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Molecular model of a lipid bilayer with embedded membrane proteins.
Integral membrane proteins have distinct exoplasmic, cytosolic, and
membrane-spanning domains. Shown here are portions of the insulin

receptor, which regulates cell metabolism. [Ramon Andrade 3Dciencia/
Science Photo Library/Science Sourcel

Chebal AR S0 g ) K5 BT 5 403 Al ) she Cangy)



el a4 530 g 5 S0 GBS 5 43 A0Sl

1) giae 3 it sl sla JSla o
d\.;.u E_S\_):\\JJA dM( 113 L\<‘P

Jol)-‘d‘h)m PS4 RS

W afig p O s Gl Sl
aledl g oy 4l g 5 elde )
MA&?&% al:} plll.y 4 Al
O O 50 ke Culbus Hhai ) o
Jslna 3l 5a 5) 5303 g9 o))t

Al b o Gl @l
Chenal R0 A 831 g ) S50 B 5 403 A dl



Ol I 30 ) S (B 53 B e o)
it Peripheral

membrane
protein

Hydrophilic
phospholipid

Plasma
head group

membrane

Phospholipid
bilayer

Hydrophobic

fatty acyl
side chains

Lipid-anchored |

protein Peripheral

membrane
protein

Integral membrane
protein

‘ Cvtsklton
el S oS ) KD BT 43 ) ke i)
FIGURE 7-1 Fluld mosalc model of blomembranes. A bilayer
of phospholipids about 3 nm thick provides the basic architecture

of all cellular membranes; membrane proteins give each cellular
membrane its unique set of functions. Individual phospholipids can
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FIGURE 7-5 The faces of cellular membranes. The

plasma membrane, a single bilayer, encloses the cell. In
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FIGURE 7-6 The faces of cellular membranes are conserved

during membrane budding and fusion. Red membrane surfaces are



Saldil ja e il G S0 5 3 B 5 43 B3 e o)

e 5 sla
¢S NS gl
. hebnad AR A 3 ) S5 BT 5 43 Apds) ke i)
AL
Zlo o s e O30 4k sl e
Cheal R A 530 ) 3 BB 43 ) (e o)
W)wﬁ\ ’
Qg yay A
v ‘ 2 é
L{M LS Cheleal I A 831 g ) S B 5 4093 A gl )k Sy )
Ll sLie 5

J\Jg el I oSBT 4T GAs) e )

_AJ‘A



Chalnad 0 s g5 S0 (BB 5 4003 A5l (ol shee Canng)

\A.J.u.d 9.9*443' :
L T 4
.Q.Q

u—‘l':"‘: Lg\.mq..\g:\]‘;‘m\oj;m o

el (0 A s g ) S D 4 G e )

Chabnad I B S ) 63 B 4l ) s i)

s g B dsiu Sl Ol psila ja Jsiuls

Chalnal 0 S g5 S0 (BB 5 4003 A5 (ol shee Canng)

Chalnal 0 o3 gy S0 (BB 5 4003 s (ol shee Canng)

L and Sidul o



L5 i

LS J g sialle&i

(a) Most phosphoglycerides

are derivatives of glycerol 3-phosphate (red), which contains two
esterified fatty acyl chains that constitute the hydrophobic “tail”
and a polar “head group” esterified to the phosphate. The fatty
acids can vary in length and be saturated (no double bonds) or
unsaturated

(one, two, or three double bonds).

In phosphatidylcholine (PC), the head group is choline. Also shown
are the molecules attached to the phosphate group in three other
common phosphoglycerides:

phosphatidylethanolamine(PE), phosphatidylserine (PS), and
phosphatidylinositol (Pl).



Plasmalogens contain one fatty acyl chain attached to glycerol by
an ester linkage and one attached by an ether linkage; they contain
the same head groups as other phosphoglycerides.
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(b) Sphingolipids are derivatives
of sphingosine (red), an amino alcohol with a long hydrocarbon chain.

Various fatty acyl chains are connected to sphingosine by an amide
bond.

The sphingomyelins (SM), which contain a phosphocholine head
group, are phospholipids.

Other sphingolipids are glycolipids in which a single sugar residue or branched
oligosaccharide is attached to the sphingosine backbone. For instance, the simple
glycolipid glucosylcerebroside (GlcCer) has a glucose head group.
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(b) Sphingolipids s 0 CH,

Chelual I B SRS B 3 (B g3 s b gy O I | o
-+
/\/\/\/V\/\/WO/?\O/\/N\CH
O 3

V\M/WMNH SM

O
OH
Ol I B3 g ) S5 I 5 403 gl () she Sy 0 0 ol
HO
OH GlcCer
CH,
(c) Sterols
H,C HaC - CH,
CH CH,
CH,
CH CH,
HO
Cholesterol Ergosterol Stigmasterol
(animal) (fungal) (plant)

Ol AR B S ) K5 B 48 A ) she )

Ol HI A 830 g ) K0 I 5 43 B g (o shee Sy )



,,Q,g A . x e 9".,:.,. - -

g. NI

FRAPSSSG L (5 3k G o

ey S 0/5 252 Lo 8l LgiuDly g jud oLie ja o

W\LAMJM\A@\AM\A .



(a)

Membrane protein Fluorescent reagent Bleached area

Bleach with Fluorescence
La bel Iaser recovery
—»

Fluorescence before bleaching
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EXPERIMENTAL FIGURE 7-10 Fluorescence recovery after L
photobleaching (FRAP) experiments can quantify the lateral _____
movement of proteins and lipids within the plasma membrane.
(a) Experimental protocol. Step ik Cells are first labeled with a |
fluorescent reagent that binds uniformly to a specific membrane
lipid or protein. Step B A laser light is then focused on a small area
of the cell surface, irreversibly bleaching the bound reagent and thu
reducing the fluorescence in the illuminated area. Step E¥ In time,
the fluorescence of the bleached patch increases as unbleached
fluorescent surface molecules diffuse into it and bleached ones dif-
fuse outward. The extent of recovery of fluorescence in the bleachec

nsity (arb. units)
w
o
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FIGURE 7-11 Effect of lipid composition on bilayer thickness
and curvature. (a) A pure sphingomyelin (SM) bilayer is thicker than
one formed from a phosphoglyceride such as phosphatidylcholine
(PC). Cholesterol has a lipid-ordering effect on phosphoglyceride bilay-
ers that increases their thickness, but it does not affect the thickness

of the more ordered SM bilayer. (b) Phospholipids such as PC have a
cylindrical shape and form essentially flat monolayers, whereas those
with smaller head groups, such as phosphatidylethanolamine (PE),
have a conical shape. (c) A bilayer enriched with PC in the exoplasmic
leaflet and with PE in the cytosolic face, as in many plasma membranes,
would have a natural curvature. See H. Sprong et al., 2001, Nature Rev.

Mol. Cell Biol. 2:504.
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(a) Glycophorin A dimer
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(b) Transmembrane coiled-coil domain
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FIGURE 7 14 Structure of glycophorin A, a typical single-pass transmembrane
protein. (a) Diagram of dimeric glycophorin, showing its major sequence features and
its relation to the membrane. The single 23-residue membrane-spanning a helix in



(a) Bacteriorhodopsin (b) Glycerol channel
Back

Retinal

each monomer is composed of amino acids with hydrophobic (uncharged) side chains
(red and green spheres).

]
FIGURE 7 15 Structural models of two multipass membrane proteins.

(a) Bacteriorhodopsin, a photoreceptor in certain bacteria.

The seven hydrophobic a helices in bacteriorhodopsin traverse the lipid bilayer
roughly perpendicular to the plane of the membrane. A retinal molecule (black)
covalently attached to one helix absorbs light.



The large class of G protein—coupled receptors in eukaryotic cells also has seven
membrane-spanning a helices; their three-dimensional structure is thought to be
similar to that of bacteriorhodopsin. (b) Two views

of the glycerol channel
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FIGURE 7-19 Anchoring of plasma-membrane proteins to
the phospholipid bilayer by covalently linked hydrocarbon
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I;)i::)i?e?nr A antigen
GalNAc L
transferase
I;)ifoi?ei(: O antigen
transferase
I‘“)iﬂ?e?r: B antigen

Glc = Glucose
Gal = Galactose

GIcNAc = N-Acetylglucosamine
GalNAc = N-Acetylgalactosamine

Fuc = Fucose FIGURE 7-20 Human ABO blood group antigens. These anti-
Wg'gns are%ﬁlj sa&“ﬁ?ﬂ%ﬁgmgﬂ‘?ently attached to glycolipids or

glycoproteins in the plasma membrane. The terminal oligosaccharide

sugars distinguish the three antigens. The presence or absence of the

Jebal S %Mﬁf%ﬁﬁ%e (Gal) or N-acetylgalactosamine

(GalNAc) to O antigen determine a person’s blood type.




FIGURE 7-21 Lipid-binding surface and mechanism of action

of phgﬁisgg &h( ) A stru rWI fthe Fnzyme, showing
the surface t a?isnteragtis‘#v%ﬁlém raneﬁ%‘islipld-binding surface

contains a rim of positively charged arginine and lysine residues,

shown in blue surrounding the cavity of the catalytic active site, in

which a substrate lipid (red ball-and-stick structure) is bound.

(b) Diagram of catalysis by phospholipase A,. When docked on a lipid

membrane, positiyely charged residues of the binding site bind to
%Ea % ) fg
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FIGURE 7-25 Phospholipid synthesis in the ER membrane.
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Transport of

Ay S GhT 5 443 ARy ke )

lons and Small

Qutside-in view of a bacterial aquaporin protein, which transports
water and glycerol into and out of the cell, embedded in a phospholipid

membrane (yellow). The four identical monomers are colored in light | \ / | O 1 e C l I 1e S
and dark purple; each has a channel in its center. [Data from D. Fu et al,

2000, Science 290:481-486, PDB D 1fx8]
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FIGURE 11-1 Relatlve permeability of a pure phospholipid
bilayer to various molecules and ions. A pure phospholipid bilayer
is permeable to many gases and to small, uncharged, water-soluble

(polar) molecules. It ishahthfpeshSaBleadnuaitn afd odsehfally ol she Cu)

impermeable to ions and to large polar molecules.



The hydrophobicity of a substance is determined by mea-
suring its partition coefficient K, the equilibrium constant for
its partition between oil and water. The higher a substance’s
partition coefficient (the greater the fraction found in oil
relative to water), the more lipid soluble it is, and therefore,
the faster its rate of movement across a bilayer. The first and

sLie o5l O g ol 0 50 ol J) (52 DLia e
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CH;—CH,—NH—C—NH—CH,—CH,

has a K of 0.01, whereas urea

O

|
NH,—C—NH,

has a K of 0.0002. Diethylurea, which is 50 times
(0.01/0.0002) more hydrophobic than urea, will therefore
diffuse through a pure phospholipid bilayer about 50 times
faster than urea. Similarly, fatty acids with longer hydrocar-
bon chains are more hydrophobic than those with shorter
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TABLE 11-1 Mechanisms for Transporting lons and Small Molecules Across Cellular Membranes

Property Simple Diffusion Facilitated Transport Active Transport Cotransport*

Requires specific — + + +

protein

Solute transported — - + +

against its gradient

Coupled to ATP _ - 1 -

hydrolysis

Driven by movement - - - 4+

of a cotransported ion

down its gradient

Examples of molecules O, CO,, steroid Glucose and Ions, small hydrophilic Glucose and amino acids

transported hormones, many amino acids (uniporters); molecules, lipids (symporters); various ions
drugs ions and water (channels)  (ATP-powered pumps) and sucrose (antiporters)
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EXPERIMENTAL FIGURE 11-4 Cellular uptake of glucose
mediated by GLUT proteins exhibits simple enzyme kinetics. The
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(a) Cytosolic face

(c) Extracellular water molecules
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Extracellular
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FIGURE 11-8 Structure of an aquaporin. (a) Structural model

of the tetrameric protein comprising four identical subunits. Each
subunit forms a water channel, as seen in this view looking down
on the protein from the exoplasmic side. One of the monomers

is shown as a water-accessible surface model, in which the pore
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Plasma membrane of plants and Vacuolar membranes in
fungi (H* pump) plants, yeast, other fungi
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FIGURE 112114 Effect of V-class proton

pumps on H+ concentration Ht
gradients and electric potential gradients;oso|

across cellular

. ks Ll T s
membranes. (a) If anJmtr'S?e"Iular organ?fl’e H+
contains only V-class Neutral pH

pumps, proton pumping generates an

electric potential across the

membrane (the cytosolic face becomes

NegaflVe FACRGIUINING! na , st e cons

face positive), but no significant chehge in ATP ADP + P,
the intraluminal pH. (b) If

the organelle membrane also contains Cl-
channels, anions passively

follow the pumped protons, resulting in an
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no elec %@miﬂﬁ%’ﬁﬁ,wwuﬁw - Acidic pH

the membrane. Cl-

™
H+

CI-

~W ~ Electric
+) —) -
~ potential

\ Lumen

Cr No electric
H+ potential



ABC (2 4uii )y

Chohad CHin S 5 S B 403 A e )
S5 o)) 5 ) e gu ol 02 Jlus W) i jle 10 sl 1T Sl Gpasadac g3
JATP 40 duclie (At ssiam a5 50 5 @
9013 a4 02l CulS (5 ) 5a 58 sla Jslu Caglia 0 o) (Ja S e sicaly)l e
L1ABCe 550! o5 (MDRJS e e, s s s s b s
(J.&_\AC)\AJJLNJ\\J\.@_\\jw\@ﬁjddpauj)\qdahw\g\)wy °
)u.u.m)\_\uj 9 u.\...u...dS
T sl Gt Juail oBila (53 a Ciclh A sla a5 305 D ATP Jlgoam o
Rl e Oom s dAlaang
350058 53 8 5 Cuygnl o, saalda AkeSaba, ot b s (sl o is e
JJ).UA.\A d..;u.q U‘
4lS 5aS 035y s Jsl o asanw adaiap S o
et 49 2180 Ol b)) TABC Ol g 4S 68 W e st il (et 40

Chalnal I i 63 g ) S0 I  4ggd A gl () shee Cinny)

el A0 831 gy S0 I 5 4093 A (ke Sy



(a)

Transmembrane

Exterior domains

ATP-bindi_ng b
FIGURE 11-15 The multidrug transporter ABCB1 (MDR1): Struc- domains
ture and model of ligand export. (a) Cross-sectional view through
the center of an ABCB1 protein bound to two molecules of a drug ana-
log, qz59-sss (black), reveals the central location of the ligand-binding
site in relation to the phospholipid bilayer: the central ligand-binding

Exterior
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FIGURE 11217 Structure and function ofﬁléqpy}gtic fibrosis tre 5m mbrang ﬁégulator

(CFTR). The regulatory (R) domain (not depicted) must be phosghorylated before ATP is able to
power channel opening. Upon ph&bﬂﬁﬁ/’lﬁ%f’éﬁéﬁﬁ(&ﬁlﬁf’ﬁ@%ecomes tightly bound
to the A1 domain (green). Binding of a second ATP to the A2 domain (blue) is followed by
formation of a tight intramolecular A1-A2 heterodimer and slow channel opening.

The relatively stable open state becomes destabilized by hydrolysis of the ATP bound at

A2 to ADP (red crescent) and Pi.

The ensuing disruption of the tighwAdlsidimerioterfdce eadsitaselrannel closure. T =
transmembrane domain; A = cytosolic ATP-binding domain. See D. C. Gadsby et al., 2006,

Nature 440:477
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(a) Membrane impermeable to Na*, K*, and CI” (b} Membrane permeable only to Na

Membrane electric potential =

0
) +59 mV, cytosolic face of the
Potentiometer +60 @ —60 Membrane electric +60 —60 L embrane positive with

potential =0 respect to the exoplasmic face.

+++
|

Cell cytosol Extracellula: Na®

medium Nat
15 mM 150 mM + g Na*
Na*Cl- Na*Cl- Na*channel I ] a
150 mM 15 mM HE
Cytosolic el K Exoplasmic W |
| +| [~
& ¢ face & +| |- /

face &\

(c) Membrane permeable only to K*

Membrane electric potential =

-59 mV, cytosolic face of the
+60 Q -60 membrane negative with
respect to the exoplasmic face.

/ [

Charge separation across membrane

EXPERIMENTAL FIGURE 11-18 Generation of a transmem-
i~ K* channel brane electric potential (voltage) depends on the selective move-
ment of ions across a semipermeable membrane. In this experimental

Charge separation across membrane
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Microelectrode
filled with
conducting
salt solution

Cytosol

Extracellular medium

Reference electrode
in contact with
extracellular medium

Plasma membrane

el R S3s gy S0 (B 5 403 A0S () shee i)
EXPERIMENTAL FIGURE 11-19 The electric potential across

the plasma membrane of a live cell can be measured. A microelec-
trode, constructed by filling a glass tube of extremely small diameter
with a conducting fluid such as a KCl solution, is inserted into a cell
in such a way that the plasma membrane seals itself around the tip
of the electrode. A reference electrode is placed in the extracellular

medium. A potentiomet:

Chebad I A 530 05 50 o 8 B

er connecting the two electrodes registers

“—60 mV, with the cytosolic face negative

with respect to the exoplasmic face of the membrane. A potential
difference is registered only when the microelectrode is inserted
into the cell; no potential is registered if the microelectrode is in the

extracellular fluid.



(a) Single subunit (b) Tetrameric channel

P segment

Selectivity
filter

(c) Vestibule (d) Exterior face

Iter K* ion Kt ion
- 3B Selectivity filter P helix

FIGURE 11-20 Structure of a resting K* channel from the bacte-
rium Streptomyces lividans. All K* channels are tetramers comprising



(a) K* and Na* ions in the pore of a K™ channel (top view|
(b) K* ions in the pore of a K" channel (side view)

K™ in water Na'in water

Exoplasmic
face

(c) lon movement through selectivity filter

FIGURE 11-21 Mechanism of ion selectivity and transport in
resting K™ channels. (a) Schematic diagrams of K™ and Na™ ions

State 1 State 2



Ll 8 (i ) Hiajie (s )l oy & SSoa 6,8 gyl
Patch Clléi"rﬁps"j rinit Ve asurerﬁe“?of lon Movements
Through Single Channels

A pdine Aoy aSaa J gl oL Cun Sa .

) ) wm)&:&mm)n ,wﬁzﬁm * .
Gy S o0 JUS 2 by So sl sLie Sl o) axkad
J})ﬁﬁ‘ L_S\A

Jsbas 050 Faa 2 -

Jmu’t})‘-‘ﬂ“.’ww)d}-%
Lada (5] 3 a Y u‘-ua O 50 I O S8 oa Gl
Agdie Gy e iy gea 4y 58 o e Juld,

A8 Ol R 2 s e

st 3 08 58 b adiy sz 9 A
N o ‘ i J 3

O iSd) oad alE NG Sy e




L Device to maintain constant (b)

voltage across membrane
wm)mu“)pp,wm“u_w and to measure current flow
across membrane at tip of
patch electrode

Patch electrode filled
with conducting salt

solution
e Jmulwﬂn‘l:wm
lon channels
(c) /
Tip of
micropipette [ U L [ T T TR T T [ [ L T o
Cytosol Intact cell
” Cell
()
W /
Cell-attached patch measures Whole-cell patch measures
effect of extracellular solutes effect of intracellular solutes
on channels within membrane on channels in cell body
patch on intact cell
e Jmauﬂpn,wm
EXPERIMENTAL FIGURE 11-22 Current flow through individual
& ion channels can be measured by patch clamping.
Cytosolic face —Exoplasmic face

Inside-out det d patc Outside-put detached patch
e AR e s ks 5 s e lirianns of

intracellular solutes on extracellular solutes on
channels within isolated patch channels within isolated patch



Open Closed 10 ms

5.0 pA:I: — / . é
W

EXPERIMENTAL FIGURE 11-23 lon flux through individual
Na" channels can be calculated from patch-clamp tracings. Two
inside-out patches of muscle plasma membrane were clamped at a
potential of slightly less than the resting membrane potential. The
patch pipette contained NaCl. The transient pulses of electric cur-
rent (in picoamperes), recorded as large downward deviations (blue
arrows), indicate the opening of a Na* channel and the movement of
positive charges (Na* ions) inward across the membrane. The smaller
deviations in current represent background noise. The average cur-
rent through an open channel is 1.6 pA, or 1.6 x 102 amperes. Since
1 ampere = 1 coulomb (C) of charge per second, this current is equiva-
lent to the movement of about 9900 Na ™ ions per channel per milli-
second: (1.6 x 1072 C/s)(10~ s/ms)(6 x 10>> molecules/mol) < 96,500
C/mol. See F. J. Sigworth and E. Neher, 1980, Nature 287:447.
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Microinject mRNA
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Measure channel- f%ch electrode

protein activity by
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technique
EXPERIMENTAL FIGURE 11-ZH RIS A LS relen b oy » 96 sl lobe cuny ' /

is useful in comparing the function of normal and mutant forms of a

channel protein. An oocyte from the follicle of a frog is first treated with

collagenase to remove the surroundipgalligitssliaslaaypg,a denyugdar, 4 A ke cuy)
oocyte, which is then microinjected with mRNA encoding the channel

protein under study. See T. P. Smith, 1988, Trends Neurosci. 11:250.
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lon concentration

Membrane electric

gradient potential
Inside Outside Inside Outside
12 mM Na* 145 mM Na* ) s
Na® — —70mV

AG, = —1.45 kcal/mol

FIGURE 11-25 Transmembrane forces acting on Na* ions. As
with all ions, the movement of Na™ ions across the plasma membrane
is governed by the sum of two separate forces: the ion concentration
gradient and the membrane electric potential. At the internal and
external Na* concentrations typical of mammalian cells, these forces
usually act in the same direction, making the inward movement of Na™

ions energetically favorable.

AG,, = —1.61 kcal/mol

A J
N

Free-energy change during transport

of Na* from outside to inside

Inside Outside

7 4 Na"

AG = AG, + AG,, = —3.06 kcal/mol
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2Na*e @ Glucose
@

H=HW-H-H-N-N

Exterior

Glucose

Outward-facing Occluded Inward-facing Outward-facing

Cytosol conformation conformation conformation conformation
t |

FIGURE 11-26 Operational model for the two-Na*/one-glucose sites. Dissociation of the bound Na™ and glucose (step ¥ allows the
symporter. Simultaneous binding of Na* and glucose to the confor- protein to revert to its original outward-facing conformation (step H),
mation with outward-facing binding sites (step JjJ) causes a confor- ready to transport additional substrate. See H. Krishnamurthy et al.,
mational change in the protein such that the bound substrates are 2009, Nature 459:347-355 for details on the structure and function of
transiently occluded, unable to dissociate into either medium (step B. this and related Na *-linked symporters.

In step EJ, the protein assumes a third conformation with inward-facing



58 50 At S/ 3 (ue Ji 5 S i

Three-dimensional structure of the two-Nal/one-leucine
symporter from the bacterium Aquifex aeolicus.

(a) The bound L-leucine, two Na+ ions, and a Cl- ion are
shown in yellow,purple, and green, respectively.

The three membrane-spanning a helices that bind the Na+
or the leucine are colored brown, blue, and orange.

(b, c) Binding of the two Na+ ions to carbonyl main-chain
or carboxyl side-chain oxygen atoms (red) that are part of
helices 1 (brown), 6 (blue), or 8 (orange).

It is important that one of the Na+ ions is also bound to
the carboxyl group of the transported leucine(part b).
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(a) In systemic capillaries
High CO, pressure
Low O, pressure

CO, Histidine
residue K

H,0 N
N

Hemoglobinwo“.-’ A Ay, K PRE 5 43 Bl she Cay) Hemoglobin
2

(b) In pulmonary capillaries
Low CO, pressure
High O, pressure

0,

Cco, Histidine
residue

H,0 N\I
K \H+m ﬁ

— c:\N/C
CO, + OH™ P » HCO5™ \H CO, +OH <« Carboni HCO5~ \H
anhydrase anhydrase
CI-
Erythro{yte AE1 protein
plasma membrane HCO; Lehad A qu“.)ﬂﬂ“.’ww.‘u‘* - HCOs™ cf

FIGURE 11-28 Carbon dioxide transport in blood requires a
CI”/HCO;™ antiporter. (a) In systemic capillaries, carbon dioxide gas
diffuses across the erythrocyte plasma membrane and is converted
into soluble HCO; by the enzyme carbonic anhydrase; at the same
time, oxygen leaves the cell and hemoglobin binds a proton. The anion
antiporter AE1 (purple) catalyzes the reversible exchar:ie‘(:f'CI' and

HCO; ions across the membrane. The overall reaction causes HCO; ™
to be released from the cell, which is essential for maximal CO, trans-
port from the tissues to the lungs and for maintaining pH neutrality in
the erythrocyte. (b) In the lungs, where carbon dioxide is excreted, the
overall reaction is reversed. See text for additional discussion.
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H*-pumping proteins
ADP + P;

lon-channel
Plant vacuole lumen

(pH = 3-6)

proteins

H* H* H* (pH=17.5)
Proton antinort broteins
FIGURE 11-29 Concentration of ions and sucrose by the plant
vacuole. The vacuolar membrane contains two types of proton pump:

(orange): a V-class H* ATPase (left) and a pyrophosphate-hydrolyzing
proton pump (right) that differs from all other ion pumps and is prob-
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FIGURE 11-31 Acidification of the stomach lumen by parietal

cells in the gastric lining. The apical membrane of parietal cells con-
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FIGURE 11-32 Dissolution of bone by polarized osteoclast cells
requires a V-class proton pump and the CIC-7 chloride channel. The



