genome probably codes for at least 3@relift kinds of ion channels. A
single excitable cell membrane probably has betviend 10 different ones.

Some More Possible Chloride Channels?: note: ak amrelated. plcln,
phospholemman, p64, Ca-CC.

Expression and Distribution of lon Channels:



Flies have ~50 ligand-gated ion channels; C. elegaound 100 out of its 19,000 total
genes. C. elegans has 42 nAChR channels and 37 @®ABike subunits. Drosophila
has a number of families: 3 voltage-dependant eddachannels, 14 Trp-like channels,
24 amilioride-sensitive sodium channels, 2 pormse ryanodine receptor, one IP(3)
receptor, and 8 innexins. C. elegans has over &sgiom channel genes and 90
neurotransmitter-gated ion channels, all of whiahia the nervous system. Drosophila
only 30. No voltage-activated sodium channels avad in C. elegans.

More Facts: lon channels are more likely to be Hogus (related) if they share the
same method of regulation; for example, all voltggeed ion channels are thought to
have arisen from a common ancestor gene. To datéjsease-causing mutation has
been found in the promoter region of an ion chanmdurine myotonia and
hyperekplexia are ion channel diseases caused dBrtion of transposons. ATP-
sensitive potassium channels can often be impaiseal secondary effect of diabetes in
pancreatic beta-cells.

Chloride channels are believed to be found in yearéry type of cell known, including
yeast and bacteria. They are involved in volumeileggn, transport across epithelia,
acidification of intracellular organelles, stabdtion of cell membrane potential and
signal transduction. Chloride anions are the masindant anions in both plant and
animal tissues. Chloride is unusual in that it i oof the only anions found in
equilibrium concentrations across cells. As of ybere is no known pump that uses
ATP to change chloride gradients, but chloride barpumped to form gradients using
electrical gradients.
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More Information About Recently Discovered Ion Channels:

From the October 11th issue of the journal Natul@alcium and cyclic nucleotides
control sperm motility..... Here, we describe thdoning and functional
characterization of the of an unusual sperm catbannel (CatSper)......Several
voltage-dependent calcium channel ([C&RNAs and cyclic nucleotide-gated (CNG)
proteins have been detected in sperm cell precurdeurthermore, low-voltage-
activated, dihydropyridine-sensitive 'T-type' chalsrand pharmacologically defined N-
and R-type currents have been measured in sperematogells.” The CatSper gene is
unique because it codes for a single, 6-transmemekspanning repeat (like voltage-
dependent K+ channels such as Kv, and yet its pgmn and overall homology is
closest to a single domain of the much larger €aeav channels. It was noted that



CatSper protein has not yet been shown using Hetgnaes expression systems to allow
transport of calcium ions. Sperm lacking CatSyrer poorly motile and are unable to
fertilize eggs with intact zona pellucida. Dejian Ren et al., "a sperm ion channel
required for sperm motility and male fertility" alire Vol 413 603-609

In the journal Nature (2/2001) Hanno Tan et al.orggd finding a mutation in the
cardiac voltage-gated sodium channel g&@N5A, responsible for causing isolated
cardiac conduction disease. They found that aenise mutation (G514C) changes the
voltage-dependent gating behavior such that theci@nnel deactivates more quickly
when open. The channel also had a modified veltEpendence of activation. These
effects combined to produce an overall sodium cuirteat was lower than the wild-
type ion channel produces, thus slowing cardiacuisgconduction. Nature Vol 409
2/22/01 pgs 143-147

KcsA is a potassium channel recently crystallized atdesl to atomic resolution. It
appears to use its selectivity filter as a ga®hen in the closed state, it traps K+ ions
by binding them with high affinity. When the clmesh is open, the affinity for K+
actually decreases and K+ flows thru the chann&anDongen and Chapman (from
Duke University) state "The cytoplasmic constrintiseen in KcsA is not a universal
gate, since it is not found in inward rectifying Khannels and glutamate
receptors.....Affinity switching allows the channt be both highly selective and
permeate efficiently." Biophysical Society Meeting 2/2001

"A vivid example of [the discovery of anion chamsjehas unfolded in the past few
years with the identification of the genes causthgstrophic dysplasia, congenital
chloride diarrhoea and Pendred syndrome. Whileethikeee disorders are clinically
distinct, the associated geneBTDST, CLD andPDS, respectively) emanate from a
well conserved family of genes that all encode @artransporters."Everett LA; Green
ED Hum Mol Genet 1999;8(10):1883-91.

In the journal Cell, Komak et al. speculate tha¢ tthloride channel CLC-7 is
responsible for the bone condition osteopetrosidisaase where not enough bone is
resorbed (the opposite of osteoporosis). In ofdlebone-digesting enzymes secreted
from bone cells called osteoclasts to functiontqme need to be pumped into the bone
matrix. Chloride flow thru CLC-7 is apparentlycessary for this process becaues it
maintains electrical balance. Mice deficenthis ion channel had all the hallmarks of
osteopetrosis. CLC-7 was found to be expressdgsosomal membranes in normal
cells. Cell 104:205-215 2001



