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membranes achieve
selective transport

In this article we look at the structure of the plasma membrane and at the
proteins that enable the movement of different kinds of molecules across the
membrane in the desired direction only. We see how several transport proteins
work together in transporting nutrients across the plasma membrane of an
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epithelial cell from the human intestine.

ife started in a kind of ‘soup” — a solution of

ions and inorganic and organic molecules.

Life as we know it today takes the form of

cells — from unicellular bacteria to multi-
cellular animals and plants. A key feature of cells
is the plasma membrane that surrounds them and
separates them from their environment. Thanks to
membranes, cells can store large molecules and
avoid damaging chemical reactions. Like many feats of
evolution, this early achievement in the history of life
created new challenges. How would molecules required
inside the cell cross the membrane? How would the cell
excrete useless or dangerous molecules?

d atomic force micrograph showing the
intracellular surface of a plasma membrane.
he membrane proteins shi aks.

Why is the plasma membrane a barrier?

The chemistry of life is water based. Hence a barrier
around the cell is most effective if it consists of water-
repelling material. Phospholipids are molecules that are
perfect for the job because they consist of a water-
repelling (hydrophobic) and a water-compatible
(hydrophilic) part. The natural tendency of phospho-
lipids is to form membranes. Figure 1 shows how two
layers of phospholipids expose their charged head
groups to contact water at the inside or outside of the
cell to form a phospholipid bilayer. The fatty acid tails
of the phospholipids form the interior of the
membrane. Polar or charged molecules like water or
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[image: image2.jpg]ions are unable to cross this hydrophobic core. So the
membrane is impermeable to these molecules. Small,
uncharged molecules like gases, however, can cross the
membrane without a problem.

How can molecules cross the plasma
membrane?

The lipid membrane is studded with proteins that have
been described as ‘swimming’ in a moving phospholipid
sea — a fluid mosaic of lipid and proteins (see Figure 1).
Membrane proteins have evolved to match the proper-
ties of the lipid membrane — non-polar, uncharged
amino acid side chains dominate the segments that span
the hydrophobic core. It is membrane proteins that
provide a gateway for the transport of ions, sugar mole-
cules and amino acids across the plasma membrane.

The energy required to move an ion or molecule
depends on the concentration on either side of the
membrane and on the charge of the moving particle.
The latter is true because an electric potential exists
across the plasma membrane. The electric potential is a
result of the unequal distribution of positively and nega-
tively charged ions between inside and outside the cell.
In animal cells there are more negatively charged ions
inside the cell than positively charged ones. A charged
particle will have the tendency to move towards the
electrical pole of opposite charge.

Movement of ions or molecules across the membrane
can be passive, in which case no energy is expended.
Channels and carrier proteins can assist the passive
movement of ions or molecules. This is called passive
transport. In contrast, transport of particles across a
membrane can be powered by ATP. This is called active
transport. ATP-hydrolysing pumps transport ions and
small molecules against their concentration gradients
and against a repelling electrical field. The energy
required is derived from the breakdown of ATP. Co-
transporting carrier proteins are able to support the active
movement of one ion or molecule by allowing the simul-
taneous passive movement of another. Active transport
is the basis for the unequal distribution of ions inside and
outside the cell.

How can a membrane protein pick out
the right molecule or ion?

The basic challenge for transport proteins is the forma-
tion of a selective transport route, a selective ‘hole” in
the plasma membrane in the simplest case. Selective
means that only the desired ion or molecule can use the
transport route provided. Transport proteins are highly
diverse — but they all overcome the challenge of
providing a selective gateway in a similar manner; they
create a binding site for the transported ion or molecule
inside the membrane. You might be familiar with the
lock-and-key model that was used to illustrate the
specific binding of substrates to enzymes. In this model,
the active site of the enzyme is like a lock with a char-
acteristic three-dimensional shape. Only the substrate
fits this lock. Other molecules cannot bind. Enzymes
accelerate the rates of chemical reactions. Pumps, chan-
nels and carrier proteins accelerate the passage of mole-
cules across the membrane.
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The ‘chemical trick’ underlying these different
activities is remarkably similar. Proteins are capable of
creating countless different three-dimensional binding
sites (locks) to accommodate a vast array of different
molecules (keys). The critical point is how well a partic-
ular lock discriminates between similar keys. Enzymes
have evolved to act as highly discriminating locks. Hence
they accelerate only certain reactions within the cell
but not others. Membrane transport proteins are equally
discriminating. Only certain molecular keys can fit into
the binding sites of membrane transport proteins. Other-
wise the barrier formed by the plasma membrane would
not make sense. In fact, it is the barrier in combination
with selective transport that was a clear winner in
evolution.

Transport proteins team up to absorh
glucose from food

There are different types of transport proteins, most
notably ATP-powered pumps, ion channels, and carrier
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Figure 1
Fluid-mosaic model
of membrane
structure. (A, B)
Lipids assemble
into lipid
membranes that
accommodate
membrane proteins.
(C) The “fluid
mosaic’ of proteins
in the plasma
membrane can be
seen from the top
surface.
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ATP-powered pump A protein that employs the energy
of ATP hydrolysis to move substrates, often ions,
against a concentration gradient or an electrical field.

Carrier protein A protein that provides a binding site
in the membrane that can be accessed from within or
outside the cell but only during alternating movements
of the carrier protein. This non-continuous gateway
allows for active (co-transport) or passive transport.

Channel A protein that provides a continuous gateway
for passive transport of its substrates, often ions (the
channel is then an ion channel).

Cytoskeleton Structures formed by proteins inside the
cell that support and give shape to the cell.

Hydrophobic A molecule that will not mix with water
is hydrophobic.

Hydrophilic A molecule that will transiently bond with
and hence dissolve well in water is hydrophilic.

Lock-and-key model The image of the lock and key
was used as early as 1894 by the chemist Emil Fischer
to describe the specific binding of substrates to
enzymes.

Microvillus (plural microvilli) Finger-like protrusion
of the plasma membrane stabilised by a cytoskeletal
structure. Typically found on the absorptive surface of
intestinal cells.

proteins (see Figure 2). These general classes are found
in all living organisms — bacteria, fungi, animals and
plants. Hence they must have occurred early in evolu-
tion, most likely because they allowed membrane-
enclosed cells to exchange molecules with the
environment. Let us now consider how these different
classes of transport proteins can work together to help
glucose absorption in the small intestine.

When a meal has been digested, the resulting mix of
nutrients moves down the intestines, where nutrient
molecules are absorbed. The cells lining the small intes-
tine have large, hair-like protrusions called microvilli.
These structures increase the surface of the plasma
membrane facing the lumen of the intestine and hence
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allow a huge number of carrier proteins to work in
parallel. The cells lining the small intestine are capable
of absorbing glucose molecules from the nutrient
mixture and concentrating them inside the cell (see
Figure 3). Several transport proteins work together to
enable this remarkable process to occur.

To absorb glucose the intestinal cells need to transport
molecules against a gradient because the concentration
of glucose inside the cell is often higher than the concen-
tration in the lumen of the intestine. The transport of
glucose against a concentration gradient is possible only
because each time the carrier protein moves a glucose
molecule across the plasma membrane, it also allows the
passage of a sodium ion (see Figure 3). Sodium ions
move passively because the sodium concentration is
very low inside the cell. The result of this co-transport
is the accumulation of glucose inside the intestinal cell.
The transporter involved is an example of a carrier
‘protein. In isolation the transport of glucose would only
work until the concentration of sodium ions inside and
outside the cell reached equilibrium. However, this is
prevented by the sodium-potassium-ATPase (Na-K-
ATPase), an ATP-powered pump that extrudes sodium
by actively transporting it out of the cell. At the same
time it moves potassium ions into the cell; this transport
is also active because the concentration of potassium in
the cell is high.

Not only does the intestinal cell need to absorb
glucose on the side facing the intestinal lumen but it also
needs to release glucose on the side facing the blood.
The final consumption or storage of glucose in other
parts of the body requires that glucose is transported in
the blood. Since the concentration of glucose is high

Figure 2 Classes of membrane transport proteins. A transported
molecule (yellow sphere) is present in a high concentration outside
the cell. Three classes of transport membrane proteins and their
mode of transport are shown. The ATP-powered pump (left) uses
the energy released from ATP hydrolysis to pump the molecule out *
of the cell. The channel (middle) can switch between a closed and
an open state that allows the passive entry of the molecule. The
carrier protein (right) can expose its binding site for the molecule
to either side of the membrane. This results in the passive trans-
port of the molecule from the outside to the inside of the cell where
the concentration of the transported molecule is low.
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Figure 3 Glucose absorption in an intestinal cell. (Inset) Micro-
graph of a section of the human small intestine. The cytoskeleton
of the cell is labelled blue to outline the shape of the cells
(microvilli are not stained but extend from the top surface into the
lumen of the intestine, see white arrow), the DNA contained in
nuclei in the cell interior is labelled in red, and the blood vessels
contacting the cells are green. (Main diagram) A schematic
depiction of the transport activities that participate in glucose
absorption. The microvilli are not illustrated in this scheme. The
thickness of the epithelium is 25 pm.

inside the intestinal cell and lower in the blood (see
Figure 3), passive diffusion is sufficient to achieve trans-
port in this direction. But glucose is a polar molecule and
is prevented from diffusing out of the cell by the plasma
membrane barrier. A second type of glucose carrier
protein located on the plasma membrane facing the
blood therefore allows the transport of glucose into the
blood by providing a selective transport pathway.
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We have now linked the gradients set up by the
sodium-potassium-ATPase to allow active uptake of
glucose via a sodium-coupled carrier protein and passive
movement of glucose via a carrier protein to the blood.
However, there is another problem to overcome.
Importing glucose together with sodium ions reduces
the inside negative electric potential across the plasma
membrane because the sodium ions are positively
charged. When glucose is absorbed actively, this elec-
trical charge can reduce the efficiency of uptake. This is
where the opening of separate potassium channels can
help to make the process more efficient. Because of the
high concentration of potassium ions inside the cell,
potassium ions will leave and balance the electrical etfect
of sodium entry via the sodium-coupled glucose carrier
protein.

The example of glucose absorption by the intestinal
cell illustrates that membrane transport proteins do not
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work in isolation. They may each perform passive or
active transport and display selectivity. But under-
standing the individual activities is only the first step
towards an insight into how the transporters are
coupled. Only coupled membrane transport can fulfil
the complex needs of a cell in the course of nutrient
uptake or the excretion of toxic waste. This aspect
becomes particularly important when trying to under-
stand and eventually cure diseases involving dysfunc-
tional channels, transporters and pumps, which include
epilepsy, deafness, cardiac problems and some forms of
diabetes.

Diabetes is a disease where blood sugar is chronically
high. Usually this is related to defects in the production
or action of the hormone insulin. Insulin is the key
hormone in blood sugar control. Common forms of the
disease either involve the patient’s own immune system
destroying the pancreatic beta-cells (which produce the
hormone) or are a side effect of obesity and age.
However, there are rare inherited forms of diabetes
where potassium ion channels in the plasma membrane
of the pancreatic beta-cell are overly active. The chan-
nels would normally close when the blood sugar
increases after a meal but the mutation present in the
corresponding genes in these patients renders them
permanently open. Positively charged potassium ions
leaving the cell make the cell more negatively charged
inside. This keeps another class of channels that can
sense the electric potential across the plasma membrane,
namely voltage-gated calcium channels, closed.

However, the opening of calcium channels and calcium

influx into the cell is required to initiate the process of
insulin secretion into the blood. Hence the coupled
action of potassium and calcium channels in the secre-
tion of the hormone insulin is yet another example of
how membrane proteins act together to control cellular
functions crucial to health. Drugs that block the relevant
potassium channels are available. Consequently patients
with this latter form of diabetes can often be treated
right after birth — a good example of basic science
reaching the bedside.

Dr Blanche Schwappach is a member of the Faculty of Life
Sciences at the University of Manchester. She studies the
insertion mechanisms that bring transport proteins to the
plasma membrane.

KEY points

e The plasma membrane acts as a barrier to diffu-
sion.

o Membrane proteins allow the selective movement
of molecules across the plasma membrane.

e ATP hydrolysis directly or indirectly powers trans-
port across the plasma membrane.

e The sodium-potassium-ATPase establishes the
most important gradients across the animal plasma
membrane.

e The sodium gradient is utilised to effectively absorb
glucose from food in the small intestine.





