
Chapter 10 - Membrane Transport

              This chapter describes various protein-mediated membrane transport systems.  Recall
that the membrane represents a barrier to passage of hydrophilic solutes, either ionic or polar. 
Less hydrophilic solutes can traverse the hydrophobic core of a membrane without protein
assistance, via simple, non-mediated (or non-facilitated) diffusion.  Non-mediated transport
occurs from a region of high to low solute concentration, or down a concentration gradient, and
is thus termed passive, non-mediated diffusion.  Protein-mediated transport can occur either
down a concentration gradient (passive) or against a concentration gradient, in which case it is
termed active.  Experimentally, protein-mediated diffusion can be distinguished from simple
diffusion by a number of characteristics.  For example, protein-mediated transport is saturable
(recall hemoglobin binding isotherm), whereas simple diffusion is not.  Protein-mediated
transport is also much faster than simple diffusion.  Protein-mediated transport also exhibits
other properties one would expect of a protein-mediated process, such as selectivity. Active
transport requires an energy source for transport to occur, which typically involves ATP
hydrolysis.  Primary active transport directly involves ATP hydrolysis, whereas secondary
active transport indirectly involves ATP hydrolysis.

Thermodynamics
The equilibration of a solute across a membrane can be treated as a reaction equilibrium,

where the reaction in this case is the transport of species A, for example, across the membrane:

A(out) W A(in)

and we can apply the familiar equilibrium expression,

)G = )G0 + RT lnQ

where Q is the reaction quotient (product concentrations over reactant concentrations), Q =
[A]in/[A]out , and )G0 = 0 (= GA,in

0 - GA,,out
0),

)G = RT ln [A]in/[A]out

If species A is an ion, its transport will be affected by any transmembrane potential, )R.  The
effect on )G due to the transmembrane potential is ZAF)R, where ZA is the ionic charge (+1 for
Na+, for example), and F is the Faraday (96,485 J/(mole volt)).  The total free energy of transport 
is 

)G = RT ln [A]in/[A]out + ZAF)R

Note that both simple diffusion is always passive (i.e., down a concentration gradient, from high
to low conentration), but that protein-mediated (facilitated) diffusion can be passive or active
(from low to high concentration).  )G for transport against a concentration gradient is positive,
hence not spontaneous.  Active transport, therefore, involves coupling to an exergonic process,
like ATP hydrolysis, in order for the process as a whole to be exergonic, hence spontaneous, as
well.
Examples of facilitated (mediated) diffusion:



Ionophores
Examples of ionophores are shown in Figure 10-1, which depicts both carrier ionophores,

such as valinomycin,  and channel formers such as gramicidin A.  Both are antibiotics of
bacterial origin.  They act by disrupting the concentrations of ions, such as K+, that healthy
bacteria maintain.  Valinomycin molecules transport up to 104 K+ ions/sec, a gramicidin channel,
over 107 ions/s.

Valinomycin is a cyclic molecule containing the amino acids D- and L- Valine, as well as
the OH acids lactate and D-OH isovaleric acid.  They form an amphipathic “donut” with the
hydrophilic oxygen atoms oriented inward to coordinated K+, which fits snugly (Li+ and Na+ are
too small).  The hydrophobic side chains of the Val and D-OH isovaleric acid point outwards
and interact favorably with the hydrophobic core of the membrane (Figure 10-3).

The transmembrane channel formed by gramicidin A is a dimer of 15-residue linear
polypeptides consisting of L and D amino acids with hydrophobic side chains.  The channel has



a hydrophilic channel allowing the passage of Na+ and K+, and a hydrophobic exterior.

Ion Channels
Channels specific for ions such as Na+, K+ and Cl- are typically (not always) associated

with active transporters so that nonequilibrium distributions can be maintained across
membranes.  Such imbalances in ion distributions are essential for maintaining osmotic balance,
for signal transduction and nerve impulse transmission.  For example, most mammalian cells
maintain - 150 mM Na+ and - 4 mM K+ in the extracellular fluid, and - 12 mM Na+ and - 140
mM K+ inside the cell.

We will focus on only one such channel, the bacterial K+ channel (streptomyces
lividans), which serves as a model for more complicated eukaryotic K+ channels.  Figure 10-7 is
a ribbon diagram of this channel as viewed from within the plane of the membrane.  The 8
helices that comprise the channel are - perpendicular to the plane of the membrane and consist
of 4 pairs of identical helices, each set of identical helices portions of a single poly peptide chain,
or subunit.   Thus the channel is a homotetramer with 4-fold rotational symmetry.  One helix of
each subunit forms part of an aqueous central pore, the other helix forming part of an outer
hydrophobic shell of the channel that interacts with the hydrophobic core of the membrane.

The channel must be able to discriminate between K+ and other cations such as Na+ and
Li+, to lower the energy barrier for passage through the membrane, and to allow a rapid flux of
K+.  Selectivity for K+ occurs via the selectivity filter, comprised of highly-conserved residues,
where an exiting K+ ion is forced to shed its waters of hydration as the pore narrows to 3
angstroms.  The energy cost for dehydrating Na+ is too high.  Also, the other end of the channel
is lined with four acidic, negatively charged residues that attract cations and repel anions.  
The reduction of the energy barrier to diffusion of the formally charged, hydrated ion is lowered
as a result of the width of the barrier, up to 10 angstroms in the so called central pore, thus
allowing the pore to be lined with water molecules that interact favorably with the transiting ion. 
The rapid flux of ions (up to 108 ions/s) is possible because the exiting K+ rapidly acquire their
hydration shell upon exiting the selectivity filter.  Also, the selectivity filter will constitute a
bottleneck as K+ ions accumulate and wait their turn to go through the filter.  As they do so,
repulsion from like charges will tend to “push” K+ ions through the filter.



Note that this is a two-way channel.  Thus, for ions leaving the cell, they will encounter
the selectivity filter after traversing most of the pore.  If Na+ makes its way past the entrance of
the internal pore and are repulsed by the selectivity filter, they must back up and return the way
they came.  Presumably the pore is wide enough to allow this to happen while K+ ions are
moving across in the other direction.

Ion channels in mammalian cells are typically not continuously open.  Rather, they open
and shut transiently, i.e., they are gated.  For example, nerve impulses along neurons are due to
coordinated opening and closing of both K+ and Na+ channels.  Figure 10-9 illustrates the time
course of an action potential.  Recall that active transport has resulted in nonequilibrium
distributions of both these ions, with extracellular [Na+] > intracellular [Na+], and extracellular
[K+] < intracellular [K+].  The resting membrane potential of 60 mV (inside negative) is
disrupted as a Na+ channel transiently opens, resulting in a depolarization of the membrane
(rising phase of the action potential).  Then the Na+ channels shut and the K+ channels open,
restoring the resting potential (note that a hyperpolarization also occurs).

These ion
channels are
necessarily voltage
gated.  A
mechanism for a
voltage-gated K+

channel is
illustrated in Figure
10-10.

S-1 through
S-6 are 6
transmembrane



helices of a single polypeptide chain, four of which form a tetrameric K+ channel.  Note the S-4
helix with 5 positively charged residues which occur about every three residues, hence are on
one face of the helix.  The rest of the helix is hydrophobic.  Opening of the channel appears to
occur as a result of movement of several residues within S-4 toward the extracellular
environment as a result of an increase in membrane potential.  

Finally, note that such an action potential is initiated as a result of binding of a
neurotransmitter, such as acetyl choline, to a post-synaptic receptor.  Such binding opens a
channel associated with this receptor, leading to the action potential.  This is an example of a
ligand-gated channel.

Active Transport

Some transport proteins move more than one solute species at a time (cotransport), so
facilitated transport systems can be categorized as follows (Figure 10-19):
1.  Uniport - Only one solute species is transported at a time (glucose transporter)
2.  Symport - Two solute species are transported simultaneously in the same direction.
3.  Antiport - Two solute species are transported simultaneously in opposite directions.  
Note: When an ion is being transported, it is logical that a co-transport system must be involved
for electroneutrality.  Either an ion of opposite charge is symported, or an ion of like charge is
antiported.

           

We will consider the (Na+-K+) ATPase in the plasma membrane of higher eukaryotes,



often called the (Na+-K+) pump because it pumps Na+ out of the cell and K+ in.  This active
transport system allows cells to maintain proper osmotic balance and is also responsible for
establishing the Na+ and K+ imbalances that give rise to the action potential as discussed above. 
The stoichiometry of the pump is as follows:  

3 Na+ (in) + 2 K+ (out) + ATP + H2O 6 3 Na+ (out) + 2 K+ (in) + ADP + Pi

 Note that this represents an antiport system.  The transmembrane protein that comprises  this
pump is depicted as an (alpha/beta)2 tetramer in Figure 10-20.  The alpha subunits contain the
site of catalytic activity and the ion-binding sites.  Since the free energy change for pumping
both Na+ and K+ against concentrations is positive, ATP hydrolysis provides the necessary
negative free energy to ensure that the pump operates spontaneously. The Na+-K+ pump is thus a
primary active transport system.   We will focus on the mechanism by which ATP hydrolysis is
coupled to pumping ions up concentration gradients.  

The key to understanding this mechanism is noting that ATP phosphorylates the pump only in
the presence of Na+ , but the corresponding phosphorylated enzyme is hydrolyzed to the
dephosphorylated enzyme only in the presence of K+.  A specific Asp residue is phosphorylated,
inducing a conformational change from E1 to E2. 
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The mechanism for the pump is shown in Figure 10-21.  Note that events can only proceed
clockwise in the figure, thus ensuring that Na+ is always being pumped out, K+ in.  Again, this is
due to the fact that ATP phosphorylates the pump only in the presence of Na+ , but the
corresponding phosphorylated enzyme is hydrolyzed to the dephosphorylated enzyme only in the
presence of K+.

Problems: 4 (substitute “free energy change” for “chemical potential difference”), 8, 13


