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Unit One The Molecules of Life

Although a cell is mostly water, most of the rest of it consists
of carbon—based molecules. Carbon is unparalleled in its ability
to form the large, complex, diverse molecules that characterize
life on Earth. The study of carbon compounds is called organic

chemistry.

Carbon Chemistry

Why are carbon atoms so versatile as molecular
ingredients? Remember that an atom’s bonding ability is related
to the number of electrons it must share to complete its outer
shell. A carbon atom has 4 outer electrons in an outer shell that
holds 8 carbon completes its outer shell by sharing electrons with
other atoms in four covalent bonds (Figure 1-1). Each carbon
thus acts as an intersection from which an organic molecule can
branch off in up to four directions. And because carbon can use
one or more of its bonds to attach to other carbon atoms, it is
possible to construct an endless diversity of carbon skeletons
varying in size and branching pattern. The carbon atoms of
organic molecules can also use one or more of their bonds to
partner with other elements, most commonly hydrogen,
oxygen, and nitrogen.
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Figure 1-1 Variations in carbon skeletons

All of these examples are hydrocarbons, organic molecules consisting only of carbon and hydrogen. Note that each carbon atom

forms four bonds, and each hydrogen atom forms one bond.
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In terms of chemical composition, the simplest organic
compounds are hydrocarbons, organic molecules consisting of
carbon skeletons bonded only to hydrogen atoms. And the simplest
hydrocarbon is methane, a single carbon atom bonded to four
hydrogen atoms (Figure 1-2). Methane is one of the most abundant
hydrocarbons in natural gas and is also produced by bacteria that
live in swamps and in the digestive tracts of cows. Larger
hydrocarbons are the main molecules in the gasoline we bum in
cars and other machines. Hydrocarbons are also important fuels in
your body; the energy—rich parts of fat molecules are hydrocarbon
in structure.

Each type of organic molecule has a unique three—
dimensional shape. Note in Figure 1-2 that carbon’s four bonds
point to the comers of an imaginary tetrahedron {(an object with
four triangular sides). This geometry occurs at each carbon
“intersection” where there are four covalent bonds, and thus
organic molecules much larger than methane can have very
elaborate shapes. We’ll encounter many cases of how the
molecules of your body recognize one another based on their
shapes. Just one example is the chemical signaling your brain
cells use to "talk" to each other (Figure 1-3).
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Figure 1-2 Methane, the simplest hydrocarbon H
In the ball-and—stick model, note that the four single
bonds of carbon point to the comers of a tetrahedron. i i
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Figure 1-3 Molecular shape and brain chemistry

Onenervece[llnywrbrém "talks” to another by releasing
signal molecules with a shape that fits receptor molecules
located on the surface of the receiving cell. The signal
molecules cross the tiny gap between cells and bind to the
receptors, stimulating the receiving cell. (The actual shapes of
the signal and receptor molecules are much more complex
than represented here.)
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The unique properties of an organic compound depend
not only on its carbon skeleton but also on the atoms attached to
the skeleton. In an organic molecule, the groups of atoms that
usually participate in chemical reactions are called functional
groups. Figure 1-4 shows four of the functional groups
important in the chemistry of life. Though the examples in the
figure each contain only one functional group, many biological
molecules have two or more. For example, compounds called
amino acids have carboxyl as well as amino groups. Amino
acids are the building blocks of the much larger molecules called
proteins. We are now ready to see your cells make such giant
molecules out of smaller organic molecules.

Giant Molecules from Smaller Building Blocks

On a molecular scale, many of life’s molecules are gigantic;
in fact, biologists call them macromolecules. Examples are
proteins, DNA, and carbohydrates called polysaccharides. Your
cells make all these macromolecules by joining smaller organic
molecules into chains called polymers. A polymer consists of
many identical or similar molecular units strung together, much
as a train consists of many individual cars. The units that serve as
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Figure 1-4 Some common functional groups
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Cells link monomers together to form polymers by a .

process called dehydration synthesis (Figure 1-5A). For each
monomer added to a chain, a water molecule (H20) is formed by
the release of two hydrogen atoms and one oxygen atom from
the monomers (hence the term dehydration synthesis—the
monomers lose water). This same basic process of dehydration
synthesis occurs regardless of the specific monomers and the
type of polymers the cell is producing.

Organisms not only make macromolecule; they also have to
break them down. For example, many of the molecules in your
food are macromolecules. You must digest these giant molecules
to make their monomers available to your cells for assimilation
into your own brand of macromolecules. That digestion occurs by
a process called hydrolysis (Figure 1-5B). Hydrolysis means to
break (lyse) with water (hydro—). Cells break bonds between

monomers by adding water to them, a process essentially the -

reverse of dehydration synthesis.
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A. Dehydration synthesis of a polymer
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Figure 1-5 Synthesis and digestion of polymers

B. Hydrolysis of a polymer
E 2 1780584

A. The only atoms shown in these diagrams are hydrogens groups(—~OH or HO~, depending on orientation) in strategic locations on the
monomers. A polymer grows in length when an incoming monomer and the monomer at the end of the existing chain each contribute to the
formation of a water molecule. The monomers replace those lost covalent bonds with a bond to each other. B. Hydrolysis reverses the process by
digesting (breaking down) the polymer with the addition of water molecules to break the bonds between monomers.
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starch molecules we consume in pasta and potatoes.

Monosaccharides Simple sugars, or monosaccharides
(from the Greek mono—, single, and sacchar, sugar), include
glucose, found in sports drinks, and fructose, found in fruit. Both
of these simple sugars are found in honey. Generally,
monosaccharides have molecular formulas that are some
multiple of CH20. For example, the formula for glucose is
Ce¢H:1206. Fructose has the same molecular formula as glucose,
CéH120s, but its atoms are arranged differently (Figure1-6).

Glucose and fructose are examples of isomers, molecules
that match in their molecular formulas but have different
structures. Seemingly minor differences like this give isomers
different properties. In this case, the differences make fructose
taste considerably sweeter than glucose.

It is convenient to draw sugars as if their carbon skeletons
were linear. However, in aqueous solutions, many
monosaccharides form rings, as shown for glucose in Figurel-7.

Monosaccharides, particularly glucose, are the main fuel
molecules for cellular work. Analogous to an automobile engine
consuming gasoline, your cells break down glucose molecules

aF.
HYF BEEIRES RO PR
FIKRFHRNE . XHFHAEREETRE
o —BER, BUERSTRER CHO M
3. plan, HEREH TR CeHiOs,
R TN —R, ERHEPE
FHRHFIAR(E1-6).
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- N ™
H_ /{0" s
(1: j H—F',—'GH'
H—C—=0H C=0 Figure 1-6 Monosaccharides (simple-sugars)
,HD:_(';_H H{)'—([)—H ‘These molecules have the two trademarks of sugars: several hydroxyl groups {~
H—(li-OH H—FI, @ OH) and a carbonyl group {>C=0). Glucose and fructose are isomers of each other:
| ol [t They have identical molecular formulas (CeH;20¢), but their structures differ because
H_(lj ~OH H— (': —OH the atoms are not arranged the same way. The difference in this case is the location
H—C—=0H H—-?—DH of the carbonyt group.
111 H 1-6 Bk
Chiissiie Pt BEBANTH 2N AR AT NRECONM 1 MNRECC=0) &R
Bk gk R R, BT T CH O, BT , B R THIN AR,
S A X 2 WS REETREHLEARR
Figure 1-7 The ring structure of glucose
H A. Dissolved in water, one part of a glucose
\ 7 molecule can bond to another part to form a ring. The
l(|: 6CH,0H carbon atoms are numbered here so you can relate the
H—gC—OH | linear and ring versions of the molecule. As the double
5| H 5“;“0 H arrows indicate, ring formation is a reversible process,
HO_(I:_H 4\(A/H \(/ but at any instant in an aqueous solution, most glucose
4 — W OH H molecules are rings. B. From now on, we'll use this
H—(l;—OH 0{1\! . ‘/ \()H abbreviated ring symbol for giucose.
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A. Linear and ring structures
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B. Abbreviated ring structure
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and extract their stored energy, giving off carbon dioxide as
"exhaust".

Disaccharides Cells construct a disaccharide, or double
sugar, from two monosaccharides by the process of
dehydration synthesis. An example of a disaccharide is maltose,
also called malt sugar, which consists of two glucose monomers
(Figure 1-8). Maltose, which is common in germinating seeds,
is used in making beer.

The most common disaccharide is sucrose, which consists
of a glucose linked to a fructose. Sucrose is the main
carbohydrate in plant sap, and it nourishes all the parts of the
plant. We extract sucrose from the stems of sugarcane or the
roots of sugar beets to use as table sugar.

The history of sugar refining and consumption by humans is
a story with important health and economic consequences.
Before the 1980s, refined sugar was processed from cane sugar
grown in the tropics and beet sugar grown in temperate regions.
Occupying only a small part of the sweetener market was com
syrup, which contains glucose. Because glucose is only half as
sweet as sucrose, com syrup was not a serious rival to sucrose.

The balance among sweeteners was drastically upset in the
1980s, when corn syrup producers developed a commercial
method for converting much of the glucose in corn syrup to
fructose, an isomer of glucose even sweeter than sucrose. The
resulting high—fructose corn syrup (HFCS), which is about half
fructose, is inexpensive and has replaced sucrose in many
prepared foods. Soft drink manufacturers, once the largest
commercial users of sucrose in the world, have almost
completely replaced sucrose with HFCS. Because com syrup is
produced mainly in developed countries, the change—over hurts
the developing economies of tropical countries where
sugarcane is a major crop.

Figure 1-8 Disaccharide (double sugar) formation

The simple sugars a rejoined by dehydration synthesis, in this case forming a bond

between two glucose units to make the double sugar maltose.
BE1-8 ZHERIER
PN SREN BUK SRR, LETRH RS R R
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The United States is one of the world’s leading markets for
sweeteners, with the average American consuming about 140
pounds per year, mainly as sucrose and HFCS. This national
"sweet tooth" persists in spite of growing awareness about
possible health effects. Sugars are a major cause of tooth decay.
The description of sugars as "empty calories” is accurate in the
sense that even the less refined sweeteners such as brown sugar
and honey contain only negligible amounts of nutrients other
than carbohydrates. For good health, we also require proteins,
fats, vitamins, and minerals. And we need to include substantial

amounts of "complex carbohydrates” —— that is
polysaccharides —in our diet.
Polysaccharides Complex carbohydrates, or

polysaccharides, are long chains of sugar units —polymers of
sugar monomers. Potatoes and grains, such as wheat, com, and
rice, are the major sources of starch in the human diet. Starch,
which is found in roots and other plant organs, consists entirely
of glucose monomers (Figurel—9A). Plant cells often contain
starch granules, which serve as sugar stockpiles. Starch is a
storage polysaccharide that cells break down as needed to
obtain sugar. Humans and most other animals are able to use
plant starch as food by hydrolyzing it within their digestive
systemns,

Animals store excess sugar in the form of a polysaccharide
called glycogen. Glycogen is similar to starch, but glycogen is
more extensively branched (Figure 1-9B). Most of our glycogen
is stored as granules in our liver and muscle cells, which
hydrolyze the glycogen to release glucose when it is needed for
energy.

In addition to storage polysaccharides, there are also
polysaccharides that serve as building material for structures
that protect cells and support whole organisms. Cellulose, the
most abundant organic compound on Earth, forms cable like
fibrils in the tough walls that enclose plant cells and is a major
component of wood (Figure 1-9C). Cellulose resembles starch
and glycogen in being a polymer of glucose, but its glucose
monomers are linked together in a different orientation. Unlike
the glucose linkages in starch and glycogen, those in cellulose
cannot be hydrolyzed by most animals. The cellulose in plant
foods, which passes unchanged through our digestive tract, is
commonly known as "fiber". It may help keep our digestive
system healthy, but it does not serve as a nutrient. Most animals
that do derive nutrition from cellulose, such as cows and
termites, have bacteria inhabiting their digestive tracts that can
break down the cellulose.

Simple sugars (such as glucose) and double sugars {such as
sucrose} do dissolve readily in water, forming sugary solutions,
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Figure 1-9 Polysaccharides

A. Plants store glucose by polymerizing it to form starch. B. Animals also store glucose, but in the form of glycogen, a polysaccharide more
extensively branched than plant starch. C. The cellulose of plant cell walls is an example of a structural polysaccharide. The cellulose molecules
are assembled into fibrils that make up the main fabric of the wall. Wood, cell wall material consisting of such cellulose fibrils along with other
polymers, is strong enough to support trees hundreds of feet high. We take advantage of that structural strength in our use of lumber as a
building material.
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including soft drinks. In spite of this difference, almost all
carbohydrates, including cellulose and most other
polysaccharides, are hydrophilic, which literally means "water—
loving". Hydrophilic molecules adhere water to their surface. It
is the hydrophilic quality of cellulose that makes a fluffy bath
towel so water absorbent.

Lipids

In contrast to carbohydrates and most other biological
molecules, lipids are hydrophobic, which means they do not mix
with water (from the Greek hydro, water, and phobos, fearing).
You have probably observed this chemical behavior in an
unshaken bottle of salad dressing: the oil, which is a type of lipid,
separates from the vinegar, which is mostly water. Shake the
bottle and you can force a temporary mixture long enough to
douse your salad with dressing, but what remains in the bottle
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will quickly separate again once you stop shaking. Beyond this
distinction of being hydrophobic, the lipid category includes
molecules of diverse structure and function. Just two examples
are fats and steroids.

Fats The ingredients of a fat are an alcohol called glycerol
joined to three molecules called fatty acids. Cells use
dehydration synthesis to attach the three fatty acids to the
glycerol (Figure 1-10A).

Perhaps the food industry prefers the word triglyceride on
their product labels because the very word fat seems to bear
negative connotations. However, fats actually perform essential
functions. The major portion of a fatty acid is a long hydrocarbon,
which, like the hydrocarbons of gasoline, store much energy. In
fact, a pound of fat packs more than twice as much energy as a
pound of carbohydrate such as starch. This compact energy
storage enables a mobile animal such as a human to get around
much better than if the animal had to lug its stored energy around
in the bulkier form of carbohydrate. The downside to this energy
efficiency, of course, is that it is very difficult for a person trying to
lose weight to "bumn off" excessive body fat. What's important to
understand is that a reasonable amount of body fat is both normal
and healthy as a fuel reserve. We stock these long—term food
stores in specialized reservoirs called adipose cells that swell and
shrink when we deposit and withdraw the fat from storage. In
addition to storing energy, adipose tissue cushions such vital
organs as the kidneys. A layer of fat beneath the skin also
insulates us, helping us maintain a warm body temperature even
when the outside air is cold.

"Saturated” versus "unsaturated” fats is a comparison you
have probably encountered in advertisements for foods. What's
that all about? Notice in Figure 1-10B that one of the fatty acids
bends where there is a double bond in the carbon skeleton. Less
hydrogen is attached to the carbon skeleton at that location, and
so the fatty acid is said to be unsaturated because it has less than
the maximum number of hydrogens. The other two fatty acids
in the fat molecule of Figure 1-10B lack double bonds in their
hydrocarbon portion. Those fatty acids are saturated, meaning
that they are bonded to the maximum number of hydrogen
atoms. A saturated fat is one with all three of its fatty acids
saturated. If one or more of the fatty acids is unsaturated, then
we have an unsaturated fat, such as the one in Figure 1-10B.
And if the fatty acids have several double bonds, further
reducing the number of hydrogens, then that’s a
polyunsaturated fat.

Most animal fats, such as lard and butter, are saturated.
They are solid at room temperature. In contrast, the fats of plants
and fishes are generally unsaturated. These unsaturated fats are
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Figure 1-10 Synthesis and structure of a fat I or triglyceride

A. This diagram shows the first of three fatty acids that will attach to glycerol by dehydration synthesis. B. The finished fat
has a glycerol "head" and three fatty acid "tails”. The fatty acids consist mainly of energy-rich hydrocarbon.
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referred to as oils because they are liquid at room temperature.

Com oll, olive oil, and other vegetable oils are examples. When

you see "hydrogenated vegetable oils" on the label of a product
such as margarine, it means that unsaturated fats have been
converted to saturated fats by adding hydrogen. This chemical
processing gives the lipids the solid consistency of margarine.
Steroids Classified as lipids because they are hydrophobic,
steroids arevery different from fats in structure and function. The
carbon skeleton of a steroid is bent to form four fused rings.
Perhaps the best known steroid is cholesterol, which gets a lot of
bad press because of its association with cardiovascular disease.
But cholesterol is also an essential molecule in your body. It is
present in the membranes that surround your cells, and
cholesterol is also the "base steroid” from which your body
produces other steroids that includes estrogen and testosterone,
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Figure 1-11 Sex hormones

Testosterone
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Examples of steroids. All stercids have a carbon skeleton consisting of four fused rings, abbreviated here with all the atoms of the rings omitted.
Different steroids vary in the functional groups attached to this core set of rings. For example, the subtle contrast between testosterone and estrogen
influences the development of the anatomical and physiological differences between male and female mammals, including humans.
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the steroids that function as sex hormones (Figure 1-11).

The controversial drugs called synthetic anabolic steroids
are variants of testosterone, the male hormone. Testosterone
causes a general buildup in muscle and bone mass during
puberty in males and maintains masculine traits throughout life.
Because anabolic steroids structurally resemble testosterone,
they also mimic some of its effects. some athletes began using
anabolic steroids to build up their muscles quickly and enhance
their performance. Today, anabolic steroids, along with many
other drugs, are banned by most athletic organizations.

Using anabolic steroids is indeed a fast way to increase
body size. With these drugs, an athlete who is willing to cheat at
a sport can increase body mass beyond what hard work alone
can produce. But at what cost? Although medical researchers
still debate the extent of health risks from steroid abuse, there is
evidence that these substances can cause serious physical and
mental problems. Overdosing can bloat the face and produce
violent mood swings and deep depression. Intemally, there may
be liver damage leading to cancer. Anabolic steroids can also
make blood cholesterol levels rise, perhaps increasing a user’s
chances of developing serious cardiovascular problems. Heawy
users may also experience a reduced sex drive and become
infertile, just the opposite of what one might expect from using
a mimic of a sex hormone. The reason is that anabolic steroids
often make the body reduce its normal output of sex hormones.
The many potential health hazards of anabolic steroids coupled
with the unfaimess of an artificial advantage strongly support
the argument for banning their use in athletics.
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