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Figure 10-2 The parts of a phosphoglyceride molecule. This example is a phosphatidylchol ine,
represented (A) schematicai ly, (Bi by; iormula, (C) as a space-f i l l ing model, and (D) as a symbol '  The kink
result ing from the cis-double bond is exaggerated for emphasis.
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Figure 10-1 1 The mobil ity of phospholipid molecules in an artif icial l ipid bila > Starting with
a model of 100 phosphatidylcholine molecules arranged in a regular bilayer, a c lculated the
position of every atom after 300 picoseconds of simulated time. From these theoretical calculations (taking
weeks of processor time in 1995), a model of the l ipid bilayer emerges that accounts for almost all of the
measurable properties of a synthetic l ipid bilayer, such as its thickness, numberof l ipid molecules per
membrane area, depth of water penetration, and unevenness of the two surfaces. Note that the tails in one
monolayer can interact with those in the other monolayer, if the tails are long enough. (B) The different
motions of a lipid molecule in a bilayer. (A, based on 5.W. Chiu et al., Biophys. J.69:1230-1245, 1995. With
permission from the Biophysical Society.)

two-dimensional rigid crystalline (or gel) state at a characteristic freezing point.
This change of state is called a phase transition, and the temperature at which it
occurs is lower (that is, the membrane becomes more difficult to freeze) if the
hydrocarbon chains are short or have double bonds. A shorter chain length
reduces the tendency of the hydrocarbon tails to interact with one another, in
both the same and opposite monolayer, and cls-double bonds produce kinks in
the hydrocarbon chains that make them more difficult to pack together, so that
the membrane remains fluid at lower temperatures (FigUre f0-f2). Bacteria,
yeasts, and other organisms whose temperature fluctuates with that of their
environment adjust the fatty acid composition of their membrane lipids to
maintain a relatively constant fluidity. As the temperature falls, for instance, the
cells of those organisms synthesize fatty acids with more cls-double bonds, and
they avoid the decrease in bilayer fluidity that would otherwise result from the
temperature drop.

cholesterol modulates the properties of lipid bilayers. lvhen mixed with
phospholipids, it enhances the permeability-barrier properties of the lipid
bilayer. It inserts into the bilayer with its hydroryl group close to the polar head
groups of the phospholipids, so that its rigid, platelike steroid rings interact
with-and partly immobilize-those regions of the hydrocarbon chains closest
to the polar head groups (see Figure 10-5). By decreasing the mobility of the first

saturated
hydrocarbon chains

Figure 10-12 The influence of crs-
double bonds in hydrocarbon chains.
The double bonds make it more difficult
to pack the chains together, thereby
making the l ipid bi layer more dif f icult  to
freeze. In addition, because the
hydrocarbon chains of unsaturated lipids
are more spread apart,  l ipid bi layers
containing them are thinner than bi layers
formed exclusively from saturated lipids.

unsatu rated
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Figure 10-1 1 The mobil ity of phospholipid molecules in an artif icial l ipid bila > Starting with
a model of 100 phosphatidylcholine molecules arranged in a regular bilayer, a c lculated the
position of every atom after 300 picoseconds of simulated time. From these theoretical calculations (taking
weeks of processor time in 1995), a model of the l ipid bilayer emerges that accounts for almost all of the
measurable properties of a synthetic l ipid bilayer, such as its thickness, numberof l ipid molecules per
membrane area, depth of water penetration, and unevenness of the two surfaces. Note that the tails in one
monolayer can interact with those in the other monolayer, if the tails are long enough. (B) The different
motions of a lipid molecule in a bilayer. (A, based on 5.W. Chiu et al., Biophys. J.69:1230-1245, 1995. With
permission from the Biophysical Society.)

two-dimensional rigid crystalline (or gel) state at a characteristic freezing point.
This change of state is called a phase transition, and the temperature at which it
occurs is lower (that is, the membrane becomes more difficult to freeze) if the
hydrocarbon chains are short or have double bonds. A shorter chain length
reduces the tendency of the hydrocarbon tails to interact with one another, in
both the same and opposite monolayer, and cls-double bonds produce kinks in
the hydrocarbon chains that make them more difficult to pack together, so that
the membrane remains fluid at lower temperatures (FigUre f0-f2). Bacteria,
yeasts, and other organisms whose temperature fluctuates with that of their
environment adjust the fatty acid composition of their membrane lipids to
maintain a relatively constant fluidity. As the temperature falls, for instance, the
cells of those organisms synthesize fatty acids with more cls-double bonds, and
they avoid the decrease in bilayer fluidity that would otherwise result from the
temperature drop.

cholesterol modulates the properties of lipid bilayers. lvhen mixed with
phospholipids, it enhances the permeability-barrier properties of the lipid
bilayer. It inserts into the bilayer with its hydroryl group close to the polar head
groups of the phospholipids, so that its rigid, platelike steroid rings interact
with-and partly immobilize-those regions of the hydrocarbon chains closest
to the polar head groups (see Figure 10-5). By decreasing the mobility of the first

saturated
hydrocarbon chains

Figure 10-12 The influence of crs-
double bonds in hydrocarbon chains.
The double bonds make it more difficult
to pack the chains together, thereby
making the l ipid bi layer more dif f icult  to
freeze. In addition, because the
hydrocarbon chains of unsaturated lipids
are more spread apart,  l ipid bi layers
containing them are thinner than bi layers
formed exclusively from saturated lipids.

unsatu rated
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with crs-double bonds
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Figure 10-1 1 The mobil ity of phospholipid molecules in an artif icial l ipid bila > Starting with
a model of 100 phosphatidylcholine molecules arranged in a regular bilayer, a c lculated the
position of every atom after 300 picoseconds of simulated time. From these theoretical calculations (taking
weeks of processor time in 1995), a model of the l ipid bilayer emerges that accounts for almost all of the
measurable properties of a synthetic l ipid bilayer, such as its thickness, numberof l ipid molecules per
membrane area, depth of water penetration, and unevenness of the two surfaces. Note that the tails in one
monolayer can interact with those in the other monolayer, if the tails are long enough. (B) The different
motions of a lipid molecule in a bilayer. (A, based on 5.W. Chiu et al., Biophys. J.69:1230-1245, 1995. With
permission from the Biophysical Society.)

two-dimensional rigid crystalline (or gel) state at a characteristic freezing point.
This change of state is called a phase transition, and the temperature at which it
occurs is lower (that is, the membrane becomes more difficult to freeze) if the
hydrocarbon chains are short or have double bonds. A shorter chain length
reduces the tendency of the hydrocarbon tails to interact with one another, in
both the same and opposite monolayer, and cls-double bonds produce kinks in
the hydrocarbon chains that make them more difficult to pack together, so that
the membrane remains fluid at lower temperatures (FigUre f0-f2). Bacteria,
yeasts, and other organisms whose temperature fluctuates with that of their
environment adjust the fatty acid composition of their membrane lipids to
maintain a relatively constant fluidity. As the temperature falls, for instance, the
cells of those organisms synthesize fatty acids with more cls-double bonds, and
they avoid the decrease in bilayer fluidity that would otherwise result from the
temperature drop.

cholesterol modulates the properties of lipid bilayers. lvhen mixed with
phospholipids, it enhances the permeability-barrier properties of the lipid
bilayer. It inserts into the bilayer with its hydroryl group close to the polar head
groups of the phospholipids, so that its rigid, platelike steroid rings interact
with-and partly immobilize-those regions of the hydrocarbon chains closest
to the polar head groups (see Figure 10-5). By decreasing the mobility of the first

saturated
hydrocarbon chains

Figure 10-12 The influence of crs-
double bonds in hydrocarbon chains.
The double bonds make it more difficult
to pack the chains together, thereby
making the l ipid bi layer more dif f icult  to
freeze. In addition, because the
hydrocarbon chains of unsaturated lipids
are more spread apart,  l ipid bi layers
containing them are thinner than bi layers
formed exclusively from saturated lipids.

unsatu rated
hydrocarbon chains

with crs-double bonds

624 Chapter 10: Membrane Structure

Table 10-1 Approximate Lipid compositions of Different cell Membranes

Cholesterol
Phosphatidylethanolami ne
Phosphatidylserine
Phosphatidylcholine
Sphingomyelin
Glycolipids
Others

3
28
2
44
0
Irace
23

few cH2 groups of the hydrocarbon chains of the phospholipid molecules,
cholesterol makes the lipid bilayer less deformable in thiJregion and thereby
decreases the permeability of the bilayer to small water-soluble molecules.
Although cholesterol tightens the packing of the lipids in a bilayer, it does not
make membranes any less fluid. At the high concentrations found in most
eucaryotic plasma membranes, cholesterol also prevents the hydrocarbon
chains from coming together and crystallizing.
- Table l0-l compares the lipid compositions of several biorogical mem-
branes. Note that bacterial plasma membranes are often composed of one main
type of phospholipid and contain no cholesterol; their mechanical stability is
enhanced by an overlying cell wall (see Figure ll-lg). In archaea, lipids usually
contain 20-25-carbon-long prenyl chains instead of fatty acids, prenyl and fatty
acid chains are similarly hydrophobic and flexible (see Figure ro-2op). rnus, lipid
bilayers can be built from molecules with similar features but different molecu-
lar designs. The plasma membranes of most eucaryotic cells are more varied than
those of procaryotes and archaea, not only in containing large amounts of
cholesterol but also in containing a mixture of different phospholipids.

Analysis of membrane lipids by mass spectrometry has revealed that the
lipid composition of a typicai cell membrane is much more complex than origi-
nally thought. According to these studies, membranes are .omposed of a bewil-
dering variery of 500-1000 different lipid species. \A/hile some of this complexity
reflects the combinatorial variation in head groups, hydrocarbon chain lengths,
and desaturation of the major phospholipid classes, membranes also contain
many structurally distinct minor lipids, at least some of which have important
functions. TJee inositol phosphotipids, for example, are present in small quanti-
ties but have crucial functions in guiding membrane traffic and in cell signaling
(discussed in chapters 13 and 15, respectively). Their local synthesis and
destruction are regulated by a large number of enzymes, which create both small
intracellular signaling molecules and lipid docking sites on membranes that
recruit specific proteins from the cytosol, as we discuss later.

Despite Their Fluidity, Lipid Bilayers Can Form Domains of
Different Compositions
Becausea lipid bilayer is a two-dimensional fluid, we might expect most types of
lipid molecules in it to be randomly distributed in their o-wn monolayer. The van
derwaals attractive forces between neighboring hydrocarbon tails are not selec-
tive enough to hold groups of phospholipid molecules together. with certain
lipid mixtures, however, different lipids can come together iransiently, creating
a dynamic patchwork of different domains. In syntheiic lipid bilayerr composed
of phosphatidylcholine, sphingomyelin, and cholesterol, van der waals forces
between the long and saturated hydrocarbon chains of the sphingomyelin
molecules can be just strong enough to hold the adjacent moleiuleslogether
transiently (Figure f 0-f 3).
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Colesterol modula as propriedades das bicamadas. Por 
exemplo, pode reduzir a permeabilidade para pequenas 

moléculas soluceis em agua
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Transportes Celulares
Na ausência de proteínas, membranas são impermeáveis a 

íons devido a carga e a forte hidratação dos mesmos
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PRINCIPLES OF MEMBRANE TRANSPORT

Figure 1 1-2 Permeability coefficients for the passage of various
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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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Transporte Passivo
Todos os canais e a maioria dos transportadores permitem o 

soluto passar apenas passivamente, de acordo com a 
concentração do gradiente.

Transporte passivo ou difusão facilitada

PRINCIPLES OF MEMBRANE TRANSPORT

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

653

high permeabi l i ty

- -  1 0 '

sol ute

tryptophan +
glucose +

-  1 9  a

_ t  n-10
L l  +

K + +
t  a - 1 2

N a r  + -  r u

-  1  0 - 1 4

low permeability

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
pore

CHANNEL PROTEIN

solute-binding s i te

(A) TRANSPORTER (B)



Transporte Passivo
654

(A)

r ip ia Ibi laver I

I
concentrat ion

qradient

I
I

Chapter 'l l: Membrane Transport of Small Molecules and the Electrical Properties of Membranes

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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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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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.

COUPLED
TRANSPORTER

ATP-DRIVEN
PUMP

LIGHT-DRIVEN
PUMP

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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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
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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.)

lactose

144
A

c
E126

C E26e

proton

@-t*

T
@

26c

E25e 
*L*

( E126vc

E269
I Mo2,_

c
E126

144oz--
c

E126

i
I
I+

R144

E259
E126c

(B)

Rlrt4

E269

FORBIDDEN
TRANSITION

E 1

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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Antiporte: duas espécies de ions ou de outros solutos são bombeados 

em sentidos opostos através de uma membrana. Uma destas espécies é 
permitido fluir da alta para a baixa concentração que produz a energia 
entrópica para dirigir o transporte do outro soluto a partir de uma região 

de baixa concentração de um alto.
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The outward-inward conformational change of NCX_Mj. (A) The surface-
rendered NCX_Mj structure shows two independent external passages 

(yellow) for ion access to the four central ion-binding sites (colored 
spheres). The ion passageways are analyzed using the program CAVER 

(41). (B) Side view for structural comparison of the outward-facing 
NCX_Mj (orange) and inward-facing model (green). The core portion of 

the protein remains the same in both conformations and is shown in gray. 
The light blue surface-rendered CPK models are residues forming the 

central hydrophobic patch. (C) The central hydrophobic patch (light blue) 
with TMs 1 and 2A and 6 and 7A removed for clarity. (D) Surface-rendered 
inward-facing model showing two independent passageways (yellow) for 
intracellular ion access to the four central ion-binding sites. Stereo views 

of all figures shown here are also presented in figs. S5, S7, and S8. 

Science 10 February (2012) Vol. 335 no. 6069 pp. 686-690, DOI: 10.1126/science.1215759 
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Figure S5.  Stereo views of the (A) outward-facing NCX_Mj structure and (B) 
inward-facing model in surface rendered representation. Ion passageways are 
colored in yellow. The green and red spheres represent the Na+ and Ca2+ ions, 
respectively.
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Figure S5.  Stereo views of the (A) outward-facing NCX_Mj structure and (B) 
inward-facing model in surface rendered representation. Ion passageways are 
colored in yellow. The green and red spheres represent the Na+ and Ca2+ ions, 
respectively.
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45Ca2+ flux assays of NCX_Mj 

reconstituted liposomes. (A) Curves 1 to 
6 show the time-dependent 45Ca2+ influx 

with various extraliposomal reaction 
solutions, as listed in the inset. Curve 0 

is the control assay using liposomes 
deficient of protein. The intraliposomal 

solution remains the same in all 
measurements. c.p.m., counts per 

minute. (B) Selectivity of NCX_Mj. The 
intraliposomal solution contained 120 
mM of either Na+, K+, Li+, or NMDG+ 

as the only monovalent cation. The 
extraliposomal reaction solution 
contained 120 mM NMDG+ and 

remained the same in all 
measurements. (C) Cd2+ blockage of 
NCX_Mj. The reaction solution is the 
same as that used for curve 3 in (A), 

except containing various 
concentrations of CdCl2. The Ca2+ influx 

was terminated 20 min after adding 
45CaCl2. All data points are mean ± 

SEM of two independent experiments. 
Some data points shown in (B) contain 

error bars smaller than the 
representative symbols. 
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F-ATPase

O ATP sínteses é uma 
máquina em miniatura 

composta por dois 
motores rotativos, F1 e 
F0, que estão ligados 
mecanicamente para 
assegurar a troca de 

energia entre eles



Ciclo energético
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Methylmalonyl-CoA

Propionyl-CoA + CO2

ADP + Pi

 ATP O2

H2O

∆ψ

Na+H+ H+

H+/ Na+

Respiration 
in mitochondria

and many bacteria

Photosynthetic reactions
 in chloroplasts and 

phototrophic bacteria

Decarboxylation
 reactions in some 
anaerobic bacteria

ATP synthesis by F-type 
ATP synthases in almost 

all organisms

NADH
NAD+

H+/ Na+

P side

N side

Figure 1
Ion cycling across biological membranes leading to ATP synthesis. In heterotrophic organisms, e.g., animals or bacteria, the
metabolism of nutrients generates reducing equivalents (NADH, succinate). These are oxidized by the respiratory-chain enzymes,
using oxygen as terminal electron acceptor. The free energy of the oxidation reactions is converted into an electrochemical gradient of
protons (!µH+) across the membrane. Chloroplasts and phototrophic bacteria convert light energy into a !µH+ across the
membrane. The anaerobic bacterium P. modestum couples the decarboxylation of methylmalonyl-CoA to electrogenic Na+ transport,
which results in an electrochemical sodium gradient. The electrochemical H+ or Na+ gradients established by these membrane-bound
complexes serve as energy sources for ATP synthesis from ADP and inorganic phosphate by an F1F0 ATP synthase. Abbreviations: N
side, the negatively charged side of a membrane; P side, the positively charged side of a membrane.

The F0 motor is membrane embedded and in
its simplest bacterial form has the subunit com-
position ab2c10−15. It catalyses ion translocation
across the membrane that is coupled to rotation
of the c ring versus the stator subunits a and
b2. The two motors are physically connected
by two stalks, a central one containing the
γ- and ε-subunits and a peripheral one involv-
ing the δ- and b-subunits. Mammals contain ad-
ditional subunits, which are mostly in the stalk
region. Under mild dissociation conditions, the
F1F0 complex disintegrates into the F1 and F0

complexes, which can be isolated and studied
individually.

The crystal structure of F1 from bovine
heart mitochondria revealed a hexameric

assembly of alternating α- and β-subunits
around an eccentric α-helical coiled-coil γ-
subunit (4). The catalytic nucleotide-binding
sites are located on each of the three β-subunits
at the interface with the α-subunits. As these
sites are in different nucleotide-bound states
during catalysis, each β-subunit adopts a differ-
ent conformation, causing a diverse interaction
with the central γ-subunit. On rotation of the
γ-subunit, the conformations of the β-subunits
change sequentially such that each conforma-
tion of varying nucleotide-binding affinity is
adopted by each site during one rotational
cycle. Hence, the rotational model can ex-
plain the binding change mechanism that was
predicted from numerous biochemical studies
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Abstract
The majority of cellular energy in the form of adenosine triphosphate
(ATP) is synthesized by the ubiquitous F1F0 ATP synthase. Power for
ATP synthesis derives from an electrochemical proton (or Na+) gra-
dient, which drives rotation of membranous F0 motor components.
Efficient rotation not only requires a significant driving force (!µH+),
consisting of membrane potential (!ψ) and proton concentration gradi-
ent (!pH), but also a high proton concentration at the source P side. In
vivo this is maintained by dynamic proton movements across and along
the surface of the membrane. The torque-generating unit consists of
the interface of the rotating c ring and the stator a subunit. Ion translo-
cation through this unit involves a sophisticated interplay between the
c-ring binding sites, the stator arginine, and the coupling ions on both
sides of the membrane. c-ring rotation is transmitted to the eccentric
shaft γ-subunit to elicit conformational changes in the catalytic sites of
F1, leading to ATP synthesis.
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V-ATPase







Torque produzido pelo motor
�G

tot

= �G
pot

+�G
conc

Energia livre associada com 
a movimentação dos ions 

entre as camadas
Energia livre associada com a mudança 

de entropia devido a mudança de 
concentração 



�G
pot

= e�V, Com �V ⇡ 90mV

⇡ 4k
B

T

�G
conc

= k
B

T ln
c
out

c
in

Assumindo que toda energia 
é convertida em torque

⌧F0 ⇡ 4k
B

T

⇡/6
+

k
B

T

⇡/6
ln

c
out

c
in

⇡ (30 + 20�pH) pNnm



Produção de ATP



Transporte 
através de 

células 
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✴ Na+ powered 
glucose symport	

✴ Na+ pumps 
mantêm baixas 
concentrações  


