
ts9

199

ts9

v99

S]NVUBIA]W
io sltluldoHd

lVflUt)lll lHr
CNV SI]NNVH) NOI

I-UOdSNVUI
rNVUSr lW l^tlfv

CNV SU]IUOdSNVUI

IUOdSNVUI ]NVU8Y!]IA
lO Slldl)NlUo

ratdeq) s!r{I ul

'pa^Io^ur sesseroJd pue sureloJd aql
Surzrralcereqc JoJ ser8eleJls eruos pup uodsue4 aueJqueluJo sruJoJ snoIJeA eq]
aqrJssep ol pesn sruJel eql Jo eruos acnpoJlur uaql a A'sJe/tPIq prdq crlaqlu(s
'aar;-uralord Jo seluedoJd ,fiqrqeaurad eql Sulqucsap ̂q uoqces slql uFaq aM

ruodsNvul INVUBWlW lO Slldl)Nlud

'slEal Sulqsruotse s,uIEJq ueunq eql IIB
lno ftJec ol suoJneu Jo s{Jomtau 3u11qeua 'uoqecpqqdos Jo la^al lsaq8rq rreql
le ruJoJJed sureloJd IauuEqJ 'sllac aseql q '(slleJ a^reu) suoJnau uI sleuusqJ
uorJo suorlJunJ 3ql uo l(Iulelu eleJluasuoc er\/\ teldeqJ aqlJo ued tsEI eql uI

'sraldeqc JaIBI ul passnJ
-srp se '11ao rrlofrecne aql Jo saueJqrueu Jaq]o eq] ssoJoe alerado suslueqJalu
JBIlurs lnq (euBJqrxaur eruseld aql ssoJJE ilodsuerl uo .{prcru uolssncslp
Jno snJoJ aM aJV s,llao eqlJo lsotu e{eru (BUe}Jeq pue 'slseldoJolqJ 'Pupuoqc
-olrru ur) pue 'sllaf, alqelroxe,{1ecu1ra1a ut spu8ts IeJIJ}3ele r{.azruoc 'sassacotd

uodsueJl snorJel elrrp qf,rqm 'sluarper8 IeolrueqcoJlJele Jo urJoJ eql ut d8raua
ppualod erols ueo seueJqueu gac tadepq ptdq aqt ssoroe secueraJJlp uolleD
-ueJuoJ cruor Surleraua8 Lg 'sallaue8ro pasoloue-eueJquau ulqllm plng eql
ro (I-II aIqBD prnlJ relnllaceJue eqt reqlla Jo rEql qll/\^ paredruoc loso/.c aql
;o uorlrsodruoc eql ur seoueJeJJrp a8rel salEaJJ lrodsuerl elllce pue &ryqearu
-rad arrssud elrlJeles Jo uorleurquoo e pue 'lrodsueJl all]ou az[1e1et ol ,iSraua
Jo aJJnos e o1 paldnoc eq ueJ sralrodsuer; 'suor crue8roul ilerus ;o ,i.purutrd
']uarueloru aueJqrueusuerl arrrssud 8ulr,ro1p 'arod cqtqdorpfq morreu E IUJoJ
qJIqM 'slauuaqJ pue 'sauuJqruelu ssoJJP seFceloru cgtcads ]rodsuerl ol slred
Surrrou e^Eq qJrq^^ 'staitodsuau:sradelrq ptdll ssoJf,e quoJ pue IJeq selnJelou
Jo JrJJe[ slql elelpetu lpq] sula]oJd auerquraur Jo sassPIO uleru oml eq]
'uJnl ur 'Japrsuoc uaql eM'saueJquau IIas asJe^eJl selnJalou elqnlos-Jelel
IIEus ,r,roq;o saldrcuud praua8 aruos Sutqrrcsap ,'i.q .raldeqc sgqt ur8aq all

'sassacord uodsuerl eueJqruau o1 uoqdrunsuoc d8raua
f,rloqptau Ielot Jraql Jo spJrql-oml ol dn alonap slleo uelletuureur pazqetcads
euros 's11ec IIB ur sure]ord auerquraur aql Jo %0S-gI dn a>1eru qJIWv\ 'sutalotd
uodsuer] JoJ apoJ ]eql sursrue8Jo IIp ur sauaS;o raqunu a3.re1 aql uI pe]oegeJ
sr ]rodsuer] eueJqruau ;o acuelrodul eqJ 'tI puu 71 sraldeq3 uI pessnf,
-srp eJe rtaqt pue 'salncalour lerus SutrraJsueJl JoJ pesn esoq] Ixo4 JeJJIp sesEJ
eseqlJo lsoru ur pellolur srusrueqoar[ eq] lnq'saueJqtueur Jleql ssoJJB salcqred
a8rel uala pue selnJeloruoJJeru JaJsupJl osp uec s11a3 'ra,(e1q prdrl aqr ssoJou
selnJelou crue8ro elqnlos-Jelem IlEIxs pue suol ctuu8rout uodsuerl 01 sulel
-ord auerqruerusueJl pazqercads asn slle3 'suolluJluecuoc uol JelnlleJeJlul eleln
-8ar puu 'slcnpord etsem orloqelaru aleJOXe 'slualJlnu lel]uessa ]saBut ol JepJo uI
seuprqruaur Jreql ssoJce suol pue salnceloru elqnlos-JelEM ct;tcads Surrra;suer1
go szlem. eAIoAe o] ppq e^pq sllac le^a^ oq 'JauJBq slq] uro4 llJauaq oI 'sluau
-]redruoc pesoloue-aueJqueu Jelnllef,EJlur aqtJo qoee ur pue plnlJ JEInlleJEJlxe
eql uI esoql luo4 JaJJIp teql 1oso1,b sll q selnlos Jo suolleJluasuoJ ulPlulsru
01 fiec eq] smollu uorlJunJ Jarrreq srqJ 'salnoelour relod lsolu Jo a8essed aql
sluanard seueJqrrreru 1ac3o raLelq prdl aqt touelur crqoqdorprtq sllJo asneoag

le)ul)all aqt pue saln)elow
seueJquaw Jo seluedord

lleus Jo lrodsuerl euerquaw



)o^eltq oql
ssor)e sasnJJtp aln)alou aql /(lptdel aloLu

aql'raleM qltM solet)osse lt ̂l6uorts
ssal aq]'{;luelrodur alou'pue alnlolou

eql ralletrjs aql'saln)alou Jo sssspl)
luara;Jrp o1 ra{e;rq prdrl l1eqlu{s e

1o I1r;rqeeulad anl1e1ar aq1 1- 11 e.rn6r3

raiieltq
pto!l

:r1aq1u{s

*t 6 tltl
t) ' -P-)
.,,.1'-,: sNol +) :UJH
*EN,*H

5lt n)tto|/\
asor)ns UVIOd
asornl6 CI9UVH)Nn

]DUVI

1o-rer{16 Sllnfl1OlAl
earn uvlod
n zu cl9uvH)Nn

ttvtAs

sauou.]loq
ptoJals

ZN
zo)
zO

slln)l'lot
)tS0HdoucAH

's,4aupDl aql ur seuols aups^J Jo uorleruroJ aq] o] speal aurrn eq] ul eulls^J Jo
uorlElnrunJJe Suqpsar aql :poolq aql otur aunsalq eqt Jo eurJn eql Jaqlra luo4
(autalsdr Jo reurp pe{url-aprJlnsp aql 'aur1s,{c Surpnlcur) sprJe ourrup ureuaJ
UodsueJl louuet 'aldruexa rc!'arJnurts[J esBasrp palrraqu aq] q]y!\ slBnpr^pul
'adft 1ac Jeqlo Jo 'eurlsalur faupq aql q a]nlos crJrlads E Jo uodsuer] eql Jap
-ulq ]eq] sesEasrp palrJequ snorre^ ruo4 JaJJns suorleln{u relrurs qlp^ sueunq
leql ^ ou) ^^ou aM 'suraloJd uodsupJl eueJqrueu Jo .,{}rJrJroads aql 3ur}BJls
-uoruap,{qaraq} 'euBrqueu eluseld Jlaql ssoJJe sJBBns UodsuBJt ol elqeun aJoM
uollelnlu auaS-alSurs e qlr^\ prretrEq lPql punoJ s096I aq] uI sarpnls 'ssplr aqlJo
salcads JBInJalou ureuac dpo uago pue (sprle ourrue Jo 'sJBBns 'suor se qcns)
alnoelotu Jo ssplc JelnJrued e suodsueJ] uraloJd qceg 'saueJquraru pcrSolorq
Jo saddt IIe ur puB sruJoJ l(uelu ur rnJco sura]ord eseqJ'seueJqrueu IIaJ ssoJJp
salnlos qcns JaJSUEJI sulaloJd UodsueJl erruJqrueu IerJedS d1.,vro1s ,rfuan ,r{po
sre,r(epq prdl crlaqluds ssorc leql saqoqelaru IIaJ dueru pue 'saprloalJnu 'sprce
oururE 'sre8ns 'suor sp qcns (salnJeloru Jplod snorJe^ go a8essed aql ^\olle o]
anpq osp tanamoq'sauerqruau IIaJ 'uorsnJJrp aldurrs ̂,(q aleaurrad ol salnceloru
Jeloduou pue ralem ,lrolle sauerqrxau IIaJ 'sredelrq pldll f,Ileqlufs e{r'I

slauueq) pue sralJodsuerl
:sulalord uodsuerl auerquaw Jo sassel) urew oA I arv aroql

'(z-II arnSlc)
+) Jo +BN SE suor Iletus qcns ua^a ()1 uEql Jelel ol alqBeruJad aroru selull 60I
are sra,{epq prdq crlaqluds 'snq1 'ra^,(e1q aq};o aseqd uoqrecorp.,{q aq} Surra}ua
ruoq uaq] sluanard salnJelou qJns Jo uorlerp.,tq go aar8ap q8q pue a8reqc
aql :llerus ̂ oq Jetleru ou '(suor) salnJalou pa8reqc ol alqeauJadur fp8rq
aru s;adelq pIdI']sertuoc /tS'(I-II arn8tC),{1,r,ro1s eJor.u qJnu tlaqlE'redBlrq
E ssorJe esnJJIp osle 'eaJn Jo Jale^ se qlns 'salnJeloru JBIod pe8JeqJun IIeUS 'tueql ssorce dprder asnJJlp aroJaraq] pup sra/tepq pldl uI anlossrp dppear '263
pue zO se qcns 'salncaloru Jeloduou leurg 'ra,r(e1q pldl B ssoJce esnJJrp IIrM
l1 fprder arou eqt '(s1 tr 'reloduou ro (crqoqdorp,{q aroru aqt) Iro ur sr }l alqnlos
eJoru aq] pue alnJalotu aqt Jallerus aql 'praua8 q 'Io ut &mqnlos alrlelal slr
uo ,r(1]soru tnq a1ncalotu aql Jo azrs aql uo -{1ued Surpuadap 'flsnoruJoue serJel
'Jale,troq 'uorsnJJrp Jo aleJ aqJ ']uerpEJB uorlerluacuoo sll ulrop radegq pldl
aar;-uralord e ssoJJe esnJJIp Ilr,rr alnoalotu ,tue l.1pnlrrn 'aruq q8noue uelrC

suol ol olqpouredurl Ilq6!H arv sralel!8 p!d!] oarl-ulalord

satrauebro
snoueA urq]rM pJrots'+zpJ.roJ'pue saluelsqnslaqlo pue suralord ot punoq ,{lisou are qtoq

lnq'sllal ur rzEJ lAu.r Z I pup *761,\1 y1lu OZ lnoqprro leto] e sr araql suor oar1 Jqlro; arp uanr6
,761,1 pue +.eJlo suorlerlurluol rq_L (rte'sdnot6 ;{xoqrer pue ateqdsoqd 6utfuret sattloqptrur
,Ot)P)tJr1L'(J.orold roa' OtH\pO6,eUt,{or,rre6oud,pqlUJ"lltISUO)lrJ)lsotr'l)elJ:Jlqp}
\ y L pJrcrl loJ (Lo.Lp rJqlo ̂JPJ sLrPtLo) Ld ) Jqt ' l) ol uorlrppe Jr 's.rq_ { erlnau,{1 e)ul)JlJ

aq ]snLU tl 'sl tpq]) sa6-reqr a,rtle6au pue ar,tltsod 1o sa ltluenb lenba uteluot lsnLU llJ) aql+

0t,

ft'LHd)o hl ,r_0t) s 0[ xi
Z_L
z-L

s
9VL

I r-9

ft'LHdroWzz_0t)s0LxL
r-o I

:U

obL
5 t-5

-l)
*suoruv

+H
*zPJ

*zbw
+)

+eN

lla) ue!leuuew
;errd{1 e apls}ng pup aprsul suo!}erlua)uo) uol Jo uospeduo) V t- t t alqel

seuerqtuew ro sarlJedord le)!Jl)el:l eql pue saln)alow lleus ro Uodsue{ auprquaw : t I Ja]deq)zs9



PRINCIPLES OF MEMBRANE TRANSPORT

Figure 1 1-2 Permeability coefficients for the passage of various

ffj::ll,"jJiH::i;',,::iil113:1f;f li:,n"J?,:1."I:5nof aso'u'le
concentration on the two sides of the membrane. Multiplying this
concentration difference (in mol/cm3) by the permeabil ity coefficient
(in cm/sec) gives the flow of solute in moles per second per square
centimeter of bilayer. A concentration difference of tryptophan of
10-a mol/cm3 (10-4110-3 L = 0.1 M), for example, would cause a flow of
1 0-a mol/cm3 x 1 0-7 cm/sec = 1 0-11 mol/sec through 1 cm2 of bilayer, or
6 x 104 molecules/sec through 1 ;rm2 of bilayer.

All membrane transport proteins that have been studied in detail have been
found to be multipass transmembrane proteins-that is, their polypeptide
chains traverse the lipid bilayer multiple times. By forming a continuous protein
pathway across the membrane, these proteins enable specific hydrophilic
solutes to cross the membrane without coming into direct contact with the
hydrophobic interior of the lipid bilayer.

Transporters and channels are the two major classes of membrane transport
proteins (Figure 1l-3). Transporters (also called carriers, or permeases) bind the
specific solute to be transported and undergo a series of conformational
changes to transfer the bound solute across the membrane. Channels, in con-
trast, interact with the solute to be transported much more weakly. They form
aqueous pores that extend across the lipid bilayer; when open, these pores allow
specific solutes (usually inorganic ions of appropriate size and charge) to pass
through them and thereby cross the membrane. Not surprisingly, transport
through channels occurs at a much faster rate than transport mediated by trans-
porters. Although water can diffuse across synthetic lipid bilayers, all cells con-
tain specific channel proteins (called water channels, or aquaporins) th'at greatly
increase the permeability of these membranes to water, as we discuss later'

Active Transport ls Mediated by Transporters Coupled to an
Energy Source
All channels and many transporters allow solutes to cross the membrane only
passively ("downhill"), a process called passive transport, or facilitated diffu-
sion. In the case of transport of a single uncharged molecule, the difference in
the concentration on the two sides of the membrane-its concentration gradi-
ent-drives passive transport and determines its direction (Figure f f -44).

If the solute carries a net charge, however, both its concentration gradient
and the electrical potential difference across the membrane, the membrane
potential, influence its transport. The concentration gradient and the electrical
gradient combine to form a net driving force, the electrochemical gradient, for
each charged solute (Figure 11-4B). We discuss electrochemical gradients in
more detail in Chapter 14. In fact, almost all plasma membranes have an elec-
trical potential difference (voltage gradient) across them, with the inside usu-
ally negative with respect to the outside. This potential difference favors the
entry of positively charged ions into the cell but opposes the entry of negatively
charged ions.
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Figure 1 1 -3 Transporters and channel
proteins. (A) A transporter alternates
between two conformations, so that the
solute-binding site is sequential ly
accessible on one side of the bi layer and
then on the other. (B) In contrast, a
channel protein forms a water-f i l led pore
across the bi layer through which specif ic
solutes can dif fuse.

aqueous
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transported molecule Figure 1 1-4 Passive and active
transport compared. (A) Passive
transport down an electrochemical
gradient occurs spontaneously, either by
simple dif fusion through the l ipid bi layer
or by faci l i tated dif fusion through
channels and passive transporters. By
contrast, act ive transport requires an
input of metabolic energy and is always
mediated by transporters that harvest
metabolic energy to pump the solute
against i ts electrochemical gradient.
(B) An electrochemical gradient
combines the membrane potential and
the concentrat ion gradient; they can
work addit ively to increase the driving
force on an ion across the membrane
(middle) or can work against each
other (right).
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cells also require transport proteins that will actively pump certain solutes
across the membrane against their electrochemical gradients ("uphill"); this
process, known as active transport, is mediated by transporters, which are also
called pumps. In active transport, the pumping activity of the transporter is
directional because it is tightly coupled to a source of metabolic energy, such as
ArP hydrolysis or an ion gradient, as discussed later. Thus, transmembrane
movement of small molecules mediated by transporters can be either active or
passive, whereas that mediated by channels is alwavs Dassive.

Summary
Lipid bilayers are highly impermeable to most polar molecules. To transport small
water-soluble molecules into or out of cells or intracellular membrane-enclosed com-
partments, cell membranes contain uarious membrane transport proteins, each of
which is responsible for transferring a particular solute or class of solutes across the
membrane. There are two classes of membrane transport proteins-transporters and
channels. Both form continuous protein pathways across the lipid bilayer. Wereas
transmembrane mouement mediated by transporters can be either actiue or passiue,
solute flow through channel proteins is always passiue.

TRANSPORTERS AND ACTIVE MEMBRANE
TRANSPORT
The process by which a transporter transfers a solute molecule across the lipid
bilayer resembles an enzyme-substrate reaction, and in manyways transporters
behave like enzymes. In contrast to ordinary enzyme-substrate reactions, ho*-
ever, the transporter does not modify the transported solute but instead delivers
it unchanged to the other side of the membrane.

Each type of transporter has one or more specific binding sites for its solute
(substrate). It transfers the solute across the lipid bilayer by undergoing
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Figure 11-5 A model of how a
conformational change in a transporter
could mediate the passive movement of
a solute. The transporter shown can exist
in two conformational states: in state A,
the binding sites for solute are exposed on
the outside of the l ipid bi layer; in state B,
the same sites are exposed on the other
side of the bi layer. The transit ion between
the two states can occur randomly. l t  is
completely reversible and does not
depend on whether the solute binding site
is occupied. Therefore, if the solute
concentrat ion is higher on the outside of
the bi layer, more solute binds to the
transporter in the A conformation than in
the B conformation, and there is a net
transport of solute down its concentrat ion
gradient (or, i f  the solute is an ion, down
its electrochemical gradient).
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reversible conformational changes that alternately expose the solute-binding
site first on one side of the membrane and then on the other. Figure I l-5 shows
a schematic model of how a transporter operates. lVhen the transporter is satu-
rated (that is, when all solute-binding sites are occupied), the rate of transport is
maximal. This rate, referred to as V,r'* (Vfor velocity), is characteristic of the
specific carrier. I/-* measures the rate with which the carrier can flip between
its two conformational states. In addition, each transporter has a characteristic
affinity for its solute, reflected in the K- of the reaction, which is equal to the
concentration of solute when the transport rate is half its maximum value (Fig-
ure I l-6). As with enzymes, the binding of solute can be blocked specifically by
either competitive inhibitors (which compete for the same binding site and may
or may not be transported) or noncompetitive inhibitors (which bind elsewhere
and specifically alter the structure of the transporter).

As we discuss below it requires only a relatively minor modification of the
model shown in Figure 11-5 to link a transporter to a source of energy in order
to pump a solute uphill against its electrochemical gradient. Cells carry out such
active transport in three main ways (Figure I l-7):

1. Coupled transporters couple the uphill transport of one solute across the
membrane to the dornmhill transport of another.

2. ATP-driuen pumps couple uphill transport to the hydrolysis of ATP
3. Light-driuen pumps, which are found mainly in bacteria and archaea, cou-

ple uphill transport to an input of energy from light, as with bacterio-
rhodopsin (discussed in Chapter l0).

Amino acid sequence comparisons suggest that, in many cases, there are
strong similarities in molecular design between transporters that mediate active
transport and those that mediate passive transport. Some bacterial transporters,
for example that use the energy stored in the H+ gradient across the plasma
membrane to drive the active uptake of various sugars are structurally similar to
the transporters that mediate passive glucose transport into most animal cells.
This suggests an evolutionary relationship between various transporters. Given
the importance of small metabolites and sugars as energy sources, it is not sur-
prising that the superfamily of transporters is an ancient one'

We begin our discussion of active transport by considering transporters that
are driven by ion gradients. These proteins have a crucial role in the transport of
small metabolites across membranes in all cells. We then discuss ATP-driven
pumps, including the Na+ pump that is found in the plasma membrane of
almost all cells.

Figure 1 1-6 The kinetics of simple dif fusion and transporter-mediated
diffusion. Whereas the rate of simple dif fusion is always proport ional to
the solute concentrat ion, the rate of transporter-mediated dif fusion
reaches a maximum (V."*) when the transporter is saturated. The solute
concentrat ion when transport is at half  i ts maximal value approximates the
binding constant (Kr) of the transporter for the solute and is analogous to
the Kr of an enzyme for i ts substrate. The graph applies to a transporter
moving a single solute; the kinetics of coupled transport of two or more
solutes is more complex.
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Il l
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Figure 1 I -7 Three ways of driving active
transport.  The actively transported
molecule is shown in yel low, and the
energy source is shown in red.

Figure 1 I -8 Three types of transporter-
mediated movement. <ACCC> This
schematic diagram shows transporters
functioning as uniporters, symporters,
and antiporters.
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ATP-DRIVEN
PUMP

LIGHT-DRIVEN
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Active Transport Can Be Driven by lon Gradients

same direction, performed by symporters (also called co-transporters), or the
transfer of a second solute in the opposite direction, performed by antiporters
(also called exchangers) (Figure ll-8).

The tight coupling between the transfer of two solutes allows these coupled

gradient of which provides a large driving force for the active transport of a sec-
ond molecule. The Na+ that enters the cell during transport is subsequently
pumped out by an ArP-driven Na+ pump in the plasma membrane (as we dis-
cuss later), which, by maintaining the Na+ gradient, indirectly drives the trans-
port. (For this reason ion-driven carriers are said to mediate second.ary actiue
transport, whereas ArP-driven carriers are said to mediate primary actiue trans-
port.)

Intestinal and kidney epithelial cells, for example, contain a variety of sym-
porters that are driven by the Na+ gradient across the plasma membrane. E'ach
Na*-driven symporter is specific for importing a small group of related sugars or
amino acids into the cell, and the solute and Na* bind to different sites on the
transporter. Because the Na+ tends to move into the cell down its electrochemi-
cal gradient, the sugar or amino acid is, in a sense, "dragged" into the cell with it.
The greater the electrochemical gradient for Na+, the gieater the rate of solute

transported molecule co-t ransported ion
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entry; conversely, if the Na+ concentration in the extracellular fluid is reduced,
solute transport decreases (Figure ll-9).

In bacteria and yeasts, as well as in many membrane-enclosed organelles of
animal cells, most active transport systems driven by ion gradients depend on
H+ rather than Na* gradients, reflecting the predominance of H+ pumps and the
virtual absence of Na+ pumps in these membranes. The electrochemical H+ gra-
dient drives the active transport of many sugars and amino acids across the
plasma membrane and into bacterial cells. One well-studied H+-driven sym-
porter is lactose permease, which transports lactose across the plasma mem-
brane of E. coli. Structural and biophysical studies of the permease, as well as
extensive analyses of mutant forms of the protein, have led to a detailed model
of how the symporter works. The permease consists of 12 loosely packed trans-
membrane cr helices. During the transport cycle, some of the helices undergo
sliding motions that cause them to tilt. These motions alternately open and
close a crevice between the helices, exposing the binding sites for lactose and
H*, first on one side of the membrane and then on the other (Figure ll-10).

Transporters in the Plasma Membrane Regulate Cytosolic pH

Most proteins operate optimally at a particular pH. Lysosomal enzymes, for
example, function best at the low pH (-5) found in lysosomes, whereas cltoso-
lic enzymes function best at the close to neutral pH (-7.2) found in the cytosol.
It is therefore crucial that cells control the pH of their intracellular compart-
ments.

Most cells have one or more tlpes of Na+-driven antiporters in their plasma
membrane that help to maintain the cltosolic pH at about 7.2. These trans-
porters use the energy stored in the Na+ gradient to pump out excess H+, which
either leaks in or is produced in the cell by acid-forming reactions. TWo mecha-
nisms are used: either H+ is directly transported out of the cell or HCO3- is
brought into the cell to neutralize H+ in the cytosol (according to the reaction
HCOa- + H+ -+ HzO + COz). One of the antiporters that uses the first mechanism
is a Na+ -H+ exchanger,which couples an influx of Na+ to an efflux of H+. Another,
which uses a combination of the two mechanisms , is a Nd -driuen Ct-HCOs-
exchangerthat couples an influx of Na* and HCOS- to an efflux of Cl- and H* (so

+ + f u q h  U l
EXTRACELLULAR SPACE

+ + +  + +

u q b @
Figure 11-9 One way in which a glucose transporter can be driven by a Na+ gradient. As in the model
shown in Figure 11-5, the transporter osci l lates between two alternate states, A and B. In the A state, the
protein is open to the extracel lular space; in the B state, i t  is open to the cytosol. Binding of Na* and
glucose is cooperative-that is, the binding of either l igand induces a conformational change that
incr"ur", the protein's aff ini ty for the other l igand. Since the Na+ concentrat ion is much higher in the
extracel lular space than in the cytosol, glucose is more l ikely to bind to the transporter in the A state.
Therefore, both Na+ and glucose enter the cel l  (via an A -+ B transit ion) much more often than they leave i t
(via a B -+ A transit ion). The overal l  result is the net transport of both Na+ and glucose into the cel l .  Note
that, because the binding is cooperative, i f  one of the two solutes is missing, the other fai ls to bind to the
transporter. Thus, the transporter undergoes a conformational switch between the two states only i f  both
solutes or neither are bound.
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(A)

Figure 1 1 -10 The molecular mechanism
ofthe bacterial lactose permease
suggested from its crystal structure.
(A) The 12 transmembrane hel ices of the
permease are clustered into two lobes,
shown in two shades of green. The loops
that connect the hel ices on either side of
the membrane are omitted for clari ty.
During transport,  the hel ices sl ide and t i l t
in the membrane, exposing binding sites
for the disaccharide lactose (yellow) and
H+ to either side of the membrane. (B) In
one conformational state, the H+- and
lactose-binding sites are accessible to the
extracellular space (top row); in the other,
they are exposed to the cytosol (bottom
row). Loading the solutes on the
extracel lular side is favored because
arginine (R) 144 forms a bond with
glutamic acid (E) 126, leaving E269 free to
accept H+. Unloading the solutes on the
cytosolic side is favored because R1 44
forms a bond with E269, which
destabi l izes the bound H+. In addit ion,
the lactose-binding site is part ial ly
disrupted due to the rearrangement of
the hel ices. Because the transit ion
between the two protonated states
(middle) is forbidden, H+ can only be
transported when a lactose is also
transported. In this way, the
electrochemical H+ gradient drives
lactose import. (Adapted from
J. Abramson et al. ,Sclence 301:
610-615, 2003. With permission from
AAAS.)
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An Asymmetric Distribution of Transporters in Epithelialcells
Underlies the Transcellular Transport of Solutes
In epithelial cells, such as those that absorb nutrients from the gut, trans-
porters are distributed n_onuniformly in the plasma membrane and thereby
contribute to the transcellular transport of absorbed solutes. By the action of
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TRANSPORTERS AND ACTIVE MEMBRANE TRANSPORT

membrane, tending to create an electrical potential, with the cell's inside being
negative relative to the outside. This electrogenic effect of the pump, however,
seldom contributes more than 10% to the membrane potential. The remaining
90%, as we discuss later, depends only indirectly on the Na+-K+ pump.

On the other hand, the Na+-K+ pump does have a direct role in controlling
the solute concentration inside the cell and thereby helps regulate osmolarity
(or tonicity) of the cltosol. All cells contain specialized water channel proteins
called aquaporins (discussed in detail on p. 673) in their plasma membrane to
facilitate water flow across this membrane. Thus, water moves into or out of cells
douar its concentration gradient, a process called osmosls. As explained in Panel
ll-1, cells contain a high concentration of solutes, including numerous nega-
tively charged organic molecules that are confined inside the cell (the so-called
fixed anions) and their accompanying cations that are required for charge bal-
ance. This tends to create a large osmotic gradient that tends to "pull" water into
the cell. Animal cells counteract this effect by an opposite osmotic gradient due
to a high concentration of inorganic ions-chiefly Na+ and Cl--in the extracel-
lular fluid. The Na+-K+ pump helps maintain osmotic balance by pumping out
the Na+ that leaks in dor,rm its steep electrochemical gradient. The CI- is kept out
by the membrane potential.

In the special case of human red blood cells, which lack a nucleus and other
organelles and have a plasma membrane that has an unusually high permeabil-
ity to water, osmotic water movements can greatly influence cell volume, and
the Na+-K+ pump plays an important part in maintaining red cell volume. If
these cells are placed in a hypotonic solution (that is, a solution having a low
solute concentration and therefore a high water concentration), there is net
movement of water into the cells, causing them to swell and burst (lyse); con-
versely, if the cells are placed in a hypertonic solution, they shrink (Figure
f f -f 6) . The role of the Na+-K* pump in controlling red cell volume is indicated
by the observation that the cells swell, and may eventually burst, if they are
treated with ouabain, which inhibits the Na+-K+ pump. For most animal cells,
however, osmosis and the Na+-K+ pump have only minor roles in regulating cell
volume. This is because most of the cfoplasm is in a gel-like state and resists
Iarge changes in its volume in response to changes in osmolarity.

Nonanimal cells cope with their osmotic problems in various ways. Plant
cells and many bacteria are prevented from bursting by the semirigid cell wall
that surrounds their plasma membrane. In amoebae, the excess water that flows
in osmotically is collected in contractile vacuoles, which periodically discharge
their contents to the exterior (see Panel l1-1). Bacteria have also evolved strate-
gies that allow them to lose ions, and even macromolecules, quickly when sub-
jected to an osmotic shock.

ABC Transporters Constitute the Largest Family of Membrane
Transport Proteins
The last tlpe of carrier protein that we discuss is the family of the ABC trans-
porters, so named because each member contains two highly conserved
ATPuse domains or AlP-binding "cassettes" (Figure r r-17). ATP binding leads
to dimerization of the two ATP-binding domains, and AIP hydrolysis leads to

crenated lysed
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Figure 1 1-16 Response of a human red
blood cell to changes in osmolarity of the
extracellular fluid. <GTAC> The cell swells
or shrinks as water moves into or out of the
cel l  down its concentrat ion gradient.

RED BLOOD CELL

ion concentration
in extracel lu lar  space
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HYPOTONIC
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SOURCES OF INTRACELLULAR OSMOLARITY

1 Macromolecules themselves contr ibute
very l i t t le to the osmolari ty of the cel l
interior since, despite their large size, each
one counts  on ly  as  a  s ing le  molecu le  and
there are relat ively few of them compared
to  the  number  o f  smal l  mo lecu les  in  the
cel l .However, most biological macro-
molecu les  are  h igh ly  charged,  and they
attract many inorganic ions of opposite
charge. Because of their large numbers,
these counterions make a major
contr ibution to intracel lular osmolari tv.

2 As the result of act ive transport and
metabolic processes, the cel l  contains
a high concentrat ion of small  organic
molecules, such as sugars, amino acids,
and nucleotides, to which i ts plasma
membrane is impermeable. Because
most of these metaboli tes are charged,
they also attract counterions. Both the
small  metaboli tes and their counterions
make a further major contr ibution to
intracel lular osmolari tv.

3 The osmolari ty of the extracel lular f luid is
usua l ly  due main ly  to  smal l  inorgan ic  ions .
These leak slowly across the plasma membrane
into the cel l .  l f  they were not pumped out,
and i f  there were no other molecules inside
the cel l  that interacted with them so as to
inf luence their distr ibution, they would
eventua l l y  come to  equ i l ib r ium wi th  equa l
concentrat ions inside and outside the cel l .
However, the presence of charged macro-
molecules and metaboli tes in the cel l  that
attract these ions gives r ise to the Donnan
effect: i t  causes the total concentrat ion of
inorganic ions (and therefore their
contr ibution to the osmolari ty) to be greater
ins ide  than ou ts ide  the  ce l l  a t  equ i l ib r ium.

+

THE PROBLEM
Because of the above factors, a cel l  that does nothing to
control i ts osmolari ty wi l l  have a higher concentrat ion of
solutes inside than outside. As a result,  water wi l l  be higher in
concentrat ion outside the cel l  than inside. This dif ference
in water concentrat ion across the plasma membrane wil l  cause
water to move continuously into the cel l  by osmosis.€

Many protozoa avoid becoming
swollen with water, despite an
osmotic dif ference across the
plasma membrane, by periodical ly
extruding water from
special contracti le vacuoles.

THE SOLUTION
Animal cel ls and bacteria control their
intracel lular osmolari ty by actively
pumping out inorganic ions, such as Na*,
so that their cytoplasm contains a lower
total concentrat ion of inorganic ions than
the extracel lular f  luid, thereby compensating
for their excess of organic solutes.

Plant cel ls are prevented from swell ing by
their r igid walls and so can tolerate an
osmotic dif ference across their plasma
membranes: an internal turgor pressure is
bui l t  up, which at equi l ibr ium forces out as
much water as enters.
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TRANSPORTERS AND ACTIVE MEMBRANE TRANSPORT

(A) A BACTERIAL ABC TRANSPORTER

smal l  molecule

66s

ATPase domains

(B) A EUCARYOTIC ABC TRANSPORTER

soluble protein In
per ip lasmic space

Figure 1 1-1 I A small  section of the
double membrane of an E col i  bacterium'
The inner membrane is the cel l 's plasma
membrane. Between the inner and outer
l ipid bi layer membranes is a highly porous,
rigid peptidoglycan layer, composed of
protein and polysaccharide, that
consti tutes the bacterial cel l  wal l .  l t  is
attached to l ipoprotein molecules in the
outer membrane and fills the periplasmic
space (only a little of the peptidoglycan
layer is shown). This space also contains a
variety of soluble protein molecules. The
dashed threads (shown in greenl al the top
represent the polysaccharide chains of the
special l ipopolysaccharide molecules that
form the external monolayer ofthe outer
membrane; for clarity, only a few of these
chains are shown. Bacteria with double
membranes are called Gram-negative
because they do not retain the dark blue
dye used in Gram staining. Bacteria with
single membranes (but thicker cel l  wal ls),
such as staphylococci and streptococcl,
retain the blue dye and are therefore called
Gram-positive; their single membrane is
analogous to the inner (Plasma)
membrane of Gram-negative bacteria'

Tw
2;:1qPf; + Zr;

Figure 1 1-l  7 Typical ABC transporters in procaryotes (A) and eucaryotes (B), Transporters consist of mult iple domains:
typical ly, two hydrophobic domains, each bui l t  of six membrane-spanning segments that form the translocation pathway
and provide substrate specif ici ty, and two ATPase domains (also cal led ATP-binding cassettes) protruding into the cytosol.
In some cases, the two halves oithe transporter are formed by a single polypeptide, whereas in other cases they are
formed by two or more separate polypeptides that assemble into a similar structure (see Figure 10-24). Without ATP
bound, the transporter exposes a substrate-binding site to either the extracel lular space ( in procaryotes) or the intracel lular
space ( in eucaryotes or procaryotes). ATP binding induces a conformational change that exposes the substrate-binding
pocket to the opposite face; AiP hydrolysis fol lowed by ADP dissociat ion returns the transporter to i ts original
conformation. Most individual ABC transporters are unidirect ional. Both import ing and export ing ABC transporters are
found in bacteria, but in eucaryotes almost al l  ABC transporters export substances from the cytosol-either to the
extracel lular space or to a membrane-bound intracel lular compartment such as the ER or the mitochondria'

their dissociation. These structural changes in the cltosolic domains are
thought to be transmitted to the transmembrane segments, driving cycles of
conformational changes that alternately expose substrate-binding sites on one
side of the membrane and then on the other. In this way, ABC transporters use
ATP binding and hydrolysis to transport small molecules across the bilayer.

ABC transporters constitute the largest family of membrane transport pro-
teins and are of great clinical importance. The first of these proteins to be char-
acterized was found in bacteria. We have already mentioned that the plasma
membranes of all bacteria contain transporters that use the H+ gradient across
the membrane to pump a variety of nutrients into the cell. Bacteria also have
transport AIPases that use the energy of ATP hydrolysis to import certain small
molecules. In bacteria such as E. coli, which have double membranes (Figure
f f -f 8), the transport AIPases are located in the inner membrane, and an auxil-
iary mechanism operates to capture the nutrients and deliver them to the trans-

ions, amino acids, mono- and polysaccharides, peptides, and even proteins.
!\rhereas baclerial ABC transporters are used for both import and export, those
identified in eucaryotes seem mostly specialized for export.

Indeed, the first eucaryotic ABC transporters identified were discovered
because of their ability to pump hydrophobic drugs out of the cytosol. One of
these transporters is the multidrugresistance (MDR) protein, the overexpression

transPort ATPase
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Figure 1 1-1 9 The auxi l iary transport
system associated with transport
ATPases in bacteria with double
membranes. The solute dif fuses through
channel-forming proteins (porins) in the
outer membrane and binds to a
pe r i pl a sm i c s u bstrate- bi n d i n g p rote i n,
which undergoes a conformational
change that enables i t  to bind to an ABC
transporter in the plasma membrane. The
ABC transporter then picks up the solute
and actively transfers i t  across the plasma
membrane in a reaction driven by ATP
hydrolysis. The peptidoglycan is omitted
for simplici ty; i ts porous structure al lows
the substrate-binding proteins and
water-soluble solutes to move throuqh i t
by simple dif fusion.

CYTOSOL

ABC transporter

of which in human cancer cells can make the cells simultaneously resistant to a
variety of chemically unrelated cJ,totoxic drugs that are widely used in cancer
chemotherapy. Treatment with any one of these drugs can resuit in the selective
survival and overgrowth of those cancer cells that express more of the MDR
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Figure 1 1-22 The ionic basis of a
membrane potential.  A small  f low of
ions carr ies suff icient charge to cause a
large change in the membrane potential.
The ions that give r ise to the membrane
potential l ie in a thin (< 1 nm) surface
layer close to the membrane, held there
by their electr ical attract ion to their
oppositely charged counterparts
(counterions) on the other side ofthe
membrane. For a typical cel l ,
1 microcoulomb of charge (6 x 1012
monovalent ions) per square centimeter
of membrane, transferred from one side
of the membrane to the other, changes
the membrane potential by roughly 1 V.
This means, for example, that in a
spherical cel l  of diameter 10 pm, the
number of K+ ions that have to f low out
to alter the membrane potential by
1 00 mV is only about 1/1 00,000 of the
total number of K+ ions in the cytosol.
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exact  balance of  charges on each s ide of  the
membrane: membrane ootent ia l  = 0

a few of the positive ions (red) cross the
membrane f rom r ight  to lef t ,  leaving their
negative counterions (red) behind; this sets
uo a nonzero membrane potent ia l

and result in only a very slight discrepancy in the number of positive and nega-
tive ions on the two sides of the membrane (Figure ll-22). Moreovel these
movements of charge are generally rapid, taking only a few milliseconds or less.

Consider the change in the membrane potential in a real cell after the sud-
den inactivation of the Na+-K+ pump. A slight drop in the membrane potential
occurs immediately. This is because the pump is electrogenic and, when active,
makes a small direct contribution to the membrane potential by pumping out
three Na+ for every t'rvo K+ that it pumps in. However, switching off the pump
does not abolish the major component of the resting potential, which is gener-
ated by the K* equilibrium mechanism described above. This component of the
membrane potential persists as long as the Na+ concentration inside the cell
stays low and the K+ ion concentration high-typically for many minutes. But
the plasma membrane is somewhat permeable to all small ions, including Na+.
Therefore, without the Na+-K+ pump, the ion gradients set up by the pump will
eventually run dovrn, and the membrane potential established by diffusion
through the K* leak channels will fall as well. As Na+ enters, the osmotic balance
is upset, and water seeps into the cell (see Panel 11-1, p. 664), and the cell even-
tually comes to a new resting state where Na+, K+, and Cl are all at equilibrium
across the membrane. The membrane potential in this state is much less than it
was in the normal cell with an active Na+-K+ pump.

The resting potential of an animal cell varies between -20 mV and -120 mV
depending on the organism and cell type. Although the K* gradient always has a
major influence on this potential, the gradients of other ions (and the disequili-
brating effects of ion pumps) also have a significant effect: the more permeable
the membrane for a given ion, the more strongly the membrane potential tends
to be driven toward the equilibrium value for that ion. Consequently, changes in
a membrane's permeability to ions can cause significant changes in the mem-
brane potential. This is one of the key principles relating the electrical excitabil-
ity of cells to the activities of ion channels.

To understand how ion channels select their ions and how they open and
close, we need to know their atomic structure. The first ion channel to be crys-
tallized and studied by x-ray diffraction was a bacterial K+ channel. The details
of its structure revolutionized our understanding of ion channels.

The Three-Dimensional Structure of a Bacterial K+ Channel Shows
How an lon Channel Can Work
Scientists were puzzled by the remarkable ability of ion channels to combine
exquisite ion selectivity with a high conductance. K+ Ieak channels, for example,
conduct K+ 10,000-fold better than Na+, yet the two ions are both featureless
spheres and have similar diameters (0.133 nm and 0.095 nm, respectively). A sin-
gle amino acid substitution in the pore of an animal cell K* channel can result in
a loss of ion selectivity and cell death. We cannot explain the normal K+ selectiv-
ity by pore size, because Na+ is smaller than K+. Moreover, the high conductance
rate is incompatible with the channel's having selective, high-affinity K*-binding
sites, as the binding of K+ ions to such sites would greatly slow their passage.
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Figure 1 1-23 The structure of a bacterial K+ channel. <ATTA> (A) Two transmembrane q, hel ices from only two of the four
identical subunits are shown. From the cytosol ic side, the pore opens up into a vestibule in the middle of the membrane.
The vestibule faci l i tates transport by al lowing the K+ ions to remain hydrated even though they are halfway across the
membrane. The narrow selectivi ty f i l ter l inks the vestibule to the outside of the cel l .  Carbonyl oxygens l ine the walls of the
selectivi ty f i l ter and form transient binding sites for dehydrated K+ ions. The posit ions of the K+ ions in the pore were
determined by soaking crystals of the channel protein in a solut ion containing rubidium ions, which are more electron-
dense but only sl ightly larger than K+ ions; from the dif ferences in the dif fract ion patterns obtained with K+ ions and with
rubidium ions in the channel, the posit ions of the ions could be calculated. Two K+ ions occupy sites in the selectivi ty f i l ter,
while a third K+ ion is located in the center of the vestibule, where i t  is stabi l ized by electr ical interactions with the more
negatively charged ends of the pore hel ices. The ends of the four pore hel ices (only two of which are shown) point
precisely toward the center of the vestibule, thereby guiding K+ ions into the selectivi ty f i l ter. Negatively charged amino
acids ( indicated by red minus signs) are concentrated near the channel entrance and exit .  (B) Because of the polari ty of the
hydrogen bonds (red) that l ink adjacent turns of an cx, hel ix, every cr hel ix has an electr ic dipole along i ts axis, with a more
negatively charged C-terminal end (6-) and a more posit ively charged N-terminal end (6+). (A, adapted from D.A. Doyre et
al., Science 280:69-77,1998. With permission from AAAS.)

The puzzle was solved when the structure of a bacterial K+ channel was
determined by x-ray crystallography. The channel is made from four identical
transmembrane subunits, which together form a central pore through the mem-
brane (Figure 11-23). Negatively charged amino acids concentrated at the
cy'tosolic entrance to the pore are thought to attract cations and repel anions,
making the channel cation-selective. Each subunit contributes tvvo transmem-
brane cr helices, which are tilted outward in the membrane and together form a
cone, with its wide end facing the outside of the cell where K+ ions exit from the
channel. The pollpeptide chain that connects the two transmembrane helices
forms a short s helix (the pore helix) and a crucial loop that protrudes into the
wide section of the cone to form the selectivity filter. The selectivity loops from
the four subunits form a short, rigid, narrow pore, which is lined uy itre cirbonyl
gxygen atoms of their polypeptide backbones. Because the selectivityloops of all
knor,m K* channels have similar amino acid sequences, it is likely that they form
a closely similar structure. The crystal structure shows two K+ ions in single file
within the selectivity filter, separated by about 0.8 nm. Mutual .ep.rlrio.t
between the two ions is thought to help move them through the pore into the
extracellular fluid.

The structure of the selectivity filter explains the ion selectivity of the chan-
nel. A K* ion must lose almost all of its bound water molecules to enter the filter,
where it interacts instead with the carbonyl oxygens lining the filter; the oxygens
are rigidly spaced at the exact distance to accommodate a K+ ion. A Na* ion, in
contrast, cannot enter the filter because the carbonyl oxygens are too far away
from the smaller Na+ ion to compensate for the energy e*pense associated with
the loss of water molecules required for entry (Figure ll-24).

structural studies of K+ channels and other channels have also indicated
some general principles of how channels may open and close. This gating seems

pore
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to involve movement of the helices in the membrane so that they either obstruct
(in the closed state) or free (in the open state) the path for ion movement.
Depending on the particular tlpe of channel, helices are thought to tilt, rotate,
or bend during gating. The structure of a closed K* channel shows that by tilting
the inner helices, the pore constricts like a diaphragm at its cyosolic end (Fig-
ure I l-25). Bulky hydrophobic amino acid side chains block the small opening
that remains, preventing the entry of ions.

Most ion channels are constructed from multiple identical subunits, each of
which contributes to a common central pore. A recently determined crystal
structure of a Cl- channel, however, has revealed that some ion channels are
built very differently. Although the protein is a dimer formed by two identical
subunits, each of the subunits contains its ornm pore through which Cl- ions
move. In the center of the membrane, amino acid side chains form a selectivity
filter, which is conceptually similar to that in K* channels. But, unlike the filter in
K+ channels, different regions of the protein contribute the side chains, and they
are not s1'rnmetrically arranged (Figure f 1-26).

Aquaporins Are Permeable to Water But lmpermeable to lons
We discussed earlier that procaryotic and eucaryotic cells have water chan-
nels, or aquaporins, embedded in their plasma membrane to allow water to
move readily across this membrane. Aquaporins are especially abundant in
cells that must transport water at particularly high rates, such as the epithelial
cells of the kidney.
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Figure 11-24K+ specif ici tY of the
selectivi ty f i l ter in a K+ channel. The
drawing shows K+ and Na+ ions (A) in the
vestibule and (B) in the selectivi ty f i l ter of
the pore, viewed in cross section. In the
vestibule, the ions are hydrated. In the
selectivi ty f i l ter, they have lost their
water, and the carbonyl oxygens are
placed precisely to accommodate a
dehydrated K+ ion.The dehydration of
the K+ ion requires energy, which is
precisely balanced by the energy
regained by the interaction of the ion
with the carbonyl oxygens that serve as
surrogate water molecules. Because the
Na+ ion is too small  to interact with the
oxygens, i t  can enter the selectivi ty f i l ter
only at a great energetic expense. The
fi l ter therefore selects K+ ions with high
specificity. (Adapted from D.A. Doyle et
al., Science 280:69-77,1998. With
oermission from AAAS.)

Figure 1 1-25 A model for the gating of
a bacterial K+ channel. The channel is
viewed in cross section. To adopt the
closed conformation, the four inner
transmembrane hel ices that l ine the pore
on the cytosol ic side of the selectivi ty
f i l ter (see Figure 1 l  -23) rearrange to
close the cytosol ic entrance to the
channel. (Adapted from E. Perozo et al. ,
Science 285'.73-78, 1999. With permission
from AAAS.)
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(A) CHLORIDE CHANNEL

four subuni ts

Aquaporins must solve a problem that is opposite to that facing ion chan-
nels. To avoid disrupting ion gradients across membranes, they have to allow the
rapid passage of water molecules while completely blocking the passage of ions.
The crystal structure of an aquaporin reveals how it achieves this remarkable
selectivity. The channels have a narrow pore that allows water molecules to tra-
verse the membrane in single file, following the path of carbonyl oxygens that
line one side of the pore (Figure lt-zzAand B). Hydrophobic amino acids line
the other side of the pore. The pore is too narrow for any hydrated ion to enter,
and the energy cost of dehydrating an ion would be enormous because the
hydrophobic wall of the pore cannot interact with a dehydrated ion to compen-
sate for the loss of water. This design readily explains why the aquaporins can-
not conduct K*, Na*, caz*, or cl- ions. To understand why these channels are
also impermeable to H*, recall that most protons are present in cells as H3o+,
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Figure 1 1-26 Comparison of Cl- and K+
channel architectures. (A) The Cl- channel is
a "double-channel" dimer bui l t  of two
identical subunits, each of which contains i ts
own ion-conducting pore.The upper
cartoon is a schematic view of the
extracel lular face of the channel, showing
the two identical ion-conducting pores. The
lower cartoon shows a cross section through
one subunit,  viewed from within the
membrane. (Dotted black line in top cartoon
indicates the plane of section.) The subunit
is a single polypeptide chain consist ing of
two port ions, which, though similar, span
the membrane with opposite orientat ions
(white arrows): each portion contributes one
pore hel ix oriented such that i ts posit ively
charged end points towards a central ly
posit ioned selectivi ty f i l ter. Both elements,
the selectivi ty f i l ter and the hel ix dipoles,
contr ibute to the selectivi ty of the channel
for negatively charged Cl- ions. (B) By
contrast, the K+ channel is a tetramer bui l t
of four identical subunits, each of which
contr ibutes to a central ly located pore. Al l
four subunits have the same orientat ion in
the membrane (white arrows). Four pore
helices, one contr ibuted by each subunit,
point their negatively charged ends towards
a vestibule, stabi l izing a posit ively charged
K+ ion there (also see Figure 1 1-23). (Lower
cartoons in A and B, adapted from R. Dutzler
et al., Nature 415:287-294,2002. With
permission from Macmil lan Publishers Ltd.)

Figure 1 1 -27 The structure of aquaporins.
(A) A r ibbon diagram of an aquaporin
monomer. In the membrane, aquaporins
form tetramers, with each monomer
containing a pore in i ts center (not shown).
(B) A space-f i l l ing model of an aquaporin
monomet which has been cut and opened
like a book, so that the inside of the pore is
visible. Hydrophil ic amino acids l ining the
pores are colored red and b/ue, whereas
hydrophobic amino acids l ining the pore
are cof ored yel low.fhe amino acids not
involved in forming the pore are shown in
g/een. Note that one face of the pore is
l ined with hydrophil ic amino acids, which
provide transient hydrogen bonds to water
molecules; these bonds help l ine up the
transit ing water molecules in a single row
and orient them as they traverse the
membrane. By contrast, the other side of
the pore is devoid of such amino acids,
providing a hydrophobic slide that does not
al low hydrogen bonds to form. (C and D) A
model explaining why aquaporins are
impermeable to H+. (C) In water, H+ dif fuses
extremely rapidly by being relayed from
one water molecule to the next. (D) Two
strategical ly placed asparagines in the
center of each aquaporin pore help tether
a central water molecule such that both
valencies on i ts oxygen are occupied,
thereby preventing an H+ relay. (A and B,
adapted from R.M. Stroud et al., Curr. Opin.
Struct. Biol. 13:424-431 ,2003. With
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ION CHANNELS AND THE ELECTRICAL PROPERIiIES OF MEMBRANES

propagat ion

(B )

v i e w a t t = 0

Na+ channels c losed

I . . . . r l

Figure 1 1 -30 The propagation of an
action potential along an axon. (A) The
voltages that would be recorded from a
set of intracellular electrodes placed at
intervals along the axon. (B) The changes
in the Na+ channels and the current f lows
(oronge arrows)that give rise to the
travel ing disturbance of the membrane
potential. The region of the axon with a
deoolarized membrane is shaded in b/ue.
Note that an action potential can only
travel away from the site of
depolarization, because Na+-channel
inactivation prevents the depolarization
from spreading backward.

propagation

inactivated

memorane reoolar ized deoolar ized

v iewa t t=  l  m i l l i second

Na- channels

propagat ion

inactivated

membrane repolar ized depolar ized restr ng

This description of an action potential applies only to a small patch of
plasma membrane. The self-amplifying depolarization of the patch, however, is
sufficient to depolarize neighboring regions of membrane, which then go
through the same cycle. In this way, the action potential sweeps like a wave from
the initial site of depolarization over the entire plasma membrane, as shown in
Figure ll-30.

Voltage-gated K+ channels provide a second mechanism in most nerve cells
to help bring the activated plasma membrane more rapidly back toward its orig-
inal negative potential, ready to transmit a second impulse. These channels
open in response to membrane depolarization in much the same way that the
Na+ channels do, but with slightly slower kinetics; for this reason they are some-



678 Chapter 1 1: Membrane Transport of Small Molecules and the Electrical Properties of Membranes

times called delayed K* channels. Once the K+ channels open, the efflux of K+
rapidly overwhelms the transient influx of Na+ and quickly drives the membrane
back toward the K+ equilibrium potential, even before the inactivation of the Na*
channels is complete.

Like the Na* channel, the voltage-gated K+ channels automatically inacti-
vate. Studies of mutant voltage-gated K+ channels show that the N-terminal 20
amino acids of the channel protein are required for rapid inactivation: altering
this region changes the kinetics of channel inactivation, and removal of the
region abolishes inactivation. Amazingly, in the latter case, exposing the cyto-
plasmic face of the plasma membrane to a small synthetic peptide correspond-
ing to the missing N-terminus restores inactivation. These findings suggest that
the N-terminus of each K* channel subunit acts like a tethered ball that occludes
the cytoplasmic end of the pore soon after it opens, thereby inactivating the
channel (Figure f f -31). A similar mechanism is thought to operate in the rapid
inactivation of voltage-gated Na+ channels (which we discuss later), although a
different segment of the protein seems to be involved.

The electrochemical mechanism of the action potential was first established
by a famous series of experiments carried out in the 1940s and 1950s. Because
the techniques for studying electrical events in small cells had not yet been
developed, the experiments exploited the giant neurons in the squid. Despite
the many technical advances made since then, the logic of the original analysis
continues to serve as a model for present-day work. Panel l1-3 summarizes
some of the key original experiments.

Myelination Increases the Speed and Efficiency of Action
Potential Propagation in Nerve Cells
The axons of many vertebrate neurons are insulated by a myelin sheath, which
greatly increases the rate at which an axon can conduct an action potential. The
importance of myelination is dramatically demonstrated by the demyelinating
disease multiple sclerosis, in which the immune system destroys myelin sheaths
in some regions of the central nervous system; in the affected regions, the prop-
agation of nerve impulses is greatly slowed, often with devastating neurological
consequences.

Myelin is formed by specialized supporting cells, called glial cells. Schwann
cells myelinate uxons in peripheral nerves, and oligodendrocytes do so in the
central nervous system. These glial cells wrap layer upon layer of their ornm
plasma membrane in a tight spiral around the axon (Figure f f-32A and B),
thereby insulating the axonal membrane so that little current can leak across it.

CYTOSOL

NHz

\

membrane
polar ized

memorane
depo lar ized

Figure 1 1 -31 The "bal l-and-chain"
model of rapid inactivation of a voltage-
gated K+ channel. When the membrane
is depolarized, the channel opens and
begins to conduct ions. l f  the
depolarization is maintained, the open
channel adopts an inactive conformation,
in which the pore is occluded by the N-
terminal 20 amino acid "bal l ,"which is
l inked to the channel proper by a
segment of unfolded polypeptide chain
that serves as the "chain." For simplici ty,
only two bal ls are shown; in fact, there
are four, one from each subunit.  A similar
mechanism, using a dif ferent segment of
the polypeptide chain, is thought to
operate in Na+ channel inactivation.
Internal forces stabi l ize each state against
small  disturbances, but a suff iciently
violent col l is ion with other molecules can
cause the channel to f l ip from one of
these states to another. The state of
lowest energy depends on the
membrane potential because the
different conformations have different
charge distr ibutions. When the
membrane is at rest (highly polarized),
the closed conformation has the lowest
free energy and is therefore most stable;
when the membrane is depolarized, the
energy of the open conformation is lower,
so the channel has a high probabil i ty of
opening. But the free energy of the
inactivated conformation is lower still;
therefore, after a randomly variable
period spent in the open state, the
channel becomes inactivated. Thus, the
open conformation corresponds to a
metastable state that can exist only
transiently. The red arrows indicate the
sequence that fol lows a sudden
depolarization; the black arrow indicates
the return to the original conformation as
the lowest energy state after the
membrane is reoolarized.

CLOSED

INACTIVATED



'lerlualod 6ullsal aLll ol u/!^op lceq Alptdel auerqulau aql
6uuq s;auueqc *y ;o 6uruado pue sleuueqc +eN Jo uotlen llgeul

jlerlualod uorlce aql lo elrds aq1 secnpotd sleuueqc *ep pauado
eq] q6norql +eN lo r{snlur ue'uoxe podLUelcun leullou e ul

';er1ue1od auelquteul (6utlsal) pazuelodal
aql le luods-spuocesrlIr.ll 0 [ lnoqe-eul11 6uo; A;enr1e1et

e sornbor alels srql urol; Alenoceg 'lsJll eql ol lellulrs llel
pue osu e esnec ol sllej uorlezuelooap puocas aql leql os'olels

palenrlceur ue ralua ot slauupqo reN oql posnec seq uollezuelodop
po6uolord :luoro;Jrp sr asuodsor aql'ule6e 11 6urzue;odep Al)crnb
uor{} pue 1er1ue1od 6ur}sar aq} ol ̂ljauq auerquraur aql 6ururnloJ

Aq 'paleeder A;tdLuord Aren nnou sr guaurjedxe eql ll '(g) slle]
Alrllqeeurrad +eN aql se soseeicur A1r;rqeeuled +) ar{} }eg} os'Aelap

e qu/vl lnq uado osle slouueqc +) '6uroueqcun pue paduelc s!
lerluolod ouerquroru oql qOnoqf uono'Ilsnooueluods ure6e asolc

uaql Aaql lllrlrqeaLurad +) oql ueql JaleoJO qcnuJ sr oue.rquraur
aql Jo Alrpqeaurrod +eN oql lrlun uodo Alprder slouueqc +eN '(v) atels pazrrelodap e ur ploq pue lellualod 6urlsal eq1 r-uo.r;

pourqs ̂lldnrqe sr auPrquraui aql uoqM apoJlcelo Jelnllacerlul
raqloue Llil^/\ lellualod auejquraur aql 6urJolluour al!q/v\

uoxe aq]jo srxe aql 6uole peyasur sr^^ lelaur ereq e qonolql
luorrnc slqelrns e 6urssed Aq uoxe aq1 lnoqbnorql (,,padLUelc

aoellon,,) luelsuoc pleq eq uec 1er1ue1od auerquraur aqf
slauueqc uor ;o 0urso;c pue 6uruado slolluoc

lerlualod auerqLuour oql ̂/\oq sleo^ar 6u1due;c a6ellon 't

'+eN Jo
uorleJluecuos leur.rou

aq] lo %et )o'yo09'%ool
sureluoc ulntpeul leulelxe

eqt uaqM lellualod
uottce eql Jo t-ulol aqf

'pauooo a^eq slauueqc +) leuotltppe pue'posolc o^eq slauueqc
+eN 'sr leql-orolaq ueql +) ol alqeaulJad aloLu uono oLuocoq

seq pue *ep o1 Alrpqeeulad slt Jo lsoul lsol seq auelqulaut
aql :sr lerlualod 6ur1se.t aql ueqt ;et1ua1od unuqr;rnba ,; aql

ol rosolc uona st pue +) Jo uotlelluocuoc leulolxo aql uo
spuadop teql onleA anrlebau e ol sUelal ;er1ua1od auelquleul

aq] 'lerlualod uorlce aql Jo qleLuraue aql ul 'pauedo e^eq
slauueqc +eN :+eN ol olqeaured lllarqc aq ol sreadde oueJquJot!

aql'aroleJoql'1er1ue1od uorlce oqt 6u1rn6 '*e1 ro; uorlenbe
tsuroN oql qlrm ocueprocce ur Alqbnor sauen lerluolod uorlce

aq1 ;o leed oql lo rq610r{ aql'ro^omoH 'lellua}od 6urlset eq1 uo
lca#o ou sr araql'porJen sr +eN Jo uorlelluacuoc leulalxa oqljl

'euerquiau aq] q6norql ̂eMqled
uor ureLu eql eprnord slauueqc )pal +) :+) ot alqeaulod A;;erqc sr

euerquraur oql 'aJoloraql 'lsar lv '(z-L I laued aas) +) rol uotlenba
lsureN aql qlrm ocueprocce ur A;q6nol so6usqc 1er1ue1od 6ur1sa.r

oql'peOueqc s! +) Jo uorlerluoouoc leurolxa aq] uaqM'+) Jol
;er1ua1od urnuqrlrnbo aql ol asolc sr ;er1ue1od aueJqlloul oql ]sal ]V

+eN ol olqeaurad Alluotsuell satuocoq l! 'lelluelod uollce
oqt 6u!Jnp 1+) ol elqeoured Allarqc sr ouerquraur oql'lsal ]V e

uoxe tuel6 lo euelquteul
t--...---- -
-

;; uorsnpad lo ulearls plnl; uorsnpad
'uorsn!ed aql Aq pa^oLuol uaaq A;qeunse:d aneq

Abreua crloqeleuJ Jo saclnos Joqto lle osnecaq ,auelqutaul aql
ssorce suor asaql Jo sluarpel6 uotlelluacuoc eq1 Aq peprnotd

aq lsnu lelluelod uorlce eq] loMod o] Ableua aall Jo eclnos
luorcuJns e pue :+) pue +eN a.le suot lueuodrut oq] :ouelqulaul

eLuseld aLll aq lsnLU 'alolereql '6ul1eu6rs leculcola loJ
llac aq] Jo ped luellodr.ut aqf 'LuloJ leullou or]l Jo slettualod

uorlce eleoedotd 1p1s llrnn uoxe aql'AlleJnleu punol osor]l
elpurxoJddp aptslno pue aptsut +) pue +eN Jo suotleJluocuoc

aql (]r Aluo pue) tr 'Alqe)reuaU '_rtOS ro _lO pue ,+) ,*eN lo
suorlnlos letctltue ornd q]tM Alleuierur ]! osn;lad ol uaq] pue

LUseldoxeraqqnruoxe gue16 uolsn;red JoJ elnuuec

'aqnl e urorj alsedqlool o)rl 'lr Luoll useldolAc oltl-leb aqt epnllxa
o1 a;qtssod s! ll leqllsnqor pue abre; os sr uoxe luerb prnbs eq1

2;er1ue1od uorlce aql roJ luelJodu!
ore suor r,{crqM'apts}no ueql aptsut leqbrq seurl OZ lnoqe sl

+) JO UOrleJluacuoc aql olrq^/\'aptslno ueql uoxe oql eptsutlaMol
saurl 6 lnoqe sr +eN Jo uorleJluocuoc aql:luotpel6 uotleJluacuoc e

surelureur durnd *y-*eg oql'sllac laqlo ul sV'_lC pue'+) '+eN eJe 'uoxe eql aprslno pue aprsur qloq 'suot Inltluald Isoul aolql aLlI

l! ssoJce +) pue +eN;o sluerpetO uo pue ouelquaul
euseld leuornou oql uo Aluo puodop s;er1ue1od uollcv 'Z

-t---:

'auou ro lle sr lerluolod uotlce oql:ploqsalq] uteuoc e spaaoxo l! se 6uol se 'sr snlnurlls eq1 6rq anoq la]]eur lou saop lt pue luotlcoltp laqtta ut lan ell
On- uec uorlellcxa oql asnecoq 'puo rlctr]M laueu ]ou soop ll 'uoxe aqlJo

pue auo ol snlnultls leculcala;euq e {q pale66ul sr ;er1ua1od uot}ce aql 'apoJlcola aql lsed sdaa^ s ;er1uelod uotlce ue se-letluelod auelqulaur
o 3_ eqt'sr leql-uoxe oLltJo oprslno aql pue eprsur aql uoamtaq ecuela#tp - e6e1;on eqt ernseaui uec euo'd1eq slr q1lp1'utse;dollc aq1 ur daep sar; dr1
ot sll leql os uoxe aqllo srxe aql umop lsnJ[.ll aq ueo uot]nlos 6utgcnpuoc e

6urureluoc aqnl fue;pdec sse;6 e lo ulJo, aq] u! apollcala uy .6uo1 slaloul
-rluec lelanas pue Joleulelp ut ulul L-g'O lnoqe sr uoxe luerO prnbs eqg

aporlcele lelnllacellut ue qlt^^ peplocal ale sletlualod uollcv 'I
aporpala auelquau.J

Jelnllacejlur e|.Useld



upo apoJlceleoJlrru Jplnllef,BJlur uV 'eseql Jo IIe q8noJql Suntog slueJJno aql Jo
runs eq] sr aupJqruaru aql SurssoJJ lueJJnc aql pue 'slauueqJ *eg pa1e3-aBe11on
Jo spupsnoq] z(ueru urpluos seupJqrueur eruseld IIas elssnru IPlele{s puP uoJneN

uotqsel 6u;qlop-ro-ltv ue ur uado
slauueqJ peleg lenpr^rpul leql sale)lpul 6u!ploleu duel)-q)led

'Jer^ueu Jo sapou 13 eueJq
-ruaru eruseld puoxe;o suo€ar flerus eq] ot peurJuoJ sI uol]ell3xa aAI]Je aq]
esneceq palJosuoJ sr d8raua f,rloqelau pup 'JelseJ IeAEJ] sler]uelod uot]ce :sa8el
-uelpe urutu o,vr-] seq uollonpuoc;o addl srrtrL'uotpnpuoc [to1a17as palleJ ssec
-ord e 'apou o] apou ruor; Surdurnf -,tq uoxe paleulladru e Suop sale8edord pr1
-ualod uorlce ue 'snql 'apou ueu aql ol rtlanrssed speards ̂,i.1a1erparuul lsotule
epou euo ]e aueJqruaur eqt Jo uollezrrelodap u '(selqec qder8alal ralemJepun
pauBrsap-1am a)H qcnu ,{1pctJ}cele aleqaq ,{.aql 'spJo^ raqlo u1) sat}radord
alqec ]uellecxe e^eq aueJqrueur puoxe eql Jo suoluod paqteaqsue eql asnecag
'(lZt-II arn8tg aas) palprluaJuor ere uoxe eql q slauueqc +PN eq] [e lsourp
ereqm tamuag to sapou peteds .{.pe1n8ar 1e paldnrralur sI qteeqs u11a,{ru aq1

('6urqsrlqnd
llamllelB urorj uorssrurad qllM'0002 'EL-tgiszs'1orstrq4'1 'n6etqs d pue pueqsPu 'N'W tuo.U')

1916 L 'unuald :Uo  /1/\aN 'lpa 'llarow i1] urqalyy ur 'aureU 'S )upaf LuolJ 'B) 'sapou eql ot asoll ale teq]
auerquau euse;d uoxe aq] ur suorbar ol azrle)ol (anlg ur pautpls) slauueqr *y pateb-abetlon 'leas leftJl)ata

eql aptnotd ol uoxe aq] slnqe r{1lq611 auerqr-uar-u er-use;d 11er 1e;16 aql araqM suorlrunf aq1 }p salquJasse
tdsel'qleaqs ur;a{ur qrea;o pua aql s1ew (pu ur paurp}s'rdso1 paller) uralord re;n;;arer}xe uV )ar^ueU
Jo sapou aql le aueiqtuau lpuoxp aql u! palerlua)uo) oie (uaatb ut paurpls) slauueq) *ep pa1e6-a6el;o1

'sarpoqrlue qllm 6u!ulels r(q palratep are suralo.rd ]uaiaJJrp aerql'enrau e u1 lrede paseal suoxe paleur;a{u.r
lenpr^rpurlo uel6erp pue qder6or>rr"u a)ua)saronll ()) 'qleaqs ur;a,{u arnleu lsourlp ue pauroJ seq

l! anoqe auo aqt:uoxe slr aleur;a{uu o1 6uruur6eq tsnfsr r,uo]toq aql reau auo:uaas aq up) slla) uuemq)S
oMf 'ler 6unoI e;o 6al aql ul a^rau e uolJ uort)as eJo qderborrrru uorl)ala uV (g) (S lred aas) l(}t;eal

ur a.re Iaql ueql pagredr.uol ssal umoqs are 6urmerp slql u; ur;a,{ur eql;o srale; euprquraur aqt',(lr.re;t.to1
'6uo1 ur-u [ ]noqp q]eaqs ur;aIu;o luaubas e uJJo] o] uoxe all] puno.re I;;e>u]uo)uof auerqurau euse;d

slr sderm lla) uueMq)S q)pf 'a^rau ;eraqdrrad e uorJ uoxe paleur;a{r.u V (V) 'uorleurla{W Zg-t 1 arnbtl
ruri !

ur;a{tu
1o slar{e;

(8)rerAueu
+o apou

sauelquaw to seluadord le)upall aql pup seln)alow llpus fo uodsuerl auelqulew :1 I laldeq3 089



(spuo)asrllru) eultl

080r0

0

;
L
0

06
0v

'auadrd aql Jo aprsut aql sa)e,
auelquau aLll Jo a)e}lns )tuseldol^)

aql leLll os'uorleluauo elrsoddo
aqi qllM pa)npord aq osle uel q)ted

paqrelap v lor^eqaq lauueq) uo salnlos
snorJen Jo l)ajJa aq] ]sal ol eueJqtloLu

aql,o aprs raqlra uo uotlnlos aql
jo uortrsoduo) aql ralle ol ̂spa sl t! leql
sr q)led paq)etep aql Jo a6elue^pe aqf
'(B) ur se 'paqrelap ro'(V) ur sp'lla) aq]

jo lsar aql ol paLl)elte lllls q)leo aLlr qllM
paprolat aq ue) slauupq) asaql q6nolql
luaJn) aql 'slauueql lPnpr^rpur q6nolq]

lualln) )ruor aql 6u!pjo)at altq/V\ anleA
]as P le lPrluatod auerqu.rau aql,idLUel),,

ro'urelureur ol pa^oldLua sr a)r^ap
)ruorl)ola ue asne)aq pasn st dLuDl, ulat

aql dll s]r 6uua^o) ouelqueul ]o elod
aql u! slauueLl) aLli qOnorqt 6urssed {q

I;uo apedrdorrul aql anpal lo lelua ue)
luarn)'auerqurau aql pue a]ladrdorrru

aql uaamlaq ;eas 1q611 Ilar.uarlxe
aql ro asnerag '6urprorar durelr

-qr1ed ;o enbguq>a1 eq1 gg- 1 1 arn611

r89

('ssa.r6 Ilrs.ranrun ralla;al)oU aqf urorJ uorssrLurad qtl1 '286 t
' lsl-t t ti6L '1otsIq4 'uag r 'uroH 'u pue Ielled 'r ulorj eleo) 'uorleulloJuo)

palenrlleur lraql ]dope auPlquau pazuelodap aq] ut slouueq) eql
se ourl r.llrM sasPar)ap ,(lrlrqeqord strll lalels uado oql u! aq lllM louueq)

^.^|"^:'j:l lpnpr^rpur Iue ]eLll {lrlrqeqord aqt st)al}ar tuarin) o}p6ar66e aqllo astnot o+Euoruus aurt aql leqt slea^ar ()) pue (B) jo uosrreduro) V'slauueql yy1 6uluteluot

())

(vd)
luarrn)

(s)
(Ar.!)

I erlualoo
eu erq uraur

(v)

auerqurauJ Jo uor6ar abtel ,{;anr1e;a.r e q6nolqt 6utrno;1 pa^lasqo
aq plnoM leql luailn) +eN lensn aql oi luale^lnba s! lualln) ale6al66e

srql'luauiraoxo aures aql Jo suorlrladal tt I ur parnseaLu s]uaJln) aql Jo
uns aqf (l) 'oraz se pauuap sr lla) aql,o aprslno aql uo lellualoo le)lrl)ala

aql'uorlua^uo) 18'(Vd) saradueoltd ul palnseaul sl luaJlnJ'snleledde
6urp.ro>ar aqt u! asrou lelrJl)ala uuotl r(;abte1 astte splo)ar lualln) aql

ur suorlenl)nU rourur aqf']uetsuor I;;e>rtrerd sr lauueq) uado ue q6nolql
smol, luarn) Ll)rqM le aler oqt (;lear6 r(ren 6utso;t pue 6uruado lauueq)
Jo suorlernp aql searaqM 'leqt sMoqs spro)aj aerql aql Jo uoslleou.lo) v 'lauueq) a;6urs elo 6urso;> pue 6uruado aLll stuasaldar (g) ut dals luattnr

rofeu q>e3 ouerquraur 1o qrled aLues aql uo pauto;lad sluaut.ladxa aalql
tuorJ spro)ar lualn) aarqf (g) 'leltuelod Jo Urqs ldnlqe ue ̂q pazuelodop

seM euprqurauJ eq] (V) '€€- t I ernbrl ut sP i lla) allsnu ter ltuo{tqua
ue urorj poq)plap seM euerqurau'r er,use;d;o q)led Iulr V'lauueq)

*ep page6-abe1;on a;6u1s e roJ sluaulalnseau dr,ue1>-q>red tE-t I aln6ll

aq] uI sulaloJd 'ruc/A 000'00I lnoqP sI lualpeJS eSello^ Suqpsar eq] ]eq] os
'IJIql uru g lnoqe dpo auerqutau Puseld e ssorce slsxe ]I 'llelus suees aouaraJ
-JIp lBllualod sqt qSnoqllv'lunrpatu lPuJelxe eql uEql e^pe8au aroruAlu 00I-09
lnoqP p4uelod lef,rJlrala uE lP sI IIaJ alJsnu Jo uoJneu Sutlsar aql Jo JoIJeluI
aq1 '3ur1e3-a8e11on puetsrepun ol sn ,ltolle saldtcuud IEcIs.{qd aldruls aruos

'(tt-II arnS;g) arurt auo,{ue le uado erE lEql auerq
-rueur slr ur slauueqf, lo Jaqunu prc| aql JaqlBr 1nq uado sI Iauueqc pnpl^lpul
pcrddl e qrrq ^ o1 aatBap aql alEJIpuI ]ou saop IIe3 eJllua uP Jo euerquau eql
Surssorc lueJrnc eleBaJSSE eql'eroJaJaqJ'puoJasllllru Jed ssed o] suol gggl uei{}
aJoru SurA ol1e raruplonpuoc a8rel erues aql seq s^el p IauuBr{J aql 'uedo ueq A
lnq (uopuBr ]B sasolc pup suedo IauuBqJ V'uoqseJ Surqlou-ro-1le uE uI uedo
sleuueqJ +eN peteS-a8ellol IenpIAIpuI leql seleclpul Sutprocar druelc-qr1e4

'apoJloeleoJJru rElnllaceJlul uE qll^t lualualEdlul Jo poqlau s,1sr3o1ors.,(qd
-oJlJela IPuonrpEJ] eq] ^q palESIlsaAuI aq o] IIEurs oo1 aJe 's1sea,{ sE qcns 'sllac
asaql Jo Lue141 'auerqueu eluseld raql q sleuuEqc uol peleS 3o .Qatrel e e^eq
f1ensn elqe]loxa dleculcala ]ou aJp leql sllac ue^e leql franocstp aql ol pel seq
{ro^\ srql'sed^} IIas Jo suos ile ur slauuuqJ uol Jo saluadord pelelap aq}.{pnls
uBJ euo 'anbruqcal InJraMod 1nq aldrurs sH] qlu '(SS-t t arntld alladtdorctu
€ Jo qlnou aql SuIJe^oc auPJqueu Jo qctEd IIErus B uI ulaloJd Ieuueqc Jo
alnralolu alSurs B q8norql UodsuErl eulluPxe o] elqlssod 1I SuDIeu'sleuueqJ uol
;o [pn1s eq] pezluounloler seq s08 pue s0Z6I eql uI padolanap 'tulprocar durelc
-qJlud 'sleuueqJ IenpIAIpuI q8norql Suurog lueJJnJ pJoJeJ ol alqrssod osle sI
]l 'Jalalrroq Llqe>peuag 'gt-I I eJnBIC uI rr aoqs se 'JueJJnf, ale8arSSe slql pJooeJ

-,oulq'q
J\--A\Jr"#

Frit*]

alladrdo.r:rur
sse16

I
SINVU8IAIW lO Slll-UldOUd lv)lul)lll IHI CNV Sl:INNVH) NOI



Jaqlra sr ]r :pe^orueJ ,{lprder sr lr 'pa}aJJas uaaq suq Ja}lrusueJloJnau aqt Jauv
'uaq] Suruado pue (gt-II arn31g) spuuDLIJ uot pary?-taiqusuau o1 Surpurq
r{q 1ac cr}deu,,(slsod aql ur a8ueqo leorJ}Jala ue sa4onord pue Uelc cqdeufs aql
ssorce dlprdeJ sasnJJrp Jallnusuerlornau aqJ'slsoldcoxa Lq pasealal pue selorse^
cndeuds pasolcue-euerqueu ur peJols erp qorqm'sJelllusrruJloJneu sp u AoDI
salncalotu pu8rs leus aseeler ol lr sraSSrn flac cr1deu,,(sard aql ur pr]ua]od
Iecrrlcele ;o a8ueqc V '{alr uidauts Morrpu e [q 77ac 4ldautslsod aq] uro4
paleredas Swaqyac utdautsatd eqt taqloue auo ruo4 palelosr l.1pcu1ca1a are
slleJ eqJ 'lJeJrpur sr uorssnusueJl Jo ursrueqcau Iensn aql 'sasdewb sE rr \oDI
loeluoc Jo salrs pazrprcads ]B IIaJ ol IIaJ ruoq pailr{usu€Jl are spu8rs puorneN

sesdeu/(S le)rureq) le seuO le)ul)otf
olur sleu6rs le)ruraq) ue^uo) sleuueq) uol paleg-rell!ursue4

'(s1g ro 'suors
-pnuoc) seJnzles cpdayda asnec suoJnau;o sdnor8 a8rel;o Surrg pazruorqcu.4.s
alrsseJxa qJrqm ur 

"{sdapda 
asnp3 uec ureJq aql ur sleuueqJ +) Jo +EN loeJJE lpql

suorlelnru .{pepurg 'uorlJeJ}uol alJsnu pue uorlezrJelodap eueJqruau salerl
-rurar,4.1pa1eadar pue seqsrug puualod uorlJe ue JeUp slsrsrad.'fulua +eN ']lnseJ e
se l,{lerurou elEAr}JEur o} IruJ slauueqJ IeruJouqe aq} esneJeq sJnf,co srql'saseO
eruos uI 'sruseds alf,snru p;ured Sursnec 'uollcurluoc drelunlon JeUe uoqp
-xeler alJsnu ur.{e1ap E sr aJaq} qclq ^ ul uoplpuoc e'aruorctw asnec uec 'a1d
-urexa JoJ'sllal alJsnu IplaleTs ur sleuueql *e111 pe1e3-a3€]lol apocua leql seue8
ur suortetnl4l 'suorlJunJ flerurou eue8 luptnru aql dq papooua lauueqJ eql sllaJ
qJIqM ur Surpuadap 'saseasrp uear{ Jo 'ureJq 'apsntu 'elJau Jo ,r(larren e tuo4 JaJ
-Jns ueo suralord Iauueqc uor Surpocua seua8 luelnru llJequr oq \ sueunH
'sasuodsal s1r alndruoc o] sleuueqJ uor luaJeJJrp Jo Jaqrunu a8rel e sesn suoJnau
7gg ,r(po go dn apeu ruatsl.s snolJau aydrurs p uene leql seleorpul ftr-xaldruoc
srqJ 'slauueqJ +) patEIaJ tnq tuaJaJJrp apocue ]eql saua8 gg surpluoc sunBa1a '3
ruJo^\ aq] Jo eruoue8 aql 'lauueqJ *; pa1e8-a8etlo^ e JoJ sepoo lpql aua8 a13urs
p sureluoJ aacrralaJ'S ]sea,( pa11ac-a13urs eql spaJer{ \'saydrcuud u8rsap aq};o
.,(ueu areqs pue suralord peleleJ .{1ern1cnr1s pue .{lueuorlnlo^e;o l.Irue;radns
a8rel e o1 3uo1aq p ,{aqr 1eq1 Surlerlsuouap 'sarlrrepurrs Suurr}s ^\oqs slau
-ueqJ +ze3 pue '+) '*e1.tr pa1e3-a8e11on U^,ltoDI eql Jo saJuanbas prce ourup aq]
'sseleqleuoN 'aua8 aures eqt tuo4 pacnpord sldrrcsuer] VNU Jo Surcrlds alrleu
-rallB eql ,tq pue saua8 aldrlpu .{q qfoq paleraua8 'sasselJ eerql asaq} Jo qJpa
ulqllm ,{lrsranrp puor}cunJ pue IeJnlcnJls Jo }unoure Sursrrdrns B sr alaqJ

'sleuueqf, +EN uo
ueql JaqlEJslauuaqJ +pJ pawS-aBalpn uo puadap 'aldurexa JoJ 'sllaf, eurJcopua
pue '33a 'elJsnru aruos ur spuualod uorlte aql 'lerluelod uor]Jp ue aleJe
-ua8 uec leql IauuEqJ uorleJ pa1e3-a8e11on;o puol dpo aq] lou aJE slauueqJ +BN

patelau {;;ern1rnl15
pue ̂l!teuorlnlo^l otv slauueq) uo!le) paleg-a6etlon

'(IS-II arn8rg o1 pua8al aas) puuetod auerqruaur aq] ur sa8ueqc dq paralp
sr ]eq] Surddrg lsurp8p suorleruroJuoJ pelplrtceur pue 'uado 'pesolJ aql Jo drgq
-els anrlelal aql sl 1l pue 's8urpunorrns eql Jo sluatualoru leureql uopuer aql
dq tlof luarclggns e ua,rr8;r uolleruJoJuoo Jeqloue ol ,,dU,, ueJ uorlpruJoJuoJ qcuf,
'lauueqc aq1 uado leql seBuEqJ lpuorlpturo;uoc Suua8Brrl 'pre,,vqno Surnoru
.{q uoqezuelodap o1 puodsar 1eq} s}uaur8es aueJqtueursueJl JraqlJo auo ur spr3e
ourrue pa8reqc ,,{lanrlrsod cl}srJel3eJeqJ aleq 'aldurexe JoJ 'slauueqc +zEJ pue
'*) '*eN pa1e8-a8e11on'plarJ aqlJo qlSuerts aq] uo puadap serlr1rqets esoq^ suorl
-eurJoJuoc a^rleuJalle ldope uec sleuueqc uor pa1e8-a8ellol ]nq ,luecgru8rsur
dlqeqord ale plerJ IeJrJlcale eueJqrueu aql ur sa8ueqJ Jo slJaJJa aql suralord
aueJqr.ueu ,r(ueru rog 'alnlsnJls Jplncalou eq] uo saJJoJ suexe eJoJaraq] plerJ
pcrrlcele aqJ 'sruole snorJpl Jreql ueemleq spuoq pezrreyod se lla,tlr se ,sdnor8
pa8reqc ,r(ueru aneq 'sreqlo ilp a{I 'suralord esaqJ 'uorteruJoJuoJ Jraq} }JaJJE
,{lpunoyord ueJ leqt plarJ leJrr}Jela a8rel ,{ran e ol palcafqns snqt aJe aueJquraru

seueJquraw 1o salyador6 le)lrpelf aql pue saln)alow lleuls Jo yodsuerl euerqruaw :1 1 laldeql289



('aureU )upef lo ^sauno) 'B) 'lle)
)rtdeulslsod e Jo elupuap e uo sasdeuls

leurural a^rau oMl Jo qdelbol)il,u
uorl)ala uorl)as urql v (€) 'a^lau patt)xa

aql uror1 leu6rs e 6urprusuetl Iqaraql
'1;ar 1a6rel eqt;o ;er1ue1od auelqulaul

aql rollp smolJ uor 6ur1;nsat eq1'asdeu{s
aqt le llar la6.rel trldeulslsod aq1

Jo auerqureu eurselo oq] ut palelluo)uo)
slauueq) uor pa1e6-te11rtusuet1

aq] suaoo pue ol spurq rallrursuellolnau
pasealal oqf'leuturral a^lau aqt Jo

auprqrrau etuseld aql qllm asnJ sal)tsan
aql uoqM loualxa lla) aql o] pasealal
ale pue sal)rsan rrldeur(s ur pauteluo)

are salnfelour raDrLusuellolnau
aLll'rallil.llsuerlornau slt asealal ol

leurural aql salelnLUrls 1r ';1er >r1deu{setd
e ur leurulra] a^lau aql saq)eat

ler1ua1od uorl)p ue uaqM (V) <V9l_f >
'asdeuls le)!uaq) y gg- 1 1 arn613

uiti Z

'auPJquau IIaJ ]a3JE1 etuBs eql ul ]uaseJd eJP ]Pq1 sleuueqc uollEs palES
-e8ello^ fqreau Jo Jaqrunu luerouJns e uado ol q8noua sazlJelodep 1el]uelod
auerqrueu pcol aq] JI ^luo etrs slql uroq peJe88lJl eq uBf, lEllualod uol]ce
uv'aJaql slsrsJad l! 3uo1 ̂ oq puP esdEuds aql lE pasEaleJ JeilnusuEJloJnau
Jo lunolue aq] ol Surprocce pepeJ8 aJP lEql 'ppualod euBrqluau Jo sa8ueq3
aJueq puB 'se8upqJ ,'blllqeetuJad Iecol eJnpoJd z(aql 'pealsul 'uol]E]Icxe SuLiI
-Idue-Jlas e ef,npord sallasueqt rtq louuec eJoJeJeq] pue puuetod auerqruaur
aq] ol a^Illsuesut rtlannelal ere slauueqJ palES-JatllrusueJ] 'sprlualod uollJe JoJ
alqrsuodsar sleuuEqr pa1e3-a8e11o^ aql a{llun '(VSg-f f arnBIC eas) auurqrueu
eql ur e8ueqc ftlpqearurad Jauq e Surcnpord ,{qeraql 'salncalotu Jal}Ilusuer}oJ
-nau Jo Surpurq aql o] esuodsal ur dllualsu€J] uedo pue asdPu.{s aqt Jo uolSal aq}
ur IIes srldpu^slsod eql Jo euerquau eluseld aql q paleDuaJuos eJE sleuueqJ
aq1 'sasdeufs leJruaqc 1e spu8ts lEf,IJlcela olut qeu8ts IscllueqJ rElnlla]eJlxe
Surlrarruoc ,(prder JoJ pazler3eds are slauueqJ uol pa1e3-replrusrru.{L

'lualxe JellElus rlJnlu B o] lnq suoJnau r(q pasn oslP eJe qclq^l.
'(61 raldeq3 ur pessnJsrp) sasdouts Tac4pala le suollJunf de8 ern Suldnor leclr]
-Jala lcanp ueql alqeldepe pue e[]esJal eJoIu JBJ slsasdnuts laJnaaLp qcns BI
SuueuBrs 'aes IIEqs arlt sV'llal cDduu.,klsod eql 01 palef,IunurruoJ.,(lalerncce aq
uEJ sluela Sulpu8rs prder 'paleadar;o Sunup aq] leql os 'pasealeJ sI JellllusueJ]
-oJnau Jo aslnd gau aq] eJoJeq galc cudeuds aq] sJealJ ll pue 'slleJ Surroqq8rau
acuanuur IIr^\ JelltusueJloJneu aql teql secueqc aql sesBerlaP ]I 'asdeuds
e te Surrcu8rs Jo uorsnerd produral pue prleds qloq salnsua pnourar ptdeg
'asealar Jo saler q31q qlpr dn daal ol slleJ 8umo1p 'palcdcar eJ€ sJaullusuerl
-orneu ,{em srql ur lsra}rodsueJl Ja}}IusueJloJneu luapuadap-*eg ;o ,tlauen
e ,{q palerparu sr aleldneu 'sllaf, pq8 Supunorrns ztq Jo tI paseeler }eqt puru
-Ja] alJau eq].{q dn ua1e1 Jo UelJ cudeu,{s aql ut saurrtzue f,UIJeds,rtq pe,'(orlsap

(8)

saprsan rrldeui{s

(v)
ISdVNAS'lV)ilAlH) lAlr)V

auelqulau eurselo

lsdvNAs'1v)ilA3 Hf 9Nll-SlU

11ar 1a6re1..
>r1deu[s1sod .....-

tauueu)
,;;;;;'; *"oo'oo N/ v' -raulLusuerl

;rep:rldeuAs

sa;:rsan rrldeu,{s ut
Jellt r!su erlojnau

11e: rldeufse.rd
]o leurt!Ja] a^Jau

Sffi" 0(}

€89SlNVUgl lW JO Slll-uldOud ]V)lUrf:lll IHJCNV SIINNVHf NOI



('sraqsrlqnd
frtlapP)v raMnl) uolj uotssil'uJad qllM

'186t'0t [-[0t:0t'lo]bunaN T,eleqan ̂
pue rlesac 'r Luoll) 'uMoqs st lla) al)snuJ
letalals e uo uoxe al6uts elo uotleutiulal

aql'60r, e u! uoll)un[reln)snu.tornau
e Jo qdeJ6o.t)lul uorl)ala 6uluuers
uo11e>111ubeu-mo1 y 99-11 ern613

le lraqp 'peururJalep ueaq sEr{ aJnlJnJ}s leuorsueurp-aaJql slr pue 'peJuenbas
puE pauolJ eq ol aueS IauuBqJ uor ]sJu eql oslE se^ euaS stl 'pepJoJeJ
se^ Isuueqf, uado a13urs e Jo leuSrs leJrJlJele eql qJrq \ JoJ ]sJU eql pue 'sJede[q
prdll Jrlaqlufs ur pelnlnsuoJar fllpuoncury aq ol lsrg eql 'peururalep eJuanbas
prcp ourrue alaldruoc str eAEr{ ol }srg eqt 'pagrrnd aq ol lauueqJ uor tsJg eql selltU
'slauuer{J uor;o.,{.ro1srq aql u1 aceld prJeds e seq JoldeJal eulloqJlqaJu eql

'tuels^s sno^Jeu IuJluaJ eql
ur sasdeuds aqt Jo tsotu aIIFn ,(pn1s pcrSolorsdqdorlcala o] elqrsseJce ,{lrpear
sl tl asneJaq palu8llse^u ,(lanrsualur ueeq seq asdeurts s1ql '(gt-I I arn8lg 1ar
alJsnur lelela{s e puu uoJneu Joloru e ueemleq asdeur(s pcruaqc pezuercads
aql-uollJun[ repcsnuoJnau E ]u leurruJal e^Jau aq] ruoq pasEalal aurloqs
-y&ace ,(q ,{.puarsuerl pauado sr lauueqr srql 'sllal alJsnru p}ala{s go to1dacat
auryoqcg&aco eql sr lauueqc uor pa1e3-reltrusueJl E go alduexa parpnls-tsaq aql

sleuuPr.l) uorle] pale9-raD!usupll
elv uolpunr lelntsnutotnaN aql le sloldo)au outloq)l^le)v eql

'sef,uenbesuos slr ur
8uqsu1 raBuol pue 'xa1duof, eJor.u pue Je ̂ols JBJ eq ol spual sroldacar paldnoc
-aurfzua pue sroldacar paldnoc-uralord-g o1 Surpurq spue8u rtq parerpau 3ur
-pu8rs ?euq pup 'aldurrs 'alerpaururr dlpraua8 $ sleuupqJ uor pa1e8-reglrusueJl
o1 Surpurq sJallrusueJlornau ,irolrqrqur pue drotelrcxa ,(q palerpaur SuueuBrs
sparar{ A'9I raldeq3 ur Irelep ulstoldacat pagdnoc-auttzua pue uoldacat pa1dnoc
-u1a7oh-g pel1po-os eseql ssnosrp a1q ,(ltcarrpur dpo slauueqJ uor a1e1n3ar leql
sroldacar ol pulq 'sappdadornau;o dlauen a8rel e Surpnlcur 'sleunuJal alJeu
dq palarcas aJe teql selnoelotu Sulpu8rs aqt;o r(ue6 'slauueqf, uor pa1e3-pue8rt
q8norql saleredo uralsrk snolreu aql u1 Surpu8rs pcruaqc 11e lou telellroH

'qleap puE 'suolsln^uos
'sruseds elosnru sesnpJ 'aurcd18 Jo uorlJe dJollqqul aqr 3ur-1co1q puu sroldacar
aurc.{13 o1 Surpurq dq 'alduexa ro; 'auruqcfuls :sJenrusupJloJneu ,fuo}lqqul
;o acuelrodur eql aleJlsuouap uorloe Jreqt {Jolq leql suxot Jo slceJJe
eqJ ']JeJJe relrrms B ser{ sleuueef, +) Jo Suruado eqJ 'lleJ eql elloxe ot aJueq
pup euprqrueu eqt azuelodap ol tlnJrJJrp eror.u tl se{Eru sleuueqr _13;o Suruado
eql 'snql 'uorJlezrJelodap aqr lJpJelunoo pue ilac eql Jelua suor _lJ pa8reqc
dlanrle8au aJour 'ezuulodap o1 slJuls euuJqrueu eql se 1p4ua1od eueJqrueu
eql JaJJnq 01 spuat slauuuqc -13 Suruado 'uoseal srql JoC 'alrle8au aJoru uele
Jo-lprlualod Surlsar eql ol asolo sl -1f, roJ Ippualod urnrrqlpnba eql 'suoJnau
dueur rog'tJeJ uI 'xngul slr sasoddo ppuatod eueJqrueu aqt lnq'(Zgg'd'I-II
elqeJ ees) eprsur uuqt flec eq] eprstno raq31q qcnru sr _lJ Jo uor]eJtueJuoJ eqJ
'smolloJ se sleuueqo -13 Suruado Jo lcaJJa ar{l pue}sJapun uec eAA'eueJqueru B
saztrelodap slauueqJ uorleJ go Suruado eql ^\oq pessnJsrp dpearp eAEq aM

'ureJq aleJqaual aq] ur SurTeu8rs ,fuolellcxa aql Jo lsoru salerpau 'aJuulsur
JoJ 'aleurelnlC 'sJe1rrusuerl drolrqrqur se pesn arc au1ct73 pue (VW| ptco ctttl
-nqoutrun-l, pue 'sJallrlusuert ,,fuotelrJxe sp pasn aJE uruololas pue 'a1.nua7n73
'auqoqcl,Qace talamoq f.lpnsn 'ot spurq ll stoldacar au11oqc1rfiace;o ad.{1 eql
uo Sutpuadap 'llqqul Jo elrf,xe raqlle upo 'aldurexa rcg'auqoqcyQary'Jelunocue
daqt reqr suoprpuoc Jruor eq] pue 'ol purq ,{aqt sro}dacar }eqm 'paseeleJ
are ,taql eJeqm uo Surpuadap 'drolrqrqur ro ,{rolelrcxa Jar{}le eq uec sJe}}rru
-suer1 due141 'aueJqruaru cqdeudslsod aql azlreyodap o] saJuangur drolelrcxa rog
rapreq lg 3uorcur dq Suug sassarddns qqt pue 'slauueqc +) ro slauueqc _lJ raglra
uado '1ser1uoc dq 'srallFusrru4oJneu ,fuof1q;qu1 'ppualod uorlJu ue Suug
ro; puualod ploqseJqt eq] prulv\ol euprqrueu cpdeuklsod aql sazlrelodap leql
*eN Jo xnlJur ue Sursnec 'slauueqJ uorleJ uado srelllursrruJloJneu ,fuo1u1gcxg
'asuodsar cqdeudslsod eq] Jo aJnleu eql seurruJelap sql :euerqrueur eurseld
eqt ssoJJE ssed 1a1 daqr reqr suor Jo ad.,! aql ur alrlJalas are ,taql 'slauueqJ
se 'puof,as 'purruJel anrau ruduu.{sard aql ruo4 pasealeJ sr luql Ja}}tusup4
-oJneu eql JoJ alrs Surpurq enrlJeles [UBlq E eABq daq] 'sroldacar se '1srrg 's.{.u,u.
luelrodurr prelas ur Joqloue euo uorJ raJJrp slauueqr uor pa1e8-rallrursuer;

uoxe paleur;a{utlla) opsnur

{.rolrqrqu;ro /fuolel!)x;l ag ue) sasdeul5 ;elueq3

sauprquaw ;o saryedo.rS le)tJl)el:l eql pue saln)elow lleus lo l.rodsuetl auerqulaw :1 1 raldeql Vgg



ION CHANNELS AND THE ELECTRICAL PROPERTIES OF MEMBRANES

only moderate resolution. There were at least two reasons for the rapid progress
in purifying and characterizing this receptor. First, an unusually rich source of
the acetylcholine receptors exists in the electric organs of electric fish and rays
(these organs are modified muscles designed to deliver a large electric shock to
prey). Second, certain neurotoxins (such as a-bungarotoxln) in the venom of
certain snakes bind with high affinity (Ku = 10s liters/mole) and specificity to the
receptor and can therefore be used to purify it by affinity chromatography. FIu-
orescent or radiolabeled cr-bungarotoxin can also be used to localize and count
acetylcholine receptors. In this way, researchers have shown that the receptors
are densely packed in the muscle cell plasma membrane at a neuromuscular
junction (about 20,000 such receptors per pm2), with relatively few receptors
elsewhere in the same membrane.

The acetylcholine receptor of skeletal muscle is composed of five transmem-
brane pollpeptides, two of one kind and three others, encoded by four separate
genes. The four genes are strikingly similar in sequence, implying that they
evolved from a single ancestral gene. The two identical polypeptides in the pen-
tamer each contribute to one of two binding sites for acetylcholine that are nes-
tled between adjoining subunits. \A/hen two acetylcholine molecules bind to the
pentameric complex, they induce a conformational change: the helices that line
the pore rotate to disrupt a ring of hydrophobic amino acids that blocks ion flow
in the closed state.With ligand bound, the channel still flickers between open and
closed states, but now it has a 90% probability of being open. This state contin-
ues until hydrolysis by a specific enzyme (acetylcholinesterase)located at the neu-
romuscular junction lowers the concentration of acetylcholine sufficiently. Once
freed of its bound neurotransmitter, the acetylcholine receptor reverts to its ini-
tial resting state. If the presence of acetylcholine persists for a prolonged time as
a result of excessive nerve stimulation, the channel inactivates (Figure f f -37).

The general shape of the acetylcholine receptor and the likely arrangement
of its subunits have been determined by electron microscopy (Figure lf-38).
The five subunits are arranged in a ring, forming a water-filled transmembrane
channel that consists of a narrow pore through the lipid bilayer, which widens
into vestibules at both ends. Clusters of negatively charged amino acids at either
end of the pore help to exclude negative ions and encourage any positive ion of
diameter less than 0.65 nm to pass through. The normal traffic consists chiefly
of Na+ and K+, together with some Ca2*. Thus, unlike voltage-gated cation chan-
nels, such as the K+ channel discussed earlier, there is little selectivity among
cations, and the relative contributions of the different cations to the current
through the channel depend chiefly on their concentrations and on the electro-
chemical driving forces. \.Vhen the muscle cell membrane is at its resting poten-
tial, the net driving force for K+ is near zero, since the voltage gradient nearly bal-
ances the K+ concentration gradient across the membrane (see Panel l1-2,
p. 670). For Na+, in contrast, the voltage gradient and the concentration gradient
both act in the same direction to drive the ion into the cell. (The same is true for
CaZ*, but the extracellular concentration of Ca2* is so much lower than that of
Na+ that Caz* makes only a small contribution to the total inward current.)
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unoccupied
and c losed

Figure 1 1-37 Three conformations of
the acetylcholine receptor. The binding
of two acetylchol ine molecules opens
this transmitter-gated ion channel. l t
then maintains a high probabil i ty of
being open unti l  the acetylchol ine has
been hydrolyzed. In the persistent
presence of acetylcholine, however, the
channel inactivates (desensit izes).
Normally, the acetylchol ine is rapidly
hydrolyzed and the channel closes within
about 1 mil l isecond, well  before
signif icant desensit izat ion occurs.
Desensit izat ion would occur after about
20 mil l iseconds in the continued
presence of acetylchol ine.
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acety lchol ine-binding s i te

acety lcho l  i  ne-
b i nd ing
SrIe

CYTOSOL

l i p i d
bi layer

Figure |  1-38 A model for the structure
of the acetylcholine receptor. (A) Five
homologous subunits (cr, cr, F, y, 6)
combine to form a transmembrane
aqueous pore. The pore is l ined by a r ing
of f ive transmembrane cr hel ices, one
contr ibuted by each subunit.  In i ts closed
conformation, the pore is thought to be
occluded by the hydrophobic side chains
of five leucines, one from each cr helix,
which form a gate near the middle of the
l ipid bi layer. The negatively charged side
chains at either end of the pore ensure
that only posit ively charged ions pass
through the channel. (B) Both of the
cx subunits contr ibute to an
acetylchol ine-binding site nestled
between adjoining subunits; when
acetylchol ine binds to both sites, the
channel undergoes a conformational
change that opens the gate, possibly by
rotat ing the hel ices containing the
occluding leucines to move outward. In
the structural drawing (right),the parts of
the channel that move in resoonse to
AChR binding to open the pore are
colored in b/ue. (Adapted from N. Unwin,
Cel/ 72[5uppl.] :31-41, 1993. With
permission from Elsevier.)

1
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(A) (B) gate

Therefore, the opening of the acetylcholine receptor channels leads to a large
net influx of Na+ (a peak rate of about 30,000 ions per channel each millisecond).
This influx causes a membrane depolarization that signals the muscle to con-
tract, as discussed below.

Transmitter-Gated lon Channels Are Major Targets for
Psychoactive Drugs
The ion channels that open directly in response to the neurotransmitters acetyl-
choline, serotonin, GABA, and glycine contain subunits that are structurally
similar and probably form transmembrane pores in the same way, even though
they have distinct neurotransmitter-binding specificities and ion selectivities.
These channels are all built from homologous polypeptide subunits, which
probably assemble as a pentamer resembling the acetylcholine receptor. Gluta-
mate-gated ion channels are constructed from a distinct family of subunits and
are thought to form tetramers resembling the K+ channels discussed earlier.

For each class of transmitter-gated ion channel, there are alternative forms of
each type ofsubunit, either encoded by distinct genes or generated by alternative
RNA splicing of the same gene product. The subunits assemble in different com-
binations to form an extremely diverse set of distinct channel subtypes, with dif-
ferent ligand affinities, different channel conductances, different rates of opening
and closing, and different sensitivities to drugs and toxins. vertebrate neurons,
for example, have acetylcholine-gated ion channels that differ from those of mus-
cle cells in that they are usually formed from two subunits of one type and three
of another; but there are at least nine genes coding for different versions of the
first type of subunit and at least three coding for different versions of the second,
with further diversity due to alternative RNA splicing. subsets of acetylcholine-
sensitive neurons performing different functions in the brain express different
combinations of these subunits. This, in principle, and already to some extent in
practice, makes it possible to design drugs targeted against narrowly defined
groups of neurons or synapses, thereby specifically influencing particular brain
functions.

Indeed, transmitter-gated ion channels have for a long time been important
targets for drugs. A surgeon, for example, can relax muscles for the duration of
an operation by blocking the acetylcholine receptors on skeletal muscle cells
with curare, a drug from a plant that was originally used by South American Indi-
ans to make poison arrows. Most drugs used to treat insomnia, anxiety, depres-
sion, and schizophrenia exert their effects at chemical synapses, and many of
these act by binding to transmitter-gated channels. Both barbiturates and tran-
quilizers, such as valium and Librium, for example, bind to GABA receptors,
potentiating the inhibitory action of GABA by allowing lower concentrations of
this neurotransmitter to open cl- channels. The new molecular biology of ion
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channels, by revealing both their diversity and the details of their structure,
holds out the hope of designing a new generation of psychoactive drugs that will
act still more selectively to alleviate the miseries of mental illness.

In addition to ion channels, many other components of the synaptic signal-
ing machinery are potential targets for psychoactive drugs. As mentioned ear-
lier, after release into the synaptic cleft, many neurotransmitters are cleared by
reuptake mechanisms mediated by Na*-driven transporters. The inhibition of
such a transporter prolongs the effect of the transmitter and thereby strengthens
synaptic transmission. Many antidepressant drugs, including Prozac, for exam-
ple, inhibit the uptake of serotonin; others inhibit the uptake of both serotonin
and norepinephrine.

Ion channels are the basic molecular components from which neuronal
devices for signaling and computation are built. To provide a glimpse of how
sophisticated the functions of these devices can be, we consider several exam-
ples that demonstrate how groups of ion channels work together in slmaptic
communication between electricallv excitable cells.

Neuromuscular Transmission lnvolves the Sequential Activation
of Five Different Sets of lon Channels
The following process, in which a nerve impulse stimulates a muscle cell to con-
tract, illustrates the importance of ion channels to electrically excitable cells.
This apparently simple response requires the sequential activation of at least
five different sets of ion channels, all within a few milliseconds (Figure I l-39).

1. The process is initiated when the nerve impulse reaches the nerve terminal
and depolarizes the plasma membrane of the terminal. The depolarization
transiently opens voltage-gated CaZ* channels in this membrane. As the
Ca2* concentration outside cells is more than 1000 times greater than the
free Ca2* concentration inside, Caz* flows into the nerve terminal. The
increase in Caz* concentration in the cltosol of the nerve terminal triggers
the local release of acetylcholine into the synaptic cleft.

2. The released acetylcholine binds to acetylcholine receptors in the muscle
cell plasma membrane, transiently opening the cation channels associated
with them. The resulting influx of Na+ causes a local membrane depolar-
ization.

3. The local depolarization of the muscle cell plasma membrane opens volt-
age-gated Na+ channels in this membrane, allowing more Na+ to enter,
which further depolarizes the membrane. This, in turn, opens neighboring
voltage-gated Na+ channels and results in a self-propagating depolariza-
tion (an action potential) that spreads to involve the entire plasma mem-
brane (see Figure f1-30).

RESTING NEUROMUSCULAR JUNCTION

nerve terminal

acety lcho l  i  ne

ACETYLCHOLIN E-
GATED CATION
CHANNEL

Figure 1 1 -39 The system of ion
channels at a neuromuscular junction.
These gated ion channels are essential for
the st imulat ion of muscle contraction by
a nerve impulse. The various channels are
numbered in the sequence in which they
are activated, as described in the text.

ACTIVATED NEUROMUSCULAR JUNCTION
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4. The generalized depolarization of the muscle cell plasma membrane acti-
vates voltage-gated Ca2* channels in specialized regions (the transverse ITl
tubules-discussed in Chapter l6) of this membrane.

5. This, in turn, causes Caz+-gated Cd* release channels in an adjacent region
of the sarcoplasmic reticulum (SR) membrane to open transiently and
release the Ca2+ stored in the SR into the cltosol. The T-tubule and SR mem-
branes are closely apposed with the two t!?es of channels joined together in
a specialized structure (see Figure 16-77).It is the sudden increase in the
cltosolic Ca2* concentration that causes the myofibrils in the muscle cell to
contract.

\A/hereas the activation of muscle contraction by a motor neuron is complex,
an even more sophisticated interplay of ion channels is required for a neuron to
integrate a large number of input signals at synapses and compute an appropri-
ate output, as we now discuss.

Single Neurons Are Complex Computation Devices
In the central nervous system, a single neuron can receive inputs from thou-
sands of other neurons, and can in turn form slmapses with many thousands of
other cells. Several thousand nerve terminals, for example, make synapses on an
average motor neuron in the spinal cord; its cell body and dendrites are almost
completely covered with them (Figure r r-40). some of these synapses transmit
signals from the brain or spinal cord; others bring sensory information from
muscles or from the skin. The motor neuron must combine the information
received from all these sources and react either by firing action potentials along
its axon or by remaining quiet.

of the many s)mapses on a neuron, some tend to excite it, others to inhibit it.
Neurotransmitter released at an excitatory slmapse causes a small depolarization
in the postsynaptic membrane called an excitatory postsynaptic potential (excita-
tory PSP), while neurotransmitter released at an inhibitory slrlapse generally
causes a small hlperpolarization called an inhibitory PSP The membrane of the
dendrites and cell body of most neurons contains a relatively low density of volt-
age-gated Na+ channels, and an individual excitatory pSp is generally too small to

Figure 1 1-40 A motor neuron cell body in
the spinal cord. (A) Many thousands of
nerve terminals synapse on the cel l  body
and dendrites. These del iver signals from
other parts of the organism to control the
fir ing of act ion potentials along the single
axon of this large cel l .  (B) Micrograph
showing a nerve cel l  body and i ts dendrites
stained with a f luorescent antibody that
recognizes a cytoskeletal Votein (green).
Thousands of axon terminals (red) from
other nerve cel ls (not visible) make
synapses on the cel l  body and dendrites;
they are stained with a f luorescent antibody
that recognizes a protein in synaptic
vesicles. (8, courtesy of Olaf Mundigl and
Pietro de Camil l i . )
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ION CHANNELS ANDTHE ELECTRICAL PROPERT]ES OF MEMBRANES

Long-Term Potentiation (LTP) in the Mammalian Hippocampus
Depends on Ca2+ Entry Through NMDA-Receptor Channels
Practically all animals can learn, but mammals seem to learn exceptionally well
(or so we like to think). In a mammal's brain, the region called the hippocampus
has a special role in learning. VVhen it is destroyed on both sides of the brain, the
ability to form new memories is largely lost, although previous long-established
memories remain. Correspondingly, some synapses in the hippocampus show
marked functional alterations with repeated use: whereas occasional single
action potentials in the presynaptic cells leave no lasting trace, a short burst of
repetitive firing causes long-term potentiation (tTP), such that subsequent sin-
gle action potentials in the presyraptic cells evoke a greatly enhanced response
in the postsynaptic cells. The effect lasts hours, days, or weeks, according to the
number and intensity of the bursts of repetitive firing. Only the slmapses that
were activated exhibit LIP; synapses that have remained quiet on the same post-
synaptic cell are not affected. Howeve! while the cell is receiving a burst of
repetitive stimulation via one set of synapses, if a single action potential is deliv-
ered at another synapse on its surface, that latter synapse also will undergo LIII
even though a single action potential delivered there at another time would
leave no such lasting trace.

The under$ing rule in such slmapses seems to be that LTP occurs on any occa-
sion when a presynaptic cell fires (once or more) at a time when the post-synaptic
membrane is strongly depolarized (either through recent repetitive firing of the
same presynaptic cell or by other means). This rule reflects the behavior of a par-
ticular class of ion channels in the posts)'naptic membrane. Glutamate is the main
excitatory neurotransmitter in the mammalian central nervous system, and gluta-
mate-gated ion channels are the most common of all transmitter-gated channels
in the brain. In the hippocampus, as elsewhere, most of the depolarizing current
responsible for excitatory PSPs is carried by glutamate-gated ion channels, called
AMPAreceptors, that operate in the standard way. But the current has, in addition,
a second and more intriguing component, which is mediated by a separate sub-
class of glutamate-gated ion channels knor,r,n as NMDA receptors, so named
because they are selectively activated by the artificial glutamate analog N-methyl-
D-aspartate. The NMDA-receptor channels are doubly gated, opening only when
two conditions are satisfied simultaneously: glutamate must be bound to the
receptor, and the membrane must be strongly depolarized. The second condition
is required for releasing the MgZ+ that normally blocks the resting channel. This
means that NMDA receptors are normally activated only when AMPA receptors
are activated as well and depolarize the membrane. The NMDA receptors are crit-
ical for LIP \A/hen they are selectively blocked with a speciflc inhibitor, or in trans-
genic animals in which the gene has been knocked out, LIP does not occu! even
though ordinary synaptic transmission continues. Such animals exhibit specific
deficits in their learning abilities but behave almost normally otherwise.

How do NMDA receptors mediate such a remarkable effect? The answer is that
these channels, when open, are highly permeable to CaZ+, which acts as an intra-
cellular mediator in the postslnaptic cell, triggering a cascade of changes that are
responsible for LIP Thus, LIP is prevented when Ca2* levels are held artificially low
in the postslmaptic cell by injecting the Ca2* chelator EGTA into it, and LIP can be
induced by artificially raising intracellular Caz* levels. Among the long-term
changes that increase the sensitivity of the postslmaptic cell to glutamate is the
insertion of newAMPA receptors into the plasma membrane (Figure 1f-42). Evi-
dence also indicates that changes can occur in the preslmaptic cell as well, so that
it releases more glutamate than normal when it is activated subsequently.

If synapses expressed only LIP they would quickly become saturated and,
thus, be of limited value as an information storage device. In fact, synapses also
exhibit long-term depression (LTD), which surprisingly also requires NMDA
receptor activation and a rise in Ca2*. How does Ca2* trigger opposite effects at
the same synapse? It turns out that this bidirectional control of synaptic
strength depends on the magnitude of the rise inCaz*'. high Caz* levels activate
protein kinases and LIB whereas modest Ca2* levels activate protein phos-
phatases and LID.
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presynaptic
cel l

g lutamate

glutamate re leased by
activated presynaptic
nerve terminal  opens
AMPA receptor channels,
a l lowing Na* inf lux
that  depolar izes
the postsynapt ic
membrane

depolar izat ion removes
Mg'*  b lock f rom NMDA-
receptor  channel ,  which
(with glut-amate bound)
al lows Ca'*  to enter  the
postsynaptic cel I

AMPA
receptor

depolar ized
memorane

There is evidence that NMDA receptors have an important role in learning
and related phenomena in other parts of the brain, as well as in the hippocam-
pus. In chapter 21 we see, moreover, that NMDA receptors have a crucial role in
adjusting the anatomical pattern of synaptic connections in the light of experi-
ence during the development of the nervous system.

Thus, neurotransmitters released at synapses, besides relaying transient
electrical signals, can also alter concentrations of intracellular mediators that
bring about lasting changes in the efficacy of synaptic transmission. However, it
is still uncertain how these changes endure for weeks, months, or a lifetime in
the face of the normal turnover of cell constituents.

Some of the ion channels that we have discussed are summarized in Table
tt-2.

Summary
Ion channels form aqueous pores across the lipid bitayer and allow inorganic ions of
appropriate size and charge to cross the membrane down their electrochemical gradi-
ents at rates about 1000 times greater than those achieued by any known transporter
The channels are "gated" and usually open transiently in response to a specific pertur-
bation in the membrane, such as a change in membrane potential (uoltage-gated chan-
nels) or the binding of a neurotransmitter (trensmitter-gated channels).

K+-selectiue leak channels haue an important role in determining the resting
membrane potential across the plasma membrane in most animal cells.voltage-gated
cation channels are responsible for the generation of self-amplfuing action potentials
in electrically excitable cells, such as neurons and skeletal muscle cells. Transmitter-
gated ion channels conuert chemical signals to electrical signals at chemical synapses.
Excitatory neurotransmitters, such as acetylcholine and glutamate, open transmitter-
gated cation channels and thereby depolarize the postsynaptic membrane toward the
threshold leuel for firing an action potentiat. Inhibitory neurotransmitters, such as
GABA and glycine, open transmitter-gated cI or K+ channels and thereby suppress
firing by keeping the postsynaptic membrane polarized. A subclass of glutemate-gated
ion channels, called NMDA-receptor channels, is highly permeable to ca2*, which can
trigger the long-term changes in synapses such as LTp and LTD that are thought to be
inuolued in some forms of learning and memory.

Table 1 1-2 Some lon Channel  Fami l ies

Voltage-gated
cation channels

Transmitter-gated
ion channels

increased Ca2* in the cytosol
induces postsynapt ic cel l  to
insert new AMPA receptor in the
plasma membrane, increasing
the cel l 's  sensi t iv i ty  to
glutamate

l::1,:',':r: L tl:t t,it':]i,,: I .,,rU,itr,i:rr::.:it:::,:iti:lt::ilt'rit:,t jitl:.1 l::i:ilti::t:t:li:

F igure 1 1-42 The signal ing events in
long-term potentiat ion. Although not
shown, evidence suggests that changes
can also occur in the presynaptic nerve
terminals in LTP, which may be st imulated
by retrograde signals from the
postsynaptic cel l .

voltage-gated Na+ channels
voltage-gated K+ channels (including delayed and early)
voltage-gated Ca2+ channels
acetylchol ine-gated cation channels
glutamate-gated Ca2+ channels
serotonin-gated cation channels
GABA-gated Cl- channels
glycine-gated Cl- channels

excitatory

inh ib i to ry



THE SHAPE AND STRUCTURE OF PROTEIN.S l

Ion channels work together in complex ways to control the behauior of electrically
excitable cells. A typical neuron, for example, receiues thousands of excitatory and
inhibitory inputs, which combine by spatial and temporal summation to produce a
postsynaptic potential (PSP) in the cell body. The magnitude of the PSP is translated
into the rate of firing of action potentials by a mixture of cation channels in the mem-
brane of the initial segment.
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PROBLEMS
Which statements are true? Explain why or why not.

1 1 -1 Transport by transporters can be either active or pas-
sive, whereas transport by channels is always passive.
'11-2 Transporters saturate at high concentrations of the
transported molecule when all their binding sites are occu-
pied; channels, on the other hand, do not bind the ions they
transport and thus the flux of ions through a channel does
not saturate.

11-3 The membrane potential arises from movements of
charge that leave ion concentrations practically unaffected,
causing only a very slight discrepancy in the number of pos-
itive and negative ions on the two sides of the membrane.

Discuss the following problems.

11-4 Order Ca2*, COz, ethanol, glucose, RNA, and HzO
according to their ability to diffuse through a lipid bilayer,
beginning with the one that crosses the bilayer most readily.
Explain your order.

1 1-5 How is it possible for some molecules to be at equi-
librium across a biological membrane and yet not be at the
same concentration on both sides?
'| 1-6 Ion transporters are "linked" together-not physi-
cally, but as a consequence of their actions. For example,
cells can raise their intracellular pH, when it becomes too
acidic, by exchanging external Na* for internal H+, using a
Na+-H+ antiporter. The change in internal Na+ is then
redressed using the Na+-K+ pump.
A. Can these two transporters, operating together, normal-
ize both the H+ and the Na+ concentrations inside the cell?
B. Does the linked action of these two pumps cause imbal-
ances in either the K+ concentration or the membrane
potential? \A/hy or why not?

11-7 Microvilli increase the surface area of intestinal cells,
providing more efficient absorption of nutrients. Microvilli
are shor,rm in profile and cross section in Figure Ql l-1. From
the dimensions given in the figure, estimate the increase in

1 p m

surface area that microvilli provide (for the portion of the
plasma membrane in contact with the lumen of the gut) rel-
ative to the corresponding surface of a cell with a "flat"
plasma membrane.

11-8 According to Newton's laws of motion, an ion
exposed to an electric field in a vacuum would experience a
constant acceleration from the electric driving force, just as
a falling body in a vacuum constantly accelerates due to
gravity. In water, however, an ion moves at constant velocity
in an electric field. lVhy do you suppose that is?

11-g The "ball-and-chain' model for the rapid inactivation
of voltage-gated K+ channels has been elegantly confirmed
for the shaker K* channel from Drosophila melanogaster.
(The shaker K* channel in Drosophila is named after a
mutant form that causes excitable behavior-even anes-
thetized flies keep twitching.) Deletion of the N-terminal
amino acids from the normal shaker channel gives rise to a
channel that opens in response to membrane depolariza-
tion, but stays open instead of rapidly closing as the normal
channel do es. A peptide (MAAVAGLYGLGEDRQHRIC(Q) that
corresponds to the deleted N-terminus can inactivate the
open channel at 100 PM.

Is the concentration of free peptide (100 ttM) that is
required to inactivate the defective K* channel anylvhere
near the normal local concentration of the tethered ball on
a normal channel? Assume that the tethered ball can explore
a hemisphere [volume = (zt3itnf] with a radius of 21.4 nm,
the length of the polypeptide "chain' (Figure Ql f-2). Calcu-
late the concentration for one ball in this hemisphere. How
does that value compare with the concentration of free pep-
tide needed to inactivate the channel?

Figure Q1 1 -2 A "ball" tethered by a "chain" to a voltage-gated K+
channel (Problem 1 1-9).

1 1-10 The squid giant axon occupies a unique position in
the history of our understanding of cell membrane poten-
tials and nerve action. \,Vhen an electrode is stuck into an
intact giant axon, the membrane potential registers -70 mV
\i\4ren the axon, suspended in a bath of seawater, is stimu-
lated to conduct a nerve impulse, the membrane potential
changes transiently from -70 mV to +40 mV

Figure Q1 1-1 Microvil l i  of intestinal epithelial cells in profi le and
cross section (Problem 1 1 -7). (Left panel, from Rippel Electron
Microscope Facil ity, Dartmouth College; Right panel, from David
Burgess.)

profile cross-section
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For univalent ions and at20"C (293 K), the Nernst equa-
tion reduces to

V= 58 mV x log (Co/CJ
where Cs and C1 are the concentrations outside and inside,
respectively.

Using this equation, calculate the potential across the
resting membrane (1) assuming that it is due solely to K+
and (2) assuming that it is due solely to Na+. (The Na+ and K+
concentrations in axon cytoplasm and in seawater are given
in Table Ql l-1.) \A/hich calculation is closer to the measured

Table Ql 1-1 tonic composition of seawater and of cytoplasm from
the squid giant axon (Problem 1 1-10).

Na+
K+

65 mM
344 mM

430 mM
9 m M

resting potential? \Mhich calculation is closer to the mea-
sured action potential? Explain why these assumptions
approximate the measured resting and action potentials.

REFERENCES
General

Martonosl AN (ed) (1985) The enzymes of Biological membranes, vol 3:
Membrane transport 2nd edn New York: Penum press

Stein WD (1990) Channels, carr iers and pumps: An introduction to
mernbrane transport San Diego. Academic press

Principles of Membrane Transport
Al-Awqati Q (1999) One hundred years of membrane permeabil i ty:

does Overton st i l l  rule? Nature Cell  Biol 1: E2a1-E202
For res t  LR & Sansom MS (2000)  Membrane s imu la t rons .  b igger  and

belter? Curr Opin Struct Brol 10:174-1Bj
Gouaux E and MacKinnon R (2005) Principles of select ive ion transport

in  channe ls  and pumps Sc ience310:1461 1465
Mitchel P (1977) Vectorial chemiosmotrc processes Annu Rev Biochem

46:996-1005
Tanford C ( ' l983) Mechanism of free energy coupling in act ive

transport Annu Rev Btochem 52:319-409
Carrier Proteins and Active Membrane Transport
Almers W & Srir l ing C (1984) Distr ibution of transport proteins over

animal cel l  membranes, JMembr Biol l l  .169 186.
Baldwln 5A & Henderson PJ (1989) Homo ogies between sugdr

transporters from eukaryotes and prokaryotes Annu Rev physiol
51 459-47 1

Borst P & Elferink RO (2002) Mamma ian ABC transporters in health and
disease ,4nnu Rev Btochem 7i:537 592

Carafol i  E & Brini M (2000) Calcium pumpsr structural basrs for and
mechanism of calcium transmembrane transport Curr Opin Chem
Brol 4.152-161

Dean M, Rzhetsky A et al (2001) The human ATp-bind ng cassetre (ABC)
transporter superfam ly Gename Res I l :1 '156-1 , l66

Doige CA & Ames GF (1993) ATP-dependent transport systems in
bacteria and humans: relevance to cystic f ibrosis and mult idrug
resistance Annu Rev |,4tcrobbl 47.291-319

Gadsby DC, Vergani P & Csanady L (2006) The ABC protern rurned
chloride channel whose fai ure causes cystic f ibrosis /Vdfure
440.47/-83

Higg ins  CF (2007)  Mu l t ip  e  mo lecu la r  mechan isms fo r  mu l t id rug
resistance tra nsporters N atu re 446.7 4g-57

Kaback HR, Sahin Toth M et al (2001) The kamikaze approach ro
membrane transport Nature Rev lt4ol Cell Biol 2:610-62A

Kuhlbrandt W (2004) Bio ogy, structure and mechanism of p type
ATPases Nature Rev l\/tol Cell Biol 5.2il-295

Lodish HF (1986) Anion-exchange and glucose transport proteinsj
structure, function, and distr ibution Harvey Lect 82.19 46

Pedersen PL & Carafol i  E (198/) lon morive ATpases I Ubiquity,
propert ies, and signif icance to ce I function Trends Biochem Sci
12.146-15A

Saier MH, Jr (2000) Vectorial metabolism and the evolut ion of transport
systems I Bactend 182:5029-5035

Scarborough GA (2003) Rethinking the p-type ATpase problem lrends
Biochem Sci 28:5Bi-584

Ste in  WD (2002)  Ce l l  vo lume homeostas is :  ion ic  and nonronrc
mechan isms The sod ium pump in  the  emergence o f  an ima lce l l s
lnt Rev Cytol 215:231-258

lon Channels and the Electr ical Propert ies of Membranes
Armstrong C (1 998) The vision of the pore, Science )80:56 57
Choe S (2002) Potassi u m cha n nel structu res N atu re Rev N eu rosci 3:1 1 5 21
Choe S, Kreusch A & Pfaffinger Pl (1999) Towards the three-

dimensional structure of voltage-gated potassium channels lrends
Biochem Sci 24:345-349

Franks NP & Lieb WR (,1994) Molecular and cel ular mechanisms of
genera a.taesthesja lvaiure 367.60 /-614

Greengard P (2001)The neurobiology of slow synaptic transmission
Science 294.1024-30

Hil le B (2OOl ) lonic Channels of Excitable Membranes, 3ro eo
Sunder land,  MA:  S inauer

Hucho F, Tset in Vl & Machold J (1996) The emerging rhree-
dlmensional structure of a receptor The nicotinic acetylchol ine
receptor Eur I Biochem 239:539-557

Hodgkin AL & Huxley AF (1952) A quantirat ive descript ion of
membrane current and i ts appl icat ion to conduction and excitat ion
in nerve J Physiol 117:5a0-544

Hodgkin AL & Huxley AF (1952) Currents carr ied by sodium and
potassium ions through the membrane of the giant axon of Lol igo.
J Physiol 116.449-472

Jessel l  TM & Kandel ER (1993) Synaptic transmission: a bidlrect ional and
self-modif iable form of cel l-cel l  commu nication Cel/ 72[Su ppl]:  1 -30

Kandel ER, Schwartz JH & lessel TM (2000) Principles of Neural Science,
4th ed New York: McGraw-Hil l

Karl in A (2002) Emerging structure of the nicotinic acetylchol ine
receptors Nature Rev Neurosci 3:102-114

KaIzB (1966) Nerve, Muscle and Synapse New York: McGraw-Hil l
King LS, Kozono D & Agre 7 (2004) From structure to disease: the

evolving ta e of aquaporin biology Nature Rev Mol Cell Biol 5:687-.698
MacKinnon R (2003) Potassium channels FEBS Lett 555.62-65
Malenka RC & Nicol l  RA (1999) Long-rerm potentiarion-a decade of

progress? Science 285:1 87 0 1 Bl 4.
Moss Sl & Smart TG (2001) Construcing inhibirory synapses Nature Rev

Neurosci 2:240-250
Neher E and Sakmann B (1992) The patch clamp techniqu e Sci Am

266.44-51 ,
Nichol ls JG, Fuchs PA, Mart in AR & Wallace BG (2000) From Neuron ro

Brain, 4th ed Sunderland, MA: Sinauer
Numa S (1987) A molecular view of neurotransmitter recenrors :nd

ionic channels, Harvey Lect B3:121-165
Scannevin RH & Huganir RL (2000) Postsynaptic organization and

regulat ion of excitatory synapses Nature Rev Neurosci 1:133-]41
Seeburg PH (,1993) The molecular biology of mammalian glutamate

receptor channels Trends Neurosci 16:359-365
Snyder SH (1996) Drugs and the Brain New York: WH Freeman/

Scienti f ic American Books
Stevens CF (2004) Presynaptic function CurrOpin Neurobial 14:341 345
Tsien RW, Lipscombe D, Madison DV et al ( j  9BB) Mult iple types of

neuronal ca cium channels and their select ive modulat ion Irends
Neurosci 11:431-438

Unwin N (2003) Structure and action of the nicotinic acetylchol ine
receptor explored by electron microscopy FEBS Lett 555:91-95


