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THE LIPID BILAYER 623
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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
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2/3 da energia metabólica total da célula é gasta com
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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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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

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.

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 na Membrana Celular

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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Um transportador possui sítios com afinidade a solutos e
aleatoriamente alterna de posição expondo esse sítio para a
parte interna e externa da célula com Mudanças
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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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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.

Onde VMAX é a taxa máxima possível de transporte e Km é a
constante de acoplamento entre o soluto e o transportador.
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Três formas de transporte ativo. A molécula transportada esta
em amarelo e a forma de energia em vermelho656 Chapter 1 1: Membrane Transport of Small Molecules and the Electrical Properties of Membranes
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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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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
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