CONCEPT 7 .I

Cellular membranes are fluid mosaics
of lipids and proteins

Lipids and proteins are the staple ingredients of membranes,
although carbohydrates are also important. The most abun-
dant lipids in most membranes are phospholipids. The abil-
ity of phospholipids to form membranes is inherent in their
molecular structure. A phospholipid is an amphipathic
molecule, meaning it has both a hydrophilic region and a
hydrophobic region (see Figure 5.11). Other types of mem-
brane lipids are also amphipathic. A phospholipid bilayer
can exist as a stable boundary between two aqueous com-
partments because the molecular arrangement shelters the
hydrophobic tails of the phospholipids from water while
exposing the hydrophilic heads to water (Figure 7.2).
Like membrane lipids, most membrane proteins are am-
phipathic. Such proteins can reside in the phospholipid bilayer
with their hydrophilic regions protruding. This mo-
lecular orientation maximizes contact of hydro-
philic regions of proteins with water in the
cytosol and extracellular fluid, while
providing their hydrophobic
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V Figure 7.2 Phospholipid bilayer
(cross section).
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circle the hydrophilic and hydrophobic portions of
the enlarged phospholipids on the right. Explain what
each portion contacts when the phospholipids are in
the plasma membrane.

parts with a nonaqueous environment. Figure 7.3 shows the

currently accepted model of the arrangement of molecules in
the plasma membrane. In this fluid mosaic model, the mem-
brane is a mosaic of protein molecules bobbing in a
fluid bilayer of phospholipids.
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The proteins are not randomly distributed in the membrane,
however. Groups of proteins are often associated in long-last-
ing, specialized patches, where they carry out common func-
tions. The lipids themselves appear to form defined regions as
well. Also, in some regions the membrane may be much more
packed with proteins than shown in Figure 7.3. Like all mod-
els, the fluid mosaic model is continually being refined as new
research reveals more about membrane structure.

The Fluidity of Membranes

Membranes are not static sheets of molecules locked rigidly
in place. A membrane is held together primarily by hydro-
phobic interactions, which are much weaker than covalent
bonds (see Figure 5.18). Most of the lipids and some of the
proteins can shift about laterally—that is, in the plane of the
membrane, like partygoers elbowing their way through a
crowded room. Very rarely, also, a lipid may flip-flop across
the membrane, switching from one phospholipid layer to
the other.

The lateral movement of phospholipids within the mem-
brane is rapid. Adjacent phospholipids switch positions
about 10’ times per second, which means that a phospho-
lipid can travel about 2 pm—the length of many bacterial
cells—in 1 second. Proteins are much larger than lipids and
move more slowly, but some membrane proteins do drift,
as shown in a classic experiment described in Figure 7.4.
Some membrane proteins seem to move in a highly directed

V Figure 7.4 Inquiry

Do membrane proteins move?

Experiment Larry Frye and Michael Edidin, at Johns Hopkins
University, labeled the plasma membrane proteins of a mouse cell and
a human cell with two different markers and fused the cells. Using a
microscope, they observed the markers on the hybrid cell.

Results
Membrane proteins
0o © 0o
00O +
o 3° Mixed proteins
Mouse cell - after 1 hour

Human cell

Hybrid cell

Conclusion The mixing of the mouse and human membrane
proteins indicates that at least some membrane proteins move
sideways within the plane of the plasma membrane.

Source: L. D. Frye and M. Edidin, The rapid intermixing of cell surface antigens after
formation of mouse-human heterokaryons, Journal of Cell Science 7:319 (1970).

Suppose the proteins did not mix in the hybrid cell, even
many hours after fusion. Would you be able to conclude that proteins
don’t move within the membrane? What other explanation could
there be?
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manner, perhaps driven along cytoskeletal fibers in the cell
by motor proteins connected to the membrane proteins’
cytoplasmic regions. However, many other membrane pro-
teins seem to be held immobile by their attachment to the
cytoskeleton or to the extracellular matrix (see Figure 7.3).

A membrane remains fluid as temperature decreases
until the phospholipids settle into a closely packed arrange-
ment and the membrane solidifies, much as bacon grease
forms lard when it cools. The temperature at which a mem-
brane solidifies depends on the types of lipids it is made of.
The membrane remains fluid to a lower temperature if it is
rich in phospholipids with unsaturated hydrocarbon tails
(see Figures 5.10 and 5.11). Because of kinks in the tails
where double bonds are located, unsaturated hydrocarbon
tails cannot pack together as closely as saturated hydrocar-
bon tails, making the membrane more fluid (Figure 7.5a).

The steroid cholesterol, which is wedged between phos-
pholipid molecules in the plasma membranes of animal cells,
has different effects on membrane fluidity at different tem-
peratures (Figure 7.5b). At relatively high temperatures—
at 37°C, the body temperature of humans, for example—
cholesterol makes the membrane less fluid by restraining
phospholipid movement. However, because cholesterol also
hinders the close packing of phospholipids, it lowers the
temperature required for the membrane to solidify. Thus,
cholesterol can be thought of as a “fluidity buffer” for the
membrane, resisting changes in membrane fluidity that can
be caused by changes in temperature.

V Figure 7.5 Factors that affect membrane fluidity.

(a) Unsaturated versus saturated hydrocarbon tails.

Viscous

Unsaturated hydrocarbon
tails (kinked) prevent packing,
enhancing membrane fluidity.

Saturated hydrocarbon tails
pack together, increasing
membrane viscosity.

(b) Cholesterol within the animal cell membrane.

Cholesterol reduces membrane
fluidity at moderate tempera-
tures by reducing phospholipid
movement, but at low tempera-
tures it hinders solidification by
disrupting the regular packing of
phospholipids.

Cholesterol



Membranes must be fluid to work properly; the fluidity
of a membrane affects both its permeability and the ability
of membrane proteins to move to where their function is
needed. Usually, membranes are about as fluid as salad oil.
When a membrane solidifies, its permeability changes, and
enzymatic proteins in the membrane may become inactive
if their activity requires movement within the membrane.
However, membranes that are too fluid cannot support pro-
tein function either. Therefore, extreme environments pose
a challenge for life, resulting in evolutionary adaptations
that include differences in membrane lipid composition.

Evolution of Differences in Membrane Lipid
Composition

Variations in the cell membrane lipid com-
positions of many species appear to be evolutionary adap-
tations that maintain the appropriate membrane fluidity
under specific environmental conditions. For instance,
fishes that live in extreme cold have membranes with a high
proportion of unsaturated hydrocarbon tails, enabling their
membranes to remain fluid (see Figure 7.5a). At the other
extreme, some bacteria and archaea thrive at temperatures

greater than 90°C (194°F) in thermal hot springs and geysers.

Their membranes include unusual lipids that may prevent
excessive fluidity at such high temperatures.

The ability to change the lipid composition of cell mem-
branes in response to changing temperatures has evolved
in organisms that live where temperatures vary. In many
plants that tolerate extreme cold, such as winter wheat,
the percentage of unsaturated phospholipids increases in
autumn, an adjustment that keeps the membranes from
solidifying during winter. Certain bacteria and archaea can
also change the proportion of unsaturated phospholipids
in their cell membranes, depending on the temperature at
which they are growing. Overall, natural selection has ap-
parently favored organisms whose mix of membrane lipids
ensures an appropriate level of membrane fluidity for their
environment.

Membrane Proteins and Their Functions

Now we come to the mosaic aspect of the fluid mosaic
model. Somewhat like a tile mosaic, a membrane is a
collage of different proteins, often clustered together in
groups, embedded in the fluid matrix of the lipid bilayer
(see Figure 7.3). In the plasma membrane of red blood cells
alone, for example, more than 50 kinds of proteins have
been found so far. Phospholipids form the main fabric of the
membrane, but proteins determine most of the membrane’s
functions. Different types of cells contain different sets of
membrane proteins, and the various membranes within a
cell each have a unique collection of proteins.

» Figure 7.6 The structure
of a transmembrane protein.
Bacteriorhodopsin (a bacterial
transport protein) has a distinct
orientation in the membrane,
with its N-terminus outside the
cell and its C-terminus inside.
This ribbon model highlights the
a-helical secondary structure of
the hydrophobic parts, which lie
mostly within the hydrophobic
interior of the membrane. The
protein includes seven transmem-
brane helices. The nonhelical hy-
drophilic segments are in contact
with the aqueous solutions on
the extracellular and cytoplasmic
sides of the membrane. Although
shown as simple purple shapes

in many figures in this book, CYTOPLASMIC
each protein has its own unique SIDE
structure.

EXTRACELLULAR
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Notice in Figure 7.3 that there are two major populations
of membrane proteins: integral proteins and peripheral
proteins. Integral proteins penetrate the hydrophobic in-
terior of the lipid bilayer. The majority are transmembrane
proteins, which span the membrane; other integral proteins
extend only partway into the hydrophobic interior. The
hydrophobic regions of an integral protein consist of one or
more stretches of nonpolar amino acids (see Figure 5.14),
usually coiled into a helices (Figure 7.6). The hydrophilic
parts of the molecule are exposed to the aqueous solu-
tions on either side of the membrane. Some proteins also
have one or more hydrophilic channels that allow passage
through the membrane of hydrophilic substances (even of
water itself; see Figure 7.1). Peripheral proteins are not em-
bedded in the lipid bilayer at all; they are appendages loosely
bound to the surface of the membrane, often to exposed
parts of integral proteins (see Figure 7.3).

On the cytoplasmic side of the plasma membrane, some
membrane proteins are held in place by attachment to the
cytoskeleton. And on the extracellular side, certain mem-
brane proteins are attached to fibers of the extracellular
matrix (see Figure 6.28; integrins are one type of integral,
transmembrane protein). These attachments combine to
give animal cells a stronger framework than the plasma
membrane alone could provide.

A single cell may have cell surface membrane proteins
that carry out several different functions, such as transport
through the cell membrane, enzymatic activity, or attaching
a cell to either a neighboring cell or the extracellular matrix.
Furthermore, a single membrane protein may itself carry
out multiple functions. Thus, the membrane is not only a
structural mosaic, but also a functional mosaic. Figure 7.7
illustrates six major functions performed by proteins of the
plasma membrane.
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(a) Transport. Left: A protein that spans

the membrane may provide a
hydrophilic channel across the
membrane that is selective for a
particular solute. Right: Other transport
proteins shuttle a substance from one
side to the other by changing shape
(see Figure 7.14b). Some of these
proteins hydrolyze ATP as an energy
source to actively pump substances
across the membrane.

(b) Enzymatic activity. A protein built into

(0

the membrane may be an enzyme with
its active site exposed to substances in
the adjacent solution. In some cases,
several enzymes in a membrane are
organized as a team that carries out
sequential steps of a metabolic pathway.

Signal transduction. A membrane
protein (receptor) may have a binding
site with a specific shape that fits the
shape of a chemical messenger, such as
a hormone. The external messenger
(signaling molecule) may cause the
protein to change shape, allowing it to
relay the message to the inside of the
cell, usually by binding to a cytoplasmic
protein (see Figure 11.6).

(d) Cell-cell recognition. Some glyco-

proteins serve as identification tags that
are specifically recognized by membrane
proteins of other cells. This type of
cell-cell binding is usually short-lived
compared to that shown in (e).

(e) Intercellular joining. Membrane

()

proteins of adjacent cells may hook
together in various kinds of junctions,
such as gap junctions or tight junctions
(see Figure 6.30). This type of binding
is more long-lasting than that shown
in (d).

Attachment to the cytoskeleton and
extracellular matrix (ECM).
Microfilaments or other elements of the
cytoskeleton may be noncovalently
bound to membrane proteins, a function
that helps maintain cell shape and
stabilizes the location of certain
membrane proteins. Proteins that can
bind to ECM molecules can coordinate
extracellular and intracellular changes
(see Figure 6.28).
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A Figure 7.7 Some functions of membrane proteins. In many

cases, a single protein performs multiple tasks.

n Some transmembrane proteins can bind to a particular ECM mol-

ecule and, when bound, transmit a signal into the cell. Use the proteins

shown in (c) and (f) to explain how this might occur.
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Proteins on a cell’s surface are important in the medical
field. For example, a protein called CD4 on the surface of im-
mune cells helps the human immunodeficiency virus (HIV)
infect these cells, leading to acquired immune deficiency syn-
drome (AIDS). Despite multiple exposures to HIV, however,
a small number of people do not develop AIDS and show no
evidence of HIV-infected cells. Comparing their genes with
the genes of infected individuals, researchers learned that re-
sistant people have an unusual form of a gene that codes for
an immune cell-surface protein called CCR5. Further work
showed although CD4 is the main HIV receptor, HIV must
also bind to CCR5 as a “co-receptor” to infect most cells
(Figure 7.8a). An absence of CCR5 on the cells of resistant
individuals, due to the gene alteration, prevents the virus
from entering the cells (Figure 7.8b).

This information has been key to developing a treatment
for HIV infection. Interfering with CD4 could cause danger-
ous side effects because it performs many important func-
tions in cells. Discovery of the CCR5 co-receptor provided a
safer target for development of drugs that mask this protein
and block HIV entry. One such drug, maraviroc (brand
name Selzentry), was approved for treatment of HIV in 2007
and is still being used today. A clinical trial began in 2012 to
test whether this drug might also work to prevent HIV in-
fection in uninfected, at-risk patients.

The Role of Membrane Carbohydrates
in Cell-Cell Recognition

Cell-cell recognition, a cell’s ability to distinguish one type of
neighboring cell from another, is crucial to the functioning
of an organism. It is important, for example, in the sorting of
cells into tissues and organs in an animal embryo. It is also
the basis for the rejection of foreign cells by the immune
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A Figure 7.8 The genetic basis for HIV resistance. (a) HIV can
infect a cell with CCR5 on its surface, as in most people. (b) HIV can-
not infect a cell lacking CCR5 on its surface, as in resistant individuals.

VNN AR eI\ EN Study Figures 2.16 and 5.17, both of which

show pairs of molecules binding to each other. What would you predict
about CCR5 that would allow HIV to bind to it? How could a drug mol-
ecule interfere with this binding?



system, an important line of defense in vertebrate animals
(see Chapter 43). Cells recognize other cells by binding to
molecules, often containing carbohydrates, on the extracel-
lular surface of the plasma membrane (see Figure 7.7d).

Membrane carbohydrates are usually short, branched
chains of fewer than 15 sugar units. Some are covalently
bonded to lipids, forming molecules called glycolipids.
(Recall that glyco refers to the presence of carbohydrate.)
However, most are covalently bonded to proteins, which are
thereby glycoproteins (see Figure 7.3).

The carbohydrates on the extracellular side of the plasma
membrane vary from species to species, among individuals
of the same species, and even from one cell type to another
in a single individual. The diversity of the molecules and
their location on the cell’s surface enable membrane car-
bohydrates to function as markers that distinguish one cell
from another. For example, the four human blood types des-
ignated A, B, AB, and O reflect variation in the carbohydrate
part of glycoproteins on the surface of red blood cells.

Synthesis and Sidedness of Membranes

Membranes have distinct inside and outside faces. The two
lipid layers may differ in lipid composition, and each protein
has directional orientation in the membrane (see Figure 7.6).
Figure 7.9 shows how membrane sidedness arises: The
asymmetrical arrangement of proteins, lipids, and their

V Figure 7.9 Synthesis of membrane components and
their orientation in the membrane. The cytoplasmic (orange)
face of the plasma membrane differs from the extracellular (agqua)
face. The latter arises from the inside face of ER, Golgi, and vesicle
membranes.

apparatus

lasma memb
Cytopla

associated carbohydrates in the plasma membrane is deter-
mined as the membrane is being built by the endoplasmic
reticulum (ER) and Golgi apparatus, components of the en-
domembrane system (see Figure 6.15).

CONCEPT CHECK 7.1

1. Plasmma membrane proteins have carbohydrates atfached
to them in the ER and Golgi apparatus, then are trans-
ported in vesicles to the cell surface. On which side of the
vesicle membrane are the carbohydrates?

2. How would the membrane lipid composi-
fion of a native grass found in very warm soil around
hot springs compare with that of a native grass found in
cooler soil? Explain.

For suggested answers, see Appendix A.

CONCEPT 72

Membrane structure resulis in selective
permeability

The biological membrane is an exquisite example of a su-
pramolecular structure—many molecules ordered into a
higher level of organization—with emergent properties
beyond those of the individual molecules. The remainder of
this chapter focuses on one of those properties: the ability
to regulate transport across cellular boundaries, a function

@ Membrane proteins and lipids are synthesized
in the endoplasmic reticulum (ER). Carbohydrates
(green) are added to the transmembrane proteins
(purple dumbbells), making them glycoproteins.
The carbohydrate portions may then be modified.

@ Inside the Golgi apparatus, the glycoproteins
undergo further carbohydrate modification, and lipids
acquire carbohydrates, becoming glycolipids.

© The glycoproteins, glycolipids, and secretory
Vesicle proteins (purple spheres) are transported in
vesicles to the plasma membrane.

O As vesicles fuse with the plasma membrane,
the outside face of the vesicle becomes
continuous with the inside (cytoplasmic) face of
the plasma membrane. This releases the secretory
proteins from the cell, a process called exocytosis,
and positions the carbohydrates of membrane
glycoproteins and glycolipids on the outside
(extracellular) face of the plasma membrane.

Draw an integral membrane protein
extending from partway through the ER mem-
brane into the ER lumen. Next, draw the protein
where it would be located in a series of numbered
steps ending at the plasma membrane. Would the
protein contact the cytoplasm or the extracellular
fluid? Explain.
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essential to the cell’s existence. We will see once again that
form fits function: The fluid mosaic model helps explain
how membranes regulate the cell’s molecular traffic.

A steady traffic of small molecules and ions moves across
the plasma membrane in both directions. Consider the chem-
ical exchanges between a muscle cell and the extracellular
fluid that bathes it. Sugars, amino acids, and other nutrients
enter the cell, and metabolic waste products leave it. The cell
takes in O, for use in cellular respiration and expels CO,.
Also, the cell regulates its concentrations of inorganic ions,
such as Na*, K*, Ca*", and Cl~, by shuttling them one way or
the other across the plasma membrane. Although the heavy
traffic through them may seem to suggest otherwise, cell
membranes are selectively permeable, and substances do not
cross the barrier indiscriminately. The cell is able to take up
some small molecules and ions and exclude others.

The Permeability of the Lipid Bilayer

Nonpolar molecules, such as hydrocarbons, CO,, and O,,
are hydrophobic. They can therefore dissolve in the lipid
bilayer of the membrane and cross it easily, without the aid
of membrane proteins. However, the hydrophobic interior
of the membrane impedes direct passage through the mem-
brane of ions and polar molecules, which are hydrophilic.
Polar molecules such as glucose and other sugars pass only
slowly through a lipid bilayer, and even water, a very small
polar molecule, does not cross rapidly. A charged atom or
molecule and its surrounding shell of water (see Figure 3.7)
are even less likely to penetrate the hydrophobic interior of
the membrane. Furthermore, the lipid bilayer is only one
aspect of the gatekeeper system responsible for a cell’s selec-
tive permeability. Proteins built into the membrane play key
roles in regulating transport.

Transport Proteins

Specific ions and a variety of polar molecules can’t move
through cell membranes on their own. However, these
hydrophilic substances can avoid contact with the lipid bi-
layer by passing through transport proteins that span the
membrane.

Some transport proteins, called channel proteins, func-
tion by having a hydrophilic channel that certain molecules
or atomic ions use as a tunnel through the membrane (see
Figure 7.7a, left). For example, the passage of water mole-
cules through the membrane in certain cells is greatly facili-
tated by channel proteins known as aquaporins (see Figure
7.1). Each aquaporin allows entry of up to 3 billion (3 X 10°)
water molecules per second, passing single file through its
central channel, which fits ten at a time. Without aquapo-
rins, only a tiny fraction of these water molecules would pass
through the same area of the cell membrane in a second, so
the channel protein brings about a tremendous increase in
rate. Other transport proteins, called carrier proteins, hold
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onto their passengers and change shape in a way that shut-
tles them across the membrane (see Figure 7.7a, right).

A transport protein is specific for the substance it trans-
locates (moves), allowing only a certain substance (or a
small group of related substances) to cross the membrane.
For example, a specific carrier protein in the plasma mem-
brane of red blood cells transports glucose across the mem-
brane 50,000 times faster than glucose can pass through on
its own. This “glucose transporter” is so selective that it even
rejects fructose, a structural isomer of glucose.

Thus, the selective permeability of a membrane depends
on both the discriminating barrier of the lipid bilayer and
the specific transport proteins built into the membrane. But
what establishes the direction of traffic across a membrane?
At a given time, what determines whether a particular sub-
stance will enter the cell or leave the cell? And what mecha-
nisms actually drive molecules across membranes? We will
address these questions next as we explore two modes of
membrane traffic: passive transport and active transport.

CONCEPT CHECK 7.2

1. What property allows O, and CO, o cross a lipid bilayer
without the help of membrane proteins?

2. Why is a fransport protein needed to move many water
molecules rapidly across a membrane?

3. NG N EN Aquaporins exclude passage

of hydronium ions (H;O™"), but some aquaporins allow
passage of glycerol, a three-carbon alcohol (see
Figure 5.9), as well as H,O. Since H;O" is closer in size to
water than glycerol is, yet cannot pass through, what
might be the basis of this selectivity?

For suggested answers, see Appendix A.

CONCEPT 73

Passive transport is diffusion of a
substance across a membrane with no
energy investment

Molecules have a type of energy called thermal energy, due
to their constant motion (see Concept 3.2). One result of
this motion is diffusion, the movement of particles of any
substance so that they spread out into the available space.
Each molecule moves randomly, yet diffusion of a popula-
tion of molecules may be directional. To understand this
process, let’s imagine a synthetic membrane separating pure
water from a solution of a dye in water. Study Figure 7.10a
carefully to appreciate how diffusion would result in both
solutions having equal concentrations of the dye molecules.
Once that point is reached, there will be a dynamic equi-
librium, with roughly as many dye molecules crossing the
membrane each second in one direction as in the other.




Molecules of dye Membrane (cross section)
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(a) Diffusion of one solute. The membrane has pores large enough
for molecules of dye to pass through. Random movement of dye
molecules will cause some to pass through the pores; this will hap-
pen more often on the side with more dye molecules. The dye
diffuses from where it is more concentrated to where it is less con-
centrated (called diffusing down a concentration gradient). This
leads to a dynamic equilibrium: The solute molecules continue to
cross the membrane, but at roughly equal rates in both directions.
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(b) Diffusion of two solutes. Solutions of two different dyes are sepa-
rated by a membrane that is permeable to both. Each dye diffuses
down its own concentration gradient. There will be a net diffusion
of the purple dye toward the left, even though the total solute
concentration was initially greater on the left side.

A Figure 7.10 The diffusion of solutes across a synthetic
membrane. Each of the large arrows under the diagrams shows the
net diffusion of the dye molecules of that color.

We can now state a simple rule of diffusion: In the ab-
sence of other forces, a substance will diffuse from where
it is more concentrated to where it is less concentrated.

Put another way, any substance will diffuse down its
concentration gradient, the region along which the density
of a chemical substance increases or decreases (in this case,
decreases). No work must be done to make this happen; dif-
fusion is a spontaneous process, needing no input of energy.
Note that each substance diffuses down its own concentra-
tion gradient, unaffected by the concentration gradients of
other substances (Figure 7.10b).

Much of the traffic across cell membranes occurs by dif-
fusion. When a substance is more concentrated on one side
of a membrane than on the other, there is a tendency for the
substance to diffuse across the membrane down its concen-
tration gradient (assuming that the membrane is permeable
to that substance). One important example is the uptake of
oxygen by a cell performing cellular respiration. Dissolved
oxygen diffuses into the cell across the plasma membrane.
As long as cellular respiration consumes the O, as it enters,
diffusion into the cell will continue because the concentra-
tion gradient favors movement in that direction.

The diffusion of a substance across a biological membrane
is called passive transport because the cell does not have to
expend energy to make it happen. The concentration gradi-
ent itself represents potential energy (see Concept 2.2 and
Figure 8.5b) and drives diffusion. Remember, however, that
membranes are selectively permeable and therefore have dif-
ferent effects on the rates of diffusion of various molecules.
In the case of water, aquaporins allow water to diffuse very
rapidly across the membranes of certain cells. As we'll see
next, the movement of water across the plasma membrane
has important consequences for cells.

Effects of Osmosis on Water Balance

To see how two solutions with different solute concentra-
tions interact, picture a U-shaped glass tube with a selec-

tively permeable artificial membrane separating two sugar
solutions (Figure 7.11). Pores in this synthetic membrane

More similar
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Water moves from an area of
higher to lower free water concentration
(lower to higher solute concentration).

A Figure 7.11 Osmosis. Two sugar solutions of different concen-
trations are separated by a membrane that the solvent (water) can

pass through but the solute (sugar) cannot. Water molecules move
randomly and may cross in either direction, but overall, water diffuses
from the solution with less concentrated solute to that with more con-
centrated solute. This passive transport of water, or osmosis, makes the
sugar concentrations on both sides more nearly equal. (The concentra-
tions are prevented from being exactly equal due to the effect of water
pressure on the higher side, which is not discussed here for simplicity.)

If an orange dye capable of passing through the mem-
brane was added to the left side of the tube above, how would it be dis-
tributed at the end of the experiment? (See Figure 7.10.) Would the final
solution levels in the tube be affected?
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are too small for sugar molecules to pass through but large
enough for water molecules. However, tight clustering of
water molecules around the hydrophilic solute molecules
makes some of the water unavailable to cross the mem-
brane. As a result, the solution with a higher solute concen-
tration has a lower free water concentration. Water diffuses
across the membrane from the region of higher free water
concentration (lower solute concentration) to that of lower
free water concentration (higher solute concentration) until
the solute concentrations on both sides of the membrane
are more nearly equal. The diffusion of free water across a
selectively permeable membrane, whether artificial or cel-
lular, is called osmosis. The movement of water across cell
membranes and the balance of water between the cell and
its environment are crucial to organisms. Let’s now apply
what we've learned in this system to living cells.

Water Balance of Cells Without Cell Walls

To explain the behavior of a cell in a solution, we must
consider both solute concentration and membrane perme-
ability. Both factors are taken into account in the concept
of tonicity, the ability of a surrounding solution to cause a
cell to gain or lose water. The tonicity of a solution depends
in part on its concentration of solutes that cannot cross the
membrane (nonpenetrating solutes) relative to that inside
the cell. If there is a higher concentration of nonpenetrating
solutes in the surrounding solution, water will tend to leave
the cell, and vice versa.

If a cell without a cell wall, such as an animal cell, is im-
mersed in an environment that is isotonic to the cell (iso
means “same”), there will be no net movement of water
across the plasma membrane. Water
diffuses across the membrane, but at

the same rate in both directions. In an
isotonic environment, the volume of
an animal cell is stable (Figure 7.12a).
Let’s transfer the cell to a solution
that is hypertonic to the cell (hyper
means “more,” in this case referring to
nonpenetrating solutes). The cell will
lose water, shrivel, and probably die.
This is why an increase in the salinity
(saltiness) of a lake can kill the animals
there; if the lake water becomes hyper-
tonic to the animals’ cells, they might
shrivel and die. However, taking up too
much water can be just as hazardous
as losing water. If we place the cell in a
solution that is hypotonic to the cell
(hypo means “less”), water will enter the

(a) Animal cell. An

animal cell fares best
in an isotonic environ-
ment unless it has
special adaptations
that offset the osmo-
tic uptake or loss of
water.

(b) Plant cell. Plant cells

are turgid (firm) and
generally healthiest
in a hypotonic envi-
ronment, where the
uptake of water is
eventually balanced
by the wall pushing
back on the cell.

cell faster than it leaves, and the cell will
swell and lyse (burst) like an overfilled
water balloon.
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A cell without rigid cell walls can tolerate neither exces-
sive uptake nor excessive loss of water. This problem of
water balance is automatically solved if such a cell lives in
isotonic surroundings. Seawater is isotonic to many marine
invertebrates. The cells of most terrestrial (land-dwelling)
animals are bathed in an extracellular fluid that is isotonic to
the cells. In hypertonic or hypotonic environments, however,
organisms that lack rigid cell walls must have other adapta-
tions for osmoregulation, the control of solute concentra-
tions and water balance. For example, the unicellular protist
Paramecium caudatum lives in pond water, which is hypo-
tonic to the cell. P. caudatum has a plasma membrane that is
much less permeable to water than the membranes of most
other cells, but this only slows the uptake of water, which
continually enters the cell. The P. caudatum cell doesn’t
burst because it is also equipped with a contractile vacuole,
an organelle that functions as a bilge pump to force water out
of the cell as fast as it enters by osmosis (Figure 7.13). We
will examine other evolutionary adaptations for osmoregula-
tion in Chapter 44.

Water Balance of Cells with Cell Walls

The cells of plants, prokaryotes, fungi, and some protists
are surrounded by cell walls (see Figure 6.27). When such

a cell is immersed in a hypotonic solution—bathed in rain-
water, for example—the cell wall helps maintain the cell’s
water balance. Consider a plant cell. Like an animal cell, the
plant cell swells as water enters by osmosis (Figure 7.12b).
However, the relatively inelastic cell wall will expand only
so much before it exerts a back pressure on the cell, called
turgor pressure, that opposes further water uptake. At this

Hypotonic solution Isotonic solution Hypertonic solution

H,0  H,0 H,0 H,0

Lysed Normal Shriveled
Plasma Cell wall
membrane Plasma H,0

membrane
H,O —

Turgid (normal) Flaccid

Plasmolyzed

A Figure 7.12 The water balance of living cells. How living cells react to changes in the sol-
ute concentration of their environment depends on whether or not they have cell walls. (@) Animal
cells, such as this red blood cell, do not have cell walls. (b) Plant cells do. (Arrows indicate net water
movement after the cells were first placed in these solutions.)
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Contractile vacuole

A Figure 7.13 The contractile vacuole of Paramecium
caudatum. The vacuole collects fluid from a system of canals in the
cytoplasm. When full, the vacuole and canals contract, expelling fluid
from the cell (LM).

point, the cell is turgid (very firm), which is the healthy
state for most plant cells. Plants that are not woody, such as
most houseplants, depend for mechanical support on cells
kept turgid by a surrounding hypotonic solution. If a plant’s
cells and their surroundings are isotonic, there is no net
tendency for water to enter, and the cells become flaccid
(limp).

However, a cell wall is of no advantage if the cell is im-
mersed in a hypertonic environment. In this case, a plant cell,
like an animal cell, will lose water to its surroundings and
shrink. As the plant cell shrivels, its plasma membrane pulls
away from the cell wall at multiple places. This phenomenon,
called plasmolysis, causes the plant to wilt and can lead to
plant death. The walled cells of bacteria and fungi also plas-
molyze in hypertonic environments.

Facilitated Diffusion: Passive Transport Aided
by Proteins

Let’s look more closely at how water and certain hydrophilic
solutes cross a membrane. As mentioned earlier, many
polar molecules and ions impeded by the lipid bilayer of the
membrane diffuse passively with the help of transport pro-
teins that span the membrane. This phenomenon is called
facilitated diffusion. Cell biologists are still trying to learn
exactly how various transport proteins facilitate diffusion.
Most transport proteins are very specific: They transport
some substances but not others.

As mentioned earlier, the two types of transport proteins
are channel proteins and carrier proteins. Channel proteins
simply provide corridors that allow specific molecules or
ions to cross the membrane (Figure 7.14a). The hydrophilic
passageways provided by these proteins can allow water
molecules or small ions to diffuse very quickly from one side
of the membrane to the other. Aquaporins, the water chan-
nel proteins, facilitate the massive amounts of diffusion that
occur in plant cells and in animal cells such as red blood
cells (see Figure 7.12). Certain kidney cells also have a high
number of aquaporins, allowing them to reclaim water from
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(b) A carrier protein alternates between two shapes, moving a solute
across the membrane during the shape change.

A Figure 7.14 Two types of transport proteins that carry out
facilitated diffusion. In both cases, the protein can transport the sol-
ute in either direction, but the net movement is down the concentra-
tion gradient of the solute.

urine before it is excreted. If the kidneys did not perform
this function, you would excrete about 180 L of urine per
day—and have to drink an equal volume of water!

Channel proteins that transport ions are called ion
channels. Many ion channels function as gated channels,
which open or close in response to a stimulus. For some
gated channels, the stimulus is electrical. In a nerve cell, for
example, an ion channel opens in response to an electrical
stimulus, allowing a stream of potassium ions to leave the
cell. (See the orange ion in the center of the ion channel
shown at the bottom left of the chapter-opening page.) This
restores the cell’s ability to fire again. Other gated channels
open or close when a specific substance other than the one
to be transported binds to the channel. These are also im-
portant in the functioning of the nervous system, as you’ll
learn in Chapter 48.

Carrier proteins, such as the glucose transporter men-
tioned earlier, seem to undergo a subtle change in shape
that somehow translocates the solute-binding site across
the membrane (Figure 7.14b). Such a change in shape may
be triggered by the binding and release of the transported
molecule. Like ion channels, carrier proteins involved in fa-
cilitated diffusion result in the net movement of a substance
down its concentration gradient. No energy input is thus
required: This is passive transport. The Scientific Skills
Exercise gives you an opportunity to work with data from
an experiment related to glucose transport.
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CONCEPT CHECK 7.3

1. How do you think a cell performing cellular respiration
rids itself of the resulting CO,?

2. RGYNEEES If o Paramecium caudatum swims from a
hypotonic to an isotonic environment, will its contractile
vacuole become more active or less? Why?

For suggested answers, see Appendix A.

CONCEPT 74

Active transport uses energy o move
solutes against their gradients

Despite the help of transport proteins, facilitated diffusion
is considered passive transport because the solute is mov-
ing down its concentration gradient, a process that requires
no energy. Facilitated diffusion speeds transport of a sol-
ute by providing efficient passage through the membrane,
but it does not alter the direction of transport. Some other
transport proteins, however, can move solutes against their
concentration gradients, across the plasma membrane from
the side where they are less concentrated (whether inside or
outside) to the side where they are more concentrated.

SCIENTIFIC SKILLS EXERCISE

Interpreting a Scatter Plot with Two Sets of Data

The Need for Energy in Active Transport

To pump a solute across a membrane against its gradient
requires work; the cell must expend energy. Therefore, this
type of membrane traffic is called active transport. The
transport proteins that move solutes against their concen-
tration gradients are all carrier proteins rather than channel
proteins. This makes sense because when channel proteins
are open, they merely allow solutes to diffuse down their
concentration gradients rather than picking them up and
transporting them against their gradients.

Active transport enables a cell to maintain internal con-
centrations of small solutes that differ from concentrations
in its environment. For example, compared with its sur-
roundings, an animal cell has a much higher concentration
of potassium ions (K*) and a much lower concentration of
sodium ions (Na"). The plasma membrane helps maintain
these steep gradients by pumping Na " out of the cell and K"
into the cell.

As in other types of cellular work, ATP supplies the en-
ergy for most active transport. One way ATP can power ac-
tive transport is by transferring its terminal phosphate group
directly to the transport protein. This can induce the protein
to change its shape in a manner that translocates a solute

Glucose Uptake Over Time in Guinea Pig Red Blood Cells

Is Glucose Uptake into Cells Affected by Age? Glucose, an im-
portant energy source for animals, is transported into cells by facilitated
diffusion using protein carriers. In this exercise, you will interpret a graph
with two sets of data from an experiment that examined glucose uptake
over time in red blood cells from guinea pigs of different ages. You will
determine if the age of the guinea pigs affected their cells’ rate of glu-
cose uptake.

How the Experiment Was Done Researchers incubated guinea pig
red blood cells in a 300 mM (millimolar) radioactive glucose solution at
pH 7.4 at 25°C. Every 10 or 15 minutes, they removed a sample of cells

and measured the concentration of radioactive glucose inside those cells.

The cells came from either a 15-day-old or 1-month-old guinea pig.

Data from the Experiment When you have multiple sets of data, it
can be useful to plot them on the same graph for comparison. In the
graph here, each set of dots (of the same color) forms a scatter plot, in
which every data point represents two numerical values, one for each
variable. For each data set, a curve that best fits the points has been
drawn to make it easier to see the trends. (For additional information
about graphs, see the Scientific Skills Review in Appendix F and in the
Study Area in MasteringBiology.)

Interpret the Data

1. First make sure you understand the parts of the graph. (a) Which vari-
able is the independent variable—the variable controlled by the re-
searchers? (b) Which variable is the dependent variable—the variable
that depended on the treatment and was measured by the research-
ers? (c) What do the red dots represent? (d) the blue dots?

2. From the data points on the graph, construct a table of the data. Put
“Incubation Time (min)” in the left column of the table.
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3. What does the graph show? Compare and contrast glucose uptake in
red blood cells from 15-day-old and 1-month-old guinea pigs.

4. Develop a hypothesis to explain the difference between glucose up-
take in red blood cells from 15-day-old and 1-month-old guinea pigs.
(Think about how glucose gets into cells.)

5. Design an experiment to test your hypothesis.

ms) A version of this Scientific Skills Exercise can be assigned in
MasteringBiology.

Data from T. Kondo and E. Beutler, Developmental changes in glucose transport of
guinea pig erythrocytes, Journal of Clinical Investigation 65:1-4 (1980).
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bound to the protein across the membrane. One transport
system that works this way is the sodium-potassium pump,
which exchanges Na" for K™ across the plasma membrane of
animal cells (Figure 7.15). The distinction between passive
transport and active transport is reviewed in Figure 7.16.

How lon Pumps Maintain Membrane Potential

All cells have voltages across their plasma membranes.
Voltage is electrical potential energy—a separation of op-
posite charges. The cytoplasmic side of the membrane is
negative in charge relative to the extracellular side because
of an unequal distribution of anions and cations on the two
sides. The voltage across a membrane, called a membrane
potential, ranges from about —50 to —200 millivolts (mV).
(The minus sign indicates that the inside of the cell is nega-
tive relative to the outside.)

The membrane potential acts like a battery, an energy
source that affects the traffic of all charged substances across
the membrane. Because the inside of the cell is negative
compared with the outside, the membrane potential favors
the passive transport of cations into the cell and anions out
of the cell. Thus, two forces drive the diffusion of ions across
a membrane: a chemical force (the ion’s concentration gradi-
ent) and an electrical force (the effect of the membrane po-
tential on the ion’s movement). This combination of forces
acting on an ion is called the electrochemical gradient.
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V Figure 7.16 Review: passive
and active transport.

Active transport.
Some transport proteins
act as pumps, moving
substances across a
membrane against their
concentration (or elec-
trochemical) gradients.
Energy for this work is
usually supplied by ATP.

Passive transport. Substances diffuse
spontaneously down their concentration
gradients, crossing a membrane with no
expenditure of energy by the cell. The rate
of diffusion can be greatly increased

by transport proteins in the membrane.
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Facilitated diffusion.
Many hydrophilic
substances diffuse
through membranes
with the assistance of
transport proteins, » |
either channel

proteins (left) or carrier
proteins (right).

Diffusion.
Hydrophobic
molecules and
(at a slow rate)
very small un-
charged polar
molecules can
diffuse through
the lipid bilayer.

n For each solute in the right panel, describe its direction of move-
ment, and state whether it is going with or against its concentration
gradient.
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In the case of ions, then, we must refine our concept of
passive transport: An ion diffuses not simply down its con-
centration gradient but, more exactly, down its electrochemi-
cal gradient. For example, the concentration of Na" inside
a resting nerve cell is much lower than outside it. When the
cell is stimulated, gated channels open that facilitate Na*
diffusion. Sodium ions then “fall” down their electrochemi-
cal gradient, driven by the concentration gradient of Na™*
and by the attraction of these cations to the negative side
(inside) of the membrane. In this example, both electrical
and chemical contributions to the electrochemical gradi-
ent act in the same direction across the membrane, but this
is not always so. In cases where electrical forces due to the
membrane potential oppose the simple diffusion of an ion
down its concentration gradient, active transport may be
necessary. In Chapter 48, you'll learn about the importance
of electrochemical gradients and membrane potentials in
the transmission of nerve impulses.

Some membrane proteins that actively transport ions
contribute to the membrane potential. An example is the
sodium-potassium pump. Notice in Figure 7.15 that the
pump does not translocate Na“ and K* one for one, but
pumps three sodium ions out of the cell for every two potas-
sium ions it pumps into the cell. With each “crank” of the
pump, there is a net transfer of one positive charge from the
cytoplasm to the extracellular fluid, a process that stores
energy as voltage. A transport protein that generates volt-
age across a membrane is called an electrogenic pump. The
sodium-potassium pump appears to be the major electro-
genic pump of animal cells. The main electrogenic pump of
plants, fungi, and bacteria is a proton pump, which actively
transports protons (hydrogen ions, H") out of the cell. The
pumping of H" transfers positive charge from the cytoplasm
to the extracellular solution (Figure 7.17). By generating
voltage across membranes, electrogenic pumps help store
energy that can be tapped for cellular work. One important
use of proton gradients in the cell is for ATP synthesis dur-
ing cellular respiration, as you will see in Chapter 9. Another
is a type of membrane traffic called cotransport.

EXTRACELLULAR
FLUID

CYTOPLASM

A Figure 7.17 A proton pump. Proton pumps are electrogenic
pumps that store energy by generating voltage (charge separation)
across membranes. A proton pump translocates positive charge in the
form of hydrogen ions. The voltage and H* concentration gradient
represent a dual energy source that can drive other processes, such as
the uptake of nutrients. Most proton pumps are powered by ATP.
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Cotransport: Coupled Transport by a
Membrane Protein

A solute that exists in different concentrations across a mem-
brane can do work as it moves across that membrane by
diffusion down its concentration gradient. This is analogous
to water that has been pumped uphill and performs work as
it flows back down. In a mechanism called cotransport, a
transport protein (a cotransporter) can couple the “downhill”
diffusion of the solute to the “uphill” transport of a second
substance against its own concentration gradient. For in-
stance, a plant cell uses the gradient of H" generated by its
ATP-powered proton pumps to drive the active transport of
amino acids, sugars, and several other nutrients into the cell.
In the example shown in Figure 7.18, a cotransporter couples
the return of H' to the transport of sucrose into the cell. This
protein can translocate sucrose into the cell against its con-
centration gradient, but only if the sucrose molecule travels in
the company of an H'. The H" uses the transport protein as
an avenue to diffuse down its own electrochemical gradient,
which is maintained by the proton pump. Plants use sucrose-
H" cotransport to load sucrose produced by photosynthesis
into cells in the veins of leaves. The vascular tissue of the
plant can then distribute the sugar to nonphotosynthetic or-
gans, such as roots.

What we know about cotransport proteins in animal cells
has helped us find more effective treatments for diarrhea, a
serious problem in developing countries. Normally, sodium
in waste is reabsorbed in the colon, maintaining constant
levels in the body, but diarrhea expels waste so rapidly that

Sucrose

Diffusion of H*

A Figure 7.18 Cotransport: active transport driven by a con-
centration gradient. A carrier protein, such as this sucrose-H" co-
transporter in a plant cell (top), is able to use the diffusion of H* down
its electrochemical gradient into the cell to drive the uptake of sucrose.
(The cell wall is not shown.) Although not technically part of the co-
transport process, an ATP-driven proton pump is shown here (bottom),
which concentrates H™ outside the cell. The resulting H* gradient
represents potential energy that can be used for active transport—of
sucrose, in this case. Thus, ATP indirectly provides the energy necessary
for cotransport.



reabsorption is not possible, and sodium levels fall precipi-
tously. To treat this life-threatening condition, patients are
given a solution to drink containing high concentrations of
salt (NaCl) and glucose. The solutes are taken up by sodium-
glucose cotransporters on the surface of intestinal cells and
passed through the cells into the blood. This simple treat-
ment has lowered infant mortality worldwide.

CONCEPT CHECK 7.4

1. Sodium-potassium pumps help nerve cells establish
a voltage across their plasma membranes. Do these
pumps use ATP or produce ATP? Explain.

2. Explain why the sodium-potassium pump in Figure 7.15
would not be considered a cotransporter.

3. RS I IR e] BN Review the characteristics of

the lysosome in Concept 6.4. Given the infernal environ-
ment of a lysosome, what transport protein might you
expect fo see in its membrane?

For suggested answers, see Appendix A.

CONCEPT 75

Bulk transport across the plasma
membrane occurs by exocytosis and
endocytosis

Water and small solutes enter and leave the cell by diffus-
ing through the lipid bilayer of the plasma membrane or by
being pumped or moved across the membrane by transport
proteins. However, large molecules—such as proteins and
polysaccharides, as well as larger particles—generally cross
the membrane in bulk, packaged in vesicles. Like active
transport, these processes require energy.

Exocytosis

As seen in Chapter 6, the cell secretes certain molecules
by the fusion of vesicles with the plasma membrane; this
process is called exocytosis. A transport vesicle that has
budded from the Golgi apparatus moves along microtubules
of the cytoskeleton to the plasma membrane. When the
vesicle membrane and plasma membrane come into contact,
specific proteins rearrange the lipid molecules of the two
bilayers so that the two membranes fuse. The contents of
the vesicle spill out of the cell, and the vesicle membrane be-
comes part of the plasma membrane (see Figure 7.9, step 4).
Many secretory cells use exocytosis to export products.
For example, cells in the pancreas that make insulin secrete
it into the extracellular fluid by exocytosis. In another ex-
ample, nerve cells use exocytosis to release neurotransmit-
ters that signal other neurons or muscle cells. When plant
cells are making cell walls, exocytosis delivers proteins and
carbohydrates from Golgi vesicles to the outside of the cell.

Endocytosis

In endocytosis, the cell takes in molecules and particulate
matter by forming new vesicles from the plasma mem-
brane. Although the proteins involved in the processes are
different, the events of endocytosis look like the reverse

of exocytosis. First, a small area of the plasma membrane
sinks inward to form a pocket. Then, as the pocket deep-
ens, it pinches in, forming a vesicle containing material
that had been outside the cell. Study Figure 7.19 carefully
to understand the three types of endocytosis: phagocytosis
(“cellular eating”), pinocytosis (“cellular drinking”), and
receptor-mediated endocytosis (which is considered a form
of pinocytosis).

Human cells use receptor-mediated endocytosis to take
in cholesterol for membrane synthesis and the synthesis of
other steroids. Cholesterol travels in the blood in particles
called low-density lipoproteins (LDLs), each a complex of
lipids and a protein. LDLs bind to LDL receptors on plasma
membranes and then enter the cells by endocytosis. (LDLs
thus act as ligands, a term for any molecule that binds spe-
cifically to a receptor site on another molecule.) In the in-
herited disease familial hypercholesterolemia, characterized
by a very high level of cholesterol in the blood, LDLs cannot
enter cells because the LDL receptor proteins are defec-
tive or missing. Consequently, cholesterol accumulates in
the blood, where it contributes to early atherosclerosis, the
buildup of lipid deposits within the walls of blood vessels.
This buildup narrows the space in the vessels and impedes
blood flow, and can result in heart damage and stroke.

Vesicles not only transport substances to be released
from the cell but also provide a mechanism for rejuvenat-
ing or remodeling the plasma membrane. Endocytosis and
exocytosis occur continually in most eukaryotic cells, yet the
amount of plasma membrane in a nongrowing cell remains
fairly constant. The addition of membrane by one process
appears to offset the loss of membrane by the other.

Energy and cellular work have figured prominently in our
study of membranes. We have seen, for example, that active
transport is powered by ATP. In the next three chapters,
you will learn more about how cells acquire chemical energy
to do the work of life.

CONCEPT CHECK 7.5

1. As a cell grows, its plasma membrane expands. Does this
involve endocytosis or exocytosis? Explain.

2. Return to Figure 7.9, and circle a patch of

plasma membrane that is coming from a vesicle involved
in exocytosis.

3. WL XA e BN In Concept 6.7, you learned

that animal cells make an extracellular matrix (ECM). De-
scribe the cellular pathway of synthesis and deposition of
an ECM glycoprotein.

For suggested answers, see Appendix A.
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V Figure 7.19

Endocytosis in Animal Cells

Phagocytosis Receptor-Mediated Endocytosis
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In phagocytosis, a cell engulfs a

particle by extending pseudopodia
(singular, pseudopodium) around it and
packaging it within a membranous sac
called a food vacuole. The particle will be
digested after the food vacuole fuses with
a lysosome (see Figure 6.13a).

Pseudopodium
of amoeba

Bacterium

—
1 um

Food vacuole

An amoeba engulfing a bacterium via phago-
cytosis (TEM).

_{-\N}I MATlIION

Plasma
membrane

Coat protein

Coated

Coated
vesicle

N

In pinocytosis, a cell continually “gulps”
droplets of extracellular fluid into tiny
vesicles, formed by infoldings of the plasma
membrane. In this way, the cell obtains
molecules dissolved in the droplets. Because
any and all solutes are taken into the cell,
pinocytosis as shown here is nonspecific

for the substances it transports. In many
cases, as above, the parts of the plasma
membrane that form vesicles are lined on
their cytoplasmic side by a fuzzy layer of
coat protein; the “pits” and resulting vesicles
are said to be “coated”
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Pinocytotic vesicles forming (TEMs).
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Receptor-mediated endocytosis is a
specialized type of pinocytosis that enables
the cell to acquire bulk quantities of
specific substances, even though those
substances may not be very concentrated
in the extracellular fluid. Embedded in the
plasma membrane are proteins with
receptor sites exposed to the extracellular
fluid. Specific solutes bind to the sites.

The receptor proteins then cluster in
coated pits, and each coated pit forms a
vesicle containing the bound molecules.
Notice that there are relatively more bound
molecules (purple triangles) inside the
vesicle, but other molecules (green balls)
are also present. After the ingested material
is liberated from the vesicle, the emptied
receptors are recycled to the plasma
membrane by the same vesicle

(not shown).

Coat
protein

0.25 um

Top: A coated pit. Bottom: A coated vesicle forming
during receptor-mediated endocytosis (TEMs).



7 Chapter Review

SUMMARY OF KEY CONCEPTS

CONCEPT 7-|

Cellular membranes are fluid mosaics of lipids and proteins
(pp. 125-129)

¢ In the fluid mosaic model, amphipathic proteins are embed-
ded in the phospholipid bilayer. Proteins with related functions
often cluster in patches.

« Phospholipids and some proteins move laterally within the
membrane. The unsaturated hydrocarbon tails of some phos-
pholipids keep membranes fluid at lower temperatures, while
cholesterol helps membranes resist changes in fluidity caused by
temperature changes. Differences in membrane lipid composi-
tion, as well as the ability to change lipid composition, are evolu-
tionary adaptations that ensure membrane fluidity.

 Integral proteins are embedded in the lipid bilayer; peripheral
proteins are attached to the membrane surface. The functions
of membrane proteins include transport, enzymatic activity, sig-
nal transduction, cell-cell recognition, intercellular joining, and
attachment to the cytoskeleton and extracellular matrix. Short
chains of sugars linked to proteins (in glycoproteins) and lipids
(in glycolipids) on the exterior side of the plasma membrane
interact with surface molecules of other cells.

e Membrane proteins and lipids are synthesized in the ER and
modified in the ER and Golgi apparatus. The inside and outside
faces of membranes differ in molecular composition.

n In what ways are membranes crucial to life?

CONCEPT 72

Membrane structure results in selective permeability
(pp. 129-130)

e A cell must exchange molecules and ions with its surroundings,
a process controlled by the selective permeability of the plasma
membrane. Hydrophobic substances are soluble in lipids and
pass through membranes rapidly, whereas polar molecules and
ions generally require specific transport proteins to cross the
membrane.

n How do aquaporins affect the permeability of a membrane?

CONCEPT 73

Passive transport is diffusion of a substance across a
membrane with no energy investment (pp. 130-134)

« Diffusion is the spontaneous movement of a substance down
its concentration gradient. Water diffuses out through the
permeable membrane of a cell (osmosis) if the solution outside
has a higher solute concentration (hypertonic) than the cytosol;
water enters the cell if the solution has a lower solute concentra-
tion (hypotonic). If the concentrations are equal (isotonic), no
net osmosis occurs. Cell survival depends on balancing water
uptake and loss. Cells lacking cell walls (as in animals and some
protists) are isotonic with their environments or have adapta-
tions for osmoregulation. Plants, prokaryotes, fungi, and some
protists have relatively inelastic cell walls, so the cells don’t burst
in a hypotonic environment.

Passive transport:

» Ina type of passive
P . Facilitated diffusion

transport called fa-
cilitated diffusion, < o e
a transport protein v

speeds the movement
of water or a solute
across a membrane
down its concentra-

tion gradient. Ion ‘},’t})’tﬁl’
channels, some of Channel —7 mm
which are gated protein v A.J\
channels, facilitate
the diffusion of ions
across a membrane.
Carrier proteins can
undergo changes in
shape that translocate
bound solutes across the membrane.

Carrier
protein

n What happens to a cell placed in a hypertonic solution? Describe
the free water concentration inside and out.

CONCEPT 74

Active transport uses energy to move solutes against their
gradients (pp. 134-137)

¢ Specific membrane proteins use energy,
usually in the form of ATD, to do the work
of active transport. One example of
such a protein is the sodium-potassium A
) 4
pump. | @
« Ions can have both a concentration
(chemical) gradient and an electrical gra- ’
dient (voltage). These gradients combine |
in the electrochemical gradient, which | y
determines the net direction of ionic dif- I

Active transport

===
===
»)

i 4

fusion. Electrogenic pumps, such as the
sodium-potassium pump and proton
pumps, are transport proteins that con-
tribute to electrochemical gradients.

» Cotransport of two solutes occurs when
a membrane protein enables the “down-
hill” diffusion of one solute to drive the
“uphill” transport of the other.

\ 4
) 4
4

o HS,

n ATP is not directly involved in the functioning of a cotransporter.
Why, then, is cotransport considered active transport?

CONCEPT 75

Bulk transport across the plasma membrane occurs by

exocytosis and endocytosis (pp. 137-138)

 In exocytosis, transport vesicles migrate to the plasma mem-
brane, fuse with it, and release their contents. In endocytosis,
molecules enter cells within vesicles that pinch inward from the
plasma membrane. The three types of endocytosis are phagocy-
tosis, pinocytosis, and receptor-mediated endocytosis.

n Which type of endocytosis involves ligands? What does this type of

transport enable a cell to do?
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LEVEL 3: SYNTHESIS/EVALUATION
TEST YOUR UNDERSTANDING
7. EVOLUTION CONNECTION

Paramecium and other protists that live in hypotonic environ-
ments have cell membranes that limit water uptake, while
those living in isotonic environments have membranes that
are more permeable to water. What adaptations might have
evolved in protists in hypertonic habitats such as the Great Salt
c. Only certain membranes of the cell are selectively Lake? In habitats with changing salt concentration?
permeable. 8. SCIENTIFIC INQUIRY
d. Only certain membranes are constructed from amphipathic An experiment is designed to study the mechanism of sucrose
molecules. uptake by plant cells. Cells are immersed in a sucrose solution,
and the pH of the solution is monitored. Samples of the cells
are taken at intervals, and their sucrose concentration is mea-
sured. After a decrease in the pH of the solution to a steady;,
slightly acidic level, sucrose uptake begins. Propose a hypoth-
esis for these results. What do you think would happen if an
inhibitor of ATP regeneration by the cell were added to the
beaker once the pH was at a steady level? Explain.

LEVEL 1: KNOWLEDGE/COMPREHENSION

1. In what way do the membranes of a eukaryotic cell vary?
a. Phospholipids are found only in certain membranes.
b. Certain proteins are unique to each membrane.

2. According to the fluid mosaic model of membrane structure,
proteins of the membrane are mostly
a. spread in a continuous layer over the inner and outer sur-
faces of the membrane.
confined to the hydrophobic interior of the membrane.
embedded in a lipid bilayer.
randomly oriented in the membrane, with no fixed inside-
outside polarity. 9. SCIENCE, TECHNOLOGY, AND SOCIETY
Extensive irrigation in arid regions causes salts to accumulate
in the soil. (When water evaporates, salts that were dissolved
in the water are left behind in the soil.) Based on what you
learned about water balance in plant cells, explain why in-
creased soil salinity (saltiness) might be harmful to crops.

a0 o

3. Which of the following factors would tend to increase mem-
brane fluidity?
a. a greater proportion of unsaturated phospholipids
b. a greater proportion of saturated phospholipids
c. alower temperature
d

. arelatively high protein content in the membrane 10. WRITE ABOUT A THEME: INTERACTIONS
A human pancreatic cell obtains O,, and necessary molecules
LEVEL 2: APPLICATION/ANALYSIS such as glucose, amino acids, and cholesterol, from its environ-
ment, and it releases CO, as a waste product. In response to
4. Which of the following processes includes all the others? hormonal signals, the cell secretes digestive enzymes. It also
a. 0osmosis regulates its ion concentrations by exchange with its environ-
b. diffusion of a solute across a membrane ment. Based on what you have just learned about the structure
c. passive transport and function of cellular membranes, write a short essay (100—
d. transport of an ion down its electrochemical gradient 150 words) that describes how such a cell accomplishes these
5. Based on Figure 7.18, which of these experimental treatments interactions with its environment.
would increase the rate of sucrose transport into a plant cell? B SYNTHESIZE YOUR KNOWLEDGE

decreasing extracellular sucrose concentration s =1 2
decreasing extracellular pH ool '
decreasing cytoplasmic pH

adding a substance that makes the membrane more perme-
able to hydrogen ions

6. An artificial “cell” consisting of an aqueous so-
lution enclosed in a selectively permeable membrane is
immersed in a beaker containing a different solution, the “en-
vironment,” as shown below. The membrane is permeable to
water and to the simple sugars glucose and fructose but imper-
meable to the disaccharide sucrose.

a. Draw solid ar-
rows to indicate
the net move-
ment of solutes
into and/or out

o T

of the cell. 3
) wCell” e o ]
b. Is the solution o ﬁjsucrose 03'1";\7;'2:;; In the supermarket, lettuce and other produce is often sprayed
gtt:ﬁsilsdoet (El:liec 0.02 M glucose 0.01 M glucose with water. Explain why this makes vegetables crisp.
’
otonic, or or selected answers, see endix A.
hygt , 0.01 M fructose F —— Appendix A
hypertonic?
c. Draw a dashed
arrow to show MasteringBiology®
the net osmosis, if any. - ,
d. Will the artificial cell become more flaccid, more turgid, or Students Go to MasteringBiology for assignments, the eText, and the
stay the same? Study Area with practice tests, animations, and activities.
e. Eventually, will the two solutions have the same or different Instructors Go to MasteringBiology for automatically graded tutorials and
solute concentrations? questions that you can assign to your students, plus Instructor Resources.
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An Introduction to Metabolism

KEY CONCEPTS

An organism’s metabolism
transforms matter and
energy, subject to the laws of
thermodynamics

The free-energy change of
a reaction tells us whether
or not the reaction occurs
spontaneously

ATP powers cellular work by
coupling exergonic reactions to
endergonic reactions

Enzymes speed up metabolic
reactions by lowering energy
barriers

Regulation of enzyme activity
helps control metabolism

o anl,
P we e

A Figure 8.1 What causes these breaking waves to glow?

The Energy of Life

he living cell is a chemical factory in miniature, where thousands of reactions

occur within a microscopic space. Sugars can be converted to amino acids
that are linked together into proteins when needed. Conversely, when food is di-
gested, proteins are dismantled into amino acids that can be converted to sugars.
In multicellular organisms, many cells export chemical products that are used
in other parts of the organism. The process called cellular respiration drives this
cellular economy by extracting the energy stored in sugars and other fuels. Cells
apply this energy to perform various types of work, such as the transport of sol-
utes across the plasma membrane, which we discussed in Chapter 7.

In a more exotic example, the ocean waves shown in Figure 8.1 are brightly
illuminated from within by free-floating, single-celled marine organisms called
dinoflagellates. These dinoflagellates convert the energy stored in certain organic
molecules to light, a process called bioluminescence. Most bioluminescent organ-
isms are found in the oceans, but some exist on land, such as the bioluminescent

fungus seen at the lower left. Bioluminescence and other metabolic activities car-
ried out by a cell are precisely coordinated and controlled. In its complexity, its ef-
ficiency, and its responsiveness to subtle changes, the cell is peerless as a chemical
factory. The concepts of metabolism that you learn in this chapter will help you
understand how matter and energy flow during life’s processes and how that flow is
regulated.
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CONCEPT 8 -l

An organism’s metabolism transforms
matter and energy, subject to the laws
of thermodynamics

The totality of an organism’s chemical reactions is called
metabolism (from the Greek metabole, change). Metabo-
lism is an emergent property of life that arises from orderly
interactions between molecules.

Organization of the Chemistry of Life into
Metabolic Pathways

We can picture a cell’s metabolism as an elaborate road map
of the thousands of chemical reactions that occur in a cell,
arranged as intersecting metabolic pathways. A metabolic
pathway begins with a specific molecule, which is then
altered in a series of defined steps, resulting in a certain
product. Each step of the pathway is catalyzed by a specific
enzyme:

A o > C N
. 2 . = . =
Reaction 1 Reaction 2 Reaction 3
Starting Product
molecule

Analogous to the red, yellow, and green stoplights that con-
trol the flow of automobile traffic, mechanisms that regulate
enzymes balance metabolic supply and demand.

Metabolism as a whole manages the material and energy
resources of the cell. Some metabolic pathways release en-
ergy by breaking down complex molecules to simpler com-
pounds. These degradative processes are called catabolic
pathways, or breakdown pathways. A major pathway of
catabolism is cellular respiration, in which the sugar glucose
and other organic fuels are broken down in the presence of
oxygen to carbon dioxide and water. (Pathways can have
more than one starting molecule and/or product.) Energy
that was stored in the organic molecules becomes available
to do the work of the cell, such as ciliary beating or mem-
brane transport. Anabolic pathways, in contrast, consume
energy to build complicated molecules from simpler ones;
they are sometimes called biosynthetic pathways. Examples
of anabolism are the synthesis of an amino acid from sim-
pler molecules and the synthesis of a protein from amino
acids. Catabolic and anabolic pathways are the “downhill”
and “uphill” avenues of the metabolic landscape. Energy
released from the downbhill reactions of catabolic pathways
can be stored and then used to drive the uphill reactions of
anabolic pathways.

In this chapter, we will focus on mechanisms common to
metabolic pathways. Because energy is fundamental to all
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metabolic processes, a basic knowledge of energy is necessary
to understand how the living cell works. Although we will
use some nonliving examples to study energy, the concepts
demonstrated by these examples also apply to bioenergetics,
the study of how energy flows through living organisms.

Forms of Energy

Energy is the capacity to cause change. In everyday life, en-
ergy is important because some forms of energy can be used
to do work—that is, to move matter against opposing forces,
such as gravity and friction. Put another way, energy is the
ability to rearrange a collection of matter. For example, you
expend energy to turn the pages of this book, and your cells
expend energy in transporting certain substances across
membranes. Energy exists in various forms, and the work of
life depends on the ability of cells to transform energy from
one form to another.

Energy can be associated with the relative motion of ob-
jects; this energy is called kinetic energy. Moving objects
can perform work by imparting motion to other matter:

A pool player uses the motion of the cue stick to push the
cue ball, which in turn moves the other balls; water gushing
through a dam turns turbines; and the contraction of leg
muscles pushes bicycle pedals. Thermal energy is kinetic
energy associated with the random movement of atoms or
molecules; thermal energy in transfer from one object to
another is called heat. Light is also a type of energy that can
be harnessed to perform work, such as powering photosyn-
thesis in green plants.

An object not presently moving may still possess energy.
Energy that is not kinetic is called potential energy; it is
energy that matter possesses because of its location or struc-
ture. Water behind a dam, for instance, possesses energy
because of its altitude above sea level. Molecules possess
energy because of the arrangement of electrons in the bonds
between their atoms. Chemical energy is a term used by
biologists to refer to the potential energy available for re-
lease in a chemical reaction. Recall that catabolic pathways
release energy by breaking down complex molecules. Biolo-
gists say that these complex molecules, such as glucose, are
high in chemical energy. During a catabolic reaction, some
bonds are broken and others formed, releasing energy and
resulting in lower-energy breakdown products. This trans-
formation also occurs in the engine of a car when the hydro-
carbons of gasoline react explosively with oxygen, releasing
the energy that pushes the pistons and producing exhaust.
Although less explosive, a similar reaction of food molecules
with oxygen provides chemical energy in biological systems,
producing carbon dioxide and water as waste products.
Biochemical pathways, carried out in the context of cellular
structures, enable cells to release chemical energy from food
molecules and use the energy to power life processes.



A diver has more potential
energy on the platform
than in the water.

Diving converts
potential energy to
kinetic energy.

Climbing up converts the kinetic
energy of muscle movement
to potential energy.

A diver has less potential
energy in the water
than on the platform.

A Figure 8.2 Transformations between potential and kinetic
energy.

How is energy converted from one form to another?
Consider Figure 8.2. The young woman climbing the lad-
der to the diving platform is releasing chemical energy from
the food she ate for lunch and using some of that energy to
perform the work of climbing. The kinetic energy of muscle
movement is thus being transformed into potential energy
due to her increasing height above the water. The young
man diving is converting his potential energy to kinetic en-
ergy, which is then transferred to the water as he enters it. A
small amount of energy is lost as heat due to friction.

Now let’s consider the original source of the organic food
molecules that provided the necessary chemical energy for

’N Chemical

energy

(a) First law of thermodynamics: Energy can be
transferred or transformed but neither created nor
destroyed. For example, chemical reactions in this
brown bear will convert the chemical (potential)
energy in the fish into the kinetic energy of running.

A Figure 8.3 The two laws of thermodynamics.

the diver to climb the steps. This chemical energy was itself
derived from light energy by plants during photosynthesis.
Organisms are energy transformers.

The Laws of Energy Transformation

The study of the energy transformations that occur in a
collection of matter is called thermodynamics. Scientists
use the word system to denote the matter under study; they
refer to the rest of the universe—everything outside the
system—as the surroundings. An isolated system, such as
that approximated by liquid in a thermos bottle, is unable
to exchange either energy or matter with its surroundings
outside the thermos. In an open system, energy and matter
can be transferred between the system and its surround-
ings. Organisms are open systems. They absorb energy—for
instance, light energy or chemical energy in the form of
organic molecules—and release heat and metabolic waste
products, such as carbon dioxide, to the surroundings. Two
laws of thermodynamics govern energy transformations in
organisms and all other collections of matter.

The First Law of Thermodynamics

According to the first law of thermodynamics, the energy
of the universe is constant: Energy can be transferred and
transformed, but it cannot be created or destroyed. The first
law is also known as the principle of conservation of energy.
The electric company does not make energy, but merely
converts it to a form that is convenient for us to use. By con-
verting sunlight to chemical energy, a plant acts as an energy
transformer, not an energy producer.

The brown bear in Figure 8.3a will convert the chemical
energy of the organic molecules in its food to kinetic and
other forms of energy as it carries out biological processes.

(b) Second law of thermodynamics: Every energy transfer or transformation increases
the disorder (entropy) of the universe. For example, as it runs, disorder is increased
around the bear by the release of heat and small molecules that are the by-products of
metabolism. A brown bear can run at speeds up to 35 miles per hour (56 km/hr)—as
fast as a racehorse.

CHAPTER 8 An Introduction to Metabolism 143



What happens to this energy after it has performed work?
The second law of thermodynamics helps to answer this
question.

The Second Law of Thermodynamics

If energy cannot be destroyed, why can’t organisms simply
recycle their energy over and over again? It turns out that
during every energy transfer or transformation, some energy
becomes unavailable to do work. In most energy transfor-
mations, more usable forms of energy are at least partly con-
verted to thermal energy and released as heat. Only a small
fraction of the chemical energy from the food in Figure 8.3a
is transformed into the motion of the brown bear shown in
Figure 8.3b; most is lost as heat, which dissipates rapidly
through the surroundings.

In the process of carrying out chemical reactions that
perform various kinds of work, living cells unavoidably con-
vert other forms of energy to heat. A system can put this
energy to work only when there is a temperature difference
that results in thermal energy flowing as heat from a warmer
location to a cooler one. If temperature is uniform, as it
is in a living cell, then the heat generated during a chemi-
cal reaction will simply warm a body of matter, such as the
organism. (This can make a room crowded with people
uncomfortably warm, as each person is carrying out a multi-
tude of chemical reactions!)

A logical consequence of the loss of usable energy as heat
to the surroundings is that each energy transfer or transfor-
mation makes the universe more disordered. Scientists use
a quantity called entropy as a measure of disorder, or ran-
domness. The more randomly arranged a collection of mat-
ter is, the greater its entropy. We can now state the second
law of thermodynamics: Every energy transfer or transfor-
mation increases the entropy of the universe. Although order
can increase locally, there is an unstoppable trend toward
randomization of the universe as a whole.

In many cases, increased entropy is evident in the physi-
cal disintegration of a system’s organized structure. For
example, you can observe increasing entropy in the gradual
decay of an unmaintained building. Much of the increasing
entropy of the universe is less obvious, however, because it
takes the form of increasing amounts of heat and less or-
dered forms of matter. As the bear in Figure 8.3b converts
chemical energy to kinetic energy, it is also increasing the
disorder of its surroundings by producing heat and small
molecules, such as the CO, it exhales, that are the break-
down products of food.

The concept of entropy helps us understand why certain
processes are energetically favorable and occur on their
own. It turns out that if a given process, by itself, leads to an
increase in entropy, that process can proceed without re-
quiring an input of energy. Such a process is called a spon-
taneous process. Note that as we're using it here, the word
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spontaneous does not imply that the process would occur
quickly; rather, the word signifies that it is energetically
favorable. (In fact, it may be helpful for you to think of the
phrase “energetically favorable” when you read the formal
term “spontaneous.”) Some spontaneous processes, such as
an explosion, may be virtually instantaneous, while others,
such as the rusting of an old car over time, are much slower.

A process that, considered on its own, leads to a decrease
in entropy is said to be nonspontaneous: It will happen only
if energy is supplied. We know from experience that certain
events occur spontaneously and others do not. For instance,
we know that water flows downbhill spontaneously but moves
uphill only with an input of energy, such as when a machine
pumps the water against gravity. Some energy is inevitably
lost as heat, increasing entropy in the surroundings, so usage
of energy ensures that a nonspontaneous process also leads
to an increase in the entropy of the universe as a whole.

Biological Order and Disorder

Living systems increase the entropy of their surroundings, as
predicted by thermodynamic law. It is true that cells create
ordered structures from less organized starting materials.
For example, simpler molecules are ordered into the more
complex structure of an amino acid, and amino acids are
ordered into polypeptide chains. At the organismal level
as well, complex and beautifully ordered structures result
from biological processes that use simpler starting materials
(Figure 8.4). However, an organism also takes in organized
forms of matter and energy from the surroundings and re-
places them with less ordered forms. For example, an animal
obtains starch, proteins, and other complex molecules from
the food it eats. As catabolic pathways
break these molecules down,
the animal releases carbon

A Figure 8.4 Order as
a characteristic of life.
Order is evident in the
detailed structures of the sea
urchin skeleton and the succulent
plant shown here. As open systems,
organisms can increase their order as long
as the order of their surroundings decreases.



dioxide and water—small molecules that possess less
chemical energy than the food did (see Figure 8.3b). The
depletion of chemical energy is accounted for by heat gen-
erated during metabolism. On a larger scale, energy flows
into most ecosystems in the form of light and exits in the
form of heat (see Figure 1.10).

During the early history of life, complex organisms
evolved from simpler ancestors. For instance, we can trace
the ancestry of the plant kingdom from much simpler
organisms called green algae to more complex flowering
plants. However, this increase in organization over time in
no way violates the second law. The entropy of a particular
system, such as an organism, may actually decrease as long
as the total entropy of the universe—the system plus its
surroundings—increases. Thus, organisms are islands of low
entropy in an increasingly random universe. The evolution
of biological order is perfectly consistent with the laws of
thermodynamics.

CONCEPT CHECK 8.1

1. RN I AR il BN How does the second law

of thermodynamics help explain the diffusion of a sub-
stance across a membrane? (See Figure 7.10.)

2. Describe the forms of energy found in an apple as it
grows on a tfree, then falls, then is digested by someone
who eats it.

3. If you place a feaspoon of sugar in the bot-
tom of a glass of water, it will dissolve completely over
fime. Left longer, eventually the water will disappear and
the sugar crystals will reappear. Explain these observo-
fions in ferms of entropy.

For suggested answers, see Appendix A.

CONCEPT 82

The free-energy change of a reaction
tells us whether or not the reaction
occurs spontaneously

The laws of thermodynamics that we’ve just discussed apply
to the universe as a whole. As biologists, we want to under-
stand the chemical reactions of life—for example, which
reactions occur spontaneously and which ones require some
input of energy from outside. But how can we know this
without assessing the energy and entropy changes in the en-
tire universe for each separate reaction?

Free-Energy Change, AG

Recall that the universe is really equivalent to “the system”
plus “the surroundings.” In 1878, J. Willard Gibbs, a profes-
sor at Yale, defined a very useful function called the Gibbs

free energy of a system (without considering its surround-
ings), symbolized by the letter G. We'll refer to the Gibbs
free energy simply as free energy. Free energy is the portion
of a system’s energy that can perform work when tempera-
ture and pressure are uniform throughout the system, asin a
living cell. Let’s consider how we determine the free-energy
change that occurs when a system changes—for example,
during a chemical reaction.

The change in free energy, AG, can be calculated for a
chemical reaction by applying the following equation:

AG=AH—-TAS

This equation uses only properties of the system (the re-
action) itself: AH symbolizes the change in the system’s
enthalpy (in biological systems, equivalent to total energy);
AS is the change in the system’s entropy; and T is the abso-
lute temperature in Kelvin (K) units (K =°C + 273; see
Appendix C).

Once we know the value of AG for a process, we can
use it to predict whether the process will be spontaneous
(that is, whether it is energetically favorable and will occur
without an input of energy). More than a century of experi-
ments has shown that only processes with a negative AG are
spontaneous. For AG to be negative, AH must be negative
(the system gives up enthalpy and H decreases) or TAS must
be positive (the system gives up order and S increases), or
both: When AH and TAS are tallied, AG has a negative value
(AG < 0) for all spontaneous processes. In other words,
every spontaneous process decreases the system’s free en-
ergy, and processes that have a positive or zero AG are never
spontaneous.

This information is immensely interesting to biologists,
for it gives us the power to predict which kinds of change
can happen without an input of energy. Such spontaneous
changes can be harnessed to perform work. This principle
is very important in the study of metabolism, where a major
goal is to determine which reactions can supply energy for
cellular work.

Free Energy, Stability, and Equilibrium

As we saw in the previous section, when a process occurs
spontaneously in a system, we can be sure that AG is nega-
tive. Another way to think of AG is to realize that it repre-
sents the difference between the free energy of the final state
and the free energy of the initial state:

AG= Gﬂnal state Ginitial state

Thus, AG can be negative only when the process involves
a loss of free energy during the change from initial state
to final state. Because it has less free energy, the system in
its final state is less likely to change and is therefore more
stable than it was previously.
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We can think of free energy as a measure of a system’s
instability—its tendency to change to a more stable state.
Unstable systems (higher G) tend to change in such a way
that they become more stable (lower G). For example, a
diver on top of a platform is less stable (more likely to fall)
than when floating in the water; a drop of concentrated dye
is less stable (more likely to disperse) than when the dye is
spread randomly through the liquid; and a glucose molecule
is less stable (more likely to break down) than the simpler
molecules into which it can be split (Figure 8.5). Unless
something prevents it, each of these systems will move to-
ward greater stability: The diver falls, the solution becomes
uniformly colored, and the glucose molecule is broken
down into smaller molecules.

Another term that describes a state of maximum stabil-
ity is equilibrium, which you learned about in Chapter 2 in
connection with chemical reactions. There is an important
relationship between free energy and equilibrium, including
chemical equilibrium. Recall that most chemical reactions
are reversible and proceed to a point at which the forward
and backward reactions occur at the same rate. The reaction
is then said to be at chemical equilibrium, and there is no
further net change in the relative concentration of products
and reactants.

* More free energy (higher G)
e Less stable
e Greater work capacity

In a spontaneous change

e The free energy of the system
decreases (AG < 0)

e The system becomes more
stable

e The released free energy can
be harnessed to do work

\

e Less free energy (lower G)
* More stable
e Less work capacity

(a) Gravitational motion. Objects

move spontaneously from a

higher altitude to a lower one.

As a reaction proceeds toward equilibrium, the free en-
ergy of the mixture of reactants and products decreases.
Free energy increases when a reaction is somehow pushed
away from equilibrium, perhaps by removing some of the
products (and thus changing their concentration relative to
that of the reactants). For a system at equilibrium, G is at
its lowest possible value in that system. We can think of the
equilibrium state as a free-energy valley. Any change from
the equilibrium position will have a positive AG and will
not be spontaneous. For this reason, systems never spon-
taneously move away from equilibrium. Because a system
at equilibrium cannot spontaneously change, it can do no
work. A process is spontaneous and can perform work only
when it is moving toward equilibrium.

Free Energy and Metabolism

We can now apply the free-energy concept more specifically
to the chemistry of life’s processes.

Exergonic and Endergonic Reactions in Metabolism

Based on their free-energy changes, chemical reactions can
be classified as either exergonic (“energy outward”) or end-
ergonic (“energy inward”). An exergonic reaction proceeds

l

¢ &
9'9‘

e \d

(b) Diffusion. Molecules in adrop  (c) Chemical reaction. In a cell, a

of dye diffuse until they are
randomly dispersed.

glucose molecule is broken down
into simpler molecules.

A Figure 8.5 The relationship of free energy to stability, work capacity, and spontane-
ous change. Unstable systems (top) are rich in free energy, G. They have a tendency to change
spontaneously to a more stable state (bottom), and it is possible to harness this “downbhill” change

to perform work.

Compare the redistribution of molecules shown in (b) to the transport of
hydrogen ions (H') across a membrane by a proton pump, creating a concentration gradient, as shown
in Figure 7.17. Which process(es) result(s) in higher free energy? Which system(s) can do work?
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V Figure 8.6 Free energy changes (AG) in exergonic and
endergonic reactions.

(a) Exergonic reaction: energy released, spontaneous

Reactants

Amount of
energy
released
(AG<0)
Energy
Products

Free energy —

Progress of the reaction >

(b) Endergonic reaction: energy required, nonspontaneous

Products

Amount of
energy
required
(AG>0)

Reactants

Free energy —

Progress of the reaction >

with a net release of free energy (Figure 8.6a). Because the
chemical mixture loses free energy (G decreases), AG is neg-
ative for an exergonic reaction. Using AG as a standard for
spontaneity, exergonic reactions are those that occur spon-
taneously. (Remember, the word spontaneous implies that it
is energetically favorable, not that it will occur rapidly.) The
magnitude of AG for an exergonic reaction represents the
maximum amount of work the reaction can perform.* The
greater the decrease in free energy, the greater the amount
of work that can be done.

We can use the overall reaction for cellular respiration as
an example:

C6H1206 +6 02 —6 COz +6 Hzo
AG =—686 kcal/mol (—2,870 kJ/mol)

For each mole (180 g) of glucose broken down by respiration
under what are called “standard conditions” (1 M of each

*The word maximum qualifies this statement, because some of the free en-
ergy is released as heat and cannot do work. Therefore, AG represents a theo-
retical upper limit of available energy.

reactant and product, 25°C, pH 7), 686 kcal (2,870 kJ) of
energy are made available for work. Because energy must
be conserved, the chemical products of respiration store
686 kcal less free energy per mole than the reactants. The
products are, in a sense, the spent exhaust of a process that
tapped the free energy stored in the bonds of the sugar
molecules.

It is important to realize that the breaking of bonds does
not release energy; on the contrary, as you will soon see,
it requires energy. The phrase “energy stored in bonds”
is shorthand for the potential energy that can be released
when new bonds are formed after the original bonds break,
as long as the products are of lower free energy than the
reactants.

An endergonic reaction is one that absorbs free energy
from its surroundings (Figure 8.6b). Because this kind of
reaction essentially stores free energy in molecules (G in-
creases), AG is positive. Such reactions are nonspontaneous,
and the magnitude of AG is the quantity of energy required
to drive the reaction. If a chemical process is exergonic
(downbhill), releasing energy in one direction, then the re-
verse process must be endergonic (uphill), using energy. A
reversible process cannot be downbhill in both directions. If
AG =—686 kcal/mol for respiration, which converts glucose
and oxygen to carbon dioxide and water, then the reverse
process—the conversion of carbon dioxide and water to glu-
cose and oxygen—must be strongly endergonic, with AG =
+686 kcal/mol. Such a reaction would never happen by itself.

How, then, do plants make the sugar that organisms
use for energy? Plants get the required energy—686 kcal to
make a mole of glucose—from the environment by captur-
ing light and converting its energy to chemical energy. Next,
in a long series of exergonic steps, they gradually spend that
chemical energy to assemble glucose molecules.

Equilibrium and Metabolism

Reactions in an isolated system eventually reach equilibrium
and can then do no work, as illustrated by the isolated
hydroelectric system in Figure 8.7. The chemical reactions
of metabolism are reversible, and they, too, would reach

A Figure 8.7 Equilibrium and work in an isolated hydroelectric
system. Water flowing downbhill turns a turbine that drives a genera-
tor providing electricity to a lightbulb, but only until the system reaches
equilibrium.
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equilibrium if they occurred in the isolation of a test tube.
Because systems at equilibrium are at a minimum of G and
can do no work, a cell that has reached metabolic equilib-
rium is dead! The fact that metabolism as a whole is never at
equilibrium is one of the defining features of life.

Like most systems, a living cell is not in equilibrium. The
constant flow of materials in and out of the cell keeps the
metabolic pathways from ever reaching equilibrium, and
the cell continues to do work throughout its life. This prin-
ciple is illustrated by the open (and more realistic) hydro-
electric system in Figure 8.8a. However, unlike this simple
system in which water flowing downhill turns a single
turbine, a catabolic pathway in a cell releases free energy
in a series of reactions. An example is cellular respiration,
illustrated by analogy in Figure 8.8b. Some of the revers-
ible reactions of respiration are constantly “pulled” in one
direction—that is, they are kept out of equilibrium. The key
to maintaining this lack of equilibrium is that the product
of a reaction does not accumulate but instead becomes a re-
actant in the next step; finally, waste products are expelled
from the cell. The overall sequence of reactions is kept
going by the huge free-energy difference between glucose
and oxygen at the top of the energy “hill” and carbon di-
oxide and water at the “downhill” end. As long as our cells
have a steady supply of glucose or other fuels and oxygen
and are able to expel waste products to the surroundings,

(a) An open hydroelectric
system. Water flowing
through a turbine keeps
driving the generator
because intake and
outflow of water keep
the system from reaching
equilibrium.

(b) A multistep open hydroelectric system. Cellular respiration
is analogous to this system: Glucose is broken down in a series
of exergonic reactions that power the work of the cell. The
product of each reaction is used as the reactant for the next,
S0 no reaction reaches equilibrium.

A Figure 8.8 Equilibrium and work in open systems.
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their metabolic pathways never reach equilibrium and can
continue to do the work of life.

Stepping back to look at the big picture, we can see once
again how important it is to think of organisms as open
systems. Sunlight provides a daily source of free energy for
an ecosystem’s plants and other photosynthetic organisms.
Animals and other nonphotosynthetic organisms in an eco-
system must have a source of free energy in the form of the
organic products of photosynthesis. Now that we have ap-
plied the free-energy concept to metabolism, we are ready to
see how a cell actually performs the work of life.

CONCEPT CHECK 8.2

1. Cellular respiration uses glucose and oxygen, which have
high levels of free energy, and releases CO, and water,
which have low levels of free energy. Is cellular respiration
spontaneous or not? Is it exergonic or endergonic? What
happens to the energy released from glucose?

2. How would the processes of catabolism and anabolism
relate to Figure 8.5¢?

3. Some nighttime partygoers wear glow-in-
the-dark necklaces.The necklaces start glowing once
they are “activated” by snapping the necklace in a way
that allows two chemicals to react and emit light in the
form of chemiluminescence. Is the chemical reaction ex-
ergonic or endergonic? Explain your answer.

For suggested answers, see Appendix A.

CONCEPT 83

ATP powers cellular work by coupling
exergonic reactions to endergonic
reactions

A cell does three main kinds of work:

o Chemical work, the pushing of endergonic reactions that
would not occur spontaneously, such as the synthesis of
polymers from monomers (chemical work will be dis-
cussed further here and in Chapters 9 and 10)

o Transport work, the pumping of substances across mem-
branes against the direction of spontaneous movement
(see Chapter 7)

o Mechanical work, such as the beating of cilia (see
Chapter 6), the contraction of muscle cells, and the
movement of chromosomes during cellular reproduction

A key feature in the way cells manage their energy re-
sources to do this work is energy coupling, the use of an
exergonic process to drive an endergonic one. ATP is re-
sponsible for mediating most energy coupling in cells, and
in most cases it acts as the immediate source of energy that
powers cellular work.



The Structure and Hydrolysis of ATP

ATP (adenosine triphosphate) was introduced when we
discussed the phosphate group as a functional group (see
Concept 4.3). ATP contains the sugar ribose, with the nitrog-
enous base adenine and a chain of three phosphate groups
(the triphosphate group) bonded to it (Figure 8.9a). In addi-
tion to its role in energy coupling, ATP is also one of the nu-
cleoside triphosphates used to make RNA (see Figure 5.24).
The bonds between the phosphate groups of ATP can be
broken by hydrolysis. When the terminal phosphate bond is
broken by addition of a water molecule, a molecule of inor-
ganic phosphate (HOPO,, abbreviated @), throughout this
book) leaves the ATP, which becomes adenosine diphos-
phate, or ADP (Figure 8.9b). The reaction is exergonic and
releases 7.3 kcal of energy per mole of ATP hydrolyzed:

ATP + H,0 — ADP +®),
AG =—7.3 kcal/mol (—30.5 kJ/mol)

This is the free-energy change measured under standard
conditions. In the cell, conditions do not conform to stan-
dard conditions, primarily because reactant and product
concentrations differ from 1 M. For example, when ATP
hydrolysis occurs under cellular conditions, the actual AG is
about —13 kcal/mol, 78% greater than the energy released by
ATP hydrolysis under standard conditions.

Because their hydrolysis releases energy, the phosphate
bonds of ATP are sometimes referred to as high-energy
phosphate bonds, but the term is misleading. The phosphate
bonds of ATP are not unusually strong bonds, as “high-
energy” may imply; rather, the reactants (ATP and water)
themselves have high energy relative to the energy of the
products (ADP and ®),). The release of energy during the
hydrolysis of ATP comes from the chemical change of the
system to a state of lower free energy, not from the phos-
phate bonds themselves.

ATP is useful to the cell because the energy it releases
on losing a phosphate group is somewhat greater than the
energy most other molecules could deliver. But why does
this hydrolysis release so much energy? If we reexamine
the ATP molecule in Figure 8.9a, we can see that all three
phosphate groups are negatively charged. These like charges
are crowded together, and their mutual repulsion contrib-
utes to the instability of this region of the ATP molecule.
The triphosphate tail of ATP is the chemical equivalent of a
compressed spring.

How the Hydrolysis of ATP Performs Work

When ATP is hydrolyzed in a test tube, the release of free
energy merely heats the surrounding water. In an organism,
this same generation of heat can sometimes be beneficial.
For instance, the process of shivering uses ATP hydrolysis
during muscle contraction to warm the body. In most cases

Adenine NH,

Triphosphate group
(3 phosphate groups)

H Ribose
OH OH

(a) The structure of ATP. In the cell, most hydroxyl groups of
phosphates are ionized (—O7).

+ Energy

Inorganic

phoSbhate Adenosine diphosphate (ADP)

| (b) The hydrolysis of ATP. The reaction of ATP and water yields
inorganic phosphate ((P),) and ADP and releases energy.

A Figure 8.9 The structure and hydrolysis of adenosine tri-
phosphate (ATP). Throughout this book, the chemical structure of
the triphosphate group seen in (a) will be represented by the three
joined yellow circles shown in (b).

in the cell, however, the generation of heat alone would be
an inefficient (and potentially dangerous) use of a valuable
energy resource. Instead, the cell’s proteins harness the en-
ergy released during ATP hydrolysis in several ways to per-
form the three types of cellular work—chemical, transport,
and mechanical.

For example, with the help of specific enzymes, the cell
is able to use the energy released by ATP hydrolysis directly
to drive chemical reactions that, by themselves, are ender-
gonic. If the AG of an endergonic reaction is less than the
amount of energy released by ATP hydrolysis, then the two
reactions can be coupled so that, overall, the coupled reac-
tions are exergonic. This usually involves phosphorylation,
the transfer of a phosphate group from ATP to some other
molecule, such as the reactant. The recipient molecule with
the phosphate group covalently bonded to it is then called
a phosphorylated intermediate. The key to coupling
exergonic and endergonic reactions is the formation of
this phosphorylated intermediate, which is more reactive
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(a) Glutamic acid conversion to glutamine.
Glutamine synthesis from glutamic acid A + @ — AGg, = +3.4 kcal/mol
(Glu) by itself is endergonic (AG is positive),
so it is not spontaneous. Glutamic acid  Ammonia Glutamine

(b) Conversion reaction coupled with ATP @
hydrolysis. In the cell, glutamine synthesis
occurs in two steps, coupled by a

® L
phosphorylated intermediate. @) ATP phos- + o > + ADP o w + ADP + ®i
phorylates glutamic acid, making it less stable.

Ammonia displaces the phosphate group, | tamic acid Phosphorylated Glutamine
forming glutamine. intermediate

ﬁAGGm =+3.4 kcal/molﬂ
r \
(c) Free-energy change for coupled
reaction. AG for the glutamic acid @ + @ ¥ 5 + ADP + (P
conversion to glutamine (+3.4 kcal/mol) !
plus AG for ATP hydrolysis (7.3 kcal/mol)
gives the free-energy change for the AGgy, = +3.4 kcal/mol
overall reaction (-3.9 kcal/mol). Because AGpp = =7.3 keal/mol
ar AGATP = —7.3 kcal/mol

the overall process is exergonic (net AG is
negative), it occurs spontaneously.

Net AG = -3.9 kcal/mol

A Figure 8.10 How ATP drives chemical work: Energy coupling using ATP hydrolysis.
In this example, the exergonic process of ATP hydrolysis is used to drive an endergonic process—
the cellular synthesis of the amino acid glutamine from glutamic acid and ammonia.

VNS N ARKAEN Referring to Figure 5.14, explain why glutamine (GIn) is diagrammed as
a glutamic acid (Glu) with an amino group attached.

(less stable) than the original unphosphorylated molecule cytoskeletal elements (Figure 8.11b), a cycle occurs in which
(Figure 8.10). ATP is first bound noncovalently to the motor protein.

Transport and mechanical work in the cell are also nearly Next, ATP is hydrolyzed, releasing ADP and @).. Another
always powered by the hydrolysis of ATP. In these cases, ATP molecule can then bind. At each stage, the motor pro-
ATP hydrolysis leads to a change in a protein’s shape and tein changes its shape and ability to bind the cytoskeleton,
often its ability to bind another molecule. Sometimes this resulting in movement of the protein along the cytoskeletal
occurs via a phosphorylated intermediate, as seen for the track. Phosphorylation and dephosphorylation promote
transport protein in Figure 8.11a. In most instances of crucial protein shape changes during many other important
mechanical work involving motor proteins “walking” along cellular processes as well.

Transport protein

Vesicle Cytoskeletal track

— =

— == ADP + (P), —> .% — JR—> => ADP + (P),
Solute transported Motor protein Protein and vesicle moved
(a) Transport work: ATP phosphorylates transport proteins. (b) Mechanical work: ATP binds noncovalently to motor proteins
|

\ and then is hydrolyzed.

A Figure 8.11 How ATP drives transport and mechanical work. ATP hydrolysis causes changes in the shapes and binding
affinities of proteins. This can occur either (a) directly, by phosphorylation, as shown for a membrane protein carrying out active
transport of a solute (see also Figure 7.15), or (b) indirectly, via noncovalent binding of ATP and its hydrolytic products, as is the case
for motor proteins that move vesicles (and other organelles) along cytoskeletal “tracks” in the cell (see also Figure 6.21).
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ATP synthesis from ATP hydrolysis to

ADP + ®i requires energy.

ADP + (P, yields energy.

- ®

ARAAAA

Energy from
catabolism (exergonic,
energy-releasing
processes)

Energy for cellular
work (endergonic,
energy-consuming

ADP + P,
processes)

A Figure 8.12 The ATP cycle. Energy released by breakdown reac-
tions (catabolism) in the cell is used to phosphorylate ADP, regenerat-
ing ATP. Chemical potential energy stored in ATP drives most cellular
work.

The Regeneration of ATP

An organism at work uses ATP continuously, but ATP is a
renewable resource that can be regenerated by the addition
of phosphate to ADP (Figure 8.12). The free energy required
to phosphorylate ADP comes from exergonic breakdown
reactions (catabolism) in the cell. This shuttling of inorganic
phosphate and energy is called the ATP cycle, and it couples
the cell’s energy-yielding (exergonic) processes to the energy-
consuming (endergonic) ones. The ATP cycle proceeds at an
astonishing pace. For example, a working muscle cell recycles
its entire pool of ATP in less than a minute. That turnover
represents 10 million molecules of ATP consumed and re-
generated per second per cell. If ATP could not be regener-
ated by the phosphorylation of ADP, humans would use up
nearly their body weight in ATP each day.

Because both directions of a reversible process cannot be
downhill, the regeneration of ATP is necessarily endergonic:

ADP + (@, — ATP + H,O
AG =+7.3 kcal/mol (+30.5 kJ/mol) (standard conditions)

Since ATP formation from ADP and @) is not spontane-
ous, free energy must be spent to make it occur. Catabolic
(exergonic) pathways, especially cellular respiration, pro-
vide the energy for the endergonic process of making ATP.
Plants also use light energy to produce ATP. Thus, the ATP
cycle is a revolving door through which energy passes dur-
ing its transfer from catabolic to anabolic pathways.

CONCEPT CHECK 8.3

1. How does ATP typically fransfer energy from exergonic fo
endergonic reactions in the cell?

2. Which of the following has more free energy: glutamic
acid + ammonia + ATP OR glutamine + ADP + ®? Explain
your answer.

3. WL XA iel) BN Does Figure 8.11a show passive

or active transport? Explain. (See Concepts 7.3 and 7.4.)

For suggested answers, see Appendix A.

CONCEPT 84

Enzymes speed up metabolic reactions
by lowering energy barriers

The laws of thermodynamics tell us what will and will not
happen under given conditions but say nothing about the
rate of these processes. A spontaneous chemical reaction oc-
curs without any requirement for outside energy, but it may
occur so slowly that it is imperceptible. For example, even
though the hydrolysis of sucrose (table sugar) to glucose and
fructose is exergonic, occurring spontaneously with a release
of free energy (AG =—7 kcal/mol), a solution of sucrose dis-
solved in sterile water will sit for years at room temperature
with no appreciable hydrolysis. However, if we add a small
amount of the enzyme sucrase to the solution, then all the
sucrose may be hydrolyzed within seconds, as shown below:

+ - 5 +
OO D Og @
Sucrose Glucose Fructose
(C12H22019) (CeH1206) (CeH1206)

How does the enzyme do this?

An enzyme is a macromolecule that acts as a catalyst,
a chemical agent that speeds up a reaction without being
consumed by the reaction. In this chapter, we are focusing
on enzymes that are proteins. (Some RNA molecules, called
ribozymes, can function as enzymes; these will be discussed
in Chapters 17 and 25.) Without regulation by enzymes,
chemical traffic through the pathways of metabolism would
become terribly congested because many chemical reactions
would take such a long time. In the next two sections, we
will see why spontaneous reactions can be slow and how an
enzyme changes the situation.

The Activation Energy Barrier

Every chemical reaction between molecules involves both
bond breaking and bond forming. For example, the hydro-
lysis of sucrose involves breaking the bond between glucose
and fructose and one of the bonds of a water molecule and
then forming two new bonds, as shown above. Changing one
molecule into another generally involves contorting the start-
ing molecule into a highly unstable state before the reaction
can proceed. This contortion can be compared to the bend-
ing of a metal key ring when you pry it open to add a new key.
The key ring is highly unstable in its opened form but returns
to a stable state once the key is threaded all the way onto the
ring. To reach the contorted state where bonds can change,
reactant molecules must absorb energy from their surround-
ings. When the new bonds of the product molecules form,
energy is released as heat, and the molecules return to stable
shapes with lower energy than the contorted state.
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The initial investment of energy for starting a reaction—
the energy required to contort the reactant molecules so the
bonds can break—is known as the fiee energy of activation,
or activation energy, abbreviated E, in this book. We can
think of activation energy as the amount of energy needed
to push the reactants to the top of an energy barrier, or up-
hill, so that the “downhill” part of the reaction can begin.
Activation energy is often supplied by heat in the form of
thermal energy that the reactant molecules absorb from the
surroundings. The absorption of thermal energy accelerates
the reactant molecules, so they collide more often and more
forcefully. It also agitates the atoms within the molecules,
making the breakage of bonds more likely. When the mol-
ecules have absorbed enough energy for the bonds to break,
the reactants are in an unstable condition known as the
transition state.

Figure 8.13 graphs the energy changes for a hypotheti-
cal exergonic reaction that swaps portions of two reactant
molecules:

AB+CD— AC+BD
Reactants  Products

The reactants AB and CD must absorb
enough energy from the surroundings
to reach the unstable transition state,
where bonds can break.

After bonds have
broken, new bonds
form, releasing energy
to the surroundings.

I

o0
00

Transition state

Free energy —>»

| Reactants .\ H

Products

Progress of the reaction —»

A Figure 8.13 Energy profile of an exergonic reaction. The
“molecules” are hypothetical, with A, B, C, and D representing por-
tions of the molecules. Thermodynamically, this is an exergonic reac-
tion, with a negative AG, and the reaction occurs spontaneously.
However, the activation energy (E,) provides a barrier that determines
the rate of the reaction.

DIYNIBINE Graph the progress of an endergonic reaction in which EF
and GH form products EG and FH, assuming that the reactants must pass
through a transition state.
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The activation of the reactants is represented by the uphill
portion of the graph, in which the free-energy content of
the reactant molecules is increasing. At the summit, when
energy equivalent to E, has been absorbed, the reactants are
in the transition state: They are activated, and their bonds
can be broken. As the atoms then settle into their new, more
stable bonding arrangements, energy is released to the sur-
roundings. This corresponds to the downhill part of the
curve, which shows the loss of free energy by the molecules.
The overall decrease in free energy means that E, is repaid
with dividends, as the formation of new bonds releases more
energy than was invested in the breaking of old bonds.

The reaction shown in Figure 8.13 is exergonic and oc-
curs spontaneously (AG < 0). However, the activation energy
provides a barrier that determines the rate of the reaction.
The reactants must absorb enough energy to reach the top of
the activation energy barrier before the reaction can occur.
For some reactions, E, is modest enough that even at room
temperature there is sufficient thermal energy for many of
the reactant molecules to reach the transition state in a short
time. In most cases, however, E, is so high and the transi-
tion state is reached so rarely that the reaction will hardly
proceed at all. In these cases, the reaction will occur at a
noticeable rate only if energy is provided, usually by heat. For
example, the reaction of gasoline and oxygen is exergonic
and will occur spontaneously, but energy is required for the
molecules to reach the transition state and react. Only when
the spark plugs fire in an automobile engine can there be the
explosive release of energy that pushes the pistons. Without
a spark, a mixture of gasoline hydrocarbons and oxygen will
not react because the E, barrier is too high.

How Enzymes Speed Up Reactions

Proteins, DNA, and other complex cellular molecules are
rich in free energy and have the potential to decompose
spontaneously; that is, the laws of thermodynamics favor
their breakdown. These molecules persist only because at
temperatures typical for cells, few molecules can make it over
the hump of activation energy. The barriers for selected reac-
tions must occasionally be surmounted, however, for cells to
carry out the processes needed for life. Heat can increase the
rate of a reaction by allowing reactants to attain the transi-
tion state more often, but this would not work well in bio-
logical systems. First, high temperature denatures proteins
and kills cells. Second, heat would speed up al/l reactions, not
just those that are needed. Instead of heat, organisms use ca-
talysis to speed up reactions.

An enzyme catalyzes a reaction by lowering the E, bar-
rier (Figure 8.14), enabling the reactant molecules to absorb
enough energy to reach the transition state even at moder-
ate temperatures, as we'll discuss shortly. An enzyme cannot
change the AG for a reaction; it cannot make an endergonic



Course of

reaction En

without without .

enzyme enzyme E, with
enzyme
is lower

Reactants

AG is unaffected
by enzyme

Course of
reaction
with enzyme

Free energy — 5

Products

Progress of the reaction —>

A Figure 8.14 The effect of an enzyme on activation energy.
Without affecting the free-energy change (AG) for a reaction, an en-
zyme speeds the reaction by reducing its activation energy (E,).

reaction exergonic. Enzymes can only hasten reactions that
would eventually occur anyway, but this enables the cell to
have a dynamic metabolism, routing chemicals smoothly
through metabolic pathways. Also, enzymes are very specific
for the reactions they catalyze, so they determine which chem-
ical processes will be going on in the cell at any given time.

Substrate Specificity of Enzymes

The reactant an enzyme acts on is referred to as the en-
zyme’s substrate. The enzyme binds to its substrate (or sub-
strates, when there are two or more reactants), forming an
enzyme-substrate complex. While enzyme and substrate
are joined, the catalytic action of the enzyme converts the

Substrate

Active site —

Enzyme

Enzyme-substrate

substrate to the product (or products) of the reaction. The
overall process can be summarized as follows:

Enzyme + Enzyme- Enzyme +
Substrate(s) — substrate — Product(s)
complex

For example, the enzyme sucrase (most enzyme names end in
-ase) catalyzes the hydrolysis of the disaccharide sucrose into
its two monosaccharides, glucose and fructose (see p. 151):

Sucrase + Sucrase- Sucrase +
Sucrose+ — sucrose-H,O0 — Glucose +
H,O complex Fructose

The reaction catalyzed by each enzyme is very specific; an
enzyme can recognize its specific substrate even among
closely related compounds. For instance, sucrase will act
only on sucrose and will not bind to other disaccharides,
such as maltose. What accounts for this molecular recogni-
tion? Recall that most enzymes are proteins, and proteins
are macromolecules with unique three-dimensional config-
urations. The specificity of an enzyme results from its shape,
which is a consequence of its amino acid sequence.

Only a restricted region of the enzyme molecule actually
binds to the substrate. This region, called the active site, is
typically a pocket or groove on the surface of the enzyme
where catalysis occurs (Figure 8.15a). Usually, the active site
is formed by only a few of the enzyme’s amino acids, with
the rest of the protein molecule providing a framework that
determines the shape of the active site. The specificity of an
enzyme is attributed to a complementary fit between the
shape of its active site and the shape of the substrate.

An enzyme is not a stiff structure locked into a given
shape. In fact, recent work by biochemists has shown clearly

that enzymes (and other proteins as well) seem to
“dance” between subtly different shapes in
a dynamic equilibrium, with slight differ-
ences in free energy for each “pose.”
The shape that best fits the substrate
isn’t necessarily the one with the low-
est energy, but during the very short
time the enzyme takes on this shape,
its active site can bind to the substrate.
It has been known for more than 50
years that the active site itself is also
not a rigid receptacle for the substrate.
As the substrate enters the active site,
the enzyme changes shape slightly due

complex

(b) When the substrate enters the active site, it
forms weak bonds with the enzyme,
inducing a change in the shape of the
protein. This change allows additional weak
bonds to form, causing the active site to
enfold the substrate and hold it in place.

(a) In this space-filling model of the enzyme
hexokinase (blue), the active site forms a
groove on the surface. The enzyme’s
substrate is glucose (red).

A Figure 8.15 Induced fit between an enzyme and its substrate.

to interactions between the substrate’s
chemical groups and chemical groups
on the side chains of the amino acids
that form the active site. This shape
change makes the active site fit even
more snugly around the substrate
(Figure 8.15b). The process is like
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a clasping handshake, with binding between enzyme and
substrate becoming tighter after the initial contact. This
so-called induced fit brings chemical groups of the active
site into positions that enhance their ability to catalyze the
chemical reaction.

Catalysis in the Enzyme’s Active Site

In most enzymatic reactions, the substrate is held in the
active site by so-called weak interactions, such as hydro-
gen bonds and ionic bonds. R groups of a few of the amino
acids that make up the active site catalyze the conversion of
substrate to product, and the product departs from the ac-
tive site. The enzyme is then free to take another substrate
molecule into its active site. The entire cycle happens so
fast that a single enzyme molecule typically acts on about

a thousand substrate molecules per second, and some en-
zymes are even faster. Enzymes, like other catalysts, emerge
from the reaction in their original form. Therefore, very
small amounts of enzyme can have a huge metabolic im-
pact by functioning over and over again in catalytic cycles.
Figure 8.16 shows a catalytic cycle involving two substrates
and two products.

Most metabolic reactions are reversible, and an enzyme
can catalyze either the forward or the reverse reaction, de-
pending on which direction has a negative AG. This in turn
depends mainly on the relative concentrations of reactants
and products. The net effect is always in the direction of
equilibrium.

Enzymes use a variety of mechanisms that lower activation
energy and speed up a reaction (see Figure 8.16, step € ):

+ When there are two or more reactants, the active site
provides a template on which the substrates can come
together in the proper orientation for a reaction to occur
between them.

« As the active site of an enzyme clutches the bound sub-
strates, the enzyme may stretch the substrate molecules
toward their transition-state form, stressing and bending
critical chemical bonds that must be broken during the
reaction. Because E, is proportional to the difficulty of
breaking the bonds, distorting the substrate helps it ap-
proach the transition state and thus reduces the amount
of free energy that must be absorbed to achieve that state.

« The active site may also provide a microenvironment
that is more conducive to a particular type of reaction
than the solution itself would be without the enzyme. For
example, if the active site has amino acids with acidic R
groups, the active site may be a pocket of low pH in an
otherwise neutral cell. In such cases, an acidic amino acid
may facilitate H' transfer to the substrate as a key step in
catalyzing the reaction.

« Amino acids in the active site directly participate in the
chemical reaction. Sometimes this process even involves
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@ Substrates enter active
site; enzyme changes
shape such that its active
site enfolds the substrates
(induced fit).

= i
g

@ Substrates are held
in active site by weak
interactions, such as
hydrogen bonds and
ionic bonds.

Substrates
Enzyme-substrate
complex
© Active
site is
available
for two new
substrate
molecules.
Enzyme

\

©) Substrates are

O Products are '/.
released. ’
converted to

Products products.

A Figure 8.16 The active site and catalytic cycle of an enzyme.
An enzyme can convert one or more reactant molecules to one or
more product molecules. The enzyme shown here converts two sub-
strate molecules to two product molecules.

DUVNYBIRS The enzyme-substrate complex passes through a transition
state (see Figure 8.13). Label the part of the cycle where the transition
state occurs.

brief covalent bonding between the substrate and the side
chain of an amino acid of the enzyme. Subsequent steps
of the reaction restore the side chains to their original
states, so that the active site is the same after the reaction
as it was before.

The rate at which a particular amount of enzyme converts
substrate to product is partly a function of the initial concen-
tration of the substrate: The more substrate molecules that
are available, the more frequently they access the active sites
of the enzyme molecules. However, there is a limit to how
fast the reaction can be pushed by adding more substrate to
a fixed concentration of enzyme. At some point, the concen-
tration of substrate will be high enough that all enzyme mol-
ecules have their active sites engaged. As soon as the product
exits an active site, another substrate molecule enters. At this
substrate concentration, the enzyme is said to be saturated,
and the rate of the reaction is determined by the speed at
which the active site converts substrate to product. When an
enzyme population is saturated, the only way to increase the
rate of product formation is to add more enzyme. Cells often
increase the rate of a reaction by producing more enzyme
molecules. You can graph the overall progress of an enzy-
matic reaction in the Scientific Skills Exercise.



SCIENTIFIC SKILLS EXERCISE

Mah'nq a line C}mp/t and Ca/m/aﬁnq a 5/0pe

Does the Rate of Glucose 6-Phosphatase Activity Change
over Time in Isolated Liver Cells? Glucose 6-phosphatase, which

is found in mammalian liver cells, is a key enzyme in control of blood
glucose levels. The enzyme catalyzes the breakdown of glucose
6-phosphate into glucose and inorganic phosphate (®). These products
are transported out of liver cells into the blood, increasing blood glucose
levels. In this exercise, you will graph data from a time-course experi-
ment that measured (), concentration in the buffer outside isolated liver
cells, thus indirectly measuring glucose 6-phosphatase activity inside the
cells.

How the Experiment Was Done Isolated rat liver cells were placed
in a dish with buffer at physiological conditions (pH 7.4, 37°C). Glucose
6-phosphate (the substrate) was added to the dish, where it was taken
up by the cells. Then a sample of buffer was removed every 5 minutes
and the concentration of ), determined.

Data from the Experiment

Time (min) Concentration of (B (umol/mL)
0 0
5 10
10 90
15 180
20 270
25 330
30 355
35 355
40 355

Interpret the Data

1. To see patterns in the data from a time-course experiment like this, it
is helpful to graph the data. First, determine which set of data goes
on each axis. (a) What did the researchers intentionally vary in the ex-
periment? This is the independent variable, which goes on the x-axis.
(b) What are the units (abbreviated) for the independent variable?
Explain in words what the abbreviation stands for. (c) What was mea-
sured by the researchers? This is the dependent variable, which goes

Effects of Local Conditions on Enzyme Activity

The activity of an enzyme—how efficiently the enzyme
functions—is affected by general environmental factors,
such as temperature and pH. It can also be affected by
chemicals that specifically influence that enzyme. In fact,
researchers have learned much about enzyme function by
employing such chemicals.

Effects of Temperature and pH

Recall from Chapter 5 that the three-dimensional struc-
tures of proteins are sensitive to their environment. As a
consequence, each enzyme works better under some condi-
tions than under other conditions, because these optimal
conditions favor the most active shape for the enzyme.
Temperature and pH are environmental factors im-
portant in the activity of an enzyme. Up to a point, the

on the y-axis. (d) What does the units abbreviation stand for? Label
each axis, including the units.

2. Next, you'll want to mark off the axes with just enough evenly spaced
tick marks to accommodate the full set of data. Determine the range
of data values for each axis. (a) What is the largest value to go on
the x-axis? What is a reasonable spacing for the tick marks, and what
should be the highest one? (b) What is the largest value to go on the
y-axis? What is a reasonable spacing for the tick marks, and what
should be the highest one?

3. Plot the data points on your graph. Match each x-value with its part-
ner y-value and place a point on the graph at that coordinate. Draw
a line that connects the points. (For additional information about
graphs, see the Scientific Skills Review in Appendix F and in the Study
Area in MasteringBiology.)

4. Examine your graph and look for patterns in the data. (a) Does the
concentration of (®) increase evenly through the course of the experi-
ment? To answer this question, describe the pattern you see in the
graph. (b) What part of the graph shows the highest rate of enzyme
activity? Consider that the rate of enzyme activity is related to the slope
of the line, Ay/Ax (the “rise” over the “run”), in umol/mL - min, with
the steepest slope indicating the highest rate of enzyme activity. Calcu-
late the rate of enzyme activity (slope) where the graph is steepest.

(c) Can you think of a biological explanation for the pattern you see?

5. If your blood sugar level is low from skipping
lunch, what reaction (discussed in this exer-
cise) will occur in your liver cells? Write out
the reaction and put the name of the enzyme
over the reaction arrow. How will this reac-
tion affect your blood sugar level?

EBB A version of this Scientific Skills Exercise can be
assigned in MasteringBiology.

Data from S. R. Commerford et al., Diets enriched in

sucrose or fat increase gluconeogenesis and G-6-Pase but
not basal glucose production in rats, American Journal of
Physiology—Endocrinology and Metabolism 283:E545-E555 (2002).

rate of an enzymatic reaction increases with increasing
temperature, partly because substrates collide with active
sites more frequently when the molecules move rapidly.
Above that temperature, however, the speed of the en-
zymatic reaction drops sharply. The thermal agitation of
the enzyme molecule disrupts the hydrogen bonds, ionic
bonds, and other weak interactions that stabilize the active
shape of the enzyme, and the protein molecule eventually
denatures. Each enzyme has an optimal temperature at
which its reaction rate is greatest. Without denaturing the
enzyme, this temperature allows the greatest number of
molecular collisions and the fastest conversion of the re-
actants to product molecules. Most human enzymes have
optimal temperatures of about 35-40°C (close to human
body temperature). The thermophilic bacteria that live in
hot springs contain enzymes with optimal temperatures of
70°C or higher (Figure 8.17a).
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A Figure 8.17 Environmental factors affecting enzyme activ-
ity. Each enzyme has an optimal (a) temperature and (b) pH that favor
the most active shape of the protein molecule.

Given that a mature lysosome has an internal pH of around
4.5, draw a curve in (b) showing what you would predict for a lysosomal
enzyme, labeling its optimal pH.

Just as each enzyme has an optimal temperature, it also
has a pH at which it is most active. The optimal pH values
for most enzymes fall in the range of pH 6-8, but there are
exceptions. For example, pepsin, a digestive enzyme in the
human stomach, works best at pH 2. Such an acidic envi-
ronment denatures most enzymes, but pepsin is adapted to
maintain its functional three-dimensional structure in the
acidic environment of the stomach. In contrast, trypsin, a
digestive enzyme residing in the alkaline environment of the
human intestine, has an optimal pH of 8 and would be dena-
tured in the stomach (Figure 8.17b).

Cofactors

Many enzymes require nonprotein helpers for catalytic
activity. These adjuncts, called cofactors, may be bound
tightly to the enzyme as permanent residents, or they may
bind loosely and reversibly along with the substrate. The
cofactors of some enzymes are inorganic, such as the metal
atoms zinc, iron, and copper in ionic form. If the cofactor
is an organic molecule, it is referred to, more specifically,

as a coenzyme. Most vitamins are important in nutrition
because they act as coenzymes or raw materials from which
coenzymes are made.
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Enzyme Inhibitors

Certain chemicals selectively inhibit the action of specific
enzymes. Sometimes, the inhibitor attaches to the enzyme
by covalent bonds, in which case the inhibition is usually
irreversible. Many enzyme inhibitors, however, bind to the
enzyme by weak interactions, and when this occurs the inhi-
bition is reversible. Some reversible inhibitors resemble the
normal substrate molecule and compete for admission into
the active site (Figure 8.18a and b). These mimics, called
competitive inhibitors, reduce the productivity of enzymes
by blocking substrates from entering active sites. This kind
of inhibition can be overcome by increasing the concentra-
tion of substrate so that as active sites become available,
more substrate molecules than inhibitor molecules are
around to gain entry to the sites.

In contrast, noncompetitive inhibitors do not directly
compete with the substrate to bind to the enzyme at the
active site (Figure 8.18c). Instead, they impede enzymatic
reactions by binding to another part of the enzyme. This
interaction causes the enzyme molecule to change its shape

V Figure 8.18 Inhibition of enzyme activity.

(a) Normal binding
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Active site
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enzyme.
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(c) Noncompetitive inhibition
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enzyme away from
the active site,
altering the shape of
the enzyme so that
even if the substrate
can bind, the active
site functions less
effectively, if it all.

Noncompetitive inhibitor



in such a way that the active site becomes less effective at
catalyzing the conversion of substrate to product.

Toxins and poisons are often irreversible enzyme inhibi-
tors. An example is sarin, a nerve gas. Sarin was released by
terrorists in the Tokyo subway in 1995, causing the death
of several people and injury to many others. This small
molecule binds covalently to the R group on the amino acid
serine, which is found in the active site of acetylcholines-
terase, an enzyme important in the nervous system. Other
examples include the pesticides DDT and parathion, inhibi-
tors of key enzymes in the nervous system. Finally, many
antibiotics are inhibitors of specific enzymes in bacteria. For
instance, penicillin blocks the active site of an enzyme that
many bacteria use to make their cell walls.

The Evolution of Enzymes

Thus far, biochemists have discovered and
named more than 4,000 different enzymes in various spe-
cies, most likely a very small fraction of all enzymes. How
did this grand profusion of enzymes arise? Recall that most
enzymes are proteins, and proteins are encoded by genes.

A permanent change in a gene, known as a mutation, can
result in a protein with one or more changed amino acids.
In the case of an enzyme, if the changed amino acids are in
the active site or some other crucial region, the altered en-
zyme might have a novel activity or might bind to a different
substrate. Under environmental conditions where the new
function benefits the organism, natural selection would tend
to favor the mutated form of the gene, causing it to persist in
the population. This simplified model is generally accepted
as the main way in which the multitude of different enzymes
arose over the past few billion years of life’s history.

Data supporting this model have been collected by re-
searchers using a lab procedure that mimics evolution in
natural populations. One group tested whether the function
of an enzyme called -galactosidase could change over time
in populations of the bacterium Escherichia coli (E. coli).
[-galactosidase breaks down the disaccharide lactose into
the simple sugars glucose and galactose. Using molecular
techniques, the researchers introduced random mutations
into E. coli genes and then tested the bacteria for their abil-
ity to break down a slightly different disaccharide (one that
has the sugar fucose in place of galactose). At the end of the
experiment, the “evolved” enzyme bound the new substrate
several hundred times more strongly, and broke it down 10
to 20 times more quickly, than did the original enzyme.

The researchers found that six amino acids had changed
in the enzyme altered in this experiment. Two of these
changed amino acids were in the active site, two were nearby,
and two were on the surface of the protein (Figure 8.19).
This experiment and others like it strengthen the notion that
a few changes can indeed alter enzyme function.

Two changed amino acids were
found near the active site.

Active site

Two.changed amino acids
were found on the surface.

Two changed amino acids
were found in the active site.

A Figure 8.19 Mimicking evolution of an enzyme with a new
function. After seven rounds of mutation and selection in a lab, the
enzyme B-galactosidase evolved into an enzyme specialized for break-
ing down a sugar different from lactose. This ribbon model shows one
subunit of the altered enzyme; six amino acids were different.

CONCEPT CHECK 8.4

1. Many spontaneous reactions occur very slowly. Why don’t
all spontaneous reactions occur instantly?

2. Why do enzymes act only on very specific substrates?

3. Malonate is an inhibitor of the enzyme
succinate dehydrogenase. How would you determine
whether malonate is a competitive or noncompetitive
inhibitor?

4. In nature, what conditions
could lead o natural selection favoring bacteria with
enzymes that could break down the fucose-containing
disaccharide discussed above? See the discussion of
natural selection in Concept 1.2.

For suggested answers, see Appendix A.

CONCEPT 85

Regulation of enzyme activity helps
control metabolism

Chemical chaos would result if all of a cell’s metabolic
pathways were operating simultaneously. Intrinsic to life’s
processes is a cell’s ability to tightly regulate its metabolic
pathways by controlling when and where its various en-
zymes are active. It does this either by switching on and off
the genes that encode specific enzymes (as we will discuss in
Unit Three) or, as we discuss here, by regulating the activity
of enzymes once they are made.

Allosteric Regulation of Enzymes

In many cases, the molecules that naturally regulate en-
zyme activity in a cell behave something like reversible
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noncompetitive inhibitors (see Figure 8.18c): These regula-
tory molecules change an enzyme’s shape and the func-
tioning of its active site by binding to a site elsewhere on
the molecule, via noncovalent interactions. Allosteric
regulation is the term used to describe any case in which a
protein’s function at one site is affected by the binding of a
regulatory molecule to a separate site. It may result in either
inhibition or stimulation of an enzyme’s activity.

Allosteric Activation and Inhibition

Most enzymes known to be allosterically regulated are
constructed from two or more subunits, each composed

of a polypeptide chain with its own active site. The entire
complex oscillates between two different shapes, one cata-
lytically active and the other inactive (Figure 8.20a). In

the simplest kind of allosteric regulation, an activating or
inhibiting regulatory molecule binds to a regulatory site
(sometimes called an allosteric site), often located where
subunits join. The binding of an activator to a regulatory site
stabilizes the shape that has functional active sites, whereas
the binding of an inhibitor stabilizes the inactive form of the
enzyme. The subunits of an allosteric enzyme fit together in
such a way that a shape change in one subunit is transmitted
to all others. Through this interaction of subunits, a single
activator or inhibitor molecule that binds to one regulatory
site will affect the active sites of all subunits.

Fluctuating concentrations of regulators can cause a
sophisticated pattern of response in the activity of cellular
enzymes. The products of ATP hydrolysis (ADP and ®),), for
example, play a complex role in balancing the flow of traf-
fic between anabolic and catabolic pathways by their effects
on key enzymes. ATP binds to several catabolic enzymes
allosterically, lowering their affinity for substrate and thus
inhibiting their activity. ADP, however, functions as an ac-
tivator of the same enzymes. This is logical because catabo-
lism functions in regenerating ATP. If ATP production lags
behind its use, ADP accumulates and activates the enzymes
that speed up catabolism, producing more ATP. If the sup-
ply of ATP exceeds demand, then catabolism slows down as
ATP molecules accumulate and bind to the same enzymes,
inhibiting them. (You'll see specific examples of this type of
regulation when you learn about cellular respiration in the
next chapter.) ATP, ADP, and other related molecules also
affect key enzymes in anabolic pathways. In this way, alloste-
ric enzymes control the rates of important reactions in both
sorts of metabolic pathways.

In another kind of allosteric activation, a substrate mol-
ecule binding to one active site in a multisubunit enzyme
triggers a shape change in all the subunits, thereby increas-
ing catalytic activity at the other active sites (Figure 8.20b).
Called cooperativity, this mechanism amplifies the response
of enzymes to substrates: One substrate molecule primes
an enzyme to act on additional substrate molecules more
readily. Cooperativity is considered “allosteric” regulation
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V Figure 8.20 Allosteric regulation of enzyme activity.

(a) Allosteric activators and inhibitors
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At low concentrations, activators and inhibitors dissociate from the
enzyme. The enzyme can then oscillate again.

(b) Cooperativity: another type of allosteric activation

Binding of one substrate molecule to
active site of one subunit locks all
subunits in active conformation.

Substrate

Stabilized active form

Inactive form

The inactive form shown on the left oscillates with the active form
when the active form is not stabilized by substrate.

because binding of the substrate to one active site affects ca-
talysis in another active site.

Although hemoglobin is not an enzyme (it carries O,),
classic studies on hemoglobin have elucidated the principle
of cooperativity. Hemoglobin is made up of four subunits,
each with an oxygen-binding site (see Figure 5.18). The
binding of an oxygen molecule to one binding site increases



the affinity for oxygen of the remaining binding sites. Thus,
where oxygen is at high levels, such as in the lungs or gills,
hemoglobin’s affinity for oxygen increases as more binding
sites are filled. In oxygen-deprived tissues, however, the re-
lease of each oxygen molecule decreases the oxygen affinity
of the other binding sites, resulting in the release of oxygen
where it is most needed. Cooperativity works similarly in
multisubunit enzymes that have been studied.

Feedback Inhibition

When ATP allosterically inhibits an enzyme in an ATP-
generating pathway, the result is feedback inhibition, a com-
mon mode of metabolic control. In feedback inhibition,

a metabolic pathway is halted by the inhibitory binding of
its end product to an enzyme that acts early in the path-
way. Figure 8.21 shows an example of feedback inhibition
operating on an anabolic pathway. Some cells use this five-
step pathway to synthesize the amino acid isoleucine from
threonine, another amino acid. As isoleucine accumulates, it
slows down its own synthesis by allosterically inhibiting the
enzyme for the first step of the pathway. Feedback inhibition
thereby prevents the cell from making more isoleucine than
is necessary and thus wasting chemical resources.

Initial
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A Figure 8.21 Feedback inhibition in isoleucine synthesis.

Mitochondria

The matrix contains
enzymes in solution that
are involved in one stage

of cellular respiration.

Enzymes for another
stage of cellular
respiration are
embedded in the
inner membrane.

1 um

A Figure 8.22 Organelles and structural order in metabolism.
Organelles such as the mitochondrion (TEM) contain enzymes that
carry out specific functions, in this case cellular respiration.

Localization of Enzymes Within the Cell

The cell is not just a bag of chemicals with thousands of dif-
ferent kinds of enzymes and substrates in a random mix.
The cell is compartmentalized, and cellular structures help
bring order to metabolic pathways. In some cases, a team
of enzymes for several steps of a metabolic pathway are as-
sembled into a multienzyme complex. The arrangement
facilitates the sequence of reactions, with the product from
the first enzyme becoming the substrate for an adjacent
enzyme in the complex, and so on, until the end product is
released. Some enzymes and enzyme complexes have fixed
locations within the cell and act as structural components
of particular membranes. Others are in solution within par-
ticular membrane-enclosed eukaryotic organelles, each with
its own internal chemical environment. For example, in eu-
karyotic cells, the enzymes for cellular respiration reside in
specific locations within mitochondria (Figure 8.22).

In this chapter, you have learned that metabolism, the
intersecting set of chemical pathways characteristic of life,
is a choreographed interplay of thousands of different kinds
of cellular molecules. In the next chapter, we will explore
cellular respiration, the major catabolic pathway that breaks
down organic molecules, releasing energy that can be used
for the crucial processes of life.

CONCEPT CHECK 8.5

1. How do an activator and an inhibitor have different ef-
fects on an allosterically regulated enzyme?

2. Regulation of isoleucine synthesis is an example of
feedback inhibition of an anabolic pathway. With that
in mind, explain how ATP might be involved in feedback
inhibition of a catabolic pathway.

For suggested answers, see Appendix A.
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8 Chapter Review

SUMMARY OF KEY CONCEPTS

CONCEPT 8-|

An organism’s metabolism transforms matter and energy,
subject to the laws of thermodynamics (pp. 142-145)

e Metabolism is the collection of chemical reactions that occur
in an organism. Enzymes catalyze reactions in intersecting
metabolic pathways, which may be catabolic (breaking down
molecules, releasing energy) or anabolic (building molecules,
consuming energy).

* Energy is the capacity to cause change; some forms of energy do
work by moving matter. Kinetic energy is associated with
motion and includes thermal energy associated with random
motion of atoms or molecules. Heat is thermal energy in trans-
fer from one object to another. Potential energy is related to the
location or structure of matter and includes chemical energy
possessed by a molecule due to its structure.

 The first law of thermodynamics, conservation of energy,
states that energy cannot be created or destroyed, only trans-
ferred or transformed. The second law of thermodynamics
states that spontaneous processes, those requiring no outside
input of energy, increase the entropy (disorder) of the universe.

n Explain how the highly ordered structure of a cell does not conflict
with the second law of thermodynamics.

CONCEPT 82

The free-energy change of a reaction tells us whether or not
the reaction occurs spontaneously (pp. 145-148)

A living system’s free energy is energy that can do work under
cellular conditions. The change in free energy (AG) during a bio-
logical process is related directly to enthalpy change (AH) and to
the change in entropy (AS): AG = AH — TAS. Organisms live at
the expense of free energy. A spontaneous process occurs with
no energy input; during such a process, free energy decreases
and the stability of a system increases. At maximum stability, the
system is at equilibrium and can do no work.

« In an exergonic (spontaneous) chemical reaction, the products
have less free energy than the reactants (—AG). Endergonic
(nonspontaneous) reactions require an input of energy (+AG).
The addition of starting materials and the removal of end prod-
ucts prevent metabolism from reaching equilibrium.

n Explain the meaning of each component in the equation for the

change in free energy of a spontaneous chemical reaction. Why are
spontaneous reactions important in the metabolism of a cell?

CONCEPT 83

ATP powers cellular work by coupling exergonic reactions to
endergonic reactions (pp. 148-151)

+ ATP is the cell’s energy shuttle. Hydrolysis of its terminal phos-
phate yields ADP and (B), and releases free energy.

e Through energy coupling, the exergonic process of ATP hydro-
lysis drives endergonic reactions by transfer of a phosphate
group to specific reactants, forming a phosphorylated inter-
mediate that is more reactive. ATP hydrolysis (sometimes with
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protein phosphorylation) also causes changes in the shape and
binding affinities of transport and motor proteins.
« Catabolic pathways drive regeneration of ATP from ADP + (@),

n Describe the ATP cycle: How is ATP used and regenerated in a cell?

CONCEPT 84

Enzymes speed up metabolic reactions by lowering energy
barriers (pp. 151-157)
 In a chemical reaction, the energy necessary to break the bonds

of the reactants is the activation energy, E,.
* Enzymes lower the E, barrier:

Course of

reaction Ex

without without

enzyme enzyme E, with
enzyme
is lower

Reactants

AG is unaffected
by enzyme

Course of
reaction
with enzyme

Free energy — 5

Products

Progress of the reaction —

» Each enzyme has a unique active site that binds one or more
substrate(s), the reactants on which it acts. It then changes
shape, binding the substrate(s) more tightly (induced fit).

» The active site can lower an E, barrier by orienting substrates
correctly, straining their bonds, providing a favorable microenvi-
ronment, or even covalently bonding with the substrate.

¢ Each enzyme has an optimal temperature and pH. Inhibitors
reduce enzyme function. A competitive inhibitor binds to the
active site, whereas a noncompetitive inhibitor binds to a dif-
ferent site on the enzyme.

 Natural selection, acting on organisms with variant enzymes, is
responsible for the diversity of enzymes found in organisms.

n How do both activation energy barriers and enzymes help maintain
the structural and metabolic order of life?

CONCEPT 85

Regulation of enzyme activity helps control metabolism
(pp. 157-159)

e Many enzymes are subject to allosteric regulation: Regulatory
molecules, either activators or inhibitors, bind to specific regu-
latory sites, affecting the shape and function of the enzyme. In
cooperativity, binding of one substrate molecule can stimulate
binding or activity at other active sites. In feedback inhibition,
the end product of a metabolic pathway allosterically inhibits
the enzyme for a previous step in the pathway.

* Some enzymes are grouped into complexes, some are incorpo-
rated into membranes, and some are contained inside organ-
elles, increasing the efficiency of metabolic processes.

n What roles do allosteric regulation and feedback inhibition play in
the metabolism of a cell?



TEST YOUR UNDERSTANDING

LEVEL 1: KNOWLEDGE/COMPREHENSION

I,

Choose the pair of terms that correctly completes this sen-
tence: Catabolism is to anabolism as is to

a. exergonic; spontaneous
b. exergonic; endergonic
c. free energy; entropy

d. work; energy

. Most cells cannot harness heat to perform work because

a. heat does not involve a transfer of energy.

b. cells do not have much thermal energy; they are relatively
cool.

c. temperature is usually uniform throughout a cell.

d. heat can never be used to do work.

. Which of the following metabolic processes can occur without

a net influx of energy from some other process?
a. ADP+@, — ATP +H,0O

b. C¢H 1,06+ 6 O, — 6 CO, + 6 H,O

c. 6 CO,+6H,0— CH;,0,+60,

d. Amino acids — Protein

. If an enzyme in solution is saturated with substrate, the most

effective way to obtain a faster yield of products is to
a. add more of the enzyme.

b. heat the solution to 90°C.

c. add more substrate.

d. add a noncompetitive inhibitor.

. Some bacteria are metabolically active in hot springs because

a. they are able to maintain a lower internal temperature.
b. high temperatures make catalysis unnecessary.

c. their enzymes have high optimal temperatures.

d. their enzymes are completely insensitive to temperature.

LEVEL 2: APPLICATION/ANALYSIS

6.

If an enzyme is added to a solution where its substrate and
product are in equilibrium, what will occur?

a. Additional substrate will be formed.

b. The reaction will change from endergonic to exergonic.
c. The free energy of the system will change.

d. Nothing; the reaction will stay at equilibrium.

LEVEL 3: SYNTHESIS/EVALUATION

7o

Using a series of arrows, draw the branched meta-
bolic reaction pathway described by the following statements,
and then answer the question at the end. Use red arrows and
minus signs to indicate inhibition.

L can form either M or N.

M can form O.

O can form either P or R.

P can form Q.

R can form S.

O inhibits the reaction of L to form M.
Q inhibits the reaction of O to form P.

S inhibits the reaction of O to form R.

Which reaction would prevail if both Q and S were present in
the cell in high concentrations?

a. L->M

b. M—O

c. L>N

d O—P

8. EVOLUTION CONNECTION A recent revival of the antievolu-
tionary “intelligent design” argument holds that biochemical
pathways are too complex to have evolved, because all inter-
mediate steps in a given pathway must be present to produce
the final product. Critique this argument. How could you use
the diversity of metabolic pathways that produce the same or
similar products to support your case?

9. SCIENTIFIC INQUIRY
A researcher has developed an assay to measure
the activity of an important enzyme present in liver cells grow-
ing in culture. She adds the enzyme’s substrate to a dish of cells
and then measures the appearance of reaction products. The
results are graphed as the amount of product on the y-axis
versus time on the x-axis. The researcher notes four sections of
the graph. For a short period of time, no products appear (sec-
tion A). Then (section B) the reaction rate is quite high (the
slope of the line is steep). Next, the reaction gradually slows
down (section C). Finally, the graph line becomes flat (section
D). Draw and label the graph, and propose a model to explain
the molecular events occurring at each stage of this reaction
profile.

10. WRITE ABOUT A THEME: ENERGY AND MATTER
Life requires energy. In a short essay (100—150 words), de-
scribe the basic principles of bioenergetics in an animal cell.
How is the flow and transformation of energy different in a
photosynthesizing cell? Include the role of ATP and enzymes
in your discussion.

I SYNTHESIZE YOUR KNOWLEDGE

Explain what is happening in this photo in terms of kinetic en-
ergy and potential energy. Include the energy conversions that
occur when the penguins eat fish and climb back up on the
glacier. Describe the role of ATP and enzymes in the underly-
ing molecular processes, including what happens to the free
energy of some of the molecules involved.

For selected answers, see Appendix A.
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KEY CONCEPTS

9.1

9.2

9.3
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Catabolic pathways yield
energy by oxidizing organic
fuels

Glycolysis harvests chemical
energy by oxidizing glucose to
pyruvate

After pyruvate is oxidized, the
citric acid cycle completes the
energy-yielding oxidation of
organic molecules

During oxidative
phosphorylation, chemiosmosis
couples electron transport to
ATP synthesis

Fermentation and anaerobic
respiration enable cells to
produce ATP without the use of
oxygen

Glycolysis and the citric acid
cycle connect to many other
metabolic pathways

A Figure 9.1 How do these leaves power the work
of life for this giraffe?

Life Is Work

iving cells require transfusions of energy from outside sources to perform their

many tasks—for example, assembling polymers, pumping substances across
membranes, moving, and reproducing. The giraffe in Figure 9.1 is obtaining en-
ergy for its cells by eating the leaves of plants; some other animals obtain energy
by feeding on other organisms that eat plants.

The energy stored in the organic molecules of food ultimately comes from the
sun. Energy flows into an ecosystem as sunlight and exits as heat; in contrast, the
chemical elements essential to life are recycled (Figure 9.2). Photosynthesis gener-
ates oxygen and organic molecules that are used by the mitochondria of eukaryotes
(including plants and algae) as fuel for cellular respiration. Respiration breaks this
fuel down, generating ATP. The waste products of this type of respiration, carbon
dioxide and water, are the raw materials for photosynthesis.

In this chapter, we consider how cells harvest the chemical energy stored in or-
ganic molecules and use it to generate ATP, the molecule that drives most cellular
work. After presenting some basics about respiration, we'll focus on three key path-
ways of respiration: glycolysis, the citric acid cycle, and oxidative phosphorylation.
We'll also consider fermentation, a somewhat simpler pathway coupled to glycoly-
sis that has deep evolutionary roots.
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Energy flows into an ecosystem as sunlight and ultimately leaves as
heat, while the chemical elements essential to life are recycled.

CONCEPT 9 -l

Catabolic pathways yield energy by
oxidizing organic fuels

Metabolic pathways that release stored energy by break-
ing down complex molecules are called catabolic pathways
(see Chapter 8). Electron transfer plays a major role in these
pathways. In this section, we consider these processes,
which are central to cellular respiration.

Catabolic Pathways and Production of ATP

Organic compounds possess potential energy as a result of
the arrangement of electrons in the bonds between their
atoms. Compounds that can participate in exergonic reac-
tions can act as fuels. Through the activity of enzymes, a
cell systematically degrades complex organic molecules
that are rich in potential energy to simpler waste products
that have less energy. Some of the energy taken out of
chemical storage can be used to do work; the rest is dissi-
pated as heat.

One catabolic process, fermentation, is a partial degra-
dation of sugars or other organic fuel that occurs without
the use of oxygen. However, the most efficient catabolic
pathway is aerobic respiration, in which oxygen is con-
sumed as a reactant along with the organic fuel (aerobic
is from the Greek aer, air, and bios, life). The cells of most
eukaryotic and many prokaryotic organisms can carry out
aerobic respiration. Some prokaryotes use substances other
than oxygen as reactants in a similar process that harvests
chemical energy without oxygen; this process is called

anaerobic respiration (the prefix an- means “without”).
Technically, the term cellular respiration includes both
aerobic and anaerobic processes. However, it originated as

a synonym for aerobic respiration because of the relation-
ship of that process to organismal respiration, in which an
animal breathes in oxygen. Thus, cellular respiration is often
used to refer to the aerobic process, a practice we follow in
most of this chapter.

Although very different in mechanism, aerobic respira-
tion is in principle similar to the combustion of gasoline in
an automobile engine after oxygen is mixed with the fuel
(hydrocarbons). Food provides the fuel for respiration, and
the exhaust is carbon dioxide and water. The overall process
can be summarized as follows:

Organic Carbon

compounds + Oxygen — dioxide " 1 Water + Energy

Carbohydrates, fats, and protein molecules from food
can all be processed and consumed as fuel, as we will dis-
cuss later in the chapter. In animal diets, a major source of
carbohydrates is starch, a storage polysaccharide that can be
broken down into glucose (C¢H;,0¢) subunits. Here, we will
learn the steps of cellular respiration by tracking the degra-
dation of the sugar glucose:

C¢H1504+6 O, — 6 CO, + 6 HyO + Energy (ATP + heat)

This breakdown of glucose is exergonic, having a free-
energy change of —686 kcal (2,870 kJ) per mole of glucose
decomposed (AG =—686 kcal/mol). Recall that a negative
AG indicates that the products of the chemical process
store less energy than the reactants and that the reaction
can happen spontaneously—in other words, without an
input of energy.

Catabolic pathways do not directly move flagella, pump
solutes across membranes, polymerize monomers, or per-
form other cellular work. Catabolism is linked to work by a
chemical drive shaft—ATP (see Chapter 8). To keep work-
ing, the cell must regenerate its supply of ATP from ADP
and @), (see Figure 8.12). To understand how cellular res-
piration accomplishes this, let’s examine the fundamental
chemical processes known as oxidation and reduction.

Redox Reactions: Oxidation and Reduction

How do the catabolic pathways that decompose glucose and
other organic fuels yield energy? The answer is based on the
transfer of electrons during the chemical reactions. The re-
location of electrons releases energy stored in organic mol-
ecules, and this energy ultimately is used to synthesize ATP.

The Principle of Redox

In many chemical reactions, there is a transfer of one or more
electrons (e") from one reactant to another. These electron
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transfers are called oxidation-reduction reactions, or redox
reactions for short. In a redox reaction, the loss of electrons
from one substance is called oxidation, and the addition of
electrons to another substance is known as reduction. (Note
that adding electrons is called reduction; adding negatively
charged electrons to an atom reduces the amount of positive
charge of that atom.) To take a simple, nonbiological exam-
ple, consider the reaction between the elements sodium (Na)
and chlorine (Cl) that forms table salt:

becomes oxidized
(loses electron)
Na + CI — Na* + CI-

L becomes reduced
(gains electron)

We could generalize a redox reaction this way:

— becomes oxidized
Xem + Y —> X + Ye~
L becomes reduced

In the generalized reaction, substance Xe , the electron
donor, is called the reducing agent; it reduces Y, which ac-
cepts the donated electron. Substance Y, the electron accep-
tor, is the oxidizing agent; it oxidizes Xe by removing its
electron. Because an electron transfer requires both an elec-
tron donor and an acceptor, oxidation and reduction always
go hand in hand.

Not all redox reactions involve the complete transfer of
electrons from one substance to another; some change the
degree of electron sharing in covalent bonds. Methane com-
bustion, shown in Figure 9.3, is an example. The covalent
electrons in methane are shared nearly equally between the
bonded atoms because carbon and hydrogen have about the
same affinity for valence electrons; they are about equally
electronegative (see Chapter 2). But when methane reacts
with oxygen, forming carbon dioxide, electrons end up
shared less equally between the carbon atom and its new
covalent partners, the oxygen atoms, which are very elec-
tronegative. In effect, the carbon atom has partially “lost” its
shared electrons; thus, methane has been oxidized.

Now let’s examine the fate of the reactant O,. The two
atoms of the oxygen molecule (O,) share their electrons
equally. But when oxygen reacts with the hydrogen from
methane, forming water, the electrons of the covalent bonds
spend more time near the oxygen (see Figure 9.3). In effect,
each oxygen atom has partially “gained” electrons, so the oxy-
gen molecule has been reduced. Because oxygen is so electro-
negative, it is one of the most potent of all oxidizing agents.

Energy must be added to pull an electron away from an
atom, just as energy is required to push a ball uphill. The
more electronegative the atom (the stronger its pull on elec-
trons), the more energy is required to take an electron away
from it. An electron loses potential energy when it shifts
from a less electronegative atom toward a more electronega-
tive one, just as a ball loses potential energy when it rolls
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Reactants Products

[— becomes oxidized—;

CHy + 20, —>» CO; + Energy + 2H,0

H ; becomes reduced _1

H:C|:H O0——=+—0 O7—C—=+0 H—20+—H
H
Methane Oxygen Carbon dioxide Water
(reducing (oxidizing
agent) agent)

A Figure 9.3 Methane combustion as an energy-yielding
redox reaction. The reaction releases energy to the surroundings
because the electrons lose potential energy when they end up being
shared unequally, spending more time near electronegative atoms such
as oxygen.

downhill. A redox reaction that moves electrons closer to
oxygen, such as the burning (oxidation) of methane, there-
fore releases chemical energy that can be put to work.

Oxidation of Organic Fuel Molecules During Cellular
Respiration

The oxidation of methane by oxygen is the main combus-
tion reaction that occurs at the burner of a gas stove. The
combustion of gasoline in an automobile engine is also a
redox reaction; the energy released pushes the pistons. But
the energy-yielding redox process of greatest interest to
biologists is respiration: the oxidation of glucose and other
molecules in food. Examine again the summary equation
for cellular respiration, but this time think of it as a redox

process:
— becomes oxidized
C6H1206 + 60y — 6COy + 6HO + Energy

N
L—— becomes reduced ——

As in the combustion of methane or gasoline, the fuel (glu-
cose) is oxidized and oxygen is reduced. The electrons lose
potential energy along the way, and energy is released.

In general, organic molecules that have an abundance
of hydrogen are excellent fuels because their bonds are a
source of “hilltop” electrons, whose energy may be released
as these electrons “fall” down an energy gradient when they
are transferred to oxygen. The summary equation for respi-
ration indicates that hydrogen is transferred from glucose to
oxygen. But the important point, not visible in the summary
equation, is that the energy state of the electron changes
as hydrogen (with its electron) is transferred to oxygen. In
respiration, the oxidation of glucose transfers electrons to a
lower energy state, liberating energy that becomes available
for ATP synthesis.

The main energy-yielding foods—carbohydrates and
fats—are reservoirs of electrons associated with hydrogen.





