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6 GROUND RULES OF METABOLISM

Alcohol, Enzymes, and Your Liver

The next time someone asks you to have a drink or two, or
three, stop for a moment and think about the challenge
confronting the cells that are supposed to keep a drinker
alive—especially heavy drinkers. It makes little difference
whether someone gulps down 12 ounces of beer, 5 ounces
of wine, or 1-1/2 ounces of eighty-proof vodka. Each of
these drinks has the same amount of “alcohol” or, more
precisely, ethanol.

Ethanol molecules—CH3;CH,0OH—have water-soluble
and fat-soluble components. Once they reach the stomach
and the small intestine, they are quickly absorbed into the
internal environment. The bloodstream transports more
than 90 percent of ethanol’s components to liver cells.
There, enzymes speed their breakdown to a nontoxic form
called acetate, or acetic acid. The liver has great numbers
of alcohol-metabolizing enzymes, but they can detoxify
only so much in a given hour.

One of the enzymes you will read about in this chapter
is catalase, a foot soldier against toxins that can attack the
body (Figure 6.1). Catalase assists another enzyme, alcohol
dehydrogenase. When alcohol circulates through the liver,
these enzymes convert it to acetaldehyde. The reactions
cannot end there, because acetaldehyde becomes toxic

when it accumulates in high concentrations. In healthy
people at least, still another kind of enzyme speeds its
breakdown to nontoxic forms.

Given the liver’s central role in alcohol metabolism,
habitually heavy drinkers gamble with alcohol-induced
liver diseases. Over time, the capacity to tolerate alcohol
diminishes because there are fewer and fewer liver cells
—hence fewer enzymes—for detoxification.

What are some of the possible outcomes? A big one is
alcoholic hepatitis, an all-too-common disease characterized
by inflammation and destruction of liver tissue. Another
disease, alcoholic cirrhosis, permanently scars the liver. In
time, the liver stops working, with devastating effects.

The Tiver is the largest gland in the human body, and its
activity impacts everything else. You would have a really
hard time digesting and absorbing food without it. Your
cells would have a hard time synthesizing and taking up
carbohydrates, lipids, and proteins, and staying alive.

There is more to think about. The liver gets rid of a lot
more toxic compounds than just acetaldehyde. It also makes
certain plasma proteins that circulate freely in blood. In
their absence, your body would not be able to defend itself
well from attacks or to stop bleeding even from small cuts.

Figure 6.1 Something to think about—ribbon model for catalase, an enzyme
that helps detoxify many substances that can damage the body, such as the
alcohol in beer, martinis, and other drinks.
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It would not be able to maintain the fluid volume of the
internal environment that all of your cells depend upon.

Now think about a self-destructive behavior known as
binge drinking. The idea is to consume large amounts of
alcohol in a brief period. Binge drinking is now the most
serious drug problem on campuses throughout the United
States. Consider this finding from one study: Of nearly
17,600 students surveyed at 140 colleges and universities,
44 percent said they are caught in the culture of drinking.
They report having five alcoholic drinks a day, on average.

Binge drinking can do far more than damage the liver.
Put aside the related 500,000 injuries from accidents, the
70,000 cases of date rape, the 400,000 cases of (whoops)
unprotected sex among students in an average year. Binge
drinking can kill before you know what hit you. Drink too
much, too fast, and you can abruptly end the beating of
your heart.

With this example, we turn to metabolism, the cell’s
capacity to acquire energy and use it to build, degrade,
store, and release substances in controlled ways. At times,
the activities of your cells may be the last thing you want
to think about. But they help define who you are and
what you will become, liver and all.

Watch the video online!

/
Vv How Would You Vote?

Some people have damaged their liver because they
drank too much alcohol. Others have a diseased liver.
There are not enough liver donors for all the people
waiting for liver transplants. Should life-style be a factor
in deciding who gets a transplant? See BiologyNow

for details, then vote online.
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Key Concepts

THE NATURE OF ENERGY FLOW

Energy cannot be created or destroyed. It can only be
converted from one form to another. Concentrated forms
of energy tend to spread out, or disperse, spontaneously
to less concentrated and less usable forms, such as
dispersed heat. Collectively, chemical bonds resist this
tendency and help organisms maintain their complex
organization. Section 6.1

ENERGY CHANGES AND ATP

Metabolic reactions require an energy input before they can
run spontaneously to completion. Some end with products
that have more energy than the reactants. Others release
more usable energy than the amount invested to start the
reactions. ATP couples reactions that can release usable
energy with reactions that require it. Section 6.2

ENERGY CHANGES AND ENZYMES

On their own, chemical reactions proceed too slowly to
sustain life. Enzymes increase reaction rates enormously.
They lower the amount of energy it takes to align reactive
groups, destabilize electric charges, and break bonds
so that products can form from reactants.

Temperature, pH, salinity, and other environmental
factors influence enzyme activity. So does the availability
of cofactors, or enzyme helpers. Sections 6.3, 6.4

THE NATURE OF METABOLISM

Metabolic pathways are enzyme-mediated sequences of
reactions. By controlling enzymes that govern key steps

in these pathways, cells build up, maintain, and decrease
amounts of thousands of substances. ATP-forming pathways
require redox reactions, or electron transfers. Section 6.5

FROM CONCEPT TO APPLICATION

We can simply absorb information about nature, including
how enzymes work. We also can interpret information in
novel ways that may have practical application. Section 6.6

Links to Earlier Concepts

Reflect again on the road map for life’s organization (Section
1.1). Here you will gain insight into how organisms tap into a
grand, one-way flow of energy to maintain that organization
(1.2). You will start thinking about how cells use the chemical
behavior of electrons and protons in ways that help make
ATP (2.3). Remember what you learned about acids and bases
(2.6)? Here you will see how pH influences enzyme activity.
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m Energy and Time's Arrow

You know, almost without thinking about it, that your life
does not stand still and will not start all over again. You
have a sense of time’s arrow—that everything we have
observed and experienced, and all we expect will happen,
goes forward. But why does it go forward?

WHAT IS ENERCY?

A dictionary definition of energy is “the capacity to
do work,” which doesn’t say much. It is no more than
a clue to two of the most sweeping laws of nature we
humans have ever tried to wrap our minds around. In
itself, the first law of thermodynamics seems simple
enough: Energy cannot be created or destroyed.

Basically, this law deals with the quantity of energy
in the universe. There is a finite amount distributed in
different forms. However, one form may be converted
to another.

One form, potential energy, is a capacity to do work
because of something’s location and the arrangement
of its parts. While the skydivers shown in Figure 6.2
were still inside the plane, each had a store of potential
energy because of their position above the ground.
ATP and other molecules in their body had potential
energy because of how their atoms were held together
in particular arrangements by chemical bonds.

When the skydivers jumped, potential energy was
transformed into kinetic energy, or energy of motion.
ATP in muscle cells gave up some potential energy to
molecules of contractile units and set them in motion.
The motion of many thousands of muscle cells made
whole muscles move. With each energy transfer from
ATP, a bit of energy slipped off into the surroundings
as thermal energy, or heat.

Figure 6.2 Forms of energy. How many can you identify?
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The potential energy of molecules has its own name,
chemical energy. It is measurable, as in kilocalories. A
kilocalorie is the same as 1,000 calories, or the amount
of energy it takes to heat 1,000 grams of water from
14.5°C to 15.5°C at standardized pressure.

THE ONE-WAY FLOW OF ENERGY

Now imagine all the energy changes going on inside
the skydivers, between their hot bodies and molecules
of air they are falling through, between the sun and
those plants in the fields below them. Zoom out past
the sun, past our solar system, and all the way to the
boundary of the known universe, and you will pass
staggeringly diverse energy conversions.

Amazingly, another law of thermodynamics helps
explain every conversion by dealing with the quality
of energy. It tells us why the sun will eventually burn
out, why animals eat plants and one another, why
nitroglycerin spontaneously explodes but you don’t,
why it rains, why skydivers fall down instead of up
and splat if their parachutes don’t open, and why your
life can’t start over again.

The second law of thermodynamics sounds simple
enough: Energy tends to flow from concentrated to less
concentrated forms—so the cost of concentrating it in one
area comes at a greater cost of energy dispersal or dilution
somewhere else. This tendency gives us our sense of
“time’s arrow.” Skydivers in free fall do not have a
concentrated form of energy that can get them back to
the plane. A hot pan gives off heat as it cools, and that
heat cannot diffuse back from the air to the pan. You
can’t rewind the winds flowing around the eye of a
hurricane. You can’t take back a scream.

The second law says only that concentrated energy
tends to disperse spontaneously. It does not say when
or how slowly or fast that might happen. In our own
world, the collective strength of chemical bonds resists the
spontaneous direction of energy flow. Think of the energy
in uncountable numbers of chemical bonds between all
the atoms making up the Rocky Mountains. Millions
of years will pass before attacks by winds, rain, ice,
and other assaults will break enough bonds to return
the mountains to the seas. Or think of all the chemical
bonds in your skin, heart, liver, and other body parts.
The concentration of energy definable as “you” stays
together as long as they do.

Entropy is the measure of how much and how far a
concentrated form of energy has been dispersed after
an energy change. It is not a measure of order versus
disorder. In 2004, at one of the most active subduction
zones on the seafloor, a major earthquake generated a
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Figure 6.3 Aftermath of an
appalling change in entropy.
Gleebruk village, Indonesia,
shown before and after a
tsunami struck in December
2004. A major earthquake
on the seafloor generated
giant ocean waves—a form
of concentrated mechanical
energy that spread out after
the waves hit land.

tsunami that spread across the Indian Ocean. Few of
us missed the images of monstrous waves lashing at
coasts all the way from Indonesia to Africa (Figure
6.3). Orderly rows of houses, hotels, and crops were
ripped apart and washed away. But this horrific mess
was not an increase in entropys; it was its aftermath. The
earthquake had generated waves of pressure—a form
of mechanical energy—in ocean water. There was a
huge concentration of pressure that dissipated as the
waves slammed against shorelines. The before/after
difference in mechanical energy—from the original
concentration on the seafloor to the last fingers of surf
that fizzled away on land—was the entropy change.
The point is, energy tends to flow in one direction, from
concentrated to less concentrated forms. The world of life
is responsive to the flow. Photosynthetic cells of plants
and other producers tap into a concentrated store of
energy: light from the sun. They convert it to chemical
bond energy in sugars and other organic compounds.
Consumers as well as producers access that stored
energy by breaking and rearranging chemical bonds.
With each conversion, though, some energy is lost as
heat, a dispersed form of energy that cells can’t gather
up again. The inevitable losses mean that the world of
life must maintain its complex organization through
ongoing replenishments of energy—which is being
lost from someplace else (Section 1.2 and Figure 6.4).

Energy is the capacity to do work, and it cannot be created
or destroyed. It can be converted from one form to another.

Energy concentrated in one place tends to spread out, or
disperse, on its own. The collective strength of chemical
bonds resists this spontaneous direction of energy flow.

Life continues as long as organisms tap into concentrated
energy sources and use them to build complex molecules

ENERGY LOST

Energy continually
flows from the sun.

producers

NUTRIENT
CYCLING

consumers

ENERGY GAINED

Sunlight energy reaches
environments on Earth.
Producers of nearly all
ecosystems secure some
and convert it to stored
forms of energy. They
and all other organisms
convert stored energy

to forms that can drive
cellular work.

ENERGY LOST

With each conversion,
there is a one-way flow of
a bit of energy back to the
environment. Nutrients
cycle between producers
and consumers.

even as they continually lose energy in the form of heat. Figure 6.4 A one-way flow of energy into an ecosystem compensates

for the one-way flow of energy out of it.
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GWH Time’s Arrow and the World of Life

LINKS TO Once the two laws of thermodynamics were just hypotheses.
1850;?';? They became accepted as theories so powerful and wide-

ranging that they became known as laws. Remember, the
best theories—and laws—are supported by predictions
based on them (Section 1.5). With respect to metabolism,
the key prediction is this: It takes net inputs of energy to
force small molecules to combine into larger ones, such

4

as glucose, that are more concentrated forms of energy.

The molecules of life do not form spontaneously, and
they are not that stable in the presence of free oxygen,
which reacts with them and disrupts their structure.
Cellular mechanisms safeguard these molecules. They
control when and where energy changes will occur;
that is, when energy will flow from one substance to
another during chemical reactions.

You already know about some of the participants
in metabolic reactions. Starting substances are called
reactants. Substances formed before a reaction ends are
intermediates, and those remaining are products. ATP

glucose (not as stable il
as the reactants, but 2100
a more concentrated 8 g 9 #
source of energy) @ ‘,, @ + 605
H
" Gy & é [
" Q W
energy
input
ﬁ-‘,

reactants 6 Q@ + 6 u"ﬁu- —

glucose + 609

(reactants)
-
- products (more
stable, but not
% a concentrated
6 SEO® -6 o n source of energy)

Figure 6.5 Animated! Two categories of energy changes in chemical work.
(a) Endergonic reactions require a net input of energy. (b) Exergonic reactions
end with a net release of usable energy.
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and other energy carriers activate enzymes and other
molecules by phosphate-group transfers. Enzymes are
catalysts; they speed specific reactions enormously.
Cofactors are metal ions or coenzymes. They assist the
enzymes by accepting and donating electrons, atoms,
and functional groups. Transport proteins help solutes
across membranes. Their action affects concentrations
of substances, which in turn affects how, when, and
whether a reaction can proceed.

ACTIVATION ENERGY—WHY THE WORLD
DOESN’T GO UP IN SMOKE

When substances react, some of the chemical energy
required to break bonds is conserved as new bonds
form. Some energy is lost as heat, light, or both. Think
of what happens after a spark from a campfire ignites
tinder-dry plants. Plants are mostly cellulose—which
has three reactive hydroxyl groups in each one of many
repeating units: C¢gH;O(OH)3. Once this reaction starts,
it proceeds swiftly on its own. Most of the cellulose
breaks down fully to carbon dioxide (CO,) and water
(HyO), with the release of light and heat. Remember
Figure 1.1? A single match can start a firestorm.

Why doesn’t the world go up in flames on its own?
It takes a boost of energy to overcome the strength of
chemical bonds in reactants. The boost has to be big
for some reactions but not much for others. Like other
explosives, nitroglycerin has a lot of oxygen atoms. A
hard shake or jarring is all it takes for nitroglycerin to
start falling apart—explosively fast—into hot gases.

Each kind of reaction has a characteristic activation
energy, the minimum amount of energy that can get
the reaction to the point that it will run on its own. By
controlling the energy inputs into reactions, cells are
able to control when and how fast the reactions occur.

UP AND DOWN THE ENERGY HILLS

Let’s see how this works when photosynthetic cells
build glucose and other carbohydrates. An input of
energy from the sun triggers two stages of reactions.
Ultimately, six CO, and six HyO molecules are used
in the formation of one glucose molecule (CsH{,04)
and six oxygen molecules (O,). Figure 6.54 is a simple
way to think about these reactants and products.

The synthesis of glucose is an example of a series
of reactions that just will not happen on their own.
Why not? Carbon dioxide and water do have energy
stored in their covalent bonds, but the bonds are so
stable that it is as if they are at the base of an “energy
hill.” It takes inputs of energy to break those bonds
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Figure 6.6 Ball-and-stick
model for ATP. Successive
phosphate-group transfers
turn ATP into ADP (adenosine
diphosphate), then into AMP
(adenosine monophosphate).

and convert them to something higher up on the hill.
Any reactions that require a net input of energy are
said to be endergonic (meaning energy in).

Glucose is a concentrated source of energy. When it
is broken apart, energy is released. Cells capture some
of the energy to do cellular work. Energy also ends up
in covalent bonds of smaller, more stable products.
With aerobic respiration, those products are six CO,
and six H,O molecules (Figure 6.5b).

Aerobic respiration releases energy bit by bit, with
many conversion steps, so cells can capture some of it
efficiently. This metabolic process is like a downhill
run, from a concentrated form of energy (glucose) to
less concentrated forms. Any reactions that end with
a net release of energy are exergonic (meaning energy
out). They, too, require an energy boost to get past the
activation energy barrier. However, the net amount of
energy released is more than the amount invested.

ATP—THE CELL'S ENERGY CURRENCY

It doesn’t take a huge leap of the imagination to sense
that cells stay alive by coupling reactions that require
energy with reactions that release it. For nearly all
metabolic reactions, adenosine triphosphate, or ATP,
is the energy carrier, or coupling agent. All cells make
this nucleotide, which consists of a five-carbon sugar
(ribose), the base adenine, and three phosphate groups
(Figure 6.6). ATP easily gives up phosphate groups to
other molecules and thus primes them to react. Any
phosphate-group transfer is called phosphorylation.
ATP is the currency in a cell’s economy. Cells spend
it in energy-requiring reactions and also invest it in
energy-releasing reactions that help keep them alive.
We use a cartoon coin to symbolize ATP (Figure 6.7a).
Because ATP is the main energy carrier for so many
reactions, you might infer—correctly—that cells have

e ..._1_ -
cellular work
(e.g., synthesis,
breakdown, or
rearrangement
of substances;

o
reactions L reactions
that /E' T \\ that
release require
energy / energy
\\ADP + Pj
a
Cat+ Catt Cat+
Cat+ Cat+ Cat+ Cat+
[ AP A

.f" TR y i
abel A A e by

in"t'"'l

ATP

contraction of
muscle cells;
active transport
across a cell
membrane)

b A case of cellular
work. ATP transfers
a phosphate group to
a transport protein
spanning a plasma
membrane. As you
read in Section 5.4,
the energy boost
causes this active
transport protein to
change its shape

in ways that pump
calcium ions out

of the cell, against
their concentration
gradient.

Figure 6.7 Animated! (a) ATP function. Recurring phosphate-group
transfers convert ATP into ADP, and back to ATP. (b) Example of ATP-

driven cellular work.

Activation energy is the minimum amount of energy
required to get any reaction to the point where it will run

spontaneously, with no further energy input. The amount

differs for different reactions.

Reactions that build large organic compounds from
smaller ones cannot run without a net input of energy.
Reactions that degrade large molecules to smaller ones
end with a net output of usable energy.

ATP, the main energy carrier in all cells, couples energy-
releasing and energy-requiring reactions. It primes other
molecules to react by phosphate-group transfers.

Chapter 6 Ground Rules of Metabolism
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ways of renewing it. When ATP gives up a phosphate
group, ADP (adenosine diphosphate) forms. ATP can
re-form when ADP binds to inorganic phosphate (P;)
or to a phosphate group that was split from a different
molecule. Regenerating ATP by this ATP/ADP cycle
helps drive most metabolic reactions (Figure 6.7D).
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m How Enzymes Make Substances React

If you left a cupful of glucose out in the open, years would
pass before you would see its conversion to carbon dioxide
and water. Yet that same conversion takes just a few seconds
in your body. Enzymes make the difference.

starting

substance

forward reaction — =

activation energy
without enzyme

energy
released by
the reaction

products

Figure 6.8 Animated!

Activation energy: the minimum
amount of internal energy that
reactants must have before a
reaction will run to products. An
enzyme enhances the reaction
rate by lowering the required
amount; it lowers the energy hill.

reactants

Figure 6.9 Simple way
to think about the energy
required to get a reaction
going without an enzyme
(a) and with the help of
an enzyme (b).
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Enzymes are catalysts that can make reactions occur
hundreds to millions of times faster than they would
on their own. Enzyme molecules can work again and
again; a reaction does not use them up or irreversibly
alter them. Each type of enzyme chemically recognizes,
binds, and alters specific reactants only. For instance,
thrombin recognizes and cleaves only a peptide bond
between arginine and glycine in a particular protein,
thereby converting the protein into a factor that helps
clot blood. Finally, nearly all enzymes are proteins.
(A few kinds of RNAs also show enzymatic activity.)

Reactions cannot proceed until the reactants have a
minimum amount of internal energy—the activation
energy. Visualize activation energy as a barrier—a hill
or brick wall (Figures 6.8 and 6.9). Enzymes lower it.
How? Compared with the surrounding environment, they
offer a stable microenvironment, more favorable for reaction.

Consider: Enzymes are far larger than substrates,
another name for the reactants that bind to a specific
enzyme. Their polypeptide chains are folded in ways
that afford structural stability. Certain folds also form
one or more chemically stable active sites: pockets or
crevices where the substrates bind and where specific
reactions can proceed rapidly and repeatedly.

Part of a substrate is complementary in shape, size,
solubility, and charge to the active site. Because of the

b
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one of four heme groups cradled
in one of four polypeptide chains

O—0—H 0

b

@© Ahydrogen of the
peroxide is attracted
to histidine, an amino
acid projecting into the
cavity. One oxygen
binds the iron.

@ Hydrogen peroxide
(H20Oy) enters a cavity in
catalase. It is the substrate
for a reaction aided by an
iron molecule in a heme
group (red).

@© This binding destabilizes the
peroxide bond, which breaks.
Water (H»0) forms. In a later
reaction, another HyO» will pull
the oxygen from iron, which will
then be free to act again.

Figure 6.10 Animated! How catalase works. This enzyme has four polypeptide

fit, each enzyme chemically recognizes and binds its
substrate among thousands of substances in cells.

Think back on the main types of enzyme-mediated
reactions (Section 3.2). With functional group transfers,
one molecule gives up a functional group to another.
With electron transfers, one or more electrons stripped
away from a molecule are donated elsewhere. With
rearrangements, a juggling of internal bonds converts
one kind of molecule to another. With condensation,
two or more molecules become covalently bound into
a larger molecule. Finally, with cleavage reactions, a
larger molecule splits into smaller ones.

When we talk about activation energy, we really are
talking about the energy it takes to align reactive chemical
groups, destabilize electric charges, and break bonds. These
events put a substrate at its transition state. Then, its
bonds are at the breaking point, and the reaction can
run easily to product (Figure 6.10).

The binding between an enzyme and its substrate
is weak and temporary (that is why the reaction does
not change the enzyme). However, energy is released
when these weak bonds form. This “binding energy”
stabilizes the transition state long enough to keep the
enzyme and its substrate together for the reaction to
be completed.

With enzymes, four mechanisms work alone or in
combination to lower the activation energy and move
substrates to the transition state:

Helping substrates get together. When they are at low
concentrations, molecules of substrates rarely react.
Binding at an active site is as effective as a localized
boost in concentration, by as much as ten millionfold.

chains and four heme groups (coded red).

Orienting substrates in positions favoring reaction. On
their own, substrates collide from random directions.
By contrast, the weak but extensive bonds at an active
site put reactive groups close together.

Shutting out water molecules. Because of its capacity
to form hydrogen bonds so easily, water can interfere
with the breaking and formation of chemical bonds in
reactions. Certain active sites have an abundance of
nonpolar amino acids with hydrophobic groups, which
repel water and keep it away from the reactions.

Inducing a fit between enzyme and substrate. By the
induced-fit model, a substrate is almost but not quite
complementary to an active site. An enzyme restrains
the substrate and stretches or squeezes it into a certain
shape, often next to another molecule or to a reactive
group. By optimizing the fit between them, it moves
the substrate to the transition state.

On their own, chemical reactions occur too slowly to
sustain life. Enzymes greatly increase reaction rates by
lowering the activation energy. That is the minimum
amount of energy required to align reactive groups,
destabilize electric charges, and break bonds so that
products can form from reactants.

In an enzyme’s active site, substrates move to a transition
state, when their bonds are at the breaking point and the
reaction can run spontaneously to completion.

The transition state is reached by various mechanisms
that concentrate and orient substrates, exclude water
from the active site, and induce an optimal fit between
the active site and substrate.

Chapter 6 Ground Rules of Metabolism 97
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m Enzymes Don’'t Work In a Vacuum

Many factors influence what an enzyme molecule does
at any given time or whether it is built in the first place.
Here we highlight a few of the major factors.

CONTROLS OVER ENZYMES

What happens when one or another of the thousands
of substances in cells becomes too abundant or scarce?
Many controls over enzymes help cells respond fast
by adjusting specific reactions. Feedback mechanisms
can activate or inhibit enzymes in ways that conserve
energy and resources. Cells produce what conditions
require—no more, no less.

‘> allosteric activator

allosteric binding site vacant

active site altered,
substrate can bind

‘ allosteric inhibitor

allosteric
binding
site vacant;
active site
can bind
substrate

enzyme active site

active site
altered, can'’t
bind substrate

Figure 6.11 Animated! Allosteric control over enzyme activity. (a) An active
site is unblocked when an activator binds to a vacant allosteric site. (b) An
active site is blocked when an inhibitor binds to a vacant allosteric site.

1

enzy

d
e
- 9 ’ (tryptophan)

substrate

|

enzyme 1 %
”

enzyme 4 enzyme 5

Excess molecules of end
product bind to molecules
of an enzyme that catalyzes

the more enzyme molecules
are inhibited, and the less
tryptophan is synthesized.

Figure 6.12 Animated! Feedback inhibition of a metabolic pathway. Five
kinds of enzymes act in sequence to convert a substrate to tryptophan.

98 Unit | Principles of Cellular Life

Controls maintain, lower, or raise concentrations of
substances. They adjust how fast enzyme molecules
are synthesized, and they activate or inhibit the ones
already built. In multicelled species, enzyme controls
keep individual cells functioning in ways that benefit
the whole body.

In some cases, a molecule that acts as an activator
or inhibitor can reversibly bind to an allosteric site on
the enzyme, not to the active site (allo— other; steric,
structure). Binding alters the enzyme’s shape in a way
that hides or exposes the active site (Figure 6.11).

Visualize a bacterial cell making tryptophan and
other amino acids—the building blocks for proteins.
Even when it has made enough proteins, tryptophan
synthesis continues until its increasing concentration
causes feedback inhibition. This means a change that
results from a specific activity shuts down the activity.

A feedback loop starts and ends at many allosteric
enzymes. In this case, unused tryptophan binds to an
allosteric site on the first enzyme in the tryptophan
biosynthesis pathway. Binding makes the active site
change shape, so less tryptophan can be made (Figure
6.12). At times when not many tryptophan molecules
are around, the allosteric sites are unbound. Thus the
active sites remain functional, and the synthesis rate
picks up. In such ways, feedback loops quickly adjust
the concentrations of substances.

EFFECTS OF TEMPERATURE, pH, AND SALINITY

What an enzyme molecule actually does also depends
on conditions in the environment. Temperature, pH,
and salinity all have impact on it.

Temperature is a measure of molecular motion. As
it rises, it boosts reaction rates both by increasing the
likelihood that a substrate will bump into an enzyme
and by raising a substrate molecule’s internal energy.
Remember, the more energy a reactant molecule has,
the closer it gets to jumping that activation energy
barrier and taking part in a reaction.

Above the range of temperatures that an enzyme
can tolerate, weak bonds are broken. The shape of the
enzyme changes, so substrates no longer can bind to
the active site. The reaction rate falls sharply (Figure
6.13). Such declines typically occur with fevers above
44°C (112°F), which people usually cannot survive.

Also, remember how the pH of solutions can vary
(Section 2.6)? In the human body, most enzymes work
best at pH 6-8. For instance, trypsin is active in the
small intestine (pH of about 8). The enzyme pepsin is
one of the exceptions. This nonspecific protease can
digest any protein. It is produced in inactive form and
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normally becomes activated only in gastric fluid, in
the stomach. Gastric fluid is highly acidic, with a pH
of 1-2. If activated pepsin were to leak out of the
stomach, it would digest the proteins in your tissues
instead of those in food. Figure 6.14 shows the effects
of pH on pepsin and two other kinds of enzymes.

Also, most enzymes stop working effectively when
the fluids in which they are dissolved are saltier or
less salty than their range of tolerance. Too much or
too little salt interferes with the hydrogen bonds that
help hold an enzyme in its three-dimensional shape.
By doing so, it inactivates the enzyme.

HELP FROM COFACTORS

Finally, don’t forget the cofactors. These metal ions or
coenzymes help at the active site of enzymes or taxi
electrons, HY, or functional groups to other reactions.
Coenzymes are a class of organic compounds that may
or may not have a vitamin component.

One or more metal ions assist nearly a third of all
known enzymes. Metal ions easily give up and accept
electrons. As part of coenzymes, they help products
form by shifting electron arrangements in substrates
or intermediates. That is what goes on at the hemes
in catalase. Heme has an organic ring structure, with
an iron atom at the center of the ring. As you saw in
Figure 6.10, the iron atoms assist catalase in speeding
the breakdown of hydrogen peroxide to water.

Like vitamin E, catalase is an antioxidant. It helps
neutralize free radicals. Free radicals, or atoms with at
least one unpaired electron, are leftovers of reactions.
They attack the structure of DNA and other biological
molecules. As we age, we make less and less catalase,
so free radicals accumulate (Section 43.6).

Some coenzymes are tightly bound to an enzyme.
Others, such as NAD' and NADPY, can diffuse freely
through the cytoplasm. Either way, they participate
intimately in a metabolic reaction. Unlike enzymes,
many become modified during the reaction, but they
are regenerated elsewhere.

Controls over enzymes enhance or inhibit their activity.
By doing so, they maintain, lower, or raise concentrations
of many thousands of substances in coordinated ways.

Enzymes work best when the cellular environment stays
within limited ranges of temperature, pH, and salinity. The
actual ranges differ from one type of enzyme to the next.

Many enzymes are assisted by cofactors, which are specific
metal ions or coenzymes.
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Figure 6.13 Enzymes and the environment. (a) How increases in
temperature affect one enzyme’s activity.

(b) The air temperature outside the body affects the fur color of
Siamese cats. Epidermal cells that give rise to the cat’s fur produce
a brownish-black pigment, melanin. Tyrosinase, an enzyme in the
melanin production pathway, is heat-sensitive in the Siamese. It
becomes less active in warmer parts of the cat’s body, which end
up with less melanin, and lighter fur. Put this cat’s feet in booties
for a few weeks and its warm feet will become light.

Enzyme activity —————»

o

Figure 6.14 Enzymes
and the environment.

(a) How pH values affect
three enzymes. The blue
graph line shows the
activity for pepsin. (b)
Cranberry plants grow
best in acidic bogs.
Unlike most plants,

they have no nitrate
reductase. This enzyme
converts nitrate (NOg)
found in most soils to
metabolically useful
ammonia (NHg). In highly
acidic soils, nitrogen

is already in the form of
ammonia (NH, ™).
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m Metabolism—Organized, Enzyme-Mediated Reactions

How cells use energy changes is one aspect of metabolism.
Another is the concentration, conversion, and disposal

of materials by energy-driven reactions. Most reactions

in cells are part of stepwise metabolic pathways.

TYPES OF METABOLIC PATHWAYS

We have mentioned metabolic pathways in passing.
Now let’s formally define them. Metabolic pathways
are enzyme-mediated sequences of reactions in cells.
The biosynthetic (or anabolic) kinds require a net input
of energy to produce glucose, starch, and other large
molecules from small ones. Photosynthesis is the main
biosynthetic pathway for the world of life (Figure 6.15).

Degradative (or catabolic) pathways are exergonic,
overall, in that they end with a net release of usable
energy. In degradative pathways, unstable molecules
typically are broken down into smaller, more stable
products, with the release of energy in forms that cells
may use. Aerobic respiration is the main degradative
pathway in the biosphere, and energy released during
the reactions is used to form many ATP (Figure 6.15).

Many metabolic pathways are linear, a straight line
from reactants to the products. In cyclic pathways, the

formation of glucose in photosynthesis, and -

aerobic respiration yields a great deal of

usable energy from glucose breakdown.

Figure 6.16 Chemical equilibrium. With a high concentration
of reactant molecules (represented here as wishful frogs), a
reaction runs most strongly in the forward direction, to products
(the princes). When the concentration of product molecules is
high, it runs most strongly in reverse. At equilibrium, the rates
of the forward and reverse reactions are the same.
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last reaction regenerates the type of reactant molecule
that is used in the first step of the reaction sequence.
For instance, in the second stage of photosynthesis, a
molecule known as RuBP is the entry point for cyclic
reactions, and the cycle’s last intermediate undergoes
internal jugglings that convert it to RuBP. In branched
pathways, reactants or intermediates are channeled
into two or more different sequences of reactions.

THE DIRECTION OF METABOLIC REACTIONS

Bear in mind, metabolic reactions do not always run
from reactants to products. They might start out in
this “forward” direction. But most also run in reverse,
with products being converted back to reactants.

Reversible reactions tend to run spontaneously
toward chemical equilibrium, when the reaction rate
is about the same in either direction. In most cases,
the amounts of reactant and product molecules are
not identical; they differ at that time (Figure 6.16). It
is like a party where people drift between two rooms.
The number in each room stays the same—say, thirty
in one and ten in the other—even as individuals move
back and forth.

oontaneous

B
equilibrium
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Why bother to think about this? Each cell can bring
about big changes in activities by controlling the enzymes
that mediate a few steps of reversible metabolic pathways.

For instance, when your cells need a quick bit of
energy, they rapidly split glucose into two pyruvate
molecules. They do so by a sequence of nine enzyme-
mediated steps of a pathway called glycolysis. When
glucose supplies are too low, cells quickly reverse this
pathway and build glucose from pyruvate and other
substances. How? Six steps of the pathway happen to
be reversible, and the other three are bypassed. An
input of energy from ATP drives the bypass reactions
in the uphill (energetically unfavorable) direction.

What if cells did not have this reverse pathway?
They would not be able to build glucose fast enough
to compensate for episodes of starvation, when glucose
supplies in blood become dangerously low.

REDOX REACTIONS IN THE MAIN PATHWAYS

You may be wondering: Why don’t cells break down
glucose all at once? Glucose, recall, is not as stable as
the products of its full breakdown. Toss a cupful of
glucose into a campfire, and its carbon and hydrogen
atoms will explosively combine with oxygen in air.
All of the released energy will be lost as heat.

Cells release energy efficiently by stepwise electron
transfers, or oxidation-reduction reactions. In these
“redox” reactions, one molecule gives up electrons (it
is oxidized) and another gains them (it is reduced).

Commonly, hydrogen atoms are released at the same
time. Remember, we represent free hydrogen atoms
(naked protons) as HT. Being attracted to the opposite
charge of the electrons, H' tags along with them.

Start thinking about redox reactions, because they
are central to photosynthesis and aerobic respiration.
In the next two chapters, you will follow coenzymes
as they pick up the electrons and H* stripped from
substrates and then deliver them to electron transfer
chains. Such chains are membrane-bound arrays of
enzymes and other molecules that accept and give up
electrons in sequence. Electrons are at a higher energy
level when they enter a chain than when they leave.

Think of these electrons as descending a staircase
and stingily losing a bit of energy at each step, as in
Figure 6.17. In the case of photosynthesis and aerobic
respiration, the stepwise electron transfers concentrate
energy—in the form of H electrochemical gradients
—in ways that contribute to ATP formation.

Metabolic pathways are orderly, enzyme-mediated reaction
sequences, some biosynthetic, others degradative.

Control over a key step of a metabolic pathway can bring
about rapid shifts in cell activities.

Many aspects of metabolism involve electron transfers, or
oxidation-reduction reactions. Electron transfer chains are
important sites of energy exchange in both photosynthesis
and aerobic respiration.
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XA Light Up the Night—And the Lab

You can always think about organisms from a “gee-
whiz-ain’t-nature-grand” point of view. Or you can
come up with novel ways to think about what they
do and how they do it. The latter way of thinking
puts you squarely in the camp of biologists. Here

is a case in point.

ENZYMES OF BIOLUMINESCENCE

At night, in the warm waters of tropical seas or in the
summer air above gardens and fields, you may catch
sight of abrupt shimmerings or flashes of light. Many
species, ranging from bacteria and algae to fishes to
fireflies, flash with orange, yellow, yellow-green, or
blue light. In seawater, great numbers of them often
flash together with startling effect (Figure 6.18a).

All of the flashers emit light when enzymes called

luciferases transduce chemical bond energy of certain
molecules into light energy. Figure 6.18c shows the
three-dimensional structure of the luciferase found in
fireflies. Remember, electrons can be excited to higher
energy levels with an input of energy. In this case,
reactions start when ATP, in the presence of oxygen,
transfers a phosphate group to luciferin. An array of

(a) Stirring up bioluminescent marine organisms near Vieques Island,
Puerto Rico. As many as 5,000 free-living cells called dinoflagellates may be in each
liter of water, and each flashes with blue light when agitated. (b) North American firefly
(Photinus pyralis) emitting a flash from its light organ. Peroxisomes in this organ are
packed with luciferase molecules. Firefly flashes help potential mates find each other
in the dark. (¢) Ribbon model for firefly luciferase. This enzyme catalyzes the reaction
that releases light. Its single polypeptide chain is folded into multiple domains.
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electrons in this molecule become excited enough to
enter reactions. At a certain reaction step, they release
the extra energy in the form of fluorescent light. Any
kind of destabilized molecule that reverts to a more
stable configuration may emit such light. When the
reactions take place in organisms, the emitted light is
called bioluminescence.

A RESEARCH CONNECTION

People have been marveling over bioluminescence for
a long time. Then biologists thought to borrow the
genes for bioluminescence from fireflies and use them
to make other organisms light up. Through methods
of gene transfers, as sketched out in Chapter 16, they
have now inserted copies of those genes into bacteria,
plants, and mice (Figure 6.19).

In itself, making mice glow seems like a bizarre
thing to do. However, some biologists immediately
saw the potential for using bioluminescence genes as
a diagnostic tool. For example, every year, 3 million
people die from a lung disease caused by different
strains of the bacterium Mycobacterium tuberculosis.
No single antibiotic is effective against all the strains.
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Figure 6.19 Colonies of bioluminescent bacteria in daylight
(left) and glowing in a culture dish in the dark (right).

If an infection has progressed to a dangerous stage,
there is no time to waste, but there is no guarantee a
treatment will be effective unless the particular strain
causing a patient’s infection is identified.

One way to do this is to take a sample of bacterial
cells from the patient, then expose them to luciferase
genes. In some cells, the genes get incorporated into
the bacterial DNA. Those cells are isolated, and then
colonies of their descendants are exposed to different
antibiotics. When an antibiotic does not work, colonies
glow; the cells are alive. When an antibiotic works,
there is no glow; all of the bacterial cells are dead.

Christopher and Pamela Contag, two postdoctoral
students at Stanford University, thought about using
gene transfers to light up Salmonella cells in mice. As
they knew, researchers who study viral or bacterial
diseases had to infect dozens to hundreds of mice for
experiments. Then they had to kill the mice and study
their tissues to see whether infection had occurred.
The practice was costly and tedious, and it meant the
loss of a lot of infection-free experimental animals.

First the Contags approached a medical imaging
researcher, David Benaron, with this hypothesis: If we
make live, infectious bacteria bioluminescent, then
flashes of light will shine through tissues of infected,
living animals. As an early test of their prediction, the
researchers put glowing Salmonella cells into a thawed
chicken breast from a market. It glowed from inside.

The Contags transferred the bioluminescence genes
into three Salmonella strains, which were injected into
three experimental groups of laboratory mice. The
Contags used a digital imaging camera to track and
record whether infections developed in each group.

The first strain was weak; the mice fought off the
infection in less than six days and did not glow. The
second strain was not as weak but could not spread
through the mouse body; it was localized. The third
strain was dangerous. It spread rapidly through the
entire mouse gut—which glowed.

CONNECTIONS

Figure 6.20 Utilizing
bioluminescent bacterial
cells to chart the location
of infectious bacteria
inside living laboratory
mice and their spread
through body tissues. (a)
False-color images in this
pair of photographs show
how the infection spread in
a control group that had
not been given a dose

of antibiotics. (b) This

pair shows how antibiotics
had killed most of the
infectious bacterial cells.

Thus bioluminescent gene transfer, combined with
imaging of enzyme activity, can track the course of
infection. It is now used to evaluate the effectiveness
of drugs in living organisms (Figure 6.20). It also may
have use in gene therapy, which involves replacing one
or more defective or cancer-causing genes in a patient
with functional copies of the genes.

In short, people thought to use bioluminescence as
visible evidence of metabolism—of the cell’s capacity
to acquire energy and use it to build, break apart,
store, and release substances in controlled ways. Each
flash reminds us that living cells are taking in energy-
rich solutes, constructing membranes, storing things,
replenishing enzymes, and checking out their DNA.
A constant supply of energy drives these activities.
The flashes remind us of how modern-day biologists
are busy putting knowledge to use in practical ways.

Bioluminescence is an outcome of enzyme-mediated
reactions that release energy as fluorescent light.

Biologists have transferred genes for bioluminescence, the
luciferases, into a variety of organisms. The gene transfers
have research applications and practical uses.

Chapter 6 Ground Rules of Metabolism 103
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glucose from carbon dioxide and water is an example.
Other reactions are exergonic; the net amount of energy
they release is greater than the amount invested. Aerobic
respiration is an example.

Cells couple reactions that require energy with other
reactions that release energy. ATP is the main energy
carrier between reaction sites. It jump-starts reactions
by donating one or more of its phosphate groups to a
reactant. It is regenerated when ADP binds to inorganic
phosphate or to a phosphate group.

Biolngy‘@an

Learn about energy changes in chemical reactions and

the role of ATP with the animation on BiologyNow.

Summary

Section 6.1 Cells require energy for metabolism, or
chemical work. The first law of thermodynamics tells us
that energy cannot be created from scratch or destroyed.
Energy can only be converted from one form to another.
Examples are potential energy, such as that stored in
chemical bonds, and kinetic energy (energy of motion).
The second law of thermodynamics tells us that
energy tends to spread out or disperse spontaneously
from concentrated to less concentrated forms, such as
dispersed heat. Entropy is the measure of how much
and how far a concentrated form of energy has been

dispersed after an energy change. Section 6.3 Enzymes are catalysts, which means
The collective strength of the chemical bonds that they enormously enhance the rates of specific reactions.

hold together systems of life resists the spontaneous Nearly all are proteins that are much larger than their

direction of energy flow. Those systems maintain their substrates (some RNAs also are catalytic). Folds in their

complex organization by being resupplied with energy polypeptide chains form active sites, or small clefts that

lost from someplace else. Sunlight is the original source create favorable microenvironments for reaction.

of energy for nearly all webs of life. Enzymes speed reactions by lowering the activation

energy. For each kind of reaction, that is the energy it
takes to align reactive chemical groups, destabilize
electric charges, and break chemical bonds. Enzymes
move substrates faster to a transition state, when the
reaction can proceed most easily to products.

Four mechanisms help get substrates to the transition
state: Binding in an active site effectively boosts local
concentrations of substrates, it orients substrates, it
shuts out most or all water molecules that could interfere
with the reaction, and it induces an optimum fit with the
substrate that pulls it to the transition state.

Biology @ Now

Investigate how enzymes facilitate reactions with

the animation and interaction on BiologyNow.

Section 6.2 Table 6.1 summarizes the functions of
the key players in metabolism: reactants, intermediates,
products, enzymes, cofactors, energy carriers, and
transporters. The second law of thermodynamics lets
us make this prediction about metabolism: It takes net
inputs of energy to force stable molecules to combine
into forms that are less stable but more concentrated
sources of energy.

All reactants require a minimum amount of internal
energy before they will enter into a reaction, although
the amount differs among them. That amount is the
activation energy for the reaction.

Some reactions are endergonic; they require a net
energy input to run to completion. The formation of
Section 6.4 Many factors influence enzyme action
and, through it, metabolic pathways. Each type of
enzyme functions best within a characteristic range of
Table 6.1 Summary of the Main Participants temperature, pH, and salinity. Controls over enzyme

in Metabolic Reactions activity, including negative feedback mechanisms,
influence the kinds and amounts of substances available
in a given interval. Also, most enzymes require the
assistance of cofactors. These metal ions and coenzymes
help out at an active site by ferrying electrons, hydrogen
ions, or functional groups to some other reaction site.

Reactant Substance that enters a metabolic reaction
or pathway; also called the substrate of a
specific enzyme

Intermediate Any substance that forms in a reaction or Bioloav @ N
pathway, between the reactants and the lology\Z/Now
end products Observe mechanisms of enzyme control with

) the animation on BiologyNow.
Product Substance at the end of a reaction or pathway

Enzyme A protein that greatly enhances reaction rates; Section 6.5 Cells modify concentrafaon.s of many
a few RNAs also do this thousands of substances, often by coordinating outputs
) of orderly, enzyme-mediated reaction sequences called
Cofactor Coenzyme (such as NAD™) or metal ion; . h .. bi heti
assists enzymes or move electrons, hydrogen, metabolic pathways. The energy-requiring, biosynthetic
or functional groups to other reaction sites pathways build large, unstable molecules from smaller,
more stable ones. Photosynthesis is an example. The

Energy Mainly ATP; couples energy-releasing reactions . .

carrier wlih ererey eaine res energy-releasing, degradative pathways brea'k d.0w11. large
_ _ . . molecules to smaller products. Aerobic respiration is the

Transport Protein that passively assists or actively pumps main degradative pathway. Most metabolic reactions

protein specific solutes across a cell membrane

are reversible. Cells rapidly shift rates of metabolism
by controlling a few steps of reversible pathways.
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Cells release energy most efficiently by way of
oxidation-reduction reactions, which simply are electron
transfers. In both photosynthesis and aerobic respiration,
redox reactions occur at electron transfer chains that are
components of cell membranes.

Bmlngy )Now

Compare the effects of controlled and uncontrolled
energy release with the animation on BiologyNow.

Section 6.6 Bioluminescence is one outcome of
enzyme-mediated reactions that release energy in the
form of fluorescent light. The transfer of genes for
bioluminescence into organisms has research and
practical applications.

Biology©) Now

Read the InfoTrac article, “An Enlightening Food

Safety Tool,” Lynn Petrak, The National Provisioner,
October 2004.

Self-Quiz

1. ___ islife’s primary source of energy.
a.Food  b.Water  c.Sunlight d.ATP

2. Energy
a. cannot be created or destroyed
b. can change from one form to another
c. tends to flow spontaneously in one direction
d.all of the above

Answers in Appendix I

3. Entropy is a measure of
a. order versus disorder in a system
b. how much and how far a form of energy has
been dispersed after an energy change
c. the forerunner of an energy change
d.all of the above

4. Enzymes
a. are proteins, except for a few RNAs
b.lower the activation energy of a reaction
c. are destroyed by the reactions they catalyze
d.aandb

5. Enzyme function is influenced by
a. changes in temperature
b.changes in pH
c. changes in salinity
d.all of the above

6. Which of the following statements is incorrect?
A metabolic pathway
a. has an orderly sequence of reaction steps
b.is mediated by only one enzyme that starts it
c. may be biosynthetic or degradative, overall
d.all of the above

7. Match the substance with its suitable description.
— coenzyme or metal ion a. reactant
__ adjusts gradients at membrane b.enzyme

___ substance entering a reaction  c. cofactor
substance formed during d.intermediate
a reaction e. product

f. energy carrier
g. transport
protein

___ substance at end of reaction
enhances reaction rate
mainly ATP

Additional questions are available on Biolngyff)NDW"“

Figure 6.21 (a) Superoxide
dismutase. (b) One owner of a
smattering of age spots, evidence
of free radicals on the loose.

Critical Thinking

1. State the law of thermodynamics that deals with the
quantity of energy in the universe. State the law that deals
with the quality of energy.

2. Cyanide, a toxic compound, binds irreversibly to an
enzyme that is a component of electron transfer chains.
The outcome is cyanide poisoning. Binding prevents the
enzyme from donating electrons to a nearby acceptor
molecule in the system. What effect will this have on
ATP formation? From what you know of ATP’s function,
what effect will this have on a person’s health?

3. Why does applying lemon juice to sliced apples keep
them from turning brown?

4. One molecule of catalase can break down 6 million
hydrogen peroxide molecules every minute. It is found in
most organisms that live under aerobic conditions because
hydrogen peroxide is toxic—cells must dispose of it fast
or risk being damaged. Peroxide is catalase’s substrate;
but by a neat trick, catalase also can inactivate other toxins,
including alcohol. Can you guess what the trick is?

5. Hydrogen peroxide bubbles if dribbled on an open cut
but does not bubble on unbroken skin. Explain why.

6. Free radicals are unbound molecular fragments that
have the wrong number of electrons. They form during
many enzyme-catalyzed reactions, including the digestion
of fats and amino acids. They slip out of electron transfer
chains. They also form when x-rays and other kinds of
ionizing radiation bombard water and other molecules.
Free radicals are highly reactive. When they dock with
a molecule, they alter its structure and function.
Superoxide dismutase (Figure 6.21a) is an enzyme that
works with catalase to keep free radicals and hydrogen
peroxide from accumulating in cells. As we age, cells make
copies of enzymes in ever diminishing numbers, in altered
form, or both. When this happens to superoxide dismutase
and catalase, free radicals and hydrogen peroxide build up.
Like loose cannonballs, they careen through cells and blast
away at the structural integrity of proteins, DNA, lipids,
and other molecules. For instance, look at the “age spots”
on an older person’s skin (Figure 6.21b). Each spot is a
mass of brownish-black pigments that have accumulated in
skin cells. Do some research and identify other problems
that arise when free radicals take over.
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